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Abstract 

Duchenne Muscular Dystrophy (DMD) is a progressive X-linked fatal muscle 

degenerative disorder caused by the absence of the sarcolemmal associated dystrophin-

glycoprotein complex (DGC) that connects the intracellular cytoskeleton to the 

extracellular matrix. DMD has an incidence of 1:3,500 in males. Females can be carriers 

of DMD mutations and asymptomatically affected at later ages.  

This thesis encompasses three main studies focussed on different therapeutic 

targets for DMD. The first study examines the therapeutic potential of using gene 

therapy in correcting calcium dysregulation in the pre-clinical mdx mouse model of 

DMD.  Adeno-associated virus 2/9 (AAV2/9) carrying the green fluorescent protein 

(GFP) showed robust transduction in gastrocnemius of mdx mice. Intramuscular 

injection of AAV-hSERCA2a (sarco/endoplasmic reticulum Ca2+-ATPase) 

demonstrated some amelioration in the dystrophic phenotype including a reduction in 

the percentage of central nucleated fibres (CNFs) and enhanced gene expression of 

[Ca2+]-buffering proteins. However, striking elevations in the expression of genes 

encoding SERCA-inhibitors, inflammatory and proteolytic related proteins were also 

observed. Hence, we conclude that elevation in the aforementioned genes can present a 

challenge to the benefits of AAV-hSERCA2a gene therapy in mdx mice. 

The second part of this thesis is mostly dedicated to characterising the dermal 

associated panniculus carnosus (PC) skeletal muscle in wild-type and mdx mice. 

Histological and morphological hallmarks of dystrophy were assessed in PC at different 

age time-points. We next chose to study the myogenicity of the PC by isolating the PC 

satellite cells (SCs) from wild-type and mdx mice of both genders and differentiated 

them in vitro. Finally, we examined the hypothesis of Ca2+ dysregulation in the 

differentiated PC cells. PC muscle demonstrated a high turnover that increased with 

dystrophy and further augmented with age. We found that PC exemplified gender 

dimorphism in muscular dystrophy demonstrated by high myogenic activity in male 

mdx PC-derived cells in contrast to females. In conclusion, we propose that PC is a 

unique muscle model to study cellular mechanisms impinging on muscle regeneration 

in healthy and diseased mice that may reveal new therapeutic targets for DMD. 

Finally, we examined gender dimorphism in muscle regeneration by analysing 

morphology, myogenic and calcium-handling genes. This was facilitated by studying 
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the histological and morphological hallmarks of dystrophy and measuring mRNA levels 

of selected genes including sex-hormone receptors, myogenic factors, MyHC isoforms 

and Ca2+-handling proteins. Demonstrated by the percentage of CNF, dystrophic 

gastrocnemius muscles regenerated more than dystrophic PC muscles. Male PC muscles 

of mdx mice demonstrated a higher turnover compared to their female counterparts. In 

addition, while dystrophic gastrocnemius muscles underwent hypertrophy, dystrophic 

PC remained at similar size to healthy counterparts. Furthermore, while dystrophy 

displayed no effect on capillarization in gastrocnemius, PC muscles had variable 

responses between genders. In summary, we propose that female PC muscles had the 

highest capability in managing muscular dystrophy and, hence, by further investigating 

it, this may lead to promising therapeutic approach for DMD. 
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Chapter 1 
1! Literature Review 

1.1! Skeletal Muscle 

Skeletal muscle is a dynamic and plastic tissue that accounts for approximately 40% of 

body weight. As an organ, skeletal muscles play diverse roles. The prime task of 

skeletal muscle is to convert generated energy via cellular chemical reactions into 

locomotor activity including breathing as well as contributing to body heat production 

and core temperature control (Chargé & Rudnicki, 2004; Frontera & Ochala, 2015) .  

Limb and trunk skeletal muscle originate from the somatic mesoderm, 

specifically from the dermomyotome (Buckingham & Mayeuf, 2012). The process that 

guide embryonic precursor cells toward the myogenic lineage are orchestrated by 

regulatory factors (see section 1.1.1) (Asakura & Rudnicki, 2002). Skeletal muscle cells 

continue to mature postnatally, yielding a contractile, fully-innervated, finely 

vascularized and well-developed muscle apparatus (Chargé & Rudnicki, 2004). From 

an organ perspective, an individual skeletal muscle is composed of bundles of muscle 

cells (myofibers) that are surrounded by a cell membrane (sarcolemma) enclosing 

numerous myofibrils. Myofibrils constitute the essential cytoskeletal units (sarcomeres) 

that are responsible for generating locomotor activity through the excitation-contraction 

coupling process via the cross-bridge sliding mechanism of the thick (myosin) over the 

thin (actin) filaments (Huxley, 2000; Kammoun et al., 2014; Frontera & Ochala, 2015).  

A single mature myofiber is innervated by a single motor unit. Along with the 

inherited genetic information, myofibers receive their contractile properties and their 

specifications from the connected motor unit  (Wigmore & Evans, 2002; Chargé & 

Rudnicki, 2004). However, individual skeletal muscle may house myofibers with 

diverse physiological characteristics, contractile features, and enzymatic metabolisms. 

Accordingly, skeletal muscle is broadly accepted to be classified as type I slow-

twitch/oxidative/fatigue-resistant, type II fast-twitch/glycolytic/fatigable and the 

moderate class of type II fast-twitch/oxidative-glycolytic/fatigue-resistant (Chargé & 

Rudnicki, 2004; Frontera & Ochala, 2015). Of particular relevance is the common 
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classification that is based on the histochemistry of the different types of Myosin Heavy 

Chain (MyHC) protein. This classification highlights four main muscle types; type I, 

type IIa, type IIx and type IIb each of which is raised from the expression of different 

MyHC genes; MYH7, MYH2, MYH1 and MYH4, respectively (Kammoun et al., 2014) 

 

Figure 1-1: The organization of skeletal muscle and structure of muscle fibre.!!
(A) An over view of the different degrees of muscle structure. (B) A cross-sectional view 
of the muscle illustrating epimysium wrapping the whole muscle and enclosing plentiful 
of muscle fascicles, blood vessels and nerves. (C) A transverse view of a muscle fascicle 
demonstrating perimysium, the connective tissue surrounding the muscle fascicle and 
enclosing many muscle fibers which in turn are enclosed by their own connective tissue; 
endomysium. (D) A cross-sectional view of a muscle fibre showing the cellular structure 
including; sarcolemma the muscle fibre membrane, myofibril the structural unit of 
muscle cell, sarcoplasm (also called myoplasm) the cytoplasm of skeletal muscle, 
mitochondria and the peripherally located nucleus. A satellite cell is also illustrated being 
housed within its niche between the sarcolemma and basal lamina. (Image is adapted from 
(Martini et al., 2012), © 2012 Pearson Education, Inc.)
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1.1.1! Myogenesis 

Muscle formation has been extensively studied and its process is well defined. The 

general concept of muscle formation (myogenesis) begins when myo-precursor cells 

undergo proliferation to generate myoblasts that differentiate into myocytes which in 

turn fuse together to form multinucleated myofibres. Each of these stages is finely 

controlled by myogenic regulatory factor proteins (MRFs) (Chargé & Rudnicki, 2004). 

This MRF family includes myogenic factor 5 (Myf5), myogenic differentiation 1 

(MyoD), myogenin (Myog) and myogenic regulatory factor 4 (MRF4) (Chargé & 

Rudnicki, 2004). 

Muscle formation is initiated by two waves of muscle structuring; primary and 

secondary myogenesis. In primary myogenesis (embryonic day 11; E11), embryonic 

myocytes differentiate into myoblasts that undergo cell fusion forming multinucleated 

primary myotubes (Buckingham & Mayeuf, 2012; Sher et al., 2012). In secondary 

myogenesis (E14.5-E17.5), fetal myoblasts start to fuse with primary myotubes. 

However, at E.16, where the architecture of primary myotubes is quite defined, some 

mononucleated myocytes localize themselves under the nascent membrane of 

myotubes, originating the muscle stem cells; satellite cells (SCs) (Sher et al., 2012). 

Sensory and motor innervation of myofibres occur during secondary myogenesis 

(Buckingham & Mayeuf, 2012).  

Skeletal myofibres are generally accepted as post-mitotic cells and are incapable 

of self-proliferation or self-renewal. Instead, a quiescent population of SCs between the 

sarcolemma and the basal lamina membrane is responsible for this task. Upon 

activation, SCs have the potential to either divide symmetrically, populating additional 

SCs, or asymmetrically, generating self-renewing SCs and other mononucleated cells 

that exit the cell cycle, differentiate and give rise to myoblasts that contribute to muscle 

growth, repair or regeneration (McCullagh & Perlingeiro, 2015). 

In all stages of myogenesis, SCs are identified by their expression of the paired 

box 3/7 protein (Pax7 and/or Pax3). Activated SC transform into myoblasts via 

downregulating Pax proteins and expressing the two myogenesis determination factors; 

Myf5 and MyoD. The upregulation of Myf5 triggers myogenesis and proliferation 

(McCullagh & Perlingeiro, 2015) and MyoD enhances cell cycle arrest via activation 

of downstream proteins that promote the cell cycle withdrawal preparing it to undergo 
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differentiation (Mastroyiannopoulos et al., 2012). Myoblasts commit to differentiation 

by expressing the late MRFs Myog and MRF4, and become myocytes. Myog is known 

to enhance the fusion of myocytes to form multinucleated myotubes 

(Mastroyiannopoulos et al., 2012). Myotubes then express adult specific proteins such 

as adult myosin and actin. In contrast, there is always a population of proliferating SCs 

that return to the quiescent phase in readiness for the next proliferation task (Figure 1-

2) (McCullagh & Perlingeiro, 2015).  

 

1.1.2! Regeneration 

Variable events may impact the integrity of skeletal muscle, from local trauma and 

stretch damage to cellular dysfunctions due to genetic mutations. Skeletal myofibres 

are post-mitotic and, hence, they rely on their adult stem cells, the SCs, for muscle 

repair. Injured myofibres undergo first degeneration and then regeneration. The 

degeneration phase is generally indicated by necrosis. At this stage, the integrity of the 

sarcolemma is often disrupted. This is demonstrated by the leakage of creatine kinase 

(CK), a muscle specific protein, into the blood stream as well as the evident influx of 

calcium (Ca2+) into the muscle cytoplasm (sarcoplasm) which, may further evoke Ca2+-

related proteolysis events (discussed below; 1.2.4.4) (Millay et al., 2009). As early as 

the following few hours of injury, inflammatory cells are activated and invaded into the 

damaged myofibre (Rotstein, 2013). Additionally, SCs are activated in preparation for 

regeneration. It is well accepted that adult muscle repair occurs in a similar fashion to 

embryonic muscle growth. Activated SCs proliferate and differentiate, generating 

myoblasts that either fuse to the injured myofibre or fuse together to form new 

myofibres (Cullen & Fulthorpe, 1975; Morgan & Zammit, 2010).  In a cross sectional 

view, newly regenerated myofibres usually appear smaller in diameter and can be 

defined by their central shifted nuclei (Goll et al., 1992). 

 

 

 

 

 



Literature Review 

 5 

  

 

Figure 1-2: Overview of the classical muscle myogenesis 
During normal conditions satellite cells remain quiescent where it express Pax7. 
Following muscle injury SCs become activated and proliferative which either divide 
symmetrically to populate additional SCs, or divide asymmetrically to generate self-
renewing mononucleated cells that exit the cell cycle to become myoblasts. At this stage, 
myoblasts upregulate Pax7, Myf5 and MyoD. Once myoblasts start to express myogenin 
and downregulate Pax7, they begin to undergo differentiation and fuse to each other 
forming myotubes that express MRF4, as well. Differentiated myotubes further undergo 
terminal differentiation to form a muscle fibre that express the adult muscle markers of 
Desmin, myosin heavy chain and actin. In conditions such as muscle growth or continues 
regeneration due a named muscle disorder, muscles fibres undergo the same classical 
myogenesis. (Image is adapted from (Wigmore & Evans, 2002; Tidball et al., 2014)
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1.2! Duchenne Muscular Dystrophy 

1.2.1! History 

In 1851, the English doctor Edward Meryon was one of the first to describe and report 

the clinical presentation of inherited muscular dystrophy (Emery, 2002). He observed 

that the disorder is familial and affects only boys, presenting at their early childhood in 

a form of a progressive muscle wasting, leading to death at their adolescence. Dr. 

Meryon also indicated in his histological studies that the sarcolemma of the diseased 

muscle was disrupted and broken down.  However, the earliest observations of inherited 

muscular dystrophy involved many contributions from different investigators leading 

to having different “firsts”, and the disease eventually become eponymously associated 

with the French physiologist Guillaume Benjamin Amand Duchenne de Boulogne. 

Hence, the disease was named “Duchenne Muscular Dystrophy” (DMD) (Meryon, 

1851; Emery, 2002; Emery & Emery, 2011). By then, it was generally accepted that 

DMD had an early onset, first affecting the lower limbs and extending later to the upper 

limbs of young boys. Histologically, it was agreed upon that dystrophic muscle fibres 

appeared larger in size, showed a redundancy in the interstitial connective tissue, and 

had an increase in the fibrous and adipose tissues within the affected muscles at later 

stages of the disease (Emery, 1993). In the 1980s, apart from the fact that DMD was 

found to be linked to the X chromosome, spectacular novel investigations toward 

discovering the molecular genetics of DMD were completed. These studies included 

the discovery of the gene implicated in DMD (dmd gene) and mapping it to the p21 

locus of the X chromosome (Verellen et al., 1978; Lindenbaum et al., 1979; Murray et 

al., 1982; Davies et al., 1983), the generation of an animal model for DMD (mdx) 

(Bulfield et al., 1984), identification of the deletion mutation in dmd gene which causes 

DMD, isolating of dmd gene from human genome (Monaco et al., 1986), and the 

discovery of the dmd gene protein product (dystrophin) (Hoffman et al., 1987). 

 

1.2.2! Duchenne muscular dystrophy 

Nowadays, DMD disorder is considered the most common inherited muscular disorder, 

affecting one infant out of every 3,500 new-born boys. It is a progressive 

neuromuscular myopathic disease characterised by cumulative muscle degeneration 

and muscle wasting over time. DMD is an X-linked recessive trait where its gene (dmd) 
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encodes for the structural protein dystrophin. Mutations in dmd results in the loss of 

dystrophin protein in all types of muscles, leading to an advanced myopathology 

(Emery, 1993).  One out of every 10,000 mutations occurs in the dmd gene (Muller et 

al., 1992). The most frequent mutational episodes in DMD (65-70%) are to intragenic 

deletions of one or more exons of dmd, 15% are a single point mutation, and 10% are 

duplications of exons, all of which are “out-of-frame” type of mutation. In contrast, in-

frame mutations may produce a truncated, yet, partially functional dystrophin protein, 

reflecting a genotype for the milder form of DMD, Becker Muscular Dystrophy (BMD) 

(Le Rumeur, 2015; Taglia et al., 2015). On the other hand, 5-10% of females with one 

defective allele of the dmd gene (carriers) were reported to experience some degree of 

muscle weakness. Furthermore, some females were reported to develop cardiac 

abnormalities asymptomatic to muscle weakness (Grain et al., 2001; Emery, 2002). 

 

1.2.3! Dystrophin 

The dystrophin gene, dmd, sits on the X chromosome between Xp21.2-p21.1 (De la 

Porte et al., 1999). Being made of ~2.24 million base-pairs and consisting of 79 exons, 

dmd accounts for almost 2% of the total X chromosome (Coffey et al., 1992; Monaco 

et al., 1992) and 0.05-0.1% of the total human genome (Brown & Hoffman, 1988; 

Hoffman & Kunkel, 1989). It is believed to be the largest human gene and takes 

approximately 16 hours to be transcribed (at a rate of 2.4kb/min) (Tennyson et al., 

1995) into the 14-Kb messenger ribonucleic acid (mRNA) (NCBI-Nucleotide, n.d.), 

which can then give rise to 7 possible splice variants of the dystrophin protein (Richards 

& Hawley, 2010). The muscle form of dystrophin is a 3685-amino acid protein (NCBI-

Protein, n.d.) with a molecular weight of 427 kilo Dalton (kDa), accounting for 0.002% 

of the total muscle protein mass (Hoffman et al., 1987).  

Dystrophin resides in the intracellular surface of the sarcolemma and consist of 

4 structural domains. The -NH2 terminal domain is the actin-binding site for dystrophin 

with the intracellular actin protein. The second domain is the central 24 spectrin-like 

repeats that gives dystrophin the rod-shaped filament. This region of dystrophin 

interacts with number of proteins, including neuronal nitric oxide synthase (nNOS) 

protein which produce nitric oxide (NO) as a response to exercise, to facilitate blood 

flow via dilating blood vessels (Gao & M McNally, 2015). The cysteine-rich domain 
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is where dystrophin binds to the trans-sarcolemmal protein of dystroglycan via its β 

subunit forming the dystrophin-glycoprotein complex (DGC). DGC is believed to link 

the extracellular matrix to the subsarcolemmal cytoskeleton unit (Lapidos et al., 2004). 

The fourth domain is the –COOH terminus where the cytoplasmic proteins of 

syntrophin and dystrobrevin bind to dystrophin (Lapidos et al., 2004; Le Rumeur, 

2015). Further, since dystrophin is a central component of the DGC and its loss leads 

to the subsequent loss of the DGC, it is conceivable that dystrophin’s function can be 

linked with DGC functions as well. One of the important tasks that dystrophin 

contributes to is the maintenance of the organization of sarcolemmal proteins by 

sustaining the sarcolemmal integrity against mechanical stress (Hoffman et al., 1987). 

In addition, dystrophin is recognized as a structural protein, linking the intracellular 

cytoskeleton structure and the extracellular network (Le Rumeur, 2015). Other 

functions of dystrophin include anchoring essential proteins that are involved in signal 

transduction (McKinsey et al., 2000) including Ca2+-signalling cascades (Constantin et 

al., 2006). 

 

1.2.4! Muscle involvement in DMD 

1.2.4.1! From a clinical perspective: 

From a clinical point of view, 1 new-born boy out of 3,500 is prone to be diagnosed 

with DMD (Emery et al., 2015). The physical signs are often developed at early 

childhood (around 2-5 years old). Lower body muscles are affected first, subjecting 

toddlers to a delay in walking, followed by unsteadiness in walking. The calf muscle 

often gets firm and enlarged (gastrocnemius pseudohypertrophy) and boys usually face 

difficulties in standing up (Gowers’ manoeuvre) where they climb their legs to position 

themselves upright (Gowers, 1888). Eventually, they must use wheelchairs in their 

earlier adolescence due to a lack of mobility (Emery et al., 2015). Almost 20% of young 

patients with DMD show some degree of cognitive and intellectual ailment and one 

third of DMD patients show a lower intelligence quota (IQ) (Hinton et al., 2000; Emery, 

2002). Cardiac muscles are influenced as well, with incidences such as murmurs and 

arrhythmias presenting from early childhood (Engel et al., 1994). Cardiomyopathy 

generally progresses from around the age of 10 (Cox & Kunkel, 1997), although cardiac 

complications can be asymptomatic until adolescence and adulthood, when 57-100% 

of patients were reported to show serious cardiac complications (Nigro et al., 1990; 
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Cox & Kunkel, 1997). Young adult males are typically prone to suffer from congestive 

heart failure resulting in the death of 10-12.5% of DMD-affected males within 1-2 years 

of diagnosis (Cox & Kunkel, 1997). Furthermore, respiratory muscles are affected in 

DMD, and adults with DMD experience ventilatory failure in which the respiratory 

vital capacity is lowered to 20% (Rideau et al., 1983a; Rideau et al., 1983b). As the 

inspiratory and expiratory muscles (e.g. diaphragm muscle) are weakened, DMD 

patients are left unable to cough out lung secretions during chest infections, 

predisposing them to more serious medical problems and subsequent death. Together, 

cardiomyopathy and respiratory system impairments may result in chronic hypoxaemia 

and hypercapnia (extreme low concentration of oxygen or high carbon dioxide, 

respectively, in blood stream)  (Khan & Heckmatt, 1994). In fact, respiratory failure is 

commonly implicated in 75% of DMD-related fatalities (Ishihara, 2004). As a 

secondary contribution to the DMD course, impairments in smooth muscles of the 

gastrointestinal (GI) tract is also evident. Adults with DMD may suffer from recurrent 

diarrhoea, malabsorption, impaired colonic transit and, as impairment progresses, acute 

gastric dilatation and intestinal pseudo-obstruction (Patterson et al., 1964; Huvos & 

Pruzanski, 1967; Barohn et al., 1988; Gottrand et al., 1991). 

 

1.2.4.2! From an organ perspective 

Many striated skeletal muscles of the body are not equally affected during the course 

of DMD, and progression of the disease does not occur at the same pace in affected 

muscles. In general, distal muscles are less affected than proximally located muscles. 

Upper limbs are less impacted than lower limbs and even further anterior muscles of 

lower limbs (e.g. hamstrings muscle) are less impaired than posterior muscles (e.g. 

quadriceps muscle). The extensor muscles of the wrist and neck are influenced by DMD 

more than flexor muscles of the same area (Emery et al., 2015). Using the clinical 

magnetic resonance imaging (MRI) scanning technique, and using the degree of fatty 

infiltration into a muscle as a criterion, a number of skeletal muscles were reported to 

behave differently in dystrophy.  The gluteus maximus and medius muscles start to 

atrophy at the early stages of DMD, whereas atrophy of the psoas and iliacus muscles 

is delayed until later. Mild to very low development of atrophy can be seen in muscles 

such as psoas, iliacus, sartorius, gracilis and adductor longus in the early stages of 

DMD. Furthermore, MRI studies revealed that a number of muscles can be spared from 
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dystrophy, such as the tibialis posterior muscle of the leg and deltoid muscle of the 

shoulder (Díaz-Manera et al., 2015 ). In particular interest to this thesis, the extraocular 

muscle (EOM) that controls eye position and movement, has been clinically shown to 

be resistant to DMD symptoms. Overall, it is believed that small-calibre skeletal 

muscles (20-25 µm in dystrophic mice) are less – or not – susceptible to developing 

dystrophy. The hypothesis is that this is attributed to the fact that the force per unit 

surface produced by mechanical contraction is actually lower in those muscles 

comparing to wider girth muscles (Karpati et al., 1986; Khurana et al., 1995 ; 

McDonald et al., 2015). Furthermore, individual muscles may be affected at different 

degrees. For instance, the sterno-costal head of the pectoralis major muscle is more 

affected than the clavicular head, and the clavicular head of the sternomastoid muscle 

is more affected than the sternal head. 

 

1.2.4.3! From a cellular perspective 

A muscle fibre undergoes major malfunction as a result of the failure to produce 

functional dystrophin protein. It was suggested by Edward Meryon in the 1850s that 

DMD-affected muscles typically exhibit a disrupted sarcolemma, leading to 

complications in the transit of extracellular molecules into and out of the disrupted 

myofibres. Similar pathological events seen in DMD include the infiltration of 

connective tissue into the muscle (fibrosis) as well as intercurrent deposition of adipose 

tissue (Stern et al., 1975).  

Other cellular changes include changes in enzyme levels in the blood. Serum 

creatine kinase (CK) is an enzyme involved in producing energy which is 

predominantly expressed in skeletal muscles. In dystrophic conditions, CK is shown to 

leak out of the muscle into the blood stream, and can indicate the degree of muscle 

damage. Serum pyruvate kinase (PK) is another intracellular catalytic enzyme that is 

typically found in blood serum of DMD patients.  

By inspecting a cross sectional view of a dystrophic skeletal muscle stained with the 

conventional Haematoxylin and Eosin (H&E) protocol, a number of distinct 

morphological abnormalities are directly identifiable. Such dystrophic manifestations 

include the shift of the nuclei to the centre of the fibre instead of being peripheral 

(centrally nucleated fibres; CNFs), as well as heterogeneity in fibre shape and size. In 
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addition, necrotic lesions are often seen where inflammatory cells have infiltrated 

muscles fibres, leading to disrupted sarcoplasm. Regenerated fibres have been shown 

to be identifiable by central location of their nuclei and by the fact that they are more 

likely to be stained with the basic stain due to the high amount of RNA in these growing 

cells. Fatty and connective tissue infiltration is another consequence of dystrophy that 

can be inspected by other histological stains such as Trichrome Blue and Oil Red O for 

visualising lipid infiltration. However, these infiltrations are more advanced at later 

stages of the animal model of DMD compared to the human condition (Law et al., 1991; 

Briguet et al., 2004; Grounds, 2014).  

 

1.2.4.4! From a molecular perspective 

Numerous studies have investigated a wide range of mechanisms and pathways to 

interpret cellular malfunction(s) in dystrophy. The majority of those studies which 

theorise how dystrophy develops at a molecular level can be grouped in a number of 

hypotheses; the i) Mechanical Hypothesis, ii) Vascular and Nitric Oxide (NO) 

Hypothesis, iii) Gene Regulation Hypothesis, iv) Inflammatory Hypothesis, and v) 

Calcium Hypothesis.  

i)! Mechanical Hypothesis: The notion that sarcolemma is subjected to 

extreme permeability and fragility in DMD has been proposed due to the 

fact that dystrophin, along with the DGC proteins, maintains sarcolemma 

integrity, all of which are lost in DMD. In addition, migration of 

extracellular substances into the cytoplasm of muscle fibres, and vice versa, 

has supported this hypothesis (Moens et al., 1993; Petrof et al., 1993). 

Eccentric contraction (forced-lengthening contraction) was found to induce 

higher levels of damage to the sarcolemma and that dystrophic muscles 

showed markedly reduced ability to sustain this type of contraction. Hence, 

studies have proposed that exercise is one of the events that aggravates 

muscle membrane damage (exercise-induced damage) (Head et al., 1994; 

Deconinck & Dan, 2007).  

The costamere is a structural group of sub-sarcolemmal proteins that 

binds to the DGC. It physically couples and distribute the contractile force 

along the cytoskeleton sarcomere units and transmits it to the base of the 

cell membrane (hence, to the extracellular environment up to the tendon to 
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generate uniformed moto-activity) (Danowski et al., 1992). In dystrophic 

conditions, the DGC is disrupted and, subsequently, the lattice of costamere 

is damaged, too (Rybakova et al., 2000; Deconinck & Dan, 2007).  

ii)! Vascular and Nitric Oxide (NO) Hypothesis: This theory was suggested 

following the observation of accumulative necrosis, where affected muscle 

fibres appear in regional clusters raising a hypothesis that vascularisation 

may play a role in supporting those necrotic regions (Koehler, 1977; 

Fidzianska et al., 1987). Nitric Oxide (NO), which is produced by nNOS, is 

a critical element for the vasodilation of blood vessels that facilitate blood 

flow. Since nNOS is normally attached to the DGC at the base of 

sarcolemma, loss of dystrophin results in the dislocation of nNOS and, 

subsequently, dramatic reduction in NO production. Upon the increased 

usage of oxygen during exercise, the failure to express adequate amounts of 

NO may make the muscle susceptible to ischemia (Fidzianska et al., 1987; 

Crosbie, 2001). However, nNOS was shown not to act as a direct 

pathological agent in DMD, though it may contribute to the severity of 

dystrophy (Deconinck & Dan, 2007).  

iii)! Gene Regulation Hypothesis: Dystrophin, as a part of the DGC, is 

proposed to be implicated in normal mechano-transduction cellular 

processes. Healthy muscles were shown to upregulate the expression of 

integrin signalling pathway genes after a course of endurance exercise 

training. Hence, it was hypothesised that the induced damage due to the 

mechanical stress upon exercise in dystrophic sarcolemma is the common 

cause for the upregulation of the same panel of integrin signalling pathway 

genes. However, this hypothesis may demonstrate a secondary mechanism 

that is implicated in dystrophy rather than a cause for disease development, 

but it supports the indirect role of dystrophin in adequate cellular signalling 

(Nakamura et al., 2001; Timmons et al., 2005; Deconinck & Dan, 2007).  

iv)! Inflammatory Hypothesis: In normal conditions, macrophages start to 

clear necrotic fibres right after injury-induced necrosis. Subsequently, 

infiltrated lymphocytes start to discharge inflammatory mediator agents 

(e.g. transforming growth factor (TGF)-β) where muscle regeneration is 

then stimulated and adult myogenesis takes place (Li et al., 2004). TGF-β 

resides within the extracellular matrix of muscle and its abnormal elevation 
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in DMD was found to correlate with muscle fibrosis. Further, an isoform of 

TGF-β was shown to have the ability to convert myoblasts into myo-

fibroblasts, potentially leaving dystrophic muscles prone to the further 

accumulation of fibrosis (Li et al., 2004). Along with the increase in 

sarcolemma permeability, inflammatory mediator infiltration is one 

possible mechanism in which extracellular deposition is facilitated on the 

one hand and muscle regeneration is prevented on the other (Allen & 

Boxhorn, 1987, 1989; Li et al., 2004). Indeed, a study conducted in a murine 

animal model where T-lymphocyte (T-cells; CD4+ or CD8+) or 

macrophages were depleted revealed a reduction in the degree of dystrophic 

phenotypes (Spencer et al., 2001). An interesting study by Vetrone et al. 

discovered a unique subset of T-cells whose expression was preferably 

correlated to dystrophic muscles. These T-cells reside within the 

extracellular matrix which express a phosphoprotein called osteopontin. 

Promising outcomes were observed following depletion of osteopontin in a 

dystrophic animal model, including a reduction in neutrophil infiltration, 

TGF-ß expression and the corresponding fibrosis, while there was an 

increase in the amount of immune-suppressing T cells (T regulatory cells) 

(Vetrone et al., 2009). 

 

v)! Calcium Hypothesis: Calcium ions [Ca2+] serve as a second messenger for 

many physiological events in muscle fibres, the first of which is the 

generation of the signal-transduced muscle contraction via the so-called 

excitation-contraction (E-C) coupling mechanism (Melzer et al., 1995; 

Berridge et al., 2003). Years before the discovery of dystrophin, 

accumulation of intracellular [Ca2+] in dystrophic muscle fibres had been 

observed. Using electron microscope imaging, one study showed membrane 

damages in dystrophic sarcolemmal (Cullen & Fulthorpe, 1975), leading 

naturally to the hypothesis that elevated sarcolemmal permeability might 

have facilitate the influx of extracellular [Ca2+], resulting in a dramatic 

elevation in its cytosolic concentration. Furthermore, spontaneous 

proteolysis was shown to be elevated in a DMD animal model, as well as in 

experiments where [Ca2+] was further introduced to muscle fibres 

(MacLennan et al., 1991), whereas abnormal proteolysis could be returned 
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to a normal level when [Ca2+] homeostasis was corrected by reducing the 

external [Ca2+] grade (Turner et al., 1988a; Turner et al., 1991b; Alderton 

& Steinhardt, 2000a; Vandebrouck et al., 2002). Together, investigators 

have come to a conclusion that a striking overload of cytosolic [Ca2+] may 

serve as a final common pathway that evokes muscle necrosis and protein 

degeneration, and aggravates dystrophy (Bansal et al., 2003). The calcium 

hypothesis was recently re-visited in terms of evacuating the intracellular 

[Ca2+] excess by overexpressing the ATPase pump that works on re-

uptaking [Ca2+] into the sarcoplasmic reticulum. Indeed, dystrophy 

pathology was shown to be ameliorated using this strategy (Morine et al., 

2010a; Goonasekera et al., 2011). This hypothesis will be further described 

below in section 1.3. 

 

1.2.5! Animals models of DMD 

There are almost 60 different animal models available nowadays for DMD, both 

naturally existing or/and genetically generated. The list includes non-mammalian (e.g. 

Drosophila and zebrafish) and mammalian (e.g. murine, feline, canine and porcine) 

animals. The most commonly used animal model for studying the pathology of DMD 

is the murine mdx model (C57BL/10ScSn-Dmdmdx/J, DMDmdx, mdx). This model was 

discovered in 1984 when Bulfield et al. noticed an elevation in CK in a colony of 

C57BL/10SnSn mice, along with the histological hallmarks for dystrophy (Bulfield et 

al., 1984). A few years later, Sicinski et al. revealed that the mutation in mdx is due to 

a nonsense point mutation that replaces a single nucleotide of cytosine with a thymine 

in exon 23 of the dystrophin gene, leading to a termination in the translation of 

dystrophin protein (Sicinski et al., 1989). Unlike in humans, females of this model 

exemplify the dystrophic features as well. From external appearance, the mdx mouse is 

indistinguishable from the wild-type (WT) mouse of the same background 

(C57BL/10SnSn) (Sicinski et al., 1989). The mdx displays milder clinical symptoms, 

with a reduction of ~25% in their lifespan compared to humans whose lifespan is 

reduced by ~75% due to DMD (Chamberlain et al., 2007; McGreevy et al., 2015). The 

DMD progression in mdx starts from 3 weeks of age. The first and major wave of 

necrosis and myofibre degeneration is triggered and exacerbated between 3 and 6 weeks 

after birth. From 6 to 12 weeks of age, mdx skeletal muscles undergo robust 



Literature Review 

 15 

regeneration with concurrent degeneration. Dystrophy of muscles then continues with 

excessive cycles of degeneration versus regeneration. Severe dystrophic complications 

start to be evident by the age of 15 weeks, presented as muscle weakness, scoliosis and 

cardiomyopathy. As mdx mice age, necrosis remains active whereas the regeneration 

capacity declines. In addition, mdx mice may develop spontaneous sarcomas 

(McGreevy et al., 2015).  

DMD in mdx mice demonstrates minimal clinical phenotypes, yet it also shows 

points of similarities to the human condition. Both mdx and human DMD are derived 

from an X-linked, inherited mutation in the dmd gene that leads to the absence of 

dystrophin in all types of muscle and its subsequent elevation in circulating CK and 

dystrophic histological events (i.e. CNF and CSA heterogeneity) (Emery, 1993; 

McGreevy et al., 2015). One discrepancy is that mdx does not develop necrosis as 

severe as is seen in human DMD patients and is, rather, capable of compensating for 

the dystrophy with robust muscle regeneration (McGreevy et al., 2015). Studies have 

suggested different theories to explain such variation. One explanation suggests that the 

mdx animal model has a compensatory mechanism which allows it to protect itself from 

the severity of DMD. Indeed, it was found that other proteins may compensate for the 

absence of dystrophin. For instance, utrophin and α7β1-integrin may play the same role 

of dystrophin in stabilizing the sarcolemma (Gao & M McNally, 2015; Gibbs et al., 

2016). Indeed, their expression is elevated in mdx muscles, supporting this notion. 

Therefore, researchers generated a double-knockout (dko) clinical mouse model in an 

attempt to recreate the human dystrophic conditions. As expected, dko mice 

(mdx/utrn−/− and mdx/α7−/−) showed severe muscle dystrophy and were shown to be 

smaller in size compared to mdx mice, the single-mutant model. Other symptomatic 

dko mice models were raised by targeting/mutating other compensatory candidates in 

the mdx strain. These proposed candidates are involved in functions such as muscle 

regeneration (e.g. MyoD), cytoskeleton-extracellular interaction (e.g. desmin, laminin), 

forming part of the DGC (e.g. dystrobrevin and δ-sarcoglycan), muscle repair (e.g. 

dysferlin), inflammation/fibrosis (e.g. interleukin-10), and enzymes which are involved 

in telomere integrity (e.g. telomerase RNA component, TERC) (McGreevy et al., 

2015). Similarly, cytidine monophosphate sialic acid hydroxylase (Cmah) was found 

to be inactivated in human in DMD conditions but not in mouse. Suppressing Cmah 

gene (mdx/Cmah−/−) was found to be sufficient in recreating a human-like dystrophic 

phenotype in mdx mice. Nevertheless, the single-mutant mdx mouse remains the 
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preferred animal model in pre-clinical DMD studies, as it is easy to generate, handle 

and care for, compared to the dko models which are difficult to breed, susceptible to 

premature, deathand not commonly commercially available (McGreevy et al., 2015). 

 

1.3! Ca2+ homeostasis in Duchenne Muscular Dystrophy 

Calcium ions play a major role in multiple cellular processes in the muscle such as cell 

cycle, signalling, contraction, secretion, and proliferation. Calcium concentration is 

finely and strictly monitored, allowing it to act as a second messenger in signal 

transduction. Moreover, elevation and reduction of myoplasmic Ca2+ orchestrates 

muscle contraction and relaxation. Abnormalities in the concentration of intracellular 

calcium ([Ca2+]in) and its prolonged elevation has been long known to be implicated in 

muscular dystrophies. Indeed, evacuating the excess of [Ca2+]in, whether into the 

intracellular calcium store; sarcoplasmic reticulum (SR) or extracellularly, revealed 

beneficial insights toward mitigation of muscular dystrophy (Vallejo-Illarramendi et 

al., 2014; Burr & Molkentin, 2015). 

 

1.3.1! Ca2+ entry pathways, handling and dysregulated homeostasis in dystrophy 

1.3.1.1! Pathways of Calcium Entry 

 One major task of Ca2+ ions in skeletal muscle is to induce movement via coupling the 

action potential with force generation (excitation-contraction coupling). Away from the 

neuromuscular junction, a single motor neuron action potential propagates along the 

sarcolemma, traveling down the transverse tubules (TT), resulting in the depolarisation 

of the cell membrane. Subsequently, the voltage-sensing dihydropyridine receptor 

(DHPR) (also called L-type Ca2+ channel; LTCC) undergoes conformational changes 

allowing it to physically interact with the ryanodine receptor (RyR), located on the SR. 

Upon DHPR/RyR binding, a substantial evacuation of the stored SR Ca2+ in the SR 

terminal cisternae occurs. Subsequently, Ca2+ binds to the resting inactive actin 

filaments, triggering the excitation-contraction coupling process where the cross-bridge 

sliding mechanism of myosin over actin filaments takes place. This mechanism of Ca2+ 

release from the SR is known as excitation-coupled calcium entry (ECCE), or voltage-

gated channel entry, and is the method by which calcium enters the myoplasm. 

However, when muscle relaxation occurs, sarco(endo)plasmic reticulum ATPase pump 
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(SERCA) recalibrates the intracellular concentration of Ca2+ to the resting 

physiological concentration mainly by re-uptaking the free cytoplasmic calcium  

([Ca2+]Cy) back into the SR (Dirksen, 2009; Rosenberg, 2009; Schneider & Hernández-

Ochoa, 2012). In addition, Ca2+ can also be removed to the extracellular environment 

via sodium-calcium exchanger (NCX), or/and the extracellular environment (Sacchetto 

et al., 1996). Another mechanism by which calcium can be introduced to the myoplasm 

is via store-operated calcium entry (SOCE) which is a store-independent Ca2+ entry 

pathway (Dirksen, 2009). There are three proposed models for SOCE in skeletal 

muscles. The first involves conformational gating between the canonical transient 

receptor potential channel (TRPC) on the sarcolemma at the TT or with the RyR on the 

SR. In the second model, the SOCE pathway is stimulated by a physical interaction 

between TRPC and inositol-1,4,5-trisphosphate (IP3R) receptors on the SR. The third 

proposed mechanism of calcium entry is via the binding of the calcium release-

activated calcium channel protein 1 (ORAI1) on the sarcolemma with stromal 

interaction molecule 1 (STIM1) on the SR. In this model, calcium entry occurs upon 

the sensation of the SR depletion of Ca2+ via a sensing part of an SR calcium channel, 

e.g. STIM1, which triggers the oligimerization of that channel. The physical binding is 

then mediated where the activation of a transmembrane Ca2+ channel, ORAI1 in this 

case, leads to calcium influx (Dirksen, 2009).  

 

1.3.1.2! Impaired sarcolemmal Ca2+-flux channels 

Transient Receptor Potential Canonical (TRPC) Family: There are 7 isoforms of 

TRPC, 5 of which are expressed in skeletal muscle (TRPC 1-4 and 6). Previous data 

suggests that these isoforms are localised to the plasma membrane, in contrast with 

isoforms 2 and 3 which are believed to be localised at the transverse tubules (T-tubules). 

Other studies using immunofluorescence assays provided evidence that these isoforms 

are involved in [Ca2+] flux (Vandebrouck et al., 2002). For long time, it was speculated 

that mechanical load on dystrophic sarcolemma encourages [Ca2+] influx, and this 

influx was thought to occur through disrupted sarcolemmal channels. Therefore, TRPC 

channels were suspected to be hugely involved. One fact that supports this hypothesis 

is that isoform 1 of TRPC was found to interact with dystrophin (Lockwich et al., 2000), 

and since dystrophin is lost in muscular dystrophy, this may support  the hypothesis 

that this channel is subsequently impaired. The same isoform was shown to be 
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expressed at a higher level in mdx ventricular myocytes (Williams & Allen, 2007). 

Another supporting fact is that accumulation of [Ca2+]cy in dystrophy is due to SOCE-

induced mechanisms, and TRPC is one known candidate in this process (Vandebrouck 

et al., 2002). This hypothesis was supported when TRPC1 was suppressed and [Ca2+] 

entry mechanism was reduced in mdx muscles (Vandebrouck et al., 2002). 

Furthermore, enhancement of [Ca2+] entry was approved through the manipulation of 

the isoform TRPC4, as well. Therefore, impairment in TRPC activity is associated with 

dystrophy (Vandebrouck et al., 2002). 

 

Ion exchanger channels NCX and NHE: The constant enhancement in the activity of 

the sodium-calcium exchanger channel (NCX) and sodium-hydrogen exchanger (NHE) 

have been suggested as additional pathways contributing to impaired [Ca2+]Cy 

homoeostasis in muscular dystrophy animal models. Continued activation of the NCX 

leads to an abnormal elevation in the cytosolic concentration of sodium (Na+) ions 

([Na+]Cy), which may serve as a co-regulator of [Ca2+] influx by reducing the expulsion 

of Ca2+ from the NCX or perhaps via the activation of Ca2+ influx by reversing the 

function of the NCX. In addition, prolonged activation of the NHE results in further 

elevation in not just the [Na+]Cy but also the resting potential of hydrogen (pH), which 

correlates with the observation that dystrophic muscles are more alkaline than healthy 

muscles (Dunn et al., 1992; Iwata et al., 2007). Again, elevation in [Na+]Cy may evoke 

the [Ca2+] influx cycle in a Na+-dependent manner. Indeed, administration of inhibitors 

of the NHE revealed promising outcomes such as decreased muscle damage, lower CK 

levels in the blood, and improved muscle performance, measured using the grip test  

(Iwata et al., 2007). 

 

Orai Channels: There are three isoforms of Orai channels, where the Orai1 isoform is 

the muscle specific one. As mentioned in the STIM1-Orai1 mechanism of [Ca2+] entry, 

Orai is implicated in abnormal [Ca2+] influx via the SOCE machinery. In dystrophic 

flexor digitorum brevis (FDB) muscle, Orai1 is dramatically upregulated. Furthermore, 

Zhao et al. propose that the upregulation of Orai in dystrophic muscles is a result of the 

excessive activity of SOCE, therefore leading to the elevation in and subsequent 

activation of calpain-related proteolysis. Zhao and co-workers showed that upon 
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treatment by BTP-2 (a SOCE inhibitor), enzymatic activity of calpain and proteolytic 

episodes were considerably reduced (Zhao et al., 2012). 

 

1.3.1.3! Cytosolic [Ca2+] buffering 

During resting conditions, cytosolic calcium ([Ca2+]cy) concentration is estimated, and 

maintained, at ~50 nM. In contrast, upon the trigger of the excitation-contraction 

coupling process, the [Ca2+]cy may increase by 100-fold (Berchtold et al., 2000). One 

class of protein group that resides within the cytosol, and is characterized by the EF-

hand* that serves as a binding site for [Ca2+], are the [Ca2+]-buffering proteins. 

Parvalbumin (Parv) protein is the most well characterised protein of this buffering 

group. Other [Ca2+]-buffering proteins include calbindin-D9k (CB-D9k), calbindin-

D28k (CB- D28k), and calretinin (CR). Another class comprises the [Ca2+]-binding 

proteins that act as [Ca2+]-sensors. These proteins undergo conformational changes 

upon binding to [Ca2+] which are then allow them to interact with their potential target. 

A predominant example in this group is Calmodulin (Calm). Interestingly, when Calm 

is present at high concentrations it may also serve as a [Ca2+]-buffering protein 

(Schwaller, 2010). Both groups of proteins play a key role in maintaining a controlled 

concentration of free [Ca2+] and modulating its transients. On the other hand, 

Calsequestrin (CASQ) serves as the major binding protein of the SR laminal calcium 

([Ca2+]SR)  (Berchtold et al., 2000; Ferretti et al., 2015). Other calcium binding proteins 

in the SR are histidine-rich Ca2+-binding protein (HRC), sarcalumenin, calreticulin 

(Vallejo-Illarramendi et al., 2014). 

 

Parvalbumin (Parv): Parvalbumin is a 12kDa high-affinity protein for free [Ca2+] with 

a structural binding site, termed EF-hand*, which has the ability to bind two [Ca2+]. 

According to an immunoreactivity experiment on mice and rats skeletal muscles, Parv 

was found to be present in the majority of type IIB fibres, as well as in 60-70% of IIA 

fibres, while they are diminished in the remaining IIA and slow fibres (Berchtold et al., 

2000). In contrast, all human muscles express a very low concentration of Parv.  

 

HF hand: “The term EF-hand refers to the two COOH-terminal α-helical sequence stretches in PV 
which are oriented in a perpendicular way and connected by a loop that contains amino acid residues 
serving as Ca2+ ligands” (Berchtold et al., 2000) 
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In cross-reinnervation studies where slow fibres were reinnervated with fast type of 

nerves, those slow muscle fibres showed an elevation in the expression of Parv, and 

vice versa, indicating the specificity of Parv to fast fibres.  

This calcium buffering plays a key physiological role in binding the released 

[Ca2+] from the Troponin C, on the actin filament, after the E-C coupling process. 

Accumulative evidence has proved that Parv is a “relaxing factor”, as in Parv-null mice 

showed a gradual increased in the half-relaxation time of muscles. Moreover, slow 

muscle transfected with Parv demonstrated a shorter half-relaxation time compared to 

normal slow muscle (Berchtold et al., 2000). Both studies indicate the importance of 

Parv in the relaxation of muscle fibres.  

 

Calmodulin (Calm): Calmodulin is a member of the EF-hand family which is able to 

bind up to four Ca2+
 ions. Calm protein has the flexibility to play multiple roles in the 

general homeostasis of [Ca2+]in. It has the ability to act as a calcium sensor-protein, on 

one hand, and as buffering protein at high [Ca2+]in. concentration on the other hand. 

Bound Calm to Ca2+
 may serve as a modulator for the signal transduction of calcium. 

This is facilitated by the conformational change of the body of Calm upon its binding 

to [Ca2+]in, which promotes its binding to specific targets,  such as the RyR receptor on 

the SR. Together with being a calciumsensor protein, , Calm may activate or inhibit the 

RyR receptor at sub-micromolar and micromolar [Ca2+]in, respectively, and in a dose-

dependent manner (Berchtold et al., 2000; Schwaller, 2010) and, hence, regulating 

[Ca2+] release. In dystrophic conditions, Calm levels in cardiac muscle and slow muscle 

(e.g. the soleus muscle) remain unchanged compared to healthy muscles. In muscles 

that contain more fast-twitch type fibres (e.g. the diaphragm and tibialis anterior), Calm 

is dramatically decreased. In contrast, extraocular muscle, a muscle spared from 

dystrophy, shows a significant elevation in levels of CaM, suggesting an important role 

of Calm in protecting muscles against dystrophy (Pertille et al., 2010) .  

 

Calpain Protein Family: There are 14 protein members in the Calpain family, three of 

which are distinct for muscle tissue (Calpain 1, 2 and 3; also called µ, m and p94, 

respectively). Calpains are cysteine proteases that may be activated in a [Ca2+]-

dependent manner. Upon elevation of the cytosolic [Ca2+] in dystrophic conditions, 
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calpains may trigger the excessive degradation of multiple structural proteins (Huang 

& Zhu, 2016) (discussed in 1.3.2). In a study that examined mdx muscles over the 

different stages of dystrophy (2, 4, and 14 weeks), calpain expression and its 

autoproteolytic activity were significantly elevated relative to healthy muscles, 

especially at 4 weeks, which reflects the peak of the necrotic episode which occurs over 

the course of dystrophy (Spencer et al., 1995). Although the authors indicated that the 

major elevation was due to calpain-2 (m-calpain), they suggested that other isoforms 

may also contribute to the process of dystrophy (Spencer et al., 1995). Indeed, by 

performing a different assay that measures the ratio of cleaved calpain propeptides to 

intact calpain, which is considered a mirror for the activation of the protease-form of 

calpains, µ-calpain was shown to be the elevated isoform at week 4 rather than m-

calpain (Spencer et al., 1995).  

Calpastatin (Cs) is the endogenous inhibitor protein of calpain. Transgenic 

enhancement of Cs in mdx muscles revealed promising clinical advantages, 

demonstrated by decreased overall necrosis and lesion progression, with less centrally 

nucleated fibres reflecting less initial regeneration. However, there was not a clear 

change in correcting the damage in the sarcolemma (Spencer & Mellgren, 2002). 

 

1.3.1.4! Other indirect Ca2+-related cytosolic proteins  

Calcineurin (Cn): Calcineurin, or protein phosphatase 2B, is a [Ca2+]/calmodulin-

activated phosphatase that possesses catalytic (CnA) and calcium-binding (CnB) 

regulatory subunits. Implicating Cn in dystrophy includes multiple aspects. Cn 

dysregulation serves as a good pathway example for the fibre-type shift seen in 

dystrophic muscle. In the animal model of CaV1.1ΔE29/ΔE29 **,  where [Ca2+] is 

strikingly increased during E-C coupling as well as at rest, Cn was hyperactivated both 

in slow (soleus) and fast (EDL) muscles, confirming that Cn activity is [Ca2+]-

dependent (Sultana et al., 2016). Along with the calmodulin-dependent protein kinase 

II (CaMKII), Cn may modulate signal transduction pathways for fibre-type-specific 

gene expression. Cn activation promotes slow fibre production, whereas inhibiting 

** Cav1.1 is a voltage sensor voltage-gated calcium channel that binds to the RyR1 during E-C coupling 
allowing for Ca2+ release from the SR. A splice variant of CaV1.1 with increased voltage sensitivity and 
current amplitude was recently discovered and was found to lack exon 29 (CaV1.1∆E29). CaV1.1ΔE29/ΔE29 

is a homozygous knockout mouse model where the exon 29 of the CaV1.1 has been permanently deleted 
(Sultana et al., 2016). 
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Cn may promote the expression of fast-type genes in favour of the slow ones (slow-to-

fast shift) (Chin et al., 1998). Furthermore, constant expression of the active form of 

Cn (Cn*) in skeletal muscle in the transgene mouse model of MCK-CN* showed a 

significant shift toward expressing slow-type fibres (Naya et al., 2000; Parsons et al., 

2007). Interestingly, Stupka and co-authors cross-bred mdx with MCK-CnA* (that 

constitutively express the active form of CnA*) and revealed that elevation of CnA-

active form is capable of ameliorating contracting-induced injury in mdx mice. The 

CnA* upregulation in mdx reduced the cross-sectional area (CSA) of muscle fibres by 

50%, elevated the level of slow-type and fast-type IIa fibres, and lessened the 

percentage of centrally nucleated fibres. In addition, the same authors explained such 

amelioration in dystrophic conditions by observing a corresponding elevation in 

utrophin, which is known to compensate for the loss of dystrophin (Stupka et al., 2006). 

However, it is worth noting that other studies have shown that the elevation in Cn 

activity can have the opposite effect and may aggravate cardio-myopathy in mdx mice 

(Nakamura et al., 2002).  

 

Myostatin (MSTN): Myostatin is a negative regulator of muscle growth that is a 

member of the transforming growth factor-β (TGF-β) family. Activation of MSTN has 

a dual role, where it both modulates muscle size and regulates the number of potential 

generated fibres. Its inhibition promotes muscle size (hypertrophy) and fibre numbers 

(hyperplasia) (Lee, 2012). MSTN is a downstream candidate of calcineurin that acts as 

a negative hypertrophic mediator. Studies on transgenic mice demonstrated that 

transcript levels of MSTN have an inverse relationship with calcineurin; when 

calcineurin is expressed highly, the MSTN expression is downregulated, and vice versa. 

The case is true in MSTN-/- transgene mice where Cn revealed to be elevated (Muthuri 

et al., 2007; Sakuma & Yamaguchi, 2010). On the other hand, MSTN activated process 

demonstrated a downregulation of MyoD expression and, hence, disruption in 

myogenic differentiation (Langley et al., 2002; Allen & Unterman, 2007).  In this 

regard, MSTN can be implicated in the hypertrophic phenotype seen in dystrophy via 

the [Ca2+]-dependent activation of Cn (↑[Ca2+]Cy � ↑Cn � ↓MSTN � ↑muscle size 

� ↑hypertrophy).  



Literature Review 

 23 

Indeed, the list is not limited to mentioned proteins. Such proteins that are linked, at 

least indirectly, to [Ca2+] and calcium related pathology includes; Sorcin, Annexins, 

S100 Proteins, Myosin light chain, α-actinin and others (Berchtold et al., 2000). 

 

1.3.1.5! Sarcoplasmic reticulum [Ca2+]- binding proteins 

Calsequestrin (CASQ): Calsequestrin is an SR protein located in the SR-luminal space 

which possesses a low-to-moderate affinity and high capacity for binding calcium. It is 

expressed at a high concentration to help in maintaining a low SR concentration of free 

Ca2+, which can be inhibitory for the [Ca2+] pump (Park et al., 2004; Vallejo-

Illarramendi et al., 2014). CASQ1 is the predominantly expressed isoform in fast-fibre 

muscles, and accounts for 75% of the total CASQ expressed in slow muscle fibres, 

while the remaining 25% is CASQ2 (Berchtold et al., 2000). The primary function of 

CASQ is to bind [Ca2+] in the SR where it acts both in finalizing the calcium cycle and 

helping in initiating new cycles. Upon the sequestration of [Ca2+]in into the SR, CASQ 

bind to [Ca2+], where it then may function as a vehicle to passage the calcium from the 

[Ca2+] uptake site to the site of [Ca2+] release. Accumulating evidence has shown that 

CASQ may interact with RyR to evoke it to release calcium into the myoplasm. It is 

proposed that this interaction is modulated via a protein called junctin. In a study that 

examined CASQ protein levels across multiple muscles, it was revealed that the 

dystrophic diaphragm and slow muscle of soleus muscle contained less CASQ, tibialis 

anterior and cardiac muscles showed similar levels, and extraocular muscle had an 

enhanced level of CASQ, all compared to corresponding healthy muscles (Pertille et 

al., 2010). 

 

Other SR intraluminal [Ca2+]-binding proteins: these proteins include the CASQ-

like protein sarcalumenin which is expressed at a comparable level both in slow and 

fast-type muscle fibres. Expression levels of sarcalumenin were reported to be reduced 

in the SR intraluminal space of 6-month old mdx mice. Hence, sarcalumenin has been 

proposed to be implicated in the disruption of SR intraluminal [Ca2+]-binding seen in 

mdx muscles (Dowling et al., 2004). 
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1.3.1.6! Sarcoplasmic Reticulum Calcium ([Ca2+]SR)-Release Channels 

Ryanodine receptor (RyR): There are three isoforms of RyR receptors, RyR 1-3, with 

the RyR1 being the most predominantly expressed type in skeletal muscle. Generally, 

RyR is activated by a physical interaction with the sarcolemmal DHPR channel 

stimulated by an action potential in the ECCE mechanism when E-C coupling is taking 

a place (explained in 1.3.1.1). Other protein and molecule candidates may also activate 

or inhibit the RyR receptor. Free cytosolic [Ca2+] itself may act as an activator and 

inhibitor for RyR while it is at low µM and low mM concentrations, respectively. As 

mentioned earlier, Calm has a calcium-dose-dependent influence on RyR and CASQ –

through Junctin protein –  as well. Other cytosolic RyR modulator candidates include; 

adenosine triphosphate (ATP), Ca2+/calmodulin-dependent protein kinase II (CaMKII) 

and protein kinase A (PKA) (Vallejo-Illarramendi et al., 2014; Hernández-Ochoa et al., 

2015). 

In dystrophic conditions, where inflammation is taking a place, alpha subtype 

of tumor necrosis factor (TNF-α) is released by inflammatory cells, which in turn 

activates the production of the nuclear factor kappa B (NF-κB), resulting in the 

induction of inducible nitric oxide synthase (iNOS). The subsequent production of 

nitric oxide (NO) by iNOS promotes the nitrosylation of RyR, leaving it unable to bind 

to its stabilizing protein, calstabin-1. Hence, RyR can become ‘leaky’, allowing the 

[Ca2+]SR to escape into the cytosol. Once in the cytosol, excessive calcium concentration 

may then activate Ca2+-dependant protease pathways, triggering muscle damage 

(Tidball & Villalta, 2009; Hernández-Ochoa et al., 2015). 

 

Other SR Ca2+-release channels: As well as the proteins discussed earlier within the 

Ca2+ entry pathways (section 1.2.1.1), inositol 1,4,5-triphosphate receptors (IP3Rs) and 

stromal interacting molecule 1 (STIM1) are also Ca2+ ejection channels on the SR. In 

dystrophic-derived myotubes of mdx, IP3R was found to be elevated, suggesting its 

contribution to the impaired Ca2+ homeostasis (Liberona et al., 1998; Basset et al., 

2004). SOCE type of calcium entry was revealed to be upregulated, and was associated 

with the elevation in [Ca2+]Cy over the course of muscular  dystrophy (Goonasekera et 

al., 2014). Although the increase in SOCE has not been shown to be directly related to 

STIM1/Orai1, enhancing the expression of STIM1 led to an elevation in the [Ca2+] 

influx that is capable of inducing dystrophic-like histological and biochemical 
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hallmarks. STIM1 has an SR intraluminal sensor for [Ca2+] that, upon depletion of the 

SR, facilitates the [Ca2+]ex entry through the Orai1. Together, this may indicate that one 

of the main sources of [Ca2+] impairment involved in the elevation of SOCE could be 

through alteration in the expression of STIM1 visualised as an increase in its numbers 

or/and activity. (Edwards et al., 2010; Goonasekera et al., 2014). 
Sarco(endo)plasmic reticulum ATPase (SERCA): Sarcoplasmic reticulum (SR) is an 

organelle that serves as a muscle reservoir for calcium ion. SERCA protein and its 

involvement in DMD will be discussed amply within the next section as research 

regarding this link accounts for the first experimental chapter of this thesis.  

 

1.3.2! Calcium-induced muscle protein degeneration 

Numerous molecular events occur during dystrophy-induced muscle degeneration and 

protein degradation. Of particular interest to this thesis, hyper-[Ca2+]Cy-induced muscle 

degeneration can be driven by the activated calpain protein (Kourie, 1998). In high 

levels of cytosolic calcium, calpain is known to initiate protein degradation via muscle 

wasting and protein degradation by the ubiquitin-proteasome pathway (UPP) (Spencer 

et al., 1995; Spencer & Mellgren, 2002; Huang & Zhu, 2016).  

In normal conditions, calpains play a remodelling role, whereby they regulate 

the attachment of cytoskeletal proteins to plasma membrane (Mazères et al., 2006). For 

example, skeletal muscle of null-calpain3 mice showed abnormal sarcomere 

organisation (Kramerova et al., 2004). In dystrophic condition where fibres are 

overloaded with free [Ca2+]Cy, calpains get activated by binding to two [Ca2+] ions, 

undergo conformational changes, translocate to the sarcolemma, and start to hydrolyse 

substrate proteins both at the membrane and in the cytosol (Huang & Zhu, 2016). 

Calpain preferably locates at the z-disk during the muscle wasting process. When 

activated, calpain is capable of cleaving titin and nebulin. α-Actinin is then 

disassembled, leading to destruction of the z-disc and leaving gaps in the sarcomere. 

(Dayton et al., 1976b). In addition, calpain may lead to the dismantling of thick 

myofilaments via the cleavage of M-proteins (Goll et al., 1992). However, numerous 

other proteins, or polypeptide fragments of proteins, that have been reported to be 

cleavable by calpain, include desmin, troponin T, troponin I, filamin, trypomyosin, C-

protein, and vimentin. Cleaved proteins are subsequently degraded into amino acids by 
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proteasome mechanisms (Huang & Zhu, 2016). The most well-studied pathway of 

protein ubiquitination and degradation is called the ubiquitin-proteasome pathway 

(UPP), which accounts for 80% of proteolysis in muscle wasting episodes (Tawa et al., 

1997). Once calpain has disassembled sarcomeric structural proteins, these cleaved 

proteins are then tagged with a poly-ubiquitin chain, allowing for their recognition by 

the UPP pathway. Notably, muscle atrophy F-box (MAFbox or Fbxo) and muscle ring 

finger-1 (MuRF-1) are the two main mediators of the UPP (Foletta et al., 2011) in 

muscles, as their reduction, or knockout, results in reduced muscle wasting (Huang & 

Zhu, 2016). MuRF-1 was reported to mediate the ubiquitination of myosin heavy chain, 

myosin light chain and myosin binding protein C (Clarke et al., 2007; Cohen et al., 

2009). In an interesting ex vivo study on diaphragm muscle, extrinsic induction of 

calcium and the subsequent activation of calpain raised protein degradation by 65% and 

proteasome-induced proteolysis by 144%. Another study showed that a 30-65% 

reduction in protein degeneration was observed after inhibition of calpain-2 (Smith & 

Dodd, 2007). 

 

1.3.3! Sarco(Endo)plasmic Reticulum Ca2+-ATPase in DMD: 

Sarcoplasmic reticulum (SR) is a calcium-reservoir membranous network organelle 

that is found predominantly in muscle fibres. The main [Ca2+]-gateway proteins in the 

SR are ryanodine receptor (RyR) and sarco(endo)plasmic reticulum ATPase (SERCA) 

pump where they regulate [Ca2+] release and withdrawal during the contraction-

excitation coupling process, respectively. SERCA is a 110 kDa P-type ATPase protein 

that utilizes one molecule of ATP hydrolysis to transport two cytosolic [Ca2+] ions into 

the SR. Three distinct SERCA genes (1, 2, and 3 or ATP2a1, ATP2a2, and ATP2a3) 

encode for more than 10 isoforms, typically through the alternative splicing 

mechanism. The distribution pattern of SERCA isoforms is generally accepted to be 

muscle specific (Periasamy & Kalyanasundaram, 2007). More recent and accumulative 

knowledge on this concept agree to the predominance of one isoform to be specific to 

a fibre type, yet can be expressed at lower levels in other fibre types (Fajardo et al., 

2013). 
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Sarco(endo)plasmic Reticulum ATPase 1 (SERCA1): ATP2a1 gene encodes for 

SERCA1a (994 aa) and SERCA1b (1011 aa) isoforms. SERCA1 is the predominant 

isoform expressed in fast-twitch muscle fibres (Periasamy & Kalyanasundaram, 2007). 

However, SERCA1 can also be expressed at lower levels in slow-twitch fibres (Fajardo 

et al., 2013). In a developmental manner, SERCA1a is the specific adult spliced variant 

of SERCA1 gene whereas SERCA1b is the neonatal specific isoform which is  also 

found in embryonic myogenesis and regenerated fibres (Zádor et al., 2007). Diminished 

SERCA1 in mice is fatal where SERCA1-knockout mice die shortly after birth which 

is proposed to be due to major complications in their diaphragm and their inability to 

breath (Zádor et al., 2007). Mutations in the SERCA1 gene in human are implicated in 

the Brody disease. Such complications of this disease include skeletal muscle relaxation 

defects after exercise, muscle contracture and cramp (Odermatt et al., 1996). 

In dystrophic conditions, 2-month old mdx mice and mdx/utr-/- mice 

demonstrated general decrease in the [Ca2+]-dependant SR [Ca2+] uptake as well as a 

reduction in the SR [Ca2+]-uptake maximal velocity (Vmax) in soleus, diaphragm, and 

quadriceps muscles in contrast to healthy muscles (Schneider et al., 2013). These 

impairments were not so pronounced in the 2-month old quadriceps muscle and the 

SERCA1 expression was unaltered (Schneider et al., 2013). Another study showed no 

differences in the maximum SR [Ca2+]- ATPase activity in 3-month old quadriceps 

muscles when compared to wild-type muscles (Mázala et al., 2015). Diaphragm muscle 

of 3-4 month-old double knockout mice (dko; mdx:utr-/-) showed a remarkable 

reduction in the protein level of SERCA1a. Same diaphragm muscles showed a 

corresponding low Vmax as well as EC50 of Ca2+ uptake (Voit et al., 2017).  On the other 

hand, overexpressing SERCA1a revealed promising outcomes in the mean of 

mitigating the dystrophic phenotypes and histopathology. It demonstrated amelioration 

in the centrally located fibres (CNFs), necrosis, CK circulating in the blood and other 

muscle damage markers (Morine et al., 2010a; Goonasekera et al., 2011; Mázala et al., 

2015). 

 

Sarco(endo)plasmic Reticulum ATPase 2 (SERCA2): The alternative spliced 

isoforms of ATP2a2 gene are SERCA2a (997 aa), SERCA2b (1042 aa), and SERCA2c 

(999 aa). Unlike SERCA1, SERCA2 isoforms are expressed at all developmental 

stages. However, SERCA2a is typically expressed in slow-twitch and cardiac muscle 
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fibres and SERCA2c mRNA was reported to exist in cardiac muscle (Periasamy & 

Kalyanasundaram, 2007), epithelial, mesenchymal, and hematopoietic cell lines, as 

well as in primary human monocytes (Gélébart et al., 2003). On the other hand, 

SERCA2b is ubiquitously expressed in all body tissues, yet, at low rates (Periasamy & 

Kalyanasundaram, 2007). Since SERCA2a is the predominant isoform in cardiac fibres, 

the major investigation on studying and/or using SERCA2a for therapy is, therefore, 

focusing on cardiomayopathy. An electron and confocal microscopy study on 7-week 

old hearts of the knockout SERCA2a mice revealed such severe impairment to the SR 

organelle. In the absence of SERCA2a, 63% decrease in the SR relative surface area 

and 76% reduction in the SR relative volume were demonstrated in cardiac muscles. 

Interestingly, same study highlighted such a compensation process of RyR and NCX 

where they found that both proteins co-localized opposite to each other to facilitate 

[Ca2+]-entry (Swifta et al., 2012). In contrast to SERCA1a, Schneider and at. al. 

showed a significant increase in the SERCA2a protein expression in the dystrophic 

quadriceps muscle of 2-month old mdx:utr-/- dko mice when compared to mdx and WT 

mice (Schneider et al., 2013). In 3-4 months old double knockout mice (mdx:utr-/-), 

SERCA2a protein expression was significantly elevated in the ventricle, pectoral and 

quadriceps muscles but not in the diaphragm muscle in dko mice (Voit et al., 2017). 

Interestingly, the dystrophic pectoral muscles of dko mice showed a striking elevation 

in the number of positive fibres for type I myosin heavy chain (slow-twitch fibres) 

antibody comparing to healthy muscles (Voit et al., 2017). Overexpressing SERCA2a 

in gastrocnemius muscle of the sarcoglycan-deficient mice (Sgcd-/-) revealed promising 

advantages against dystrophy with an 8-fold less central nucleation and less necrosis 

(Goonasekera et al., 2011). Being the predominant isoform in cardiac muscles, 

numerous studies have investigated SERCA2a overexpression in heart muscles on 

different animal species that revealed such overwhelming advantages of SERCA2a 

manipulation (Meyer & Dillmann, 1998; Davia et al., 2001; del Monte et al., 2001; 

Terracciano et al., 2002; Chen et al., 2010; Lipskaia et al., 2010). However, although 

overexpressing SERCA2b was another candidate in enhancing cardiac conditions such 

as increasing SERCA function and subsequent cardiac contractility  (Greene et al., 

2000), another study showed that replacement of SERCA2a by SERCA2b may result 

in unhealthy contraction-relaxation activity of the heart accompanied with hypertrophy 

(Ver Heyen et al., 2001). 
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Sarco(endo)plasmic Reticulum ATPase 3 (SERCA3): Alternative splicing of 

SERCA3 may give rise to 6 isoforms (SERCA3a-f) at the transcript level (mRNA) three 

of which (SERCA3a, b and c) have been reported to be detectable at the protein level 

that are constituted of ~ 999-1052 aa. These isoforms are principally expressed in 

epithelial cells, endothelial cells (e.g. of the coronary arteries) and platelets (Periasamy 

& Kalyanasundaram, 2007). To our best knowledge, there is no clear evidence yet on 

the expression of SERCA3 in dystrophic muscles. There is no clear attempt to 

overexpress the isoform 3 of SERCA into skeletal muscle in the literature to date. 

However, Ablation of SERCA3 in mouse tissues revealed that SERCA3 has a 

modulatory function in contrast to SERCA2 and it influences endothelium-dependent 

function, but not smooth muscle function (Paul, 1998). 

 

Table 1-1: Distribution pattern of SERCA isoforms among muscle and non-muscle 
tissues and their functional comparison.  
This table is adapted from (Periasamy & Kalyanasundaram, 2007). (!) indicates changes 
to the original reported information in (Periasamy & Kalyanasundaram, 2007) according 
to (Fajardo et al., 2013). 
 

SERCA 

isoform 

Skeletal 

muscle 

Fast-twitch 

Skeletal 

muscle 

Slow-twitch 

Cardiac 

muscle Smooth 

muscle 

Non-

muscle 

tissue 

Affinity 

for 

[Ca2+] 

Pump 

velocity 

Fetal Adult Fetal Adult Fetal Adult 

SERCA1a - +++++ - + (!) - - - - ++ +++ 

SERCA1b +++ - - - - - - -   

SERCA2a + + (!) + +++ + ++++ + - ++ ++ 

SERCA2b + + + + + + + + +++ + 

SERCA3 
(a, b, and c) 

- - - - - - - + 
(SERCA3a) 

+ 

(SERCA3a) 

+ 
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1.3.4! SERCA Regulatory Proteins: 

Among those evidences that accuse SERCA dysfunction as a part of the accumulation 

of the deleterious [Ca2+]in in dystrophy the precise mechanism of how SERCA loses its 

function has not been revealed yet (Schneider et al., 2013). However, the functional 

capacity of SERCAs can be manipulated by specific regulatory polypeptides. These 

regulatory proteins can be of inhibitory or enhancing in nature. Such inhibitory 

regulatory proteins include; Phospholamban (PLN), Sarcolipin (SLN), Myoregulin 

(MLRN). The newly discovered protein Dwarf open reading frame (DWORF) is the 

only known enhancing regulatory polypeptide for SERCA, so far. Other proteins that 

have been reported to, somehow, stabilize, hence in directly regulate, SERCA include 

Ankyrin 1 (Ankr1) and Receptor-activator of nuclear factor-κB (RANK).  

 

1.3.4.1! Inhibitory Proteins: 

Phospholamban (PLN): Phospholamban is a 52-aa protein that has excessively 

studied as a SERCA-regulatory candidate. PLN was first identified in 1075 as a 

phosphoprotein that later was confirmed to be involved SERCA regulation. PLN is 

highly expressed in cardiac muscle and in slow-twitch muscles (e.g. soleus) relatively 

at a lower level (Shaikh et al., 2016). There are three phases of PLN, monomeric, 

oligomeric and pentameric phase. At low [Ca2+]Cy concentration (<1µM), 

unphosphorylated monomeric PLN binds to SERCA and inhibits it by lowering the its 

[Ca2+] uptake and ATP hydrolysis. At high [Ca2+]Cy concentration, monomeric PLN is 

phosphorylated, dissociates from SERCA, arranged in oligomers forming a pentamer 

that eventually become incompetent to inhibit SERCA allowing it to function and 

uptake cytosolic Ca2+ into the SR. Protein phosphatase-1 (PP-1) is responsible for 

reversing the PLN cycle back to the active phase of PLN monomers upon the de-

phosphorylation of PLN pentamers (Shaikh et al., 2016). Analysis of human vastus 

lateralis single fibre revealed that PLN protein expression can be co-expressed with 

SERCA1a or/and SERCA2a as well as the fact that it can be expressed in slow-twitch 

or/and IIA muscle fibres (Fajardo et al., 2013). Human lacking PLN show dilated 

cardiomyopathy in contrast to mice null for PLN that showed normal lifespan (Haghighi 

et al., 2003; Pattison et al., 2008). In contrast, ablation of PLN played a role in 

enhancing the relaxation of soleus muscle (Slack et al., 1997). Transgenic rabbit models 

that overexpress PLN were not viable as a result of severe skeletal muscle wasting and 
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cardiomyopathy. However, those who managed to live which essentially overexpressed 

modest levels of PLN, revealed muscular dystrophy-like myopathy in their soleus and 

cardiac muscles without alteration in SERCA2a expression in the latter muscle. As 

expected, such pathology was due to the super inhibition of SERCA in those muscles 

(Pattison et al., 2008). Overexpression of PLN in mice soleus muscles resulted in a 

reduction in the contraction-relaxation level assessed via the isometric contraction 

measurements. Interestingly, levels of other calcium-related proteins like RyR and L-

type calcium channel were reduced. In addition, upon the PLN overexpression, soleus 

muscle expressed a higher percentage of slow-twitch fibres comparing to wild-type 

muscles. Similar to rabbits, SERCA2a level in those soleus muscles was not altered 

(Song et al., 2004). Overexpression of PLN in the heart revealed a decrease in the 

cardiac contractile parameters, reduced SR affinity for [Ca2+], and alteration in the left 

ventricular function (Kadambi et al., 1996). In dystrophic mice of mdx/utr-/-, PLN 

protein level was shown to be reduced in ventricular muscles (Voit et al., 2017). 

Dystrophic soleus of mdx mice are reported to have low levels of PLN. PLN in mdx 

diaphragm remains unchanged whereas PLN in mdx:utr-/- is thought to be elevated 

(indicated as unpublished work from A.R. Tupling laboratory, table 1.4. in reference 

(Fajardo, 2016). 

 

Sarcolipin (SLN): Sarcolipin is a 31-aa polypeptide which was discovered after 17 

years of the identification of PLN (Shaikh et al., 2016). In quadriceps and 

gastrocnemius muscles of wild-type mice, SLN protein and mRNA were shown to be 

highly expressed at birth and begin to be eliminated gradually as the animal ages 

starting from 10-14 days postnatal (Pant et al., 2015). Diaphragm muscles of 2-month 

old mice showed some degree of SLN protein expression, soleus muscle demonstrated 

a very low level of SLN whereas SLN remained undetectable in quadriceps muscles 

(Schneider et al., 2013). In human, analysis of vastus lateralis single fibres revealed 

that SLN protein expression can be co-expressed in fibres positive for SERCA1a and 

fibres that express both SERCA1a/SERCA2a. SLN was also found to co-

immunoprecipitate with SERCA2a, yet not confirmed whether SLN may regulate 

SERCA2a or not (Fajardo et al., 2013). In general, SLN is known to be expressed in 

mainly in tongue, diaphragm, slow-twitch, and atrial muscles with a limited expression 

in fast-twitch and ventricle muscles (Anderson et al., 2016) Similar to PLN, SLN is an 
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inhibitory regulator for SERCA where it decreases the [Ca2+]-uptake Vmax of SERCA 

but does not influences SERCA’s affinity for [Ca2+] (Shaikh et al., 2016).  

Another function of SLN includes muscle thermoregulation. At acute cold 

temperature (4°C), null mice for SLN developed hypothermia and were susceptible to 

death if remained at such low temperature. Those cold challenging studies suggested 

that after binding to SERCA, SLN may promotes heat production via the subsequent 

hydrolysis of ATP and uncoupling SERCA. Actually, calcium is brought back in the 

cytoplasm instead of passaging into the SR (Sahoo et al., 2013; Pant et al., 2015). 

Another suggested role of SLN involves regulating metabolism. Studies that suppressed 

the expression of SLN in mouse models revealed that loss of SLN contributed to diet-

induced obesity. Since SLN is capable of evoking the production of ATP, those studies 

attributed such phenomena to the altered expenditure of energy and its subsequent 

alteration in body metabolism. Overexpressing SLN prevented mice from developing 

diet-induced obesity (Shaikh et al., 2016).  

Mice null for SLN (SLN-/-) at age of 4-6 months showed an enhanced muscle 

relaxation (e.g. soleus) that was attributed to the improved activity of SERCA 

demonstrated as an increase in SERCA affinity for [Ca2+] (e.g. soleus and red 

gastrocnemius muscles). The case remained unchanged in those muscles with little 

expressed SLN (e.g. EDL and white gastrocnemius) (Tupling et al., 2011). Loss of SLN 

did not influence the expression rates of SERCA1a nor SERCA2a in any of those 

examined skeletal muscles (Tupling et al., 2011). Other studies on cardiac muscles 

revealed that hearts lacking SLN demonstrated such improvement in SR [Ca2+] 

passaging and enhancement in atrial contractility (Babu et al., 2007). Several studies 

that attempted to overexpress SLN in heart muscles confirmed that forced expression 

of SLN resulted in an extreme inhibition of SERCA that led to a reduction in the 

maximal [Ca2+] transport activity and contractility (Asahi et al., 2004; Babu et al., 

2006). In a similar fashion, overexpression of SLN in soleus muscle exhibited a 

reduction in the maximal [Ca2+] transport activity as well as in the contraction: 

relaxation level and tetanic force (Tupling et al., 2002). In dystrophic conditions,  SLN 

protein expression was noticeably increased in skeletal muscles of mdx and further 

elevated in mdx:utr-/- skeletal muscle including soleus, diaphragm and quadriceps 

(Schneider et al., 2013) and the case is true in ventricle of mdx:utr-/- when compared to 

healthy muscle (Voit et al., 2017). A very recent study has confirmed that both SLN 
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reduction or ablation by deleting one allele of the SLN gene or both, respectively, may 

correct for dystrophic phenotypes in mdx:utr-/- mice and extended their lifespan. 

Diaphragm muscle is one of the first affected muscles in DMD that undergoes 

dystrophy progressively. In knockout mice of mdx:utr-/-:SLN+/- and mdx:utr-/-:SLN-/-, 

diaphragm muscle exhibited a restoration in SERCA activity demonstrated by the 

increase in the level and Vmax of SERCA to a closer measurements of those of healthy 

muscles (Voit et al., 2017). 

Similarities in the homology of the PLN and SLN genes and their protein 

structures have suggested that both proteins share one family of proteins as well as other 

functional tasks. Despite those similarities, there are a number of differences between 

these two regulatory proteins. Table 1-2 highlights the main distinct characterisation of 

PLN and SLN and main point where they differ from each other.  

 

 

Table 1-2: Main differences between PLN and SLN and their distinct effect on SERCA.  
PLN= Phospholamban, SLN= Sarcolipin, TM= transmembrane, aa= amino acid. 
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Myoregulin (MRLN): Two years ago, Olson laboratory identified a long-non-coding 

RNA from a muscle-specific gene screen. This transcript was found to encode for a 46-

aa protein with a high structural resemblance to these of PLN and SLN as well as of 

their transmembrane residues when comparing all sequences. 

Olson group named this protein Myoregulin (MRLN). MRLN is predominantly 

expressed in skeletal muscles at all developmental stages with no detection in cardiac 

nor smooth muscles. In a co-immuno-precipitation assay, MRLN was demonstrated to 

firmly interact with SERCA1a, SERCA2a and SERCA2b. Similar to PLN and SLN, 

overexpression of MRLN, in vitro, was found to inhibit SERCA activity as 

demonstrated by the remarkable decrease in the level of [Ca2+]-uptake. Mice null for 

MRLN were undistinguishable from healthy counterparts in appearance, body and 

muscle weights and the distribution of muscle fibre types was unchanged. However, 8 

weeks old MRLN-/- mice demonstrated a longer average run time in the “forced 

treadmill running to exhaustion” assessment when compared to wild-types mice of the 

same age. Without an alteration in the level of SERCA1, primary myoblasts isolated 

from MRLN knockout mice revealed an increase in the SR level of [Ca2+] as assessed 

by the peak SR [Ca2+] release (Anderson et al., 2015). These evidences strongly 

validated MRLN as an inhibitor candidate for SERCA. 

 

Endoregulin (ELN) and Another-regulin (ALN): Within the search conducted by 

Olson’ laboratory looking for long non-coding potential micropeptides that may share 

similarities to PLN, SLN or/and MRLN, Endoregulin and Another-regulin were 

identified as inhibitory candidates for non-muscles SERCA isoforms. ELN and ALN 

are 65-aa and 65-aa peptides, respectively, that share structural similarities with PLN, 

SLN and MRLN. Both micropeptides were evident to co-precipitate with SERCA2b. It 

is well known that PLN, SLN and MRLN share the same binding region on SERCA. 

In a dose-dependent manner, PLN displayed such a competitive behaviour for binding 

to SERCA in favour for ELN and/or ALN. The more the PLN was introduced, the less 

ELN and/or ALN co-precipitated with SERCA. Expression rates of ELN mRNA were 

shown to follow those of SERCA3. ELN was expressed highly in lung, colon, stomach 

and smooth intestine. ALN expression mimicked that of SERCA2b in heart muscles 

and almost all non-muscle tissues. However, overexpressing ELN and ALN resulted in 

a remarkable decrease in SERCA3a and SERCA2b apparent affinity for [Ca2+], 
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respectively, without affecting their Vmax (maximal rate of [Ca2+]-uptake) (Anderson et 

al., 2016).  

 

Small Ankyrin 1: The 17-kDa protein of small Ankyrin 1 (sAnk1, also called Ank1.5) 

is expressed in skeletal muscles which was reported to connect sarcomeres with the SR. 

Ankr1’s N-terminal is anchored to the network compartment of the SR (nSR) whereas 

the C-terminal highly binds to the obscurin protein located at the sides of M- and Z- 

bands and also binds to titin at a lesser extent (Porter et al., 2005; Ackermann et al., 

2011). Hence, sAnk1 was proposed to play a role in maintaining the integrity of those 

cellular compartments. Infected flexor digitorum brevis (FDB) muscles with sAnk1-

siRNA inhibit the expression of sAnk1 resulted in a selective destabilization of the nSR, 

and the junctional SR (jSR) with no major influence on the sarcomere integrity 

(Ackermann et al., 2011). Interestingly, SLN and SERCA levels were notably reduced 

in sAnk1-knockdown muscles. In addition, assessments of [Ca2+] trafficking such as 

rates of [Ca2+] release and [Ca2+] reuptake were hugely reduced in those infected 

muscles with sAnk1-siRNA (Ackermann et al., 2011). More recently, sAnk1 was 

approved to share similar transmembrane (TM) sequences with SLN which both bind 

to SERCA1. Indeed, immunoprecipitation experiments confirmed that sAnk1 co-

precipitated with SERCA1, and vice versa. Small Ank1 was shown to express an 

inhibitory affect to SERCA1, but not SERCA2, by lowering its apparent [Ca2+] affinity. 

However, this effect of sAnk1 on inhibiting SERCA1 was milder compared to that of 

SLN (Desmond et al., 2015).  

 

1.3.4.2! Enhancing Proteins: 

Dwarf Open Reading Frame (Dworf): Recently, after the discovery of the long 

noncoding RNA of MRLN and its open reading frame, Olson’s laboratory further 

investigated other uncharacterized transcripts and identified dwarf open reading frame 

(Dworf). This small micropeptide was evidenced to indirectly stimulate SERCA 

activity by counteracting the suppression shown of PLN, SLN and MRLN (Nelson et 

al., 2016). A northern blot study and quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) study confirmed the expression of Dworf mRNA in soleus 

and ventricle muscles of mice. A little expression was seen in diaphragm and 
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gastrocnemius muscles which may indicate that Dworf is preferentially resides in slow-

twitch muscles since Dworf expression was absent in the predominant fast-twitch 

quadriceps muscle. Protein expression of Dworf was only detectable in soleus and heart 

muscle homogenates. Olson’s group confirmed the interaction of Dworf with all 

SERCA isoforms 1, 2a, 2b, 3a and 3b by conducting an in vitro co-immunoprecipitation 

assay. Further, they showed that Dworf and PLN share the same binding motif with a 

similar affinity to SERCA. Interestingly, Dworf demonstrated a competitive dose-

dependent displacement for PLN where the higher Dwarf was present the less PLN co-

precipitated with SERCA, and vice versa.  

Inspecting 6 months old transgenic mice of α-MHC-CnA, a mouse model that 

overexpresses calcineurin leading to cardiac hypertrophy (see 1.3.1.4), transcript and 

protein levels of Dworf were strikingly down-regulated. The case was true for the 

mRNA level examined in human ischemic failing heart tissues. Overexpression Dworf 

in cardiac muscles (Dworf Tg) revealed no alteration to the protein and mRNA levels of 

[Ca2+]-related proteins such as RyR, plasma membrane ATPase [Ca2+]- pump (PMCA) 

and NCX. In contrast, loss of function transgenic ventricular muscle (Dworf -/-) 

exhibited a feedback expression behaviour with 4-fold upregulation in mRNA level of 

Dworf comparing to healthy muscles. Ablation of Dworf had no effect on other [Ca2+]-

related proteins. Regarding to SERCA activity, SR load quantification assay using 

cardiac muscles revealed a higher [Ca2+] transient rate and SR [Ca2+] content in Dworf 
Tg in contrast to healthy mice and Dworf -/-. Moreover, cardiac muscles of Dworf Tg 

showed a higher SERCA activity during low [Ca2+] concentrations. Those examined 

muscles showed that SERCA had a higher affinity for [Ca2+] in contrast to those of 

Dworf -/- which revealed a decrease in the affinity of SERCA for [Ca2+]. Soleus muscle 

of Dworf -/-  demonstrated a similar decrease in SERCA activity when compared to 

healthy muscles (Nelson et al., 2016). 

 

1.3.4.3! Other influencing Proteins:  

Heat Shock Protein 72 (HSP72) has a dual positive effect on dystrophy as Lynch 

laboratory claimed. In one hand, HSP72 was reported to have the ability to inhibit 

inflammatory pathways such as tumour necrosis factor-a (TNF-α) and NF-kB 

pathways. On the other hand, since HSP72 binds to SERCA under cellular stress and 

may correct for the inactivation of SERCA, it was proposed that HSP72 may function 
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in a similar fashion in dystrophic conditions. Indeed, transgenic mdx mice that 

overexpress HSP72 (mdxHSP72) revealed such promising outcomes for ameliorating 

dystrophy. Diaphragm muscles of those transgenic mice displayed significant 

improvements including lower muscle size heterogeneity, reduction in the necrosis rate, 

less collagen infiltration and an enhanced normalized force production compared to age 

matched mdx counterparts. Maximal SERCA activity of mdxHSP72 quadriceps, soleus 

and extensor digitorum longus (EDL) muscle homogenates was enhanced in contrast 

to normal mdx muscles (Tupling et al., 2004; Gehrig et al., 2012) 

 

RANKL / RANK / OPG system: Receptor activator of nuclear factor kappa B 

(RANK) is a member of the TNF receptor sub-family. RANK with its ligand (RANKL) 

and osteoprotegerin decoy receptor (OPG) form together the so called 

RANKL/RANK/OPG pathway system that is well known to be involved in regulating 

bone remodelling (Dufresne et al., 2016) and autophagocytosis through RANK’s 

downstream molecule of tumor necrosis factor receptor- associated factor 6 (TRAF-6) 

(Hindi et al., 2014). The RANKL/RANK/OPG pathway system is also active in skeletal 

muscle (Dufresne et al., 2016). When OPG binds to RANKL, it prevents it from binding 

to RANK. Otherwise, when RANKL binds to RANK, cellular molecules are 

subsequently activated including TRAF-6, nuclear factor κB (NF-κB) and other 

signalling pathways such as [Ca2+]-dependent and Akt signalling pathways (Hindi et 

al., 2014; Dufresne et al., 2016). Preventing the activation of RANK/ RANKL 

demonstrated promising results against muscular dystrophy and atrophy in dystrophic 

or denervation muscle models. For instance, treatment with OPG revealed a protection 

mechanism against muscle dystrophy (Dufresne et al., 2015). In dystrophic conditions, 

diaphragm and gastrocnemius muscles of young mdx mice (10-14 days) displayed 

relatively high protein levels of TRAF-6. This is such a suggestive that RANK/RANKL 

pathway is significantly activated at early stages of mouse lifespan and even earlier 

than the actual onset of muscle necrosis (Hindi et al., 2014). Muscle function 

examinations (grip strength and wire hanging test) on 7-week old dystrophic mice null 

for TRAF6 (mdx:TRAF6KO) demonstrated a remarkable improvement. Diaphragm and 

gastrocnemius muscles of those null mice showed a promising amelioration in 

histopathology markers (i.e. CSA, CNF and necrotic area). The most interesting 

outcomes of the mdx:TRAF6KO mice were the reduction of multiple deleterious 
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cascades including a reduction in the NF-κB activity, Akt signalling, aggregation of 

macrophage, inflammatory cytokines expression and markers of autophagy (Hindi et 

al., 2014). These targets were proposed to act as potential mechanisms how 

RANKL/RANK activation and their associated TRAF6 molecule may contribute to the 

progression of the dystrophy. However, although deletion of TRAF6 exhibited positive 

effects in young dystrophic mice, long-term deletion of TRAF6 in 9 months old mdx 

showed an exaggeration of the myopathy (Hindi et al., 2014). Related to this thesis, 

examinations on the RANK knockout mice (RANKKO) indicated that RANK pathway 

may play a role in [Ca2+] storage and handling. Total [Ca2+] content and SERCA 

maximal activity were notably lower in RANKKO comparing to their counterpart sham 

RANK mice. These observations are strongly suggestive that RANK/RANKL pathway 

has a key role in [Ca2+] regulation. The precise mechanism of how RANK may act is 

yet to be identified (Dufresne et al., 2016). 



 

 

 

Figure 1-3: Schematic of the calcium handling proteins in skeletal muscle and the pattern of the main regulatory proteins of SERCA 
The diagram shows the main Ca2+-handling proteins including Ca2+ ion channels on the sarcolemma, Ca2+ ion channels on the sarcoplasmic reticulum and Ca2+-
binding proteins. The diagram also illustrates the pattern of the main regulatory proteins of SERCA where MLN and SLN are the main inhibitory protein of 
SERCA1 in all skeletal muscles; PLN and SLN the main inhibitory protein of SERCA2 in cardiac and slow skeletal muscles; ALN is the main inhibitory protein 
of SERCA2b; and ELN is the main inhibitory protein of SERCA3 in endothelial and epithelial cells. SERCA= Sarco(endo)plasmic reticulum Ca2+-ATPase; 
IP3R= inositol 1,4,5-triphosphate receptor; RyR= ryanodine receptor; STIM1= Stromal interaction molecule 1; DHPR= voltage sensor of dihydropyridine 
receptor; Orai1= ORAI calcium release-activated calcium modulator 1; T-tubule= Transverse tubules; S/ER= Sarco plasmic or Endoplasmic reticulum; NKA= 
sodium–potassium ATPase; NCX= sodium–calcium exchanger; NHE= sodium–hydrogen exchanger; PMCA= Plasma membrane Ca2+ ATPase; Calm= 
Calmodulin; Parv= Parvalbumin; CASQ= Calsequestrin; Ca2+= Calcium ion.  
This diagram is adapted from (Anderson et al., 2015; Burr & Molkentin, 2015; Anderson et al., 2016; Nelson et al., 2016) 
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1.4! Panniculus Carnosus Skeletal Muscle 

A comparative anatomy study by Orthello R. Langworthy in 1924 was among the first 

studies to highlight the Panniculus Carnosus (PC) muscle in carnivores, studying cats 

and dogs (Langworthy, 1924). A year later, the same author extended his anatomy 

research where he investigated the PC tissue in four different species of rodents; rabbits, 

rats, guinea pigs and porcupines (Langworthy, 1925). In 1925, Hugh Garven discussed 

PC and its innervation in hedgehogs followed by Robert Enders who studied PC muscle 

in octodont rodents and didelphids in 1934 and 1937, respectively (Enders, 1934, 1937). 

These classic anatomy reports evoked scientist’s interests in that PC muscle began to 

be used as a system for muscle and nerve physiological studies. As science was 

developing, scientific questions regarding PC muscle broadened accordingly, covering 

topics such as PC response to nerve stimulation (Ashkenaz, 1939), skin sensitiveness 

against poisonous substances (Landsteiner & Chase, 1939), PC satellite cells 

contribution to the regeneration of subcutaneous- transplanted muscle (Litver, 1962),  

transmural stimulation (Hellmann, 1963) and PC contribution to skin wound 

revascularization (Converse et al., 1965; Šmahel et al., 1973).  

 

1.4.1! Origin and general structure  

Panniculus carnosus tissue is a subcutaneous muscular layer that is a few to several 

fibres in thickness located between the Panniculus Adiposus (AP) and the interstitial 

connective tissue (ICT) running laterally to the skin (Machado et al., 2011). It is a 

striated skeletal muscle mainly consisting of fast-twitch fibres, with IIB being the most 

abundant expressed fibre type (Theriault & Diamond, 1988b; Brazelton et al., 2003). It 

was reported that PC muscle cells, in general, possess a high turnover rate, reflecting a 

high regenerative activity (Brazelton et al., 2003) (Figure 1-4 and 1-5).  

 Panniculus carnosus muscle is a few fibres in thickness muscle sheet reside 

within the subcutaneous layer of the skin. PC covers most of the dorsal, ventral and 

flank of the trunk of the most lower mammals including rodents, feline, canine, horses 

and cetacean. The main function of the PC is to twitch allowing the skin of those 

animals to remove any outer irritating stimuli. In higher mammals, PC is more localised 

in specific anatomical areas like the neck in humans.  PC has likely been described 

under several names including subcutaneous muscle, muscle cutaneus trunci (Krogh & 



Literature Review 

 41 
   

Denslow, 1979; Theriault & Diamond, 1988b, a; Petruska et al., 2014; Zherebtsova, 

2016), subcutaneous musculature (De la Cuadra-Blanco et al., 2013; Zherebtsova, 

2016), skin muscle (Pavletic, 2010), cutaneous trunci muscle (CTM) (Theriault & 

Diamond, 1988b; König   & Liebich  2007; Petruska et al., 2014; Özer et al., 2016), 

and cutaneous maximus muscle (CMM) (Holstege et al., 1987; Theriault & Diamond, 

1988b; Pan et al., 2012) in conjunction with its original “Panniculus Carnosus’ name 

(Langworthy, 1924; Langworthy, 1925; Inzunza et al., 2008).  

 

 

Figure 1-4: Insertion site of the mouse dorsal PC muscle at the humerus bone.  
(black asterisk indicates the right-side forelimb, white asterisk indicates the tail side, 
green arrows indicate the lateral thoracic nerve branches and yellow arrows indicate the 
dorsal cutaneous sensory nerve (Pan et al., 2012) 
 

 

 

 

Figure 1-5: Schematic illustration of the different PC distribution of PC in rat. 
A) lateral, B) dorsal and C) ventral distribution of the PC in rat. Red line indicates the 
dorsal midline (Images are taken from (Zherebtsova, 2016))  

A

B C
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1.4.2! Embryology and Development 

Mouse PC muscle fibres are of the same origin of the other trunk muscles, which are 

widely accepted to originate from dermomyotomal precursors (Buckingham & Mayeuf, 

2012). Indeed, PC fibres accommodate SCs between sarcolemma and the basal lamina 

membranes. Using a lineage-tracing technique, Naldaiz-Gastesi et al. have specifically 

indicated that PC fibres originate from Myf5+ progenitors that express the canonical SC 

marker proteins Pax3/Pax7 during myogenesis, similar to those generated in the 

majority of body muscles (Naldaiz-Gastesi et al., 2016).  

 

1.4.3! Blood supply and innervation: 

As a general concept, when PC is present (e.g. in rodents), skin blood circulation is 

supplied by the direct cutaneous arteries embedded within the PC, running parallel to 

the skin and feeding the upper skin layers. In contrast and in the absence of the PC (e.g. 

in human), skin receives its blood supply from the musculocutaneous arteries being 

raised from deep within the body (Figure 1-6) (Daniel & Williams, 1973; Pavletic, 

2010; Vaena et al., 2017) (Figure 1-6).  

 

 

 

Figure 1-6: Cutaneous circulation in skin containing PC versus skin lacking PC 
(e.g. humans and some skin areas of pig). The subdermal plexus is formed and supplied 
by terminal branches of direct cutaneous vessels at the level of the panniculus muscle in 
skin containing PC. (Image is taken from (Pavletic, 2010)) 
 

Skin%containing%PC Skin%lacking%PC
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1.4.4! Proposed function 

1.4.4.1! Life quality enhancement 

The anatomical location of the PC muscle layer, being in between two adiposus layers 

(PA and ICT), provides flexibility for voluntary and independent movement from the 

deeper muscle masses (Pavletic, 2010; Machado et al., 2011). This may have also 

facilitated the adaptation of many mammals to their surrounding environment. For 

instance, mammals with PC, are capable of twitching their skin as a defence mechanism 

against irritatous (Wilder, 1930; Higgins & Martin, 2012). Other purported functions 

of the PC muscle is in the generation of heat by contraction (shivering thermogenesis), 

which plays a major role in thermoregulation of endothermic vertebrates (‘warm-

blooded’ mammals) (Wilder, 1930; Pavletic, 2010). Overall, it is hypothesized that the 

primary function of the PC muscle is as an overall protective apparatus rather than being 

involved in locomotor activity, posture, or  balance (Theriault & Diamond, 1988b). 

Meanwhile, in humans, the PC facial muscles and platysma muscle of the neck may 

also help facial expression formation (Pavletic, 2010). 

 

1.4.4.2! Wound closure and healing 

Unlike in humans, most loose-skinned mammals, wound healing and thermal injury 

repair processes occur primarily via a phenomenon called wound contraction (Gottrup 

et al., 2000; Dahiya, 2009), instead of forming new tissue to close the wound gap 

(Wong et al., 2011). PC is particularly important to this phenomenon due to its 

contractile and mobility characteristics. PC muscle fibres at the surrounding edges of 

the wound cut, contract and move toward the wound to reduce the wound diameter 

(Norton et al., 2008; Pavletic, 2010). Revascularization and capillary remodelling are 

also involved in deep excisional wound healing. Indirectly, the PC muscle layer is also 

implicated in this process, since the PC layer contributes to the skin microcirculation 

via the direct cutaneous arteries (Figure 1.6). While the PC muscle fibres contract to 

minimize the wound gap, the vascular plexuses on and underneath the PC start to 

extend, irrigating the wound bed by incorporating blood from the develping capillary 

structure already existing within the musculature sheath and forming a new vasculature 

bed that gradually expands from the severed edges of the PC and infiltrates in between 

the regenerating muscle fibres (Hughes & Dann, 1941; Billingham & Russell, 1956; 

Machado et al., 2011; Rittié, 2016). Therefore, it is widely accepted that wound healing 
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via wound contraction is considered to occur much more rapidly than via re-

epithelialization alone (Norton et al., 2008; Pavletic, 2010).  

 

1.4.5! PC in human 

In humans, it is phylogenetically accepted that a group of remnant muscles of different 

anatomical locations are equivalent to the PC in lower mammals. This group of muscles 

includes occipitofrontalis muscles of the scalp (skeletal), muscles of the auricle 

(skeletal), the platysma in the ventral part of the neck (skeletal), palmaris brevis of the 

hand (skeletal), corrugator cutis ani around the anus (smooth), dartos muscle of the 

scrotum (smooth), subareolar muscle around the nipple (smooth) (Singh, 2009; Behan 

et al., 2012; Singh, 2015) and Langer’s axillary arch in the axilla region which was last 

deemed to be of PC origin (Jung et al., 2016). 

Evolutionarily inherited PC muscle tissues vary among individuals and different 

ethnic groups.  Within the human population, the remnant PC muscles were clinically 

reported to be absent, possess a low significant importance (or none) or somewhat 

defective. For instance, the musculus steralis was reported to exist in 3-5% of normal 

human and no associated functional significance was reported to it. On the other hand, 

pyramidalis muscle and palmaris longus muscle were found to be absent in 16-17% 

and 11% of human dissected bodies, respectively, with no associated functional 

significance reported to the pyramidalis muscle (Stevenson et al., 2015). 

It is not clear why the PC muscle sheath varies among many lower mammals 

and why it is vestigial in humans. Throughout the literature, two reasonable hypotheses 

are apparent. John E. Greenwood hypothesised that it was mandatory to possess such a 

necessary element for wound closure and healing especially in the wild. Otherwise, 

animals would be weaker, slower in recovery and more prone to further attacks. He 

argues that the persistence of PC tissue in humans, i.e. platysma, is most likely due to 

its location at the most frequent site for attacks by large mammalian predators 

(Greenwood, 2010). Jung et. al. attributed the regression of PC in humans, due to its 

twitching function to remove irritants, is no longer necessary in humans due to the 

evolved wider mobility of the upper limbs (Stevenson et al., 2015; Jung et al., 2016). 
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1.4.6! Involvement in Research Applications:  

It is interesting that PC has always been within the scope of science research interest. 

Furthermore, with the recent revolution of stem cells and tissue engineering, PC has 

been widely implicated in various techniques that can range from using the innervating 

system of the dorsal PC as a model for studying nerve degeneration and regeneration 

(Pan et al., 2012) to isolating the stem cells of PC and engineering them (García-Parra 

et al., 2014; Naldaiz-Gastesi et al., 2016) potentially to study muscle disorders (as will 

be seen within the present study). 

 

 

1.5! Gender Differences in Muscle Regeneration 

Many sex-based dimorphisms have been documented highlighting characteristic 

differences in skeletal muscle properties. Such differences include; muscle mass and 

fibre size, muscle fatigability and contractility, activities of metabolic enzymes, fibre-

type composition and relative expression of MyHC isoforms as well as other different 

muscle related genes (Welle et al., 2008; Haizlip et al., 2015). Although the debate of 

sex differences in muscle growth, regeneration and myogenesis in general has long 

attracted investigators’ attentions, yet it remains a sensitive and controversial subject 

that needs further critical experimentation (Haizlip et al., 2015).  

Sex hormones are principally grouped as androgens and estrogens presenting 

on the male and female main hormones, respectively. These hormones are synthesised 

in the gonads (testes or ovaries), adrenal glands or can be converted from/into other sex 

hormones by the aid of chemical reactions in peripheral tissues (e.g. fat or liver). A 

third group of sex hormones that is shared by the two genders includes the progesterone. 

 

1.5.1! Types of Sex Hormones 

1.5.1.1! Androgens 

Androgens are the male sex hormones that are responsible for the development of the 

male productive system and secondary male sexual characteristics. The most 

pronounced androgenic hormone is testosterone (T) which is secreted from the testicles 

of males. Androgens express their effect through binding to the androgen receptor 
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(AR). ARs are expressed in myocytes and SCs as well as in mesenchymal stem cells 

and fibroblasts (Carson & Manolagas, 2015). Androgenic effect of these hormones 

promotes the growth, maturations and maintenance of male sex organs. In addition, 

androgens may exhibit an anabolic effect such as influencing muscle growth, mass and 

strength as well as bone related well-being. Other androgens include; Androstenediol 

(A5 or Δ5-diol), Androstenedione (A4 or Δ4-dione), Dehydroepiandrosterone (DHEA), 

and Dihydrotestosterone (DHT or 5α-DHT) (Figure 1-7). Testosterone is also present 

at low levels in females. While the daily production of Testosterone is 20-times higher 

in males, the blood serum of males was found to circulate 7-8 fold greater testosterone 

in contrast to females (Burger, 2002).  

 

1.5.1.2! Estrogens 

Estrogens are the female sex hormones that are responsible for the development of the 

female productive system as well as the secondary female sexual characteristics. The 

most prevalent estrogenic hormone in females is Estradiol (E2). Other estrogens include 

Estrone (E1), Estriol (E3) and Estetrol (E4) which is formed during pregnancy. 

Estrogens express their functions through binding to estrogen receptors (ER). There are 

two isoforms of ER; ERα and ERβ encoded by two different genes Esr1 and Esr2, 

respectively. Both isoforms are expressed in muscles, SCs and endothelial cells of both 

genders (Carson & Manolagas, 2015). Estrogen is also present in males at lower rates 

where some peripheral tissues are able to convert androgens into estrogens by the aid 

of specific enzymes (Figure 1-7) (Rotstein, 2013). In general, circulating estrogen in 

the serum is lower than that observed for testosterone (Burger, 2002).  

  

1.5.1.3! Progestogens 

Progesterone (P4) is the major member of the third class of the endogenous sex 

hormones. It expresses its effect through the Progesterone receptor (PR). P4 is present 

in both males and females where it can be produced from the productive organs and 

adrenal glands. However, it can be formed from cholesterol molecules under certain 

chemical reactions. In addition, P4 can be converted into other sex hormones, hence, it 

may serve as a secondary source for those hormones (Figure 1-7).   
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1.5.1.4! Sex Hormone Biosynthesis 

Different peripheral tissues, such as adrenal gland and gonads, have the ability of 

producing sex hormones from the cholesterol molecule. By the aid of oxidative 

enzymes, testosterone and estradiol are derived from cholesterol. Pregnenolone is the 

first derivative molecule where it is the basis of the synthesis of all other hormones. 

Aromatase enzyme can convert androgenic into estrogenic hormones; A4 into E1 and 

T into E2. Further, 17β-hydroxy steroid dehydrogenase has the ability to switch 

between the two indicated androgenic and estrogenic hormones themselves; E1 � E2 

and A4 � T (Figure 1-7). This pathway may serve as another source for expressing 

hormones in the opposite gender (Miller & Auchus, 2011; Turcu & Auchus, 2015; 

Finco et al., 2015). In experimental science, many molecules have developed and used 

to study the effect of a sex hormone in favour of another. One example is the usage of 

the herbicide Atrazine (ATR) molecule that stimulates the activity of aromatase enzyme 

and, hence, promotes the extra production of estrogenic hormones.  

 

1.5.2! Sex-based Characteristic Differences in Skeletal Muscle Properties: 

Sex hormones and their physiological and molecular effects have long been studied in 

human, animal models, in vivo and in vitro. In general, such effect on muscle includes 

enhancing muscle growth, controlling muscle mass and strength as well as being 

involved in the maintenance and repair of muscles after injury. Indeed, accumulative 

evidence showed that there are many aspects where muscles may respond differently 

to the different sex hormones. For instance, muscle properties including muscle mass, 

fibre-type composition, contractility, and regeneration may react differently to 

androgens or estrogens (Haizlip et al., 2015).  

1.5.2.1! Muscle Mass: 

Lean muscle mass, strength and size were found to decrease accordingly in cases where 

circulating sex hormones were decreasing, for example, in hypogonadal males and 

post-menopausal females. However, many evidences claim that androgens may support 

the muscle mass and strength while estrogens support muscle contractility, repair and 

regeneration. Increased muscle mass and decreased fat tissue were shown to increase 

after testosterone supplementation in hypogonadal males. Suppressing the activity of 

testosterone and estradiol in males revealed a reduction in muscle mass, size and 
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Figure 1-7: Sex hormone biosynthesis 
Steroidogenic pathway of biosynthesising the Testosterone and Estrodiol from the 
precursor molecules of Cholesterol and the subsequent substrate of Pregnenolone and 
Progesterone. Figure is adapted from (Miller & Auchus, 2011; Turcu & Auchus, 2015; 
Finco et al., 2015) 
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strength and an augmentation in body fat attributed the impairments in the androgens 

and estrogens levels, respectively.  

An assay of comprehensive oligonucleotide microarray revealed that several 

hundred genes were reported to be expressed differently between the two genders, 

where males were found to express higher rates of genes that encode for proteins 

related to the ribosomes, mitochondria, and translation-initiating factors (Welle et al., 

2008). Male mice null for AR (AR-/-) revealed a reduction in muscle mass, oxygen 

consumption and showed a reduction in body fat content. In contrast, muscle mass of 

AR-/- females was not altered. Interestingly, while female mice null for AR failed to 

form an adequate levator ani muscle of the pelvis, males completely lacked it 

(MacLean et al., 2008). Meanwhile, muscle strength and/or fatigue of peripheral 

muscles were not altered after the ubiquitous or selective suppression of AR (Carson 

& Manolagas, 2015). Deletion of ERα and ERβ revealed a reduction in muscle mass 

and contractility of selected muscles. In addition, muscle fatigue was exacerbated after 

the deletion of ERβ in males but not in female mice (Carson & Manolagas, 2015). In 

an oligonucleotide microarray assay, female muscles showed at least 2-fold greater 

expression of growth factor receptor-bound 10 (GRB10) and activin A receptor IIB 

(ACVR2B) which encode a suppressor protein for IGF-1 and a myostatin receptor, 

respectively. Both GRB10 and ACVR2B are involved in regulating muscle mass 

through the growth factor signalling pathway (Welle et al., 2008). However, GRB10 

and ACVR2B knockout mice displayed an increase in muscle weight in both genders 

and muscle hypertrophy in female mice, respectively (Haizlip et al., 2015).  

 

1.5.2.2! Fibre Type 

In general, sex-based differences in muscle fibre type composition has been repeatedly 

reported in which males tend to express a greater ratio of fast twitch fibres, females 

tend to express more slow-twitch fibres as well as a higher relative slow fibre area 

(Maher et al., 2009; Haizlip et al., 2015). For example, a human study on the vastus 

lateralis muscle revealed that male biopsies showed 30% and 15% higher mRNA 

levels of MyHC-IIA and IIX, respectively, whereas females showed 35% greater 

mRNA level of MyHC-I, both when compared to the opposite gender. Further, fast-

twitch fibres of IIA occupied 41% of the total male muscle sample area comparing to 

34% in females. On the other hand, 36% of the total relative area accounted for slow-
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twitch fibres in male biopsies in contrast to 44% in female biopsies (Haizlip et al., 

2015). In addition, for those measured fibres, the cross-sectional area was 

predominantly larger in male fibres comparing to females (Maher et al., 2009; Haizlip 

et al., 2015). Morphological analysis of vastus lateralis muscle in men demonstrated 

that the cross-sectional area of slow-twitch, fast-twitch IIA and IIX were significantly 

larger than females by 19%, 59% and 66%, respectively. However, in hypogonadal 

animal model, fibre-type distribution of gastrocnemius and soleus muscles remained 

unchanged between the two genders. In an experiment where estrogen was re-

introduced to ovariectomized female rats, attenuation to the size of all fibre types of 

both SOL and EDL muscles was observed (reduced after being enlarged at zero-

estrogen) without a change in fibre-type composition (Haizlip et al., 2015).  

 

1.5.2.3! Muscle protein regulation 

Skeletal muscle protein synthesis and turnover are regulated by different pathways 

(e.g. IGF-1/Akt/mTORC1) all of which, in part, are activated by Akt crosstalk (Carson 

& Manolagas, 2015).  Insulin-like growth factor 1 (IGF1) is a central regulator for 

muscle mass and Akt is downstream of IGF1. IGF1 knockout mice display a delay in 

the general body growth, including muscles (Velloso, 2008). However, testosterone 

may increase the level of IGF1 via activating Akt. In castrated animal models, 

deficiencies in androgens was reported to be linked to the reduction in the activation 

of Akt whereas supplementing those animals with androgens raised the stimulation of 

Akt. Similarly, impairments in the regulation of testosterone resulted in the reduction 

of IGF levels. Akt activation was also reduced in cases of estrogen deficiency. In post-

menopausal females, replacement therapy with estrogen revealed an increase in IGF1 

gene expression (Carson & Manolagas, 2015).  

 

1.5.2.4! Energy metabolism and consumption 

Maintenance of skeletal muscle requires a proper functionality of the mitochondria 

and metabolic equilibrium that ensure and maintain balanced protein synthesis, 

turnover, apoptosis, and autophagy.  As indicated earlier, males were found to express 

higher rates of genes that encode for proteins related to the mitochondria (Carson & 

Manolagas, 2015). Mitochondrial enzyme activity along with myoglobin activity were 
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seen after the overexpression of AR in EDL muscles. Muscle oxidative metabolism 

was effected negatively in estrogen deficiency cases. Interestingly, this was observed 

to be corrected by the administration of estrogen in ovariectomized mice (Carson & 

Manolagas, 2015).  

 

1.5.2.5! Fibre Contractility and Fatigue Resistance: 

Muscles from the different genders may differ in their contractility, fatigue properties 

and performance according to their general fibre-type composition. Fast glycolytic 

fibres are known to be the first affected by fatigue and disease whereas slow oxidative 

fibres possess a high endurance. Thus, it is generally accepted that male muscles tend 

to fatigue more than females. During the fatigue, male muscles display a quicker force 

generation and relaxation in contrast to female muscles. On the other hand, being 

enriched with slow oxidative muscles, female muscles show a greater endurance as 

well as being faster in recovery from fatigue (Haizlip et al., 2015). 

 

1.5.3! Sex-based Differences in Satellite Cells 

Both androgenic (AR) and estrogenic (ERα and ERβ) receptors are expressed on 

satellite cells (Carson & Manolagas, 2015). Although there was no effect on skeletal 

muscle post AR deletion in SCs, AR deletion in myocytes revealed a fast-to-slow fibre 

shift in those manipulated muscles yet with no alteration in muscle strength nor fatigue 

(Ophoff et al., 2009).  

In DMD, the term “satellite cell exhaustion” is commonly accepted as a reason 

why SCs become defiant. The term suggests that SCs are prone to lose their ultimate 

capability to withstand the high demand for regeneration leading to eventual 

impairment in muscle regenerative capacity (Chang et al., 2016). Muscle SCs are 

known to respond to intrinsic and extrinsic factors (McCullagh & Perlingeiro, 2015). 

In addition, gender has an influence on SC activity, which is thought to be mediated 

by sex hormone levels and/or intrinsic gender differences but request further study 

(Deasy et al., 2008; Neal et al., 2012). Exploration of muscle gender differences in 

health and disease may reveal potential therapeutic targets.  
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1.6! Therapeutic Targets for DMD 

1.6.1! Dystrophin gene therapy 

There are different promising strategies in gene therapy currently explored and 

optimised in pre- and clinical stages. Gene therapy is a broad terminology that 

encompasses the administration of normal or engineered exogenous genetic material 

into a target cell/tissue for the replacement or correction of defective genes to cure, 

ameliorate or slowdown the progression of those genetic disorders. This technology 

requires the transfer of genetic material which, to date, can be achieved by non-viral 

and viral delivery methods (Verma & Weitzman, 2005).   

Non-viral delivery often includes the administration of plasmid DNA. Naked 

plasmid DNA carrying dystrophin cDNA was reported to successfully result in the 

expression of dystrophin protein in mdx muscle. However, such limitations to this 

method include the low efficiency and the requirement of electroporation to reach the 

maximal distribution within the injected muscle. However, a big advantage of applying 

this strategy in clinical trial is its safety against the immune system which was 

demonstrated after the injection of full length dystrophin gene in several DMD patients 

in a phase I study (Park & Oh, 2010). 

The double- and single-stranded viruses of adenovirus (Ad) and adeno 

associated virus (AAV), respectively, are the two common viral vectors for gene 

transfer in muscle therapy. Both vectors were used for delivering the dystrophin gene. 

Ad-dystrophin treatment revealed an efficient expression of functional dystrophin. 

Subsequent complications were reported to be due to the immune reactivity and 

inflammatory response that limited the use of Ad in clinical trials (Park & Oh, 2010). 

On the other hand, AAV vectors have repeatedly reported to display such a high 

efficiency in transferring genes. Nevertheless, pioneer studies have overcome this 

issue by bioengineering truncated yet functional dystrophin gene referred as mini- and 

micro-dystrophin. This strategy revealed a promising outcomes demonstrated by the 

amelioration of the dystrophic phenotype (Wang et al., 2000). Indeed, AAV vectors 

possess technical limitations one of which is the small genome capacity to fit the full 

length of dystrophin and other large genes. Despite the fact that AAV may evoke a 

mild immune response compared to Ad, it was reported that transduced fibres may be 

targeted by the immune system. Nevertheless, such complications can be reduced by 
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using different serotypes of AAV vectors and by optimizing the ideal injected viral 

dosage.  

Other state-of-art gene therapy technologies have approved their therapeutic 

potentiality include the anti-sense oligonucleotide exon skipping and read-through of 

stop-codon mutations. Theoretically, exon skipping strategy for DMD relies, in one 

part, on ameliorating DMD phenotypes. This can be achieved by blocking adjacent 

exons within the out-of-frame mutation to allow for a sufficient in-frame translation 

of the defective DMD gene producing truncated, yet, partially functional dystrophin 

protein. Hence, patients may experience milder dystrophic phenotypes approximate to 

those of BMD. Systemic and local treatment of exon skipping in clinical trials were 

attempted. Both approaches revealed promising results demonstrated by the 

appearance of dystrophin expression in treated muscles (Takeshima et al., 2006; Van 

Deutekom et al., 2007). Interestingly, post 28 days of exon skipping local treatment of 

the TA muscle of DMD patients, 46-97% were positively influenced shown as a 

restoration of dystrophin (Van Deutekom et al., 2007).  

A small proportion of DMD mutations is raised from non-sense mutations. 

Non-sense mutation occurs when a codon is misinterpreted as a stop codon. Hence, 

the theory of the read-through of stop-codon mutations approach depends on 

reconstituting the full-length transcript and, hence, restoring protein function by 

suppressing the premature termination allowing for a “sense” interpretation. 

Restoration of the functional dystrophin expression was approved (Welch et al., 2007). 

However, like any other technique that requires the introduction of foreign object to 

correct a genetic defect, the read-through of stop-codon mutations strategy has its own 

limitations which includes the need for a repetitive administration of the therapeutic 

agent as well as the requirement of generating specific oligonucleotides for each type 

of mutation (Park & Oh, 2010). 

 

1.6.2! Gene therapy for correcting Ca2+ handling 

Since the elevation in the cytosolic [Ca2+], alone, was confirmed to be a major 

contributor to the progression of dystrophic phenotypes, it was obvious to see a move 

toward the correction of [Ca2+] handling as an attempt for rescuing muscular 

dystrophies (Burr & Molkentin, 2015) . Indeed, several of gene therapy studies have 
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investigated the therapeutic potential of correcting [Ca2+] homeostasis as a target for 

ameliorating DMD. Some of these studies showed successful pre-clinical and/or 

different levels of clinical trial phases. Those therapeutic strategies investigated 

elements that would, directly or in part, participate in the increase in the intracellular 

[Ca2+] concentration including sarcolemmal, mitochondrial or SR- and proteases-

related proteins and/or pathways. These strategies were approached by generating a 

transgenic mouse model or introducing a vector carrying a transgene both of which 

aimed at one of the following; forcing the expression of a DGC component to restore 

the sarcolemmal integrity and subsequently reduce further [Ca2+] flux; suppressing the 

activity of leaky ion channels on the sarcolemma or the SR; overexpressing such 

proteins that eliminate the excess [Ca2+] into the SR or out to the extracellular 

environment; or reducing the initiation of [Ca2+]-dependant muscle degeneration (Burr 

& Molkentin, 2015). 

Channels of store-operated [Ca2+]-entry (SOCE) were reported to be impaired 

in dystrophic conditions allowing [Ca2+] to flux into the cytoplasm. Transgenic mice 

with a dominant-negative mutation of TRPC6 channels in mdx and Sgcd-/- mouse 

models (delta-sarcoglycan-null mouse model) revealed a reduction in SOCE activity 

and dystropathological phenotypes (Bréchard et al., 2008). Similarly, transgenic mdx 

mice negative for TRPV2 were shown to express a decreased dystrophic 

histopathology (Iwata et al., 2009). The newly discovered Orai and STIM channels are 

also potential therapeutic targets. Transgenic mice that overexpressed STIM1 

displayed a 2-fold increase in [Ca2+] influx comparing to their control resulting in 

dystrophic-like phenotypes. This defect was attenuated in the double STIM1-TG 

transgenic mice which co-express the dominant-negative Orai1 (dnOrai1). Moreover, 

mdx and Sgcd-/- double transgenic mice which co-express the same dnOrai1 revealed 

a similar attenuation in dystrophy. Therefore, these findings strongly suggest that 

manipulating such key pathogenic elements involved in the SOCE pathways can be 

protective against dystrophy (Goonasekera et al., 2014). 

The Na+ -Ca2+ exchanger (NCX1) was another potential candidate for gene 

therapy. NCX1 expression is originally elevated in mice model of mdx or Sgcd-/- and 

that overexpressing NCX1 was shown to exacerbate dystrophic conditions in each of 

NCX1-TG, mdx:NCX1-TG and  Sgcd-/-:NCX1-TG mice. In contrast, Sgcd-/- mutant for 
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NCX1 displayed an attenuation for dystrophy by exhibiting enhanced pathological 

phenotype at early ages (Burr et al., 2014).  

Another promising strategy was reducing the severity of dystrophy by 

eliminating the initiation of [Ca2+]-mediated muscle damage induced by the [Ca2+]-

dependant calpain pathway. Co-expression of calpastatin, the calpain-specific 

inhibitor, in mdx mice demonstrated a reduction in calpain activity and subsequent 

reduction in necrosis suggesting that reducing [Ca2+]-induced calpain deleterious 

activity can be of a beneficial against dystrophy (Spencer & Mellgren, 2002). 

Clearing the intracellular excess calcium and replacing it back into the SR was 

another strategy that involved the forced expression of the SERCA pump by either 

generating transgenic mice or by viral delivery. An enhanced [Ca2+] clearance and 

cycling was observed in transgenic wild-type mice which co-expressed SERCA1 

without effecting muscle morphology. Sgcd-/- transgenic mice that co-express 

SERCA1 displayed a prolonged amelioration in the classic phenotypes of dystrophy 

up to 6 months. At a selected age, such mitigation of dystrophic pathology in Sgcd-/-

:SERCA1a was correlated with the elevation in the SR [Ca2+] uptake and maximal 

velocity by approximately 3-fold greater when compared to Sgcd-/-. Similarly, mdx 

mice which co-expressed SERCA1 revealed such a dramatic reduction in histological 

and biochemical markers of dystrophy. Moreover, the EC-coupling was enhanced in 

these mdx:SERCA1 double transgenic mice and that [Ca2+] clearance and transient 

were also restored (Goonasekera et al., 2011). In the same fashion, attenuation in 

dystrophic phenotype, demonstrated as an 8-fold reduction in central nucleation, was 

observed after a 6-week incubation of AAV9-SERCA2a in the gastrocnemius muscle 

of neonatal Sgcd-/- mice. In another study, neonatal mdx mice were injected via a 

subxyphoid approach with AAV2/6-SERCA1a and inspected at 6 months. Their 

diaphragm scored a recovery of 52% of SERCA1a protein with significantly less 

regenerated fibres. Most interestingly, mdx:SERCA1a diaphragm exhibited a 

protective mechanism against the force loss after a series of eccentric contractions 

comparing to un-injected mice (Morine et al., 2010a).  

Improving the integrity of the sarcolemma by restoring the expression of 

structural proteins has been always an attractive strategy for rescuing DMD. Beside 

the direct restoration of dystrophin (described above), selected proteins with similar 

homologue to dystrophin or glycoproteins were of interest as therapeutic targets for 



Literature Review 

 56 
   

DMD. In addition, there is a hypothesis that claims that enhanced expression of these 

proteins at extrasynaptic regions of dystrophic fibres can be a useful therapeutic 

approach. Briefly, utrophin is a cytoskeletal protein and a homologue to dystrophin 

that is known to accumulated around the neuromuscular junctions (NMJ) (Deconinck 

et al., 1997a). Overexpression of the full length and truncated utrophin were approved 

to dramatically ameliorate dystrophy in mdx and mdx/utr-/- mice (Tinsley et al., 1996; 

Deconinck et al., 1997b; Rafael et al., 1998; Tinsley et al., 1998). α7β1 integrin protein 

serves as a joining-point protein between the basal lamina and muscle fibres. 

Transgenic mice that overexpress α7β1 exhibited a partial restoration of the 

postsynaptic folding contributing to the restoration of the NMJ structure. Most 

importantly, those transgenic mice demonstrated a significant reduction in dystrophic 

phenotypes. Another candidate is cytotoxic T cell GalNAc (CT) transferase which is 

confined to and has a structural role at NMJs. Double transgenic mice mdx:CT rescued 

different dystrophic phenotypes demonstrated, by level of CNFs (5%) and normal 

levels of serum CK compared to mdx and healthy mice (Nguyen et al., 2002; Martin 

et al., 2009).  

 

1.6.3! Overview of Adeno-associated Virus as A Vector: 

Apparently, adeno-associated virus is non-enveloped un-pathogenic vector that has the 

ability to infect dividing and non-dividing cells. AAV genome is composed of Rep 

and Cap open reading frames that allow the virus to replicate itself and construct its 

capsid. The genome is flanked by an inverted terminal repeats (ITRs) from each side. 

When engineering an AAV for gene transfer, Rep and Cap are replaced with the 

therapeutic transgene while the two ITRs must retain within the AAV vector serving 

as primers for the DNA of the host cell as well as helping in the viral genome 

integration into the host genome. Hence, this AAV is called recombinant AAV which 

in turn requires the presence of a “helper plasmid” containing the missing Rep and 

Cap genes to fulfil the completion of the vector’s life cycle (Schultz & Chamberlain, 

2008).  

There are over a hundred different AAV capsid sequences that have been 

identified so far in primates each of which consists of a distinct serological profile. 

However, around 12 serotypes, numbered AAV1-AAV12, have been profoundly 
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studied. Interestingly, these serotypes were shown to exhibit a tropism toward one or 

few different tissues (Schultz & Chamberlain, 2008). The majority of in vivo pre-

clinical studies have used the AAV 2 serotype. Moreover, most effective 

bioengineered AAV vectors are hybrid where capsid protein can be taken from any 

serotype whereas the genome is from AAV2. For example, hybrid AAV2/5 is an 

efficient tool in retina and cornea transduction; AAV2/8 and AAV2/9 have displayed 

a greater transgene delivery by up to 5-10 fold in cardiac and skeletal muscles as well 

as brain lung and liver tissues (Sharma et al., 2009). Many studies have been dedicated, 

both in vitro and in vivo, toward examining and describing the most compatible of the 

different serotypes of AAV and their best potential tropism cell type or tissues 

(Zincarelli et al., 2008; Ellis et al., 2013) . Table 1-3 summarises the expression 

intensity and distribution of the different AAV serotypes in mice by tracking the 

expression of the luciferase transgene (Zincarelli et al., 2008). 

 

1.6.4! Muscle cytotherapy for DMD  

Over the last decades, muscle cytotherapy has become an attractive scientific topic 

that may involve using the different developmental stages of myofibres ranging from 

the transplantation of satellite cells to grafting an entire myofibres (Almeida et al., 

2016). The first therapeutic attempt of using cells in muscle cytotherapy is dated to 

1970s where a donor myoblast was successfully transplanted and fused to the host 

muscle fibre. Later, a classic work in Kunkel’s laboratory revealed a promising 

restoration of dystrophin expression in mdx myofibres by the administration of normal 

myoblasts (Partridge et al., 1989). Although this technique revealed a potential 

opportunity for treating DMD, at least in animal models, it was not completely 

satisfactory neither sufficient to be adapted in human trials. This could simply be 

attributed to the fact that myoblasts are not self-renewing unlike satellite cells. Hence, 

myoblast transplantation is a one-time treatment which may not be able to withstand 

the continued cycles of degeneration/regeneration in DMD (Almeida et al., 2016). 

Therefore, the next focus was directed to grafting an entire myofibre including its 

intact SC or injecting isolated SC into the host subject. Indeed, there are always 

advantages and disadvantages in such techniques. Grafting intact myofibres ensures 

that cells and SCs are shifted with their niche as well as the requirement of maximal 

engraftment and minimal number of cells. On the other hand, this method is not 
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Table 1-3: Intensity expression and distribution of the different AAV serotypes in mice 
1 x 1011 virus particles of AVV 1-9 vectors carrying luciferase protein and driven by the CMV 
promoter were intravenous tail injected in 8-10 days old mice. Luciferase expression is 
assessed as luciferase enzyme activity (RLU/mg = relative light units /mg total protein) at 100 
days after injection from different tissues. Total Flux= total number of 
photons/second/cm2/radian released by luciferase activity at different time-points. dpi= days 
post injection, mpi= months post injection. Luciferase Protein Expression in Selected Tissues 
is summarized from figure 4. Numbers from 0 to 5 are, herein, arbitrary unit where 0= was 
not expressed on the original figure, 1= 1-10 RLU/mg, 2= 10-100 RLU/mg, 3=100-1,000, 
RLU/mg, 4= 1,000-10,000 RLU/mg and 5= -10,000 – 100,000 RLU/mg. H= high; M= Medium; 
L= low 
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considered to be simple to be applied clinically (Almeida et al., 2016). Freshly isolated 

and injected SCs demonstrated the maximum advantage of this method for muscle 

repair. Furthermore, a study conducted in Blau’s laboratory revealed that a single 

administration of SC is capable of self-renewal and differentiation in host subjects 

(Sacco et al., 2008). Other studies have also demonstrated that isolated SCs are 

sufficiently capable of self-renewal as well as participation in the host’s endogenous 

stem cell pool and contribute to muscle regeneration cycling in dystrophic muscles 

(Cerletti et al., 2013). Nevertheless, SC-based therapy remains a major challenging 

application in clinical trials. Different biological and molecular explanations may help 

with these challenges. For example, due to the fact that SCs are heterogeneous in nature, 

a careful selection of SCs for cell-based muscle repair should be taken into 

consideration (Sacco et al., 2008; Almeida et al., 2016). Other explanations include the 

ideal culture conditions, number of injected cells and their route of cell administration, 

and, but not limited to, the severity of the disease and affected muscles (Almeida et al., 

2016).  
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1.7! Hypotheses and Aims of the Studies 

There are many promising strategies currently explored and optimised in pre- and 

clinical stages in an attempt to cure DMD or to ameliorate its phenotypes. Gene therapy 

utilizing SERCA has approved its validity in reducing the severity of muscular 

dystrophies. However, up to this time, there is still a need in exploring different 

therapeutic targets for DMD or MDs in general.  

The current doctoral thesis focuses on addressing three different therapeutic 

targets for DMD. The first study examines the therapeutic potentiality of using gene 

therapy in correcting the intracellular homeostasis of calcium ion. The second study 

propose the unique underutilized model of Panniculus Carnosus skeletal muscle to 

study cellular mechanisms impinging on muscle regeneration in healthy and diseased 

mice. The third study highlights the tissue differences and gender dimorphism in 

muscle regeneration, myogenesis and calcium-handling as a contribution to the 

encouraged move toward involving female-subjects in clinical and pre-clinical trials 

and hence discovering more potential targets for DMD. 

 

Study 1 “The Role of SERCA2a Gene Delivery in Regulating Ca2+ Homeostasis as a 

Therapeutic Approach for DMD” 

!! Background: SERCA2a was found to be elevated in dystrophic limp muscles 

of mdx and further increased in the more sever mdx:utr-/- animal model. In 

addition, SERCA2a was visualised to be co-expressed with embryonic MyHC 

in newly generated muscles.  

!! Hypothesis: Our hypothesis was that dystrophic hindlimb muscles may 

increase the expression of SERCA2a as a defensive mechanism as the disease 

progresses. Hence, overexpression of SERCA2a in those muscles may support 

the this suggested defensive mechanism along with the elevated endogenous 

expression of SERCA2a aiming at reducing the dystrophic phenotypes and 

improving the quality of the muscle.  

!! Objectives/Aims:  

1.! To validate the use of adeno-associated-virus (AAV2/9) in transducing the 

green fluorescent protein gene reporter into mdx hindlimb muscles. 
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2.! To transduce the human SERCA2a gene under the control of a constitutive 

CMV promoter into mdx muscle. 

3.! To assess the effects of hSERCA2a overexpression in hind-limbs of mdx mice 

after 6 weeks of a single intramuscular injection.  

4.! To study the effects of hSERCA2a overexpression on the gene expression of 

the endogenous isoforms of SERCA and their allosteric regulatory-proteins as 

well as the expression of other calcium-related genes in treated and untreated 

mdx adult hindlimb muscles.   

 

Study 2 “Characterization and Myogenesis of the Panniculus Carnosus Skeletal 

Muscle” 

!! Background: Studies of comparative anatomy across mammals conducted 

earlier last century have greatly contributed to the overall knowledge we have 

today on the PC. Nevertheless, the literature still lacks such a comprehensive 

overview on the molecular properties of PC as an independent muscle tissues, 

especially in dystrophic animals. 

!! Objectives/Aims:  

1.! To characterize the PC at different ages and different stages of dystrophy to 

obtain an overview of its turnover behaviour and its reaction toward prolonged 

dystrophy. 

2.! To gain a closer cellular insight into the mechanism behind the higher 

regenerative activity (in vitro study). 

 

Study 3 “Tissue and Gender-Based Differences in Myogenesis and the 

Differentiation of Skeletal Muscle in DMD” 

!! Background: Many studies on muscular dystrophies’ animal models have 

indicated that sex hormones may contribute differently in muscle myogenesis 

and against dystrophy. Such differences were attributed to the expression of the 

different sex hormones in different genders. Females of mdx animal model is 

known to display similar dystrophic phenotypes as of their opposite sex. Most 

of the published studies either use male mice in their work or do not indicate 

the sex of the used animals. Therefore, studying tissue and gender-based 
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differences in skeletal muscles can be of particular beneficial in revealing 

potential therapeutic mechanistic targets for DMD. 

!! Hypothesis:  

!! Different skeletal muscles may response differently to dystrophy where healthy 

PC muscles may show higher regenerative activity than healthy gastrocnemius 

muscle. 

!! Different genders may response differently to dystrophy 

!! Male PC muscles may have a higher myogenic activity 

!! Male PC muscles may recruit higher number of Pax7-positive satellite cells than 

female muscles jeopardizing them to an early exhaustion.  

!! Objectives/Aims:  

1.! To morphologically assess the tissue and gender differences between the male 

and female, PC and gastrocnemius muscles of mdx animals in contrast to 

healthy mice.  

2.! To study the effects of dystrophy on the gene expression of the myogenic factors 

in male and female, PC and gastrocnemius of mdx mice in contrast to wild-type 

mice. 

3.! To study the effects of dystrophy on the gene expression of the sex-hormones 

receptors in male and female, PC and gastrocnemius of mdx mice in contrast to 

wild-type mice. 

4.! To study the effects of dystrophy on the gene expression of the endogenous 

isoforms of SERCA and their allosteric regulatory-proteins as well as the 

expression of other calcium-related genes male and female, PC and 

gastrocnemius of mdx mice in contrast to wild-type mice. 
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Chapter 2 
2! Experimental Methods 

2.1! Ethical Consideration  

Experiments involving animals performed within this thesis were approved by the 

Animal Care Research Ethics Committee (ACREC) at the National University of 

Ireland – Galway (NUIG) in accordance with the guidelines implemented by the Health 

Products Regulatory Authority (HPRA) Ireland.  The procedures were performed 

strictly in compliance with the approved guidelines.  

Animals were housed at the Orbsen Bio Resource Unit and Biomedical Sciences (BSB), 

NUIG. To fulfil the maximum of animal welfare requirements, animals were housed in 

small groups with environmental enrichment and maintained at 24°C and 60% humidity 

on 12:12 hour light/dark cycle with access to water and food ad libitum.  

2.2! Experimental Animals and Tissue Harvesting 

Control wild-type (WT) (C57BL/10ScSn) and mdx (C57BL/10ScSn-Dmdmdx/J) 

breeding pairs were obtained from the Jackson Laboratory, USA. Three to five sibling 

mice, of each mouse type, were employed throughout experiments to minimize any 

potential variations. Six, eight, twelve and fifty-two weeks old mice were employed 

herein. On the desired time-point, treated and age-matched control mice were 

euthanized by cervical dislocation or CO2 asphyxiation and the gastrocnemius or 

panniculus carnosus muscles were harvested. In general, dissected tissues were 

embedded in Optimal Cutting Temperature compound (Tissue-Tek O.C.T. Compound, 

#4583, Sakura® Finetek) and frozen in liquid nitrogen cooled-isopentane or fixed in 

paraformaldehyde for histology and immunofluorescent staining. Tissues used for 

genomic analysis and immunoblotting were dissected and immediately frozen in liquid 

nitrogen. 
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2.3! Tissue Processing $

2.3.1! Cryogenic Based Tissue Processing 

Prior to tissue harvesting, around 100 mL of isopentane in a temperature-resistant 

plastic beaker was cooled into LN until a thin white sludge formed at the bottom of the 

beaker. Tissues were then dissected, embedded in O.C.T. placed on the flat round end 

of a syringe plunger then immersed in the cooled isopentane for 30-45 seconds. The 

contact times vary depending on the tissue size and the isopentane temperature which 

may be indicated by the thickness of the sludge. However, a longer contact time may 

result in forming cracks in the samples and/or freezing artefacts. Samples were then 

stored at -80°C until usage. Fifteen to twenty minutes before tissue sectioning, samples 

and a sharp knife were placed into the cryostat machine (Leica, #CM1850) at -26°C to 

thermally equilibrate. Thereafter, samples were placed on a metallic mount stabilized 

with further O.C.T. media. Transverse sections were generated at 10µm of thickness, 

collected on polarized glass slides, incubated at room temperature (RT) for 10-15 min 

then stored at -20°C until usage. 

 

2.3.2! Paraffin Based Tissue Processing 

Dermal skin tissues containing PC were flattened over a piece of (PVDF) membrane to 

maintain flat, and immersed in 4% paraformaldehyde (PFA) at RT for overnight (O/N) 

for fixation. Tissue specimens were then automatically processed through a series of 

ethanol solutions to dehydrate the tissues, multiple changes of xylene to clear the 

ethanol and multiple changes of wax to infiltrate wax into the specimens (Leica 

ASP300). Tissues were then embedded in molten wax. Using an embedding centre 

(Leica EG1150), tissues were placed in plastic molds and manually maintained up-right 

in an approximate 90° angle. To facilitate the wax hardiness, molds were placed on the 

cold-plate device (Leica EG1130). Paraffin embedded tissues were transversely 

sectioned (5µm) using a microtome (Leica RM2235). Tissue sections were placed on 

polarized glass slides and stored at RT until used for histology or immunofluorescent 

staining.   
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2.4! Histology 

2.4.1! Haematoxylin and Eosin Staining 

Haematoxylin is a dark purple stain that binds to basophilic structures such as 

DNA/RNA and therefore nuclei appear dark under microscope. In contrast, Eosin is a 

red/orange stain that stains acidophilic structures such as muscle sarcoplasm and, 

hence, the cytoplasm appears in red/pink when inspected under microscope.  

 

Cryogenic Sections Histology 

A standard operating procedure (SOP) of “Histopathology in Hematoxylin & Eosin 

stained muscle sections, MDC1A_M.1.2.004” was followed. Generally, cryogenic 

sections are required to be fixed prior to staining. After bringing the slides to RT for 1 

min to thermally equilibrate, they were fixed in 4% PFA dissolved in Phosphate-

buffered saline (PBS) (4% PFA/PBS) for 10 min. Next, slides were washed with 

running tap water for 1 min to remove the excess PFA then drained on a paper-towel 

before proceeding. Nuclei staining was then carried out by soaking the slides in the 

Haematoxylin stain for 5 min followed by a washing step in warm running tap water 

for 10 min. The cytoplasm was then stained by immersing the slides in the Eosin stain 

for 5 min followed by a 3 washing steps in distilled water (d.H2O) for 1 min each. 

Sections were then dehydrated in a series of Ethanol solutions (70%, 90%, 100%) 

followed by a 30-sec incubation in Xylene. DPX mounting medium (#0622, Sigma) 

was used to mount the stained slides and coverslips were carefully placed on top of the 

slides avoiding the formation of any bubbles. Mounted slides were allowed to dry for 

2 hr prior to inspecting them under the microscope.  

 

Paraffin Section Histology 

For paraffin histology, a paraffinized section is required to go through multiple steps 

including; deparaffinization and hydration prior to staining and dehydration and 

clearing afterwards. Briefly, slides were placed in 2 changes of Xylene for 10min each 

to facilitate the deparaffinization step. Next, slides were immersed in a series of ethanol 

solutions (100% x2, 95%, 70% and 50%) soaked for 2 min each to gradually hydrate 

the sections. Slides were then rinsed in running tap water for 2 min prior to staining 
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them in Haematoxylin for 8 min. Another rinsing step was carried out for 4 min before 

incubating the slides in the Eosin stain for 2-4 min. Slides were then dipped 20 times 

in (d.H2O) to clear the excess stain and immediately dehydrated by placing them in a 

gradual series of ethanol solutions (50%, 70%, 95%, 100%) soaked for 2 min each. 

Finally, sections were placed in 2 changes of Xylene, soaked for 10 min each to clear 

any remaining ethanol. Slides were then mounted by DPX mounting medium, was 

allowed to harden and dry for 2 hours (hr) before visualizing the sections under the 

microscope. 

2.4.2! Masson’s Trichrome Staining 

Masson’s trichrome staining is a three-colour staining protocol that is intended to 

highlight cells from their surrounding connective tissues. In general, muscle fibres are 

stained red, collagen is stained blue/green, cytoplasm is stained light red/pink and 

nuclei are stained black/dark brown.  Masson’s trichrome staining kit was obtained 

from Abcam (ab150686, Abcam) and the manufacturer’s instructions were followed 

for staining paraffin sections. Briefly, sections were deparaffinised and hydrated as 

described above. In a fume hood, slides were incubated for 10 min in pre-heated 

Bouin’s Fluid (56-64°C) followed by rinsing in tap water until sections were quite clear. 

Slides were then quickly rinsed in d.H2O followed by incubating in Weigert’s Iron 

Hematoxylin for 5 min. Next, sections were washed in running tap water for 2 min, 

incubated in Biebrich Scarlet-Acid Fuchsin solution for 15 min then differentiated in 

Phosphomolybdic/Phosphotungstic Acid solution for 10-15 min. Directly, sections 

were next incubated in Aniline Blue for 5-10 min followed by a brief rinse in d.H2O 

and 3-5 min in 1% Acetic Acid solution. Finally, sections were dehydrated in 2 changes 

of 95% ethanol followed by 2 changes of 100% ethanol. Excess ethanol was then 

cleared by immersing the slides in 2 changes of xylene. DPX was used for mounting 

the slides where coverslips were carefully placed on top of the slides avoiding to form 

any bubbles. Health and safety precautions were considered when using hazardous 

reagents. 
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2.5! Fluorescent -Conjugated Labelling Staining 

Fluorescein-labelled dye staining is a one-step technique that uses fluorophore-

conjugated glycoproteins that selectively bind to a certain biomolecule target and 

highlight it under a fluorescent microscope.  

2.5.1! Wheat Germ Agglutinin 

Wheat germ agglutinin (WGA) is a lectin dye conjugated with a fluorophore that 

preferentially binds to glycoproteins on the cell membrane (e.g. N-acetylglucosaminyl 

residues or others via sialic acid). It is routinely utilized in highlighting the muscle 

sarcolemma to determine fibre size related parameters.  

For staining paraffin sections, deparaffinization and hydration steps were 

carried out as described in Method 2-4-1.  Sections were then blocked for 1 hour in a 

humid environment at RT using 5% goat serum (GS) diluted in PBS. The WGA staining 

step was then carried out at RT in a humid environment by applying 0.1mg/ml WGA 

diluted in PBS to the sections incubated for 4 hr in the dark. Thereafter, sections were 

washed thoroughly 3 times in the dark with PBS each for 10 min. Slides were then 

mounted with VECTASHIELD™ HardSet mounting medium with DAPI (H-1500, 

vectorlabs) or Fluoromount™ Aqueous Mounting Medium (#F4680-25mL, Sigma) and 

carefully covered with coverslips avoiding the formation of any bubbles. Mounted 

slides were allowed to dry for 2 hr prior to inspecting them under the fluorescent 

microscope. 

For cryogenic sections, the SOP of “Quantitative determination of muscle fibre 

diameter (minimal Feret’s diameter) and percentage of centralized nuclei, 

DMD_M.1.2.001” was followed. In general, cryogenic sections are required to be fixed 

prior to WGA staining. Briefly, after having the slides thermally equilibrated to RT for 

1 min, they were fixed in 4% PFA/PBS for 5 min, permeabilized with 0.1% Triton-

X100/PBS for 5 min and then washed 3 times with PBS each for 5 min. Next, slides 

were incubated in the WGA fluorescent dye (0.1mg/ml) for at least 2 hr at RT in a 

humid environment and in the dark. The dye was then cleared by washing the slides 3 

times with PBS each for 10 min. Finally, slides were then mounted with 

VECTASHIELD™ HardSet mounting medium with DAPI or Fluoromount™ Aqueous 

Mounting Medium and carefully covered with coverslips avoiding forming any 
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bubbles. Mounted slides were allowed to dry for 2 hr prior to inspecting them under the 

fluorescent microscope. 

 

2.5.2! Biotinylated Griffonia Simplicifolia Lectin I, Isoectin B4  

The glycoprotein Griffonia Simplicifolia Lectin (GSL) family are legends that 

preferentially bind to certain biomolecules. The isolectin B4 (GSL I-B4, or Lectin B4) is 

utilized as a marker for endothelial cells and therefore is used herein to highlight the 

boundaries of blood vessel/capillaries.  

For applying the GSL I-B4 on cryogenic sections, slides were brought to RT for 

1 min and fixed with 4% PFA for 5 min followed by 3 washings in lectin buffer (10mM 

HEPES, 150mM NaCl, 0.01 mM MnCl2, 0.1mM CaCl2, pH 7.5) for 3 min each. 

Sections were then incubated in 0.1% Triton-X100 (#X100, Sigma) dissolved in lectin 

buffer for 5 min to allow for permeabilization. Slides were then washed 3 times with 

Lectin buffer each for 5 min and blocked for 1 hr in 10% goat serum (GS), 10% fetal 

bovine serum (FBS) dissolved in Lectin buffer followed by 3-time washes in Lectin 

buffer. Sections were then incubated in the GSL I-B4 dye at a working concentration of 

1:250-500 in a humid environment overnight (O/N) at 4°C. Slides were then washed 3 

times with Lectin buffer each for 10 min in the dark, allowed to dry (not dry-out), then 

mounted using VECTASHIELD™ HardSet mounting medium with DAPI or 

Fluoromount™ Aqueous Mounting Medium and carefully covered with coverslips. 

Mounted slides were allowed to dry for 2 hour prior to inspecting them under the 

fluorescent microscope. 

 

2.6! Morphometric Analysis 

Healthy skeletal muscle histology of transverse sections commonly display an evenly 

spaced and distributed fibres with relatively even sizes exhibiting peripheral multiple 

nuclei. In contrast, DMD affected skeletal muscles fibres demonstrate a clear 

heterogeneity in fibre sizes and nuclei are usually shifted to be centrally located within 

the fibre. These phenomena are attributed to the continuous episodes of degeneration-

regeneration that fibres undergo in DMD conditions. Therefore, it is widely accepted 

to quantify these two pathological events to estimate the regeneration capacity and the 

progression of the disease. 
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2.6.1! Central Nucleation 

For scoring the percentage of central nucleated fibres (%CNF), haematoxylin and eosin 

staining was used to highlight the location of the nuclei. Several non-overlapping 

microscopic images were taken from one muscle sample and at least 4 samples were 

analysed to present one condition (e.g. WT, mdx or treated). The %CNF was calculated 

following the equation of (Number of central nucleated fibres 
Number of total fibres

 × 100) (Figure 2-1). The CNF 

analysis was performed using a manual counting method (Cell Counter Plugin) on 

ImageJ software (https://imagej.nih.gov/ij/). 

  

Figure 2-1: Representative H&E images used for quantifying central nucleation 
H&E stained images of WT and mdx gastrocnemius muscle demonstrating A) the normal 
peripheral location of nuclei in WT fibres comparing to B) the dystrophic phenotype of 
centrally located nuclei in mdx fibres. The asterisk in the mdx image indicates the 
subsequent event of necrosis. Black arrows indicate fibres with peripheral nuclei. White 
arrows indicate dystrophic fibres with a single centrally located nuclei. Blue arrows 
indicate dystrophic fibres with multiple centrally located nuclei.  Scale bar= 100 µm. 
 

2.6.2! Fibre Sizing 

Heterogeneity in fibre size is another marker for dystrophic pathology in DMD. Muscle 

sections stained with WGA fluorophore -conjugated ligand were utilized for the fibre 

size determination (Figure 2-2 & 2-3). The absolute quantification of cross sectional 

area (CSA) has been commonly used for fibre sizing. However, since experimental 

errors may occur during tissue processing (e.g. section obliqueness), an advanced 

parameter was needed to support the CSA. Minimal Feret’s Diameter (mFD), which is 

described as the closest possible distance between two parallel tangents drawn on the 

A B
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cross-section of muscle fibre, has been approved as the most robust parameter for 

measuring fibre sizes avoiding experimental errors due to obliqueness (Briguet et al., 

2004).   

  Herein, the two parameters of cross sectional area (CSA) and minimal Feret’s 

Diameter (mFD) were mainly selected to reflect fibre sizes. Analysis of fibre sizes were 

performed using a semi-automated protocol using the ImageJ software. To begin, a 

microscopic image of a calibrating pattern taken from a universal calibration slide 

(PS20, Agar Scientific), under the same lens used for capturing the muscle section, was 

opened through ImageJ software. The software was then calibrated via the “Set Scale” 

under the “Analyze” list. The “Unit of Length” was adjusted to “µm” and the “Global” 

option was activated. The options of “Area” and “Feret’s diameter” were activated in 

the “Set Measurements” tool under the “Analyze” list. Images of muscle sections were 

then opened through ImageJ software. The background was subtracted by using the 

“Subtract Background” under the “Process” list where the Rolling ball radius was set 

at 50 Pixels. Colours were then adjusted in which the membranes were enhanced in 

brightness via the “Colour Balance” tool under “Adjust” under the “Image” list. Images 

were converted into black and white and adjusted until the clearest image was generated 

to give the most intact display of the membranes. This was carried out by selecting the 

“Threshold colour” as “B&W” and having the “Dark background” activated then 

manipulating the “Brightness”. This can be found in the “Colour Threshold” tool under 

“Adjust” under the “Image” list. Images were then converted into Binary by clicking 

“Make Binary” within “Binary” under the “Process” list. Fibres’ outlines were then 

delineated by selecting the “Outline” option within the same list. The measurement tool 

of “ROI Manger” was then opened from the “Analyze” list under “Tools”. By 

activating the “Wand tracing tool”, placed on the software interface, and clicking onto 

each fibre and pressing the “Add” button, fibres were loaded onto the “ROI manager” 

which were processed and measured after clicking the “Measure” option. Through the 

“ROI Manager” tool, an Excel file including the CSA and mFD measurements was 

generated and used for further calculations on Excel software (Figure 2-3). The 

calculations include; 1) mean of CSA (µm2),  2) mean of mFD (µm), 3) CSA 

distribution of fibre sizes and 4) mFD distribution of fibre sizes.$$
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Figure 2-2: Representative images stained with WGA used for measuring fibre sizes 
Representative images of WT and mdx stained gastrocnemius muscle sections with WGA 
demonstrating A) the homogeneity of fibre size in WT comparing to B) the heterogeneity 
of mdx muscle’s fibre size.  Scale bar= 100 µm. 
 
 

 

 

Figure 2-3: Representative images of the method used in measuring fibre sizes by 
ImageJ 
Representative image of transverse skin tissue sections stained with a fluorophore-
conjugated ligand highlighting the sarcolemma. B) Imaged converted into binary by using 
ImageJ software. C) Black inner area “muscle area” selected by the wand tool and ROI 
Manager tool. D) Numbered and measured area applied onto the original image. Scale 
bar= 100µm. 

A B
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2.6.3! Capillarization 

Capillary-to-fibre ratio and capillary density were quantified to give an overview on 

muscle capillarization enrichment of a selected muscle tissues. Capillarization 

assessment was performed by double staining sections with WGA and lectin B4 to 

highlight both muscle fibre membranes and blood capillaries, respectively. The ratio of 

capillary-to-fibre (%) was measured by dividing the total number of capillaries in the 

whole examined tissues over the total number of fibres. Capillary density of selected 

area was defined as the total number of capillaries per unit (mm2) cross-sectional area 

of muscle.  

 

2.7! Immunofluorescence and Antibody staining 

The immunofluorescent (IF) staining protocol relies on the natural phenomenon of the 

selectivity/specificity of antibodies to their antigens within a cell. The IF staining can 

be conducted in a direct or indirect fashion. The direct method is a one-step procedure 

where antibodies are already conjugated to fluorescent dye and therefore antigens are 

highlighted directly after binding occurs. The indirect fashion uses unconjugated 

antibodies. This method relies on secondary substances that act as mediators in which 

both binds to antibodies and carry fluorescent dyes. Therefore, after the binding occurs, 

target antigens are indirectly highlighted. IF staining procedures herein are all 

performed following the indirect fashion. 

Paraffin embedded tissue sections went through a normal deparaffinization and 

hydration as described in “Method 2-4-1”. Since the binding sites (epitopes) on the 

target antigens in most paraffin-fixed samples are prone to be masked and the antibody-

antigen binding is therefore can be restricted, paraffin sections are required to be 

processed through an antigen retrieval procedure. To expose antigenic site, a heat-

induced epitope retrieval method was followed. Paraffin section were placed in Citrate 

buffer (10mM Citric Acid, 0.05% Tween 20, pH 6.0) at 95°C for 1 hour in a water bath 

followed by a 20-min rest at RT. Alternatively, for skin tissue sections which tended to 

fall off the slides, tissue sections can be incubated in citrate buffer at 60°C O/N followed 

by a 20-min rest at RT. Afterward, sections were blocked in 5% goat-serum in PBS 

(GS/PBS) followed by an O/N incubation in primary antibodies diluted in 1.5% 

GS/PBS at 4°C in a humid environment. After washing the sections 3 times in PBS 
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each for 10 min, they were incubated for 1 hr in the dark in suitable secondary 

antibodies at a working dilution of 1:500-800. The secondary antibodies were then 

cleared by washing the slides 3 times with PBS each for 10 min. Finally, slides were 

mounted with VECTASHIELD™ HardSet mounting medium with DAPI or 

Fluoromount™ Aqueous Mounting Medium and carefully covered with coverslips. 

Mounted slides were allowed to dry for 2 hr prior to inspecting them under the 

fluorescent microscope. 

For cryogenic sections, slides were brought to RT to be thermally equilibrated 

for 1 min, fixed in 5% PFA/PBS for 5 min, permeabilized in 0.1% Triton-X100/PBS 

for 5 min then washed 3 times with PBS each for 5 min. Next, sections were blocked 

in 5% GS/PBS followed by an O/N incubation in primary antibodies diluted in 1.5% 

GS/PBS at 4°C in a humid environment. The primary antibodies were then cleared by 

washing slides 3 times with PBS each for 10 min. Sections were then incubated in the 

dark for 1 hr in suitable secondary antibodies at a working dilution of 1:500-800. 

Finally, slides were mounted with VECTASHIELD™ HardSet mounting medium with 

DAPI or Fluoromount™ Aqueous Mounting Medium and carefully covered with 

coverslips. Mounted slides were allowed to dry for 2 hr prior to inspecting them under 

the fluorescent microscope. 

 

2.8! Gene Expression Assessments 

The fundamental concept of gene expression is based on translating genotypes into 

phenotypes. In molecular applied science, analysing the expression of specific genes 

enable for the best qualitative and quantitative estimate of the potential nature of a 

named disease. Measuring the copy-number of RNA transcripts of a particular gene is 

widely accepted as reflective of the amount of gene expression. Quantitative Real-Time 

polymerase chain reaction (qPCR) technique is the most robust yet affordable method 

for measuring gene expression. Tissue extracted RNA is converted into complementary 

DNA (cDNA) with reverse transcriptase enzyme. In a mixture containing cDNA 

template, specific pair of primers -that are designed against a target gene- and a 

fluorescent tag undergoes a number of thermal cycles. For each thermal cycle, the 

genomic product gets amplified in which every new amplicon will carry a fluorescent 

tag. Hence, the rate of the amplicon concentration is estimated by measuring the sum 

of the fluorescent signals generated from the excited fluorophore at the final thermal 
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cycle. The sum of the fluorescent signals is then processed through a computer 

software, calculated in a manner to reflect the amount of the tested gene expression.  

2.8.1! Total RNA Extraction 

Total RNA was isolated and purified from tissue samples that were snap-frozen in LN 

immediately after dissection and stored at -80°C until usage. A double-extraction 

method of TRIzol™ (TRIzol, #15596026, ThermoFisher) and RNA isolation kits was 

used.  The procedure was performed according to the manufacturer’s instructions using 

RNase-free tools, reagents and buffers under sterilized conditions. Briefly, muscle 

tissues were transferred from -80°C and maintained in LN until passed onto a 1-ml 

volume of TRIzol. Tissues were homogenized immediately for 2 min with an electronic 

homogenizer (TissueRuptor, QIAGEN). Samples were then allowed to rest at RT for 5 

min then 200 µL of Chloroform was added. After shaking the samples vigorously for 

15-20 sec, samples were then allowed to rest at RT for 15 min to allow layers to separate 

followed by a 15-min centrifugation at 12,000g in 4°C. The resultant aqueous 

supernatant -containing the genomic product- was then transferred into a sterilized 

microtube where the kit’s instructions were strictly followed afterwards. For tissue 

samples, the optional step of DNase digestion was conducted (RNase-Free DNase Set, 

#79254, QIAGEN).  

Total RNA from cells was isolated and purified freshly on the day of the 

experiment. The RNA was extracted from three seeded coverslips of each sample using 

the TRIzol method plus the miRNeasy Mini kit (#217004, QIAGEN). A double-

extraction method of TRIzol™ and using RNA isolation kit was used as well. In brief, 

cells were first washed 3 times with pre-cooled PBS (PBS pH 7.4, 10010056, Gibco) 

while on ice. An amount of 700 µL of TRIzol was added and passed between the 3 

coverslips in a vigorous manner by which cells were washed off the coverslip each 

time. Cell samples were then transferred into a sterilized microtubes, vortexed for 1 

min then rested on ice for 5 min. After adding a volume of 140 µL of Chloroform, 

samples were vortexed again for 15 sec then rested at RT for 2-3 min to allow layers to 

separate. Samples were then centrifuged for 15 min at 12,000g at 4°C. The resultant 

aqueous supernatant -containing the genomic product- was transferred into a sterilized 

microtube and the kit’s instructions were then strictly followed without conducting the 

optional step of DNase digestion.  

RNA concentration and purity were then inspected by a spectrophotometer 



  Experimental Methods 

 75 
   

(NanoDrop®, ND-1000 Spectrophotometer, NanoDrop Technologies, Wilmington, 

USA). RNA samples were stored at -80°C until used. All health and safety precautions 

for handling TRIzol™ and other hazardous reagents were considered and strictly 

followed. 

2.8.2!  Quantitative Real Time-PCR (qPCR) 

The reverse transcription technology along with the RT-PCR can be utilized to 

quantitatively assess gene expression between different samples. There are different 

manners to perform quantitative real time-PCR (qPCR); 1) absolute qPCR where an 

absolute amount of an examined gene transcript is quantified against a standard curve 

of known quantities, and 2) relative qPCR where the transcript level of a tested gene is 

measured relatively to a housekeeping gene (HKG) and then compared between 

different samples.  

2.8.2.1! Reverse Transcription 

An amount of 1000ng to 4000ng of extracted RNA was converted into cDNA using the 

Transcription System kit (#A3500, Promega) or SuperScript III (#18080044, 

Invitrogen) following the manufacture’s instructions. The conditions of the thermal 

cycles were set according to the kit’s recommendations. The resultant cDNA was then 

diluted to 5.5-11.11ng/µL with nuclease- free water and stored at -20°C until used.  

 

2.8.2.2! Relative quantification 

Relative gene expression was performed using TaqMan® assays. TaqMan® primers 

were either selected from a pre-designed primer’s list or manually designed using the 

online “PrimeQuest” tool (https://eu.idtdna.com/Primerquest) both of which provided 

by the Integrated DNA Technologies (IDT).  All primers used in this thesis are listed 

in Appendix Table 1-2 and 1-3. To conduct qPCR, a final 10-µL reaction volume was 

used per sample reaction consisting of 50% TaqMan reagent (Taqman Universal Master 

Mix II with UNG, cat no. 16992117, Applied Biosystems), 45% cDNA (25-50ng), and 

5% 20x TaqMan probe. Following the thermal cycles recommended conditions by the 

Universal Master Mix instructions, the PCR reaction protocol was performed using 

StepOne Plus (Applied Biosystems, California, United States) or LightCycler 480 II 

(Roche, Basel, Switzerland) Real Time PCR Systems. Briefly, the PCR reaction 

temperature was raised to 50°C for 2 min to activate the Uracil-N-Glycosylase (UNG). 
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The temperature was then elevated further to 95°C and held for 10 min to facilitate the 

activation of the polymerase enzyme. The reaction was then allowed to undergo 40-

cycles of denaturing/annealling at 95°C for 15 sec and 60°C for 1 min, respectively. 

Data was then generated through either StepOnePlus™ Software (version of v2.3) or 

LightCycler® 480 Software and exported as an Excel file for further calculations. 

Relative gene expression of a selected target gene was manually assessed by applying 

2-ΔΔC
T method. 

 

2.9! Protein Analysis 

Another approved analytical technique in molecular applied science is the post-

transcriptional inspection of a selected gene’s product that is represented as protein. 

Immunoblotting technique is commonly used to assess protein levels in a sample 

homogenate. It is facilitated by the ability of a mixture of proteins to separate based on 

molecular weight through gel electrophoresis as well as by the natural phenomenon of 

antibody-antigen selectivity.  

 

2.9.1! Protein Extraction 

Three mL of pre-cooled complete Radioimmunoprecipitation assay (RIPA) buffer was 

used per gram of tissue sample. Complete RIPA buffer was prepared in which a mixture 

of proteases inhibitors (10 µL Phenylmethylsulfonyl fluoride (PMSF), 15 µL protease 

inhibitor cocktail and 10 µL sodium orthovanadate) was freshly combined with 1 mL 

of 1X lysis buffer (#sc-24948, Santa Cruz). On ice, tissue samples were homogenized 

in appropriate volume of RIPA buffer with an electronic homogenizer (TissueRuptor, 

QIAGEN) for 2 min. Homogenized samples were then centrifuged for 20 min at a speed 

of 12,000 rpm at 4°C. The aqueous supernatant -containing the protein product- was 

then transferred into a sterilized microtube and stored at -80°C until used. All health 

and safety precautions for handling hazardous reagents were considered and strictly 

followed.   
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2.9.2! Protein Concentration Measurements 

Protein concentration was quantified using the colorimetric detection method of 

bicinchoninic acid (BCA). The microplate procedure along with the Pierce™ BCA 

Protein Assay Kit (#23227, ThermoScientific) were used according to manufacturer’s 

protocol. 

2.9.3! Immunoblotting 

Immunoblotting (or western blotting) was performed using the SDS-PAGE gel based 

electrophoresis followed by the wet manner of protein transfer onto Polyvinylidene 

Difluoride (PVDF) membrane. In brief, equal amounts of total protein extracts (20-

50ug) were separated on SDS-polyacrylamide gels for 60-90 min at a 120-Voltage. A 

pre-stained protein ladder was used to mark the different positions of molecular weights 

(#26619, ThermoFisher). Prior to protein transfer, an appropriate sized piece of PVDF 

membrane was immersed in methanol for 10 min, washed with d.H2O and equilibrated 

in transfer buffer for 5 min. Proteins were then transferred onto the activated PVDF 

membrane following the wet electro-blotting method in which the electrophoresis 

device was set at 120 Voltage for 2:30 hr. The membrane was then blocked for 1 hour 

at RT in 5% skimmed milk dissolved in Tris-buffered saline-tween (TBST) (10mM 

Tris.HCl, 15mM NaCl, 0.05% Tween® 20; pH7.5). Next, the membrane was incubated 

with a specific primary antibody O/N at 4°C. After 3 washes in TBST for each for 5 

min, the membrane was then incubated in an appropriate secondary antibody for 1 hour 

at RT. Protein bands were then revealed on x-ray films using the LumiGLO® kit 

(#7003, Cell Signalling). Bands’ optical densities (OD) were quantified using ImageJ 

software. 

$

2.10! Statistical Analysis 

2.10.1!Recovery Score 

Scoring the recovery level can be used as an indicator for the overall improvement of a 

named treatment. In addition, scoring the recovery of certain biological markers may 

offer a better understanding of a therapy’s impact on a selected phenotype. In this 

content, the SOP of “The recovery score to evaluate therapy efficiency in NMD: a 

common, quantitative and comparative scoring system, M.1.1_001” (Gillis, 2008)was 

followed for calculating the recovery score. Since the recovery score is applicable to 
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any quantifiable parameter, the equation of (!"#$%#&'()%"#$%#&
*+",$-'()%"#$%#&

×100) was used to measure 

the recovery of biological markers herein. 

$

2.10.2!Statistical Analysis 

Statistical analyses were carried out using Excel and GraphPad Prism software. Two-

way analysis of variance (ANOVA) were performed where appropriate to determine 

prominent differences between groups. Multiple comparisons were performed using a 

Student’s t-test on data sets to determine significances between groups. 

Grubb’s test (also called the maximum normed residual test) was used, where 

applicable, to detect the most and furthest outlier value from the rest of values within a 

set of data. Grubb’s test was used rather than other test since the most data sets are 

composed of 4-5 values and omitting more than one outlier may lower the analysed n 

number.  

Insignificant differences may be due to the limited sample size (3-5) or not 

significant because it is unlikely that there is a truly relevant difference. 

Data are expressed as mean ± S.E.M., and differences are considered 

statistically significant at a p value < 0.05. Significances are marked *, **, *** where 

P values are < 0.05, <0.01 and <0.001, respectively.  
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Chapter 3 
3! The Role of SERCA2a Gene Delivery in Regulating Ca2+ 

Homeostasis as a Therapeutic Approach for DMD 

 

The AAV-cmv-GFP and AAV-cmv-SERCA2a virus used in this chapter was generated 

by Dr. Sean McCarthy1 and injected into animals by Dr. Karl McCullagh2 

1 CÚRAM, Centre for Research in Medical Device, School of Medicine, National 
University of Ireland-Galway. 2 Regenerative Medicine Institute and Department of 
Physiology, School of Medicine, National University of Ireland-Galway. 

 

3.1! Introduction 

Dystrophin protein is a critical structural element for maintaining the integrity of 

muscle fibre sarcolemma during contraction (Petrof et al., 1993). Mutations in the dystrophin 

gene are the main events implicated in the initiation of Duchenne Muscular Dystrophy (DMD), 

resulting in a failure to produce the functional dystrophin protein (Bonilla et al., 1988). The 

loss of dystrophin has been claimed to put muscle fibres at risk of severe degeneration due to 

subsequent muscle contractions (Petrof et al., 1993). Such degeneration was proposed to be 

promoted by the fragility of dystrophic sarcolemma and its increased permeability to ions 

(Turner et al., 1988b). For example, elevation in the concentration of [Ca2+] ions has been 

observed as being able to activate proteases in muscle cells (Tidball & Spencer, 2000). 

Therefore, [Ca2+] influx through calcium leaky channels on the ruptured sarcolemma, and the 

subsequent accumulation of the intracellular [Ca2+] ([Ca2+]in), were hypothesized to render 

muscle fibres vulnerable to pathogeneses including inflammation, fibrosis, necrosis, and 

excessive cycles of degeneration with ineffective regeneration (Turner et al., 1988b; Hoffman 

& Kunkel, 1989; Turner et al., 1991a; Alderton & Steinhardt, 2000b). Indeed, elevated [Ca2+]in 

resulting from [Ca2+] influx alone was sufficient to induce a dystrophy-like phenotypes (Millay 

et al., 2009). Impaired [Ca2+] handling and [Ca2+]in accumulation in DMD appear to support 

the further alteration in [Ca2+] transient level from and into the sarcoplasmic reticulum (SR). 

This, on one hand, may be explained by the leaky behaviour of the [Ca2+] release channel on 
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the SR (via the ryanodine receptors, RyR) and, on the other hand, by the reduction in the 

functionality of the [Ca2+] re-uptake pump of the SR (sarco(endo)plasmic reticulum ATPase, 

SERCA) (Andersson et al., 2012; Burr & Molkentin, 2015).  

There are at least 10 different isoforms of SERCA in mammals, encoded by three genes 

- ATP2a1, ATP2a2, and ATP2a3 - and generated by alternative splicing (Periasamy & 

Kalyanasundaram, 2007). While SERCA1b is considered to be the neonatal-specific isoform, 

SERCA1a is the adult isoform that is associated with fast-twitch muscle fibres. SERCA2a is 

mainly expressed in slow type fibres, including cardiac muscles, whereas the splicing variant 

isoform, SERCA2b, is ubiquitous and expressed in all body tissues, but at low levels. SERCA3 

is expressed in non-muscle tissues (Periasamy & Kalyanasundaram, 2007). A considerable 

number of studies have investigated the effect of manipulating SERCA in dystrophic skeletal 

muscles as a therapeutic approach for DMD. Both strategies that overexpressed SERCA 

(Morine et al., 2010b; Goonasekera et al., 2011) or enhanced SERCA’s functionality (Greene 

et al., 2000) have revealed an improvement in [Ca2+] handling and a reduction in dystrophic 

phenotypes. For example, overexpression of SERCA1a in δ-sarcoglycan–null mice 

(Goonasekera et al., 2011) and diaphragm of mdx (Morine et al., 2010b) revealed promising 

outcomes in slowing the progression of dystrophy, demonstrated as a mitigation in the 

dystrophic phenotype. This highlights the important role of SERCA and its possibility to act 

as a potential target for ameliorating muscular dystrophy.  

SERCA activity is modulated by a number of homologue polypeptides, depending on 

the intracellular concentration of [Ca2+]. This family of proteins includes phospholamban 

(PLN), sarcolipin (SLN), myoregulin (MRLN) (Nelson et al., 2016), endoregulin (ELN) and 

another-regulin (ALN), all of which have an inhibitory nature on SERCA (Anderson et al., 

2016). MRLN was recently discovered and proved to be a predominant modulator protein of 

SERCA1a in fast skeletal muscle. MRLN has a negative effect on SERCA by affecting the 

affinity of SERCA for [Ca2+] (Nelson et al., 2016). PLN and SLN are the main regulatory 

proteins of SERCA2a in cardiac and slow skeletal muscle (Anderson et al., 2016; Nelson et 

al., 2016). De-phosphorylation of PLN or SLN promotes the inhibition of SERCA, which is 

observed as a decrease in either the apparent [Ca2+] affinity of SERCA or, in the case of SLN, 

the Vmax (maximal velocity rate of [Ca2+]-uptake), as well. When PLN and SLN are co-

expressed in the same tissue, a super-inhibitory effect on SERCA is observed (Periasamy et 

al., 2008). ELN and ALN are the specific regulatory proteins for SERCA3 and SERCA2b 

isoforms, respectively, (Anderson et al., 2016).  
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To date, there is no information on MRLN in dystrophic muscles. In contrast, SLN has 

been shown to be significantly elevated in dystrophic skeletal muscles including diaphragm, 

slow- and fast-twitch muscles (Schneider et al., 2013). However, although PLN levels remain 

unaltered in dystrophic cardiac muscles, both the Vmax of [Ca2+]-uptake and the rate [Ca2+]-

dependent [Ca2+]-uptake were remarkably decreased in reported muscles (Voit et al., 2017). 

Therefore, other strategies have been proposed to correct [Ca2+] handling in dystrophy, 

including the manipulation of these SERCA regulatory proteins. For instance, a very recent 

study that suppressed and reduced the expression of SLN demonstrated a clear mitigation in 

dystrophic phenotypes in skeletal and cardiac muscles (Voit et al., 2017).  

In the current study, we investigated the effect of overexpressing the isoform 2a of 

SERCA in the adult hind limb (gastrocnemius) muscle of the mdx mouse model. In addition, 

we inspected the status of these newly discovered regulatory proteins in dystrophic muscles. 

Further, we screened the expression of all different known regulatory proteins of SERCA in 

mdx muscles treated with SERCA2a to evaluate the potential challenge for SERCA gene 

therapy. In addition, levels of cytosolic and SR [Ca2+]-binding proteins were inspected as an 

indirect reflection of [Ca2+] transit. Finally, we utilized a profiler PCR array to obtain a broader 

vision of the potential alteration that SERCA gene delivery may make including inflammatory-

, atrophy- and protein synthesis-related genes. As a final assessment, we focused on the 

influence of overexpressing SERCA2a on markers of myogenesis.  
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3.2! Materials and Methods  

3.2.1! Ethics and Experimental Animals  

Ethics were followed according to section 2.1 in chapter II. Wild-type (WT) (C57BL/10ScSn) 

and mdx (C57BL/10cSn-Dmdmdx/J) male mice were used. Three to five sibling male mice were 

employed per each mouse type. mdx mice at age ~ 2 weeks were used for virus delivery and 

WT and non-injected mice remained untreated, representing the positive and negative controls, 

respectively. The virus was injected intramuscularly into the gastrocnemius muscle (gastroc) 

and incubated for 4 and 6 weeks prior to tissue harvesting. Hence, by the time of tissue 

harvesting of treated muscles for 4 and 6 weeks, positive and negative control mice were aged 

6 (young) and 8 (old) weeks, respectively. 

 

3.2.2! Adeno-Associated Virus-hSERCA2a Synthesis  

Human-SERCA2a (hSERCA2a) plasmid was a generous gift from Dr. Roger J. Hajjar 

(Cardiovascular Research Centre, Icahn School of Medicine, New York. USA) and green 

fluorescent protein (GFP) plasmid was a kind gift from Dr. George Dickson (Molecular Cell 

Biology at Royal Holloway - University of London, UK) shipped in a bacterial glycerol form. 

Human-SERCA2a plasmid was selected instead of the mouse plasmid to facilitate the 

estimation of the transgene effect later.  Plasmid propagation, purification and adeno-

associated virus (AAV2/9) synthesis was carried out by Dr. Sean McCarthy (CÚRAM, Centre 

for Research in Medical Device, NUI, Galway). Briefly, plasmids were grown on agar plates 

and a single colony of bacteria bearing the specific plasmid was selected and propagated in a 

sterilized LB Broth growth medium liquid culture (NaCl, Tryptone, and yeast extract, 

supplemented with 100 µg/mL penicillin antibiotic) for 12-14 hours, shaking at 250 rpm at 

37°C. Plasmid DNA was then extracted and purified using QIAGEN Plasmid Giga Kit (Cat 

No. 12183, QIAGEN), and then re-suspended in Tris-EDTA buffer (cat no. 93283, Sigma). 

Plasmid validation was tested by the DNA restriction enzyme digestion method. AAV2/9 

vectors were synthesised following the 3-plasmid method. After infecting HEK293T cells for 

72 hours, cells were then lysed by repeated freeze-thaw cycles. The virus was then extracted 

from benzonase-treated cell lysate following the iodixanol gradient protocol. Virus titration 

was determined by absolute qPCR using a defined standard curve of known concentrations of 

the corresponding plasmid. Virus was stored at -80°C until usage. Figure 3-1 illustrates the 

outline structures of AAV2/9-hSERCA2a and AAV2/9-GFP. 
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!

Figure 3-1: Schematic outlines of AAV-eGFP and AAV-hSERCA2a. 

The two vectors are driven by the cytomegalovirus (CMV) promoter, followed by a poly-A 
sequence and flanked by two interval terminal repeats (ITR) from each side. 

 

3.2.3! Virus injection/Administration 

Virus injections were performed by Dr. Karl McCullagh (REMEDI/Department of Physiology, 

NUIG, Galway). On the day of injection, AAV vectors were thawed on ice and diluted in 

Dulbecco's Phosphate-Buffered Saline (DPBS, #14190094, Gibco™) to reach the desired 

concentration. At a selected age of ~ 2 weeks, mdx mice were injected with AAV2/9-CMV-

hSERCA or AAV2/9-CMV-GFP. The first group of mdx mice, n=5, were injected 

intramuscularly with 3.8 x 109 viral particles (VP) of AAV2/9-CMV-hSERCA2a (mdx-

hSERCA2a) in the right gastrocnemius muscles, and 3.2 x 109 VP of AAV2/9-CMV-GFP 

(mdx-GFP) in the countra-lateral leg. Three mdx mice of the second group, n=5, were injected 

with the same concentration of AAV2/9-CMV-hSERCA2a (mdx-hSERCA2a) into both 

gastrocnemius muscles. The other two mdx mice were housed untreated (mdx-Control) with 

their siblings and used as negative controls. Viruses were incubated for four or six weeks. The 

experiment of 4-week incubation was primarily conducted as a pilot study to determine the 

virus’s transduction efficiency. Four WT mice (8-week old) were also employed as positive 

controls for the 6-week incubation experiment and mdx-Control. 

 

3.2.4! Tissue Harvesting and Processing 

At the desired time-point, treated and age-matched control mice were euthanized by cervical 

dislocation and the gastrocnemius muscles were harvested. Muscle tissues were bisected 

CMV Human)SERCA2a pA

ITR Promoter ITRTransgene Poly0A

CMV eGFP pA



AAV2/9-SERCA2a Gene Therapy 

 84 
   

transversely into two parts. While the superior part was snap frozen in liquid nitrogen (LN) for 

RNA or protein analysis, the inferior part was embedded in Optimal Cutting Temperature 

compound (Tissue-Tek O.C.T. Compound, #4583, Sakura® Finetek) and frozen in cooled-

isopentane in LN for histological and immunofluorescent staining. All tissues were kept at -

80°C until usage. 

3.2.5! Verification of In Vivo AAV Transduction 

3.2.5.1! In vivo fluorescence imaging system (IVIS) 

To measure the transduction efficiency and distribution of the engineered vectors, a mouse 

injected with AAV-GFP virus was culled, shaved and IVIS-imaged using an in vivo imaging 

system (IVIS Lumina III® In Vivo Imaging System, PerkinElmer, MA, US) prior to muscle 

harvesting. The GFP fluorescence photons’ excitation was detected using GFP emission filter 

at an excitation of 465nm and measured as a radiant efficiency (RE). The RE of the region of 

interest (ROI) was first normalized to the RE of the abdomen region to control for unspecific 

auto-fluorescence noise. RE was then generated using the Living Image® software (version 

4.4) following the equation of (2345467/79:/:;
</7=

>?
@A<

). Images were taken using a fluorescent 

camer (Camera Type: Andor, iKon, Camera CCD Type: Dw434, Camera Serial Number: 

CCD-15508). The detection sensitivity of the fluorescent signal was graded using the Epi-

fluorescence scale.  

 

3.2.5.2! Microscopy detection of GFP gene fluorescence emission 

Frozen mdx-GFP gastrocnemius muscles were cut into sections of 10µm thickness at -26°C 

using a cryostat (Leica CM1850). A representative section from each mouse was fixed in 4% 

paraformaldehyde (PFA) for 5 minutes, washed in PBS three times for 5 min each, allowed to 

dry at RT for 2-3 min then mounted with VECTASHIELD® mounting medium (Vectorlabs, 

#H-1500). Sections were then examined under a fluorescent microscope to test the transduction 

of the GFP gene and its local distribution.  

 

3.2.5.3! Gene Copy Number 

Gene copy number was determined by absolute quantification PCR using a defined standard 

curve of known concentrations of the corresponding plasmid. See section 3.2.8.2 below. 
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3.2.6! Histology 

3.2.6.1! Haematoxylin and Eosin Staining 

Frozen gastrocnemius muscles of mdx-GFP and mdx-hSERCA2a mice were cut at 10µm-thick 

transverse sections and stained using the conventional Hematoxylin & Eosin (H&E) staining 

protocol  (Markus A. Rüegg & Sarina Meinen (Biozentrum, 2012). Muscle regeneration 

capacity was assessed as the percentage of centrally nucleated fibres (CNFs) divided by the 

total number of fibres in which at least 4 non-overlapping areas were analysed per muscle. 

Calculation was performed as described in section 2.6.1. 

3.2.7! Immunofluorescent and Morphometric Analysis 

Frozen 10µm-sections were equilibrated to RT for 1 min, fixed in 4% PFA for 5 min, washed 

3 times in PBS for 5 min each, permeabilized in 0.1% triton-X100 (Sigma, #T8787) for 5 min, 

followed by another 3 washes in PBS for 5 min each. Sections were then incubated in primary 

antibody overnight at 4 °C. Antibodies used herein against Myosin heavy chain (MyHC)-I, 

MyHC-IIA, and MyHC-IIB (Appendix Table 1-4). Slides were then washed or 3 x 5 min in 

PBS in the dark before applying a suitable secondary antibody for 1 hour at RT. Finally, 

sections were washed 3 x 10 min in PBS, allowed to dry at RT for < 1 min, then mounted with 

Fluoromount™ Aqueous Mounting Medium. Images were taken with Olympus VS120 Digital 

Scanner microscope and OlyVIA software. 

Morphometric analysis of WT, mdx-Control and mdx-hSERCA2a muscles was 

performed using stained frozen sections with wheat germ agglutinin (WGA) to highlight 

muscle membranes (see section 2.5.2). Images were taken with an Olympus BX51 Upright 

Fluorescent Microscope, using Volocity software. ImageJ (https://imagej.nih.gov/ij/) was used 

for image processing and analysing WGA-stained sections when measuring CSA and minimal 

Feret’s diameter (minFD), following the protocol described in 2.6.2.  

 

3.2.8! Gene Expression Assessments 

3.2.8.1! RNA Extraction and Quantitative PCR 

Total RNA was extracted from muscle tissues using TRIzol reagent (cat no. 15596-026, 

Ambion™) and further purified using RNeasy Mini Kit including the DNA-digestion step 

(#74104, QIAGEN). RNA (1-4µg) was converted into first-strand cDNA using the Reverse 
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Transcription System kit (#A3500, Promega) or SuperScript III (Invitrogen, #18080044), 

according to the manufacturer’s instructions. 25 to 50 nanogram (ng) of cDNA per RT-PCR 

reaction was then employed for each well for qPCR. 

TaqMan assay was used to determine expression levels of SERCA1a, SERCA2a, 

SERCA2b, SERCA3, SLN, PLN, MRLN, ELN, ALN, Dworf, heat shock protein 72 (HSP72), 

small ankyrin (sAnk), receptor-activator of nuclear factor-KB (RANK), calmodulin1 (Calm1), 

pavalbumin (Parv), calsequestrin1 (CASQ1), Myh7 (slow MyHC), Myh2 (fast IIa MyHC), 

Myh1 (fast IIx MyHC), Muh4 (fast IIb MyHC), paired box protein7 (Pax7) and myogenin 

(Myog) (Appendix Table 1-2). All TaqMan assays were purchased from Integrated DNA 

Technologies (IDT, www.idtdna.com) or designed using the “PrimeQuest” tool (Appendix 

Table 1-3). A final reaction volume of 10µl was used per sample reaction consisting of TaqMan 

reagent (Taqman Universal Master Mix II with UNG, #16992117, Applied Biosystems), 25-

50ng cDNA, and TaqMan specific probe in nuclease-free water to 10µl. Samples were loaded 

on either 96-well or 384-well plates. Quantitative PCR was performed using Applied 

Biosystems StepOnePlus or Roche LightCycler® 480 Instrument II Real-Time PCR thermal 

systems. Data was exported and analysed manually using the approved method of 2-ΔΔC
T (Livak 

& Schmittgen, 2001). 

3.2.8.2! Absolute Quantification and Copy Number 

To determine the copy number of vectors in genomic material and the transgene in treated 

muscles, an absolute quantification qPCR was performed with the aid of an absolute standard 

curve of a known gradually increasing concentration of the corresponding plasmid. A specific 

set of primers were designed to detect the human homologue of SERCA2a. Primer design and 

vector copy number titration was performed by Dr. Sean McCarthy. Human SERCA2a 

transgene expression was measured from mdx-control and mdx-hSERCA2a total RNAs using 

the same set of hSERCA2a primers. Absolute quantification was performed using Applied 

Biosystems StepOnePlus thermal systems and copy number was assessed using StepOne 

software.  

 

3.2.9! RT2 Profile PCR Array Gene Expression 

Equal amounts of 250 ng/µL total RNA from WT, mdx-Control and mdx-hSERCA2a RNA 

samples were run to confirm their integrity and suitability to be used for the RT2 Profile PCR 

array. Agilent RNA 6000 Nano Kit (Agilent, #5067-1511) was used on Agilent 2100 
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Bioanalyzer machine (Agilent Technologies, Waldbronn, Germany) following the 

manufacturer’s instructions. RNA integrity was assessed by the RNA integrity number (RIN) 

1-10 scale, where 1 is considerd highly degraded and 10 highly preserved. Only RNA samples 

with RIN higher than 7.5 were used for the RT2Profile PCR array. 

RT2 Profile PCR Array of “Mouse Skeletal Muscle: Myogenesis & Myopathy” 

(QIAGEN, Format C, #PAMM-099Z) was used to screen 84 different genes related to muscle 

myogenesis and myopathy. Equal amounts of total RNA (1µg) were converted into cDNA 

using RT2 First Strand Kit (330401, QIAGEN) following the supplier’s instruction. The 

quantitative PCR reaction mixture containing cDNA, SYBR green master mix (RT2 SYBR® 

Green ROX™ qPCR Mastermix, 330520, QIAGEN) and water was prepared according to the 

manufacture’s recommendation then loaded on the array. Transcript levels were measured 

using StepOnePlus machine. The thermal cycling was performed following the manufacture’s 

recommendation (Appendix 2.5.1). A table of raw CT values was generated using the StepOne 

software then exported and uploaded on QIAGEN’s data analysis centre to analyse the CT 

values of RT2 profile PCR arrays (https://www.qiagen.com/ie/shop/genes-and-pathways/data-

analysis-center-overview-page/). All samples passed the quality checks of the three tests on the 

PCR Array, i.e. 1) reproducibility, 2) RT efficiency and 3) lack of genomic DNA 

contamination. The online tool selected heat shock protein 90 alpha family class B member 1 

protein (HSP90ab1) as the most suitable housekeeping gene for samples’ CT values to be 

normalized to. Fold changes were calculated manually following the approved method of           

2-ΔΔC
T. To represent the calculated fold-change values of 2-ΔΔC

T in more meaningful biological 

way, reciprocal fold change was generated for each examined gene by dividing mdx-Control 

or mdx-hSERCA2a values over the corresponding WT value shown only in Appendix 2.5.2. 

Fold changes above 2 are deemed “up-regulation” whereas fold changes less than 1 are 

considered “down-regulation”. P values less than 0.05 are deemed significant. Recovery score 

was calculated following the equation of C5=9D59EC–CG65=9D59EC
64=;DHC–CG65=9D59E

. Recovery scores above 50% and 

values less than 0% were considered to indicate a significant treatment effect for future 

examination (section 2.10.1).  

 

3.2.10!Protein Analysis 

Gastrocnemius muscles of WT, mdx-Control and mdx-hSERCA2a were lysed using freshly 

prepared complete Radioimmunoprecipitation (RIPA) buffer according to the manufacturer’s 
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recommendations (Santa Cruz, #sc-24948). Equal amounts of total protein extracts (50µg) 

were separated on 10% or 12% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels. A 

coloured protein standard ladder was used to track protein separation. Wet electro-blotting was 

used for protein transfer onto polyvinylidene difluoride (PVDF) membrane (BioRad, 

#1620177). Membranes were blocked in 5% skim milk in tris-buffered saline-tween (TBST: 

10mM Tris.HCl, 15mM NaCl, 0.05% Tween® 20; pH7.5) for 1 hour at RT then incubated in 

one of the following primary antibodies: anti-human SERCA2a, anti-GFP or anti-

glyceraldehyde 3-phosphate dehydrogenase (for concentration details see Appendix Table 1-

4). Membranes were then incubated in primary antibody on a roller at 4°C overnight. After 3 

x 5 min washes in TBST, membranes were incubated in a suitable secondary antibody for 1 

hour at RT (Appendix Table 1-5). The bands were revealed on x-ray films using the 

LumiGLO® kit (Cell Signalling, #7003).  

 

3.2.11!  Statistical Analysis 

All data are expressed as mean ± SEM. A statistical comparison on multiple population means 

was performed a 2-Way-ANOVA test (GraphPad Prism 7 software) to determine if tested 

factors or if the interaction between factors have any significant affect. Multiple comparisons 

were performed using a Student’s t-test (Excel software) on data sets to determine significances 

between groups. Gene expression data was analysed using the Student’s t-test only. Grubb’s 

test was used, where applicable, to detect the most and furthest outlier value from the rest of 

values within a set of data. *, ** or *** signify P-values of p <0.05, p <0.01 or p <0.001, 

respectively.
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3.3! Results  

3.3.1! Validation of AAV gene delivery  

Adeno-associated virus (AAV) is a robust tool for gene delivery in skeletal muscle. 

Specifically, AAV9 serotype has been extensively used in gene therapy, and its efficient 

transduction and wide distribution has been validated in treated muscle when driven by the 

cytomegalovirus (CMV) immediate-early gene promoter (Goonasekera et al., 2011). Herein, 

we used GFP as a reporter of expression, delivered by AAV2/9 and driven by a CMV promoter. 

Distribution of the GFP protein expression was inspected by the in vivo imaging system (IVIS) 

and showed a robust spread of AAV-GFP as early as 5 weeks post injection (Figure 3-2 A). 

Some expression was pictured around the tail base as well. At the desired time point, GFP-

treated gastrocnemius muscles were harvested, sectioned and examined under a fluorescent 

microscope. After the two incubation periods, 4 and 6 weeks, most of the muscle fibres of the 

cross-sectioned area were labelled by GFP (Figure 3-2 B and C). Further confirmation was 

carried out by western blotting technique. Protein lysate of treated muscle demonstrated strong 

bands of GFP (Figure 3-2 D). 

Human SERCA2a was delivered using the same AAV2/9 vehicle tool. The proportion 

of expressed hSERCA2a transgene was assessed after 4 and 6 weeks of virus incubation by 

absolute PCR quantification. Around 5 x 105 DNA copies/muscle of the transgene were 

detected 4 weeks post administration of 3.8 x 109 AAV-hSERCA2a viral particles. Over 8 x 

106 DNA copies/muscle of the transgene were found 6 weeks after administrating the same 

dosage of the virus (Figure 3-3 A and B). SERCA2a protein expression was examined using 

the immunoblotting method. Visually, mdx-hSERCA2a seemed to express similar levels of 

SERCA2a as observed in WT, and no major difference was detected (Figure 3-3C).  
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Figure 3-2: Validation of AAV gene delivery in gastrocnemius muscle 
In Vivo Imaging System (IVIS) image of mdx mouse 5 weeks post injection with AAV-GFP and 
AAV-hSERCA2a showing the distribution of GFP expression. Fluorescent microscopy imaging 
of a representative cryosection from an AAV-GFP treated gastrocnemius muscle for (B) 4 and 
(C) 6 weeks demonstrating the wide distribution of GFP. Scale bar= 500 µm  (D) Immunoblot 
analysis of GFP protein levels in WT, mdx-Cntl and mdx-GFP treated muscles post 6 weeks of 
AAV-GFP incubation. 
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Figure 3-3: Assessments of AAV2/9-cmv-hSERCA2a transduction 
Absolute quantification of the transgene hSERCA2a DNA copy numbers in gastrocnemius 
muscle post (A) 4 weeks and (B) 6 weeks of virus incubation. AAV vector was injected in ~ 2-week 
old gastrocnemius muscles. Mean is presented as ± SEM and significance is indicated by P < 0.005.  
(C) Immunoblot analysis of the SERCA2a protein levels in WT, mdx-Cntl and mdx-hSERCA2a 
treated muscles. 
!

!

3.3.2! Overexpression of hSERCA2a Ameliorates Dystrophic Phenotypes 

3.3.2.1! Central Nucleation 

Central nucleation is a reflective index of the degeneration-regeneration cycle undergone in 

dystrophic fibres. We examined this at two different ages and periods of AAV incubation. 

Untreated mdx of 6 (young) and 8 (old) weeks old were selected as control animals for both 

the 4- and 6-week hSERCA2a-treated mdx (Figure 3-4 A). As expected, the percentage of 

fibres with centrally located nuclei (CNF) was elevated in dystrophic muscles, and further 

increased in older mdx, with older mdx muscles demonstrating 14% higher CNF compared to 

younger dystrophic muscles. When compared to their negative controls, mdx muscles treated 

with AAV-hSERCA2a showed a reduction in the percentage of CNF after both 4 and 6 weeks 
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of incubation, by 14 % and 19% respectively (Figure 3-4 B). The statistical analysis of the 2-

way ANOVA test revealed that both AAV-hSERCA2a treatment and the incubation period of 

the virus had significant effects on the reduction of the percentage of the CNF. Meanwhile, the 

interaction relationship between the two independent variables was shown not to have any 

significant impact when 2-way ANOVA test was performed. Therefore, from here on, we 

decided to continue investigating the effect of the overexpression of SERCA2a in 6-week 

treated muscles only. However, the corresponding recovery score of SERCA treatment for 6 

weeks was 26.6%. This means that treatment with the SERCA transgene could reduce the 

severity of dystrophic phenotype by 20% towards the more normal condition (Appendix Figure 

2-1). Interestingly, by cross comparing the reduction in the CNF percentage and the copy 

number of the hSERCA2a transgene in the individual treated muscle, we found that the higher 

the hSERCA2a copy number observed, the lower the CNF percentage (Figure 3-4 C). This 

finding highly indicates that the correction in the CNF percentage was due to the administration 

of the exogenous hSERCA2a. 

 

3.3.2.2! Fibre sizing 

The remarkable diversity in fibre size toward two directions is a common feature of dystrophic 

myofibres (Figure 3-5 A-C). The increase (hypertrophy) and decrease (atrophy) in the fibre 

size can be indicated by measuring the cross-sectional area (CSA) or minimal Feret’s diameter 

(mFD) on transverse muscle sections. In the current study, SERCA2a overexpression had no 

major effect on fibre size and the measurements taken from AAV-hSERCA2a treated muscles 

were comparable to untreated mdx muscles. However, fibre size is usually regulated by a 

number of endogenous growth factors, one of which is myostatin (MSTN). MSTN acts to 

restrain the growth of muscle fibres so that fibres do not undergo hypertrophy (Lee, 2012). 

Hence, measuring the endogenous level of the MSTN may, to some extent, serve as an indicator 

for muscle fibre growth activity. After overexpressing SERCA2a for 6 weeks, MSTN 

expression in mdx has increased toward wild-type levels with a recovery score of 41%, 

although it did not achieve significance (Figure 3-5 D). Similarly, the level of the ubiquitous 

ß-glucuronidase (ß-GUS) can be used as an indirect reflection of the degree of muscle damage 

(Komulainen et al., 1985). Herein, mdx-hSERCA2a muscles expressed 1.5-fold less ß-GUS 

than dystrophic muscles. That was equivalent to over 40% recovery in ß-GUS expression. 

However, despite the high recovery in ß-GUS expression, it was not deemed statistically 

significant. 
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Figure 3-4: SERCA2a overexpression reduces central nucleation in mdx 
 (A) Representative images of H&E stained gastrocnemius muscle sections of mdx-Cntl and mdx-
hSERCA2a 4 and 6 weeks post AAV injection. (B) Quantification analysis of the percentage of 
fibres with centrally located nuclei (CNF). (C) Correlation graph showing the relationship 
between the average of CNF percentage, collected from 4 different treated mice AAV-hSERCA2a 
6 weeks post injection, and the corresponding hSERCA2a relative gene expression. Scale bar= 
200 µm, mean is presented as ± SEM and *, ** or *** signify p-value of p < 0.05, p <0.01 or p < 
0.001, respectively. (n=3-4) 
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Figure 3-5: Muscle fibre sizing pre- and post hSERCA2a overexpression 
(A-C) WGA-stained muscle sections demonstrating the diversity in fibre size in WT, mdx-Cntl 
and mdx-hSERCA2a gastrocnemius muscles compared to WT. Comparison of the fibre 
transverse size distribution (µm2) (D) and the frequency distribution of the Min Feret's Diameter 
(E) between WT, mdx-Cntl and mdx-hSERCA2a muscle. (F-G) Myostatin (MSTN) and ß-
glucuronidase (ß-GUS) mRNA levels in WT, mdx-control and mdx-hSERCA2a. Scale bar= 
150µm; mean is presented as ± SEM and; ** or *** signify p-value of p <0.01 or p < 0.001, 
respectively; n=4 
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3.3.2.3! Myosin Heavy Chain expression and Fibre-Type Composition 

Under normal conditions, different skeletal muscles may have different patterns of myosin 

isoform expression. In the case of dystrophy, a fast-to-slow myosin shift has often been 

documented (Ciciliot et al., 2013). However, our results of measuring the transcript expression 

of the four different genes of the different myosin types (Myh7 [MyHC-I]; Myh2 [MyHC-IIA]; 

Myh1 [MyHC-IIX]; and Myh4 [MyHC-IIB]) has revealed that the expression of the MyHC-I 

and MyHC-IIB myosin remained unchanged among the three group of muscles. A significant 

elevation in MyHC-IIA expression observed in untreated mdx muscles compared to WT. 

However, this observed elevation in the expression of MyHC-IIA in untreated mdx muscles 

was reduced with the overexpression of hSERCA2a but did not reach significance (P = 

0.09159). Finally an elevation in the expression of MyHC-IIX gene both in mdx treated and 

untreated muscles was observed when compared to WT (Figure 3-6 D). 

 

3.3.3! Transcriptional Levels of SERCA Isoforms 

SERCA1a is the adult isoform expressed in the fast muscle type whereas SERCA2a is more 

associated with the slow fibre type. SERCA2b, meanwhile, is the transcriptional spliced variant 

of SERCA2 which is a product of the same gene that encodes the isoform 2a. Nevertheless, 

SERCA2b is accepted to be the predominant isoform in both smooth muscle and non-muscle 

tissues (Anderson et al., 2016). Herein, we examined the transcriptional levels of the 

endogenous SERCA isoforms in hSERCA2a-treated mdx muscles via a qPCR. SERCA1a 

expression was significantly reduced in dystrophic muscles, and overexpressing hSERCA2a 

restored its expression levels with a recovery score of 80%. Transcriptional levels of the 

endogenous SERCA2a was examined using a specific set of primers for the mouse endogenous 

SERCA2a. Endogenous SERCA2a transcript level was almost 2-fold greater in both mdx and 

treated mdx muscles compared to normal levels in WT. However, AAV-SERCA2a had no 

effect on the endogenous level of SERCA2a. Interestingly, the splice variant, SERCA2b, was, 

on the other hand, elevated in untreated and treated mdx muscles by almost 3-fold compared to 

WT (Figure 3-7 C).  

Activity of different SERCA isoforms may be regulated by several regulatory proteins. 

In fast muscles, MRLN controls the activity of SERCA1a. PLN and SLN are the two regulatory 

proteins of SERCA2a in slow-twitch fibres (Anderson et al., 2016).   In our study, we observed 

a shift toward a reduction in MRLN expression level in dystrophic muscles  
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Figure 3-6: Myosin Heavy Chain expression and fibre-type Composition 
(A) Representative immunofluorescent transverse sections of WT, mdx-Cntl and mdx-hSERCA2a 
highlighting the fibre type composition; slow-oxidative (MyHC-I) (green), fast-oxidative (MyHC-
IIA) (blue), fast-oxidative/glycolytic (MyHC-IIX) (Blank) and fast-glycolytic (MyHC-IIB) (red) 
where muscle membrane is highlighted by WGA. (B) Relative expression of the different Myosin 
heavy chain isoforms Myh7, Myh2, Myh1 and Myh4, the dominant isoforms of myosin in MyHC-
I, MyHC-IIA, MyHC-IIX and MyHC-IIB fibres, respectively. Scale bar= 100µm. Data are 
presented as 2-ΔΔC

T ± SEM; * or **signify p-value of p < 0.05 or p <0.01, respectively. (n=4) 
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compared to normal muscles, though it was not statistically significant. In contrast, with the 

administration of hSERCA2a in dystrophic muscles, MRLN transcriptional level was 

remarkably elevated compared to untreated muscles. PLN and SLN proteins were elevated in 

untreated and treated mdx muscles (Figure 3-7 F & G). While only 1-fold higher of PLN was 

expressed with dystrophy, SLN was 25-40-fold greater in mdx muscles in contrast to healthy 

muscles. In addition, SLN mRNA expression was further elevated in hSERCA2a-treated mdx 

muscles compared to untreated mdx muscles (Figure 3-7 G). Similarly, another-regulin (ALN) 

and endoregulin (ELN), the regulator proteins associated with SERCA2b and SERCA3 

respectively, were altered. While ALN was increased only in untreated mdx muscles, ELN was 

elevated both in treated and untreated mdx muscles when compared to WT. 

Dwarf open reading frame (DWORF) is the only known positive modulator of the 

activity of SERCA (Nelson et al., 2016). Heat shock protein72 (Hsp72) is another protein that 

recently was reported to help in preserving SERCA functionality under cellular stress 

conditions (Gehrig et al., 2012). Our study showed that DWORF transcriptional levels were 

not influenced by dystrophy or by the overexpression of hSERCA2a. On the other hand, Hsp72 

expression was elevated in untreated and treated dystrophic muscles when compared to healthy 

counterparts. Although hSERCA-mdx muscles expressed a 1.6-fold level of Hsp72 compared 

to untreated mdx muscles, this was not statistically significant.  

Other proteins that were previously documented to interact or indirectly influence the 

expression of SERCA include small Ankyrin 1 (sAnk1) and receptor-activator of nuclear 

factor-κB (RANK). In contrast to healthy muscles, dystrophic muscles showed an elevation in 

sAnk1 transcriptional level; whereas sAnk1 expression remained unchanged in hSERCA2a-

trated mdx muscles. However, RANK transcriptional levels were ~ 8- to 8.5-fold greater in 

hSERCA2a-treated and untreated mdx muscles compared to WT muscles (Figure 3-8). 
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Figure 3-7: Relative gene expression of the mRNA levels of the endogenous SERCA isoforms and 
their corresponding regulatory proteins. 
(A-D) Relative gene Expression of the endogenous SERCA isoforms; SERCA1a, SERCA2a and 
SERCA2b and (E-I) their corresponding regulator proteins; MLRN, PLN/SLN and ALN, 
respectively. Data are presented as 2-ΔΔC

T ± SEM. *, ** or *** signify p-values of p < 0.05, p <0.01 
or p 0.001, respectively; n= 4 
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Figure 3-8: Relative Expression of the mRNA levels of other selected known regulatory proteins 
of SERCA 
Transcriptional levels of (A) Dwarf open reading frame (DWORF), (B) Heat shock protein72 
(Hsp72), (C) Small Ankyrin 1 (sAnk1) and (D) Receptor-activator of nuclear factor-κB (RANK). 
Data are presented as 2-ΔΔC

T ± SEM. *, ** or *** signify p-values of p < 0.05, p <0.01 or p 0.001, 
respectively; n=4. 
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though there was no difference in the mRNA levels of CASQ between treated and untreated 

mdx muscles, both showed a ~1.5-fold increase in contrast to healthy muscles (Figure 3-9). 

 

 

Figure 3-9: Relative expression of the transcript levels of [Ca2+]-buffering proteins 
Relative expression of the cytosolic (A) Calmodulin1 (Calm1) and (B) Parvalbumin (Parv) and 
(C) the sarcoplasmic reticulum intraluminal Ca2+-buffering proteins Calsequestrin1 (CASQ1) in 
WT, mdx-Cntl and mdx-hSERCA2a. Data are presented as 2-ΔΔC

T mean± SEM. *, ** or *** signify 
p-values of p < 0.05, p <0.01 or p 0.001, respectively. 
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2.6.2, Table 2.9). These genes are generally involved in muscle contractility, myogenesis, 

hypertrophy, autocrine signalling, metabolism, muscle wasting and atrophy. Table 3-1 lists 

those altered genes; 27 of them had higher expression than WT, whereas the other 34 were 

expressed at a lower level than WT. Nine of the 61 genes were further altered in hSERCA2a-

treated muscles compared to levels in untreated mdx muscles. These genes were: thymoma 

viral proto-oncogene 1 (Akt1), caspase 3 (Casp3), F-box protein 32 (Fbxo32), insulin-like 

growth factor 2 (Igf2), inhibitor of kappaB kinase beta (Iƙbkβ), lamin A (Lmna), nuclear factor 

of kappa light polypeptide gene enhancer in B cells 1 (Nfƙb1), paired box 7 (Pax7) and protein 

kinase, AMP-activated, alpha 1 (Prkaα1). On the other hand, a panel of genes were affected in 

untreated mdx muscles but not in hSERCA2a-treated mdx muscles compared to healthy control 

muscles. While insulin-like growth factor 1 (Igf1) and interleukin 6 (Il6) mRNA expression 

were only altered after the administration of hSERCA2a in dystrophic muscles (Table 3-1), 

SERCA1 (ATP2a1), B cell leukemia/lymphoma 2 (Bcl2), mitogen-activated protein kinase 14 

(Mapk14), mitogen-activated protein kinase 3 (Mapk3), myoglobin (Mb), muscle skeletal 

receptor tyrosine kinase (Musk), pyruvate dehydrogenase kinase isoenzyme 4 (Pdk4), and 

tripartite motif-containing 63 (Trim63) were altered in untreated muscles only (Appendix 2.6.2,  

Table 2.9). The reciprocal fold change cut-off was set at 2 to consider genes upregulated.  

Interestingly, atrophy-related genes such as Akt1 and caspase 3 were significantly elevated in 

dystrophic muscles by 2.4- and 4.7-fold, respectively. In contrast, overexpressing SERCA2a 

could reduce the expression of caspase 3 compared to untreated muscles (P < 0.01). The 

transcript level of dysferlin, a gene involved in membrane repair, was also elevated in 

dystrophic muscles by 2.6-fold, and further by 3-fold in treated mdx muscles compared to levels 

in WT. In addition, based on healthy levels, the transcriptional levels of the inflammatory 

related genes including Iƙbkβ, Interleukin 1 beta (I1β), Il6, transforming growth factor beta 1 

(Tgfβ1), and tumor necrosis factor (Tnf) were all remarkably increased in both treated and 

untreated dystrophic muscles. However, Il6 was the only gene that was further elevated after 

the treatment with AAV-hSERCA2a by 4.4-fold versus untreated mdx muscles. Interestingly, 

expression of myogenesis-related genes Pax7, Myod1 and myogenin (Myog) were dramatically 

increased in dystrophic muscles by 4-, 3, and 18.7-fold, respectively, compared to healthy 

levels in WT muscles (Table 3-1).  
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Table 3-1: Altered genes in dystrophic muscles and after the administration of hSERCA2a 
transgene. 
Genes that were expressed at a higher level compared to WT are highlighted in red, whereas those 
that were expressed at lower rates are highlighted in blue. Genes that were further altered after 
the administration of AAV-hSERCA2a (against untreated mdx) are highlighted in green. Genes 
that were altered only after treatment with hSERCA2a are highlighted in purple. Genes were 
selected and deemed significant where the P value was less than 0.05. P > 0.05 is in bold.  
 

Gene!
 !

2^ -DD CT � SEM! P Value (t-test)!

WT! mdx-Control! mdx-hSERCA2a!
WT vs. 
mdx-

Control!

WT vs. 
mdx-

hSERCA2
a!

mdx-
Control vs. 

mdx-
hSERCA2a!

Acta1! 1.1420'±'0.0579! 0.8431'±'0.0638! 0.8257'±'0.0661! 0.013317! 0.011371! 0.855759!
Actn3! 1.0538'±'0.0497! 0.5776'±'0.0658! 0.7305'±'0.0491! 0.001178! 0.003579! 0.111890!
Acvr2b! 1.0090'±'0.0265! 0.4076'±'0.0740! 0.4764'±'0.0408! 0.000261! 0.000035! 0.446680!
Adrb2! 0.9803'±'0.0720! 0.4201'±'0.0277! 0.5273'±'0.0493! 0.000346! 0.002030! 0.107029!
Agrn! 1.2925'±'0.1318! 2.4523'±'0.2196! 2.2819'±'0.2001! 0.003980! 0.006154! 0.587253!
Akt1! 1.1378'±'0.0655! 2.7018'±'0.0844! 2.3478,±,0.0557! 0.000006! 0.000008! 0.012818!
Atp2a1! 1.0978'±'0.0363! 0.8410'±'0.0969! 0.9982'±'0.0782! 0.047742! 0.292014! 0.253779!
Bcl2! 0.9576'±'0.0683! 1.3482'±'0.1098! 1.2237'±'0.1627! 0.023359! 0.182259! 0.549209!
Capn2! 1.2008'±'0.0864! 1.8035'±'0.0836! 1.5173'±'0.0863! 0.002426! 0.041161! 0.054749!
Capn3! 1.0067'±'0.0731! 0.4808'±'0.0306! 0.4875'±'0.0203! 0.000564! 0.000478! 0.860100!
Casp3! 0.9828'±'0.0302! 4.6620'±'0.4044! 2.9768,±,0.0496! 0.000101! 0.000000! 0.006107!
Cav1! 1.2449'±'0.0908! 0.8475'±'0.0276! 0.7721'±'0.0553! 0.005770! 0.004347! 0.268292!
Cav3! 1.0296'±'0.0120! 1.6245'±'0.0571! 1.4887'±'0.0285! 0.000052! 0.000006! 0.077699!
Cs! 0.9181'±'0.0654! 0.5594'±'0.0685! 0.5546'±'0.0673! 0.009100! 0.008233! 0.961436!
Des! 0.8993'±'0.0571! 1.2842'±'0.1265! 1.3462'±'0.0751! 0.032298! 0.003203! 0.688010!
Dmd! 1.1234'±'0.0902! 0.1535'±'0.0102! 0.1739'±'0.0089! 0.000040! 0.000044! 0.183200!
Dmpk! 1.0477'±'0.0740! 1.7182'±'0.0849! 1.6560'±'0.0733! 0.001007! 0.001113! 0.599641!
Dysf! 1.2386'±'0.1519! 3.2248'±'0.2043! 3.8058'±'0.2095! 0.000234! 0.000061! 0.094255!
Fbxo32! 0.9300'±'0.1948! 0.3267'±'0.0365! 0.6187,±,0.0930! 0.022672! 0.199372! 0.026554!
Fgf2! 1.0427'±'0.0787! 0.5079'±'0.0482! 0.6291'±'0.0935! 0.001156! 0.014769! 0.292970!
Foxo1! 1.1689'±'0.0626! 0.6422'±'0.0346! 0.7672'±'0.0806! 0.000321! 0.007646! 0.203806!
Foxo3! 1.0996'±'0.0502! 1.5874'±'0.1278! 1.6171'±'0.0950! 0.012031! 0.002947! 0.858082!
Igf1! 1.2761'±'0.1411! 1.3348'±'0.0591! 0.9523,±,0.1252! 0.714580! 0.136907! 0.032755!
Igf2! 1.7304'±'0.4562! 26.470'±'2.1562! 16.2085'±'1.4458! 0.000030! 0.000075! 0.007485!
Ikbkb! 1.1704'±'0.0732! 3.1728'±'0.0982! 2.8672'±'0.0635! 0.000003! 0.000002! 0.039965!
Il1b! 1.1018'±'0.2254! 4.4868'±'0.8698! 5.7733'±'1.0839! 0.009316! 0.005563! 0.390307!
Il6! 1.6546'±'0.3401! 1.9741'±'0.2865! 8.6489,±,1.2522! 0.499471! 0.001679! 0.002022!
Lep! 0.6495'±'0.1203! 0.2345'±'0.0484! 0.2375'±'0.0641! 0.018557! 0.023298! 0.971746!
Lmna! 1.3084'±'0.1340! 5.8162'±'0.3546! 4.2165,±,0.2405! 0.000021! 0.000042! 0.009699!
Mapk1! 1.1199'±0.0762! 0.7888'±'0.0382! 0.7791'±'0.0481! 0.008156! 0.009175! 0.879497!
Mapk14! 1.0033'±'0.0282! 0.7540'±'0.0759! 0.8910'±'0.0827! 0.021680! 0.246406! 0.268029!
Mapk3! 1.0274'±'0.0455! 1.3923'±'0.0533! 1.2785'±'0.1419! 0.002002! 0.142952! 0.481243!
Mapk8! 1.0559'±'0.0331! 0.6902'±'0.0602! 0.7203'±'0.0302! 0.001795! 0.000293! 0.670938!
Mstn! 1.1737'±'0.1721! 0.1183'±'0.0153! 0.1362'±'0.0132! 0.000877! 0.000955! 0.410181!
Musk! 1.0519'±'0.1292! 0.5846'±'0.0694! 0.8048'±'0.0588! 0.018946! 0.132448! 0.051798!
Myf5! 1.0376'±'0.0473! 2.0095'±'0.2521! 1.5406'±'0.1378! 0.009086! 0.013594! 0.153760!
Myf6! 1.0326'±'0.0520! 0.4791'±'0.0275! 0.5573'±'0.0951! 0.000082! 0.004640! 0.459938!
Myh1! 1.3606'±'0.1892! 2.4538'±'0.2290! 2.0090'±'0.1827! 0.010324! 0.048747! 0.179715!
Myh2! 1.1540'±'0.0516! 0.4455'±'0.0525! 0.5076'±'0.0413! 0.000072! 0.000066! 0.388452!
Myod1! 1.0167'±'0.1216! 3.1087'±'0.4106! 3.1788'±'0.1492! 0.002752! 0.000030! 0.877715!
Myog! 1.1870'±'0.1158! 22.22'±'4.2947! 13.0789'±'1.1439! 0.002723! 0.000048! 0.085432!
Myot! 0.9996'±'0.0730! 0.6761'±'0.0370! 0.6886'±'0.0365! 0.007500! 0.008852! 0.816897!
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Neb! 1.1089'±'0.0401! 0.4052'±'0.0197! 0.4578'±'0.0415! 0.000004! 0.000029! 0.295564!
Nfkb1! 1.1719'±'0.0900! 1.8574'±'0.0585! 1.6149'±'0.0433! 0.000694! 0.004405! 0.015757!
Nos2! 1.0326'±'0.1525! 0.2032'±'0.0116! 0.1797'±'0.0357! 0.001628! 0.001594! 0.554691!
Pax7! 1.0449'±'0.0591! 4.1771'±'0.3249! 3.0141,±,0.0936! 0.000078! 0.000002! 0.013800!
Pparg! 1.1521'±'0.0901! 1.4197'±'0.0379! 1.1514'±'0.1210! 0.033767! 0.996505! 0.078602!
Ppargc1a! 1.1267'±'0.1028! 0.5641'±'0.0689! 0.7132'±'0.0851! 0.003909! 0.021127! 0.222407!
Ppargc1b! 0.8662'±'0.0527! 1.3277'±'0.1349! 1.1883'±'0.1005! 0.018905! 0.029678! 0.438778!
Ppp3ca! 1.1391'±'0.0516! 0.5565'±'0.0239! 0.5722'±'0.0538! 0.000050! 0.000269! 0.798912!
Prkaa1! 1.1218'±'0.0542! 0.9381'±'0.0159! 0.7927,±,0.0266! 0.017348! 0.001583! 0.003356!
Prkab2! 1.0585'±'0.0279! 0.6910'±'0.0884! 0.8407'±'0.0681! 0.007418! 0.025297! 0.228217!
Prkag3! 0.9266'±'0.0425! 0.6221'0.0537! 0.7459'±'0.0559! 0.004343! 0.042183! 0.161115!
Rhoa! 1.0636'±'0.0471! 1.9822'±'0.1700! 1.8561'±'0.1538! 0.001999! 0.002635! 0.601965!
Rps6kb1! 1.1228'±'0.0833! 0.8569'±'0.0400! 0.8180'±0.0308! 0.028176! 0.013947! 0.469420!
Sgca! 0.9240'±'0.0283! 0.4803'±'0.0332! 0.5080'±'0.0422! 0.000053! 0.000178! 0.624048!
Tgfb1! 1.3336'±'0.1330! 5.7559'±'0.6647! 4.1596'±'0.2027! 0.000619! 0.000024! 0.061362!
Tnf! 0.6362'±'0.2082! 4.5552'±'1.0803! 3.9912'±'0.8297! 0.011895! 0.007786! 0.693188!
Tnni2! 1.0412'±'0.0738! 0.5165'±'0.0493! 0.5549'±'0.0467! 0.001046! 0.001422! 0.592881!
Tnnt1! 1.1849'±'0.3445! 2.6586'±'0.3070! 2.1078'±'0.1981! 0.018751! 0.059238! 0.182438!
Tnnt3! 1.0783'±'0.0384! 0.4438'±'0.0333! 0.5379'±'0.0219! 0.000016! 0.000018! 0.056142!
Trim63! 1.0598'±'0.1180! 0.7396'±'0.0254! 1.0075'±'0.1371! 0.037835! 0.782183! 0.103105!
Ttn! 1.0882'±'0.0393! 0.7952'±'0.0697! 0.8314'±'0.0556! 0.010573! 0.009301! 0.699062!

 

 

TaqMan assays of Pax7 and Myog were carried out after the previous observation generated 

from the RT2 profiler PCR. Based on the normal levels expressed in WT muscles, dystrophic 

muscles expressed a 3-fold and 62-fold greater mRNA rates of Pax7 and Myog, respectively. 

Overexpressing hSERCA2a in dystrophic mdx muscles led to a reduction in the transcriptional 

levels of Pax7 and Myog genes by ≥ 2-fold compared to untreated mdx muscles (Figure 3-10).  
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Figure 3-10: Effect of hSERCA2a-overexpression on myogenesis 
(A-B) TaqMan assay of Pax7 and Myog demonstrating the dramatic restoration of their relative 
expression following the overexpression of SERCA2a in dystrophic muscles comparing to 
untreated mdx muscles. (C) A preliminary data of Pax7 protein level in WT, mdx-control and 
hSERCA2a-mdx muscles demonstrating an elevation in Pax7 expression in treated mdx muscles 
in contrast to transcript level.  
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3.4! Discussion 

Loss of sarcolemmal integrity is a common feature in muscular dystrophy where a protein 

component of the sarcolemmal dystrophin-glycoprotein complex (DGC) is missing as a  result 

of mutations (Lapidos et al., 2004). The mouse models null for dystrophin (mdx) and δ-

sarcoglycan (Sgcd-/-) represent the most commonly studied animal models for muscular 

dystrophies (McGreevy et al., 2015). It has commonly believed that a disrupted sarcolemma 

may be the main source of the deleterious [Ca2+] influx into the cytoplasm (Burr & Molkentin, 

2015). In addition, it was evident that the sarcoplasmic reticulum (SR) may experience a 

leakage of its reservoir of [Ca2+] into the cytoplasm (Alderton & Steinhardt, 2000a; Andersson 

et al., 2012). This dysregulation in [Ca2+] homeostasis was hypothesised to serve as a final 

common pathway for initiating necrosis, atrophy and cell death (Allen et al., 2010).  Indeed, it 

has been documented that elevation in intracellular [Ca2+] in normal muscles (e.g. through 

overexpression of the calcium channel TRPC3) increases the vulnerability of muscle fibres, 

inducing dystrophic-like phenotypes (Millay et al., 2009). To complete the lifecycle of [Ca2+] 

in myofibres, the sarcoplasmic reticulum ATPase (SERCA) pump should withdraw cytosolic 

[Ca2+] into the SR lumen. In dystrophic muscles, the activity of the SERCA1a isoform has been 

reported to be limited, which was hypothesised to likely contribute to the defect in [Ca2+] 

handling (Kargacin & Kargacin, 1996; Divet & Huchet-Cadiou, 2002; Divet et al., 2005). 

Subsequently, a major drift toward correcting [Ca2+] handling via overexpressing the SERCA 

pump has become an attractive potential therapeutic target for muscular dystrophies. The aim 

of the current study was to overexpress the SERCA2a isoform in the hind limb of mdx mice 

and evaluate the potential of using this strategy as a therapeutic candidate for dystrophy. 

Among the 12 naturally occurring serotypes of AAV, AAV 1, 6, 7, 8 and 9 have been 

technically shown to reveal the most effective transduction and distribution rates in muscle 

tissues (Schultz & Chamberlain, 2008). In the current study, we used AAV9 capsids engineered 

with the genomic cassette of AAV2 (AAV2/9), which was reported to be one of the most 

effective serotypes for transducing muscle tissues to date (Bish et al., 2008; Schultz & 

Chamberlain, 2008; Forsayeth & Bankiewicz, 2011). A cytomegalovirus (CMV) promoter was 

included in the vector synthesis to the drive expression of the transgenes. Green fluorescent 

protein (GFP) was utilized as a reporter gene to examine the viral distribution within the 

injected tissue. Figure 3-2A shows the in vivo imaging of our mdx mouse model injected with 

AAV2/9-GFP for 5 weeks in a gastrocnemius, revealing the degree of the vector transduction, 

dispersing to the upper part of the thigh and tail base. Another confirmation of the efficient 
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transduction of AAV2/9-GFP was carried out by inspecting cryosections of the vector-injected 

muscles. Figure 3-2 B and C show the ability of the virus to infect the majority of muscle as 

early as 4-week post virus injection. Human-SERCA2a plasmid was selected for the transgene 

synthesis instead of the mouse plasmid for later ease of transgene estimation. AAV2/9-

hSERCA2a was incubated in dystrophic mdx muscles for similar 4-week period and expressed 

5 x 105 transgene copies. However, AAV2/9-hSERCA2a was also allowed to incubate for 

further two weeks achieving over 8 x 106 transgene copies (Figure 3-3 A-B). Nevertheless, the 

level of SERCA2a protein remained indistinguishable from that observed in untreated 

dystrophic muscle (Figure 3-3C). 

With the progression of dystrophy, many morphological features of muscle fibres may 

become abnormal. Assessing the amelioration in these features can be used to evaluate the 

therapeutic potential of a selected treatment. We quantified the percentage of fibres with 

centrally located nuclei (CNF) as an indicator of the proportion of fibres that had undergone 

cycles of degeneration and regeneration. Over 50% of 6-week-old dystrophic gastrocnemius 

muscles contained CNFs, whereas this percentage raised further to over 70% in 8-week-old 

muscles. The administration of hSERCA2a transgene for 4 and 6 weeks could significantly 

reduce the severity of this phenotype by 14% and ~$20%, respectively. These percentages are 

comparable to dystrophic diaphragm muscles treated for 6 months with 1x1012 virus particles 

of AAV-SERCA1a (Morine et al., 2010b). However, 6-week-- and 3-month-old dystrophic 

transgenic mice that co-expressed SERCA1a could dramatically reduce the percentages of 

CNF in quadriceps, diaphragm and soleus muscles. Similarly, previous data have shown that 

introducing 1 x 1010 viral particles of AAV-SERCA2a for 6 weeks in Sgcd-/- mice revealed a 

reduction in the percentage of CNF by 8-fold comparing to untreated Sgcd-/- mice (Goonasekera 

et al., 2011). Hence, these findings and the present study support the hypothesis that 

overexpressing SERCA adult isoforms can mitigate dystrophy within the window of 

eliminating the initiation of degeneration at the first place. Although we found that those 

hSERCA2a-treated muscles that had the minimal percentage of CNF contained the highest 

transgene copy number, it remains a questionable point on what is the ideal dosage and time 

course for treating muscles with SERCA. 

Another morphological assessment for muscles includes the estimation of fibre size, 

where dystrophic muscles usually tend to undergo extreme atrophy and/or hypertrophy, leading 

to a decrease or increase in fibre size, respectively. While healthy fibres were homogeneous in 

size, being around 1000-3000µm2, 50% of the treated and untreated mdx fibres were less than 
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or equal to 1500 µm2. However, we failed to observe a direct influence of overexpressing 

SERCA2a on fibre sizing. Similarly, previous data have shown that overexpressing SERCA1a 

could not improve the heterogeneity in fibre sizes in diaphragm muscles, despite the long 

vector incubation of 6 months (Morine et al., 2010b). Likewise, transcriptional levels of genes 

that are related to muscle growth, such as insulin-growth factor and myostatin, did not improve 

after the overexpression of SERCA2a in dystrophic muscles. Therefore, it can be concluded 

that overexpressing SERCA might not be the strategy for directly mitigating hypertrophy. 

Fast-twitch muscle fibres are known to be the first affected fibres in muscular 

dystrophy, and as a compensatory mechanism, dystrophic muscle may promote the shift toward 

activating the slow/oxidative muscle fibre gene program. This is known to occur in conditions 

where muscle fibres are experiencing chronic [Ca2+] influx, likely triggering the slow/oxidative 

gene program via the calcineurin/NFAT (nuclear factor of activated T cells) pathway 

(Chakkalakal et al., 2003; McCullagh et al., 2004; Calabria et al., 2009). In this chapter, we 

showed that dystrophic mdx muscles expressed higher mRNA transcript levels of IIA and IIX 

myosin heavy chain (MyHC) over those evident in healthy muscles. In contrast, overexpressing 

SERCA2a had a minimal effect on myosin transcript levels, demonstrated as a reduction in the 

expression of MyHC-IIA and MyHC-IIX toward normal levels; although it was not deemed 

significant. 

The alteration in SERCA activity and the reduced maximum velocity of SR-[Ca2+] re-uptake 

have been hypothesized to contribute to the abnormal [Ca2+] homeostasis in dystrophic muscles 

(Burr & Molkentin, 2015). However, we hypothesised that regulatory proteins of SERCA 

could also be contributing to the dysfunction in SERCA activity. Indeed, when we measured 

this by inspecting the transcript levels of the genes encoding these regulatory proteins, we 

observed some interesting results. In a recent study by Schneider et al., the protein level of 

SERCA1a was only reduced in diaphragm muscles of 2-month old mdx mice, whereas it 

remained unchanged in soleus and quadriceps muscles. Upon examining the endogenous levels 

of SERCA isoforms, we found that dystrophic gastrocnemius muscles expressed lower levels 

of SERCA1a mRNA level compared to healthy muscles. Interestingly, this reduced level of 

SERCA1a was restored after the administration of hSERCA2a transgene. However, there is no 

clear explanation why overexpressing SERCA2a would enhance the transcript level of 

SERCA1a. Regardless, one would speculate that overexpressing SERCA2a had an 

amelioration effect that allowed SERCA1a mRNA level to be recovered to such a comparable 

level that was observed in WT muscles. Another speculation can be related to the expression 
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of the SERCA modulators and their selectivity.  As would be explained later, the gene 

expression of the SERCA modulators was dramatically elevated after the overexpression of 

hSERCA2a. Subsequently, overexpressed hSERCA2a might have had SERCA modulator to 

focus on attacking it and, hence, the attack on SERCA1a was quite eliminated that allowed its 

mRNA to be sustained.  In contrast to SERCA1a, the transcript level of SERCA2a was 

dramatically elevated in dystrophic muscles, which is in agreement with earlier studies 

conducted on the tibialis anterior muscle of mdx mouse (Ferretti et al., 2015). It is worth 

mentioning that protein levels of SERCA2a were increased in quadriceps muscles of the double 

knockout mouse model (mdx:utr-/-), but not in mdx mice (Schneider et al., 2013). Since 

SERCA2a has been observed to be co-expressed with embryonic MyHC (Schneider et al., 

2013), this may indicate that the boosted expression of SERCA2a in severe dystrophic 

conditions presented in the mdx:utr-/- could be a compensatory protective mechanism against 

dystrophy. Indeed, healthy quadriceps muscles showed no evidence of SERCA2a protein 

expression, as determined by immunofluorescent staining (Schneider et al., 2013). This 

hypothesis is further supported not only by the increase in oxidative fibres (slow and IIA) in 

dystrophic quadriceps muscles, but also by the observation that SERCA2a was not restricted 

to slow fibres, where 6% of mdx muscles and further 15% of mdx:utr-/- quadriceps expressed 

SERCA2a regardless of fibre type (Schneider et al., 2013).  

In a study performed by Greene et al., transgenic mice that overexpress the rat 

SERCA2b in the heart had a positive effect on enhancing the SR functionality, as well as on 

cardiac muscle contractility and relaxation (Greene et al., 2000). However, transgenic mice 

expressing predominantly SERCA2b displayed hypoplastic heart syndrome and cardiac 

malformations, raising the question of whether SERCA2b and SERCA2a worked 

interchangeably in the aforementioned study (Chemaly et al., 2013). Therefore, we next sought 

to investigate whether the overexpression of SERCA2a had an influence on the expression of 

the alternative splice-variant isoform of SERCA2a; SERCA2b. Using a specific set of primers 

designed to detect only the isoform SERCA2b, we found that transcript levels of SERCA2b 

were significantly elevated in treated and untreated dystrophic muscles compared to levels in 

WT muscle with no effect of overexpressing SERCA2a on the expression of SERCA2b. 

Although the elevation in SERCA2b was interesting, we took in consideration that we 

overexpressed the human gene of SERCA2a and neither the endogenous expression of 

SERCA2a nor 2b were necessarily to change. However, the question remains - why would the 
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expression of SERCA2b be dramatically increased in dystrophic skeletal muscle, since it is a 

specific isoform for smooth muscle and other non-muscle tissues? 

In recent years, accumulating evidence has claimed that the significant increase in 

SERCA’s modulatory proteins, such as SLN and PLN, contributes in the [Ca2+] cycling 

dysregulation (Voit et al., 2017). MRLN is now known to modulate the activity of SERCA1a 

in fast-twitch muscle fibres, whereas PLN and SLN regulate the activity of SERCA2a in 

cardiac and slow-twitch fibres (Anderson et al., 2015; Anderson et al., 2016). Evidence has 

also emphasised that SLN and PLN may act synergistically to induce a super-inhibiting effect 

on SERCA (Asahi et al., 2002). Our study showed a general correlation in the expression of 

regulatory proteins and their corresponding SERCA isoforms. An elevation in the transcript 

level of MRLN correlated with the increase in SERCA1a after the overexpression of 

SERCA2a. Although it showed a decrease in dystrophic muscles, it did not reach significance. 

PLN and SLN also followed the increase pattern in SERCA2a expression in both treated and 

untreated dystrophic muscles. Interestingly, SLN transcript levels were greatly elevated, by 30- 

and 50-fold in mdx and hSERCA2a-mdx muscles, respectively, compared to the level in healthy 

muscles and were 1.5-fold increased between the two groups of dystrophic muscles. This is 

consistent with earlier reports where SERCA2a and SLN were observed to be increased in mdx 

muscle and even further in more severer dystrophic conditions in mdx:utr-/- (Schneider et al., 

2013). This, on the one hand, may explain the elevation and super-elevation in SLN transcript 

levels in mdx and hSERCA2a-mdx muscles, respectively, although it may suggest that an 

anonymous mechanism in dystrophic muscles may promote the significant expression of SLN 

and which, in turn, could limit SERCA activity, regardless of its protein abundancy.  

The Olson laboratory has recently discovered two new members of the SERCA-

inhibitory protein family, ALN and ELN, that interact with SERCA2b and SERCA3, 

respectively (Anderson et al., 2016). Whereas ALN followed the expression pattern of its 

SERCA isoform in dystrophic muscle, ELN was expressed at levels 25-fold higher than normal 

levels, though the expression of SERCA3 remained unchanged. However, the elevation in 

ALN expression can, to some extent, be reasonable if we hypothesise that SERCA2a and 

SERCA2b could act interchangeably, and that their elevated expression could enhance the 

expression of their regulatory proteins in a similar fashion, similar to the hypothesis with SLN 

explained above. However, the question remains unanswered on why ELN expression would 

dramatically increase while its SERCA partner remained unchanged under dystrophic 

conditions?  
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Various studies have reported that other proteins may interfere with or enhance SERCA 

activity. DWORF was also discovered in the Olson laboratory and has been shown to promote 

SERCA activity (Nelson et al., 2016). Our study showed that DWORF mRNA levels remained 

unchanged in dystrophy, with or without overexpression of hSERCA2a, compared to normal 

muscles. Some studies claimed that heat shock protein 72 (Hsp72) is elevated in DMD. Under 

cellular stress, Hsp72 was reported to interact with and prevent the functional inactivation of 

SERCA without influencing its protein or mRNA levels. In addition, elevating the expression 

of Hsp72 in DMD mouse model showed a reduction in the pathology and an improvement in 

muscle strength. (Gehrig et al., 2012). Our study revealed a slight increase in the mRNA levels 

of Hsp72 in dystrophic muscle, though this did not meet significance. However, the mRNA 

level further increased after the overexpression of hSERCA2a in mdx muscles compared to 

normal levels. Although this is a modest attempt to link the concept of the protective nature of 

Hsp72 to the overexpression of SERCA2a, it raises further questions. Since Hsp72 is known 

to be increased with dystrophy and appears to be even further elevated with the overexpression 

of SERCA2a, can the protective nature of Hsp72 withstand the dramatic increase in expression 

of the inhibitory proteins of SERCA, especially in SERCA gene therapy? Was the further 

elevation in Hsp72 expression due to the overloaded expression of SERCA1a and 2a, or is it 

genuinely a protective mechanism from muscle fibres against the elevation in inflammatory-

related genes?  

Recently, small Ank1 has been claimed to be a novel regulatory protein for SERCA1 

activity which was proposed to act in a similar fashion as SLN, resulting in a similar effect 

(Desmond et al., 2015). When we measured the transcript level of sAnk1 we found an elevation 

in its expression in dystrophic muscles, without a further change after the overexpression of 

hSERCA2a. To date, sAnk1 has been reported to modulate SERCA1 and there is no evidence 

whether it affects SERCA2 or not. Although sAnk1 has considerable sequence similarity with 

PLN, SLN and MLN, it did no show to follow the expression patter of these inhibitory proteins. 

Indeed, further investigations are needed to establish if sAnk1 interacts or interferes with 

SERCA2a.  

We, also, examined the expression of the receptor activator of nuclear factor-κB 

(RANK). Inhibiting the activation of RANK leads to an improvement in muscle force and 

histology of mdx muscles (Dufresne et al., 2015). The ablation of the downstream protein of 

RANK, TRAF-6, revealed a reduction in atrophy and the ubiquitin-proteasome pathway, which 

can be stimulated by the [Ca2+]-dependent NF-κB signalling pathway (Dufresne et al., 2016). 
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Extensor digitorum longus (EDL) muscles in a mouse model null for RANK displayed a 

reduction in [Ca2+]-dependent ATPase activity, as well as in maximal ATPase activity (Vmax) 

(Dufresne et al., 2016). In this chapter, we observed a 7-fold elevation in RANK transcript 

levels in both hSERCA2a-treated and untreated mdx muscles in contrast to heathy muscles. 

Interestingly, although RANK ligand is required to activate RANK and subsequent NF-κB 

signalling pathway, overexpression of RANK itself was also found to be sufficient to activate 

it (Anderson et al., 1997). Therefore, it remains to be seen whether the remarkable elevation in 

RANK in mdx muscles has a role in promoting the [Ca2+]-dependent NF-κB signalling pathway 

and, presumably, the subsequent atrophy and inflammation. 

Calmodulin 1 (Calm1) and parvalbumin (Parv) are the main [Ca2+]-binding proteins in 

the cytoplasm whereas calsequestrin 1 (CASQ1) is the major [Ca2+]-binding protein within the 

SR (Pertille et al., 2010). We quantified the difference in the expression of these proteins as an 

indirect method of evaluating improvements in [Ca2+]-handling. Both transcript levels of 

Calm1 and Parv have not been greatly affected by dystrophy. Nevertheless, overexpressing 

SERCA2a enhanced the expression of both genes in contrast to untreated mdx muscles. 

Interestingly, CASQ1 mRNA was increased in both dystrophic groups compared to the healthy 

group. In contrast, overexpressing SERCA2a in dystrophic muscles had no influence on 

CASQ1 expression compared to untreated mdx muscles. However, these observed elevations 

in gene transcript levels of the cytosolic [Ca2+]-binding proteins add up to a potentially 

promising outcome of SERCA2a gene therapy, although assessment of the corresponding 

protein levels is required. 

To obtain a broader understanding on the subsequent influence of SERCA2a gene 

therapy on myogenesis and myopathy, we screened 84 related genes using the RT2 Profiler 

PCR array. Transcript levels of over 60 genes were significantly altered in untreated mdx 

muscles compared to healthy muscles. These genes can then be grouped according to their 

function or involvement in cellular activity such as muscle contractility-, myogenesis-, 

hypertrophy-, autocrine signalling-, metabolism- and atrophy-related genes (Appendix Table 

2-9). However, to evaluate the scope of the influence of SERCA2a treatment, we focused on 

genes that were affected in mdx muscles or treated muscles, but not altered in both, as well as 

the genes that were further altered with the overexpression of hSERCA2a when compared to 

mdx muscles. In this regard, most of the altered genes were either involved in protein synthesis 

or protein degeneration (atrophy) pathways. Figure 3-11 illustrates the overview of the 

signalling pathways that the altered genes are involved in. In general, the profiler array has 
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generated some conflicting results; however, in our opinion, the data gives an impression of 

the overexpression of SERCA2a resulting in reduced protein synthesis and increased atrophy. 

This hypothesis is based on the reduction observed in the expression of IGF-1 and IGF-2 and 

the elevation in the mRNA of Il6, caspase and MAPK proteins. In addition, while the elevation 

in NF-KB transcript was observed in both mdx muscle groups, treatment with hSERCA2a 

significantly reduced it. Paradoxically, Fbxo32 and Trim63, the two downstream substrates of 

NF-KB which are involved in proteolysis and atrophy, were further elevated with hSERCA2a 

gene delivery. Another interesting finding was the increase in caspase 3 in hSERCA2a-mdx 

muscles compared to untreated mdx muscles. This, however,  may be conflicting, since caspase 

3 can be activated via the activation of calpain through a Ca2+-dependent mechanism in high 

[Ca2+] concentrations (Blomgren et al., 2001), while the overexpression of SERCA2a was 

proposed to reduce the cytosolic concentration of [Ca2+]. Hence, further investigations are 

needed to evaluate the protein levels of calpain and caspase 3 to better interpret this finding. 

 The Akt pathway is a very well-known pathway implicated in regulation of both 

protein synthesis and atrophy. IGF-1 may phosphorylate Akt, which in turn may activate 

mTOR, leading to promoting protein synthesis (Cohen et al., 2015). On the other hand, 

reduction in the expression of Akt may lead to the activation of the FoxO cascade of muscle 

proteolysis (Huang & Zhu, 2016). Overexpressing hSERCA2a resulted in a further reduction 

in Akt1 level comparing to what was evident in untreated mdx muscles. This, in part, may 

explain the elevation in the levels of Fbxo32 and Trim63, which we propose to be due to the 

activation of FoxO.  Furthermore, reduced Akt can be linked to the elevation in levels of 

calpains (Appendix Table 2-9). While Hsp90 was proposed to protect Akt from de-

phosphorylation, high [Ca2+] concentration has been reported to reduce the Hsp90 content, 

which could be prevented by the inhibition of calpain activity (Huang & Zhu, 2016). Hence, 

we hypothesised that [Ca2+]-induced calpain activation may reduce Akt activity. In contrast to 

healthy subjects, our study demonstrated a dramatic elevation in the expression of calpain 2 

and 3 in both treated and untreated mdx muscles, and overexpressing hSERCA2a had no effect 

on their expression thereby proposing an alternative explanation which may explain the 

observed reduction in Akt transcript level.  

Muscle repair requires the activation of satellite cells (SCs) which, in turn, are 

controlled by a number of growth and myogenic factors. For a long time, it has been 

hypothesized that with age and progression of dystrophy, muscle fibres may lose their ability 

to carry on regenerating after degeneration cycles, potentially due to the “exhaustion” of SCs 
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(Morgan & Zammit, 2010), depletion in myofibre progenitors, or due to their disrupted 

proliferation, differentiation and potential functionality (Lu et al., 2014). On the other hand, a 

recent study has shown the opposite, by demonstrating that old dystrophic muscles obtained a 

higher number of SCs in contrast to WT muscles, with their ability to retain their regenerative 

capacity similar to old WT SCs (Boldrin et al., 2015). Therefore, they concluded that the 

pathological SC environment in dystrophy could be, in a part, the prime modulator of SC 

regenerating potential (Boldrin et al., 2015). However, this study used pre-irradiated host 

muscles, forming an environment permissive to implanted SCs to test their theory; therefore, 

this does not entirely rule out the observations from previous studies. In our study, the majority 

of the tested myogenic factors were elevated in both treated and untreated dystrophic muscles 

compared to healthy muscles. The TaqMan assay examining Pax7 transcript level revealed a 

dramatic elevation in dystrophic muscles. Interestingly, overexpression of hSERCA2a in mdx 

muscles had a profound effect in reducing Pax7 transcript levels (Figure 3-10). A preliminary 

investigation into the Pax7 protein levels in the three tested group of muscles revealed 

conflicting findings, as Pax7 expression was the highest in hSERCA2a-mdx than untreated 

mdx, with the lowest level in WT muscles. Indeed, further analyses are required on Pax7 

immuno-labelling. 

Myod transcript levels were also significantly increased in mdx, which is consistent 

with earlier studies (Jin et al., 2000), but remained unchanged even after the overexpression of 

hSERCA2a. This elevation in Myod may be a result of the need of tissues to derive a greater 

number of SCs, which is also in agreement with the increased expression of Pax7 protein 

observed in dystrophic muscles. Several number of studies have claimed that Myod expression 

can be inhibited be TNF-α and myostatin and hence reduce the level of cell differentiation 

(Man et al., 2009) (Figure 3-11). Therefore, despite the elevation in Myod expression, we 

suspect that dystrophic muscle cannot withstand the challenge against those dramatically 

elevated growth factors (e.g. TNF-α). Although mdx mice null for Myog were reported to 

survive without experiencing exacerbated muscle atrophy (Flynn, 2010), our study revealed a 

60-fold increase in Myog expression in dystrophic muscles, which was reversed by half after 

the overexpression of hSERCA2a (Figure 3-10).  

Myf5 was shown to support muscle regeneration by enhancing myoblast to shift from 

proliferation into differentiation (Ustanina et al., 2007), while MRF4 (Myf6) was recently 

identified to participate in regulating skeletal muscle by inducing hypertrophy through 

increasing protein synthesis (Moretti et al., 2016). Our results show a dramatic elevation in 
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Myf5 with dystrophy and a significant downregulation in the expression of MRF4 compared 

to WT muscles. By primarily considering the outcomes of the TaqMan assays and mRNA 

levels from the RT2 profiler array, the results suggest that overexpression of hSERCA2a has 

ameliorated the great demand for SC (less Pax7 expression) and the subsequent need for Myog 

as a modulator for myoblast fusion. However, the elevation in the expression of Myf5 may 

indicate the need for stimulating myoblast differentiation, whereas the decrease in MRF4 

expression may be as a result of the delay in protein synthesis, along with the reduction 

observed in IGF1/2 and Akt rates (Table 3-1, Figure 3-11). This assumption could have been 

more defined if it was accompanied with an estimation for the protein level of those myogenic 

factors, where one would have had a clearer vision of whether the overexpression of SERCA2a 

has ameliorated the progression of dystrophy.



 

  
   

 

 

 

Figure 3-11: Proposed signalling network. Illustration of the main genes that are involved in muscle growth, atrophy and metabolism which are altered 
following the administration of hSERCA2a in mdx muscles.  
The pathways are adapted from (QIAGEN; Man et al., 2009; Fanzani et al., 2012; Kuo et al., 2013; Cohen et al., 2015; Hoppeler, 2016; Manickam & 
Wahli, 2017). 
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3.5! Limitations and Suggestions for Future Work  

This study could potentially give different or more interesting outcomes if different 

time points were examined, for examples incubating SERCA2a for 3 and 6 months. 

This may give dystrophic muscle sufficient time to adapt to the overload of SERCA2a 

and utilise it more efficiently. In addition, the study may have been more relevant if 

SERCA2a was to be directed to another type of muscle, for example the soleus or 

diaphragm muscles. Since SERCA2a is mainly expressed in slow-twitch fibres, the 

soleus would be an interesting muscle to study as it is primarily made up of slow-twitch 

fibres mainly I and IIA in mouse. In addition, diaphragm would be an ideal tissue to 

study DMD as it is known to be the most reflective muscle for recreating human DMD 

conditions. Another interesting approach with this study would perhaps be to use a dual 

gene delivery system both expressing SERCA2a and suppressing its inhibitory protein, 

SLN and MRLN. Since the dysfunctionality in DMD is due to the loss of dystrophin 

and the subsequent loss of sarcolemmal integrity, a dual gene therapy that enhances the 

expression of utrophin or mini/micro dystrophin is also likely promising.  

A notable restriction to performing a thorough study on the effect of 

overexpressing SERA2a was the limitation in the number of animals studied. In 

addition, in a complete experiment of transduced mdx muscles with AAV-hSERCA2a 

(Vector Core, University of Massachusetts), AAV-hSERCA2a vector failed to 

demonstrate measurable transduction in contrast to robust AAV-GFP vector 

transduction. However, we attributed this failure in the in vivo study to the large 

transgene size of SERCA (7780 bp) which is critical to transduction efficiency. 

Furthermore, we attribute the same reason to the variation in the hSERCA2a transgene 

copy number seen between the transduced muscles in Figure 3-4 C as well as to the 

unchanged level of SERCA protein in treated mdx muscles (Figure 3-3 C). 

Another limitation to this study was the lack of information obtained on protein 

levels of the main proteins studied. It would have been very interesting to obtain an 

immunoblotting result of, for example, SLN. However, many attempts using different 

concentrations of protein lysate were unsuccessful to detect SLN at protein level. This 

may to be due to the very low molecular weight of SLN or to antibody inefficiency. 

Low volumes of protein samples have limited the investigation of the protein levels of 

the other SERCA regulatory proteins. Scoring the different fibre types using different 
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myosin antibodies before and after overexpressing SERCA2a would also have added a 

valuable finding to this study. Failure in providing such information was due to the late 

discovery of an optimal panel of antibodies and, hence, being limited with time to carry 

out analysing those collected data.  
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Chapter 4 
4! Characterization and Myogenesis of the Panniculus Carnosus 

Skeletal Muscle 

 

The in vitro experiment was conducted in a collaboration with Dr. Ander Izeta and 

Ms. Neia Naldaiz-Gastesi in the Biodonostia Institute, Donostia, Spain. 

1 Tissue Engineering Laboratory, Bioengineering Area, Instituto Biodonostia, 
Hospital Universitario Donostia, San Sebastian, Spain. 

 

 

4.1! Introduction 

Panniculus Carnosus (PC) is a striated skeletal muscle that sits deep to the subcutaneous 

layer of the skin, beneath the Panniculus Adiposus (AP) and above the interstitial 

connective tissue (ICT) of the body trunk (Machado et al., 2011). While it is vestigial 

in humans, it forms a descending lamina a few fibres in thickness throughout the body 

of lower mammals. In rodents, though the origin of the PC remains controversial, its 

insertion has been agreed to be around the axillary arch at the humerus bone 

(Langworthy, 1925; Pan et al., 2012). In a gross anatomy study, the PC was shown to 

give rise to four distinguishable muscle stripes according to their locations; dorsal, 

femoral, ventral, and genitalia PC (Woods & Howland, 1977; Pan et al., 2012; 

Zherebtsova, 2016). Rat and mouse PC were reported to be mainly composed of the 

fast–twitch type of fibres (Theriault & Diamond, 1988b; Brazelton et al., 2003). Of 

interest, mouse PC has shown to demonstrate distinctive features compared to other 

skeletal muscles. It possesses a naturally high turnover, reflecting a high regenerative 

activity with a high percentage of fibres with central located nuclei. Hence, PC fibres 

are generally smaller in diameter compared to other body muscle fibres though they are 

heterogeneous in sizes. The high regenerative capacity of the PC has been hypothesised 

be the factor behind the higher chance of the PC to recruit a significant percentage of 

bone marrow compared to other skeletal muscle (Brazelton et al., 2003).  
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PC muscle tissue plays a role in maintaining the security of the skin against 

extrinsic irritating and/or noxious stimuli. In addition, it is accepted that PC indirectly 

contributes to wound healing. Since the PC is supplied by distinct direct cutaneous 

vessels separate from the blood supply of the underlying skeletal musculature, the PC 

can contribute to the remodelling of wounds and angiogenesis  (Daniel & Williams, 

1973). In addition, the PC may participate in the thermoregulation of the body core by 

enabling shivering and subsequent heat production (Wilder, 1930; Pavletic, 2010). 

Muscle regeneration is initiated by the activation of satellite cells (SCs) which is 

facilitated by the co-expression of a panel of myogenic growth factors; Pax7, MyoD, 

Myf5 and myogenin. After multiple cycles of division, activated SCs are fused together, 

either to form new myotubes or to repair an existing injured myotube (McCullagh & 

Perlingeiro, 2015). In muscular dystrophies, the term “SC exhaustion” is often referred 

to as the incapacity of SCs to withstand and retain their function against overload 

demand in generating active SC and supplying continuously injured myofibres (Chang 

et al., 2016). Satellite cells are also believed to be influenced by intrinsic and extrinsic 

factors (McCullagh & Perlingeiro, 2015). Although the mechanism remains unclear, 

dissimilarities in SC activity were observed between the genders, which is hypothesised 

to be due to sex hormones and their levels (Deasy et al., 2008; Neal et al., 2012). 

Studies of comparative anatomy across mammals conducted earlier last century 

have greatly contributed to the overall knowledge we have today on the PC. Since the 

earliest publications, the research on PC has expanded to investigate various aspects 

including anatomy (Langworthy, 1925; Zherebtsova, 2016), innervation supply 

(Theriault & Diamond, 1988b, a; Pan et al., 2012), blood supply (Machado et al., 2011; 

Langer et al., 2016), general muscle characterization (Theriault & Diamond, 1988b; 

Brazelton et al., 2003), contribution to wound healing and angiogenesis (Munz et al., 

1999; Machado et al., 2011; Langer et al., 2016), bone marrow engraftment (Brazelton 

et al., 2003), tissue engineering, and differentiation of isolated PC stem cells (García-

Parra et al., 2014). This extensive knowledge has played a key role in establishing the 

PC muscle layer as an advantageous assay system, e.g. studying muscle noninvasively. 

Nevertheless, the literature still lacks such a comprehensive overview on the molecular 

properties of PC as an independent muscle tissues. Moreover, to the best of our 

knowledge, PC has not yet been investigated in dystrophic animal models. Hence, we 

wished to study the PC at both cellular and molecular levels in healthy mice and in the 

mdx mouse model of DMD. The first objective was to characterize the PC at different 
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ages and different stages of dystrophy to obtain an overview of its turnover behaviour 

and its reaction toward prolonged dystrophy. In addition, to gain a closer cellular insight 

into the mechanism behind the higher regenerative activity of the PC, we isolated 

satellite cells of the PC from male and female wild-type and mdx mice, and assessed 

their myogenic activity in vitro. A minor additional objective was to examine the 

calcium handling in PC-derived cells. The findings from this study provide a better 

understanding of the PC muscle in a diseased state and revealed PC muscle regeneration 

to be gender sensitive. We propose that the unique aspects of the PC expanded on in 

this study in normal and in DMD mice make this an attractive model for studying 

mechanisms of muscle regeneration in mouse models.  
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4.2! Methods and Materials  

4.2.1! Ethics, Experimental Animals 

Ethics and approved guidelines were applied to the use of experimental animals within 

this chapter (Method 2-1). Housing animals was performed with the maximum of 

animal welfare. Male and female control wild-type (WT) (C57BL/10ScSn) and mdx 

(C57BL/10ScSn-Dmdmdx/J) mice were employed. Dorsal skin tissue fragments (1cm2) 

were harvested from male mice at three different ages: 6, 12 and 52 wks (n=4-5). 

The dermal tissues were taken from the superior to mid region of dorsal side of the 

mouse, processed and preserved following the paraffin-based method (method 2-3-

1). Three 8-week-old male and female WT and mdx mice were employed in the in vitro 

cell culture study where the entire dorsal skin tissue was dissected and involved in the 

preparation. In all procedures, mice were euthanized by CO2 asphyxiation. 

 

4.2.2! General Skin Tissue Dissection 

Full-depth hairless dorsal skin tissues of 6 and 12 weeks old were collected from below 

the inferior angle of the scapulae lateral to the superior segments of the thoracic spine 

(PC1 and PC2, Figure 4-1). Based on their morphology, either PC1 or PC2 was 

implicated for further analysis. Skin fragments from 52-week old mice were collected 

from the middle site of the back (Mid.PC, Figure 4-1). All skin tissues were immediately 

flattened over a piece of polyvinylidene difluoride (PVDF) membrane to then fixed in 

4% paraformaldehyde (PFA). Tissues were processed and preserved in paraffin blocks 

(Method 2-3-1). 

Skin tissues harvested from 8-week old male WT and mdx were dissected from the 

middle region of dorsum of the mouse (Mid.PC, Figure 4.1). Tissues were processed 

and preserved following the cryogenic method according to method 2.3.1. Skin tissues 

dissected from 8-weeks old male mice are mainly employed in chapter 5 and only used 

here for their better quality compared to paraffin-processed tissues for 

immunofluorescent staining. Complete steps of processing those 8-week old PC tissues 

are described in section 5.2.1 
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Figure 4-1: Schematic image of the dorsal view of the mouse illustrating the sites at which 
skin tissues were harvested 

PC1 and PC2 skin fragments were dissected from below the inferior angle of the scapulae 
lateral to the superior segments of the thoracic spine. Mid-PC was dissected from the 
proximal site of the dorsal skin perpendicular to the inferior segment of the thoracic spine. 
Inferior-PC was collected from the lower part of the dorsal skin perpendicularly between 
the lumbar and sacral spine. 

 

4.2.3! PC Genotyping and Fibre type confirmation  

Genotype confirmation was performed on PC muscles harvested from 8-week old male 

WT and mdx mice. Frozen sections (10 µm) were immuno-stained with dystrophin 

antibody and detected with a suitable secondary antibody (Appendix Table: 1-4 & 1-5) 

according to method 2.7.1.  

The confirmation of the PC muscle fibre-type was conducted by staining paraffin 

sections (5 µm) with fast and slow myosin heavy chain (MyHC) primary antibodies 

(Appendix Table: 1-4) following the method described in method 2.7.1 

The determination of the fast MyHC subtypes was carried out by double-staining frozen 

sections (10 µm) from 8-week-old WT and mdx mice with monoclonal primary 

antibodies against both IIa and IIb MyHC using SC_71 and BF-F3 antibodies, 

respectively, followed by conjugation of the primary antibody to a suitable 

fluorescently conjugated secondary antibody (Appendix Table: 1-5), as described in 

method 2.7.1. All fluorescent images were captured on an Olympus BX51 Upright 

Fluorescent Microscope, using Volocity software. 
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4.2.4! Whole-Body PC Analysis 

Analysis of the distribution of the PC muscle throughout the skin was performed on 52-

week-old male WT and mdx mice. Skin tissue fragments were dissected from different 

anatomical locations (scalp, neck, superior, middle and inferior parts of both dorsal 

and ventral skin, and hindlimbs) (Figure 4-2). Skin tissues were processed and 

preserved using the paraffin-based tissue processing method (Method 2-3-2). 

Paraffin sections of 5 µm in thickness were then stained with trichrome staining (method 

2.4.2) to examine the prevalence of PC muscle throughout the skin. Skin sections were 

captured using an Olympus BX51 microscope, Olympus DP70 camera and ImageJ-Pro 

software, and were imaged at 4x magnification. 

 

 

Figure 4-2: Mouse diagram demonstrates the varying sites at which PC was examined for 
its prevalence 

 

4.2.5! Histology and Morphometric Analysis 

4.2.5.1! Thickness of Skin compartments 

Paraffin skin sections of 5 µm in thickness from mice of 6 and 12 weeks old were stained 

with trichrome staining to distinguish the different components of the skin layers 

(method 2.4.2.) Connective tissue was stained in blue, PC muscle was displayed in red 

and adipose tissue remained unstained. Dermis, Panniculus Adiposus (PA) and 

Panniculus Carnosus (PC) were analysed for their thickness and area-occupancy. 

Measuring the thickness of the different skin layers was performed on images captured 

at 10x magnification by an Olympus BX43 using ISCapture software, and at least four 

non-overlapping images were analysed per mouse tissue. Relative thickness ratio (%) 
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was measured by dividing the thickness of a selected skin layer over the overall thickness 

of the skin. Relative occupancy–abundance ratio (%) was calculated by dividing the area 

of a selected skin layer over the overall area of the skin. Analysis was performed using 

ImageJ software. 

 

4.2.5.2! Fibre Sizing 

Paraffin skin sections of 6, 12 and 52 weeks old male WT and mdx mice were used to 

analyse the impact of dystrophy on the homogeneity of PC fibre size. Sections were 

stained with wheat germ agglutinin (WGA) to reveal muscle fibre membranes. Slides 

were viewed using an Olympus IX71 or Olympus BX51 microscope. Four – five non-

overlapping images were captured at 20x magnification. The PC muscle fibre size was 

determined by calculating the absolute cross-sectional area (CSA) and the minimal 

Feret’s Diameter (mFD). The bin array for the frequency of the CSA was set at a 

range of 100 µm2 or 250 µm2 in the case of 52-week-old tissues. Minimal FD 

frequency was distributed at a bin range of 5µm or 10 µm in the case of 52-week-

old tissues. Images were analysed using ImageJ and Excel software (Method 2-6-2). 

 

4.2.5.3! Central nucleation 

Paraffin sections (5µm) from 6-, 12- and 52-week old mice were used to score the 

percentage of central nucleated fibres (%CNF) as an indicator for the progression of 

muscular dystrophy. Sections were stained with the conventional H&E staining 

according to method 2-4-1. Slides were viewed using an Olympus IX71 or Olympus 

BX43 microscope. Four or five non-overlapping images were captured of each section 

at a magnification of 10x. Analysis was performed using ImageJ and Excel software 

following method 2-6-1. 

 

4.2.5.4! Capillarization 

Capillary to fibre ratio and capillary density in 6, 12 and 52 weeks old WT and mdx mice 

were analysed using paraffin sections (5µm) according to method 2-6-3. Sections were 

double-stained with WGA and lectin B4 to highlight both muscle fibre membranes and 

blood capillaries, respectively. Quantifications were performed on 4-5 non-overlapping 

images. Images were captured by an Olympus BX51 Upright Fluorescent Microscope 
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using Volocity software. Images were analysed by using ImageJ and Excel software 

according to method 2.6.3. 

 

4.2.6! Isolation, Proliferation and Differentiation of Panniculus Carnosus Precursors 

Primary cells of the PC muscle were obtained from the dorsal skin tissues of 8-week-old 

male and female WT and mdx mice. A day prior to conducting the isolation procedure, 

sterile 12mm Ø glass coverslips were coated with extracellular matrix (ECM). The ECM 

was prepared at a final concentration of 2.77 mg/mL by combining 4.8 mL of the 

Basement Membrane Extract (Cultrex, #3432-005, TREVIGEN) and one part of the 

Low Molecular Weight Hyaluronan (#GLR001, R&D Systems) for each 20 parts of 

the ECM total volume, both of which were diluted in a pre-cooled phosphate-

buffered saline (PBS pH7.4, #10010056, Gibco). A volume of 300µL of ECM final 

mixture was applied per coverslip. The ECM was then allowed to polymerize by 

incubating the coverslips at 37°C for 24 hours in sterile conditions and the excess 

was then aspirated. Coverslips were incubated at 37°C for 7 days before plating cells 

on them for differentiation. 

Mice were euthanized by CO2 asphyxiation and dorsal skin was then shaved 

with an electric shaver. The skin was shaved further using a razor blade while 

repeatedly washed with chlorhexidine. The entire dorsal skin was then wiped with 

iodized antiseptic and dissected starting from the lower back, edgewise toward the 

head, before returning to the tail-base from the contralateral side. Skin biopsies were 

then preserved on ice in Hank's balanced salt solution (HBSS, #14175129 Gibco), 

containing 2% Fungizone™ (#15290018, Gibco) and 2% penicillin/streptomycin 

(P/S, 15140122, Gibco). On a petri dish, biopsies were washed with fresh HBSS 

buffer then cut into approximately 0.3 cm2 pieces. Cut biopsies were then placed 

into sterile 15 mL tubes containing Collagenase type IA (2100U, #C2674, Sigma) 

and shaken at 37°C for to 2 hours at 180 rpm. Digested skin biopsies were then 

filtered through a 40 µm cell strainer and washed by centrifugation with proliferation 

medium (Neurobasal A, #10888022, Gibco; 2% B27, #17504001, Gibco; 1% L-

glutamine 200mM, #G7513, Sigma-Aldrich; and 1% P/S). Cells were then allowed 

to proliferate for 7 days in 5 mL proliferation medium supplemented with 2% low 

serum growth supplement (LSGS, #S00310, Gibco), 40ng/mL epidermal growth 

factor (#3214-EG-100, R&D Systems), and 80ng/mL basic fibroblast growth factor 
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2 (#3339-FB-025, R&D Systems), where the media was refreshed every 2 days by 

centrifugation. Cells were then allowed to differentiate by seeding 1.5 x 105 cells/ml 

of each culture per one coverslip in differentiation media (10% Fetal bovine serum 

in Neurobasal A media). Cells were allowed to differentiate for different time points; 

1, 3, and 7 days, and the medium was renewed every 2 days (Figure 4-3). 

 

4.2.7! Cell Immunofluorescent Staining 

At the end of the desired time point, cells were washed with PBS, fixed with 4% 

paraformaldehyde for 10 min at room temperature (RT), and further washed with 

PBS to wash off the fixative solution. After this, the cells were permeabilized and 

blocked in 5% goat serum diluted in 0.3% Triton X-100/PBS (PBST) for 1 hour at 

RT, followed by incubation in primary antibodies diluted in PBST for 2 hours at RT. 

Primary antibodies used herein include: Mouse anti-Pax7, Mouse anti-Myogenin, 

anti-Myosin heavy chain and anti-Dystrophin. Primary antibodies were then 

revealed using appropriate secondary antibodies (Appendix Table 1-5). Nuclei were 

highlighted using either Hoechst (10µg/mL) staining or ProLong® Gold Antifade 

Mountant with DAPI (Molecular Probes™, P36935). Fluorescent images were 

captured using a Nikon Eclipse 80i microscope (Nikon Instruments Europe B.V., 

Amsterdam) for cell experiments and analysed by ImageJ software. 

To assess myogenin expression, nine different fields from two different 

coverslips were analysed for positive myogenin (Myog) immunostaining.  Cell 

number was assessed by counting the number of nuclei stained by Hoechst 

comparing with the number of immunopositive stained cell nuclei for myogenin. 

Data were analysed by comparing the mean percentages of +MyoG nuclei / total 

nuclei generated from four different biological replicates for each condition (i.e. 

male and female WT and mdx). 



 

  
   

 

 

 

Figure 4-3: The procedure of derivation, proliferation and differentiation of the panniculus carnosus precursors.  
This figure is adapted from (García-Parra et al., 2014)

Shake
180)rpm
37)°C)
2)hours

HBSS)buffer
Fungizone

P/S

Cut)into)small)pieces)

Biopsy)+
Collagenase)
Type)IA)

Inactivate)
Collagenase)

Filter)through
0.40)μm Cell)
strainer)

Centrifuge
1500)rpm
5)min)
23)°C)

ReNsuspend
the)pellet

+)15mL)
media))

Seed)cells

7)days

MON$ TUE$ WED$ THU$ FRI$ SAT$ SUN$
30$
$
$
$
$
Day$1$

31$
$
$
$
$
Day$2$

01$
$
$
$
$
Day$3$

02$
$
$
$
$
Day$4$

03$
$
$
$
$
Day$5$

04$
$
$
$
$
Day$6$

05$
$
$
$
$
Day$7$

06$
$
$
$
$
Day$8$

07$
$
$
$
$
Day$9$

08$
$
$
$
$
Day$10$

09$
$
$
$
$
Day$11$

10$
$
$
$
$
$
Day$12$

11$
$
$
$
$
Day$13$

12$
$
$
$
$
Day$14$

13$
$
$
$
$
Day$15$

14$
$
$
$
$
Day$16$

15$
$
$
$
$
Day$17$

16$
$
$
$
$
Day$18$

17$
$
$
$
$
Day$19$

18$

Mice%&%Spheres%%

ECM%

Differen1a1on%%

IF%day%7%

Wash% Wash% Wash%

Wash% Change%medium%

Change%medium%

Dermosphers

7)days

Differentiation
Seed)on)ECM

N GF
+)Serum

MON$ TUE$ WED$ THU$ FRI$ SAT$ SUN$
30$
$
$
$
$
Day$1$

31$
$
$
$
$
Day$2$

01$
$
$
$
$
Day$3$

02$
$
$
$
$
Day$4$

03$
$
$
$
$
Day$5$

04$
$
$
$
$
Day$6$

05$
$
$
$
$
Day$7$

06$
$
$
$
$
Day$8$

07$
$
$
$
$
Day$9$

08$
$
$
$
$
Day$10$

09$
$
$
$
$
Day$11$

10$
$
$
$
$
$
Day$12$

11$
$
$
$
$
Day$13$

12$
$
$
$
$
Day$14$

13$
$
$
$
$
Day$15$

14$
$
$
$
$
Day$16$

15$
$
$
$
$
Day$17$

16$
$
$
$
$
Day$18$

17$
$
$
$
$
Day$19$

18$

Mice%&%Spheres%%

ECM%

Differen1a1on%%

IF%day%7%

Wash% Wash% Wash%

Wash% Change%medium%

Change%medium%

Proliferation
+)EGF
+FGF
+LSGS

Twitching
myotubes



Characterization and Myogenesis of PC 

 128 

4.2.8! Gene Expression Assessments 

4.2.8.1! Total RNA Extraction 

Total RNA was extracted from cells differentiated for 7 and 21 days. Cells were washed 

first with pre-cooled PBS pH 7.4. 700 µL of TRIzol was added and passed between the 

3 coverslips in a vigorous manner meaning cells were washed off the coverslip each 

time. The cell mixture was then vortexed for 1 min to homogenize the cells. The cell 

lysate was then centrifuged and the upper aqueous layer – containing the RNA product 

- was further purified using a commercial kit (miRNeasy Mini kit, #217004, QIAGEN) 

(Method 2-8-2). 

4.2.8.2! Quantitative Real-Time PCR 

Relative gene expression was estimated using TaqMan® assays. TaqMan® primers were 

either selected from a pre-designed primer’s list or manually designed using the online 

“PrimeQuest” tool, both provided by Integrated DNA Technologies (IDT, 

www.idtdna.com, Iowa, United States). Primers used within this chapter are; Pax7, 

Myog, Adult MyHC, emb.MyHC, SERCA1a, SERCA2a, SLN, PLN, MLN, Parv, 

Calm1, SACQ1, slow MyHC, IIa fast MyHC, IIx fast MyHC and IIb fast MyHC 

(Appendix Table: 1-2 & 1-3). TATA-Box Binding Protein housekeeping gene (TBP) 

was used as an endogenous housekeeping gene where genes of interest were normalized 

to. A final volume of a 10µL was used per reaction consisting of 50% TaqMan® reagent, 

45% cDNA (25-50ng), and 5% 20x TaqMan probe. 384-well microplates were used for 

qPCR and run using a 7900HT Fast Real-Time PCR System or LightCycler 480 II. Data 

were exported and analysed on Excel. Relative gene expression of the selected target 

gene was manually assessed by applying 2-ΔΔC
T method. 

 

4.2.9! Statistical Analysis 

All data are expressed as mean ± SEM. A statistical comparison on multiple population 

means was performed a 2-Way-ANOVA test (GraphPad Prism 7 software) to determine 

if tested factors or if the interaction between factors have any significant affect. Multiple 

comparisons were performed using a Student’s t-test (Excel software) on data sets to 

determine significances between groups. Gene expression data was analysed using the 

Student’s t-test only. *, ** or *** signify P-values of p <0.05, p <0.01 or p <0.001, 

respectively.
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4.3! RESULTS 

4.3.1! PC Morphology in Mice 

Mouse skin consists of different layers, where the epidermis represents the outer layer 

and the subcutaneous layer the deepest. The PC muscle sheet is sandwiched between 

the panniculus adiposus of the subcutaneous layer and the interstitial connective tissue 

(Figure 4.4). The PC is 3-5 fibres in thickness and originates from the axilla at the 

humerus bone of the fore limbs and extends toward the body trunk, running laterally to 

the skin (Pan et al., 2012). According to our observations, PC layer thickness gradually 

narrows, allowing for a minor separation perpendicularly and along the spine (Figure 

4.4). This suggests that each group of PC fibres can be launched from each axilla, 

forming a separate bundle of fibres on either side of the body. 

 

 

Figure 4-4: Representative histology image of the mouse skin 

Transverse section of one year old WT mouse skin taken from the mid site of the 
dorsum and stained with Masson’s Trichrome blue showing the different layers of the 
skin and the minor division in the PC layer at the midline. Scale bar= 200 µm 

 

4.3.2! Muscle Fibre Types in PC of Wild-Type and Dystrophic mdx Mice 

DMD is mainly a result of the failure to produce functional dystrophin protein at the 

sarcolemma. However, as the fact that PC has yet not been studied in mdx, we examined 

the dystrophy genotype in mdx skin. PC muscle from both WT and mdx were stained 

with antibody against dystrophin and, as expected, mdx PC fibres were negative for 

dystrophin, confirming the hallmark genotype (Figure 4.5). 
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For many decades, PC muscle has been known to primarily express type II 

MyHC as it is mainly composed of fast type muscle fibres (Theriault & Diamond, 

1988b; Brazelton et al., 2003). This was confirmed by positively stained cross-

reaction with a pan anti-fast-myosin antibody in both wild-type and mdx transverse 

dermal sections (Figure 4.6). To delineate which subtype of myosin-expressing 

fibres are present in the PC in wild-type and mdx mice, we subjected muscle 

sections to a panel of MyHC-isoform-specific monoclonal antibodies. Our results 

showed that the PC expresses all three types of fast MyHC, IIA, IIX and IIB. The 

glycolytic IIB fibres were the most prevalent expressed subtype followed by IIA and 

IIX (Figure 4.6). There was no difference in this arrangement between wild-type and 

mdx mice. PC muscles of both mouse types showed a definite absence of slow MyHC.  

 

Figure 4-5: Confirmation of the DMD phenotype in PC of mdx 
Transverse sections immuno-stained with dystrophin antibody showing the positively 
stained fibres for dystrophin in wild-type PC skeletal muscle in contrast to mdx fibres, 
which are null for dystrophin. Nuclei stained with DAPI (blue). Scale bar = 50 µm 
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Figure 4-6: PC muscle fibre typing 
(A) Sample of dorsal skin cross-section immune-stained with pan anti-fast myosin in both 
wild-type and mdx mice.  Scale bar =200µm. (B) PC cross-sections immunofluorescently 
stained with anti-myosin IIa (green) and anti-myosin IIB antibodies (red).  Nuclei stained 
with DAPI (blue) in merged image. Scale bar = 50 µm. 
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4.3.3! Anatomical Distribution of The Panniculus Carnosus Muscle: 

A number of historical articles have readily documented the anatomy and the 

distribution of the PC in normal conditions of higher and lower mammals. Herein, we 

confirmed that the PC muscle is widely distributed throughout the skin. In addition, the 

presence and distribution of the PC muscle was examined in dystrophic mice and it 

appeared to be visually similar to the normal condition. Nevertheless, mdx PC muscles 

appeared thicker relative to normal PC at most of the examined regions (Figure 4-7).  

 

 

Figure 4-7: PC histology images of skin fragments taken from 12 anatomical locations 
from WT and mdx mice 
 Representative histochemical Masson’s Trichrome blue stain of skin fragments from 12 
anatomical locations from 52-week old (A) WT and (B) mdx mice. The outer epidermal 
layer appears red, the dermal layer is blue, and the skeletal muscle PC layer is rich red. 
A gastrocnemius muscle cross-section is included as a control for skeletal muscle staining. 
Scale bar= 200µm 
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4.3.4! Indexes of Dystrophy and Morphometric Analysis 

4.3.4.1! Thickness and occupancy-abundance ratio of skin compartments 

Thickness and occupancy-abundance ratio (OA) of the different skin layers (dermis, 

panniculus adiposus; PA and panniculus carnosus; PC) were measured from young and 

adult WT and mdx mice skin. Measurements were calculated relative to the total 

thickness or area. In general, healthy and dystrophic young (6wks) animals 

demonstrated a similar relative thickness for the different skin layers. While only the 

PA layer was significantly thicker in adult (12wks) WT mice compared to the younger 

group, all the three skin layers markedly thickened with age in mdx mice. However, 

adult mdx skin showed a significant thinner dermis and a thicker layer of PC comparing 

to healthy adult animals (Figure 4-8A). 

Similarly, the three skin layers of young WT and mdx animals (6wks) shared 

similar relative OA ratio measurements. Age had no effect on the relative OA ratio of 

the different skin compartments in healthy (WT) animals. In contrast, adult (12wks) 

mdx mice showed a significant lower OA ratio of the dermis, higher OA ratio for both 

PA and PC when compared to their WT controls as well as to the younger mdx mice, 

indicating a dystrophic effect on the OA ratio (Figure 4-8B). 
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Figure 4-8: Thickness of skin compartments and occupancy abundance ratio 
(A) Relative thickness of the different compartments of the dorsal skin. (B) Relative 
occupancy abundance ratio of the different compartments of the dorsal skin. Data are 
represented as means + SEM; n=4 
 
 
 

4.3.4.2! Central Nucleation 

Normal PC fibres were previously reported to demonstrate a high turnover rate 

compared to normal limb muscle fibres (Brazelton et al., 2003). To determine the 

regenerative capacity and gross dystrophic histopathology of the PC, centrally 

nucleated fibres (CNFs) were scored in young (6wks) and adult (12wks) WT and mdx 

tissues (Figure 4-9 A). As expected, mdx fibres showed a greater percentage of CNFs 

compared to WT at both time-points. Thirty percent of the 6wks old mdx PC fibres 

were centrally nucleated fibres, which is equivalent to a 4-fold higher percentage 

comparing to levels evident in WT (8%). This percentage was further elevated to 53% 

in adult PC tissues of mdx compared to only 11% in age-matched WT PC fibres (Figure 

4-9 B). A trend was also observed between the two WT groups, where 11.9% of 

myofibre nuclei in PC of adult mice were centrally located compared to 7.9% in 

younger mice, though this was not deemed statistically significant.  

However, by performing the statistical analysis of the 2-way ANOVA test, it 

was revealed that both age and the genotypic differences had significant effects on the 

variability observed in the percentages of the CNF between the examined muscles. 

Meanwhile, the interaction relationship between the two independent variables, age and 
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genotype, was shown not to have any significant effect which indicates that the effect 

of age was different in each animal genotype.  

 

 

 

 

Figure 4-9: The PC is a highly regenerative skeletal muscle 
(A) Histological representative view of PC skeletal muscle demonstrates centrally 
nucleated fibre phenotype in wild type and mdx dermal tissues from 6- and 12-week-old 
mice. (B) Quantitative comparison of the percentage of fibres with centrally located nuclei 
in 6 and 12-week-old wild-type and mdx mice (‘WT M’ and ‘mdx M’, respectively).  
Tissues were taken from the superior dorsum of the mouse. Scale bar= 100 µm. Data are 
represented as means + SEM; * = p < 0.05, ** = p < 0.01; n = 4 
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4.3.4.3! Fibre Sizing 

Another indicator for muscle dystro-pathology is a heterogeneity in fibre sizes, as a 

proportion of dystrophic fibres exhibit hypertrophy overtime. In general, averages of 

CSA and mFD of PC fibres showed significant increases in fibre sizing due to aging 

and dystrophy (Figure 4-10A). Both the frequency distributions of the CSA and mFD 

of the 6wks old WT PC demonstrated a tighter curve toward the left with the majority 

of fibres (35% and 70%) being arranged around 100-200 µm2 and 10-20 µm, 

respectively. These percentages dropped significantly when compared to those of the 

6wks old mdx and 12wks old WT PC tissues with a p values of < 0.05 and < 0.01, 

respectively. However, this observation suggests that young dystrophic muscles and 

adult WT fibres are at the same level of hypertrophy. Moreover, the elevation in fibre 

size was noticeably pronounced in the 12 wks old mdx PC fibres when compared 

to their age-matched WT PC and younger mdx PC tissues. The distributions of the 

CSA and mFD of the 12wks old mdx PC demonstrated remarkable wide curves with an 

average CSA of ~1500 µm2 and ~35 µm for mFD (Figure 4-10). 

However, by performing the statistical analysis of the 2-way ANOVA test, it 

was revealed that both age and animal genotype had significant effects on the CSA and 

mFD of PC fibres. Moreover, the interaction relationship between the two independent 

variables, age and genotype, was also shown to have a significant effect indicating that 

the effect of age had the same impact on the two animal genotypes, or vice versa.  
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Figure 4-10: PC fibre sizing in 6- and 12-week old WT and mdx mice 
Mean myofibre (A) cross-sectional area and (B) diameters in 6- and 12-week-old wild-
type and mdx mice. Comparison of the (C) fibre transverse size distribution (µm2) and 
(D) the frequency distribution of the Min Feret's Diameter between 6- and 12-week old 
WT and mdx PC muscles. Data are represented as means + SEM; * = p < 0.05, ** = p < 
0.01; n = 4 
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capillaries within the PC muscle sheet (Figure 4-11A). Capillarization of PC was 
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calculating the density of the capillaries per millimetre (mm2) squared of PC. Young 

WT and mdx mice (6wks) showed similar numbers of capillaries per myofibre. This 
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ratio when compared to both young mdx muscles and age-matched WT PC. On the 

other hand, capillary density was consistent among the four PC muscle groups, although 

a slight trend toward a reduction was observed on older dystrophic PC which was not 

deemed statistically significant (Figure 4-11 B & C). 

However, by performing the statistical analysis of the 2-way ANOVA test, it 

was revealed that both age and animal genotype had significant effects on the average 

capillary-to-fibre ratio in 6wks and 12wks WT and mdx PC muscles. Meanwhile, the 

interaction relationship between the two independent variables, age and genotype, was 

shown not to have any significant effect indicating that the effect of age did not have 

the same impact on each animal genotype group. On the other hand, ANOVA test could 

not detect any significant effects of age, animal genotype or the interaction relationship 

between the two independent variables on the average capillary density among the four 

groups of 6 wks and 12 wks WT and mdx PC muscles. 
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Figure 4-11: Capillarization assessment of the PC muscle 
(A) representative lectin staining images displaying the capillaries of PC at 6- and 12-
week time points of WT and mdx mice. Scale bar=50µm. (B) Quantification of the average 
number of capillaries per myofibre. (C) Quantitative comparison of average capillary 
density (capillaries/µm² x 103) in WT and mdx PC muscle tissue. Data are represented as 
mean + SEM; * p < 0.05, *** p < 0.001; n = 4 
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4.3.5! PC in aged mice 

After characterizing the main dystrophic indexes in young and relatively adult mice, 

we were interested in discovering whether the PC in old animals would exhibit a higher 

turnover rate more than younger muscle. In addition, we were keen on investigating the 

prolonged effect of dystrophy on the PC. 

Transverse dermal sections (Mid. PC) of 52-week-old WT and mdx were 

stained with a pan anti-fast-myosin antibody. Both PC muscles of WT and mdx 

mice showed a robust expression of the protein (Figure 4-12). This indicates that 

the fast fibre phenotype is a hallmark of PC in both genotypes and remains so in 

aged muscles.

 

Figure 4-12: PC fibre typing in aged mice 
Sample of dorsal skin cross-section from 52-week old WT and mdx mice immuno-stained 
with pan anti-fast-myosin in both wild-type and mdx mice demonstrating the PC fibre 
type 
 

 

Centrally nucleated fibres (CNFs) were scored to estimate the regenerative 

capacity and gross dystrophic histopathology of old PC. As expected with the 

progression of dystrophy, the percentage of CNF was greater in dystrophic PC than 

what was observed in the healthy counterparts. While 16.32% of myofibre nuclei 

in the PC of old WT mice were centrally located, old mdx PC had an average of 

35.47% CNF (Figure 4-13). Regardless of the fact that old skin tissues were 

dissected from a different site of the dorsum than younger PC tissues, older healthy 

PC muscles showed a 4 and 8% greater CNF than young and adult healthy PCs, 

respectively (Figure 4-13 & 4-9). 
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Figure 4-13: Central nucleation in aged PC muscles 
(A) Histological representative view of PC skeletal muscle demonstrates centrally 
nucleated fibre phenotype in wild type and mdx dermal tissues 52-week-old mice. Scale 
bar= 100 µm. (B) Quantitative comparison of the percentage of fibres with centrally 
located nuclei in 52-week-old wild-type and mdx mice.  Tissues were taken from the 
middle dorsum of the mouse. Data are represented as means + SEM; **= p < 0.01; n = 4 
 
 

Fibre sizes of old PC muscles were quantified from the middle site of the 

dorsum where almost all PC fibres are aligned and have the least obliqueness. 

Transverse sections of old WT and mdx dermal tissues were subjected to WGA-

staining to highlight the boundaries of PC muscle fibres. Fibre sizing was 

determined by both measuring the gross cross-sectional area and minimal Feret’s 

diameter. Both diameters showed similar fibre size distribution in old WT and mdx 

PC muscle fibres. 
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Figure 4-14: PC fibre sizing in aged mice 
(A) Representative images of 52-week old WT and mdx PC transverse sections stained 
with WGA to highlight the muscle fibre membrane. Comparison of the (B) fibre 
transverse size distribution (µm2) and (C) the frequency distribution of the Min Feret's 
Diameter between old WT and mdx PC. Scale bar= 50 µm. Data are represented as mean 
+ SEM (n = 4). 
 
 
 

Enrichment of the PC with blood capillaries was assessed by measuring the 

number of capillaries per myofibre and by calculating the density of the capillaries per 

millimetre squared of PC. Regardless of the area of the PC we examined, there was a 

significant difference in the capillary-to-fibre ratio between old WT and mdx PC 

muscles in contrast to younger PC muscles. Old dystrophic PC muscles demonstrated 

an increase in the number of capillaries per myofibre compared to healthy PC tissue. 

However, the ratio in both muscles is similar to what was evident in younger animals. 

On the other hand, both old PC muscles of WT and mdx mice showed a dramatic 

increase in the density of capillaries per millimetre squared of PC, with a range of 1400-

1600 capillary/mm2 compared to ~ 625 capillary/mm2 in younger animals. However, 

the capillarization enrichment in old PC remained consistent between both healthy and 

dystrophic muscles. 
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Figure 4-15: Capillarization of aged PC muscles 
(A) Representative images of 52-week old WT and mdx PC transverse sections stained 
with WGA to highlight the blood capillaries. Quantification of the (B) capillary: fibre 
ratio and (C) capillary density between old WT and mdx PC muscles. Scale bar= 50µm. 
Data are represented as mean + SEM; *p < 0.05, **p < 0.01; n = 4. 
 

 

4.3.6! Isolation, Proliferation and Differentiation of PC Muscle Precursors 

We were able to isolate PC precursor cells and convert them into contractile striated 

myotubes following the recently developed protocol (García-Parra et al., 2014), though 

the original authors lately confirmed that the progenitors are in fact +Pax7 satellite cells 

(Naldaiz-Gastesi et al., 2016). 

PC precursor cells were removed from their niche following an 

enzymatic/mechanical method, by via shaking minced skin biopsies while they were 

incubated in Collagenase IA. Disaggregated cell populations were then allowed to 

proliferate for 7 days in a media containing low serum growth supplement and essential 

growth factors (GF) such as fibroblast GF and epidermal GF. As early as day 3, 
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proliferated cells started to aggregate, forming sphere-like clusters (dermosphere). The 

growth pace among the four different conditions (male and female WT and mdx cell 

cultures) was ordinarily with no visual difference (Appendix Figure 3-1). After 7 days 

of proliferation, the differentiation stage was then initiated for another 7 days in the 

presence of serum only. Different stages of myogenesis were tracked using 

immunofluorescent staining against selected myogenic markers. An antibody against 

Pax7 protein was used for identifying the early stage of myogenesis on day 1 of 

differentiation by highlighting quiescent/activated satellite cells (Figure 4-16 A). 

Cells committed into differentiation were detected by Myog antibody on day 3, 

indicating the middle stage of myogenesis as reflected by cell fusion and the formation 

of myoblasts (Figure 4-16 B). On day 7 of differentiation, mature striated myotubes 

were detected by staining cells with MyHC antibody (Figure 4-16 C). The myotubes’ 

maturity was confirmed by the clear formation of sarcomere structures (Figure 4-16D). 

The genotype of mdx PC-derived myotubes was confirmed by staining PC-

derived myotubes with dystrophin antibody on the 7th day of differentiation. As 

expected, dystrophic PC-derived myotubes were negative for dystrophin, allowing us 

to assure that the procedure has been carried out adequately and those myotubes are 

originally generated from dystrophic +Pax7-SC (Figure 4-17A). Another confirmation 

of the maturity of differentiated myotubes was carried out by staining with alpha-

bungarotoxin (α-BTX), which highlights the acetylcholine receptors at the 

neuromuscular junction of muscle fibres. PC-derived myotubes differentiated for 7 

days showed a successful staining with α-BTX, indicating their full maturity (Figure 4-

17B). 
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Figure 4-16: Comparison of in vitro myogenicity of PC-derived muscle progenitor cells 
from 8-week old wild-type and mdx mice of different gender 
Representative immunofluorescent images of PC-derived cell stained with antibodies 
against myogenic markers (A) Pax7, (B) myogenin and (C&D) adult myosin heavy chain 
at day 1, 3 and 7, respectively. Scale bars= 100µm. 
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Figure 4-17: Confirmation of differentiation, dystrophy and maturity of the PC derived 
myoblasts differentiated for 7 days 
(A) Sample images of differentiated myotubes derived from wild type and mdx PC satellite 
cells double stained with dystrophin and adult myosin heavy chain post 7 days of 
differentiation. (B) Dystrophic PC-derived myotubes differentiated for 7 days stained 
with alpha-bungarotoxin |(α-BTX). Scale bars= 25 µm 
 

4.3.7! Myogenic Activity of PC Derived Myotubes 

Myogenin regulatory factor is widely accepted to mark the entry of myoblasts into the 

differentiation pathway (Andres & Walsh, 1996). To estimate the level of myoblast 

differentiation, male and female wild-type and mdx PC-derived myoblasts were 

immune-stained with Myog antibody on day 3 of differentiation and myogenin-

positive nuclei were scored. In general, the dystrophic genotype failed to show an 

influence on myogenin expression, whereas gender had an effect both in wild-type 

and mdx. The average population of Myog-positive nuclei in female wild-type 

(8.27%) and mdx (8.84%) was significantly reduced comparing to the males, which 

had 13.13% and 13.39% Myog-positive nuclei (Figure 4-18). 
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However, by performing the statistical analysis of the 2-way ANOVA test, it 

was revealed that only gender had a significant effect on the reduction of the percentage 

of myogenin-positive nuclei in female PC-derived myoblasts. Meanwhile, both 

genotype and the interaction relationship between the two independent variables, 

gender and genotype, were not shown to have any significant effects on the collected 

data indicating that the effect of gender was not the same in each animal genotype, or 

vice versa. 

 

Figure 4-18: Myogenic assay on PC-derived myoblast 
Immunofluorescently stained cells for myogenin at day 3 of differentiation were scored 
for percentage of myogenin positive nuclei as an index of myoblast fusion and 
myogenicity. Data are represented as mean + SEM; p < 0.05, ** p < 0.01; n = 4 
 
 

4.3.8! Transcriptional Levels of Myogenesis related genes in PC Tissues: 

To investigate whether genotype or gender influences the myogenesis of PC 

satellite cells, the transcriptional levels of the myogenic markers Pax7, Myog, 

embryonic MyHC (eMyHC) and adult MyCH were examined in male and female 

WT and mdx mice. RNA was collected from the four groups on days 1, 3 and 7 of 

differentiation then converted into cDNA to conduct RT-qPCRs. 

In general, dystrophy showed no major influence on Pax7 relative expression 

between male WT vs. male mdx or female WT vs. female mdx. Although there was no 

clear gender effect among WT samples at the three points, there was a difference in 

mdx samples, where Pax7 expression was 3 and 4 times higher in male mdx comparing 
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to female mdx on day 1 and 3, respectively. However, it was noticed that Pax7 

expression remained almost unchanged in female mdx at the three different time points 

(Figure 4-19A). As expected, the relative transcriptional level of Myog was more 

pronounced on day 3 of differentiation in the four different groups. However, Myog 

relative expression in male mdx mice was twice and three times as much as the evident 

levels shown in its WT control and opposite gender, respectively (Figure 4-19B). This 

indicates that both genotype and gender had an impact on mdx PC SC. Moreover, 

gender had an influence on the mRNA levels of the eMyHC on day 1 and 3 in mdx PC-

derived cells. Male mdx cells expressed almost twice and 3.5 times as much eMyHC 

mRNA as those evident in female mdx cells on day 1 and 3, respectively (Figure 4-

19C). As expected, adult MyCH was robustly expressed on day 7 in all groups. While 

genotype showed no influence on adult MyCH, gender had a significant impact 

between male and female mdx samples at all time-points. Most significantly, male mdx 

demonstrated a 3.6-fold higher of adult MyCH mRNA level compared to female mdx 

(Figure 4-19D). Exploring the mRNA expression levels of the different myogenic 

markers to some extent has revealed that male mdx PC SCs may possess the most 

myogenic nature. On the other hand, since 7 days may be considered a short period, the 

fast-myogenic pace might indicate that male mdx PC SCs are prone to early exhaustion, 

as was previously proposed in muscle tissue (Chang et al., 2016).
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Figure 4-19: Comparison of in vitro myogenicity of PC-derived cells from 8-week old 
wild-type and mdx mice of different gender 
Real-time quantitative PCR (RT-qPCR) of myogenic factors Pax7, Myogenin (Myog), 
embryonic myosin (MyH3) and adult myosin (MyH2) at day 1, 3 and 7 of differentiation 
in culture. Relative expression is target gene relative to the TATA binding protein (TBP). 
Data are represented as mean of 2-ΔΔC

T + SEM; Broken lines indicate significance between 
genders; p < 0.05, ** p < 0.01, *** p < 0.001; n =3. 
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4.3.9! Calcium handling in PC-derived myotubes 

To investigate the potential of using PC-derived myotubes as an in vitro assay for a 

broader study of dystrophy, we studied the effect of dystrophy on calcium-related 

genes. PC-derived precursors were isolated from the dorsal dermal tissues of 8 

weeks old male and female WT and mdx mice and processed through proliferation 

and differentiation as before. The differentiated myoblasts were tested for the 

mRNA levels of genes encoding a panel of Ca2+-handling proteins including 

SERCA1a, SLN, MRLN, Calm1, Parv and CASQ1. Surprisingly, the transcript levels 

of these genes were almost unchanged among the tested groups, and neither 

genotype nor gender had a major impact on their pattern of expression (Figure 4-

20).   

 

4.3.10!Calcium Handling in Old PC-derived Myotubes 

PC-derived precursors were isolated from dorsal dermal tissues of 8 weeks old male 

and female mdx mice in a similar fashion and differentiated for 21 days. Old PC-

derived myoblasts were examined for their mRNA levels of Myog and adult MyHC 

as well a panel of Ca2+-related genes. Although Myog showed a trend toward a 

reduction in its expression by the day 7 of differentiation (Figure 4-17B), it was still 

detectable by day 21 (Figure 4-21A). On the other hand, despite the fact that old 

male mdx myoblasts expressed more Myog than female mdx myoblast, the diverse 

activity within individual group of samples prevented any significance from being 

deemed. Likewise, adult myosin heavy chain followed the pattern of Myog, 

however, with no recorded significance. Transcript levels of SERCA1a, SLN, 

MRLN, Calm1, Parv and CASQ were tested in old dystrophic myoblasts. Similarly, 

old myoblasts generated from both genders expressed relative transcript rates of 

those genes with no significant gender influence (Figure 4-21 A-E, G&H). 

However, only calmodulin mRNA levels in male myotubes was statistically greater 

than what was evident in female myotubes (Figure 4-21F). 
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Figure 4-20: Relative expression of mRNA levels of genes encoding Ca2+-handling 
proteins in PC-derived myoblasts from 8-week old male and female WT and mdx mice. 
The relative mRNA levels were determined by Taqman qPCR in PC-derived myoblasts 
differentiated for 7 days. Data are represented as mean of 2-ΔΔC

T + SEM (n=3-5). 
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Figure 4-21: Relative expression of mRNA levels of genes encoding myogenic- and Ca2+- 
handling proteins in old PC-derived dystrophic myoblasts  
The relative mRNA levels were determined by TaqMan qPCR in 1-year-old PC-derived 
myoblasts differentiated for 21 days. Data are represented as mean of 2-ΔΔC

T + SEM; 
Broken lines indicate significance between genders; * = p <0.05; (n = 3) 
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4.4! Discussion 

The current chapter was dedicated to study the unique skin-associated skeletal muscle, 

the panniculus carnosus (PC), in normal and in muscular dystrophic mice.  The peak of 

studies in the comparative anatomy of the PC among a diversity of animal species 

mainly dates from the period of the 1880s to 1920s (Langworthy, 1924; Langworthy, 

1925). Around that era, the PC was studied in canines, felines, and various species of 

rodents (but not mice). Since then, the topic of PC has remained an active subject, being 

studied from various aspects. Topics include comparative anatomy studies continued 

in other animals such as Cetacea (Yoshida, 1971); studies of the innervation of the PC, 

proposed as a potential model for studying degeneration and regeneration of nerve 

systems (Theriault & Diamond, 1988b, a; Pan et al., 2012);  research into the PC blood 

supply and its contribution in the angiogenesis and wound healing of skin (Hughes & 

Dann, 1941; Billingham & Russell, 1956; Šmahel et al., 1973); investigations into the 

use of the PC as a tool for studying bone marrow-derived incorporation into skeletal 

muscles (Brazelton et al., 2003); and more recently, isolating and culturing PC 

precursor cells (satellite stem cells), utilizing the PC in bioengineering applications 

(García-Parra et al., 2014). Hence, it is not surprising that PC muscle has gained 

multiple names throughout the years; such names include cutaneous trunci (van 

Iwaarden et al., 2012), musculus cutaneous (or cutaneous muscle) (Matsumoto et al., 

2010), cutaneous maximus muscle (Pan et al., 2012), subcutaneous muscle (Brunius et 

al., 1968), and superficial fascia system (Fodor, 1993). However, it is believed that 

“Panniculus Carnosus” was the first name given to the skin-associated muscle.  

The PC is more commonly found in lower mammals, and humans lack most of 

it, which is believed to be due to natural evolution (Greenwood, 2010). Remnants of 

this tissue exist in humans as the platysma muscle of the neck, throat, palmaris brevis 

in the hand, and the dartos muscle in the scrotum (De la Cuadra-Blanco et al., 2013). 

Nevertheless, we believe that the PC has gained its importance in modern science, 

despite its minimal relevance to humans, following the discovery by Blau’s laboratory, 

where they found that PC muscle tissues had the most incorporation of cell engraftment 

(5%) compared to all other muscles after introducing bone marrow-derived cells in 

marrow-ablated mice (Brazelton et al., 2003). This striking report was suggested to be 

due to the unusually high cell turnover rate of the PC. Overall, apart from the 

comparative anatomy research, studying PC has been mostly associated with studies of 
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the skin as a whole tissue, and very meagre focus has been given to the PC as an 

independent muscle tissue. The main objectives of the current chapter were to 

characterize the PC skeletal muscle at a molecular and cellular level, and to study the 

myogenic activity of PC precursors both in normal and dystrophic conditions. In 

addition, we shed a light on calcium handling as a deeper concept of dystrophy. 

 The Panniculus Carnosus is a striated skeletal muscle sheet that is located within 

the subcutaneous layer of the skin, packed between Panniculus Adiposus and the 

interstitial connective tissue. Anatomists have described the origin of the PC using 

different approaches including descriptions based on its genetic origin (Langworthy, 

1925) or direction and origin of the fibres (Woods & Howland, 1977; Zherebtsova, 

2016). A recent study on the brown rat (Rattus norvegicus) suggested that the superior 

portion of the dorsal PC originates along the mid-line of the back while the rest of the 

dorsal PC is originated from the superficial fascia at the base of the tail (Zherebtsova, 

2016). The majority of the trunk PC in rodents, e.g. rats, rabbits, and guinea-pigs, has 

been long documented to be inserted rostrally to the greater tuberosity of the humerus 

bone (Langworthy, 1925).  In line with those rodents, Pan et al. recently demonstrated 

a similar insertion of the PC into the humerus bone in mouse, although they claimed it 

as an origin of the PC (Pan et al., 2012). Our immediate observation on a transverse 

section of skin fragment dissected from the middle site of the dorsum was a gradual 

thinning that leads to a slight separation of the dorsal PC muscle sheet perpendicularly 

with the midline of the back (i.e. the spine) (Figure 4-4). This suggests that each group 

of PC fibres can be launched from each axilla, forming a separate bundle of fibres at 

either side of the body. However, a dedicated study is required to clarify such 

conflictions regarding to the origin of the PC. We also screened the distribution of the 

PC around the body by inspecting transverse sections of skin fragments dissected from 

different anatomical sites. It was clear that the subdermal PC muscle is widely 

distributed though it has variable thickness. A similar distribution of PC in the 

dystrophic mdx mouse was also observed. However, PC muscle in mdx mice appeared 

thicker in all tissue fragments (Figure 4-7). Since it is believed that hypertrophy is a 

reaction of muscle fibres, as an attempt to compensate for the large decrement in force 

output resultant from the lack of dystrophin in both DMD patients and mdx mice (Faber 

et al., 2014), we attributed the thicker PC observed in mdx to the hypertrophy of 

dystrophic muscle fibres, especially in 52-week old mice. 
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To the best of our knowledge, PC skeletal muscle has not been documented in 

dystrophic animal models yet. Therefore, we started our study by examining the 

genotype in mdx PC muscle fibres. As expected, PC muscles were shown to lack 

dystrophin protein, in contrast to healthy PC muscles, confirming the dystrophic 

genotype (Figure 4-5). In general, muscle tissues are made of different mixtures of 

muscle fibre types. There are four main muscle fibre types categorized based on the 

myosin heavy chain isoform they express; type MyHC-I (or slow-twitch), -IIA, -IIX 

and -IIB (or fast-twitch). Both PC from normal rats and mice are known to be mainly 

constructed of fast-twitch muscle fibres (Theriault & Diamond, 1988b; Brazelton et al., 

2003). Our study has confirmed that the PC is predominantly made up of fast-twitch 

fibres (Figure 4-6A), both in WT and dystrophic mice. Further, we delineated which 

subtype of myosin-expressing fibres are present in PC. We found that the majority of 

the fibres were IIB type of fibres which are fast-twitch, highly glycolytic, contract for 

short periods of time, and fatigue more rapidly. The other portion of PC fibres was 

shared by the other two subtypes, IIA and IIX, which lie in the middle of this continuum 

with a mix of slow/fast twitch fibres and oxidative/glycolytic properties (Figure 4-6B).  

To start investigating the PC in both animal models, we were keen to obtain an 

overview on the general features of the different layers of the skin; i.e. the 

epidermis/dermis, PA and PC. The dermis is the thickest layer of skin and houses hair 

follicles. The general thickness of the skin is associated with the thickness of the dermis 

and the different stages of hair cycles (Müller-Röver et al., 2011).We assessed the skin 

layers for their relative thickness and relative occupancy–abundance ratio in young 

(6wks) and adult (12wks) WT and mdx mice. While young WT and mdx mice showed 

similar properties, skin tissues from adult mdx mice demonstrated a thinner dermis and 

a thicker PC compared to their healthy counterparts. In addition, the PA demonstrated 

an increase in the relative measured area in adult mdx mice in contrast to WT. In a gross 

comparison between young and adult mdx mice, it was clearly shown that the thickness 

of the three compartments of the skin were increased with the severity of the disease in 

parallel to ageing. Most relevant to the current study, this analysis has pointed to the 

potential of PC to undergo significant hypertrophy as dystrophy progresses. Indeed, our 

analysis of the cross-sectional area of individual PC muscle fibres has revealed that the 

PC from mdx mice showed a wider distribution of fibre sizes that included many 

hypertrophied fibres, and this led to a greater average cross-sectional area and average 

diameter of both young and adult dystrophic fibres in contrast their age-matched 
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healthy muscles. Interestingly, even older healthy fibres (12wks) showed a significant 

increase in area and diameter compared to healthy young fibres (6wks). This finding is 

further supported by previous publications which have shown that PC muscle has an 

increased heterogeneity of fibre sizes (Brazelton et al., 2003) which is believed due to 

the high turnover feature of PC. Therefore, we next investigated the regenerative 

capacity of the PC in both animal models. The PC muscle cell non-uniformity observed 

reflects a relatively high basal level of muscle regenerative activity, with 7–13% of 

fibres having CNFs. The basal turnover of 7-13% muscle fibres in the PC is 

unprecedented, compared to <1% in the more commonly studied limb muscles such as 

the tibialis anterior (Brazelton et al., 2003). This was exacerbated in the mdx mouse, as 

is typical in affected dystrophic muscles. In addition, there was a progressive increase 

in PC regeneration with age, in both the normal WT and dystrophic muscles. Thus, the 

dystrophin null PC shows progressive signs of deterioration with age.  

Another objective in characterising the PC was analysing the enrichment of the 

PC with blood capillaries. It is believed that the microvasculature can be susceptible to 

alterations with dystrophy, since the absence of dystrophin de-localizes the neuronal 

nitric oxide synthase (nNOS), a protein responsible for producing nitric oxide (NO), 

facilitating vaso-relaxation during exercise (Ennen et al., 2013). Our study showed a 

similar average number of capillaries per myofibre in young healthy and dystrophic PC. 

In contrast, the capillary-to-fibre ratio was remarkably higher in adult dystrophic PC, 

compared to both their younger and age-matched healthy counterparts. Nevertheless, 

the capillarization density remained unchanged among the four muscle groups. We 

hypothesised that this may be due to the fact that while the capillary density remained 

equal in WT and mdx, dystrophic hypertrophied fibres occupied more capillaries around 

them in contrast to normal sized fibres in WT. Hence, although the density was 

unchanged, the capillary-to-fibre ratio was higher. However, our findings were not in 

line with the most studied hind-limb muscle, gastrocnemius, which was reported to not 

have any significant difference in the capillary-to-fibre perimeter exchange index 

between dystrophic and WT muscles. Nevertheless, the PC is already known to be fed 

by a unique vasculature network consisted of a direct cutaneous artery and vein 

(Pavletic, 2010), allowing for a window of argument that the PC can be a unique muscle 

with unique properties.  

The next objective was to investigate the effect of prolonged dystrophy on the 

PC and its regenerative capacity. Although we followed the protocol of Blau’s 
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laboratory for dissecting dorsal skin tissues (Brazelton et al., 2003), it was unexpectedly 

challenging to obtain transverse sections with sufficiently arranged PC fibres that were 

free from any obliqueness. Therefore, we chose to study PC muscles from the middle 

site of the dorsum which is believed, and shown herein, to contain more parallel running 

PC fibres with almost no obliqueness. Old PC fibres (52wks) were subjected to similar 

analysis that were applied on younger muscles to assess the degree of dystrophy and its 

prolonged affect. Old PC muscles expressed mainly fast-twitch muscle fibres, and there 

was no alteration in fibre-type with age (Figure 4-12). A diminution in the heterogeneity 

in PC fibre size was apparent and demonstrated by the overall similarity in fibre area 

and diameter of both WT and mdx fibres (Figure 4-14). The regenerative capacity was 

assessed by scoring the percentage of fibres with centrally located nuclei. As 

expected, the percentage of CNF was greater in dystrophic PC than what was 

evident in their healthy counterparts (Figure 4-13). Old healthy PC muscles showed 

4 and 8% greater CNF than young and adult healthy PCs, respectively. In contrast, 

the percentage of CNF in dystrophic PC decreased from over 50% in 12 wks old 

mice to 35% in old mice. This may be due to dissection strategy: younger PC 

fragments were taken from a site close to the shoulders, while the old PC was taken 

from a site of the body that is less prone to vigorous and continuous movement. 

However, an alternative explanation is that the PC is overly exhausted and cannot 

undergo further cycles of degeneration-regeneration. The latter suggestion requires 

stronger evidence by further investigations to prove this hypothesis. In a similar 

fashion, the average number of capillaries per fibres was greater in old dystrophic 

PC in contrast to old healthy PC, although the capillary density in both muscles 

was similar (Figure 4-15). On the other hand, by looking at the actual figures, both 

old PC muscles of WT and mdx showed about 2.4-fold increase in the density of the 

capillaries per millimetre squared of PC muscle tissue comparing to what was evident 

in younger animals (Figure 4-11 & 4-15). 

 To further gain an insight into the regenerative activity of the PC, we chose to 

isolate the myogenic precursor cells (satellite cells) present in the PC and examine them 

in vitro when subjected to differentiation. We also decided to look at gender 

dimorphism in the PC given the reports of gender affecting regenerative activity and 

satellite cells (La Colla et al., 2015). Muscle precursors were successfully isolated as 

shown by the immunopositive staining for markers of myogenesis including Pax7, 

myogenin and adult myosin staining at day 1, 3 and 7 of differentiation respectively. 
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Muscle cells, as previously reported, extensively differentiated into contracting 

multinucleated myofibres, which showed expression of neuromuscular junction (NMJ) 

markers, as detected by α-bungarotoxin labelling. Genes encoding myogenic markers 

detected by qPCR also followed their expected temporal expression. Interestingly, in 

general, we did not detect major differences in the expression of myogenic factors 

between WT and mdx muscle cells, nor between sex for wild-type mice, which is 

consistent with other reports (Neal et al., 2012). Interestingly, in the case of mdx mice, 

some factors including Pax7, myogenin and adult myosin were more highly expressed 

in PC males compared to females. This gender effect on muscle differentiation was also 

confirmed by myogenin immunopositive scoring. Furthermore, in vivo, the 

regenerative activity was also greater in PC of male versus female mdx mice, as 

measured by CNF levels. The two-fold greater level of PC muscle regeneration in the 

mdx males compared to females parallels the differences assayed in vitro for PC 

myogenicity.  

In the present study, we observed no difference in the myogenic differentiation 

between male and female healthy PC muscle progenitor cells, as examined using 

myogenic factor gene expression profile from day 1 to day 7 of muscle differentiation. 

This is consistent with earlier reports (Neal et al., 2012). However, PC cells from male 

mdx mice differentiated at a faster rate than females, with elevated expression of 

myogenic genes Pax7 and myogenin in male than female mdx mice. Pax7 expression 

suggests the presence of a greater number of quiescent myogenic cells with self-renewal 

ability, while elevated myogenin may reflect increased myoblast differentiation. 

Markers of muscle maturation including embryonic and adult myosin were more highly 

expressed in male mdx PC cells compared to female PC cells. These differences in 

myogenicity detected in cell culture may reflect intrinsic differences between mdx male 

and female PC satellite cells. Myogenin expression was also greater in both male wild-

type and male mdx mice compared to female counterparts. The reasons for the 

appearance of wild-type gender difference remains unclear. It is possible that the 

battery of qPCR genes is a more accurate assay for myogenicity compared to the 

relatively low level of detectable myogenin-positive nuclei in the differentiated PC 

derived SCs in culture. Hence, we suggest that gender dimorphism in muscular 

dystrophic mice may be another unique feature of the dermal muscle layer. 
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Some specialized skeletal muscles including extraocular, laryngeal, and 

masticatory muscles are uniquely resistant to degeneration, and it has been shown that 

the resistance of these muscles to degeneration is due to higher levels of calcium-

buffering and -regulatory proteins. There is a consensus that calcium dysregulation 

contributes to the degeneration of muscle fibres in several muscular dystrophies (Burr 

& Molkentin, 2015). Female muscles are known to gain a greater fatigue resistance 

(Haizlip et al., 2015), demonstrated by a greater protection against intense exercise-

induced sarcolemmal disruption compared to male muscles (Tiidus et al., 2001; 

MacNeil et al., 2011). Having considered those facts, in addition to the observation of 

gender dimorphism on the myogenesis of PC, we hypothesized that female myotubes 

might demonstrate enhanced calcium handling versus male myotubes. Mature 

myotubes (7days) were examined for a panel of genes that are involved in regulating 

calcium homeostasis (Figure 4-19). Out findings showed no apparent gender 

dimorphism in WT or in mdx myotubes. Most interestingly, Ca2+ handling-related genes 

expressed at similar rates in WT and mdx myotubes, which led us to suspect whether 

dystrophy was affecting those myotubes post 7 days of differentiation. Therefore, we 

allowed dystrophic PC myotubes to differentiate for 21 days. Although the results did 

not meet significance, transcript levels of examined Ca2+ handling-related genes were 

generally elevated in male mdx myotubes compared to females. However, only 

calmodulin, a cytosolic Ca2+-binding protein, was significantly higher in male mdx 

myotubes in contrast to female myotubes.  

In summary, our findings indicate that the PC is a unique mixed fibre fast 

muscle type (type IIB and some IIA), demonstrating high turnover in healthy and 

muscular dystrophic muscles that further increases with age in mice. The PC exhibits 

gender dimorphism in muscular dystrophy, with males having a higher muscle 

regenerative activity than females. The gender dimorphism may be mediated by 

acquired intrinsic differences in the PC satellite cells. The PC strongly demonstrated 

the different phenotypical characteristics in muscular dystrophy, and thereby validates 

this very accessible muscle for use in studying muscle degenerative disorders. This and 

other recent studies on the PC set a premise to begin to utilize this muscle to expand 

our knowledge of the heterogeneity of muscle function and regeneration, which may 

lead to new therapeutic strategies and targets for muscle disorders.



Characterization and Myogenesis of PC 

   162 

4.5! Limitations and Suggestions for Future Work  

Initially, we followed the recommended strategy of dissecting dorsal skin tissues 

(Brazelton et al., 2003) where the skin fragments from the inferior angle of the scapula 

were chosen to be studied herein (Figure 4-1). We faced a major challenge in obtaining 

transvers sections with sufficiently arranged PC fibres that is free from any obliqueness. 

Hence, this has raised some degree of an error. In addition, PC1 skin fragment was 

chosen as the primary analysing area. However, due to longitudinal fibres, PC2 was 

used in some few occasions as a substitute. Also, analysing dissimilar areas can further 

the source of error. To overcome this issue regarding fibre sizing, we applied a second 

parameter of the minimal Feret’s Diameter which is known to be minimally affected by 

fibres’ obliqueness unlike the absolute fibre area. Another solution was to study a more 

stable area of the dorsum and therefore we decided to study the middle site of the 

dorsum. Indeed, this gave us the best results with perfect transvers fibres. 

To minimize potential variability and experimental noise, it is usually 

recommended to imply a large sample size especially with genetic animal models such 

as mdx (Haslett et al., 2002). However, this was not the case in most of the experiments 

conducted herein. In the in vitro preparation only 3 mice per a study group were 

employed which is the very minimal number of a sample n size. Although the in vitro 

preparation is hugely cumbersome and time consuming, future work should use a larger 

sample number, at least 5-7 animals per a study group. 

The original protocol of the in vitro preparation applies to the use of an anti-

fungi, along with an antibiotic, only when preserving freshly dissected skin tissues. On 

the other hand, only the antibiotic was applied during proliferating cells. Although this 

method was followed and yielded effective results, this was not the case in our 

laboratory. For two times, the cell preparation was contaminated with fungi. To 

overcome this issue, we decided to add the anti-fungi throughout the procedure (i.e. 

sample preservation, cell proliferation and cell differentiation). Fortunately, our 

manipulation to the original method yielded effective results. Therefore, I strongly 

encourage using our adapted method although some reports have argued that the 

addition of anti-microbial might affect the growth of cells.  

Due to some incidences of dark skin-pigmentations that raised complications in 

washing the cell cultures during the proliferation stage, we, simultaneously, conducted 

a pilot experiment where the subcutaneous layer was solely involved. PC muscle tissue 
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was mechanically disassociated by scrapping it off with surgical scalpel and cultured 

for generating differentiated myotubes. This clearly provided a cleaner environment 

with less verity in cultured cell populations, yielded a similar cell number/ml on day 7 

of proliferation and successfully resulted in generating fully differentiated myotubes 

(data not shown). Those skin tissues whom subcutaneous layer was isolated were then 

stained with H&E to simply confirm that PC muscle was completely disassociated. 

Appendix Figure 3-2 confirms so and, hence, I encourage to use this PC disassociation 

technique in future work to avoid potential contamination and other cultural 

complications.
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Chapter 5 
5! Tissue and Gender-Based Differences in Myogenesis and 

the Differentiation of Skeletal Muscle In DMD 

 

5.1! Introduction  

Duchenne muscular dystrophy is an X-linked recessive disorder, and is exclusively 

associated with male incidences. Carrier females with one defective allele of the dmd 

gene can be asymptomatically affected at later ages. Five to ten percent of carrier 

females experience some degree of muscle weakness, as well as other abnormal 

symptoms, such as pseudo-hypertrophy of gastrocnemius muscles. Additionally, some 

females can develop cardiac abnormalities asymptomatic to muscle weakness (Grain et 

al., 2001; Emery, 2002). Nevertheless, the study of gender dimorphism in DMD remains 

relatively novel. By contrast, gender dimorphism in the field of skeletal muscles is quite 

an active topic. In general, male muscles tend to possess greater fibre diameters and 

muscle mass, whereas female muscles tend to experience greater fatigue resistance 

(Haizlip et al., 2015). When both male and female muscles are subjected to fatigue, 

male muscles display quicker force generation and relaxation in comparison to female 

muscles. Meanwhile, female muscles show greater endurance and are faster in terms of 

recovery from fatigue (Haizlip et al., 2015). Muscle fibre type composition also differs 

between genders. While male fibres tend to express a greater ratio of fast-twitch fibres, 

female muscle fibres tend to express more slow-twitch fibres (Haizlip et al., 2015). 

Hence, it has been hypothesised that either an intrinsic or extrinsic factor is mediating 

such dimorphism. Obviously, such suggestions highlight that sex hormones might have 

an impact on muscle behaviour and activities. Indeed, studies in which ovariectomised 

rats were supplemented with estrogen post-intense exercise revealed an attenuation in 

muscle neutrophil infiltration and serum CK activity. This reaction was relevant in male 

subjects where estrogen could attenuate the neutrophil infiltration consequent to intense 

exercise (Tiidus et al., 2001; MacNeil et al., 2011). Moreover, at a young age and during 

early stages of dystrophy, mdx female mice were shown to preserve sarcolemmal 

integrity more than male mice (Salimena et al., 2004). Along with female mdx mice, 
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females of the canine model of DMD (CXMD) exhibited lower blood-circulating levels 

of creatine kinase (CK) than their male counterparts (Valentine et al., 1988).  

Muscle regeneration requires muscle stem cell activity, which is also involved 

in the normal growth and repair of muscle (Yin et al., 2013). The canonical muscle stem 

cells, satellite cells (SCs), reside between the basal lamina and the sarcolemma of the 

adult muscle fibre. In adult muscle, SCs are mitotically quiescent and are identifiable 

by the specific expression of paired-box transcription factor Pax7 (Wang & Rudnicki, 

2011). Upon injury or disease, SCs are activated and aided by the coordinated 

expression of myogenic regulatory factors (MRFs) including MyoD, Myf-5, MRF4 and 

myogenin. In order for the muscle to regenerate and/or repair itself, activated SCs 

undergo multiple cycles of division before fusing to existing myofibres or forming new 

myofibres (Megeney et al., 1996). In DMD, the term “satellite cell exhaustion” is 

commonly accepted as a reason for why SCs become dysfunctional. The term suggests 

that SCs are prone to losing their prolonged capability to withstand the high demand for 

regeneration, leading to eventual impairments in muscle regenerative capacity (Chang 

et al., 2016). Muscle SCs are known to respond to intrinsic and extrinsic factors 

(McCullagh & Perlingeiro, 2015). In addition, gender has an influence on SC activity, 

which is thought to be mediated by sex hormone levels and/or intrinsic gender 

differences. Gender dimorphism in  muscle regeneration still requires further 

exploration which may reveal other potential therapeutic targets (Deasy et al., 2008; 

Neal et al., 2012). 

 Androgens and oestrogens are the male and female sex hormones, respectively. 

They induce their effects by influencing gene expression via distinct receptors, namely  

androgen receptors (ARs) and oestrogen receptors (ERα and ERβ) (Carson & 

Manolagas, 2015). The most pronounced androgenic hormone in males is testosterone 

(T), whereas estradiol (E2) represents the most prevalent oestrogenic hormone in 

females. These hormones are mainly produced in the gonads (testes or ovaries). Sex 

hormones can also be biosynthesised in peripheral tissues (e.g. fat or liver), being 

derived from cholesterol substances. In addition, Aromatase enzyme can convert 

androgenic into oestrogenic hormones; for instance, converting T into E2 (Rotstein, 

2013). Therefore, each gender may produce the opposing sex hormone, but at a lower 

level (Burger, 2002). All of the different muscle cell types, including SCs, myoblasts, 

myocytes and myofibres, express the AR, ERα and ERβ. Androgen’s effect has long 

been associated with muscle strength, fibre size, fibre-type composition and oxidative 
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metabolism. For example, transgenic rats that overexpressed AR show an increase in 

muscle mass and hypertrophied myofibres (Kim et al., 2016). Castrated mice 

supplemented with T displayed an increase in the proliferating SC and enlarged 

regenerating muscles (Velders & Die, 2013). Hence, it is not surprising that androgenic 

receptor modulators are used for improving general muscle health, as in sarcopenia. 

Dehydroepianrosterone (DHEA) and Nandrolone have androgenic effects on skeletal 

muscles, whereby elderly sarcopenic subjects experienced improved physical strength 

and reduced muscle atrophy, respectively. Non-steroidal androgenic receptor 

modulators were also reported to improve muscle mass in sarcopenia (Kim et al., 2016). 

Oestrogen, presented as estradiol, has long been believed to have a role in muscle fibre 

growth and muscle mass development (Galluzzo et al., 2009). In addition, it was shown 

to exert an inhibitory effect on the inflammatory mediator nitric oxide, which can induce 

vasodilatory effects to promote repair following the oxidative stress of ischaemic injury 

following exercise (Enns & Tiidus, 2010). Furthermore, oestrogen has also been 

proposed to have a positive effect on the activation and proliferation of satellite cells 

(Thomas et al., 2010; Velders et al., 2012). 

The aggravation of the DMD condition has long been believed to be attributed 

to the dysregulation of calcium-handling after the loss of sarcolemmal integrity due to 

a lack of dystrophin. As evidenced by stretch-induced damage, continuous muscle 

contraction strikingly cause the extracellular Ca2+ to influx through sarcolemmal micro-

disruptions, which, in turn, induces different intracellular damage (Burr & Molkentin, 

2015). Female muscles were reported to have greater protection against intense 

exercise-induced sarcolemmal disruption (Tiidus et al., 2001; MacNeil et al., 2011). 

Having measured the level of serum creatine kinase (CK) as a marker of muscle damage 

after exercise-induced muscle damage, both male and ovariectomised (OVX) females 

revealed a greater serum CK compared to gonad-intact females. In addition, contraction-

induced CK release was also observed in vitro (Velders & Die, 2013). Furthermore, 

OVX female rats supplemented with E2 were reported to attenuate serum CK activity 

after toxin-induced muscle injury (Velders et al., 2012). Therefore, female sex 

hormones were proposed as protecting factors in relation to the integrity and 

maintenance of muscle fibres. 

The purpose of this report is to summarise the key features of the sex-related 

differences in the morphology of the Panniculus Carnosus (PC) and Gastrocnemius 

muscles in wild-type and mdx mice based on the parameters of regenerative capacity, 
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muscle fibre size and capillarisation. Since accumulative evidence has shown muscle 

tissue to respond directly to sex hormones, we studied the gene expression of the 

hormone receptors in both muscle types. We also investigated the myogenesis of those 

muscles by measuring the transcript expression of the different myogenic markers. 

Muscle fibre composition and the effect of dystrophy/gender were also studied by 

quantifying the shift in the expression of the myosin-heavy chain subtypes between 

males and females of wild-type and mdx PC and Gastrocnemius muscles. Finally, we 

examined the effect of gender and dystrophy on the expression of different genes 

encoding Ca2+-handling, including genes for the sarcoplasmic reticulum Ca2+-ATPase 

(SERCA) pumps, genes that encode the regulators of the SERCA pumps and genes that 

express Ca2+-binding proteins to buffer elevated sarcoplasmic calcium levels. 
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5.2! Methods and Materials 

5.2.1! Ethics, Experimental Animals and Tissue Harvesting  

Ethics and approved guidelines were applied to the use of experimental animals, in 

accordance with Section 2.1 in Chapter II. Housed animals were provided with the 

maximum of animal welfare. Eight-week-old wild-type (WT) (C57BL/10ScSn) and mdx 

(C57BL/10cSn-Dmdmdx/J) male and female mice were used. Three to five sibling mice 

were employed per each mouse type/gender to minimise any experimental noise.  

At the desired time-point, 4-5 male and female WT and mdx mice were 

euthanised by CO2 asphyxiation. Gastrocnemius muscles and dorsal skin fragments from 

the middle (2x1cm2) and inferior (2x2cm2) sites of the back (Mid.PC, Inferior.PC, Figure 

4.1) were harvested. To facilitate the processing of the Mid-PC skin tissues for histology, 

they were folded, but not rolled, over themselves. Left gastrocnemius and Mid-PC skin 

tissues were processed and preserved following cryogenic-based tissue processing 

(Method 2.3.1) for histology and fluorescent staining. Right gastrocnemius muscles 

and Inferior-PC skin fragments were immediately snap-frozen in liquid nitrogen which 

was cooled in isopentane and used for qPCR experiments. 

 

5.2.2! Histology and Morphometric Analysis 

5.2.2.1! Muscle fibre central Nucleation 

Frozen gastrocnemius muscles and skin tissues were cut at 10µm-thick transverse 

sections and stained using the conventional Hematoxylin & Eosin staining protocol 

(Markus A. Rüegg & Sarina Meinen (Biozentrum, 2012)). Muscle regeneration capacity 

was assessed as a percentage of centrally nucleated fibres (CNFs) divided by the total 

number of fibres in which at least four non-overlapping areas were analysed per muscle. 

Calculation was performed as described in Section 2.6.1. Slides were viewed using an 

Olympus IX71 or Olympus BX43 microscope. Analysis was performed using ImageJ 

and Excel software. 

5.2.2.2! Muscle fibre sizing  

Fibre size analysis of gastrocnemius and PC muscles was performed using stained frozen 

sections with wheat germ agglutinin (WGA) to highlight muscle membranes, as detailed 

in Method 2.5.2. Images were taken with an Olympus BX51 Upright Fluorescent 

microscope, using Volocity software. ImageJ was used for image processing and 
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analysing WGA-stained sections when measuring cross-sectional area (CSA) and 

minimal Feret’s diameter (minFD), following the protocol described in Method 2.6.2. 

The bin array for the frequency of the CSA was set at a range of 100 µm2 or 500 

µm2 in the case of gastrocnemius and PC tissues, respectively. Minimal FD 

frequency was distributed at a bin range of 5µm for both muscle types. 

5.2.2.3! Capillarisation 

Capillary to fibre ratio and capillary density in male and female WT and mdx mice were 

analysed using frozen sections (10 µm), in accordance with Method 2.6.3. Sections were 

either double-stained with WGA and lectin B4 or mono-stained with WGA to highlight 

both muscle fibre membranes and blood capillaries, respectively. Quantifications were 

performed on 4-5 non-overlapping images. Images were captured with an Olympus 

BX51 Upright Fluorescent microscope, using Volocity software. Images were analysed 

using ImageJ and Excel software, in accordance with Method 2.6.3. 

 

5.2.3! Gene Expression Assessments 

5.2.3.1! Total RNA Extraction 

The total RNA extraction from gastrocnemius muscles was performed using TRIzol 

reagent, and this was further purified using an RNeasy Mini Kit, with the extra step of 

DNA-digestion being performed, all in accordance with Method 2.8.1.  

The subcutaneous layer of the inferior-PC skin fragment was only involved in 

total RNA extraction. Tissues were firstly thawed on ice for 10 mins. Skin fragments 

were then flattened and stretched on a petri dish in which the subcutaneous layer was 

facing upwards. The subcutaneous layer was then mechanically scraped off using a 

surgical scalpel (No.10A) and placed into a 1-mL volume of TRIzol. The subsequent 

procedures were carried out in a similar fashion, as described in Method 2.8.1. 

 

5.2.3.2! Quantification of Real-Time PCR 

TaqMan assay was used to determine the expression levels of SERCA1a (ATP2a1), 

SERCA2a (ATP2a2), SLN, MRLN, Dworf, myostatin (MSTN), calmodulin1 (Calm1), 

pavalbumin (Parv), calsequestrin1 (CASQ1), Myh7 (MyHC0I), Myh2 (MyHC-IIA), 

Myh1 (MyHC-IIX), Muh4 (MyHC-IIB), paired box protein7 (Pax7) and myogenin 

(Myog) (Appendix Table 1-2 & 1-3). All TaqMan assays were either selected from a pre-
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designed primer list or manually designed using the online “PrimeQuest” tool, both 

provided by Integrated DNA Technologies (IDT, www.idtdna.com, Iowa, United 

States). A final reaction volume of 10µl was used per sample reaction, consisting of 

TaqMan reagent, 25-50ng cDNA and TaqMan specific probe, topped up with nuclease-

free water to make 10µl. Samples were loaded on 384-well plates. Quantitative PCR was 

performed using Roche LightCycler® 480 Instrument II Real-Time PCR thermal 

systems. Data was exported and analysed manually using the approved method of 2-ΔΔC
T 

(Livak & Schmittgen, 2001). 

 

5.2.4! Statistical Analysis 

All data are expressed as mean ± SEM. A statistical comparison on multiple population 

means was performed a 2-Way-ANOVA test (GraphPad Prism 7 software) to determine 

if tested factors or if the interaction between factors have any significant affect. Multiple 

comparisons were performed using a Student’s t-test (Excel software) on data sets to 

determine significances between groups. Gene expression data was analysed using the 

Student’s t-test only. *, ** or *** signify P-values of p <0.05, p <0.01 or p <0.001, 

respectively 
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5.3! Results  

5.3.1! Morphometric Analyses of Gender Dimorphisms Impact on Dystrophy 

5.3.1.1! Muscle Regenerative Capacity 

Muscle fibre central nucleation is reflective of the degeneration-regeneration cycling 

undergone in dystrophic fibres. At the age of eight weeks, mdx muscles are commonly 

agreed to enter a stable phase of regeneration after a striking level of necrosis that has 

occurred between 3-6 weeks of age (McGreevy et al., 2015). As expected, the WT 

muscles of both males and females were free from regenerative activity, with CNF 

percentages of 0.35% and 0.17%, respectively. These values were dramatically elevated 

in mdx muscles, where almost half of the examined muscle fibres had centrally located 

nuclei centred within the myoplasm (47% in male and 51% in female muscles) (Figure 

5-1). Conversely, both male and female healthy PC muscle fibres showed some 

regenerative activities. While 5% of male PC muscles were centrally nucleated fibres, 

female PC had only 2.8% CNFs. As reported previously, male mdx fibres showed a 

high regenerative activity, with ~ 35% of their examined fibres having central 

nucleation. In contrast, female PC muscles had only 15% CNFs, which was less than 

half the percentage evident in males. Indeed, this difference between male and female 

PC muscles was deemed statistically significant, that may support the hypothesis of 

potential gender dimorphism in PC regeneration capacity (Figure 5-2).  

However, by performing the statistical analysis of the 2-way ANOVA test, it 

was revealed that only animal genotype had a significant effect on the variability of the 

CNF percentages between examined gastrocnemius muscle samples. Meanwhile, both 

gender and the interaction relationship between the two independent variables, gender 

and genotype, were shown not to have any significant effects on the collected data 

indicating that the effect of gender did not have the same impact on each animal 

genotype group, or vice versa. On the other hand, 2-way ANOVA test revealed that 

both gender and animal genotype had significant effects on the percentage of the CNF 

in male and female WT and mdx PC muscles. In addition, the interaction relationship 

between the two independent variables, gender and genotype, was also shown to have 

an overall significant effect on the collected data.  
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Figure 5-1: The percentage of centrally nucleated fibres in gastrocnemius muscles 
(A) Histological representative view of gastrocnemius muscle demonstrates centrally nucleated 
fibre phenotype in wild type and mdx tissues from 8-week-old mice. (B) Quantitative comparison 
of the percentage of fibres with centrally located nuclei in 8-week-old wild-type and mdx mice. 
Scale bar = 100 µm. Data are represented as means: + SEM; *** = p < 0.001; n = 4-5. 
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Figure 5-2: The percentage of centrally nucleated fibres in Panniculus Carnosus muscles 
(A) Histological representative view of PC muscle: demonstrates centrally nucleated fibre 
phenotype in wild type and mdx tissues from 8-week-old mice. Scale bar = 100µm. (B) 
Quantitative comparison of the percentage of fibres with centrally located nuclei in 8-week-old 
wild-type and mdx mice. Tissues were taken from the middle dorsum of the mouse. Broken lines 
indicate significance between genders; data are represented as means: + SEM; *** = p < 0.001; n 
= 4-5. 
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5.3.1.2! Muscle fibre sizing 

Dystrophic muscles are usually identified by their increased heterogeneity in fibre sizes. 

Assessment of the gross fibre area and fibre diameter (mFD) was performed on transverse 

sections of male and female WT and mdx muscles of gastrocnemius and PC (Figures 5-3 A, 5-

4 A). In general, WT gastrocnemius muscles of both genders had lower means for CSA and 

mFD compared to their dystrophic counterparts (Figures 5-3 B and C). Correspondingly, male 

and female WT muscles demonstrated a normal fibre distribution evident due to the 

homogeneity of their fibre sizes, with the majority measured at under 1000 µm2 in CSA or 35 

µm in diameter (Figures 5-3 D and E). Meanwhile, the CSA of male and female mdx muscle 

fibres were distributed along a scale ranging from 100 µm2 and up to 3500 µm2 or from 5 µm 

to 100 µm for diameters. Male WT gastrocnemius muscles were found to be statistically larger 

than their female counterparts. Meanwhile, male and female mdx gastrocnemius muscles both  

showed increased fibre sizes compared to WT but were equal between genders. Surprisingly, 

PC fibre sizing of WT and mdx muscles of both genders showed similar CSA and mFD values 

and, hence, no gender influence was observed in both genotypes (Figures 5-4 B-C). 

However, by performing the statistical analysis of the 2-way ANOVA test, it was 

revealed that only animal genotypehad a significant effect on the average gastrocnemius fibre 

CSA and mFD. Meanwhile, both gender and the interaction relationship between the two 

independent variables, gender and genotype, were shown not to have any significant effects on 

the collected data. In contrast, 2-way ANOVA test could not detect any significant effect of 

the two independent variables, gender and genotype, neither their interaction on the average 

PC fibre CSA and mFD between the four groups of male and female WT and mdx PC muscles. 
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Figure 5-3: Gastrocnemius muscle fibre sizing and gender dimorphism 
A) Representative WGA-stained muscle sections of male and female WT and mdx mice 
demonstrating the heterogeneity in fibre size of mdx sections compared to WT. Scale bar = 
100µm. Mean myofibre cross-sectional area (B) and mean myofibre diameters in 8-week-old male 
and female wild-type and mdx mice. Comparison of the (C) fibre transverse size distribution 
(µm2) and (D) the frequency distribution of the Min Feret's Diameter between male and female 
wild-type and mdx mice of 8-weeks old. Broken lines indicate significance between genders; Data 
are represented as means: + SEM; *= P< 0.5, **=P< 0.1; n = 4-5. 
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Figure 5-4: Panniculus Carnosus muscle fibre sizing and gender dimorphism 
A) Representative WGA-stained PC muscle sections of male and female WT and mdx mice. Scale 
bar = 100µm. Mean myofibre cross-sectional area (B) and mean myofibre diameters in 8-week-
old male and female WT and mdx mice. Comparison of the (C) fibre transverse size distribution 
(µm2) and (D) the frequency distribution of the Min Feret's Diameter between male and female 
WT and mdx mice of 8-weeks old. Data are represented as means: + SEM; n = 4-5. 
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Male and female mdx PC muscle fibres were shown to significantly occupy more 

capillaries surrounding them appeared to their WT counterparts (Figure 5-6 B). In turn, male 

wild-type PC muscles had a higher capillary-to-fibre ratio and greater capillary number per 

mm2 than was evident in female PC muscles (Figures 5-6 B and C). In contrast, male and female 

mdx PC muscles failed to show any gender dimorphism in their capillary densities (Figures 5-

6 C). 

The statistical analysis of the 2-way ANOVA test could not detect any significant effect 

of the two independent variables, gender and genotype, neither their interaction on the average 

capillary-to-fibre ratio or the average capillary density between the four groups of male and 

female WT and mdx gastrocnemius muscles. In contrast, the 2-way ANOVA test revealed that 

both gender and animal genotype had significant effects on the average capillary-to-fibre ratio 

in male and female WT and mdx PC muscles. However, ANOVA analysis revealed that only 

gender had a significant effect on the capillary density among the four muscles examined. The 

interaction effect between the two independent variables, gender and genotype, was shown not 

to have any significant impact on the collected data from the four muscles examined. 
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Figure 5-5: The effect of gender on the capillarisation of the gastrocnemius muscles 
 
(A) Representative images of the gastrocnemius muscle section of male and female WT and mdx 
stained with WGA (green) and Lectin B4 (red) to highlight the borders of the muscle fibre 
membrane and capillaries, respectively. Scale bar =100µm. Quantitative comparison of (B) 
capillary: fibre ratio and (C) capillary density. Data are represented as means: + SEM; n = 4-5. 
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Figure 5-6: The effect of gender on the capillarisation of the Panniculus Carnosus muscles 
 
(A) Representative images of a PC muscle section of male and female WT and mdx stained with 
WGA (green) and Lectin B4 (red) to highlight the borders of the muscle fibre membrane and 
capillaries, respectively. Scale bar =110µm. Quantitative comparison of (B) capillary: fibre ratio 
and (C) capillary density. Broken lines indicate significance between genders; data are 
represented as means: + SEM; *= P< 0.05, **=P< 0.01; n = 4-5. 
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5.3.2! Sex-hormone Receptors in Dystrophic Skeletal Muscles 

In order to gain greater insight into the gender differences in gastrocnemius and PC skeletal 

muscles, and to understand how this may interact with the muscles’ response to dystrophy, we 

firstly chose to study the expression of the main sex-hormone receptors; androgen receptor 

(AR) and estrogen receptors (ERα and ERβ). Both sex-hormone receptors are expressed in 

skeletal muscles, and it is believed that the sex-hormonal effect on muscles is mediated through 

these receptors (Carson & Manolagas, 2015). As expected, normal male gastrocnemius 

muscles expressed more AR transcript levels than female muscles. Meanwhile, male and 

female dystrophic muscles demonstrated similar levels of AR mRNA. In contrast, both male 

and female mdx muscles were shown to express lower levels of AR mRNA compared to their 

healthy counterparts (Figure 5-7 A). As predicted, female WT and mdx gastrocnemius muscles 

expressed greater ERα transcript levels than male muscles. Moreover, as an influence of 

dystrophy both male and female mdx muscles were shown to exhibit very low levels of ERα 

mRNA compared to their healthy counterparts (Figure 5-7 B). However, the four 

gastrocnemius muscle groups expressed similar levels of ERβ mRNA (Figure 5-7 C). 

In general, both dystrophy and gender effects were less pronounced in PC muscles. 

While the AR transcript level was equal in the different PC sample groups, ERα and ERβ were 

almost altered in female dystrophic muscles. Female mdx PC muscles expressed greater mRNA 

levels for both isoforms of oestrogen receptor compared to their healthy and opposite-sex 

counterparts (Figure 5-8). 
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Figure 5-7: Relative expression of the sex-hormone receptors in Gastrocnemius muscles 
Real-time quantitative PCR (RT-qPCR) of sex-hormone receptors, (A) Androgen receptor (AR), 
(B) Oestrogen receptor alpha (ERα) and (C) Oestrogen receptor beta (ERβ), in eight-week-old 
male and female WT and mdx gastrocnemius muscles. The relative expression of a selected target 
gene is relative to the expression of GAPDH housekeeping gene. Data are represented as means 
of 2-ΔΔC

T mean + SEM; broken lines indicate significance between genders;  
p < 0.05, ** p < 0.01, *** p < 0.001; n = 3-5. 
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Figure 5-8: Relative expression of sex-hormone receptors in PC muscles 
Real-time quantitative PCR (RT-qPCR) of sex-hormone receptors, (A) Androgen receptor (AR), 
(B) Oestrogen receptor alpha (ERα) and (C) Oestrogen receptor beta (ERβ), in eight-week-old 
male and female WT and mdx PC muscles. The relative expression of a selected target gene is 
relative to the expression of GAPDH housekeeping gene. Data are represented as means of 2-ΔΔC

T 
mean + SEM; broken lines indicate significance between genders; p < 0.05, ** p < 0.01, *** p < 
0.001; n =3-5. 
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5.3.3! Gender-based Differences in The Expression of Myogenesis-related genes in 

Dystrophic Muscles 

To investigate whether gender or genotype may influence myogenesis, mRNA levels of 

myogenic markers of Pax7, Myf5, MyoD, Myog and embryonic MyHC (emb.MyHC) were 

quantified from gastrocnemius and PC skeletal muscles of both genders. At first glance, male 

and female mdx gastrocnemius muscles showed higher myogenic activity, as demonstrated by 

the greater expression of the five genes tested compared to WT counterparts. Conversely, 

gender had a mild effect on the myogenesis of gastrocnemius muscles. While the 

gastrocnemius muscles of both genders expressed similar rates of Pax7, MyoD and emb.MyHC, 

female WT muscles showed greater mRNA levels of Myf5 and Myog than were evident in male 

muscles. In regard to the effect of gender on dystrophy, female mdx gastrocnemius muscles 

showed higher transcript levels of only Pax7 and emb.MyHC compared to male counterparts 

(Figure 5-9 A & E). 

 The myogenesis of PC muscles was examined by screening the transcript rates of the 

five main myogenic markers: Pax7, Myf5, MyoD, Myog and emb.MyHC. Pax7 was expressed 

at similar levels among the four PC muscle groups. While gender had an effect on MyoD 

expression in normal PC muscles (females > males), it failed to show an influence on the other 

myogenic genes tested. Similarly, there was no significant effect of gender on the expression 

of the myogenic genes in dystrophic PC muscles. Conversely, male mdx PC muscles 

demonstrated greater MyoD expression than their normal counterparts. Meanwhile, female mdx 

PC muscles demonstrated greater expression of Myf5 and Myog compared to normal female 

PC muscles (Figure 5-10). Embryonic MyHC was not detectable in the four groups of PC 

muscles.  
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Figure 5-9: The effect of gender on the relative expression of myogenic-related genes in 
Gastrocnemius muscles 
Real-time quantitative PCR (RT-qPCR) of myogenic factors, (A) Pax7, (B) Myf5, (C) MyoD, (D) 
Myog, and (E) embryonic myosin, in eight-week-old male and female WT and mdx gastrocnemius 
muscles. The relative expression of a selected target gene is relative to the expression of GAPDH 
housekeeping gene. Data are represented as means of 2-ΔΔC

T mean + SEM; broken lines indicate 
significance between genders; p < 0.05, ** p < 0.01, *** p < 0.001; n = 3-5. 
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Figure 5-10: The effect of gender on the mRNA relative expression of myogenic-related genes in 
PC muscles 
Real-time quantitative PCR (RT-qPCR) of myogenic factors, (A) Pax7, (B) Myf5, (C) MyoD, and 
(D) Myog, in eight-week-old male and female WT and mdx PC muscles. The relative expression 
of a selected target gene is relative to the expression of GAPDH housekeeping gene. Data are 
represented as means of 2-ΔΔC

T mean + SEM; broken lines indicate significance between genders; 
p < 0.05, ** p < 0.01, *** p < 0.001; n = 3-5. 
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5.3.4! The Impact of Gender on the Expression of Myosin-heavy Chain Subtypes in 

Dystrophic Muscles 

To test whether gender may influence the fibre-type composition of gastrocnemius and PC 

muscles, we quantified the transcript levels of the different subtypes of myosin-heavy chain 

(MyHC) in male and female WT and mdx muscles. In general, there are four muscle fibre types: 

slow-twitch Type-I and fast-twitch Types IIA, IIX and IIB, identified by the expression of the 

different MyHC genes; Myh7, Myh2, Myh1 and Myh4, respectively.  

Gastrocnemius muscle is mainly a mixed fast muscle that may house some slow fibres. 

In general, our findings showed that female WT and mdx gastrocnemius muscles expressed a 

higher mRNA level of slow MyHC compared to male counterparts. In addition, female mdx 

muscles demonstrated greater transcript rates of both MyHC IIA and IIX in comparison to male 

mdx muscles. Dystrophy had also an impact on the expression of the different MyHC subtypes. 

Compared to their healthy counterparts, male mdx muscles showed a lower mRNA level of 

MyHC IIA, whereas female mdx muscles demonstrated increased expression of MyHC IIX. In 

addition, dystrophic muscles from both genders showed a decrease in the transcript levels of 

MyHC IIB when compared to normal muscles (Figure 5-11).  

 Rodent PC skeletal muscle is known to be composed of mainly fast fibres, as previously 

reported (Brazelton et al., 2003). However, the four PC muscle groups revealed similar mRNA 

levels of slow MyHC. Gender-wise, male wild-type PC muscles showed a higher transcript 

level of MyHC IIX than female muscles. Female mdx PC muscles demonstrated greater mRNA 

levels of the three fast MyHCs (IIA, IIX and IIB) compared to their male counterparts. 

Dystrophy affect was also pronounced in PC muscles where male mdx PC muscles showed a 

lower transcript level of MyHC IIA and female mdx PC muscles showed higher transcript 

levels of MyHC IIX and IIB compared to their healthy counterparts (Figure 5-12).  
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Figure 5-11: Relative expression of the different MyHCs mRNA transcripts in Gastrocnemius 
muscles 
Real-time quantitative PCR (RT-qPCR) of the different MyHC subtypes MyHC-I (slow or Myh7), 
MyHC-IIA (fast 2A or Myh2), MyHC-IIX (fast 2X of Myh1) and MyHC-IIB (fast 2B or Myh4), 
in eight-week-old male and female WT and mdx Gastrocnemius muscles. The relative expression 
of a selected target gene is relative to the expression of GAPDH housekeeping gene. Data are 
represented as means of  2-ΔΔC

T + SEM; broken lines indicate significance between genders; p < 
0.05, ** p < 0.01, *** p < 0.001; n = 3-5. 

 
 
 

 

Figure 5-12: Relative expression of the different MyHCs mRNA transcripts in PC muscles 
Real-time quantitative PCR (RT-qPCR) of the different MyHC subtypes MyHC-I (slow or Myh7), 
MyHC-IIA (fast 2A or Myh2), MyHC-IIX (fast 2X of Myh1) and MyHC-IIB (fast 2B or Myh4) in 
eight-week-old male and female WT and mdx PC muscles. The relative expression of a selected 
target gene is relative to the expression of GAPDH housekeeping gene. Data are represented as 
means of 2-ΔΔC

T + SEM; broken lines indicate significance between genders;  
p < 0.05, ** p < 0.01, *** p < 0.001; n = 3-5. 
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5.3.5! The Effect of Gender on the Expression of Genes Encoding Ca2+-Handling Proteins 

in Dystrophic Muscles 

We subsequently investigated whether gender might have a potential influence on the 

expression of calcium handling-related genes in WT and mdx gastrocnemius and PC muscles. 

The panel of Ca2+-handling protein genes included genes for the sarcoplasmic Ca2+ pumps; 

SERCA1a (ATP2a1) and SERCA2a (ATP2a2) and genes that encode for regulatory peptides 

of the SERCA pumps: sarcolipin (SLN), Myoregulin (MRLN), Phospholamban (PLN) and 

Dwarf open reading frame (DWORF). Genes that express Ca2+-binding proteins such as 

Calmodulin 1 (Calm1), Parvalbumin (Parv), and Calsequestrin (CASQ) were also examined. 

 Wild-type and mdx gastrocnemius muscles of both male and female revealed similar 

transcript levels for SERCA1a (Figure 5-13 A). In contrast, the dystrophic impact was more 

pronounced in the expression of SERCA2a, where muscles of both mdx genders expressed 

greater levels of SERCA2a compared to their normal counterparts. Furthermore, female mdx 

gastrocnemius muscles showed a greater SERCA2a mRNA level than male muscles. Hence, 

this observation may suggest a potential gender dimorphism (Figure 5-13 B). While MRLN 

was reported to regulate SERCA1a, SLN and PLN are the regulatory proteins of SERCA2a 

(Anderson et al., 2016). From a dystrophy point of view, male mdx muscles showed lower 

expression of MRLN, higher expression of SLN and similar levels of PLN when compared to 

normal male muscles. While MRLN expression remained unchanged, female mdx muscles 

expressed greater mRNA rates of SLN and PLN compared to female WT muscles. Meanwhile, 

gender differences were only pronounced in the expression of MRLN and PLN. Male WT 

muscles expressed more MRLN mRNA than female muscles, and both female WT and mdx 

muscles expressed greater levels of PLN compared to male counterparts (Figure 5-13 C-E). 

The positive regulatory protein, DWORF, was expressed at similar levels among the four 

muscle groups (Figure 5-13 F). 

 Calmodulin and Parvalbumin are the main calcium-binding proteins in the myoplasm, 

whereas calsequestrin is the buffering protein for Ca2+ in the SR. Both Calm1 and Parv were 

expressed in a similar pattern among the four gastrocnemius muscle groups. The dystrophic 

muscles of both genders displayed lower levels of Calm1 mRNA compared to healthy 

counterparts. Meanwhile, Parv expression was affected by dystrophy only in female mdx, as 

demonstrated by a reduction in the transcript levels when compared to normal female muscles 

(Figures 5-14 A and B). In contrast, CASQ1 expression was dramatically elevated in dystrophic 

muscles relative to normal muscles. The influence of gender was mostly evident as a reduction 
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in the expression of the three genes in female mdx muscles compared to male muscles (Figure 

5-14 C).  

 In contrast to the mRNA expression of SERCA1a in PC, SERCA2a mRNA expression 

seemed to be affected by dystrophy, since male mdx muscles were shown to express a higher 

level of SERCA2a than normal male muscles. Conversely, the influence of gender was more 

pronounced in the expression of SERCA1a, but not in the expression of SERCA2a. Both 

female WT and mdx PC muscles demonstrated greater SERCA1a expression than their male 

counterparts. As with gastrocnemius muscles, male wild-type PC muscles expressed more 

MRLN mRNA than dystrophic muscles, and SLN expression was dramatically high in the 

dystrophic muscles of both genders compared to normal muscles. As a gender influence, male 

wild-type PC muscles had a higher MRLN mRNA level than female WT muscles, and female 

mdx PC muscles showed greater levels of MRLN and SLN compared to their male counterparts 

(Figure 5-15).  

 The most pronounced effect of dystrophy on the mRNA expression of calcium-binding 

proteins (Calm-1, Parv and CASQ1) in PC muscles was evident via a significant increase in 

the mRNA levels of the three genes in female mdx muscles compared to healthy counterparts. 

Furthermore, the transcript levels of Calm1, Parv and CASQ1 were strikingly lower in male 

mdx PC muscles compared to female mdx muscles. Hence this observation may strongly 

suggest that of gender has a potential impact on calcium handling in PC muscles (Figure 5-16). 
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Figure 5-13: Relative gene expression of SERCA and SERCA regulators in Gastrocnemius 
muscles 
Real-time quantitative PCR (RT-qPCR) of Ca2+-handling protein, including (A) SERCA1a 
(ATP2a1), (B) SERCA2a (ATP2a2), (C) Sarcolipin (SLN), (D) Myoregulin (MRLN), (E) 
Phospholamban (PLN) and (F) Dwarf open reading frame (DWORF), in eight-week-old male and 
female WT and mdx gastrocnemius muscles. The relative expression of a selected target gene is 
relative to the expression of GAPDH housekeeping gene. Data are represented as means of 2-ΔΔC

T 
+ SEM; broken lines indicate significance between genders; p < 0.05, ** p < 0.01, *** p < 0.001; 
n = 3-5. 
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Figure 5-14: Relative gene expression of calcium binding proteins in Gastrocnemius muscles 
Real-time quantitative PCR (RT-qPCR) of Ca2+-handling protein, including (A) Calmodulin 1 
(Calm1), (B) Parvalbumin (Parv) and (C) Calsequestrin 1 (CASQ1), in eight-week-old male and 
female WT and mdx Gastrocnemius muscles. The relative expression of a selected target gene is 
relative to the expression of GAPDH housekeeping gene. Data are represented as means of 2-ΔΔC

T 
+ SEM; broken lines indicate significance between genders; p < 0.05, ** p < 0.01, *** p < 0.001; 
n = 3-5. 
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Figure 5-15: Relative gene expression of SERCA and SERCA regulators in PC muscles 
Real-time quantitative PCR (RT-qPCR) of Ca2+-handling protein, including (A) SERCA1a 
(ATP2a1), (B) SERCA2a (ATP2a2), (C) Sarcolipin (SLN) and Myoregulin (MRLN), in eight-week-
old male and female WT and mdx PC muscles. The relative expression of a selected target gene is 
relative to the expression of GAPDH housekeeping gene. Data are represented as means of 2-ΔΔC

T 
+ SEM; broken lines indicate significance between genders; p < 0.05, ** p < 0.01, *** p < 0.001; 
n = 3-5. 
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Figure 5-16: Relative gene expression of calcium-binding proteins in PC muscles 
Real-time quantitative PCR (RT-qPCR) of Ca2+-handling protein, including (A) Calmodulin 1 
(Calm1), (B) Parvalbumin (Parv) and (C) Calsequestrin 1 (CASQ1), in eight-week-old male and 
female WT and mdx PC muscles. The relative expression of a selected target gene is relative to 
the expression of GAPDH housekeeping gene. Data are represented as means of 2-ΔΔC

T + SEM; 
broken lines indicate significance between genders; p < 0.05, ** p < 0.01, *** p < 0.001; n =3-5. 
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5.4! Discussion  

Although the study of gender dimorphism is an active topic in relation to muscle tissue in areas 

such as sports or diseases such as sarcopenia, the study of gender's influence on dystrophy is 

quite novel and controversial. As detailed in the current chapter, we investigated the effect of 

gender on the general morphology of Gastrocnemius and Panniculus Carnosus (PC) muscles. 

In addition, we were keen to discover whether muscles from different genders may respond to 

dystrophy differently. Sex steroids are known to induce their physiological affects through their 

receptors which in turn may influence the transcription of target genes or signalling 

transduction pathways (Carson & Manolagas, 2015). In rodents and human muscle cells, the 

expression of sex-hormone receptors (e.g. AR) are seen to be up-regulated by the increase in 

the concentration of the corresponding steroid (Kim et al., 2016). Hence, in order to gain a 

deeper understanding of male and female muscle transcriptional response to dystrophy, sex-

hormone receptors were first examined for their mRNA levels. Myogenic markers were also 

tested to provide an overview of the attempt of the muscles to regenerate as a response to 

dystrophy. Potential muscle fibre type shifting to slow-fibre transcription was assessed by 

quantifying the mRNA level of the different myosin-heavy chain subtypes. Finally, a general 

overview gender/dystrophy effect on calcium handling was examined in male and female WT 

and mdx gastrocnemius and PC muscles by RT-qPCR of a panel of Ca2+-related genes. 

Although DMD is mainly associated with male incidences, female subjects with a 

defective allele of the dmd gene can be affected to some degree later in their lives, despite that 

the other intact X chromosome serves as a functional compensatory gene (Grain et al., 2001; 

Emery, 2002). Heterozygous females are often symptomatic carriers of DMD. However, the 

symptoms of dystrophy vary in female carriers of DMD, ranging from muscular weakness and 

cardiac abnormalities to severe clinical complications. However, although it is very rare for 

female subjects to develop advanced DMD conditions such as those observed in males, 20% 

of heterozygous female carriers may be severely affected (Nozoe et al., 2016).  

The current study highlights the differences in muscle responses to dystrophy in both 

genders. Regenerative capacity was assessed by quantifying the number of fibres with central 

nuclei (CNFs). Healthy gastrocnemius muscles showed almost no sign of CNFs (≤ 0.3%), 

whereas healthy PC muscles were observed to have some degree of regenerative activity 

(≤5%). However, PC is readily known to have a natural high turnover feature ((Brazelton et 

al., 2003) & present thesis; chapter 4). As expected, male and female dystrophic muscles 

demonstrated striking increases in the percentage of CNF in both muscles types. Interestingly, 
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female PC mdx muscles showed  >50% less CNFs than the percentage evident in male muscles. 

This finding apparently indicates a gender dimorphism uniquely in the reaction of PC muscles 

to dystrophy but not gastrocnemius mdx muscles. In general, male muscle mass has been 

continuously reported to be greater than that of females. In addition, male muscle fibres are 

prone to having a greater diameter when compared to females (Haizlip et al., 2015). Earlier 

reports showed that heterogeneity in fibre size is another hallmark of dystrophic muscles 

(Briguet et al., 2004). Our results in regard to gastrocnemius muscles are in line with earlier 

reports. In healthy conditions, we showed that mean fibre diameter was smaller in female WT 

muscles compared to male muscles. However, as expected, the dystrophic gastrocnemius 

muscles of both genders showed a much greater average CSA and mFD in contrast to healthy 

counterparts whilst, conversely, failing to exhibit any gender differences. As a result of having 

a high turnover of muscle tissue, PC muscle fibres are generally smaller in diameter compared 

to body muscle fibres, and, hence, they readily appear heterogeneous in size regardless to any 

further disruption (Brazelton et al., 2003). Surprisingly, our observations did not find any 

differences between male and female WT and mdx muscles where the four subject groups had 

a similar mean CSA. Interestingly, PC dystrophic muscles were almost three times smaller than 

gastrocnemius dystrophic muscles (~500 µm2 vs. ~ 1650 µm2).  

Skeletal muscle is one of the most vasculature-enriched tissue. In general, there are few 

points that prompt interest to study the blood vasculature in DMD. The first reason is because 

dystrophin is also expressed in endothelial-smooth muscle cells, and the general loss of 

dystrophin may affect them (Miyatake et al., 1989). Secondly, the observation that necrosis 

occurs in assemblages in DMD biopsies was suggested to be due to focal failures in blood 

supply (Engel & Hawley, 1977). Nitric oxide synthase (nNOS) is responsible for producing 

nitric oxide (NO) as a response to exercise, in order to facilitate the blood flow via dilating 

blood vessels (Gao & M McNally, 2015). Hence, the third reason is linked to the disassociation 

of the membrane-associated nitric oxide synthase (nNOS) in DMD. Nevertheless, studying 

abnormalities in dystrophic blood vasculature began with many conflicting outcomes. Many 

studies could not detect an explicit alteration in blood vasculature in DMD. However, it was 

then found that fibrosis, rather than necrosis, may contribute to such abnormalities in DMD. It 

may form a barrier between a blood capillary and a muscle fibre. Hence, myofibres are more 

susceptible to a reduced level of secreted muscle repair-soluble factors and gaseous exchange 

(Christov et al., 2007; Desguerre et al., 2009). Furthermore, alteration in the vasculature bed 

in dystrophic muscles may be age dependent (Desguerre et al., 2009; Latroche et al., 2015). 



                                                                Tissue and Gender-Based Differences in Muscle Regeneration  

 198 
   

Indeed, whereas relatively young mdx mice showed normal vascularisation, 1-year-old mdx 

mice revealed an alteration in the organisation of the microvascular network (Latroche et al., 

2015). Compared to their age-matched healthy counterparts, the capillary-to-fibre perimeter 

exchange index (CFPE) remained unchanged in the 1-year-old mdx mice of both genders 

(Latroche et al., 2015; Guéniot et al., 2016). However, although 1-year-old mdx male mice 

demonstrated a faster level of vessel re-constriction post-muscle exercise, they showed a 

blunted response to vascular dilatation after exercise compared to aged-matched female mice 

(Bearden, 2007). In line with these observations, our study showed no difference in the ratio 

of capillary-to-fibre nor in capillary density (capillaries per mm2) in healthy gastrocnemius 

muscles compared to dystrophic counterparts. In addition, the male and female muscles of 

gastrocnemius and PC muscle types expressed a similar blood vasculature quantity (Figure 5-

5C & 5-6C). In contrast, there was a constant gender effect on the two capillarisation indices: 

the capillary-to-fibre ratio and the capillary density in PC muscles. Male PC muscles of healthy 

mice displayed greater capillarisation compared to female counterparts. Although mdx muscles 

showed a similar trend, the gender effect was not deemed significant. Dystrophy, conversely, 

showed an influence on the capillary-to-fibre ratio, where mdx fibres seemed to recruit more 

capillaries around them compared to WT counterparts, although the density remained 

proportionate in the two types of muscle (Figure 5-6). Very little is known about the 

capillarisation of dystrophic female muscles. However, one of the few studies that investigated 

female mdx hind-limb muscles showed that, while 1-year-old male mdx mice had a decreased 

terminal arteriole density (Latroche et al., 2015), 1-year-old female mdx mice exhibited no 

change, both being compared to their WT counterparts. Meanwhile, female mdx muscles 

showed an increase in micro vessel density compared to female WT muscles (Guéniot et al., 

2016), which is not in line with our findings. 

Skeletal muscle fibres are heterogeneous in cellular make-up, as indicated by the 

myosin-heavy chain (MyHC) composition, of which there are four types: slow-twitch type I 

and fast-twitch types IIA, IIX and IIB. These muscle fibre types range from being highly 

oxidative (type I) to highly glycolytic (type IIB). IIA and IIx obtain a mix of slow/fast-twitch 

and oxidative/glycolytic properties (Schiaffino & Reggiani, 2011). In general, muscle fibre 

type composition also differs between genders. While male muscles tend to be more enriched 

with fast-twitch fibres, female muscles tend to express more slow-twitch fibres. In addition, 

this pattern is also observed at a transcriptional level, where males tend to express more mRNA 

rates of fast MyHCs, and vice versa for female muscles (Haizlip et al., 2015). As a prolonged 
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effect of dystrophy, dystrophic muscle fibre composition tends to shift from fast to slow which 

can be explained by the higher susceptibility of fast fibre types to degeneration in DMD 

(Webster et al., 1988; Pedemonte et al., 1999). In the current study, we used qPCR to quantify 

the expression of the different MyHC subtypes. In gastrocnemius muscles, our findings 

followed earlier reports where healthy male muscles expressed greater MyHC IIX and IIB and 

female muscles expressed greater MyHC I, both when compared to the opposite sex. Since 

MyHC IIA and IIX are still considered to contain glycolytic properties, one would presume 

that, even in dystrophy, male muscles might express them more than female muscles. However, 

this was not the case in our study, where female mdx muscles expressed more of the IIA and 

IIX MyHC subtypes than male dystrophic muscles. We previously showed that PC muscles 

are mainly composed of a mix of the three fast-twitch subtypes, with no indication of slow-

twitch fibres (Chapter 4). MyHC IIA and IIB are the most oxidative and glycolytic subtypes, 

respectively. We hypothesised that female PC muscles would express more MyHC IIA and 

that male PC muscles would express more IIB subtype compared to each other. Our hypothesis 

was rejected, since both male and female muscles expressed similar transcript levels of MyHC 

IIA and IIB. However, male PC muscles showed an elevation in the mRNA level of IIX subtype 

compared to females. As in the case of gastrocnemius, we hypothesised that dystrophic 

muscles, of both genders, may follow the same expression pattern as in healthy counterparts. 

Interestingly, this was not the case either for PC. Nevertheless, dystrophic PC muscles almost 

mimicked the expression of the MyHCs of gastrocnemius muscles, as demonstrated by the 

elevated expression of IIA and IIX in female mdx muscles compared to male muscles. 

Furthermore, the IIB transcript level was elevated more in female mdx muscles than in male 

mdx. We are not certain of the reasons for such a conflicted observation between earlier reports 

and our findings. However, since female mdx muscles were shown to express more IIA and 

IIX in both gastrocnemius and PC muscles, we propose that the influence of gender on 

dystrophy in fast muscles is exemplified this way. Nevertheless, further research to quantify 

the different MyHC subtypes at the protein level is essential to clarify the qPCR results.  

Muscle growth and repair requires the activation of the canonical muscle stem cells (i.e. 

satellite cells). Upon activation, SCs undergo multiple cycles of division to form either new 

myotubes or myoblasts that eventually defuse into injured myotubes for further support. SCs 

differentiation are aided by the coordinated expression of myogenic regulatory factors (MRFs), 

including MyoD, Myf-5, MRF4 and myogenin (McCullagh & Perlingeiro, 2015). To gain an 

overview of the myogenic activity in the gastrocnemius muscles of male and female WT and 
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mdx, mRNA levels of a panel of myogenic markers were quantified. As predicted, mdx 

gastrocnemius muscles exhibited greater myogenic activity compared to healthy counterparts, 

as demonstrated by a striking increase in the transcript levels of the five genes examined: Pax7, 

Myf5, MyoD, Myog and embryonic MyHC (emb.MyHC). Gender had a mild influence on the 

myogenic activity of healthy and dystrophic gastrocnemius muscles. Compared to male 

counterparts, female WT muscles displayed greater mRNA expression of Myf5 and Myog while 

female mdx muscles demonstrated greater Pax7 and emb.MyHC mRNA levels (Figure 5-9). 

These two observations are relatively in line with earlier findings where female muscle-

derived-stem-cells (MDSCs) significantly regenerated more dystrophin-positive myofibres in 

mdx muscles compared to male MDSC when both were transplanted in sex-matched and sex-

mismatched mdx muscles (Deasy et al., 2007). Nevertheless, others examining bona fide 

muscle satellite stem cells found that males and females had an equal ability to regenerate 

muscle in vivo, although the quantity of SCs in males was greater than in females (Neal et al., 

2012). In the previous chapter, we only observed gender effect on the myogenic activity in  

dystrophic PC-derived-satellite-cells in vitro. Herein, we observed a very mild gender 

influence regarding the pattern of myogenic gene expression in both healthy and mdx muscles 

(Figure 5-10). However, as with gastrocnemius muscles, female PC muscles showed a quite 

advanced myogenicity compared to male muscles. This was demonstrated as an increase in the 

expression of MyoD in healthy female muscles and an increase in Myf5 and Myog in the 

female mdx muscles, both comparing to male counterparts. Although it is still controversial, 

“satellite cell exhaustion” in DMD is commonly accepted as a reason for why SCs become 

dysfunctional. The term suggests that SCs are prone to lose their ultimate capability to 

withstand the high demand for regeneration, leading to eventual impairment in muscle 

regenerative capacity (Chang et al., 2016). Based on our findings, we propose that this concept 

is more applicable to gastrocnemius muscles than PC muscles, since dystrophic gastrocnemius 

muscles were observed to exhibit a striking elevation in the five myogenic factors tested. This, 

in turn, has raised multiple questions regarding the myogenicity of dystrophic PC muscles and 

whether normal PC is readily myogenically active due to its high turnover nature, and hence, 

there was no significant difference between the healthy and dystrophic muscles.  

 Not all skeletal muscles are affected equally in DMD. In fact, there are a few muscles 

that have been reported to spare dystrophy, such as extraocular, laryngeal and masticatory 

muscles. Their resistance to dystrophy is proposed as being due to the significant levels of 

calcium-handling-related proteins and calcium buffering (Burr & Molkentin, 2015). To assess 
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general intracellular calcium trafficking, we examined the transcriptional levels of the different 

SR-Ca2+-ATPase pumps (SERCA1a and SERCA2a), in addition to their regulatory proteins 

MRLN, SLN and PLN. Moreover, calcium buffers such as Calm1, Parv and CASQ1 were 

examined to reflect the capacity of muscles to handle free calcium ions. Based on earlier 

reports, hindlimb of mdx usually display a lower level of SERCA1a but higher SERCA2a 

expression (Schneider et al., 2013). Our results showed no alteration in the expression of 

SERCA1a in dystrophic gastrocnemius muscles (although this was observed in Chapter 3 

Figure 3-7A). In contrast, SERCA2a mRNA expression was increased in dystrophic muscles. 

Furthermore, female mdx muscles were shown to exhibit two times the amount of the 

SERCA2a mRNA expression compared to male counterparts. Correspondingly, it is not 

surprising to observe a subsequent elevation in the inhibitory proteins of SERCA2a, SLN and 

PLN, with dystrophy (Figure 5-13). If we followed the hypothesis that SERCA2a is co-

expressed in dystrophic muscles as a strategy to correct calcium dysregulation (see discussion 

in Chapter 3), one could propose that female mdx muscles have an enhanced protective 

mechanism against dystrophy compared to male muscles. However, this assertion is still very 

weak, being dependent on mRNA expression and on one gene. Moreover, the results of 

calcium-buffering mRNA expression strongly refuted the aforementioned hypothesis, since 

male mdx gastrocnemius muscles exhibited greater expression of the three calcium buffering 

genes tested – Calm, Parv and CASQ – compared to female mdx muscles. The hypothesis is 

open to further debate, as Calm and Parv transcript levels were shown to be greater in healthy 

muscles compared to female mdx muscles. Overall, it can be concluded that there was an 

attempt by the female mdx gastrocnemius muscle to ameliorate the dystrophic conditions by 

expressing more mRNA of SERCA2a and an attempt by male mdx muscles to compensate for 

dystrophy by expressing more calcium-buffering genes, when compared to the muscles of 

opposite sex in both cases.  

PC muscle tissues are mainly composed of fast muscle fibres, with no presence of slow-

twitch muscle fibres. Naturally, it is a high-turnover type of muscle that one would, 

subsequently, predict to have an active transcriptional system which can further be triggered 

by dystrophy. SERCA1a is mainly expressed in fast-twitch muscles, whereas SERCA2a is the 

slow-twitch isoform which is also expressed in regenerating fibres (Schneider et al., 2013). In 

the current study, when comparing PC to hindlimb dystrophic muscles, the usual decrease in 

SERCA1a observed in earlier reports (Schneider et al., 2013) could not be detected in the 

dystrophic PC muscles of either genders. Surprisingly, it was rather elevated in both female 
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WT and mdx muscles compared to the opposite sex. Conversely, the elevation observed in the 

expression of SERCA2a with dystrophy was only observed in male mdx PC muscles. However, 

these observations can be controversial to interpret. For example, if considering PC as a muscle 

with a high-turnover nature and since the elevation in the mRNA of SERCA1a is in line with 

the elevation in the transcript levels of the three fast MyHC isoforms (Figure 5-12), one would 

support the idea that female WT and mdx PC muscles have a greater turnover nature than male 

muscles do. In contrast, if considering the hypothesis that the co-expression of SERCA2a with 

dystrophy is an advanced protective mechanism, and that dystrophic muscles have a more 

rapid, constant and active regenerating system than normal muscles, one could assume that 

male PC mdx muscles have a progressive turnover capacity that results in such a striking 

elevation in the expression of SERCA2s (Figure 5-14). Regulatory proteins of SERCA, MRLN 

and SLN, but not PLN, were also examined. PLN was excluded, since it is dedicated more to 

slow-twitch fibres. In general, MRLN and SLN expression in PC followed the observed 

expression pattern in gastrocnemius muscles (Figures 5-13 and 5-14). It is not usual to observe 

a decrease in SERCA-inhibitory genes with dystrophy. However, MRLN mRNA expression 

did follow this unusual observation where WT male PC muscle were shown to display more 

MRLN mRNA than dystrophic counterparts. In contrast, and as expected, SLN was highly 

expressed with dystrophy (Figure 5-14). Female dystrophic muscles exhibited significantly 

more MRLN and SLN mRNA than their male counterparts. While MRLN and SLN were 

suggested to be the main regulatory protein for SERCA1a and SERCA2a, respectively 

(Anderson et al., 2016), studies on human skeletal muscle have also suggested that SLN may 

regulate either of the SERCA isoforms (Fajardo et al., 2013). Hence, it is worth mentioning 

that our results can be considered to be in line with the later-mentioned hypothesis, since female 

mdx PC muscles was shown to exhibit a striking elevation of the SERCA1a gene but not 

SERCA2a. It was very interesting to observe that female mdx PC muscles exhibited the greatest 

expression of the three calcium buffering genes, namely Calm, Parv and CASQ, among the 

different muscles groups tested. By linking our findings on female mdx PC muscles represented 

as; 1) lower level of degeneration/regeneration (i.e. lower CNF%) (vs. male mdx); 2) higher 

expression of estrogen receptors (vs. female WT); 3) higher transcript levels of fast MyHC 

isoforms (vs. male mdx); 4) greater SERCA2a mRNA level (vs. male mdx) 5) higher expression 

of Ca2+-buffering genes; and 6) that female PC-derived myotubes had lower myogenic activity 

than male myotubes (see Chapter 4); we can highly propose that female dystrophic PC muscles 

have a greater capability to manage dystrophy more than male counterparts or other skeletal 

muscles (i.e. gastrocnemius muscles) in some cases. In contrast, our findings on PC SCs in 



                                                                Tissue and Gender-Based Differences in Muscle Regeneration  

 203 
   

male mdx strongly suggest that they have an increased propensity to differentiate (see Chapter 

4) and, hence, would deplete the SCs available for regeneration in vivo. Subsequently, SCs in 

the PC of female mdx will be advantaged in terms of having a great reservoir of cells for muscle 

repair. This disparity in PC myogenicity between male and female mdx is in concordance with 

the observed in vivo two-fold lower number of regenerated CNF fibres in female PC compared 

to male PC, and it parallels alterations in calcium homeostasis genes. 
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5.5! Limitations and Suggestions for Future Work  

Having been limited with time, I would suggest conducting further histological analysis to 

further explore the gender/dystrophy impact and uniqueness of PC in both genders. For 

example, I would suggest examining the integrity of muscle fibre sarcolemma by conducting 

Evans blue dye assay or similar assays. In addition, levels of circulating sex-hormones in 

dystrophic mice could have been of a great add to the current study in facilitating interpreting 

outcomes with more subtle data.  

Although muscle fibre-typing has been overly looked-at in previous reports, studying the 

diversity of muscle fibre-type would have been so advantageous, herein, especially for PC 

muscles rather just relying on the gene expression of the different MyHCs. 

The massive amount of the transcriptional data (i.e. RT-qPCR) was a major 

challenge to digest and link interesting findings together and come out with a solid, yet 

meaningful, conclusion. In addition, previously reports on gender differences in 

muscles are full of conflicting outcomes and controversies. Hence, although I made my 

attempts to clarify both sides, it was quite challenging to use any in particular without 

feeling bias in favour of my findings.  

The majority of the findings and conclusions in this chapter are mainly based on 

analysing transcriptional abundancy of different genes. However, in eukaryotic cells, 

gene expression may not always reflect its protein level (Liu et al., 2016). Therefore, 

further experiments examining protein expression of those genes are strongly required 

to either support my debate or even reject those hypotheses I emphasized.  
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Chapter 6 
6! General Discussion 

6.1! General Discussion 

Duchenne Muscular Dystrophy (DMD) is a progressive X-linked muscle disorder 

caused by the failure in producing the functional dystrophin protein; a key element of 

the dystrophin-glycoprotein complex (DGC) that connects the intracellular 

cytoskeleton to the extracellular matrix. Clinically, 1 new-born boy out of 3,500 is 

prone to be diagnosed with DMD where they suffer from a severe muscle degeneration 

leading to permanent muscle weakness in their adolescence (Emery, 2002). Young 

adult patients typically develop congestive heart and ventilatory failure. Together, 

cardiomyopathy and respiratory system impairments eventually lead to their death 

(Khan & Heckmatt, 1994; Ishihara, 2004). Females can be carrier for DMD and 

asymptomatically affected at later ages. Five to ten percentages of females with one 

defective allele of the dmd gene were reported to experience some degree of muscle 

weakness and may develop cardiac abnormalities (Grain et al., 2001). 

Defects in the DGC organization due to the loss of dystrophin results in the 

disruption of the sarcolemmal properties and subsequent intracellular alterations. 

Great evidences have documented that one of the subtle deleterious events in muscular 

dystrophies include the increased susceptibility of sarcolemma to mechanical stress 

that in turn jeopardizes it to increased permeability to ions such as calcium ions (Ca2+). 

Subsequently, Ca2+ influx and its intracellular accumulation may trigger a number of 

pathways that eventually induce muscular dystrophy-like symptoms (Burr & 

Molkentin, 2015). Indeed, pre-clinical trials that focused on minimizing the 

intracellular [Ca2+] overload presented a successful strategy in ameliorating dystrophic 

phenotypes. Such an effective approach was via overexpressing the sarcoplasmic 

reticulum Ca2+ ATPase (SERCA) to accelerate the withdrawal of the surplus [Ca2+] 

from the myoplasm into the sarcoplasmic reticulum network (SR). Overexpressing 

adult isoforms of SERCA, 1a and 2a, has demonstrated promising outcomes as an in 

vivo potential gene therapy against dystrophy. (Morine et al., 2010a; Goonasekera et 

al., 2011).  
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Earlier in our laboratory, Dr. Sean McCarthy demonstrated that introducing 

AAV-GFP for 7 days was sufficient to produce efficient and broad viral transduction 

in muscle tissues. As expected, in a subsequent study where we incubated the viral 

vector for 4 and 6 weeks, we showed that the longer the vector was incubated in muscle 

tissues, the higher the transduction level was. To this end and with support from earlier 

reports, we confirm that AAV2/9 transduction driven by CMV promoter creates a 

dynamic tool for gene therapy. In addition, since our findings are in agreement with 

earlier published studies, we are pleased to present our results as a contribution to the 

topic of AAV validity in muscle transduction. 

A number of reasons prompted us to adapt the SERCA gene therapy for 

rescuing muscular dystrophy. In particular, along with the known elevation of 

SERCA2a protein levels in dystrophic muscles, SERCA2a was shown to be expressed 

in newly regenerated fibres in dystrophy, with no such detection in similar fibres in 

healthy muscles (Schneider et al., 2013). Moreover, together with the evident shift in 

fibre type from fast to slow in dystrophic muscles, we hypothesised that dystrophic 

muscles may co-express SERCA2a as a protective mechanism. This hypothesis is 

supported by the promising results (i.e. reduction in the circulating CK; enhancing 

Ca2+ clearance and cycling; restoration in the percentage of CNF, and an overall 

decrease in fibrosis rate) observed after overexpressing SERCA2a in Sgcd-/- from 

Molkentin’s laboratory (Goonasekera et al., 2011) and further supported by the 

involvement of SERCA2a in clinical trials as a gene therapy for severe heart failure 

(Greenberg et al., 2014; Zsebo et al., 2014).  

Our aim was to overexpress the 2a isoform of SERCA in gastrocnemius 

muscles of mdx mouse using the powerful tool of adeno-associated virus (AAV) gene 

delivery. Comparing to untreated mdx muscles, we successfully showed a reduction in 

the percentage of fibres with central nuclei (CNF) (p < 0.05) which is an indicator that 

overexpression of SERCA2a could reduce the urge for fibres to undergo degeneration-

regeneration cycle at the first place. Furthermore, we detected a coloration between 

the expressed AAV-SERCA2a copy number and the amelioration in the CNF 

phenotype.  

From another perspective, we observed that AAV-SERCA2a gene therapy was 

vigorously challenged by the subsequent elevation of SERCA regulatory proteins. 

This was investigated via screening the gene expression of a panel of SERCA 
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inhibitory modulator proteins; Myoregulin (MRLN), Phospholamban (PLN) and 

Sarcolipin (SLN). Our finding showed that all the three genes were elevated in treated 

muscles with AAV-SERCA2a. Strikingly, SLN was readily elevated in mdx muscles 

and even further in SERCA2a-treated muscles by a 32- and 50-fold, respectively, when 

compared to healthy muscle counterparts (P < 0.001).  Another remarkable finding 

was the heightened expression of the two main myoplasmic Ca2+-binding proteins after 

the overexpression of SERCA2a; Calmodulin (Calm1) (P < 0.01) and Parvalbumin 

(Parv) (P < 0.05) in contrast to their age-matched untreated muscles.  

We next screened the expression of 84 related genes to myogenesis and 

myopathy using an RT2 profiler™ PCR array technique.  The overall results showed 

that inflammatory and proteolysis remain subtle challenges in treating dystrophy. This 

challenge was demonstrated by the abnormal elevation in a panel of genes including; 

Interleukin 6, F-box protein 32, tripartite motif-containing 63 and, Caspase3. 

Interestingly, we discovered that expression of the main myogenesis-related proteins 

such as paired box protein7 (Pax7) and myogenin (Myog) were altered after the 

overexpression of SERCA2a. We further confirmed this alteration using TaqMan 

assays and found that Pax7 and Myog expression were dramatically elevated in 

dystrophic muscles and retreated by almost the half subsequently to SERCA2a-gene 

delivery. Although this may support the theory that SERCA2a treatment could reduce 

the urge of boosting the myogenesis programme, a preliminary data of Pax7 protein 

level objected this hypothesis. In a protein assay Pax7 protein was shown to display a 

strong expression in SERCA2a-treated dystrophic muscles comparing to only mild 

expression in the untreated counterparts.  

By this far, AAV-SERCA2a presented a suggested approach for gene therapy 

for DMD yet with partial restoration of some dystrophic phenotypes. Having set 

certain parameters for gene delivery (i.e., concentration of injected vector and duration 

of virus incubation) and observing the amelioration degree of dystrophic phenotypes 

in mdx, SERCA2a gene therapy remains a debatable strategy for targeting dystrophy 

in hind limb muscles and requires further refinements to propose it as a therapeutic 

agent. This opinion is even solidified since Molkentin’s laboratory, who showed a 

preliminary data of the striking effectiveness of SERCA2a gene therapy, has not yet 

issued a follow up study to demonstrate further evidences (Goonasekera et al., 2011). 

In addition, by examining examined a panel of different isoforms of SERCA and their 
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modulator proteins, we can conclude that SERCA gene delivery may confront a major 

challenge, as it must face a dramatic elevation in inhibitory proteins of SERCA by the 

host muscle fibres. Therefore, a dual gene therapy that considers both aspects may 

serve a better alternative for controlling a protein pathway. 

Animal models considerably serve as advantageous tools to pre-clinically 

investigate the pathobiology of selected disorders and to develop innovative therapies 

before applying to clinical trials. Among nearly 60 different animal models of DMD, 

mdx mouse has been preferably the most commonly used animal model used in pre-

clinical studies (McGreevy et al., 2015). Nevertheless, many aspects of this animal 

model remain poorly understood. As a contribution to shed light on those unstudied 

aspects, the second part of this dissertation is mostly dedicated to characterising the 

dermal associated skeletal muscle of panniculus carnosus (PC) in mdx mouse. This 

study, for the first time, is highlighting the influence of dystrophy at a cellular and 

molecular levels exploring this non-comprehensively documented skeletal muscle. 

The study involves assessing dystrophy in PC by evaluating the degree of dystrophic 

hallmarks such as central nucleation and the increased heterogeneity in muscle fibre-

size. In general, between 3-6 weeks of age, muscles of mdx mouse undergo the first 

startling wave of muscle degeneration demonstrated as necrosis. Subsequently, from 

6 to 12 weeks of age, the majority of skeletal muscle robustly enters a regeneration 

phase with ongoing degeneration (McGreevy et al., 2015). We chose to study PC in 

wild-type and mdx at different time points that represent different phases of dystrophy; 

6, 12 and 52 weeks.  

PC is prevalent in quadrupedal mammals and is known for its remarkable high 

regenerative capacity. Its function is purported to be linked to defence and shivering 

thermogenesis. Our findings confirmed the dystrophic genotype in mdx PC and further 

delineated the subtypes of muscle fibre-type expressed in normal and mdx PC tissues 

being a mixed fast muscle type; mainly IIB and some IIA and IIX. As a general 

assessment, we used the prevalence of central nucleated fibres (CNFs) purely to 

quantify the frequency of muscle turnover and regenerative capacity. We supported 

the readily known nation that PC manifests a natural high-turn over in healthy. In 

addition, we demonstrated that this feature is further increases in muscular dystrophic 

muscles with age in mice. Morphometric analyses emphasized the effect of dystrophy 

on PC demonstrated by the enlargement of its general thickness and occupancy as a 
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compartment of the skin as well as the enlargement in their individual muscle fibre 

and the heterogeneity in fibre sizes. In line with earlier reports (Latroche et al., 2015), 

we showed that old PC muscles showed a denser environment of capillaries compared 

to younger PC muscles. 

Having taken the advantage of the readily approved approach of culturing the 

PC precursors (García-Parra et al., 2014), we were allowed to isolate PC satellite cells 

and grow them in vitro. This gave us the opportunity to study the myogenicity of the 

PC that might have given it its uniqueness at the first place. PC muscle progenitors 

were isolated from both genders of 8-week old wild-type and mdx mice, cultured and 

differentiated for 7-days into contractile myotubes. Expression of myogenic markers 

including Pax7, Myog, embryonic and myosin heavy chain demonstrated robust 

muscle differentiation. Serendipitously, we observed gender dimorphism in the 

myogenicity of the dystrophic PC-derived myotubes in a way that male mdx satellite 

cells (SCs) were more myogenic than female mdx SCs suggesting a sex-based acquired 

intrinsic difference in the PC satellite cells. This was further supported when we found 

that myogenin+ cell scoring was equally greater in both male wild-type and male mdx 

mice compared to female counterparts. Hence, upon these observations and having 

known that muscle SCs may be affected by intrinsic and extrinsic factors (e.g. gender) 

(Deasy et al., 2008; Neal et al., 2012), we chose to investigate the response of PC 

tissue to dystrophy in both genders in vivo.  

The last objective of the current dissertation was to further investigate the 

gender dimorphism in PC focusing on gender response to dystrophy comparing to a 

more studied muscle like gastrocnemius. Gender dimorphism was assessed by 

histologically observing the parameters of regenerative capacity; central nucleation; 

cross-sectional area; and capillarization. Gender was also investigated whether it may 

have any interference with the expression of myogenesis-related genes in these diverse 

muscles. Interestingly, in contrast to hindlimb muscles, gender dimorphism was 

pronounced in PC muscles where male mdx mice were observed to have two-fold 

greater percentage of CNFs versus female counterparts (P < 0.001). In addition, female 

gastrocnemius fibres of wild-type mice were smaller in diameter than male 

counterparts whereas both male and female WT and mdx PC muscle fibres had similar 

sizes revealing no effect of gender nor dystrophy. With an average capillary density of 

~580 capillary per mm2 of muscle area, gender and dystrophic failed to show any 
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impact on WT and mdx hindlimb neither on dystrophic PC muscles. In contrast, only 

healthy PC muscles could demonstrate a gender dimorphism where female muscles 

had an average of ~180 capillary/mm2 less than what is evident in male PC 

counterparts (P < 0.01). 

Sex steroids are known to induce their physiological affects through their 

receptors which in turn may influence the transcription of target genes, such as 

transcriptional factors, or signalling transduction pathways (Carson & Manolagas, 

2015). The expression of sex-hormone receptors (e.g. AR) is evident to be up-

regulated by the increase in the concentration of the corresponding steroid (Kim et al., 

2016). Therefore, we first quantified the expression of androgenic and estrogenic 

receptors (AR, ERα and ERβ) where it was used as a reflection of the likely 

concentrations of sex-hormones and the potential degree of muscle reaction to such 

concentrations. Moreover, to highlight whether different genders may have different 

responses to dystrophy, a panel of myogenesis-related genes, MyHC isoforms and 

Ca2+-handling genes were examined for their mRNA levels in gastrocnemius and PC 

muscles. 

As expected, AR was expressed highly in male muscles and ERs were 

expressed more in female muscles. In gastrocnemius muscles, the expression of sex-

hormone receptors was decreased with dystrophy whereas in PC muscles only ERs 

were strikingly elevated with dystrophy. Although we showed that male PC-derived 

myocells had a greater myogenic activity in contrast to female counterparts (see 

Chapter4), myogenicity of female mdx PC muscles revealed a greater expression of 

Pax7, Myf5, MyoD, Myog and embryonic MyHC (emb.MyHC) than male counterparts. 

This is relatively in line with earlier findings where female muscle-derived-stem-cells 

(MDSCs) significantly regenerate more dystrophin-positive myofibres in mdx muscles 

compared to male MDSC when both were transplanted in sex-matched and sex-

mismatched mdx muscles (Deasy et al., 2007). Female PC muscles showed a quite 

advanced myogenicity compared to male muscles. This was demonstrated as an 

increase in the expression of MyoD in healthy female muscles and an increase in Myf5 

and Myog in the female mdx muscles, compared to male counterparts.  

In general, muscle fibre type composition also differs between genders. While 

male muscles tend to be more enriched with fast-twitch fibres, female muscles tend to 

express more slow-twitch fibres (Haizlip et al., 2015). As a prolonged effect of 
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dystrophy, dystrophic muscle fibres’ composition tend to shift from fast to slow which 

can be explained by the higher susceptibility of fast fibre types to generation in DMD 

(Webster et al., 1988; Pedemonte et al., 1999). In line with earlier reports,  our findings 

showed that muscles, male WT gastrocnemius muscles expressed greater MyHC IIX 

and IIB and female muscles expressed greater MyHC I, both when compared to the 

opposite sex. Male WT PC muscles also showed an increase in the expression of 

MyHC IIX comparing to female muscles. Interestingly, in response to  dystrophy, 

female mdx muscles of both gastrocnemius and PC muscles exhibited a greater mRNA 

expression of MyHC IIA and IIX comparing to male counterparts. Moreover, IIB 

transcript level was greatly elevated in female mdx PC muscles comparing to their 

male counterparts. However, when supposed to observe greater expression of fast and 

slow MyHC expression in male and female muscles, respectively, and since fast 

muscles are known to be preferably effected in dystrophy, We are not certain of the 

reasons for such a conflicted observation between earlier reports and our findings. 

Hence, further protein assay on the expression of the different MyHC isoforms is 

urgently required to clarify such confliction.  

Not all skeletal muscles are affected equally in DMD. In fact, there are a few 

muscles that have been reported to spare dystrophy, such as extraocular, laryngeal 

and masticatory muscles (Randolph & Pavlath, 2015). Their resistance to dystrophy is 

proposed as being due to the significant levels of calcium-handling-related proteins 

and calcium buffering (Burr & Molkentin, 2015). Having considered calcium 

dysregulation as a feature of DMD, we were keen on studying whether different 

muscles of different genders may differentially handle Ca2+ homeostasis. Intracellular 

calcium trafficking was assessed by measuring the mRNA expression of the different 

SR-Ca2+-ATPase pumps (SERCA1a and SERCA2a) and their regulatory proteins; 

MRLN, SLN and PLN. Transcript levels of calcium buffers such as Calm1, Parv and 

CASQ1 were examined to reflect the capacity of muscles to handle free intracellular 

calcium ions.  

As an impact of dystrophy, protein and mRNA of SERCA1a were 

contentiously reported to be decreased in contrast to SERCA2a levels where it was 

documented to be elevated with dystrophy. However, while our findings showed no 

alteration in the transcript level of SERCA1a in either skeletal muscles tested, 

SERCA2a mRNA levels, in male muscles, were in line with earlier reports.  



General Discussion 

   212 

Interestingly, female mdx gastrocnemius muscle exhibited greater transcript level of 

SERCA2a and female mdx PC muscle exhibited greater transcript level SERCA1a 

comparing to male dystrophic counterparts. Apart from the expected elevation in the 

transcript levels of SERCA modulator proteins (MRLN, SLN and PLN) with 

dystrophy, female mdx gastrocnemius muscles had a greater expression of PLN and 

female mdx PC muscles had greater expressions of MRLN and SLN.  

Finally, by linking the main findings of the last objective of the current 

dissertation regarding to female mdx PC muscles which are highlighted as; 1) lower 

level of degeneration/regeneration (i.e. lower CNF%) (vs. male mdx); 2) higher 

expression of estrogen receptors (vs. female WT); 3) higher transcript levels of fast 

MyHC isoforms (vs. male mdx); 4) greater SERCA2a mRNA level (vs. male mdx) 5) 

higher expression of Ca2+-buffering genes; and 6) that female PC-derived myotubes 

had lower myogenic activity than male myotubes (see Chapter 4); we can highly 

propose that female dystrophic PC muscles have a greater capability to manage 

dystrophy more than male counterparts or other skeletal muscles (i.e. gastrocnemius 

muscles) in some cases. In contrast, our findings on PC SCs in male mdx strongly 

suggest that they have an increased propensity to differentiate (see Chapter 4) and, 

hence, would deplete the SCs available for regeneration in vivo. Subsequently, SCs in 

the PC of female mdx will be advantaged in terms of having a great reservoir of cells 

for muscle repair. This disparity in PC myogenicity between male and female mdx is 

in concordance with the observed in vivo two-fold lower number of regenerated CNF 

fibres in female PC compared to male PC, and it parallels alterations in calcium 

homeostasis genes. 

In conclusion, the current thesis encompasses three main studies focussed on 

different therapeutic targets for DMD. The first study examines the therapeutic 

potential of using gene therapy in correcting calcium dysregulation in the pre-clinical 

mdx mouse model of DMD. The second study propose the unique underutilized model 

of Panniculus Carnosus skeletal muscle to study cellular mechanisms impinging on 

muscle regeneration in healthy and diseased mice. Finally, the last study focused on 

investigating gender dimorphism in muscle regeneration by analysing morphology, 

myogenic and calcium-handling genes. 

Despite the fact that AAV-hSERCA2a gene therapy has shown to have some 

ameliorations in dystrophic phenotypes, it remains a partial strategy for targeting 



General Discussion 

   213 

dystrophy in hindlimb muscles and definitely requires further refinements in order to 

propose it as a therapeutic agent. Nevertheless, it is important to highlight that such 

weak outcomes of the AAV-hSERCA2a gene therapy might not be because its weak 

effectiveness or capacity rather than being due to cellular defencing mechanisms 

against it. This proposal is more reasonable if taking the striking elevation in the 

expressions of SERCA-inhibitory proteins, inflammatory- and proteolysis-related 

genes into consideration as apparent challenges against the advantages of AAV-

hSERCA2a. 

Panniculus Carnosus skeletal muscle is a unique type of muscle underutilized 

model to study cellular mechanisms impinging on muscle regeneration in healthy and 

diseased mice. PC strongly demonstrated the different phenotypical characteristics of 

muscular dystrophy and thereby qualifies this very accessible muscle for use in 

studying muscle degenerative disorders. This and other recent studies on PC set a 

premise to begin to utilize this muscle to expand our knowledge into the heterogeneity 

of muscle function and regeneration which may also reveal new therapeutic strategies 

and targets for muscle disorders. Serendipitously, we found that PC exemplified 

gender dimorphism in muscular dystrophy both in vitro and in vivo.  

Different skeletal muscles and muscles of different genders may be affected 

differently in DMD. Therefore, in the recent 20 years major encouragements in 

involving female-subjects in clinical and pre-clinical trials has been clearly 

emphasised (Holdcroft, 2007; Liu & Mager, 2016). In this regard, we propose the last 

chapter of the current dissertation as a contribution to the overall current knowledge 

of DMD impact on different skeletal muscle as well as on different genders. This was 

facilitated by studying the transcript expression of  sex-hormone receptors; a panel of 

myogenesis-related genes; MyHC isoforms and Ca2+-handling genes. Indeed, 

differential expression was observed in different skeletal muscles tested as well as in 

different genders.
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6.2! Main Conclusion  

Study 1 “The Role of SERCA2a Gene Delivery in Regulating Ca2+ Homeostasis as a 

Therapeutic Approach for DMD” 

•! AAV2/9-vectors were shown to efficiently and effectively transduce genes into 

gastrocnemius muscles of normal and mdx mice. 

•! SERCA2a overexpression moderately decreased dystrophic phenotypes, 

presented in the percentage of CNF, in gastrocnemius mdx muscles with a 

recovery score of over 25%.  

•! Endogenous SERCA2a transcript level was observed to increase with 

dystrophy. 

•! Overexpression of hSERCA2a transgene could promote the expression of the 

other isoform of SERCA1a. 

•! Transcript levels of SERCA inhibitory proteins, PLN and SLN, were increased 

dramatically in treated and untreated mdx mice compared to WT.  

•! Overexpression of SERCA2a resulted in enhancing the gene expression of the 

cytosolic [Ca2+]-buffering proteins, Calm1 and Parv.  

•! By screening 84 genes related to myogenesis and myopathy, 61 genes were 

altered in untreated-mdx muscles (27 upregulated, 34 downregulated vs. WT). 

9 genes of the 61 altered genes were further altered in hSERCA2a-mdx 

muscles. Some genes were altered in untreated-mdx but not in hSERCA2a-

treated mdx muscles (vs. WT). 

 

Study 2 “Characterization and Myogenesis of the Panniculus Carnosus Skeletal 

Muscle” 

•! Panniculus Carnosus muscle (PC) is ubiquitous in skin tissue of mice 

•! PC muscle is a pool of the three type-II fibers in both normal and mdx mice 

•! Dystrophy phenotype is aggravated with age in mdx PC muscle  

•! Fully differentiated myotubes can be engineered from dermal precursor cells 

(+Pax7) 

•! 7-days differentiated PC-derived myotubes exhibited sarcomeric structures as 

well as neuromuscular junctions. 
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•! Male mdx-satellite cells-derived myotubes exhibited the highest myogenic 

activity compared to normal muscles and opposite sex. 

 

Study 3 “Tissue and Gender-Based Differences in Myogenesis and the 

Differentiation of Skeletal Muscle in DMD” 

•! Based on the morphological analyses, mdx PC muscles reacted differently from 

gastrocnemius muscle in dystrophic condition.  

•! Normal PC muscles of both genders showed some degree of regenerative 

activity comparing to almost no activity in normal gastrocnemius muscles. 

•! Male mdx PC fibres demonstrated a higher regenerative activity with ~ 35% of 

their examined fibres having central nucleation comparing to only 15% in 

female muscles. 

•! Dystrophic gastrocnemius muscles qualitatively showed higher myogenic 

activity represented by higher myogenic-factors gene expressions than PC 

muscles.   

•! Although SERCA1a gene expression remained unchanged in male and female 

WT and mdx gastrocnemius muscles, SERCA2a gene expression was elevated 

in male mdx muscle and even further in female mdx muscles. 

•! Female mdx PC muscle showed the highest gene expression of [Ca2+]-

buffering proteins, (Calm1, Parv and CASQ) compared to WT and male mdx 

PC muscles. In contrast, Female gastrocnemius muscles showed the lowest 

gene expression of the same examined genes.  
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Appendix 
Appendix 1.! General  

Appendix 1.1.!  List of Materials 

Appendix Table  1-1: List of Materials 

General / Chemicals 

Product Catalogue 
Code 

Supplier 

5% Goat Serum G9023 Sigma-Aldrich 

Acetic Acid (Glacial) 100% 100063.1 Merck 

Fetal Bovine Serum F2442 Sigma-Aldrich 

Isopentane  1060561000 Merck 

Phosphate-Buffered Saline (PBS) P4417 Sigma-Aldrich 

Histology / IF Staining 

Product Catalogue 
Code 

Supplier 

Biotinylated Griffonia Simplicifolia Lectin I 
(GSL I) I-B4 

B-1205 Vector Laboratories 

DPX mounting media 6522 Sigma-Aldrich 

Eosin Y Solution HT110232-1L Sigma-Aldrich 

Fluoromount Aqueous Mounting Medium F4680-25mL Sigma-Aldrich 

Mayers Hematoxylin Solution  MH532-1L Sigma-Aldrich 

Microtome Blades Mb50 Premier Thermo Scientific  

PapPen Liquid Blocker  NANDAI Trading, Japan  

Paraformaldehyde (PFA) P6148 Sigma-Aldrich 

Polarized glass slides J1800AMNZ Fisher Scientific Ireland 
LTD 

Prolong Gold Antifade Reagent with DAPI P36935 Life Technology 

Tissue-Tek O.C.T compound  4583 Sakura 

Trichrome blue staining Kit  ab150686 Abcam 

Triton-X100  T8787 Sigma-Aldrich 

VECTASHIELD® mounting medium H-1500 Vector Laboratories 
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Wheat germ agglutinin conjugated to Alexa 
Fluor-488 (WGA) 

W11261 ThermoFisher Scientific 

Genomics 

Product Catalogue 
Code 

Supplier 

Agilent RNA 6000 Nano Kit  5067-1511 Agilent 

Reverse Transcription System kit A3500 Promega 

RNase-Free DNase Set (DNA-digestion Kit) 79254 QIAGEN 

RNeasy Mini Kit  74104 QIAGEN 

Skeletal Muscle: Myogenesis & Myopathy RT2 
Profile PCR Array 

PAMM-099Z QIAGEN 

SuperScript II 18064014 Invitrogen / ThermoFisher 
Scientific 

SuperScript III  18080044 Invitrogen / ThermoFisher 
Scientific 

Taqman Universal Master Mix II with UNG 16992117 Applied Biosystems 

TRIzol reagent  15596-026 Ambion™ 

Western Blotting 

Product Catalogue 
Code 

Supplier 

LumiGLO® kit  7003 Cell Signalling 

Polyvinylidene difluoride (PVDF) membrane  1620177 BioRad 

RIPA buffer  sc-24948 Santa Cruz 

In vitro Prep 

Chemicals 
Product Catalogue 

Code 
Supplier 

Amphotericin B (Or Fungizone Gibco™ 
Amphotericin B) 

15290018 Gibco 

**Trypsin 0.25% EDTA 1X (100ml) 25200056 Gibco 

B-27® Supplements (B-27® Supplement (50X), 
serum free) 

17504-001 Gibco 

Bovine Serum Albumin (BSA) A9418  Sigma-Aldrich 

Collagenase Crude Type IA C2674 Sigma-Aldrich 
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Cultrex Basement Membrane Extract, Pathclear 3432-005-01 TREVIGEN 

Fetal Bovine Serum (FBS) F2442-500ML Sigma-Aldrich 

Hyaluronan (Low Molecular Weight) GLR001 R&D 

L-Glutamine G7513-100ML Gibco 

Low Serum Growth Supplement S-003-10 Gibco 

Penicillin/Streptomycin 15140122 Gibco 

Recombinant Rat EGF 3214-EG-100 R&D 

Recombinant Rat FGF basic Protein (FGF2) 3339-FB-025 R&D 

Media and Buffers 

Product Catalogue 
Code 

Supplier 

HBSS (1x) 14175129 Gibco 

Neurobasal A Medium 1X 10888-022 Gibco 

PBS pH 7.4 10010056 Gibco 

Plastic ware 

Product Catalogue 
Code 

Supplier 

15ml PP Conical Base Tube with Screw Cap 
Assembled Sterile  

62.554.502  SARSTEDT 

50ml PP Conical Base Tube with Screw Cap 
Assembled Sterile 

62.547.254   SARSTEDT 

Eppendorf Safe-Lock Tubes, RNA/DNA-free, 
individually packed 

30121589 Eppendorf 

Falcon; 6-well; Flat-bottom with lid; Non-treated 351146 Falcon 

Falcon™ Cell Strainers, Nylon 352340 Falcon 

Filter tip, 1000µl, blue 70.762.211 SARSTRDT 

Filter tip, 200µl, neutral 70.760.211 SARSTRDT 

Filter tip, 20µl, yellow 70.760.213 SARSTRDT 

Filtropur S 0.2 syringe filter 83.1826.001 SARSTRDT 

Nunc™ Cell-Culture Treated Multidishes 
(Nunclon™ Delta surface) 

176740 Thermo Fisher 

Syringe Terumo 10ml Disposable, pk 100 SYR6206  

TC Dish 100, Cell+ 83.3902.300 SARSTRDT 



Appendix 
 

 254 
   

Other 

Product Catalogue 
Code 

Supplier 

0.5% Chlorhexidine Generic  

Iodized Antiseptic (Betadine) Generic  

Disposal sterilised scalpel (No.23) Generic  

miRNeasy Mini Kit (50) 217004 QIAGEN 
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Appendix 1.2.! List of TaqMan assays 

Appendix Table  1-2: List of pre-designed TaqMan assays 

Gene Official 
Symbol 

Accession 
Number 

Predesigned Product 
Ref# 

Sarco/endoplasmic 
reticulum Ca2+-
ATPase1a 

SERCA1a NM_007504 Mm.PT.58.9990614 

Sarco/endoplasmic 
reticulum Ca2+-
ATPase2a 

SERCA2a NM_001110140 Mm.PT.58.5303089 

Phospholamban PLN NM_023129 Mm.PT.58.43778023 

Sarcolipin SLN NM_025540  

Myh1 MyHC IIx NM_030679 Mm.PT.58.8856176 

Myh2 MyHC 
IIA NM_001039545 Mm.PT.58.13701815 

Myh4 MyHC 
IIB NM_010855 Mm.PT.58.29699487 

Myh7 MyHC I NM_080728 Mm.PT.58.17465550.g 

Paired Box 7 Pax7 NM_011039 Mm.PT.58.12398641 

Myogenin or myogenic 
factor 4 

Myog or 
(MYF4) NM_031189 Mm.PT.58.6732917 

Oxytocin Receptor OXTR NM_001081147 Mm.PT.58.10711295 

Estrogen receptor 1 
(alpha) Esr1 NM_007956 Mm.PT.58.8025728 

Estrogen receptor 2 
(beta) Esr2 NM_010157 Mm.PT.58.43122172 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

GAPDH NM_008084 Mm.PT.39a.1 

Beta-2 microglobulin B2m NM_009735 Mm.PT.58.10497647 

Actin, beta Actb NM_007393 Mm.PT.58.33257376.g
s 

TATA box binding 
protein Tbp NM_013684 Mm.PT.58.10867035 



 

  
   

Appendix Table  1-3: List of designed TaqMan assays 

Gene Official 
Symbol 

Accession 
Number 

Predesigned 
Product 

Ref# 

Designed 

Selec
ted 
set 

Sequence 
Name Sequence 

Sarco/endoplasmic 
reticulum Ca2+-ATPase2b SERCA2b   Set 3 

FWD CAA ATC TTC CTG CTC CCT GT 

REV GTT AGT GTC TGT GCT GTA GAC C 

Probe /56-FAM/CCG TTT GTG /ZEN/CTG CTC ATT ATG 
CCC /3IABkFQ/ 

Sarco/endoplasmic 
reticulum Ca2+-ATPase3 SERCA3 NM_001163336  Set 1 

FWD CCC TGG TCA TCA TGC TAA TTC T 

REV TAC CCA TCT CAG GCT CAT ACT 

Probe /56-FAM/AAT TGC ACT /ZEN/CTC TGC GTT 
GCG TTC /3IABkFQ/ 

Myoregulin MRLN NM_001304739 N/A Set 1 

FWD GCT GGG TAC TGA TCT CTA CTA CT 

REV GTC AGG TTG CTA GGA CGT TAT G 

Probe /56-FAM/AGA GCC TGG /ZEN/AAG ATG AGA 
TTC TGG GA/3IABkFQ/ 

dwarf open reading frame Dworf  N/A N/A 

Primer 1 TTC TTC TCC TGG TTG GAT GG 

Primer 2 TCT TCT AAA TGG TGT CAG ATT GAA GT 

Probe /56-FAM/TTT ACA TTG /ZEN/TCT TCT TCT AGA 
AAA GGA AGA AG/3IABkFQ/ 

NM_001162998 
 

Set 1 Primer 1 ACC CAG GAA CCC TGA AGT CT 



 

  
   

EndoRegulin (or small 
integral membrane protein 

6 or 1110017F19Rik) 

ELN, or 
SMIM6 

Primer 2 CAT TCT GGA TGC TCC TTG GT 

Probe /56-FAM/ACA GCC TGA /ZEN/CTT GCT TTG 
TCC TCA /3IABkFQ/ 

AnotherRegulin (or 
1810037I17Rik or RIKEN 

cDNA 1810037I17) 
ALN NM_024461.2  Set 1 

Primer 1 GCT GGA TCT CTG GCT CTT CA 

Primer 2 TCG TTT TCA AGA TTC ACT CCA G 

Probe /56-FAM/TTT CGA CCT /ZEN/GGC CTT GTT CGT 
CTT /3IABkFQ/ 

CASQ 1  NM_009813.2  Set 1 

FWD GTT CCA TCC CTA CAT CCC TTT C 

REV CAT GAA GGC CTC GTA GAA ATC A 

Probe /56-FAM/AGG TGG CAA /ZEN/AGA AGC TGA 
CTC TGA /3IABkFQ/ 

Calmodulin Calm NM_001313934  Set 1 

FWD GTT AGG TAT TCC CTC CTG GTA GA 

REV GGG TCA TCA ACT GGG TGA TTT A 

Probe /56-FAM/TCC AGG TGT /ZEN/GAA GAA GTG 
AAT GGC A/3IABkFQ/ 

Parvalbumin Parv NM_001330686  Set 1 

FWD CCT CCT GAG TTT CTG TTC AGT T 

REV TCC GAT TGG TAC AGC CTT TAT T 

Probe /56-FAM/TCG GAT GAC /ZEN/GCC ATT CTT 
CTG GAA /3IABkFQ/ 

sAnk1.5    Set 1 

FWD GAC GCA TGA CCT ACA GTC TTC 

REV GCT ATC CTC TCC CTT CTT CTC T 

PRB /56-FAM/TCT GTG GGA /ZEN/ATC AGG ACA 
AAG GCC /3IABkFQ/ 



 

  
   

Tnfrsf11a tumor necrosis 
factor receptor 

superfamily, member 11a, 
NFKB activator 

RANK or 
Tnfrsf11a NM_009399  Set 1 

FWD GAA GAT TCC CAC AGA GGA TGA G 

REV TTG CTT CCC TGC TGG ATT AG 

Probe /56-FAM/AGC CTT CGA /ZEN/CTG GTT CAC 
TGC TC/3IABkFQ/ 

Tnfsf11 tumor necrosis 
factor (ligand) superfamily, 

member 11 

RANKL or 
Tnfs11 NM_011613  Set 2 

FWD TCC GAG CTG GTG AAG AAA TTA G 

REV GTC TCA GTC TAT GTC CTG AAC TTT 

Probe /56-FAM/CAT TCA GGT /ZEN/GTC CAA CCC 
TTC CCT /3IABkFQ/ 

Heat Shock Protein 72 HSP72 NM_010479  Set 3 

FWD AGG AGA CTG TTG AGT TCT TTG T 

REV GAG TCT CCG CTG TCA GTA ATC 

Probe /56-FAM/ATG CTT GTG /ZEN/TCG GGT CCT 
TCA GAG /3IABkFQ/ 

Calpain3a p94 NM_001109761  Set 2 

FWD GGG CCA ACC TCT TCA CTA TT 

REV CTT CTG CAG GTG TTG CTT ATT C 

Probe /56-FAM/TTC GCC ATC /ZEN/TAC GAG GTT 
CCC AAA /3IABkFQ/ 

Myostatin or Growth 
differentiation factor 8 

(MSTN) or 
(Gdf8) NM_010834  Set 1 

FWD CCT ACT GGA CCT CTC GAT AGA A 

REV CTT AGT GCT GTG TGT GTG GA 

Probe /56-FAM/TCT CTC TCT /ZEN/CCC TTC CAG GTG 
CAT /3IABkFQ/ 
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Appendix 1.3.!List of Primary Antibodies 
 

Appendix Table  1-4: List of primary antibodies 

Antibody Catalogue code Supplier Application Concentration 

Green 
fluorescent 

protein (GFP) 
  WB 1:500 

GAPDH 14C10 Cell Signalling WB 1:3000 

SERCA2a STJ96816 St. John's 
Laboratory WB 1:1000 

Dystrophin SC-15376, Santa-Cruz IF 1:50-100 

MyHC I M8421 Sigma-Aldrich IF 1:4000 

MyHC II 
(pan) M4276 Sigma-Aldrich IF 1:400 

MyHC I BA-D5 

Developmental 
Studies 

Hybridoma Bank 
(DSHB) 

IF 

1:50 or 3.5-5 
µg/µl 

MyHC IIA SC_71 IF 

MyHC IIB BF-F3 IF 

Pax7 pax7 IF, WB 

Myogenin F5D IF 

Adult MyHC A4.1025 IF 

IF= Immunofluorescent Staining, WB= Western Blotting 
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Appendix 1.4.!List of Secondary Antibodies 

 

Appendix Table  1-5: List of secondary antibodies used to reveal primary antibodies 

Catalogue 
Number Host Target Isotype Conjugated Concentration 

used From 

A-11029 Goat Mouse IgG 
Alexa Fluor® 

488 1/800 

In
vi

tro
ge

n 

A-11030 Goat Mouse IgG 
Alexa Fluor® 

546 1/800 

A-21120 Goat Mouse IgG1 
Alexa Fluor® 

350 1/800 

A-21131 Goat Mouse IgG2a 
Alexa Fluor® 

488 1/800 

A-21141 Goat Mouse IgG2b 
Alexa Fluor® 

488 1/800 

A-11034 Goat Rabbit IgG 
Alexa Fluor® 

488 1/800 

A-11035 Goat Rabbit IgG 
Alexa Fluor® 

546 1/800 

A-11012 Goat Rabbit IgG 
Alexa Fluor® 

594 1/800 
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Appendix 1.5.!List of Machinery 

 

Appendix Table  1-6: List of Machinery used for histology laboratory work 

Name Make Code Company 

Tissue 
processor Leica 

ASP300 

 

Leica, Wetzlar, Germany 

Tissue 
embedder 

centre 
Leica EG1150 

cold plate Leica EG1130 

Cryostat Leica CM1850 

Microtome Leica RM2235 

 

 

Appendix Table  1-7: List of microscopes and their intended usage 

Make/Code Camera Software Usage Company 

Olympus IX71 Olympus DP70 
Olympus CellSens 
Standard Version: 

1.11 

Bright field 
images 

Olympus, 
Tokyo, 
Japan 

Olympus BX43 ExFocus-0.5x ISCapture, Version: 
3.7.8.2. 

Bright field 
images 

Olympus BX51 Olympus DP70 Image-Pro Plus 
Version: 5.0.2.9 

Bright field 
images 

Olympus BX51 

Improvision Optigrid 
System, 

HAMAMATSU 
ORCA-ER C4742-80 

camera 

Improvision Volocity 
Software 

Fluorescent 
images 

Olympus IX81  CellSens Dimension 
Version: 1.17 

Fluorescent 
images 

Olympus VS120 
Digital Scanner 

UPLSAPO 2x, 10x, 20x 
and 40x objectives OlyVIA Ver.2.9 Fluorescent 

images 

Nikon Eclipse 
TS100 Nikon D90 Camera N/A 

Bright field 
images 
(cell) 

Nikon, 
Tokyo, 
Japan 

Nikon Eclipse 80i Nikon Digital Sight Nicon NIS-Elements 
Advance Research 

Fluorescent 
images 
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Appendix Table  1-8: List of machinery used in functional genomics laboratory work 

Name Make Code Software Company 

Bioanalyzer Agilent 2100 
Bioanalyzer 

2100 Expert 
Software 

Agilent Technologies, 
California, United States 

The Veriti® 96-
Well Thermal 
Cycler  

Applied 
Biosystems 

4375786 N/A Applied Biosystems, 
California, United States 

StepOnePlus™ 
Real-Time PCR 
System 

Applied 
Biosystems 

4376600 StepOne™ 
Software 

LightCycler® 
480 Instrument 
II 

Roche 5015243001 LightCycler® 
480 Software 

Roche, Basel, 
Switzerland 

7900HT Fast 
Real- Time PCR 
System  

ThermoFisher 
Scientific 

4329001 Information 
not available 

ThermoFisher Scientific, 
Massachusetts, United 
States 
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Appendix 2.! Chapter 3: AAV2/9-SERCA2a Gene Therapy  

Appendix 2.1.!Central Nucleation and hSERCA2a Transgene Copy Number 
  

Appendix Table  2-1: The percentage of fibres with centrally located nuclei in WT (8wks old), 
hSERCA2a-treated and untreated mdx muscles 

 
 
Experiment Muscle 

type 
Muscle # % Central 

Nucleation 
Average 

4 wks. 
incubation 

mdx-
Control (6-

wks old) 

Muscle 1 46.44% 

57.70% ± 4.05547617 Muscle 2 58.36% 
Muscle 3 65.66% 
Muscle 4 60.31% 

mdx-
hSERCA2a 

Muscle 1 40.32% 

43.50% ±1.65405247 Muscle 2 45.87% 
Muscle 3 44.33% 
Muscle 4 61.71% 

6 wks. 
incubation 

WT  
(8wks old) 

Muscle 1 0.47% 

0.35% ± 0.15422563 Muscle 2 0.13% 
Muscle 3 0.73% 
Muscle 4 0.06% 

mdx-
Control (8-

wks old) 

Muscle 1 68.68% 

72.08% ± 2.40850582 Muscle 2 68.68% 
Muscle 3 78.90% 
Muscle 4 72.07% 

mdx-
hSERCA2a 

Muscle 1 72.97% 

53.02% ± 6.2063159 Muscle 2 46.38% 
Muscle 3 47.25% 
Muscle 4 65.42% 
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Appendix Figure 2-1: Quantitative analysis of the percentage of CNF 
Quantification analysis of the percentage of fibres with centrally located nuclei (CNF) showing 
the recovery score of the hSERCA2a treatment equivalent to ~"#$%" 
 

Appendix Table  2-2: The relationship between the percentage of fibres with centrally located 
nuclei and hSERCA2a transgene copy number presented in individual treated muscle 

Muscle # Muscle 1 Muscle 2 Muscle 3 Muscle 4 
% Central Nucleation 72.97% 46.38% 47.25% 65.42% 
hSERCA2a Transgene 
Copy Number 1.177E+05 3.089E+05 2.850E+05 1.076E+05 
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Appendix 2.2.!Fibre Sizing 

Appendix Table  2-3: Raw data of muscle fibre sizing in WT, mdx and hSERCA-mdx muscles 

A) Fibre cross-sectional area and (B) minimal Feret’s diameter of WT, mdx and hSERCA2a-mdx muscle sections (experiment of 6 wk. SERCA1a 
incubation) and the corresponding t-test for each examined bin array. P values in bold were deemed significant. 
        A 

Bins 

array 

Cross-Sectional Area ± SEM t-test (P value) 

WT mdx-Cntl mdx-hSERCS2a 
WT 
vs. 

mdx-Cntl 

WT vs. 
mdx-

hSERCA2a 

mdx-Cntl 
vs. mdx-

hSERCA2a 
< 500 1.57% ± 0.31152 20.27% ± 4.72669 19.29 ± 2.02777 0.0075687 0.0001330 0.8550284 
1000 15.72% ± 1.33377 17.73% ± 3.63366 21.57% ± 2.67300 0.6209660 0.0976766 0.4274566 
1500 17.81% ± 1.81331 15.37% ± 0.82542 12.05% ± 1.35923 0.2664090 0.0439074 0.0817304 
2000 20.55% ± 2.66513 11.74% ± 1.78577 9.98% ± 1.21208 0.0335325 0.0112391 0.4452753 
2500 21.81% ± 2.85745 7.69% ± 1.45704 9.70% ± 1.31228 0.0045611 0.0084741 0.3434821 
3000 15.07% ± 3.37407 5.92% ± 0.40154 7.81% ± 1.10847 0.0358606 0.0867245 0.1604628 
3500 5.29% ± 1.31299 5.03% ± 0.62868 5.19% ± 0.55537 0.8647436 0.9458742 0.8568965 
4000 1.36% ± 0.36699 4.15% ± 0.66709 4.20% ± 0.41372 0.0104926 0.0021386 0.9512634 
4500 0.53% ± 0.26170 3.00% ± 0.37885 4.00% ± 0.68364 0.0017479 0.0032229 0.2478599 
5000 0.13% ± 0.05397 2.75% ± 0.80524 2.26% ± 0.45192 0.0175504 0.0033986 0.6146180 
5500 0.13% ± 0.08808 2.05% ± 0.94078 1.61% ± 0.51672 0.0882522 0.0296579 0.7000501 
6000 0.00% ± 0.00 1.24% ± 0.26006 0.93% ± 0.55267 0.0030630 0.1418276 0.6313763 
6500 0.03% ± 0.03113 0.52% ± 0.09354 0.57% ± 0.19188 0.0025886 0.0319430 0.8119692 
7000 0.00% ± 0.00 0.45% ± 0.14429 0.45% ± 0.15046 0.0197921 0.0243221 0.9824667 
7500 0.00% ± 0.00 0.46% ± 0.25634 0.23% ± 0.14389 0.1231545 0.1595870 0.4662574 
8000 0.00% ± 0.00 0.40% ± 0.12720 0.08% ± 0.04535 0.0199342 0.1348266 0.0545791 

> 8000 0.00% ± 0.00 1.22% ± 0.83023 0.07% ± 0.07429 0.1906009 0.3559177 0.2167389 



   

  
   

             B 

 
Bins 

array 

Minimal Feret’s Diameter ± SEM t-test (P value) 

WT mdx-Cntl mdx-hSERCS2a 
WT  
vs.  

mdx-Cntl 

WT vs.  
mdx-

hSERCA2a 

mdx-Cntl  
vs. mdx-

hSERCA2a 

< 10 0.03% ± 0.02897 4.56% ± 1.54410 1.56% ± 0.54161 0.026261 0.030404 0.116708 
10-20 1.00% ± 0.12716 14.45% ± 3.44039 15.22% ± 2.33244 0.00793 0.00089 0.859352 
20-30 13.83% ± 1.31861 20.38% ± 3.54541 23.65% ± 2.34860 0.134229 0.01074 0.470190 
30-40 27.66% ± 2.26493 21.01% ± 1.78448 17.77% ± 0.96030 0.060728 0.006969 0.160793 
40-50 35.78% ± 2.05721 15.32% ± 2.00473 17.03% ± 1.96348 0.000385 0.000585 0.563482 
50-60 19.12% ± 2.65316 11.79% ± 1.62557 12.79% ± 1.10162 0.056666 0.069899 0.628193 
60-70 0.44% ± 0.06390 0.80% ± 0.21968 0.93% ± 0.25696 0.165704 0.110386 0.704112 
70-80 2.15% ± 0.65271 8.76% ± 1.44585 10.15% ± 1.80292 0.005898 0.005862 0.569523 
80-90 0.00% ± 0.00 0.95% ± 0.28281 0.70% ± 0.31767 0.015081 0.069270 0.5768095 
90-100 0.00% ± 0.00 0.22% ± 0.07776 0.16% ± 0.09069 0.031371 0.134827 0.629638 
> 100 0.00% ± 0.00 1.77% ± 1.69084 0.04% ± 0.03715 0.334454 0.355918 0.343993123 



   

  
   

Appendix 2.3.!TaqMan Assays 

Appendix Table  2-4: Relative expression (2-ΔΔC
T) of genes examined in Chapter III and their corresponding statistics presented as P values 

Gene 
symbol 

2-ΔΔC
T t-test (P value) 

WT mdx-Control mdx-hSERCA2a 
WT vs. mdx-

Control 
WT vs. mdx-
hSERCA2a 

mdx-control 
vs. mdx-

hSERCA2a 

SERCA1 0.85447 ± 0.05074 0.67263 ± 0.02656 0.81812 ± 0.02808 0.01440382 0.569361715 0.009469189 

SERCA2a 0.95589 ± 0.02479 2.37906 ± 0.41607 2.37722 ± 0.09707 0.034254184 0.000227507 0.902389958 

SERCA2b 0.84419 ± 0.05617 2.49565 ± 0.25965 2.40745 ± 0.07531 0.000770132 1.26E-05 0.760616265 

SERCA3 0.87850 ± 0.04851 0.82668 ± 0.16903 0.89860 ± 0.11285 0.778170673 0.201716037 0.444585492 

MRLN 0.67218 ± 0.12462 0.49358 ± 0.03873 0.79968 ± 0.08690 0.289977378 0.473079858 0.032362992 

PLN 1.14523 ± 0.07512 2.34372 ± 0.23589 2.42931 ± 0.11366 0.002636364 0.000182495 0.760145842 

SLN 1.05215 ± 0.03979 32.37905 ± 2.63780 50.99210 ± 1.18115 0.000287996 2.50E-06 0.002990922 

ALN 0.97469 ± 0.07211 1.49052 ± 0.15176 1.52702 ± 0.23399 0.021943814 0.064917752 0.900130621 

ELN 0.91877 ± 0.04282 26.96639 ± 7.93031 7.38409 ± 1.63868 0.016727895 0.005277906 0.09383309 

Dwarf 0.58843 ± 0.16075 0.44103 ± 0.05866 0.44895 ± 0.10236 0.422115365 0.491830665 0.948647091 

sANK 0.83788 ± 0.05795 1.07759 ± 0.05350 1.08753 ± 0.09109 0.022823995 0.060076388 0.928114944 

RANK 0.87476 ± 0.05834 7.45114 ± 1.05753 6.91842 ± 0.28511 0.000704607 8.11E-07 0.598012055 



   

  
   

Hsp72 0.79552 ± 0.16144 2.31055 ± 0.47374 3.79394 ± 0.96705 0.064583338 0.022274655 0.351324958 

Calm1 0.74276 ± 0.01631 0.65737 ± 0.03329 1.07774 ± 0.11397 0.095857132 0.043698103 0.009592091 

Parv 0.82825 ± 0.08580 0.55508 ± 0.04275 0.87017 ± 0.08462 0.052033066 0.748559766 0.029278113 

CASQ1 0.84406 ± 0.04700 1.14522 ± 0.06484 1.21792 ± 0.08060 0.017408391 0.015155201 0.508513128 

PAX7 0.98968 ± 0.04185 3.13718 ± 0.35956 1.64817 ± 0.26345 0.000890791 0.033215437 0.028823123 

Myog 1.11003 ± 0.12064 62.92912 ± 6.57022 25.73037 ± 7.34810 9.73E-05 0.015417049 0.015278712 

MSTN 1.17878 ± 0.09515 0.28530 ± 0.00781 0.52438 ± 0.09281 0.000726055 0.004778782 0.081817007 

Myh1 0.62585 ± 0.07641 2.10165 ± 0.26152 1.39357 ± 0.16934 0.005478615 0.014465099 0.091990042 

Myh2 0.43078 ± 0.03557 1.08513 ± 0.17798 0.69667 ± 0.14749 0.001601155 0.193421174 0.091599985 

Myh4 0.47939 ± 0.07731 0.40461 ± 0.02052 0.32776 ± 0.02600 0.328489817 0.087839261 0.059432154 

Myh7 0.83945 ± 0.25217 0.92640 ± 0.10114 1.20890 ± 0.10725 0.790413451 0.288980153 0.127801899 

 

  



   

  
   

 

Appendix 2.4.!RNA Integrity Check / Bioanalyzer 

 

Appendix Figure 2-2: RNA integrity check by Bioanalyzer 

RNA integrity and quality check prior being employed in the RT2 Profiler PCR array. All RNA samples were shown to be suitable for the RT2 PCR 
arrays as they had an RIN (RNA Integrity Number) above 7.5, as per the manufacture's recommendation 

mdx!hSERCA2a*1
RIN=*7.70*

mdx!hSERCA2a*2*
RIN=*7.70*

mdx!hSERCA2a*3*
RIN=*7.90

mdx!hSERCA2a*4*
RIN=*7.70*

mdx! control*1
RIN=*7.80

mdx! control*2*
RIN=*8.10*

mdx! control*3
RIN=*8.10*

mdx! control*4*
RIN=*7.90

WT1
RIN=*9.90*

WT2
RIN=*9.90*

WT3
RIN=*9.80*

WT4
RIN=*9.80*
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Appendix 2.5.!RT2 Profiler PCR Array 

Appendix 2.5.1.! Protocol 

 

Appendix Table  2-5: Genomic DNA elimination mix prepared for cDNA synthesis for the RT2 
Profiler PCR using the RT2 First Strand Kit 

COMPONENT AMOUNT 

RNA 1000 ng 

BUFFER GE 2 µL 

RNASE-FREE WATER variable 

TOTAL VOLUME 10 µL 

Appendix Table  2-6: Reverse-transcriptase mix. for cDNA synthesis for the RT2 Profiler PCR 
using the RT2 First Strand Kit 

COMPONENT VOLUME 
FOR 1 
REACTION 

5X BUFFER BC3 4 µL 

CONTROL P2 1#µL 

RE3 REVERSE TRANSCRIPTASE MIX 2 µL 

RNASE-FREE WATER 3 µL 

TOTAL VOLUME 10 µL 

Appendix Table  2-7: PCR components mix 

COMPONENT AMOUNT 

2X RT2 SYBR GREEN MASTERMIX 1350 µL 

CDNA SYNTHESIS REACTION 102 µL 

RNASE-FREE WATER 1248 µL 

TOTAL VOLUME 2700 µL 
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Appendix Table  2-8: Thermal cycling conditions for the RT2 profiler PCR quantitative-PCR 

CYCLES DURATION TEMPERATURE 

1 10 min 95 ˚C 

40 15 sec 95 ˚C 

 1 min 60 ˚C 

 



   

  
   

Appendix 2.5.2.! Relative Expressions and P values 

Appendix Table  2-9: Relative expression of the 84 genes tested in the RT2 Profiler PCR array 

Values are presented as 2-ΔΔC
T. To represent these values in a more biological meaningful way, reciprocal fold change was generated for each 

examined gene by dividing mdx-Control or mdx-hSERCA2a values by the corresponding WT value, as well as mdx-hSERCA2a over mdx-Control. A 
fold change above 2 was deemed up-regulation and is highlighted in red, whereas a fold change less than 1 was considered down-regulation and is 

highlighted in blue. P values less than 0.05 were deemed significant and are shown in bold. Recovery scores were calculated following the 
equation:(treated – untreated) / (normal – untreated). Recovery scores above 50% are highlighted in green, whereas values less than 0% are 

highlighted in purple.  
 

Gene 
 

2-ΔΔC
T ± SEM Reciprocal Fold Change P Value 

Recovery 
Score WT mdx-Control mdx-

hSERCA2a 

mdx-
Control 

/WT 

mdx-
hSERCA2a 

/ WT 

mdx-
hSERCA2a 

/ mdx-
Control 

WT vs. 
mdx-

Control 

WT vs. 
mdx-

hSERCA
2a 

mdx-
Control 
vs. mdx-
hSERCA

2a 
Acta1 1.1420 ± 0.0579 0.8431 ± 0.0638 0.8257 ± 0.0661 0.74 0.72 0.98 0.013317 0.011371 0.855759 -5.83% 
Actn3 1.0538 ± 0.0497 0.5776 ± 0.0658 0.7305 ± 0.0491 0.55 0.69 1.26 0.001178 0.003579 0.111890 32.11% 

Acvr2b 1.0090 ± 0.0265 0.4076 ± 0.0740 0.4764 ± 0.0408 0.40 0.47 1.17 0.000261 0.000035 0.446680 11.44% 
Adipoq 0.9084 ±0.1297 1.1833 ± 0.2898 0.7256 ± 0.2010 1.30 0.80 0.61 0.419856 0.473733 0.242011 166.49% 
Adrb2 0.9803 ± 0.0720 0.4201 ± 0.0277 0.5273 ± 0.0493 0.43 0.54 1.26 0.000346 0.002030 0.107029 19.13% 
Agrn 1.2925 ± 0.1318 2.4523 ± 0.2196 2.2819 ± 0.2001 1.90 1.77 0.93 0.003980 0.006154 0.587253 14.69% 
Akt1 1.1378 ± 0.0655 2.7018 ± 0.0844 2.3478 ± 0.0557 2.37 2.06 0.87 0.000006 0.000008 0.012818 22.64% 
Akt2 1.1020 ± 0.0612 1.0254 ± 0.0559 1.1905 ± 0.0454 0.93 1.08 1.16 0.391038 0.289928 0.061755 215.51% 

Atp2a1 1.0978 ± 0.0363 0.8410 ± 0.0969 0.9982 ± 0.0782 0.77 0.91 1.19 0.047742 0.292014 0.253779 61.21% 
Bcl2 0.9576 ± 0.0683 1.3482 ± 0.1098 1.2237 ± 0.1627 1.41 1.28 0.91 0.023359 0.182259 0.549209 31.88% 

Bmp4 1.1702 ± 0.1667 0.7870 ± 0.0882 0.7110 ± 0.0821 0.67 0.61 0.90 0.088403 0.048339 0.551393 -19.84% 
Camk2g 1.1480 ± 0.0561 0.9433 ± 0.0891 0.9985 ± 0.0571 0.82 0.87 1.06 0.099954 0.111100 0.621106 26.94% 
Capn2 1.2008 ± 0.0864 1.8035 ± 0.0836 1.5173 ± 0.0863 1.50 1.26 0.84 0.002426 0.041161 0.054749 47.48% 
Capn3 1.0067 ± 0.0731 0.4808 ± 0.0306 0.4875 ± 0.0203 0.48 0.48 1.01 0.000564 0.000478 0.860100 1.28% 



   

  
   

Casp3 0.9828 ± 0.0302 4.6620 ± 0.4044 2.9768 ± 0.0496 4.74 3.03 0.64 0.000101 0.000000 0.006107 45.80% 
Cast 1.0877 ± 0.0629 1.0385 ± 0.0518 1.0177 ± 0.0528 0.95 0.94 0.98 0.567970 0.426281 0.787260 -42.39% 
Cav1 1.2449 ± 0.0908 0.8475 ± 0.0276 0.7721 ± 0.0553 0.68 0.62 0.91 0.005770 0.004347 0.268292 -18.98% 
Cav3 1.0296 ± 0.0120 1.6245 ± 0.0571 1.4887 ± 0.0285 1.58 1.45 0.92 0.000052 0.000006 0.077699 22.82% 

Cryab 1.1236 ± 0.0884 1.2844 ± 0.1457 1.2112 ± 0.0692 1.14 1.08 0.94 0.381690 0.464714 0.665753 45.53% 
Cs 0.9181 ± 0.0654 0.5594 ± 0.0685 0.5546 ± 0.0673 0.61 0.60 0.99 0.009100 0.008233 0.961436 -1.35% 

Ctnnb1 1.2269 ± 0.1069 1.4581 ± 0.0345 1.3713 ± 0.0896 1.19 1.12 0.94 0.085217 0.340422 0.400400 37.56% 
Dag1 1.0522 ± 0.0349 1.2413 ± 0.1096 1.1012 ± 0.1111 1.18 1.05 0.89 0.151071 0.688035 0.403745 74.06% 
Des 0.8993 ± 0.0571 1.2842 ± 0.1265 1.3462 ± 0.0751 1.43 1.50 1.05 0.032298 0.003203 0.688010 -16.11% 

Dmd 1.1234 ± 0.0902 0.1535 ± 0.0102 0.1739 ± 0.0089 0.14 0.15 1.13 0.000040 0.000044 0.183200 2.10% 
Dmpk 1.0477 ± 0.0740 1.7182 ± 0.0849 1.6560 ± 0.0733 1.64 1.58 0.96 0.001007 0.001113 0.599641 9.27% 
Dysf 1.2386 ± 0.1519 3.2248 ± 0.2043 3.8058 ± 0.2095 2.60 3.07 1.18 0.000234 0.000061 0.094255 -29.26% 

Fbxo32 0.9300 ± 0.1948 0.3267 ± 0.0365 0.6187 ± 0.0930 0.35 0.67 1.89 0.022672 0.199372 0.026554 48.41% 
Fgf2 1.0427 ± 0.0787 0.5079 ± 0.0482 0.6291 ± 0.0935 0.49 0.60 1.24 0.001156 0.014769 0.292970 22.66% 

Foxo1 1.1689 ± 0.0626 0.6422 ± 0.0346 0.7672 ± 0.0806 0.55 0.66 1.19 0.000321 0.007646 0.203806 23.73% 
Foxo3 1.0996 ± 0.0502 1.5874 ± 0.1278 1.6171 ± 0.0950 1.44 1.47 1.02 0.012031 0.002947 0.858082 -6.09% 
Hdac5 1.3929 ± 0.2052 1.7164 ± 0.1014 1.6103 ± 0.1045 1.23 1.16 0.94 0.207245 0.381434 0.493712 32.78% 
Hk2 1.0024 ± 0.0742 0.8637 ± 0.1165 1.0608 ± 0.0250 0.86 1.06 1.23 0.353918 0.484334 0.149147 142.07% 
Igf1 1.2761 ± 0.1411 1.3348 ± 0.0591 0.9523 ± 0.1252 1.05 0.75 0.71 0.714580 0.136907 0.032755 651.99% 
Igf2 1.7304 ± 0.4562 26.479 ± 2.1562 16.2085 ± 1.445 15.3 9.37 0.61 0.000030 0.000075 0.007485 41.50% 

Igfbp3 1.2719 ± 0.1393 1.4594 ± 0.2104 0.9193 ± 0.0672 1.15 0.72 0.63 0.485502 0.062826 0.050078 288.06% 
Igfbp5 1.0588 ± 0.0955 1.0312 ± 0.1535 1.3818 ± 0.1811 0.97 1.31 1.34 0.883556 0.165691 0.190142 1269% 
Ikbkb 1.1704 ± 0.0732 3.1728 ± 0.0982 2.8672 ± 0.0635 2.71 2.45 0.90 0.000003 0.000002 0.039965 15.26% 
Il1b 1.1018 ± 0.2254 4.4868 ± 0.8698 5.7733 ± 1.0839 4.07 5.24 1.29 0.009316 0.005563 0.390307 -38.00% 
Il6 1.6546 ± 0.3401 1.9741 ± 0.2865 8.6489 ± 1.2522 1.19 5.23 4.38 0.499471 0.001679 0.002022 -2089% 

Lep 0.6495 ± 0.1203 0.2345 ± 0.0484 0.2375 ± 0.0641 0.36 0.37 1.01 0.018557 0.023298 0.971746 0.71% 
Lmna 1.3084 ± 0.1340 5.8162 ± 0.3546 4.2165 ± 0.2405 4.45 3.22 0.72 0.000021 0.000042 0.009699 35.49% 

Mapk1 1.1199 ±0.0762 0.7888 ± 0.0382 0.7791 ± 0.0481 0.70 0.70 0.99 0.008156 0.009175 0.879497 -2.94% 
Mapk14 1.0033 ± 0.0282 0.7540 ± 0.0759 0.8910 ± 0.0827 0.75 0.89 1.18 0.021680 0.246406 0.268029 54.97% 
Mapk3 1.0274 ± 0.0455 1.3923 ± 0.0533 1.2785 ± 0.1419 1.36 1.24 0.92 0.002002 0.142952 0.481243 31.19% 
Mapk8 1.0559 ± 0.0331 0.6902 ± 0.0602 0.7203 ± 0.0302 0.65 0.68 1.04 0.001795 0.000293 0.670938 8.23% 



   

  
   

Mb 1.1374 ± 0.1087 0.8516 ± 0.1047 0.7270 ± 0.0530 0.75 0.64 0.85 0.107099 0.014608 0.329226 -43.61% 
Mef2c 1.1076 ± 0.0721 0.8826 ± 0.1091 0.9817 ± 0.0798 0.80 0.89 1.11 0.136117 0.286204 0.490998 44.05% 
Mmp9 1.5089 ± 0.2356 2.5022 ± 0.4948 2.1340 ± 0.3300 1.66 1.41 0.85 0.119878 0.174086 0.558654 37.07% 
Mstn 1.1737 ± 0.1721 0.1183 ± 0.0153 0.1362 ± 0.0132 0.10 0.12 1.15 0.000877 0.000955 0.410181 1.70% 
Musk 1.0519 ± 0.1292 0.5846 ± 0.0694 0.8048 ± 0.0588 0.56 0.77 1.38 0.018946 0.132448 0.051798 47.12% 
Myf5 1.0376 ± 0.0473 2.0095 ± 0.2521 1.5406 ± 0.1378 1.94 1.48 0.77 0.009086 0.013594 0.153760 48.25% 
Myf6 1.0326 ± 0.0520 0.4791 ± 0.0275 0.5573 ± 0.0951 0.46 0.54 1.16 0.000082 0.004640 0.459938 14.12% 
Myh1 1.3606 ± 0.1892 2.4538 ± 0.2290 2.0090 ± 0.1827 1.80 1.48 0.82 0.010324 0.048747 0.179715 40.68% 
Myh2 1.1540 ± 0.0516 0.4455 ± 0.0525 0.5076 ± 0.0413 0.39 0.44 1.14 0.000072 0.000066 0.388452 8.77% 

Myod1 1.0167 ± 0.1216 3.1087 ± 0.4106 3.1788 ± 0.1492 3.06 3.13 1.02 0.002752 0.000030 0.877715 -3.35% 
Myog 1.1870 ± 0.1158 22.220± 4.2945 13.079 ± 1.1434 18.7 11.02 0.59 0.002723 0.000048 0.085432 43.46% 
Myot 0.9996 ± 0.0730 0.6761 ± 0.0370 0.6886 ± 0.0365 0.68 0.69 1.02 0.007500 0.008852 0.816897 3.89% 
Neb 1.1089 ± 0.0401 0.4052 ± 0.0197 0.4578 ± 0.0415 0.37 0.41 1.13 0.000004 0.000029 0.295564 7.48% 

Nfkb1 1.1719 ± 0.0900 1.8574 ± 0.0585 1.6149 ± 0.0433 1.58 1.38 0.87 0.000694 0.004405 0.015757 35.38% 
Nos2 1.0326 ± 0.1525 0.2032 ± 0.0116 0.1797 ± 0.0357 0.20 0.17 0.88 0.001628 0.001594 0.554691 -2.83% 
Pax3 UD UD 1.6910 ± 0.3259 UD UD UD UD UD UD UD 
Pax7 1.0449 ± 0.0591 4.1771 ± 0.3249 3.0141 ± 0.0936 4.00 2.88 0.72 0.000078 0.000002 0.013800 37.13% 
Pdk4 1.8558 ± 0.4912 0.8374 ± 0.0889 0.5657 ± 0.0681 0.45 0.30 0.68 0.087417 0.040565 0.051304 -26.69% 
Pparg 1.1521 ± 0.0901 1.4197 ± 0.0379 1.1514 ± 0.1210 1.23 1.00 0.81 0.033767 0.996505 0.078602 100.26% 

Ppargc1a 1.1267 ± 0.1028 0.5641 ± 0.0689 0.7132 ± 0.0851 0.50 0.63 1.26 0.003909 0.021127 0.222407 26.49% 
Ppargc1b 0.8662 ± 0.0527 1.3277 ± 0.1349 1.1883 ± 0.1005 1.53 1.37 0.89 0.018905 0.029678 0.438778 30.22% 
Ppp3ca 1.1391 ± 0.0516 0.5565 ± 0.0239 0.5722 ± 0.0538 0.49 0.50 1.03 0.000050 0.000269 0.798912 2.69% 
Prkaa1 1.1218 ± 0.0542 0.9381 ± 0.0159 0.7927 ± 0.0266 0.84 0.71 0.85 0.017348 0.001583 0.003356 -79.10% 
Prkab2 1.0585 ± 0.0279 0.6910 ± 0.0884 0.8407 ± 0.0681 0.65 0.79 1.22 0.007418 0.025297 0.228217 40.74% 
Prkag1 1.0820 ± 0.0484 0.9790 ± 0.0223 0.9894 ± 0.0511 0.90 0.91 1.01 0.101615 0.236727 0.857161 10.17% 
Prkag3 0.9266 ± 0.0425 0.6221 0.0537 0.7459 ± 0.0559 0.67 0.81 1.20 0.004343 0.042183 0.161115 40.67% 
Rhoa 1.0636 ± 0.0471 1.9822 ± 0.1700 1.8561 ± 0.1538 1.86 1.75 0.94 0.001999 0.002635 0.601965 13.73% 

Rps6kb1 1.1228 ± 0.0833 0.8569 ± 0.0400 0.8180 ±0.0308 0.76 0.73 0.95 0.028176 0.013947 0.469420 -14.65% 
Sgca 0.9240 ± 0.0283 0.4803 ± 0.0332 0.5080 ± 0.0422 0.52 0.55 1.06 0.000053 0.000178 0.624048 6.24% 

Slc2a4 1.0729 ± 0.0894 0.9960 ± 0.1265 1.1594 ± 0.0742 0.93 1.08 1.16 0.636792 0.485028 0.307676 212.25% 
Tgfb1 1.3336 ± 0.1330 5.7559 ± 0.6647 4.1596 ± 0.2027 4.32 3.12 0.72 0.000619 0.000024 0.061362 36.09% 



   

  
   

Tnf 0.6362 ± 0.2082 4.5552 ± 1.0803 3.9912 ± 0.8297 7.16 6.27 0.88 0.011895 0.007786 0.693188 14.39% 
Tnnc1 1.2064 ± 0.4359 1.6525 ± 0.2322 1.3307 ± 0.0165 1.37 1.10 0.81 0.401179 0.785240 0.216104 72.14% 
Tnni2 1.0412 ± 0.0738 0.5165 ± 0.0493 0.5549 ± 0.0467 0.50 0.53 1.07 0.001046 0.001422 0.592881 7.31% 
Tnnt1 1.1849 ± 0.3445 2.6586 ± 0.3070 2.1078 ± 0.1981 2.24 1.78 0.79 0.018751 0.059238 0.182438 37.37% 
Tnnt3 1.0783 ± 0.0384 0.4438 ± 0.0333 0.5379 ± 0.0219 0.41 0.50 1.21 0.000016 0.000018 0.056142 14.83% 

Trim63 1.0598 ± 0.1180 0.7396 ± 0.0254 1.0075 ± 0.1371 0.70 0.95 1.36 0.037835 0.782183 0.103105 83.67% 
Ttn 1.0882 ± 0.0393 0.7952 ± 0.0697 0.8314 ± 0.0556 0.73 0.76 1.05 0.010573 0.009301 0.699062 12.35% 

Utrn 1.1656 ± 0.0731 1.2238 ± 0.0586 1.0394 ± 0.1165 1.05 0.89 0.85 0.557444 0.394386 0.207267 316.81% 
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Appendix Figure 2-3: Myogenesis and myopathy RT2 profiler™ PCR array plate’s 
layout and the relative expression of the 84 tested genes 

Genes were normalised to heat shock protein 90 alpha family class B member 1 protein 
(HSP90ab1). Genes indicated by * were significantly altered in hSERCA2a-mdx 
treated muscles. Data are presented as 2-ΔΔC

T ± SEM. (n= 4).  Actual values and 
relevant P values are shown in Appendix Table 2-1 
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Appendix Figure 2-4: A cluster-gram of the 84 examined genes by the RT2 Profiler PCR 
arrays generated by QIAGEN data analysis centre
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Appendix 3.! Chapter 4: Characterization and Myogenesis of The Panniculus 

Carnosus Skeletal Muscle  

Appendix 3.1.!Central Nucleation in 6, 8, 12 and 52 weeks old PC muscle 

Appendix Table  3-1: The percentage of fibres with central nuclei in 6, 8, 12 and 52 weeks 
old PC muscles 

Experiment 
Muscle 

type 
Muscle # 

% Central 
Nucleation 

Average 

6 wks old 

WT 

Muscle 1 8.76% 

7.89% ± 0.01195 
Muscle 2 8.33% 

Muscle 3 10.00% 

Muscle 4 4.47% 

mdx 

Muscle 1 14.46% 

29.65% ± 0.07110 
Muscle 2 26.04% 

Muscle 3 48.70% 

Muscle 4 29.41% 

8 wks old 

WT  

 

Muscle 1 3.80% 

5.03% ± 0.01294 
Muscle 2 4.36% 

Muscle 3 8.83% 

Muscle 4 3.12% 

mdx  

Muscle 1 2.52% 

34.53% ± 0.02761 
Muscle 2 3.08% 

Muscle 3 3.52% 

Muscle 4 2.43% 

12 wks old 

WT 

Muscle 1 11.31% 

11.91% ± 0.01853 
Muscle 2 7.69% 

Muscle 3 16.71% 

Muscle 4 11.93% 

mdx 

Muscle 1 55.56% 

53.19% ± 0.07685 
Muscle 2 37.28% 

Muscle 3 73.35% 

Muscle 4 46.58% 
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52 wks old 

WT 

Muscle 1 23.53% 

16.32% ± 0.02662 

Muscle 2 20.73% 

Muscle 3 16.52% 

Muscle 4 9.97% 

Muscle 5 10.86% 

mdx 

Muscle 1 27.39% 

35.47% ± 0.03745 
Muscle 2 44.67% 

Muscle 3 37.89% 

Muscle 4 31.95% 

 



 

 

Appendix 3.2.!Thickness of Skin Layers 

Appendix Table  3-2: Relative thickness of skin layers 

 

Skin 
layer 

Relative Thickness Ratio (%) t-test (P value) 

WT 6wks mdx 6 wks WT 12 wks mdx 12 wks 

WT 6wks 

Vs. 

mdx 6wks 

WT 12 wks 

Vs. 

mdx 12 wks 

WT 6wks 

Vs. 

WT 12 wks 

mdx 6wks 

vs. 

mdx 12 wks 

Dermal 74.43 ± 6.43 80.55 ± 2.50 61.04 ± 4.13 43.22 ± 2.70 0.4088733 0.0112448 0.1302848 0.0000536 

PA 9.09 ± 0.86 9.34 ± 1.33 24.79 ± 5.34 31.19 ± 2.46 0.8823064 0.3187912 0.0272748 0.0002304 

PC 10.18 ± 1.45 9.32 ± 1.00 12.50 ± 1.15 24.83 ± 1.63 0.6404392 0.0008313 0.2567341 0.0001911 

 

Appendix Table  3-3: Relative Occupancy–abundance Ratio of skin layers 

 

Skin 
layer 

Relative Occupancy–abundance Ratio (%) t-test (P value) 

WT 6wks mdx 6 wks WT 12 wks mdx 12 wks 

WT 6wks 

Vs. 

mdx 6wks 

WT 12 wks 

Vs. 

mdx 12 wks 

WT 6wks 

Vs. 

WT 12 wks 

mdx 6wks 

vs. 

mdx 12 wks 

Dermal 78.15 ± 2.88 80.18 ± 1.61 69.61 ± 5.84 35.50 ± 6.72 0.5610688 0.0086494 0.2377962 0.0006488 

PA 9.12 ± 1.46 9.52 ± 0.88 19.07 ± 4.67 40.01 ± 6.22 0.8184695 0.0359197 0.0881399 0.0028413 

PC 12.74 ± 2.84 10.30 ± 1.27 10.59 ± 1.64 24.49 ± 0.64 0.4635094 0.0002210 0.5354251 0.0000596 



 

 

Appendix 3.3.!Fibre Sizing 

Appendix Table  3-4: PC fibres cross-sectional area; 6 vs. 12 weeks old 

Bins 

array 

(x 

100) 

Cross-Sectional Area (%) ± SEM t-test (P value) 

WT 6wks mdx 6wks WT 12 wks mdx 12 wks 

WT 6wks 

Vs. 

mdx 6wks 

WT 12 wks 

Vs. 

mdx 12 wks 

WT 6wks 

Vs. 

WT 12 wks 

mdx 6wks 

vs. 

mdx 12 wks 

< 1 16.96 ± 6.47 4.38 ± 2.40 7.17 ± 2.83 0.18 ± 0.11 0.11824 0.04890 0.21487 0.13094 

1 -2 35.86 ± 3.20 17.90 ± 4.78 17.08 ± 3.88 1.68 ± 0.68 0.02057 0.00791 0.00970 0.01527 

2 -3 25.54 ± 3.57 19.26 ± 2.45 19.05 ± 3.40 3.64 ± 1.00 0.19695 0.00483 0.23583 0.00106 

3 -4 13.14 ± 3.61 15.23 ± 0.63 11.53 ± 1.44 4.63 ± 1.81 0.59026 0.02430 0.69319 0.00146 

4 -5 4.41 ± 1.12 11.24 ± 0.65 10.77 ± 1.49 5.77 ± 0.98 0.00192 0.03122 0.01446 0.00355 

5-6 2.97 ± 1.43 7.33 ± 0.80 7.09 ± 1.82 6.40 ± 1.50 0.03770 0.77829 0.12488 0.60467 

6-7 0.71 ± 0.28 5.58 ± 0.80 7.09 ± 1.60 5.86 ± 1.31 0.00123 0.57591 0.00770 0.85725 

7-8 0.35 ± 0.15 3.86 ± 0.70 3.67 ± 0.84 4.50 ± 1.28 0.00272 0.60829 0.00780 0.67473 

8-9 0.02 ± 0.02 2.80 ± 0.93 5.67 ± 1.92 5.63 ± 0.23 0.02465 0.98334 0.02606 0.02600 

9-10 0.03 ± 0.03 2.62 ± 1.12 2.13 ± 0.56 4.88 ± 0.32 0.06044 0.00504 0.00917 0.10074 

10-11  2.38 ± 1.12 3.68 ±1.25 4.24 ± 0.50 0.08147 0.69371 0.02564 0.18563 

11-12  1.10 ± 0.63 2.31 ± 0.49 3.18 ± 0.40 0.13111 0.22215 0.00317 0.03223 



 

 

12-13  0.92 ± 0.53 0.58 ± 0.38 3.03 ± 0.63 0.13404 0.01585 0.17688 0.04226 

13-14  0.94 ± 0.43 0.36 ± 0.36 3.63 ± 0.52 0.07035 0.00210 0.35592 0.00708 

14-15  0.87 ± 0.48 0.28 ± 0.18 3.37 ± 0.45 0.11979 0.00072 0.16019 0.00925 

15-16  0.78 ± 0.48 0.20 ± 0.20 2.67 ± 0.19 0.15480 0.00011 0.35592 0.01078 

16-17  0.45 ± 0.15 0.57 ± 0.35 2.76 ± 0.63 0.02777 0.02307 0.16019 0.01196 

17-18  0.26 ± 0.17 0.18 ± 0.18 2.94 ± 0.48 0.17362 0.00179 0.35592 0.00194 

18-19  0.36 ± 0.23 0.10 ± 0.10 2.51 ± 0.14 0.17336 0.00001 0.35592 0.00023 

19-20  0.34 ± 0.20 0.36 ± 0.36 2.11 ± 0.33 0.13427 0.01188 0.35592 0.00349 

20-21  0.24 ± 0.14  2.55 ± 0.49 0.13424 0.00197  0.00388 

21-22  0.14 ± 0.08  2.41 ± 0.61 0.14325 0.00730  0.00995 

22-23  0.28 ± 0.17  1.52 ± 0.51 0.14325 0.02467  0.06022 

23-24  0.18 ± 0.12  2.25 ± 0.64 0.17336 0.01244  0.01888 

24-25  0.00 ± 0.04  0.78 ± 0.56 0.35592 0.21866  0.24209 

25-26  0.10 ± 0.04  2.19 ± 0.48 0.35592 0.00554  0.00447 

26-27  0.00 ± 0.08  1.17 ± 0.40 0.35592 0.02620  0.03700 

27-28  0.00 ± 0.08  0.61 ± 0.37 0.35592 0.15003  0.21268 

28-29  0.00 ± 0.04  0.77 ± 0.27 0.35592 0.02889  0.03685 

29-30  0.00 ± 0.06  1.08 ± 0.41 0.35592 0.03720  0.04665 

30-31  0.00 ± 0.06  0.77 ± 0.30 0.35592 0.04375  0.06027 



 

 

31-32    0.54 ± 0.31  0.13839  0.13839 

32-33    0.87 ± 0.44  0.09674  0.09674 

33-34  0.00 ± 0.08  0.47 ± 0.21 0.35592 0.06766  0.13865 

34-35  0.00 ± 0.04  0.94 ± 0.39 0.35592 0.05153  0.06057 

> 35  0.00 ± 0.04  7.48 ± 4.68 0.35592 0.16071  0.16267 



 

 

Appendix Table  3-5: PC fibre diameter (minimal Feret's Diameter); 6wks vs. 12 wks old 

Bins 
array 

Minimal Feret’s Diameter ± SEM t-test (P value) 

WT 6wks mdx 6wks WT 12 wks mdx 12 wks 

WT 6wks 

Vs. 

mdx 6wks 

WT 12 wks 

Vs. 

mdx 12 wks 

WT 6wks 

Vs. 

WT 12 wks 

mdx 6wks 

vs. 

mdx 12 wks 

< 10 18.87 ± 6.53 5.67 ± 2.34 8.56 ± 3.47 0.24 ± 0.14 0.105740 0.053500 0.213038 0.059640 
10-20 69.70 ± 3.09 53.14 ± 5.28 49.31 ± 5.77 11.95 ± 2.68 0.035133 0.001079 0.020647 0.000438 
20 -30 11.30 ± 3.52 30.61 ± 2.91 31.15 ± 5.84 29.43 ± 4.45 0.005520 0.822574 0.026912 0.831900 
30-40 0.13 ± 0.10 8.34 ± 3.12 9.84 ± 2.27 24.43 ± 0.93 0.039099 0.001016 0.005282 0.002597 
40-50  1.70 ± 1.11 1.13 ± 0.71 18.14 ± 1.74 0.176972 0.000102 0.160189 0.000208 
50-60  0.46 ± 0.35  8.60 ± 2.52 0.232431 0.014332  0.018725 
60-70  0.08 ± 0.08  5.23 ± 3.14 0.355918 0.147224  0.152738 
70-80    1.62 ± 0.94  0.134937  0.134937 
80-90    0.18 ± 0.18  0.355918  0.355918 
90-100    0.00 ± 0.00     
> 100    0.18 ± 0.18  0.355918  0.355918 

 



 

 

Appendix Table  3-6: PC muscle fibre sizing in 52-week old WT and mdx mice 

Cross-Sectional Area Minimal Feret’s Diameter 

 Values (%) ± SEM t-test (P value)  Values (%) ± SEM t-test (P value) 

Bins array WT 52wks mdx 52wks 

WT 52wks 

Vs. 

mdx 52wks 

Bins array WT 52wks mdx 52wks 

WT 52wks 

Vs. 

mdx 52wks 

0-250 309.6 ± 47.599 271 ± 20.748 0.51880 0-10 44.8 ± 12.399 39 ± 4.743 0.70423 

251-500 113.4 ± 9.479 120.25 ± 11.614 0.65746 10-20 191.4 ± 33.013 151.75 ± 11.46 0.34039 

501-750 38.8 ± 18.025 67.25 ± 6.473 0.22073 20-30 159.2 ± 15.20 149 ± 11.292 0.62377 

751-1000 26.8 ± 16.632 27.75 ± 1.493 0.96122 30-40 60.8 ± 22.929 104.25 ± 10.26 0.15833 

1001-1250 15.4 ± 10.765 15.75 ± 2.839 0.97832 40-50 36.4 ± 21.365 49.5 ± 5.737 0.61288 

1251-1500 6.8 ± 5.127 7 ± 3.109 0.97597 50-60 15.6 ± 9.448 17.75 ± 3.521 0.85257 

1501-1750 2.2 ± 1.501 4.75 ± 2.750 0.41629 60-70 3.8 ± 2.107 7.75 ± 1.931 0.21962 

1751-2000 1.6 ± 1.169 4 ± 1.683 0.26556 70-80 1.8 ± 1.562 1.5 ± 0.866 0.88072 

2001-2250 0.4 ± 0.401 2.25 ±0.479 0.02019 80-90 1 ± 1.00 0.5 ± 0.289 0.67989 

2251-2500  0.75 ± 0.750  90-100 0.2 ± 0.200   

2501-2750  0.25 ± 0.250  > 100    



 

 

Appendix 3.4.!PC capillarization 

Appendix Table  3-7: Capillarization of PC muscles in 6, 12 and 52-week-old WT and mdx mice 

Experiment 
Muscle 

type 
Muscle # Capillary: Fibre ratio 

Avg. capillary: fibre 
ratio 

Capillary density Avg. capillary density 

6 wks old 

WT 

Muscle 1 0.69 

0.62 ± 0.0273 

492.65 

652.34 ± 160.97 
Muscle 2 0.65 659.01 

Muscle 3 0.59 358.94 

Muscle 4 0.57 1098.78 

mdx 

Muscle 1 0.72 

0.69 ± 0.0264 

1242.25 

740.77 ± 195.42 
Muscle 2 0.66 387.44 

Muscle 3 0.64 478.29 

Muscle 4 0.75 855.10 

12 wks old 

WT 

Muscle 1 0.71 

0.78 ± 0.0948 

572.74 

665.97 ± 118.64 
Muscle 2 0.72 416.89 

Muscle 3 0.62 696.43 

Muscle 4 1.05 977.82 

mdx 
Muscle 1 1.12 

1.04 ± 0.0410 
425.68 

443.77 ± 77.41 
Muscle 2 1.00 319.66 



 

 

Muscle 3 1.00 585.97 

52 wks old 

WT 

Muscle 1 0.55 

0.53 ± 0.0185 

1027.17 

1399.82 ± 173.85 

Muscle 2 0.56 937.33 

Muscle 3 0.48 1789.64 

Muscle 4 0.49 1640.06 

Muscle 5 0.57 1604.90 

mdx 

Muscle 1 0.65 

0.75 ± 0.0677 

1482.66 

1606.53 ± 144.54 
Muscle 2 0.87 1543.98 

Muscle 3 0.87 2026.90 

Muscle 4 0.62 1372.56 



 

 

Appendix 3.5.!Proliferation differentiation of PC Satellite Cells 

 

 

Appendix Figure 3-1: Cell culture overview of the proliferating and differentiating PC precursors
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Appendix 3.6.!TaqMan RT-qPCR Assays 

Appendix Table  3-8: Relative fold change of myogenesis related genes in PC cells 

Gene 

 2-ΔΔC
T 

Time 
Point 

WT male WT female mdx male mdx female 

Pax7 

Day 1 
0.1114 ± 
0.0091 

0.1007 ± 
0.0362 

0.1189 ± 
0.0230 

0.0358 ± 
0.0148 

Day 3 
0.0873 ± 
0.0247 

0.0846 ± 
0.0244 

0.2078 ± 
0.0396 

0.0523 ± 
0.0253 

Day 7 
0.0268 ± 
0.0098 

0.0194 ± 
0.0021 

0.0391 ± 
0.0086 

0.0274 ± 
0.0226 

Myog 

Day 1 
1.4883 ± 
0.2582 

1.0488 ± 
0.2977 

0.7408 ± 
0.1126 

0.4573 ± 
0.0654 

Day 3 
2.5339 ± 
0.0779 

2.9265 ± 
1.1570 

5.0458 ± 
0.6230 

1.4730 ± 
0.2474 

Day 7 
1.5055 ± 
0.3689 

1.4057 ± 
0.3411 

3.1914 ± 
1.4975 

1.1548 ± 
0.3224 

eMyHC 

Day 1 
1.2167 ± 
0.3303 

2.1427 ± 
0.9316 

0.5970 ± 
0.0672 

0.3376 ± 
0.0315 

Day 3 
7.9446 ± 
1.2067 

10.1501 ± 
4.9090 

11.2321 ± 
3.0377 

3.1719 ± 
0.1172 

Day 7 
6.6486 ± 
1.9230 

4.6553 ± 
0.6768 

12.6713 ± 
6.0361 

3.0322 ± 
0.6201 

Adult 
MyHC 

Day 1 
0.0095 ± 
0.0016 

0.0259 ± 
0.0116 

0.0091 ± 
0.0010 

0.0024 ± 
0.0008 

Day 3 
0.0202 ± 
0.0018 

0.0342 ± 
0.0148 

0.0255 ± 
0.0038 

0.0078 ± 
0.0016 

Day 7 
0.7518 ± 
0.1925 

1.0315 ± 
0.1116 

1.8081 ± 
0.3340 

0.5213 ± 
0.3036 

 



 

 

Appendix Table  3-9: Corresponding P-values of relative fold change of myogenesis 
related genes in PC cell 

Comparison Type P value (t-test) 

Per condition Pax7 Myog e.MyHC Adult MyHC 

WT m d1 vs. WT m d3 0.412154 0.017882 0.005777 0.010511 

WT m d1 vs. WT m d7 0.003177 0.971315 0.049614 0.018218 

WT m d3 vs. WT m d7 0.084421 0.052586 0.598630 0.019107 

WT f d1 vs. WT f d3 0.730801 0.191116 0.184288 0.679588 

WT f d1 vs. WT f d7 0.088416 0.474571 0.094529 0.000858 

WT f d3 vs. WT f d7 0.056041 0.275929 0.329672 0.000898 

mdx m d1 vs. mdx m d3 0.124113 0.002443 0.024893 0.013294 

mdx m d1 vs. mdx m d7 0.031470 0.178050 0.116089 0.005746 

mdx m d3 vs. mdx m d7 0.014075 0.316686 0.841757 0.005940 

mdx f d1 vs. mdx f d3 0.603753 0.016549 0.000020 0.038932 

mdx f d1 vs. mdx f d7 0.771078 0.101321 0.012257 0.162668 

mdx f d3 vs. mdx f d7 0.503449 0.477290 0.835735 0.166069 

WT vs. mdx Pax7 Myog e.MyHC Adult MyHC 

WT m d1 vs mdx m d1 0.777369 0.056743 0.139850 0.828717 

WT m d3 vs mdx m d3 0.061140 0.016116 0.371427 0.269891 

WT m d7 vs mdx m d7 0.397458 0.335776 0.395594 0.051904 

WT f d1 vs mdx f d1 0.172321 0.124304 0.124873 0.113101 

WT f d3 vs mdx f d3 0.409676 0.286611 0.228325 0.150405 

WT f d7 vs mdx f d7 0.743475 0.621191 0.151768 0.189901 

Male vs. Female Pax7 Myog e.MyHC Adult MyHC 

WT m d1 vs. WT f d1 0.788660 0.327176 0.401861 0.234183 

WT m d3 vs. WT f d3 0.940466 0.751997 0.685138 0.401287 

WT m d7 vs. WT f d7 0.502249 0.852242 0.383546 0.277178 

mdx m d1 vs. mdx f d1 0.038585 0.095152 0.024966 0.006304 

mdx m d3 vs. mdx f d3 0.029634 0.005964 0.056897 0.011978 

mdx m d7 vs. mdx f d7 0.653115 0.254430 0.187363 0.046359 



 

 

Appendix 3.7.!Myogenic Assay 

Appendix Table  3-10: : Percentage of Myog+ cells (myogenic assay) 

 

Cell type t-test (P value) 

WT 

male 

WT 

female 

mdx 

male 

mdx 

female 

WT M 

Vs. 

WT F 

WT M 

Vs. 

mdx M 

mdx M 

Vs. 

mdx F 

WT F 

vs. 

mdx F 

%
 o

f 

M
yo

g+
 

ce
lls

 13.13% 

± 1.631 

8.27% ± 

0.561 
13.39% 

± 0.929 

8.84% ± 

0.756 
0.03037 0.89484 0.00896 0.56683 
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Appendix Figure 3-2: A proposed strategy of only isolating the subcutaneous layer for 
the in vitro prep
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Appendix 4.! Chapter 5: Gender Dimorphism in Muscle Regeneration and 

Ca2+ Handling 

Appendix 4.1.!Central Nucleation 

Appendix Table  4-1: Central nucleation of 8-week old WT and mdx gastrocnemius and 
PC muscles 

Experiment Muscle 
type Muscle # % Central 

Nucleation Average 

G
as

tr
oc

ne
m

iu
s M

us
cl

e 

WT 
males 

 

Muscle 1 0.47%&

0.35% ± 0.0015 
Muscle 2 0.13%&
Muscle 3 0.73%&
Muscle 4 0.06%&

WT 
Female 

Muscle 1 0.08%&

0.17% ± 0.00073 
Muscle 2 0.20%&
Muscle 3 0.35%&
Muscle 4 0.08%&

G
as

tr
oc

ne
m

iu
s M

us
cl

e 

mdx 
Male 

 

Muscle 1 39.69%&

47.89% ± 0.02928 
Muscle 2 49.02%&
Muscle 3 53.60%&
Muscle 4 49.25%&

mdx 
Females 

Muscle 1 54.75%&

51.30% ± 0.02733 

Muscle 2 41.20%&
Muscle 3 53.04%&
Muscle 4 50.55%&
Muscle 5 56.95%&

PC
 M

us
cl

e 

WT 
Males 

 

Muscle 1 3.80% 

5.03% ± 0.01294 
Muscle 2 4.36% 

Muscle 3 8.83% 

Muscle 4 3.12% 

WT 
Female 

Muscle 1 2.52% 

2.89% ± 0.00256 Muscle 2 3.08% 

Muscle 3 3.52% 
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Muscle 4 2.43% 

PC
 M

us
cl

e 

mdx 
Male 

 

Muscle 1 26.95% 

34.53% ± 0.02761 
Muscle 2 37.40% 

Muscle 3 34.19% 

Muscle 4 39.59% 

mdx 
Females 

Muscle 1 12.59% 

15.52% ± 0.01582 
Muscle 2 18.06% 

Muscle 3 18.45% 

Muscle 4 12.99% 



 

 

Appendix 4.2.!Fibre Sizing 

Appendix Table  4-2: 8-weeks old male and female Gastrocnemius muscle fibre cross-sectional area 

Bins 

array 

Average. Frequency of Cross-Sectional Area (%) ± SEM t-test (P value) 

WT M WT F mdx M mdx F 
WT M vs. 

WT F 

mdx M vs.  

mdx F 

WT M vs.  

mdx M 
WT F vs. mdx F 

> 250 17.50% ± 1.68 37.26% ± 4.15 12.55% ± 1.65 12.36% ± 3.64 0.004511 0.963393 0.080555 0.001978 

250-500 38.61% ± 4.09 39.82% ± 2.08 12.28% ± 1.91 12.33% ± 2.38 0.800058 0.987536 0.001124 0.000041 

500-750 36.95% ± 4.18 19.41% ± 2.13 11.53% ± 2.43 10.69% ± 1.60 0.009637 0.763174 0.001906 0.009679 

750-1000 6.16% ± 1.48 3.15% ± 1.37 9.76% ± 1.70 9.14% ± 0.93 0.185719 0.738742 0.162610 0.005752 

1000-1250 0.69% ± 0.28 0.25% ±0.15 8.23% ± 0.36 6.60% ± 0.47 0.211262 0.024644 0.000003 0.000004 

1250-1500 0.06% ± 0.06 0.11% ± 0.04 6.50% ±0.19 6.13% ± 0.80 0.576973 0.673573 0.000000 0.000147 

1500-1750 0.03% ± 0.03 0.00% ± 0.00 6.48% ± 1.20 4.72% ± 0.39 0.355918 0.162477 0.001720 0.000007 

1750-2000 0.00% ± 0.00 0.00% ± 0.00 4.76% ± 0.85 4.51% ± 0.50 UD 0.782707 0.001355 0.000046 

2000-2250 0.00% ± 0.00 0.00% ± 0.00 4.74% ± 1.25 3.54% ± 0.69 UD 0.389767 0.008976 0.001511 

2250-2500 0.00% ± 0.00 0.00% ± 0.00 3.39% ± 0.77 3.62% ± 0.43 UD 0.788789 0.004643 0.000070 

2500-2750 0.00% ± 0.00 0.00% ± 0.00 3.37% ± 1.03 3.18% ± 0.72 UD 0.875951 0.017165 0.003230 

2750-3000 0.00% ± 0.00 0.00% ± 0.00 2.50% ± 0.50 2.74% ± 0.29 UD 0.651782 0.002491 0.000033 

3000-3250 0.00% ± 0.00 0.00% ± 0.00 2.02% ± 0.54 2.65% ± 0.71 UD 0.489177 0.009854 0.007860 

3250-3500 0.00% ± 0.00 0.00% ± 0.00 1.66% ± 0.46 2.54% ± 0.62 UD 0.274267 0.011086 0.004817 

3500-3750 0.00% ± 0.00 0.00% ± 0.00 1.49% ± 0.48 1.72% ± 0.31 UD 0.671782 0.020901 0.000846 

3750-4000 0.00% ± 0.00 0.00% ± 0.00 1.45& ± 0.28 1.61% ± 0.51 UD 0.785211 0.002170 0.016878 

> 4000 0.00% ± 0.00 0.00% ± 0.00 7.29% ± 0.70 11.90% ± 5.23 UD 0.416177 0.000044 0.059814 



 

 

Appendix Table  4-3: : 8-weeks old male and female Gastrocnemius muscle fibre diameter (minimal Feret's diameter) 

Bins 
array 

Average. Frequency of fibres’ minimal Feret’s Diameter ± SEM t-test (P value) 

WT M WT F mdx M mdx F 
WT M vs. 

WT F 

mdx M vs. 

mdx F 

WT M vs. 

mdx M 
WT F vs. mdx F 

< 5 0.00% ± 0.00 0.05% ± 0.05 0.30% ± 0.06 0.33% ± 0.10 0.35592 0.83626 0.00255 0.06639 
5-10  0.03% ± 0.03 0.51% ± 0.15 0.21% ± 0.06 0.13% ± 0.07 0.02058 0.39531 0.02716 0.04148 

10-15 0.64% ± 0.26 4.33% ± 2.04 1.66% ± 0.57 1.84% ± 0.61 0.12284 0.84068 0.15430 0.23562 
15-20 8.19% ± 1.29 13.69% ± 2.58 4.32% ± 0.98 3.38% ± 1.26 0.10513 0.59177 0.05448 0.00624 
20-25 13.31% ± 1.23 20.85% ± 2.38 4.87% ± 0.64 4.91% ± 1.23 0.03071 0.98122 0.00091 0.00039 
25-30 17.89% ± 1.80 19.98% ± 2.01 6.02% ± 0.87 5.89% ± 1.14 0.46664 0.93133 0.00102 0.00035 
30-35 22.13% ± 1.00 18.04% ± 1.08 6.07% ± 0.99 6.27% ± 1.05 0.03189 0.89626 0.00003 0.00012 
35-40 20.84% ± 1.75 12.52% ± 1.65 7.72% ± 1.74 6.67% ± 1.17 0.01346 0.62015 0.00179 0.02052 
40-45 10.37% ± 1.39 6.07% ± 1.32 8.10% ± 1.59 7.62% ± 0.82 0.06660 0.78576 0.32311 0.33171 
45-50 4.12% ± 0.47 2.28% ± 0.53 7.39% ± 0.76 6.78%± ±1.11 0.04122 0.68332 0.01060 0.01215 
50-55 1.61% ± 0.36 0.88%± 0.34 7.51% ± 0.72 6.45% ± 0.51 0.19502 0.25607 0.00034 0.00006 
55-60 0.47% ± 0.17 0.38% ± 0.19 6.58% ± 0.62 5.94% ± 0.63 0.75623 0.49601 0.00007 0.00014 
60-65 0.18% ± 0.11 0.22% ± 0.12 6.39% ± 0.98 4.49% ± 0.57 0.85447 0.12166 0.00076 0.00032 
65-70 0.06% ± 0.06 0.08% ± 0.05 5.41% ± 1.26 5.61% ± 0.52 0.84416 0.88014 0.00547 0.00003 
70-75 0.09% ± 0.03 0.05% ± 0.03 4.98% ± 1.29 4.30% ± 0.21 0.42261 0.57894 0.00924 0.00000 
75-80 0.03% ± 0.03 0.03% ± 0.03 4.01% ± 1.19 3.98% ± 1.16 0.91481 0.98823 0.01536 0.02000 
80-85 0.03% ± 0.03 0.00% ± 0.00 3.12% ± 0.24 4.37% ± 0.79 0.35592 0.21465 0.00001 0.00180 
85-90 0.00% ± 0.00 0.00% ± 0.00 2.99% ± 0.30 3.89% ± 0.63 UD 0.27625 0.00006 0.00097 
90-95 0.00% ± 0.00 0.00% ± 0.00 2.23% ± 0.29 3.37% ± 0.72 UD 0.22792 0.00024 0.00452 

95-100 0.00% ± 0.00 0.00% ± 0.00 2.09% ± 0.42 2.30% ± 0.61 UD 0.78827 0.00242 0.01269 
> 100 0.00% ± 0.00 0.03% ± 0.03 8.04% ± 0.85 11.48% ± 4.11 0.35592 0.49026 0.00008 0.04377 

 



 

 

Appendix Table  4-4: 8-weeks old male and female PC muscle fibre cross-sectional area 

Bins 

array 

(x 

100) 

Average. Frequency of Cross-Sectional Area (%) ± SEM t-test (P value) 

WT M WT F mdx M mdx F 
WT M vs. 

WT F 

mdx M vs.  

mdx F 
WT M vs.  

mdx M 
WT F vs. mdx F 

< 1 10.54 ± 3.07 13.01 ± 1.39 16.38 ± 1.92 7.90 ±1.16 0.49145 0.00538 0.13642 0.02436 
1 -2 15.78 ± 1.23 14.94 ± 0.89 15.88 ± 1.39 12.36 ± 1.77 0.60057 0.15754 0.95932 0.27133 
2 -3 12.96 ± 0.72 10.55 ± 1.15 13.40 ± 1.38 12.68 ± 0.43 0.12658 0.63158 0.80008 0.09803 
3 -4 9.51 ± 0.80 7.35 ± 0.82 10.42 ± 0.52 9.73 ± 0.36 0.10816 0.30624 0.35434 0.02362 
4 -5 6.27 ± 0.38 6.98 ± 0.72 7.78 ± 0.97 8.11 ± 0.29 0.41346 0.75427 0.23045 0.15628 
5-6 6.22 ± 0.65 5.68 ± 0.24 6.14 ± 0.72 6.49 ± 0.34 0.46710 0.67315 0.94419 0.10742 
6-7 7.06 ± 0.36 6.45 ± 0.49 4.98 ±0.48 6.33 ± 0.36 0.35633 0.05368 0.01273 0.83865 
7-8 6.64 ± 0.54 5.97 ± 0.36 4.19 ± 0.42 5.27 ± 0.52 0.34193 0.14783 0.00834 0.32807 
8-9 5.13 ± 0.76 6.34 ± 0.52 4.52 ± 0.62 4.49 ± 0.51 0.23620 0.96648 0.55403 0.04086 

9-10 4.67 ± 0.55 5.19 ± 0.60 2.79 ± 0.42 3.80 ± 0.27 0.54433 0.07757 0.02802 0.05662 
10-11 3.77 ± 0.50 4.04 ± 0.60 2.62 ± 0.58 3.95 ± 0.35 0.66062 0.08616 0.18811 0.85304 
11-12 3.00 ± 0.57 3.19 ± 0.26 2.16 ± 0.90 3.52 ± 0.42 0.82506 0.21124 0.48686 0.66893 
12-13 2.37 ± 0.80 2.74 ± 0.62 2.00 ± 0.39 2.85 ± 0.25 0.70645 0.10231 0.66736 0.81920 
13-14 1.72 ± 0.38 2.31 ± 0.45 1.32 ± 0.49 2.84 ± 0.46 0.36636 0.05256 0.54972 0.45586 
14-15 0.89 ± 0.25 1.70 ± 0.47 0.96 ± 0.43 1.88 ± 0.15 0.08464 0.07969 0.90087 0.56647 
15-16 1.08 ± 0.35 1.30 ± 0.29 0.85 ± 0.34 1.89 ± 0.37 0.61825 0.07419 0.66138 0.25167 
16-17 0.72 ± 0.21 0.58 ± 0.24 0.67 ± 0.35 1.12 ± 0.31 0.58908 0.35879 0.90346 0.19036 
17-18 0.51 ± 0.25 0.59 ± 0.16 0.28 ± 0.20 1.07 ± 0.19 0.81812 0.02276 0.47599 0.13186 
18-19 0.35 ± 0.17 0.38 ± 0.20 0.40 ± 0.20 0.75 ± 0.20 0.92931 0.25925 0.84549 0.27474 
19-20 0.24 ± 0.09 0.32 ± 0.25 0.48 ± 0.17 0.59 ± 0.14 0.68675 0.60915 0.28750 0.22952 
20-21 0.20 ± 0.09 0.17 ± 0.16 0.31 ± 0.17 0.65 ± 0.13 0.86331 0.14976 0.62315 0.02878 
21-22 0.10 ± 0.10 0.09 ± 0.10 0.25 ± 0.16 0.31 ± 0.10 0.92387 0.75261 0.46378 0.10762 
22-23 0.09 ± 0.05 0.03 ± 0.06 0.20 ± 0.09 0.27 ± 0.12 0.37921 0.65161 0.34168 0.12632 
23-24 0.09 ± 0.06 0.03 ± 0.03 0.33 ± 0.20 0.17 ± 0.05 0.39540 0.46661 0.34727 0.05691 
24-25 00 ± 00 0.03 ± 0.03 0.06 ± 0.06 0.23 ± 0.12 0.35592 0.25655 0.40708 0.18630 
> 25 0.10 ± 0.07 0.06 ± 0.03 0.63 ± 0.41 0.76 ± 0.24 0.62895 0.78661 0.29676 0.03651 



 

 

Appendix Table  4-5: : 8-weeks old male and female PC  muscle fibre diameter (minimal Feret's diameter) 

Bins 
array 

Average. Frequency of minimal Feret’s Diameter ± SEM t-test (P value) 

WT M WT F mdx M mdx F 
WT M vs. 

WT F 

mdx M vs.  

mdx F 
WT M vs.  

mdx M 
WT F vs. mdx F 

5 1.55 ± 0.57 2.07 ± 0.37 4.46 ± 0.56 1.31 ± 0.27 0.468178 0.000960 0.008685 0.127913 
10 12.77 ±2.62 14.34 ±1.35 17.29 ± 1.69 10.34 ± 1.06 0.613499 0.008237 0.174818 0.049262 
15 21.95 ± 1.93 17.61 ± 0.90 23.37 ± 2.02 18.93 ± 1.20 0.087696 0.095231 0.632685 0.432576 
20 17.58 ± 0.56 15.85 ± 1.16 20.02 ± 1.72 18.55 ± 0.63 0.228671 0.444328 0.264215 0.066981 
25 16.78 ± 1.72 17.01 ± 1.36 14.36 ± 0.49 17.80 ± 1.11 0.919095 0.021956 0.176207 0.663759 
30 15.42 ± 1.49 15.20 ± 0.34 9.33 ± 1.59 14.34 ± 0.62 0.886554 0.018847 0.029001 0.295646 
35 7.82 ± 1.42 10.50 ± 0.57 6.08 ± 1.88 9.48 ± 0.73 0.131059 0.129633 0.502169 0.323951 
40 3.90 ± 1.17 5.33 ± 1.14 2.43 ± 1.05 5.36 ± 1.07 0.415609 0.087383 0.381126 0.986326 
45 1.65 ± 0.62 1.76 ± 0.77 1.37 ± 0.67 2.24 ± 0.67 0.920412 0.382049 0.766444 0.648704 
50 0.39 ± 0.15 0.27 ± 0.17 0.74 ± 0.37 1.06 ± 0.28 0.623909 0.504955 0.450119 0.060563 
55 0.16 ± 0.06 0.03 ± 0.03 0.19 ± 0.15 0.28 ± 0.14 0.101553 0.670766 0.847724 0.154502 
60 0.03 ±0.03 0.03 ± 0.03 0.29 ± 0.18 0.22 ± 0.14 0.939721 0.772362 0.251496 0.263060 
65  UD  UD 0.02 ± 0.02 0.04 ± 0.04 UD 0.692681 0.407084 0.407084 
70  UD  UD 0.05 ±0.03 0.07 ± 0.07 UD 0.824031 0.196830 0.407084 
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Appendix 4.3.!Capillarisation 

Appendix Table  4-6: Capillarization of 8-week-old WT and mdx gastrocnemius 
muscles. 

Muscle 
type Muscle # Capillary: 

Fibre ratio 

Avg. 
capillary: 
fibre ratio 

Capillary 
density 

Avg. 
capillary 
density 

WT 
Male 

Muscle 1 1.1089 

1.2993 ± 
0.1272 

494.2613 

618.0788 ± 
86.9315 

Muscle 2 1.5007 843.4892 

Muscle 3 1.5359 665.7302 

Muscle 4 1.05182 468.8344 

WT 
Female 

Muscle 1 0.9259 

1.1618 ± 
0.1205 

483.9305 

535.4981 ± 
65.1918 

Muscle 2 1.3135 683.7787 

Muscle 3 1.0479 438.7852 

Muscle 4 1.3596  

mdx 
Male 

Muscle 1 0.9483 

0.9442 ± 
0.0819 

520.3697 

518.8641 ± 
55.0193 

Muscle 2 1.2418 689.4330 

Muscle 3 0.9369 354.4247 

Muscle 4 0.7622 561.8276 

Muscle 5 0.8314 468.2653 

mdx 
Female 

Muscle 1 1.4610 

1.1900 ± 
0.1559 

655.2850 

568.8710 ± 
88.9843 

Muscle 2 1.3267 623.7710 

Muscle 3 0.6785 305.1435 

Muscle 4 1.2936 691.2843 



Appendix 

  
   

302 

 

Appendix Table  4-7: Capillarization of 8-week-old WT and mdx PC muscles 

Muscle 
type Muscle # Capillary: 

Fibre ratio 

Avg. 
capillary: 
fibre ratio 

Capillary 
density 

Avg. 
capillary 
density 

WT 
Male 

Muscle 1 0.5172 

0.5489 ± 
0.0114 

665.2650 

671.7471 ± 
33.6565 

Muscle 2 0.5472 611.5277 

Muscle 3 0.5637 643.0487 

Muscle 4 0.5676 767.1472 

WT 
Female 

Muscle 1 0.4509 
0.4246 ± 
0.0273 

510.3853 
367.9523 ± 
123.8998 

Muscle 2 0.3699 441.2890 

Muscle 3 0.4530 520.1351 

mdx 
Male 

Muscle 1 0.7085 

0.6641 ± 
0.03 

579.2966 

680.7678 ± 
45.7518 

Muscle 2 0.5914 725.2404 

Muscle 3 0.5908 792.3794 

Muscle 4 0.7035 565.0249 

Muscle 5 0.7266 741.8979 

mdx 
Female 

Muscle 1 0.5304 

0.5904 ± 
0.0195 

402.8742 

552.1243 ± 
73.2455 

Muscle 2 0.6058 765.8896 

Muscle 3 0.5599 654.3052 

Muscle 4 0.6234 382.1957 

Muscle 5 0.6329 555.3570 
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