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Abstract 

Duchenne muscular dystrophy (DMD) is the second most common fatal genetic disease in humans, 

with an incidence of 1 in 3300 live male births. DMD is characterized by progressive cycles of 

skeletal muscle necrosis/regeneration triggered by the absence of the protein dystrophin from the 

inner surface of the sarcolemma. In DMD and dystrophin-negative mdx mice, regenerated skeletal 

muscle fibres are branched and deterioration of muscle contractile function with age is correlated 

with an increase in both the number and complexity of branched fibres.  

In this thesis, I present four papers in support of my hypothesis, that when the number and 

complexity of branched fibres in dystrophin-negative muscles reaches a critical threshold, termed 

‘tipping point’, the branches in and of themselves, mechanically weaken the muscle and are 

susceptible to rupturing when subjected to high forces such as those experienced during 

eccentric/lengthening contractions. Methodologically, the papers utilise a combination of isolated 

muscle function contractile measurements coupled with single fibre imaging and confocal 

microscopy of cleared whole muscles. All experiments use intact muscles isolated from the 

dystrophic mdx mouse, double knockout (dk)Actn3KO/mdx (dKO) mouse and littermate controls.  

In the first two papers I test my ‘tipping point’ hypothesis in fast-twitch EDL (Paper A) and slow-

twitch soleus (Paper B) to distinguish any fibre type differences between susceptibility to 

contraction-induced injury. Both papers investigate the pre-diseased dystrophic muscle at 2-3-

weeks, the peak myonecrotic phase at 6-9 weeks and finally ‘old’ at 58-112 weeks. I identified a 

distinct pathophysiology; acute fibre rupture at branch nodes, which occurs in ‘old’ fast-twitch EDL 

muscle approaching the end stage of the dystrophinopathy. At 58-112 weeks of age, mdx EDL 

muscles are almost entirely composed of complex branched fibres, and I conclude that at this age 

branching in the mdx fibres has passed ‘tipping point’. In comparison, the dystrophin-negative 

slow-twitch soleus muscle is no more susceptible to eccentric contraction-induced injury than age 

matched littermate controls. The absence of dystrophin in the mdx soleus still triggers fibre 

necrosis/regeneration and this is correlated with an increase with age in the number and complexity 

of branched fibres. When dystrophic soleus muscles 58-112 weeks old are compared to fast-twitch 

EDL counterparts, there is a marked reduction of branched fibres in slow-twitch soleus and I 

conclude that it has not reached ‘tipping point’. In conjunction, the frequently reported observation 

that slow-twitch fibres are resistant to damage caused by eccentric contractions explains why the 

old dystrophic soleus are no more susceptible to contraction-induced injury than age matched 

littermate controls. 
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Paper C followed up on a report from Olthoff et al. (2018) demonstrating the force loss produced by 

a series of eccentric contractions in 12 week old EDL muscles recovers 60-80% within 120 minutes 

and can be significantly reduced by treatment with antioxidants or through increasing the time 

between each eccentric contraction in a series. Given the age used by Olthoff et al. (2018), the mdx 

EDL muscles are below tipping point, I would predict the force loss was not due to membrane 

damage at the branch points. In Paper C, I extended the Olthoff et al. (2018) study to investigate the 

degree of recovery 120 minutes post eccentric contraction in mdx fast-twitch EDL muscles from 

animals 4-22 months of age containing 100% regenerated muscle and correlated the amount of 

force recovery with the degree of branching presenting in each mdx age group. Catastrophically, 

older mdx EDLs lost ∼80% of their maximum force after one eccentric contraction, with the greatest 

loss ~93% occurring in senescent 22 month old mdx mice. In the younger mdx groups, the eccentric 

force loss was incremental over the six eccentric contractions. Importantly, in the old mdx age 

groups there was minimal force recovery ~24% after 120 minutes which correlated with a dramatic 

increase in the number and complexity of branched fibres, while younger age groups recovered to 

~40%. This supports my ‘tipping point’ hypothesis where the number and extent of fibre branching 

reaches a level where the branching itself terminally compromises muscle function, irrespective of 

the absence of dystrophin. Under this hypothesis, I would predict the large non-recoverable force 

loss in the old EDL on the first eccentric contraction is due to the ripping of fibre branches. In the 

younger age groups where the amount of branching is below tipping point, the force loss is likely 

due to recoverable free radical mediated mechanisms. 

Paper D looked at the mechanism by which the common null polymorphism (R577X) present in 

over 1.6 billion people worldwide, resulting in the absence of the protein α-actinin-3 from the Z-

discs of fast-twitch skeletal muscle fibres, acts as a modifier of DMD. These experiments used in 

vitro EDL fast-twitch muscles from double knockout (dk)Actn3KO/mdx (dKO) mice which lacks 

both dystrophin and sarcomere α-actinin-3 and age matched mdx mice. In accordance with my 

hypothesis, mice were post ‘tipping point’ at 12 months (aged). In the 12 month dKO mouse I 

found a marked reduction in fibre branching complexity that correlated with protection from 

eccentric contraction-induced force deficit. Complex branches in the aged dKO EDL fibres (28%) 

were substantially reduced compared to aged mdx EDL fibres (68%) and correlates with a graded 

force loss over three eccentric contractions for dKO muscles (~35% after first contraction, ~66% 

overall) compared to an abrupt drop in mdx upon the first eccentric contraction (~73% after first 

contraction, ~89% after three contractions). In dKO muscles, protection from eccentric contraction 

damage and reduction in branching was linked with a doubling of SERCA1 pump density in the 

EDL. I propose that the increased oxidative metabolism of fast-twitch glycolytic fibres 
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(characteristic of the R577X null polymorphism) coupled with the increase in SR Ca2+ pump 

proteins (which reduces the [Ca2+]in and tempers the pathological Ca2+ necrosis linked to the 

absence of dystrophin) reduces muscle fibre branching and decreases susceptibility to eccentric 

injury in the fast-twitch dystrophin negative muscles that have passed ‘tipping point’.  

In conclusion, I propose a two-phase model to explain the aetiology of DMD. Phase-one involves 

the absence of dystrophin triggering a pathological increase in [Ca2+]in resulting in skeletal muscle 

fibre necrosis followed immediately by regeneration. The process proceeds cyclically, increasing 

the number of abnormally branched regenerated dystrophin-deficient muscle fibres. Once the 

number and complexity of branched fibres passes a level I term ‘tipping point’, phase-two occurs; 

now eccentric contractions cause force deficits as a consequence of branches rupturing. In the final 

stage, phase-two will tend to have a positive feedback component, as breaking branches will no 

longer support the eccentrically contracting muscle, placing additional stress on the remaining 

branches during the contraction. It is important to note that depending on the complexity of 

branching and forces experienced by the muscle, phase-one and phase-two are not mutually 

exclusive and will occur simultaneously. 
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Chapter 1: Overarching statement 

1.1  Skeletal muscle 

1.1.1 Introduction 

Actin and myosin are the two motor proteins that largely comprise the molecular motors in skeletal 

muscle. These proteins are responsible for converting chemical energy in the form of ATP to 

mechanical energy to generate force and movement.  

The first motor protein to be identified was skeletal muscle myosin (myosin II), an elongated 

protein formed by two heavy chains and two copies of two light chains. Each of the heavy chains 

contains a globular head domain at its N-terminus encompassing the force-generating machinery 

followed by a long amino acid sequence ‘tail’ which bundles itself with the tails of other myosin 

molecules. It is these tail-tail interactions that form the large bipolar ‘thick filaments’ that have 

several hundred myosin heads in opposing directions. In skeletal muscle, carefully arranged actin 

filaments are aligned in relatively ‘thin filament’ arrays around the myosin thick filaments so that 

each myosin head is in opposing orientation to the actin thin filament. Interactions between actin 

and myosin are responsible for the cytoskeletal ATP-driven filament sliding that generates force 

driving phenomena such as muscle contraction.  

Skeletal muscle and their contractions represent the quintessential biological example of a structure-

function relationship. At both the macroscopic and microscopic levels, skeletal muscle is uniquely 

evolved for force generation and movement. Because of this structure-function relationship, studies 

of muscle function are intimately tied to studies of muscle structure, as structures are discovered, 

the natural progression is to determine their function. The following section begins by describing 

the schematic arrangement of skeletal muscle components discussing the microscopic components 

within the muscle cell and builds back up to the macroscopic level, which shows the way various 

structures play a role in muscle function in both cellular and whole tissue levels.   

1.1.2 Skeletal muscle cell microstructure 

A schematic representation of skeletal muscle structure is shown in Figure 1.1A. Skeletal muscles 

consist of individual muscle cells (fibres), up to 1 million in the human quadriceps (McPhee et al., 

2018). 
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Figure 1.1: Skeletal muscle structure  

A) Schematic diagram of the organization of skeletal muscle: epimysium surrounding the muscle, 

perimysium surrounding muscle fascicles and endomysium surrounding muscle fibres. Modified 



3  

from Gillies and Lieber (2011). B) Muscle fibre showing various organelles, the surrounding 

sarcoplasmic reticulum (blue) and transverse tubular (T-tubule) system (yellow)(Cooke, 2005).   

Within the muscle, groups of muscle fibres are bound together within a connective sheath called the 

perimysium (around muscle). Each of these groupings is called a fascicle and muscles are usually 

composed of 10-100 of these (Infantolino et al., 2012). A mesh like sheath of delicate collagenous 

tissue, called the endomysium, surrounds each muscle fibre. Finally, bundles of fascicles are 

organised into muscles surrounded by epimysium (on top of muscle) connective tissue.  

 

Figure 1.2: Hierarchy of skeletal muscle (Encyclopaedia Britannica, 2015) 

Schematic representation of the structural hierarchy of skeletal muscle showing fascicle, muscle 

fibre, myofibril and arrangement of sarcomeres. 

Skeletal muscle cells are cylindrical in shape (hence the name muscle fibres) and highly specialized 

for the production of force and movement. Muscle fibres contain an array of filamentous proteins as 

well as subcellular organelles such as mitochondria, nuclei, satellite cells (not seen in figure), 

sarcoplasmic reticulum and transverse tubular system (Figure 1.1B).  
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There is a well-defined hierarchy of filamentous protein organisation starting from the largest 

functional unit, the myofibril, to the smallest contractile unit, the sarcomere (Figure 1.2). Myofibrils 

are long cylindrical organelles formed primarily by thick (myosin) and thin (actin) filaments. 

Thousands of myofibrils can be packed into a single muscle fibre with some 20-100µm (human) in 

diameter and many centimetres long (Feher, 2017). This is because the myofibrillar diameter is only 

about 1µm and are arranged in parallel to form the muscle fibre.   

Sarcomeres & Z-disk 
Muscles consist of myofibrils in parallel anchored by intermediate filament proteins (see below) 

and their functional subunits of contraction called sarcomeres arranged in series. During muscle 

contraction, the force produced is developed by cross bridges between the thick and thin filaments 

and is transmitted by the filaments themselves as well as the Z line proteins sitting between thin 

filaments. By convention, the sarcomere is defined as the distance between successive Z-lines 

delineating the lateral borders of sarcomeres (Franzini-Armstrong, 2021). Due to the series 

arrangement of sarcomeres within a myofibril, the total distance of myofibrillar shortening is equal 

to the sum of all the individual sarcomere components. Thus, creating a scenario where a whole 

muscle may shorten several centimetres even though sarcomeres within can only shorten less than 

1µm. 

Sarcomeres are composed of two sets of contractile filaments (myofilaments)(Figure 1.2): A 

relatively thick set (about 15nm in diameter) containing the large polymer protein myosin and 

another thin set containing the monomer protein actin (about 7nm in diameter). The two 

interdigitate to form a hexagonal lattice of myosin and actin filaments which appears striped when 

observed under a phase-contrast light microscope giving skeletal muscle the term ‘striated muscle’ 

due to its repetitive dark and light banding pattern (Figure 1.3).  
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Figure 1.3: Striated appearance of muscle fibre (Rall, 2018) 

Left: A single rabbit muscle fibre, photographed using phase-contrast light microscopy. A bands 

are dark & I bands are light. Sarcomere length is ~2.6µm and fibre diameter is ~50µm. Right: A 

single fibre from a human muscle viewed at low magnification in the electron microscope. 

Striations arise from the band patterns of the myofibrils laterally aligned. Myofibril length is ~1µm 

and fibre diameter is ~55µm. 

A variety of regions of the sarcomere are named based on appearance so that reference can be made 

to them, main components of the sarcomere are included in Figure 1.4. The sarcomere region 

known as the A-band (anisotropic, darker, describing optical properties that does not allow much 

light to pass through) contains the myosin filament. The H-zone (Helle, brighter) refers to the 

region of the A-band where no actin-myosin overlap exists (not shown in Figure 1.4). The I-band 

(isotropic, lighter) contains the actin filament tethered at the barbed end to the Z-disc/band/line 

(zwitter, between) based on its appearance of a dark narrow line that bisects the I-band. The 

relatively dense zone in the centre of the A-band is known as the M-band (mittel, middle) where 

myosin filaments are ‘cross-linked’ into a hexagonal lattice and defining their relative rotations 

around their long axes (Lange et al., 2020). 
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Figure 1.4: Main components of the straited muscle sarcomere (Schiaffino & Reggiani, 2011) 

Schematic diagram showing the main components of the striated muscle sarcomere (top panel) 

and electron micrograph showing the appearance of sarcomeres in longitudinal sections (bottom 

panel). Molecular components that are known to exist as multiple isoforms with differential 

distribution in the slow (green text) and fast (red text) fibres are indicated for reference later in 

the thesis.  

The core of the Z-disk consists of actin filaments coming from adjacent sarcomeres which are 

crosslinked by sarcomeric α-actinin molecules covered in detail in a later section of the chapter 

(Luther, 1991; Sjöblom et al., 2008)(Figure 1.5). These form a network lattice of interdigitating 

actin filaments with opposing polarity originating from adjoining sarcomeres, thus anchoring actin 

containing thin filaments and stabilizing the contractile apparatus (Luther, 2009). Two giant 

proteins similar to actin also overlap within and contribute to the structure of the Z-disk (Figure 

1.4):  

Nebulin runs along the thin filaments and forms the template for thin filament assembly 

(McElhinny et al., 2003) and overlaps in the Z-disk (Pappas et al., 2008). The filamentous protein 

plays a major role in thin-filament length specification as well as a wide range of functions 

including the regulation of muscle contraction, Ca2+ homeostasis and alignment of Z-disks (Labeit 
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et al., 2011). 

Titin spans half the sarcomere between the M-line and the Z-disk (Young, 1998) forming the 

template for the sarcomere. It has important elastic regions in the I-band functioning as a molecular 

spring, maintaining the precise structural arrangement of thick and thin filaments and gives rise to 

passive muscle stiffness within the muscle sarcomeres (Granzier & Labeit, 2004). 

Structural proteins connected to the sarcomere 
Interconnecting myofibrils are specialized proteins called ‘intermediate filaments’ thought to be 

localized specifically to the skeletal muscle Z-disk where it connects myofibrils laterally and to a 

lesser extent longitudinally (Wang & Ramirez-Mitchell, 1983). The most abundant intermediate 

filament protein in skeletal muscle is desmin. The desmin protein encircles the Z-disks linked to 

one another by plectin and is closely associated with the heat shock protein αβ-crystallin which 

stabilizes and protects desmin filaments from stress-induced damage (Jacko et al., 2020). Together 

they form a three-dimensional scaffold that interconnects the contractile apparatus to the nucleus, 

cell organelles and the sarcolemma (Figure 1.5). These intermediate filament proteins have 

previously been proposed to be a mechanical integrator of the muscle fibres, strategically located to 

provide a cytoskeletal support system permitting efficient mechanical coupling of force generated 

by one myofibril to its adjacent myofibril (Lazarides, 1980), in addition to linking the Z-disk to the 

sarcolemma (Wang & Ramirez-Mitchell, 1983). Recent research by Palmisano et al. (2014) 

provides evidence in support of these studies by demonstrating that desmin is specifically involved 

in myofibrillar alignment, mechanical response to stress and stress-mediated cellular deformation. 

Taken together, these data reveal a central role for desmin being involved in both mechanical stress 

transmission and stress transduction in muscle.  
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Figure 1.5: Position of structural proteins connecting the sarcomere to the sarcolemma 

(Kierszenbaum, 2012) 

Structural proteins desmin, plectin & αβ-crystallin form a scaffold that interconnect myofibrils to 

the sarcolemma. The dystrophin membrane protein contains a single actin binding domain 

attaching to peripheral myofibrils and a membrane binding domain that links the filaments to 

transmembrane proteins. These transmembrane proteins in turn links the cytoskeleton to the 

extracellular matrix via laminin-2 maintaining cell stability during muscle contraction.  

Dystrophin is a 427kDa rod shaped cytoskeletal protein primarily expressed in skeletal muscle and 

cardiac myocytes as well as astrocytes in the hippocampus and cerebellum (Hendriksen et al., 

2016). As a member of the spectrin protein superfamily, it represents an important group of actin 

bundling and membrane anchoring proteins found in diverse structures such as the red blood cell. 

The central rod domain is composed of 24 spectrin-like repeats which are thought to give the 

protein a flexible structure similar to its role in red blood cells, capable of acting as a shock 
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absorber whilst maintaining stability and structure of cell membranes (Broderick & Winder, 2005). 

While the N-terminal binds to actin, the C-terminus binds to a network of plasma membrane 

structural proteins known as the dystrophin associated protein complex (DAPC)(Figure 1.6), a 

membrane-spanning structure that links the peripheral myofibrils to the extracellular matrix.  

 

Figure 1.6: The dystrophin associated protein complex (DAPC) (Allen et al., 2016).  

Structural components of the DAPC include: 

1. Dystrophin with its spectrin like repeats are not only structural components that act as 

shock absorbers (due to myosin contraction proteins unfolding when dystrophin is absent) 

but serve as a scaffold for signalling proteins. The amino terminal of dystrophin binds to 

actin filaments connected to the Z-disks of peripheral myofibrils whilst its carboxyl terminal 

binds to an integral membrane protein linked to the basal lamina (dystroglycans). 

2. α and β dystroglycans link dystrophin to the extracellular matrix via laminin-2 acting as 

cell adhesion proteins and signalling receptors.  

3. γ actin exists alongside the dystrophin rod and possibly contributes to structural support for 

the membrane protein. Ablation produces a minor dystrophic phenotype and overexpression 

attenuates contraction-induced injury. 

4. Microtubules (not pictured) are cytoskeletal protein arrangements that form a stationary 

lattice beneath the sarcolemma. Nuclei & golgi elements serve as nucleation sites on the 

lattice and are important for their localization. In dystrophic muscles, the microtubule lattice 

patterns are severely disrupted and implies there could be direct interactions with 

dystrophin. Models have demonstrated that dystrophin has a high affinity for microtubule 
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binding through direct interactions in microtubule binding domains and plays a role in the 

guidance and arrangement of the lattice structure (Prins et al., 2009; Belanto et al., 2014).  

5. Intermediate filaments, including desmin, keratin 8 & 19 link contractile elements to each 

other and to the sarcolemma. 

The signalling complex is made up of 6 proteins that bind to numerous other signalling proteins and 

regulate interactions with the DAPC: sarcoglycans, α dystrobrevin, syntrophins, sarcospan, integrin 

and biglycan (Allen et al., 2016). The importance the dystrophin protein in skeletal muscle lies in 

its interactions with actin (N-terminus) and the DAPC (C-terminus), thus providing a structural link 

between the internal cytoskeleton of the muscle fibre to the extracellular matrix. 

1.1.3 Sarcoplasmic Reticulum 

In addition to the precise arrangement of force-generating components present in muscle, there 

exists an intricate system for their activation. The membrane system that exists is not as apparent in 

micrographs as their contractile filament counterparts, however, they are highly specialised versions 

of membrane systems within normal cells. The two main components of this system are the 

transverse tubular system (T-system) and the sarcoplasmic reticulum (SR) (Figure 1.1B). 

Beginning as invaginations of the surface membrane, the T-system is physically continuous with the 

sarcolemma and extracellular fluid. When observed under electron microscopy the system appears 

as periodic holes 20-40nm in diameter, known as transverse tubules (T-tubules). In mammals, T-

tubules primarily extend transversely along the A-I boundary of the sarcomere perpendicular to the 

fibre long axis, thus containing two T-tubules per sarcomere. In skeletal muscle, the T-tubules on 

the sarcomere tightly associate and dock with the SR Ca2+ stores in regions called the terminal 

cisternae shown in Figure 1.7 (Al-Qusairi & Laporte, 2011). Infrequently, these T-tubules are 

connected by longitudinal tubules at junctions of misaligned myofibrils that appear to run along the 

axis of the fibre making up helicoidal structures that allow the T-system to link across misregistered 

sarcomeres (Edwards & Launikonis, 2008). Motoneurons (neurons that innervate muscle) are not in 

direct contact with myofibrils, thus the function of the T-system is to act as an electrical conduit for 

the nervous signal to reach deep into the muscle fibre. Such a membrane system arrangement 

provides a means for myofibrillar activation through reaching Ca2+ release sites in the sarcomere. 

The process is much faster than diffusion of molecules from the cell surface solving a surface area 

to volume ratio problem for the fibre and thus is seen as an electrically excitable membrane like the 

sarcolemma (Jayasinghe & Launikonis, 2013).  
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Figure 1.7: The terminal cisternae where T-tubule (Transverse tubule) and the SR interact 

(Rebbeck et al., 2014) 

The SR on the other hand is a far more complex membrane system than the T-system (Figure 

1.1B). The SR is directly involved in the storage of Ca2+ that switches on muscle activation 

(contraction) and the removal of Ca2+ from myofilaments to cause muscle relaxation. Embedded 

within the SR (Sarcoplasmic Reticulum) membrane are ryanodine receptor voltage sensing Ca2+ 

release channels (RyR), dihydropyridine receptor L-type Ca2+ channels (DHPR) and Ca2+ pumps that 

execute the functions of Ca2+ release and uptake, respectively. The SR surrounds each myofibril to 

varying degrees dependent upon muscle fibre type (Schiaffino et al., 1970; Luff & Atwood, 1971), 

allowing intimate contact between activation and force generation systems.  

The interaction between SR and T-system that occurs through terminal cisternae form triadic 

junctions with the surrounding membrane. These junctions have been shown to be composed of two 

discrete protein components: The ryanodine receptor voltage sensing Ca2+ release channel (RyR) 

and the dihydropyridine receptor L-type Ca2+ channel (DHPR). These surface membrane structures 

contain clusters of four DHPR channel proteins which form a ‘tetrad’ structure (right insert in 

Figure 1.7) aligned with every second ryanodine receptor Ca2+ release channel (RyR)(Takekura et 

al., 2004). The most recent model of arrangement for DHPR tetrads suggests that the three-

dimensional localization for the β1a subunits would be in an optimised position to interact with the 
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clamp regions of the RyR, which extends further towards the T-tubule membrane than other parts of 

the RyR (Rebbeck et al., 2014). However, at this stage the involvement of multiple domains of the 

RyR in the excitation-contraction coupling process indicates an extraordinarily complex interaction 

process that extends beyond the physical interactions between DHPR & RyR at the triadic junction. 

1.1.4 Excitation-Contraction Coupling 

Excitation-contraction coupling refers to the sequence of events that enable the action potential to 

trigger Ca2+ release from the SR, which leads to skeletal muscle contraction. 

The first step of the excitation-contraction coupling chain begins with the arrival of an action 

potential at the neuromuscular junction via the plasma membrane. The synapse serves as an 

interface between nerve (the presynaptic motor neuron) and muscle (post synaptic muscle 

membrane)(Figure 1.8).  

 

Figure 1.8: The neuromuscular junction, modified from Teixeira et al. (2012) 

The neurotransmitter acetylcholine (ACh) is synthesized by the cell body of the motor nerve and 

stored in membrane vesicles at the presynaptic ending. Following activation of the nerve (stage 1), 

the resulting action potential depolarization opens voltage sensitive Ca2+ channels at the presynaptic 

ending (stage 2), the increase in Ca2+ causes vesicles containing ACh to fuse with the membrane 

releasing its contents into indentations on the muscle fibre surface where the motor nerve rests 

(stage 3), also known as the synaptic cleft. ACh diffuses across this synaptic cleft and binds to the 

ACh receptor channel located in junctional folds on the muscle fibre sarcolemma (stage 4), opening 
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of the channel allows Na+ to flow into the post-synaptic cell depolarizing the motor end plate (stage 

5). The motor end plate potential triggers the opening of voltage gated Na+ channels adjacent to the 

cleft producing an action potential that propagates outwards along the length of the fibre (stage 6). 

ACh is also broken down by acetylcholinesterase in these indentations as a final step independent to 

the excitation-contraction coupling chain (stage 7)(Figure 1.8)(Cetin et al., 2020).  

In step two, the action potential spreads across the surface of the sarcolemma and down the T-

tubular membrane which is continuous with the surface membrane. When skeletal muscle is at rest 

the RyR on the SR is physically connected to the DHPR and is essentially blocking the movement 

of Ca2+ from the highly concentrated SR. Despite being a voltage gated Ca2+ channel, Ca2+ does not 

flow through the DHPR and it rather functions as a voltage sensor. The voltage change due to action 

potential propagation on the sarcolemma membrane where DHPR is located causes a 

conformational change in the receptor essentially removing its block on RyR, known as step three. 

Removal of the DHPR connection with RyR allows Ca2+ to diffuse via the concentration gradient 

that exists between the SR and cytosol into the cytosol (final step). Note: due to the membrane 

being depolarized, the electrical gradient does not play a role and thus is a passive process 

(Calderón et al., 2014). 

Sliding filament theory of muscle contraction 
The release process of Ca2+ is relatively fast compared with the contraction/relaxation cycle of 

muscles. Sliding filament theory (later refined to cross bridge cycling) is the mechanism by which 

muscles are thought to contract at a cellular level. Early researchers investigated changes in 

sarcomeres as  muscle tissues shortened in living tissues observed under interference microscopy 

(Huxley & Niedergerke, 1954) and under electron microscopy (Huxley & Hanson, 1954). They 

observed the A band (containing thick filaments) remained relatively constant in length and the I 

band (rich in thin filaments) changed its length along the sarcomeres during contraction. These 

observations lead to the proposed sliding filament theory which states that the sliding of actin past 

myosin generates muscle tension. Due to actin filaments being tethered to Z-disks, any shortening 

of the filaments would result in shortening of the sarcomere and thus muscle.  

Refinement of the sliding filament theory involved the observation of multiple hinged segments on 

myosin  near actin binding sites that bend and facilitate contraction (Spudich, 2001). During 

contraction the hinged myosin-actin binding and releasing movements form cross-bridges which 

extend from the thick filaments to thin actin filaments. These movements appear cyclical and thus 

the process termed ‘cross bridge cycling’. 
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Figure 1.9: Troponin-tropomyosin protein complex (Daněk et al., 2017)   

To completely understand this process, we must understand the role of two other thin filament 

proteins, tropomyosin and troponin present in the sarcomere (Figure 1.4). Actin proteins contain 

binding sites where myosin heads bind to initiate contraction of the muscle. At rest when muscles 

are not contracting, these binding sites are covered by the protein tropomyosin regulated by the 

troponin protein complex which includes binding sites T, C & I on the actin protein (Figure 1.9).
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Figure 1.10: Cross bridge cycling (Drum et al., 2016) 

Abbreviations include: ATP (Adenosine triphosphate), ADP (Adenosine diphosphate), Pi (inorganic 

phosphate). 

There are four major steps involved in cross bridge cycling in a contracting muscle demonstrated in 

Figure 1.10. 

1. In the first step, the myosin is in a high energy and affinity state where it in inclined to bind 

with actin, however, tropomyosin covers the actin binding site preventing myosin 

attachment. The influx of cytosolic Ca2+ from the SR bind to troponin C in skeletal muscle 

which shifts the position of tropomyosin and moves it away from the myosin-binding sites 

on actin, allowing the binding of myosin to actin forming the cross-bridge between the 

myosin and actin filaments.  

2. The fixed rods projecting from the end portion of the myosin molecule interact with actin 

resulting in each myosin head rotating a fixed distance pulling the actin filament towards the 

centre of the sarcomere. This movement generates active tension in the muscle and is 

commonly referred to as the ‘power stroke’.  

3. The dissociation stage, a molecule of ATP attaches to the myosin head causing it to enter a 

low energy and affinity configuration where the cross-bridge with actin detaches.  

4. The hydrolysis of ATP then returns myosin back in its high energy and high affinity state 

cycling back to step one at a new actin binding site.  

The process continues in a cyclic manner and during each cycle one molecule of ATP is utilized by 

every myosin head. As long as action potential signals arrive at the neuromuscular junction, the 

Ca2+ concentrations will remain high in the myofilament area and force generation will continue. 

When these electrical impulses stop, Ca2+ levels begin to drop due to the Ca2+ activated adenosine 

triphosphatase (ATPase) enzyme pumping Ca2+ back into the SR (Entman & Vanwink, 1986). The 

SERCA (short for Sarco/Endoplasmic Reticulum Ca2+ ATPase) enzyme is a protein integrated 

within the phospholipid-bilayer of the SR membrane and serves the function of pumping Ca2+ back 

into the SR when neural activation ceases. Various isoforms of SERCA proteins are expressed 

throughout the body, SERCA1a is primarily found in fast skeletal muscle, SERCA1b in neonatal 

muscles, SERCA2a in cardiac and slow skeletal muscles as well as SERCA3 in various non-muscle 

cells (Kjellgren et al., 2003). The activity of SERCA pumps is regulated by a series of small 

molecular weight proteins (Primeau et al., 2018), namely sarcolipin in skeletal muscle which 

reduces maximum Ca2+ uptake in SERCA (Xu & Van Remmen, 2021). The efficiency of sarcolipin 
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uncoupling of SERCA may depend on several factors including cytosolic Ca2+ concentration, SR 

luminal Ca2+ load, ATP availability and the ratio of sarcolipin to SERCA (Bal et al., 2018).    

When the Ca2+ levels in the myofilament region drops below a threshold level, actin filament 

inhibition again resumes due to Ca2+ unbinding from Troponin C and tropomyosin re-entering the 

groove on the actin molecule covering the myosin binding sites and actin-myosin interactions are 

inhibited. Fibre relaxation parallels with the drop in Ca2+, thus ultrastructure differences seen in 

muscles with high SR/ Ca2+ pumping can relax faster than those with less SR/ Ca2+ pumping ability.  

1.1.5 Whole skeletal muscle architecture 

Skeletal muscle architecture refers to the organisation and arrangement of muscle fibres relative to 

the axis of force generation. Longitudinally (also known as parallel) arranged muscles contain fibres 

that extend parallel to the muscle force-generating axis. These muscles are often used for fast or 

large movements and due to their architecture, an estimation of their maximal force producing 

capacity can be made by measuring their anatomical cross-sectional area (Figure 1.11A). 

 

Figure 1.11: Muscle architecture (Lieber & Ward, 2011) 

Generalized picture of muscle architectural types (ML, muscle length). A) ‘Longitudinal’ or ‘Parallel’ 

architecture, B) ‘Pennate’ architecture, C) ’Multi-pennate’ architecture. Each of these represent an 
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idealized view of human muscle architecture and probably does not adequately describe any 

single muscle. Abbreviation: Muscle length (ML).  

Pennate muscles contain fibres that are oriented at a fixed angle relative to force-generating axis 

and usually insert into a central tendon (Figure 1.11B & C). These muscles can be further 

subdivided into uni-, bi- or multipennate groups (Narici, 1999). Unipennate are those where the 

muscle fibres are oriented at one fibre angle to the force-generating axis, usually the angle varies 

from 0°to 30° (Lieber et al., 1990) and are all on the same side of a tendon (Lieber & Friden, 2000). 

Those muscles that have fibres on two sides of a tendon are considered bipennate. The most general 

category that the majority of muscles fall into, multipennate muscles, include muscles composed of 

fibres oriented at multiple angles relative to force-generation axis. 

Generally, pennate muscles have fewer sarcomeres in series which limits their range and speed of 

shortening, however, the trade-off is the larger number of fibres in cross-section increases their 

overall force generating capacity. Unlike muscles with parallel fibres, the pennate muscle 

arrangement of fibre insertions means anatomical cross-sectional area cannot be used to calculate 

the maximum force, instead the physiological cross-sectional area is used (equation 1-1). 

Measurements of typical muscle architectural parameters include muscle mass, fibre length, 

sarcomere length, muscle length and pennation angle. The so called physiological cross-sectional 

area (PCSA) can be calculated from such measures and provides a proportional estimate to tetanic  

tension (tension generated during a sustained muscle contraction) able to be generated by the 

muscle (Gans, 1982; Fukunaga et al., 1992; Urbanchek et al., 2001; Ward et al., 2006).  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑐𝑐𝑚𝑚2) =
𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (𝑔𝑔) ∗ 𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑐𝑐𝑀𝑀 𝜃𝜃

𝜌𝜌 � 𝑔𝑔
𝑐𝑐𝑚𝑚3� ∗ 𝐹𝐹𝑐𝑐𝐹𝐹𝐹𝐹𝑀𝑀 𝐿𝐿𝑀𝑀𝑐𝑐𝑔𝑔𝐿𝐿ℎ (𝑐𝑐𝑚𝑚)

 

Equation 1.1: Physiological-cross sectional area (Pioneered by Gans, 1982) 

PCSA is calculated using Equation 1-1 where 𝜌𝜌 represents muscle density (1.06g/cm3 for 

mammalian muscle)(Méndez & Keys, 1960) and 𝜃𝜃 represents the surface pennation angle.  

A potential problem with calculating PCSA is that the equation assumes fibre pennation angle 

remains constant throughout contraction. As muscles contract, the muscle fibres are free to rotate 

and can change by as much as 45° depending on the particular muscle and specific movement 

studied. Fukunaga et al. (1997) measured fascicle plane orientation during low level voluntary 

contraction of various muscles and concluded that there are differences between relaxed and tensed 

conditions for fascicle length and pennation angles. When the vastus lateralis and gastrocnemius 

pennation angles were increased from extension to flexion, fascicle length for both muscles 



18  

shortened tremendously. Thus, providing a real-time picture indicating that muscle fibre shortening 

and rotation are simultaneous and normal events during muscle contraction.  

The fact that pennation angles at rest are quite small (less than 30°) (Lieber et al., 1990) suggests 

that the internal fibre rotation can be accounted for and a correction for fibre angulation may not be 

necessary for calculating PCSA. It’s important to take note that PCSA and therefore maximum 

muscle tension is not simply proportional to muscle mass. Although muscle mass is proportional to 

the amount of contractile material present in the muscle, the arrangement and composition of the 

material is of critical importance. Instances such as immobilization or spinal cord injury as well as 

pathological conditions including the presence of non-contractile proteins (e.g. increased 

inflammatory cells or connective tissue) may increase muscle mass without any changes with 

respect to muscle force. It should also be noted that although muscle fibres extend parallel to the 

force-generation axis, they rarely extend the entire length of the muscle.  

Muscle fibre arrangement from tendon to tendon 
In early studies, Adrian (1925) proposed some limit to fibre length might be expected, since 

excitation spreads along the surface of a mammalian muscle fibre at a comparatively slow rate of 3-

6mm/ms (Jarcho et al., 1952; Stalberg, 1966; Knott et al., 1971). The delay in excitation toward the 

end of long fibres could result in a deficit in tension development. Total excitation could be attained 

faster if the apparent ‘fibre’ were composed of shorter muscle fibres arranged in series.  

Loeb et al. (1987), were the first group to report that muscle fibres do not run from tendon plate to 

tendon plate in cat sartorius muscles. They argued that the length of the sartorius muscle (10cm) 

required muscle fibres to be arranged end to end in series to conduct electrical impulses fast enough 

to activate the entire muscle simultaneously. The study discovered muscle fascicles included fibres 

that ran only part of the fascicle length and tapered to end as fine strands interdigitated with other 

fibres into the muscle mass. Through examining stained endplate zones, the group identified 

fascicles were crossed by short transverse bands of endplates spaced at regular intervals organised 

into longitudinal strips. During muscle contraction, electromyography recordings demonstrated 

each strip was selectively innervated and simultaneously activated to produce the functional 

equivalent of one long muscle fibre. An elegant study by Ounjian et al. (1991) extended these 

findings by examining the physiological and histochemical typed motor units (an individual motor 

neuron and all the muscle fibres that it innervates) in cat tibialis anterior muscles in Figure 1.12.  



19  

 

Figure 1.12: Locations and lengths of muscle fibres (Ounjian, 1991) 

The location and lengths from five fast motor units (MU 1 to 5) and two slow (MU 6 & 7) from cat 

tibialis anterior muscles. The most proximal end begins at 0mm. A short bar at a right angle to the 

end of the fibre indicates the presence of a blunt ending, where there is no bar the fibre is 

tapered. The upside down ‘T’ configurations at the bottom of each motor unit represent the full 

length of each muscle. The fibre marked with an asterisk (MU 4) contains two tapered ends 

(Ounjian et al., 1991). 

Interestingly, the group found most fibres in slow units extended the entire distance between 

proximal and distal musculotendinous planes, had a relatively uniform cross-sectional area and 

terminated in the tendon at blunt ends. In comparison, the majority of fibres in fast units terminated 

intrafascicularly on one end (see myofibre groups A & B within MU 3, Figure 1.12) with a tapered 

pattern where cross-sectional area decreased progressively. The force generated by units that end in 

the middle of a fascicle would appear to be transmitted to connective tissue elements or adjacent 

fibres. A single motor unit is innervated by a single motor axon which branches. During a muscle 

contraction, all motor units will be activated simultaneously along the length of the muscle, thus, all 
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points of the muscle contract at the same time allowing for a uniformed force production in a given 

time period. The issue of how fibres which terminate within the muscle can transmit force to the 

tendons was answered by an elegant experiment devised by Street (1983), who demonstrated force 

can be transmitted laterally in amphibian muscle fibres. The extensibility of this single myofibre 

sarcolemma can be reduced locally by leaving segments of fibres covered by a sleeve of 

surrounding fibres composed of cut muscle. These ‘splinted fibres’ from frog semitendinosus 

muscles were used to study the transverse coupling between myofibrillar components and the 

sarcolemma.  

  

Figure 1.13: Experimental arrangement of the various types of splint fibres (Street, 1983) 

Tetanic tensions that result from single fibre stimulations were measured from a preparation 

where all fibres except for one were cut transversely from one end of the bundle. In the first 

experimental setup, the isolated fibre was secured at the bare end (with clip) and splinted end 

containing the surrounding fibres. The isolated fibre was then only secured at the splinted end 

containing surrounding fibres which themselves were secured to the force transducer.  

In both experimental setups (Figure 1.13), the bare single fibre was stimulated and isometric force 

measured for both the single fibre as well as the force of fibres present in the surrounding sheath 

(when the single fibre was free to shorten at the isolated end). The resultant isometric force 

transmitted laterally across the fibre to the split was 85% of that transmitted by the muscle-tendon 

junctions. The main pathway for force transmission is longitudinally, however, interpretations of 

these findings suggest that the interaction between adjacent fibres was sufficient so that the 
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activated single fibre transmitted its force radially to adjacent fibres that were secured to the force 

transducer. Essentially, this experiment demonstrates the degree to which fibre force can be 

transmitted outside of the fibre towards neighbouring fibres instead of longitudinally along the fibre 

length.  

The phenomenon has also been successfully replicated in mammals through the use of a ‘yoke’ 

apparatus attached to the surface of whole muscles in Ramaswamy et al. (2011). Muscles from both  

wild-type mice and rats demonstrated a small loss in lateral transmission of force consistent with 

the findings reported in Street (1983). Interestingly, muscles of dystrophic mice and very old rats 

used in the same study showed forces transmitted laterally were reduced severely compared to 

longitudinal force transmission, concluding the absence of dystrophin impairs lateral transmission 

of force causing instability of the muscle fibres.  

The results of Street (1983) and Ramaswamy et al. (2011) suggest a model of lateral force 

transmission in whole muscle in which force is generated by the myofibrils and transmitted both 

along and between myofibrils until it reaches the ends of the fibres. Discoveries have since 

identified a network lattice of actin filaments crosslinked by α-actinins connecting sarcomeres 

longitudinally as well as large structural proteins such as titin and nebulin aligned at the Z-disk. 

Other contractile proteins such as desmin, plectin & αβ-crystallin which form a scaffold 

interconnecting myofibrils to the sarcolemma as well as dystrophin and the DAPC linking the 

peripheral myofibrils to the extracellular matrix. Both these series and parallel connections between 

contractile proteins result in a meshwork across which force can be transmitted along 

(longitudinally) and between myofibrils (laterally) in any direction. Such a model has no problem 

with tapering muscle fibres (Loeb et al., 1987) or fibres that terminate within the muscle itself 

(Ounjian et al., 1991) due to force being transmitted into the connective tissue. It’s this lateral force 

transmission that enables small muscle branches that terminate in the middle of dystrophic muscle 

(covered later in this chapter) to contribute to force generation in the studies presented in this thesis. 

1.1.6 Muscle fibre types 

Initially, skeletal muscles were classified based on colour and speed of contraction, muscles ranged 

from white to deep red depending on their myoglobulin (oxygen storing pigmented protein) content 

with the white muscles contracting more quickly than the red muscles. Later, histochemistry 

showed that fast contracting muscles expressed fast myosin while slow contracting muscle 

expressed slow myosin. Work by Buller et al. (1960) showed that the muscle type was set by motor 

nerve innervation, if a fast motor nerve was grafted to a slow muscle, the slow muscle would fully 

transform to a fast muscle over a period of a month. Later experiments using implanted electrodes 
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demonstrated that it was the pattern of electrical activity that determined fibre type and not a 

neurotrophic factor (Salmons & Vrbová, 1969).  

 

Figure 1.14: Schematic showing some differences in glucose, lactate, and fatty acid metabolism 

between fast and slow muscle fibres (Schiaffino & Reggiani, 2011) 

Pathways prevalent in fast or slow muscle fibres are shown as red or green arrows, respectively. 

For abbreviations see Schiaffino & Reggiani 2011. 

A distinguishing feature between fast and slow fibre types is their form of metabolism; specifically, 

whether the muscle relies predominantly on oxidative aerobic metabolism or anaerobic glycolysis to 

generate ATP. Figure 1.14 is a schematic overview of the complex pathways used by fast (lines in 

red) and slow (lines in green) muscle fibres to generate ATP. It is important to clarify that both fast 

and slow muscle fibres are capable of utilizing either of the metabolic processes, just that fast is 

predominantly glycolytic (anaerobic) and slow is predominantly oxidative (aerobic). The metabolic 

process involves the transfer of energy from carbon-hydrogen or carbon-carbon bonds in fuels to 

the phosphate bonds in ATP. Transfer of energy is accomplished by the passage of electrons to 

electron-acceptors such as NAD+ which becomes reduced to NADH, these electrons are ultimately 
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passed to oxygen and energy is released to form the phosphate bonds in ATP (Vella, 1996). Internal 

stores of glycogen, circulating blood glucose, lactate and free fatty acids are the main fuel sources 

of muscle cells. Eventually all these fuels are oxidised to acetyl CoA which enters the Krebs cycle 

(tricarboxylic acid cycle) in the mitochondria. ATP resynthesis via mitochondrial oxidative 

phosphorylation utilizes the acetyl CoA derived from either pyruvate generated by pyruvate 

dehydrogenase (PDH) or from fatty acids via β-oxidation providing ATP per acetate at the cost of 

oxygen consumption, termed ‘oxidative metabolism’. Acetyl CoA is oxidised to CO2 and the 

electrons are passed to NAD+ which becomes reduced to NADH. NADH then gives its electrons to 

a series of proteins located in the inner mitochondrial membrane, the electron transport chain. 

Eventually passing the electrons to O2, and the energy released is used to form the phosphate bonds 

in ATP (Schiaffino & Reggiani, 2011). 

Glycolysis refers to the process by which glycogen and glucose are oxidised to pyruvate generating 

ATP and NADH (from NAD+) in the process. The NADH can be re-oxidised to NAD+ through 

lactate dehydrogenase (LDH) during the reduction of pyruvate to lactate, without the need of the 

electron transport chain. During this method of ATP generation, O2 is not required and thus is 

termed ‘anaerobic glycolysis’. NADH cannot move across the inner mitochondrial membrane thus 

reduced equivalents are shuttled across the mitochondrial membrane via the glycerol -3-phosphate 

shuttle through a reaction catalysed by cytoplasmic glycerol-3-phosphate dehydrogenase (GPDH, 

GPD1) using dihydroxyacetone phosphate as an acceptor molecule. Once inside the mitochondria 

the molecule is re-oxidised to dihydroxyacetone phosphate by mitochondrial GPDH (GPD2). 

The differential expression of glycolytic genes in both fast and slow muscles have been confirmed 

by polymerase chain reaction (PCR) and microarray studies in both mice and humans (Plomgaard et 

al., 2006; Chemello et al., 2011). In addition, the abundance of distribution of GPDH in fast 

muscles can be considered as a marker of glycolytic metabolism (Peter et al., 1972). Anaerobic 

glycolytic metabolism produces ATP at a higher glycolytic power (i.e. more quickly) than oxidative 

metabolism but also does not produce as much ATP. Muscle fibres that rely mainly on this slower 

oxidative metabolism are called ‘oxidative’, while those that rely on fast anaerobic glycolysis are 

called ‘glycolytic’ (Table 1-1).  
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Table 1.1 Fibre type classification schemes (Lieber, 2011) 

Basis for scheme Fibre type spectrum Authors 

Metabolic SO FOG FG Peter et. al., 1972 

Morphology and physiology Slow red Fast white Fast white Ranvier, 1873 

Z-line width Red Intermediate White Gauthier, 1969 

Histochemistry III II I Romanul, 1964 

Histochemistry Type 1 Type 2A Type 2B Brooke et. al. 1972 

Immunohistochemistry Type 1 Types 2A, 2X Type 2B Schiaffino et. al. 1989 

*SO: slow oxidative, FOG: Fast oxidative glycolytic, FG: Fast glycolytic 

It is important to note the fibre spectrum presented here is a fibre type profile typical to murine 

skeletal muscle and other small mammals. In human muscles, myosin heavy chain (MHC or 

MyHC) type 2B is not detectable, although the corresponding MYH4 gene is present in the genome 

and fibres typed as 2B based on ATPase staining are in fact 2X fibres based on MHC composition 

(Smerdu et al., 1994; Schiaffino & Reggiani, 2011).  

In this thesis I will refer to ‘fast-twitch’ and ‘slow-twitch’ muscles based on the physiological 

parameters of time to peak tension and half-relaxation time (Figure 1.15). One of the most common 

‘fast-twitch’ muscles used to research contractility of rodent hindlimb physiology is the extensor 

digitorum longus (EDL). In mice, the EDL fibre distribution is approximately ~79% type 2B, ~16% 

type 2X and ~4% type 2A muscle fibres (Hettige et al., 2020). Typically, in these studies, the rodent 

hindlimb counterpart used alongside the EDL would be the ‘slow-twitch’ soleus to allow 

comparisons between the two fibre type groups. To contrast, the population of mouse soleus fibres 

contains ~43% type I, ~46% type 2A & ~11% type 2X (Kammoun et al., 2014). It is interesting to 

note that the soleus fibre distribution is not primarily type 1 and important to clarify that when 

referring to the soleus muscle throughout this thesis as slow-twitch, I am fundamentally referring to 

the slow-twitch kinetic characteristics of the muscle rather than the fibre type histology.  

By definition, fast-twitch fibres have a faster rate of contraction and relaxation than slow-twitch 

fibres in response to a ‘twitch’ initiated by a single action potential or a 1millisecond supra-

maximal voltage pulse delivered from an external stimulator. Compared to slow-twitch muscles, 

fast-twitch fibre contraction and relaxation is faster because: 

1. The rate of tension development when myosin and actin interact in steady-state conditions, 

is largely determined by the MHC isoforms that are expressed by the fibre. Fast-twitch 

fibres express the type 2 isoforms of MHC. These have a high ATPase activity allowing 

rapid interactions between actin and myosin heads, leading to a fast shortening velocity and 
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rapid twitch response. In order of increasing shortening velocity, the type 2 isoforms are 2A, 

2X and 2B (Trinh & Lamb, 2006). Slow-twitch fibres express the type 1 isoform of MHC 

which conversely has a low ATPase activity, leading to a slower shortening velocity & 

twitch response (Brooks, 2003). 

2. Ability to release and take up large quantities of Ca2+ in a shorter time due to a more 

extensive SR with a larger surface area (Luff & Atwood, 1971) for Ca2+ release and uptake 

via the RyR channels and the Ca2+ SERCA1 channels respectively (Salviati & Volpe, 1988; 

Pette & Staron, 1990; Fraysse et al., 2003). 

3. Increased sensitivity to Ca2+ in the fast-twitch isoform of troponin (Bottinelli & Reggiani, 

2000). Resulting in a steeper force-pCa curve, which means that for any given [Ca2+]in 

concentration the fast-twitch fibres will produce more force when compared to slow-twitch 

fibres (McKillop & Geeves, 1993; Trinh & Lamb, 2006). 

Fast-twitch muscles develop twitch force more rapidly and relax more rapidly than slow-twitch 

muscles evident in Figure 1.15. I have provided a representative trace of an EDL twitch from an old 

control mouse overlaid with a soleus twitch from the same animal for visual reference. In addition, I 

have also tabulated time to peak force and half relaxation times from old control soleus muscles in 

my recent study (Kiriaev et al., 2021b)(Chapter 3, Paper B) compared to those of age matched EDL 

muscles (Kiriaev et al., 2018)(Chapter 2, Paper A). 
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Figure 1.15: Single twitch kinetics characteristics  

Top: Sample single twitch traces generated from fast-twitch EDL (extensor digitorum longus) and 

slow-twitch  SOL (soleus) muscles in 58 week wild-type mice. Bottom: Table of wild-type mouse 

twitch time to peak and half relaxation time of EDL & soleus muscles from Kiriaev et al. (2018) and 

Kiriaev et al. (2021b) respectively. Data presented as means ± SD, mice were in the ‘old’ age group 

ranging between 58-112 weeks.  

Stiffness fast-twitch verse slow-twitch 
Petit et al. (1990) investigated active stiffness in fast motor units compared to slow motor units. 

Specifically, the group applied small rapid stretches to the activated motor units and measured 

stiffness (force per change in length). The study reported that although faster units generated higher 

absolute isometric forces, slow units had a stiffness that was over twice that of faster units. They 

concluded that differences between fast- and slow-twitch units may be the result of the slow motor 

units having shorter muscle fibres that are stiffer because they undergo a greater strain for a given 

muscle deformation. The physiological effect of increased stiffness would provide structural 

stability against small positional perturbations and the differential fibre lengths could explain this 

selective damage to fast-twitch fibres after lengthening contractions (eccentric contractions) 

(Lieber, 2011). In relation to the work presented in this thesis, we describe the formation of 

branched fibres during regeneration. Branching can be thought of as a proliferation in the number of 

short fibres in series, effectively increasing the active stiffness of a regenerated muscle. This may be 

a mechanism by which regenerated fibres are protected from further contraction-induced damage. 

However, as I show in Chapter 2 (Paper A) & Chapter 4 (Paper C) once the number and complexity 

of branched fibres passes a stable level, I have termed ‘tipping point’, the branches themselves 

become a focus of mechanical instability.  

It is generally accepted that slow-twitch fibres are inherently less susceptible to lengthening 

contraction-induced damage when compared to fast-twitch fibres (Warren et al., 1994; Macpherson 

et al., 1996; Vijayan et al., 2001). The major fibre type difference between the mouse slow-twitch 

soleus and fast-twitch EDL is the presence of type 2B fast-twitch glycolytic fibres in EDL and type 

1 fibres in soleus (Hettige et al., 2020).  
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Figure 1.16: Z-disk lattice network of α-actinin filaments for fast-twitch and slow-twitch muscle 

fibres (Kiriaev et al., 2021b).  

Ultrastructural observations show slow-twitch fibres have wider Z-lines with higher amounts of 

protein connecting the actin filaments of adjacent sarcomeres compared with fast-twitch type 2B 

fibres (Figure 1.16)(Kiriaev et al., 2021b). These wider Z-line in the slower fibres is suggested to 

make them resistant to eccentric contraction-induced damage. When cytoskeletal protein contents 

were measured by western blot analysis (Chopard et al., 2000), the intermediate filament protein 

desmin (thought to stabilize muscle during contraction) was approximately double in slow-twitch 

muscles compared to fast-twitch. It is also possible that the longer titin filaments expressed in slow-

twitch muscle may better able to withstand the stress generated by eccentric contractions 

(Schiaffino & Reggiani, 2011). These ultrastructural differences provide a convincing explanation 

as to why slow-twitch fibres are better able to sustain the large strains imposed by eccentric 

contractions. 
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1.2 α-Actinin-3 Deficiency 

1.2.1 The sarcomere α-Actinins 

The α-actinins belong to the spectrin gene superfamily, which includes the spectrin and dystrophin 

proteins. In skeletal muscle, sarcomere α-actinins are the structural protein components of the Z-

line. They stabilize the muscle contractile apparatus by forming a lattice structure to anchor and 

cross-link actin thin filaments and act as the main transmitter of force longitudinally along the 

muscle to the tendons. The actin binding protein α-actinin-3 is one of the two isoforms of α-actinin 

that are found in the Z-disks of skeletal muscle. α-Actinin-2 (encoded ACTN2) is the principal 

isoform in skeletal muscle fibres, whereas α-actinin-3 expression (encoded ACTN3) is restricted to 

fast glycolytic skeletal muscle fibres (Mills et al., 2001; Lee et al., 2016).  
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Figure 1.17: Interaction map of sarcomere α-actinins (Lee et al., 2016). Interaction map of human 

α-actinin-2 showing known and predicted interaction partners of α-actinin-2. These interaction 

partners broadly fall into three biological pathways—structural, metabolic and signalling. The 

confidence score of an interaction is depicted by the thickness of the line connecting two proteins.  

In fact, the sarcomere α-actinins interact with numerous proteins to influence cell signalling and 

metabolism as demonstrated in Figure 1.17. These include the actin cross-linking protein myotilin 

(Salmikangas et al., 1999), as well as the large stabilizer proteins titin (mentioned above) (Ohtsuka 

et al., 1997) and nebulin (Nave et al., 1990). Interactions between α-actinin and the dystrophin 

glycoprotein complex have also been reported (Hance et al., 1999), suggesting a possible 

transmembrane role linking the sarcomere to the muscle membrane. Another direct link exists 

between the α-actinins and the calsarcin sarcomeric protein family (Frey & Olson, 2002). 

Interestingly, the calsarcins help regulate calcineurin activity (Olson & Williams, 2000), which is 

responsible for muscle remodelling and fibre type switching (Chin et al., 1998). Although the 

functional significance is unclear, similar interactions with other metabolic enzymes include 

glycogen phosphorylase important for glycogenolysis (Chowrashi et al., 2002), fructose-1,6-

bisphosphatase that plays a role in gluconeogenesis (conversion of non-carbohydrate molecules into 

energy) and adolase which is involved in glucose and fructose metabolism (Rakus et al., 2004).  

Based on the complex network of interactions with major Z-line scaffolding, metabolic and 

contractile signalling proteins, it is apparent that the sarcomeric α-actinins play more than just a 

structural role in muscle.  

1.2.2 The ‘gene for speed’ 

In the human population there has been an increased focus on identifying specific gene sets or 

single nucleotide polymorphisms (SNP) that influence athletic performance. One such SNP 

involves a C-to-T base substitution in ACTN3 (rs1815739) resulting in two variants of the ACTN3 

gene, the R allele and the X allele. The R allele, 577R, produces the functional protein α-actinin-3 

whereas the X allele, 577X, encodes a transformation of an arginine base into a premature stop 

codon resulting in no α-actinin-3 in fast-twitch muscles. Every person has two ACTN3 alleles, and 

globally approximately 16% of people have two copies of the X allele, making them completely 

deficient in α-actinin-3 (North et al., 1999; Berman & North, 2010).   

The XX allele and athletic performance 
The complete deficiency of α-actinin-3 in 577X homozygotes does not cause disease and it appears 

that the α-actinin-2 sarcomere protein can compensate for the absence of α-actinin-3. The absence 

of α-actinin-3 from fast-twitch muscles is beneficial for endurance activities and detrimental, at the 

elite level, to power and sprint performance. 
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Under-representation of the 577XX genotype group in Australian elite sprint athletes was first 

reported by Yang et al. (2003). Given the localization of α-actinin-3 in fast skeletal muscle, the 

study tested whether the deficiency of α-actinin-3 would reduce performance in sprint/power 

athletes and therefore be found at a lower frequency in elite sprint athletes. ACTN3 genotyping data 

showed lower frequency 6% vs 18% of the 577XX allele being expressed in sprint athletes 

compared to controls. Following this investigation, several studies from different populations have 

replicated this finding including elite Greek track and field athletes (Papadimitriou et al., 2008) and 

Finnish elite sprint athletes (Niemi & Majamaa, 2005). The overwhelming evidence that α-actinin-3 

is required for elite sprint performance led to the gene becoming known colloquially as ‘the gene 

for speed’. 

 

Figure 1.18: Sprint and endurance athletes and their associated metabolisms  

Left: World record holder in 100m sprint, Usain Bolt (Photograph by Cameron Spencer). Right: 

World record holder in marathon running, Paula Radcliffe (Photograph by Fergie Lancealot).  

Most of what we know about α-actinin-3 comes from studying the effect of its absence in fast-

twitch skeletal muscle. Its absence is detrimental to sprint and benefits endurance activities. This is 

most likely due to a metabolic shift in fast-twitch muscles towards a slow-twitch metabolic 

phenotype (Figure 1.18).  
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Positive selection for the X allele 
Early in the discovery of the 577XX genotype it was noted that its frequency of occurrence was low 

in east Africa and high in the colder northern hemisphere (Figure 1.19). Genetic analysis showed 

that there had been strong positive selective pressure on the polymorphism over the last 60,000 

years of human evolution. The association of the 577XX genotype with endurance performance 

provides some hints about the possible nature of this selection. If the 577X allele somehow provides 

a benefit to performance, then positive selection for endurance may have increased its frequency 

during recent evolution. Alternatively, the positive selected trait may be indirectly related to 

performance, absence of α-actinin-3 affects the regulation of enzyme binding partners, and thus 

increases oxidative metabolism resulting in a more metabolic efficient profile in fast-twitch skeletal 

muscle (MacArthur & North, 2004). 

The genetic signatures surrounding the ACTN3 577X variant suggests recent positive selection for 

the loss of α-actinin-3 as modern humans migrated out of Africa into colder climates around 15–

30,000 years ago (Macarthur et al., 2007). The number of people who possess the ACTN3 577X 

allele is at its highest in places with reduced mean annual temperature and food availability.  

 

Figure 1.19: Appearance of R & X alleles across the globe (Macarthur et al., 2007).  

As humans migrated out of Africa into colder parts of Eurasia, the proportion of X alleles increases, 

with the highest proportions in ethnic groups of the Americas.  

The major selective pressures on human genotype includes famine and cold climates, these two 

conditions are well known to affect human survival and hence evolution. As modern Africans 

migrated out to the northern regions they would have experience extreme cold weather conditions. 
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Currently the theory for this increase in α-actinin-3 deficiency is that a shift towards a slower 

oxidative metabolism in muscle fibres that use energy more efficiently provides a survival 

advantage during famine and cold exposure. Recent experiments performed by Wyckelsma et al. 

(2021) showed that humans lacking α-actinin-3 are superior in maintaining core body temperature 

during cold-water immersion due to changes in skeletal muscle thermogenesis.  

1.2.3 Animal studies 

To better understand the physiological changes underlying positive selection of the allele, an animal 

model, the Actn3KO mouse was developed, which is genetically identical to its littermate controls 

apart from the absence of α-actinin-3.  

In the Actn3KO mouse, there is no change in the fibre types found in fast-twitch muscles with 

respect to MHC expression (Macarthur et al., 2008; Chan et al., 2011), however, fast fibres have 

reduced muscle fibre diameter (Macarthur et al., 2008) & mass (Chan et al., 2008; Chan et al., 

2011), increased oxidative metabolism (Macarthur et al., 2007; Macarthur et al., 2008; Quinlan et 

al., 2010) and a slowed relaxation after contraction in young male animals (Chan et al., 2011). 

Using this mouse model, we have also shown that α-actinin-3 significantly improves resistance to 

fatigue in fast-twitch muscles (Chan et al., 2008; Chan et al., 2011; Seto et al., 2011).   

We have also shown upregulated expression of the SERCA1 Ca2+ pumps in the fast-twitch muscles 

of Actn3KO mice (which I have again confirmed in Chapter 5, Paper D) that result in increased Ca2+ 

cycling at the intracellular Ca2+ store (the SR). The increased metabolic load required to pump the 

additional Ca2+ leak in α-actinin-3 deficient fast-twitch fibres may be one mechanism that explains 

the positive selection pressure during recent human evolution on the R577X polymorphism, as it 

would result in enhanced acclimatisation to the low environmental temperatures experienced by 

modern humans migrating out of Africa into the cold northern hemisphere over the last 60,000 

years (Head et al., 2015).  

1.2.4 Consequences for humans 

Exercise and performance 
The impact of genetics on sport performance and exercise adaptation is clearly established in 

modern day society (Ahmetov & Fedotovskaya, 2015; Wilson et al., 2019). In this regard, the 

ACTN3 polymorphism is seen as one of the most well studied genes that has consistently shown to 

impact speed, power and strength phenotypes. Recent research have shown that in humans the 

polymorphism may impact other exercise associated variables which include the response for post-

exercise adaptive training (Pereira et al., 2013; Erskine et al., 2014; Silva et al., 2015), post-

exercise recovery from damage/repair (Belli et al., 2017; Del Coso et al., 2017) & exercise 
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associated injury risk (Qi et al., 2016; Massidda et al., 2019; Zouhal et al., 2021). These studies and 

many others have been reviewed by Pickering and Kiely (2017) summarized in Figure 1.20.  

 

Figure 1.20: Overview of the potential wider implications of ACTN3 genotype on exercise 

(Pickering & Kiely, 2017).  

In the elderly, both muscle strength and mass are protective against all-cause mortality (Li et al., 

2018). Since the ACTN3 genotype can alter muscle phenotypes, the relationship between the SNP 

polymorphism, healthy ageing and disease pathogenesis warrants thorough investigation. 

 Sarcopenia refers to the wasting away of skeletal muscle with age (Cruz-Jentoft et al., 2019), 

which involves the loss of both muscle mass and function occurring as early as 25 years of age 

(McCormick & Vasilaki, 2018). The phenomenon can be troubling for a variety of reasons such as a 

reduction in overall body function and an increased risk of falling. Actn3KO mice models have 

shown that animals without α-actinin-3 have greater muscle mass loss with ageing (Seto et al., 
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2011). The question is whether these same results are present in humans and whether the different 

alleles affect the risks of sarcopenia and falling in the elderly population.  

A study by Delmonico et al. (2008) looking at 3000 elderly subjects reported male 400m walk 

times were significantly longer in XX than RR alleles, whereas females with the RR genotype had 

an approximate 35% lower risk of lower extremity limitation (difficulty walking 400m or climbing 

10 steps without rest) than XX counterparts. The ACTN3 genotype interaction with falling risk has 

also been researched extensively in the elderly with female subjects containing at least one X allele 

having a significantly increased risk than R allele carriers (Judson et al., 2011; Frattini et al., 2016; 

Ma et al., 2018). 

The XX genotype has been associated with significantly lower total body and lower limb fat free 

mass in females, as well as lower peak muscle torque values compared to RR carriers (Walsh et al., 

2008; Zempo et al., 2010). These studies are in agreement with the ACTN3 genotype potentially 

exhibiting a modifying effect on muscle mass, maintaining muscle function and thus managing 

sarcopenia risk in elderly subjects. This applies specifically to the R allele being associated with 

greater muscle maintenance and protection from sarcopenia (Cho et al., 2017). One recent 

investigation by Seto et al. (2021) showed that α-actinin-3 plays a key role in the regulation of 

protein synthesis and breakdown signalling in skeletal muscle influencing muscle mass from early 

postnatal development. The study also found that in the Actn3KO mouse model, the absence of α-

actinin-3 reduces the atrophic and anti-inflammatory responses to glucocorticoid dexamethasone in 

muscle and protects against dexamethasone-induced muscle wasting in female mice. It is important 

to note that the atrophic response was not seen in male mice (suggesting possible sex hormone 

signalling pathways) and that similar changes in baseline protein synthesis and breakdown 

signalling was observed in both male and female Actn3KO mice relative to wild-type controls. 

Healthy ageing and disease 
In addition to muscle wasting, another prominent contributor to unhealthy ageing and disease 

pathogenesis is the loss of bone mineral density (BMD) and osteoporosis. There is a well-

established link between low BMD scores to all-cause mortality (Cai et al., 2020), cardiovascular 

mortality (Qu et al., 2013; Bernardez-Pereira et al., 2014) and bone fractures (Unnanuntana et al., 

2010). Two recent studies on the elderly Korean populace have shown significantly lower BMD at 

the spine and pelvis between XX allele & RR genotype, with XX and RX having lower scores than 

RR genotypes (Min et al., 2016; Cho et al., 2017). Furthermore, earlier research found that this 

association between ACTN3 genotypes and BMD was more pronounced in postmenopausal women 

(Yang et al., 2011).  
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The previously mentioned ACTN3 association with muscle function in the elderly can provide a 

driving mechanism to explain the genotype differences in BMD. Individuals that possess more 

functional muscles are thus able to be more active throughout the day and therefore experience 

more skeletal loading, this loading thereby promotes structural maintenance and diminishing BMD 

over time (Pickering & Kiely, 2018). Another possible explanation stems off further investigations 

from Yang et al. (2011) in the Actn3KO mouse where they reported evidence that α-actinin-3 is 

expressed in bone tissue and is involved in osteogenesis by identifying reduced osteoblast and 

increased osteoclast activity in the Actn3KO mice.  

Relative skeletal muscle mass (referring to bodyweight adjusted muscle mass) is inversely 

proportional to insulin resistance, a precursor to type II diabetes (Srikanthan & Karlamangla, 2011). 

Given the interactions between sarcomeric actinins with metabolic proteins (Figure 1.17), as well as 

their impact on muscle size, CSA & fibre type kinetics, there is potential that the ACTN3 genotype 

may impact insulin sensitivity and type II diabetes risk. A study by Riedl et al. (2015) showed the 

prevalence of XX genotypes was greater in type II diabetic patients than controls, indicating that 

they may be at increased risk, however, no differences were seen between genotypes in terms of 

metabolic control or obesity. As the results regarding ACTN3 and insulin resistance in humans are 

not well explored, these are only tentative mechanisms.  
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Figure 1.21: Overview of the possible associations of the ACTN3 genotype and healthy aging 

(Pickering & Kiely, 2018). 

Abbreviations: BMD (Bone mineral density) and HDL-C (High-density lipoprotein cholesterol). 

Other metabolic disturbances such as evidence (Actn3KO mouse) that the XX genotype may be 

protective against obesity (Moran et al., 2007; Houweling et al., 2017) have not been replicated in 

humans. Similarly other health markers such as blood pressure (Deschamps et al., 2015) and high-

density lipoprotein cholesterol (Nirengi et al., 2016) have been implicated but unclear. These 

ACTN3 healthy ageing studies (and others) have been summarized in Figure 1.21 (see Pickering and 

Kiely (2018) for a brief review). 

The ACTN3 genotype has been shown to modify the clinical severity of several chronic illnesses; it 

contributes to interpatient variability with onset and progression in muscle wasting diseases such as 

McArdle’s syndrome (involving impaired glycogen breakdown)(Lucia et al., 2007), myositis 

(inflammation)(Sandoval-García et al., 2012), Pompe disease (glycogen buildup)(De Filippi et al., 

2014) and Duchenne Muscular Dystrophy (Hogarth et al., 2017; Kiriaev et al., 2021a). 

A recent example of the latter is a study by our group (Hogarth et al., 2017) investigating the 

common null polymorphism (R577X) in the ACTN3 gene and its interaction with the mutated 

dystrophin gene in DMD. We found young ambulant DMD boys had reduced muscle strength and 

slower 10 metre walking speeds when the gene was absent. Our study also found young double 

knockout (dk)Actn3KO/mdx (dKO) mice also had reduced muscle strength, but no differences in the 

degree of force deficit produced in fast-twitch muscles by eccentric contractions when compared to 

young mdx. In contrast, fast-twitch muscles from aged dKO mice were relatively protected from 

eccentric contraction force deficits compared to age matched mdx counterparts. Intriguingly, this 

suggests that the R577X polymorphism can have an age-related ameliorating effect on muscle 

pathology in the dystrophinopathies. 

Further support for the role of ACTN3 as a genetic modifier for DMD is presented in Chapter 5 

(Paper D) focusing on the role that fibre branching plays in the dKO mouse model. I have provided 

evidence that in the dKO mouse the amount of SERCA1 pump protein is doubled and that this is 

correlated with a reduction in fast-twitch muscle branching that confers a protection to eccentric 

contraction-induced damage. Such a study has important implications for disease progression in the 

~16% of boys with dystrophin deficient DMD who also have the common null polymorphism 

(R577X).  
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1.3 Muscle regeneration 

1.3.1 Duchenne Muscular Dystrophy 

Duchenne muscular dystrophy is an X-linked lethal congenital form of muscular dystrophy 

affecting around 1 in 5,000 male births (Crisafulli et al., 2020). DMD is caused by an absence of the 

sarcolemmal protein dystrophin, as a result of mutations in the dystrophin gene (Hoffman et al., 

1987). Characterised by progressive muscle wasting followed by tissue fibrosis, onset of skeletal 

muscle weakness is observed between 3-6 years of age when parents notice abnormalities in the 

boy’s motor development. In this early stage dystrophic (lacking dystrophin) patients exhibit signs 

of difficulty with learning to walk, run or climbing stairs developing a waddling gait and a tendency 

to fall easily. Typically the disease features calf enlargement due to the continued replacement of 

muscle by adipose & connective tissue, as part of the muscle wasting process joint contractures and 

spinal curvatures develop resulting in boys being wheelchair bound by 12 years of age (Ozawa, 

2010). After loss of ambulation, weakening of paraspinal muscles can cause scoliosis and further 

disease progression results in weakening of respiratory muscles often resulting in respiratory failure 

and pulmonary problems (Emery, 1993). Individuals living with DMD unassisted on average have a 

life expectancy of around 19 years of age, notably lower than estimates for patients receiving 

ventilatory support (30 years)(Landfeldt et al., 2020).  

Genetic mutations in certain components of the aforementioned DAPC (Figure 1.6) leads to various 

forms of muscular dystrophy. Such changes include mutations in the sarcoglycans that underlie 

various types of limb girdle muscular dystrophy and mutations in laminin that lead to a form of 

congenital muscular dystrophy (Lapidos et al., 2004). One of the most common changes in 

dystrophin are intragenic deletions that account for 65% of mutations (Muntoni et al., 2003), those 

that result in a complete absence of the long form of the dystrophin protein give rise to the 

Duchenne form of muscular dystrophy. In cases where a partially functional short or truncated 

protein is transcribed, the result is a milder form of dystrophy referred to clinically as Becker 

muscular dystrophy (O'Brien & Kunkel, 2001).  

Animal models of DMD 
Absence of the protein dystrophin has also been identified in other animals, with spontaneous 

changes in dystrophin observed in mice, cats and dogs (Collins & Morgan, 2003). Examples of 

targeted genetic disruptions have also been performed in nematodes (Chamberlain & Benian, 2000) 

and zebrafish (Widrick et al., 2016) leading to dystrophin deficiencies in various animal models.  

The spontaneous mutations leading to the absence of dystrophin have been identified in numerous 

dog breeds, the most common clinically used is the golden retriever dystrophy model as it displays 
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many similarities to the DMD phenotype in humans (Kornegay et al., 2012a). Both models are X-

linked, display a severe dystrophic phenotype evident soon after birth (high serum creatine kinase 

levels which indicate muscle damage) and a histological picture of degeneration/regeneration like 

DMD. For these reasons, it is thought to be a good model used for the validation of therapeutic 

agents before they are tested in human clinical trials. Despite these similarities between models, the 

variation in dystrophic phenotypes observed in the golden retrievers lead to vast differences in 

disease severity resulting in mild & severe forms of pathogenic progression (Ambrosio et al., 2009).  

The mdx dystrophic mouse model 
The most widely studied animal model of DMD is the mdx mouse. Similar to humans, this model 

benefits from the complete absence of the long form of the protein dystrophin from the inner 

surface of the sarcolemma (Ng et al., 2012). The mdx mouse was first identified in 1984 as a 

spontaneous X-linked mutation with elevated serum creatine kinase and histological features of 

muscle damage and regeneration (Bulfield et al., 1984). Subsequent in-breeding has resulted in the 

mdx line where all offspring exhibit the disease with similar genotypes to human disease. In 

addition to the easy availability and low colony maintenance costs, mdx mice have become the most 

used pre-clinical model of DMD.  

Dystrophic mdx muscles appear normal at birth but an initial wave of muscle fibre destruction 

occurs around 4-8 weeks of age (Carnwath & Shotton, 1987; Coulton et al., 1988; Pastoret & 

Sebille, 1995; Kornegay et al., 2012b; Faber et al., 2014; Pichavant & Pavlath, 2014; Duddy et al., 

2015) resulting in a dramatic elevation of creatine kinase in the plasma (Bulfield et al., 1984). 

Following this initial bout of damage, there is substantial regeneration thereafter with most fibres 

containing central nuclei (indicator of muscle regeneration)(Duddy et al., 2015). This indicates 

massive myonecrosis and regenerative replacement of skeletal muscle fibres commencing as soon 

as the mdx mouse starts walking. From here the necrotic stage is followed by a long period of low-

level ongoing damage and active regeneration remaining in balance so that the adult mdx mouse 

enjoys largely normal muscle function (Coulton et al., 1988; Massopust et al., 2020). 

Despite the identical genotype, there has been criticism in the literature of the mdx mouse as a 

model of DMD because of its relatively mild disease phenotype, resulting in apparently good motor 

function throughout young adult life unlike boys with DMD who lose the ability to walk. However, 

there is an approximate 20% reduction in mdx mouse lifespan compared to control animals 

(Chamberlain et al., 2007).   

Dystrophic mouse bodyweight and muscle mass decline rapidly after 12 months of age with a 

considerable difference in muscle fibre size, accumulation of fibrosis and fatty tissue infiltration 
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(Pastoret & Sebille, 1995), all key indicators of the dystrophic phenotype in DMD patient biopsies . 

It is generally accepted that ‘old’ mdx mice are the best model of DMD (Lefaucheur et al., 1995; 

Pastoret & Sebille, 1995; Chamberlain et al., 2007). It is during this final phase of life that the mdx 

mouse hindlimb pathology strongly resembles the phenotype present in boys with DMD, with old 

mdx hindlimb muscles displaying typical dystrophic features including centrally located myonuclei, 

necrotic muscle fibres, small calibre regenerating fibres, moderate amounts of fibrosis, fatty 

infiltration and extensive fibre branching (Head et al., 1992; Massopust et al., 2020).  

 

Figure 1.22: Aged mdx muscles contain more fibrotic tissue relative to wild-type (Massopust et 

al., 2020). A) & B) Pirco-sirius red staining for EDL (Extensor digitorum longus) muscles from aged 

WT (wild-type) and mdx muscles respectively. C) & D) Oil-Red-O lipid staining for sternomastoid 

muscles from aged WT and mdx muscles respectively.    

In the last months of the mdx mouse life, fibrosis (Figure 1.22A & B) and fatty intramuscular 

inclusions (Figure 1.22C & D) are extreme. There are several explanations to address the difference 

in phenotype between the dystrophinopathies in mice and humans, two of the most compelling will 

be presented.  
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Firstly, mice are extremely active immediately post-weaning. Researchers working with pups 4-5 

weeks of age note the high running speeds and agility of the young mice, which can jump their 

body height, makes it difficult to catch them in the cages. This contrasts with learning to walk in 

humans which is a gradual and protracted process requiring many years before high levels of motor 

activity can be proficiently performed. It thus means the necrotic phase in the mouse is triggered 

during a brief time window around 4-5 weeks of age, effectively coordinating the degeneration and 

regeneration cycles which typify dystrophinopathies. The coordinated regeneration in the mdx 

mouse may inhibit and slow the accumulation of fibrous and fatty infiltrates. It has been proposed 

that replicating this coordination of regeneration in humans through timing steroid therapy helps 

produce synchronous regeneration that will improve skeletal muscle function in DMD (Hoffman et 

al., 2012). 

Secondly, (and most convincing) is the size issue in disease models (Zatz et al., 1981; Valentine et 

al., 1988; Zatz et al., 1988; Bodor & McDonald, 2013; Allen et al., 2016). The mouse is miniscule 

in comparison to humans, skeletal muscles and fibre lengths are an order of magnitude smaller, and 

this reduces the force generated and experienced by these mouse fibres (Lieber & Lieber, 2002). 

Evidence which supports the size hypothesis (in regard to severity of disease phenotype in the 

dystrophinopathies) is that small dystrophic dogs have a milder DMD disease phenotype than large 

dogs. Similarly, small humans with DMD, as a result of natural variation in height and as the result 

of growth hormone deficiency, are partially protected exhibiting a mild DMD phenotype (Zatz et 

al., 1981; Valentine et al., 1988; Zatz et al., 1988; Bodor & McDonald, 2013).  

1.3.2 Pathogenesis and injury 

Whilst the gene responsible for DMD has been well researched for over 20 years, the primary 

molecular mechanism responsible for disease pathogenesis is still unclear. The mdx mouse has been 

extensively used to study the absence of dystrophin and its direct consequences on developing the 

disease phenotypes seen in DMD. As a result, several mechanisms have been identified and 

multiple debatable hypotheses have been proposed from these studies (Allen et al., 2016).  

In the past, two major theories existed for the muscle damage observed in DMD, the ‘Structural 

hypothesis’ where dystrophin provides stability to the sarcolemma and the ‘Ion channel hypothesis’ 

both linking the absence of dystrophin to the observed muscle degeneration (Figure 1.23).  
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Figure 1.23: The main theories linking absence of dystrophin to muscle degeneration (Head, 

2012b) 

Abbreviations: ROS (Reactive oxygen species). 

Structural hypothesis 
This is the proposition that one function of dystrophin is to provide mechanical reinforcement to the 

sarcolemma thus acting as a protective protein during contractile activity (Petrof, 2002).  

When the molecular structure of dystrophin is observed, spectrin-like repeats are seen between the 

N and C terminals of the protein. As mentioned briefly above, the ‘spectrin skeleton’ is commonly 

found in erythrocytes and provides mechanical support for the membrane bilayer, thus suggesting 

that dystrophin played the same role in muscles as spectrin in red blood cells (Davies & Nowak, 

2006). This is a highly plausible hypothesis given the structure of the DAPC (Figure 1.6), the 

occurrence of lesions in the sarcolemma and presence of enzyme serums (such as creatine kinase 

mentioned earlier) usually located within muscle fibres (Ervasti, 2003). 

Under the structural hypothesis, membrane instability or micro-tears occur during muscle 

contraction, leading to an influx of Ca2+ that activates proteolytic enzymes and results in muscle 

degeneration. Circumstantial evidence at the time is provided through confocal microscopy 

observations (Masuda et al., 1992) that dystrophin expression in normal skeletal muscle is 

concentrated in regions subjected to great levels of mechanical stress such as the myotendinous 

junction or ends of muscle fibres. The staining pattern also appeared to correspond to the cross 

striations of underlying myofibrils. Evidence for the structural hypothesis largely comes from 

studies involving eccentric contractions in dystrophin deficient mdx mice.  

Eccentric contractions (EC) are muscle contractions performed during the lengthening of muscle 

fibres, typically imposing large mechanical stresses and are often used in studies involving exercise-

induced damage (Nikolaidis et al., 2012). Strong experimental support has come from numerous 

studies shown in Figure 1.24 involving lengthening contractions in the fast-twitch muscles from 
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mdx mice. The extent of damage was measured by force deficit, the decrease in muscle force after 

undergoing the EC procedure expressed as a percentage of starting force.  

These force deficits were associated with greater membrane damage in the mdx muscle fibres as 

assessed by uptake of membrane-permeable dyes (Moens et al., 1993; Petrof et al., 1993). Typically 

studies presented fast-twitch muscles from mdx mice record a greater force deficit (and thus 

damage) following eccentric contractions compared to muscles from wild-type mice (Head et al., 

1992; Moens et al., 1993; Petrof et al., 1993; Williams et al., 1993; Faulkner et al., 1997; Brooks, 

1998; Lynch et al., 2001b; Chan et al., 2007; Head, 2010; Chan & Head, 2011; Hakim et al., 2011; 

Han et al., 2011; Hakim & Duan, 2012; Head, 2012b; Kiriaev et al., 2018; Lindsay et al., 2018). 

However, studies that utilize younger mice found no difference in force (McArdle et al., 1991; 

Grange et al., 2002). This indicates that some additional age-related factors may contribute to the 

susceptibility to mechanical damage suggesting that the lack of dystrophin might not be the only 

factor at play. I have attempted to address these age-related factors in the dystrophic EDL (Chapter 

2, Paper A) and soleus (Chapter 3, Paper B) by investigating mice from three age groups: an early 

peri-ambulatory stage, peak myoregenerative and old senescent age. In dystrophic EDL muscles, 

both the young and old mice lack dystrophin, however. the large non-recoverable force loss on the 

first EC is only observed in the aged dystrophic animals. The number of branched fibres (introduced 

later in section 1.3.3) and the complexity of branching increase dramatically with age in dystrophic 

fast-twitch muscle. Interestingly, slow-twitch muscles that also lack dystrophin are not susceptible 

to EC damage at any age but also have not reached the same degree of branching observed in EDL 

muscles. I attribute this irreversible loss of force on the first EC to be due to acute fibre rupture at 

branch nodes, which only occur in old fast-twitch EDL muscles approaching the end stage of 

dystrophinopathy that are entirely composed of complexed branched fibres. Dystrophic slow-twitch 

muscles simply do not reach this degree of branching complexity with age to compromise the 

function of the muscle and is explored in detail in Chapter 2 (Paper A).  
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Figure 1.24: Summarizes the results of various studies involving eccentric contractions in mdx 

and wild-type mice (Chan et al., 2007) 

 

Direct measurements of the tensile strength of the muscle sarcolemma found no differences 

between burst tensions of myotubes, isolated muscle fibres and sarcolemma vesicles between mdx 

and control mouse muscles (Hutter et al., 1991; Hutter, 1992). Furthermore, the membrane protein 

dystrophin does not appear to mechanically weaken the sarcolemma as dystrophic muscle 

membranes at the developmental stages are compliant and resilient to acute stretch-induced injury 

(Grange et al., 2002). It is important to emphasize that the presence of membrane impermeable dyes 

in mdx mice does not provide evidence about membrane damage pathways leading to increased 

sarcolemmal permeability. Based on current knowledge of membrane repair (Bansal et al., 2003), 

mechanically-induced membrane holes up to 5µm are rapidly repaired within seconds, a process 

that requires extracellular Ca2+ and intracellular vesicles. If microtears or ruptures occur during EC 

they would be expected to reseal so dye entry would occur during and within seconds after the 

contraction and remain trapped (a constant level of dye within fibres regardless of time). 

Ion channel hypothesis 
Recent EC studies on dystrophic fibres showed a long time delay between contraction and increase 

in intracellular Ca2+ denoted by [Ca2+]in (Allen et al., 2010), suggesting that the Ca2+ entry might be 

occurring through stretch-activated ion channels (explained below), rather than through membrane 

tears (Sonobe et al., 2008). This Ca2+ influx response to mechanical deformities in the membrane is 

both reduced and delayed when blocking of stretch-activated channels was induced through 

streptomycin and spider venom (Yeung et al., 2005). Similarly, there is an associated rise in [Na+]in 
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following stretch-induced damage which can be prevented by applying the stretch-activated channel 

blocker gadolinium (Yeung et al., 2003). These ‘membrane tears’ (Allen & Whitehead, 2011) 

would be expected to produce an immediate influx of ions as seen with the Ca2+ entry in branched 

fibres (Head, 2010). Instead, there is a slow increase of [Na+]in & [Ca2+]in starting after the 

contractions peaking after 10-20 min. The blocking of [Na+]in entry through the stretch-activated 

channel blocker gadolinium and observed time delay is thus inconsistent with the structural 

hypothesis (Petrof, 2002) as such an explosive rise in [Ca2+]in should be seen for membrane tears. 

Whitehead et al. (2006a) appears to be the only paper to investigate the early time course dye 

uptake in mdx muscles from immediately after EC up to 60min post contraction. Dystrophic muscle 

force fell significantly to ~35% of original force at 30min post EC indicating considerable damage 

had occurred. Interestingly the area of dye positive fibres increased progressively at 30min and 

further at 60min to 15% more than non-contracted mdx muscles. Thus, indicating that dye uptake in 

damaged mdx muscles is relatively slow and occurs gradually, similar to the time course of Ca2+ 

influx and raised Ca2+ levels in dystrophic mdx fibres post stretched contractions.  

The ‘Ion channel hypothesis’ which arose from observed rises in [Ca2+]in in dystrophic muscles 

(Gillis, 1999) has been refined in Allen and Whitehead (2011) and is the currently accepted link 

between dystrophin and muscle degeneration. The lack of dystrophin causes abnormal functioning 

of ion channels in the sarcolemma; increasing the sensitivity of stretch-activated channels to 

mechanical stretch causing the observed Ca2+ influx following eccentric contractions. Both 

mechanosensitive channel blockers (Whitehead et al., 2006a) such as streptomycin (Yeung et al., 

2005) and reactive oxygen species (ROS) scavengers such as the antioxidant N-acetyl cysteine 

(Whitehead et al., 2008) can prevent almost all the dye uptake in dystrophic muscle fibres following 

eccentric contractions, suggesting alternate pathways involving Ca2+ entry through 

mechanosensitive channels or ROS induced Ca2+ entry through stretch-activated Ca2+ channels.  

It is important to note that under the ‘Ion channel hypothesis’ the increase in membrane 

permeability occurs after the rise in [Ca2+]in, whereas under the structural hypothesis the increase in 

permeability is a direct result of contraction-induced membrane tears and precedes the rise in 

[Ca2+]in. The [Ca2+]in build-up is the key to triggering protease activation including Ca2+-induced 

phospholipase and calpain activation (Goonasekera et al., 2014), impairs autophagy through 

oxidative stress (Pal et al., 2014), and can increase mitochondrial Ca2+ accumulation. The resulting 

mitochondrial dysfunction causes an increase in the production of ROS (Brookes et al., 2004; 

Tidball & Wehling-Henricks, 2007) and impaired mitochondrial oxidative phosphorylation in mdx 

muscle due to mitochondrial Ca2+ overload (Percival et al., 2013).   
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ROS are oxygen containing molecules that chemically react with lipids, DNA & proteins to 

modulate structure and function. At low levels ROS plays an important role in cell signalling 

whereas at high levels can cause reversible or irreversible damage in the form of reduced Ca2+ 

sensitivity of the contractile apparatus, impaired force production (Moopanar & Allen, 2005) and 

contribute to muscle fatigue (Reid, 2001; Jackson & McArdle, 2011; Kozakowska et al., 2015). 

When GerváSio et al. (2008) incubated isolated mdx muscles with hydrogen peroxide, a common 

ROS, the group reported an increase in stretch-activated channel activity and a corresponding influx 

of [Ca2+]in indicating this may be another mechanisms for Ca2+ entry in dystrophic muscle following 

mitochondrial dysfunction. This initiates a positive free ROS feedback loop eventually leading to 

further membrane permeability and muscle fibre degeneration (Allen & Whitehead, 2011). 

Taken together, the ion channel hypothesis forms an elegant explanation for the mechanisms behind 

the susceptibility of dystrophin-deficient muscle to eccentric contraction-induced damage. 

However, despite the evidence presented, most of these membrane dye and channel blocker studies 

in support for the ion channel hypothesis have only been validated on isolated single fibres 

extracted from mouse flexor digitorum longus or EDL muscles. Studies at the whole muscle level 

(Chan et al., 2007; Kiriaev et al., 2018) have reported a large immediate force drop (often 70% or 

more) following the first EC in fast-twitch dystrophic muscles that becomes greater with each 

successive contraction and cannot be explained by membrane permeability. A more likely 

explanation is that certain subsets of fibres are most vulnerable to eccentric contraction-induced 

damage and are the first to break due to anatomical differences such as CSA, changes in signal 

protein expression or fibre type differences. Support for this comes from studies demonstrating the 

increased susceptibility of mdx EDL (fast-twitch glycolytic) muscles to eccentric contraction-

induced membrane permeability and force loss but not in soleus (slow oxidative) muscle 

counterparts (Moens et al., 1993; Kiriaev et al., 2021b). As well as the finding that fast fibres are 

preferentially damaged and lost in boys with DMD (Webster et al., 1988) and in the diaphragm 

muscles of mdx mice (Petrof et al., 1993; Henry et al., 2017). Furthermore, the initial influx of Ca2+ 

and dystrophic fibre degeneration is not the sole mechanism at play in disease pathogenesis.  

Clinical trials of Ca2+ channel blockers (Bertorini et al., 1988; Pernice et al., 1988) have not been 

beneficial for DMD patients and treatment on mdx mice delayed the onset of dystrophic symptoms 

in limb muscles of young animals but did not prevent the degeneration and regeneration events 

from occurring later on in the disease course (Jørgensen et al., 2011). Thus, further investigation 

into events following the initial wave of degeneration such as impairments in fibre regeneration and 

the formation of branched muscle fibres could provide a better explanation for the dystrophic 

muscle disease pathology.  
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1.3.3 Muscle fibre branching 

Branched fibres are a universal characteristic of regenerating muscles and are a well-documented 

phenomenon that occurs in myopathies involving muscle damage and repair (Head, 2012b). A 

branched fibre is a skeletal muscle fibre composed of two or more continuous strands in the 

cytoplasm. Branching is most likely a result from the incomplete fusion of myogenic cells during 

fibre segment regeneration after tissue necrosis (Schmalbruch, 1976; Ontell et al., 1982). During the 

main stages of myogenesis (muscle cell formation) in skeletal muscle seen in Figure 1.25, primitive 

satellite cells differentiate into muscle progenitor cells (myoblasts) that appear at the periphery of 

muscle fibres. Myoblasts fuse together with each other to form primary myotubes containing 

centralised nuclei (an indicator of muscle regeneration), later, secondary myotubes arise beneath the 

basal lamina with fusion of myoblasts radially and longitudinally (not seen in figure). These 

myotubes enlarge and mature over time to restore injured muscle to its pre-injury state (Ciciliot & 

Schiaffino, 2010; Grounds, 2014a). 
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Figure 1.25: Schematic diagram of the damage repair process in a typical skeletal muscle fibre 

after contraction-induced injury, modified from Dueweke et al. (2017) 

Overview of the cellular processes of skeletal muscle repair. Myoblasts (green) are the precursors 

that differentiate into muscle cells. Fibroblasts (blue) are cells responsible for laying down the 

extracellular matrix of connective tissues. Macrophages (pink) are immune cells that engulf 

damaged tissue and debris. Centralised nuclei (yellow) appear during damage repair after 

myoblast fusion occurs.  

A study performed by Mackey and Kjaer (2017) induced myofibre injury on human vastus lateralis 

muscles through EC, the repaired muscle fibres were observed to contain multiple myotubes within 

the same basement membrane scaffold after regeneration. This observation interestingly illustrates 

how muscle fibres are formed in the adult but also supports the explanation for the occurrence of 

muscle fibre branches as a result of incomplete lateral fusion of myotubes during regeneration 

(Grounds, 2014a; Grounds, 2014b). If only one myofibre is to be formed within each basement 

membrane tube, all of the myotubes will have to fuse with each other and imperfect fusion would 

lead to the development of fibre branches which were observed in non-diseased muscle undergoing 

incomplete fusion by Pichavant and Pavlath (2014).   

Regenerated mdx muscle fibres contain centrally aligned nuclei and regularly show a range of 

structural malformations from small, single branches to complex branching of fibres (Figure 1.26). 

It is possible that it is the branching in and of itself that maintains the nuclei in their central position 

in the regenerated mdx muscle fibres. Depending on the model of injury, necrosis can occur 

segmentally affecting only part of the myofibre and can occur simultaneously at multiple sites along 

the length of the muscle fibre rather than the beginning or end (Papadimitriou et al., 1990; Järvinen 

et al., 2005). Thus, incomplete fusion of myotubes at these locations can explain the variation in 

branching morphology ranging from simple bifurcations (Figure 1.26B) to complex intertwining 

syncytia (Figure 1.26E & F).  
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Figure 1.26: Examples of branched fibres (Chan & Head, 2011) 

Low powered images of enzyme dispersed single muscle fibres from EDL (Extensor digitorum 

longus) muscles of mdx mice. A) Morphologically normal unbranched fibre. B) Branched fibre with 

a bifurcation. C) A fibre with two small branches. D) A fibre that branches and recombines. E & F) 

Fibres with highly complex branching patterns. 

 

In humans, the history of branched fibres date back to reports from Erb 1891 where branching was 

first reported in boys with DMD, closely followed by Krosing in 1892. In the 20th century there 

have been multiple reports with examples of muscle fibre branching found in cat muscle spindle 

intrafusal fibres, these contained branching in central regions close to where afferent nerve fibres 

originated (Barker & Gidumal, 1961). Branched fibres are found in muscular dystrophy (Swash & 

Schwartz, 1977; Ontell & Feng, 1981), whole muscle transplants (Bourke & Ontell, 1986; Blaivas 

& Carlson, 1991), in muscles subjected to chemical or physical injury (Sadeh et al., 1985; Gutiérrez 

et al., 1991; Head et al., 2014) and overloaded muscles undergoing hypertrophy (Hall-Craggs, 

1972; Eriksson et al., 2006).  

As a condition that involves chronic degeneration and regeneration of muscle fibres, it is perhaps 

not surprising to see branched fibres in muscle biopsies from boys with DMD (Bell & Conen, 1968; 

Schmalbruch, 1984; Chan & Head, 2011; Cooper & Head, 2014). Branched fibres are also found in 

mdx mouse hindlimb muscles (Figure 1.26) (Head et al., 1992; Tamaki et al., 1997; Chan et al., 

2007; Lovering et al., 2009; Head, 2010; Chan & Head, 2011; Buttgereit et al., 2013; Faber et al., 
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2014; Pichavant & Pavlath, 2014; Duddy et al., 2015), the mdx diaphragm muscles (Henry et al., 

2017) as well as other dystrophic mouse models (Coley et al., 2016). The abrupt onset of 

myonecrosis at 21 days stimulates fibre regeneration and the formation of branched fibres. 

Morphological branching increases in prevalence as the animal ages, as demonstrated by Chan et al. 

(2007) in fast-twitch EDL muscles of the mdx mouse. At two months of age, less than 20% of fibres 

were branched as opposed to the 90% found when the animal is six months old.  

It is important to highlight that branched fibres are also found in non-dystrophic muscles in humans 

and mice (Schmalbruch, 1976; Bockhold et al., 1998; Pichavant & Pavlath, 2014; Kiriaev et al., 

2018; Kiriaev et al., 2021b; Kiriaev et al., 2021c), although their occurrence is far less frequent. In 

some of these studies, control mice have reported they occupy approximately 1% of the muscle 

fibre population. When both are exposed to mild eccentric contractions, younger mdx mice showed 

a low force deficit similar to controls whilst older mdx mice showed a significantly higher force 

deficit than controls (Chan et al., 2007; Kiriaev et al., 2018). Hence investigation into whether there 

is a correlation between the degree of fibre branching and the degree of damage from eccentric 

contractions is warranted.  

Does fibre branching contribute to the susceptibility of dystrophic muscles to eccentric 
contraction-induced damage? 
In boys with DMD, extensive fibre branching has been associated with a reduction in mobility (Bell 

& Conen, 1968). Several lines of evidence suggest that branch points are the sites of vulnerability to 

contractile injury, high shear stresses might occur at branch points during intense contractile 

activities, leading to rupture of the fibre (Head et al., 2004). During the pathogenesis of DMD, the 

cyclic process of degeneration and regeneration produces branched fibres with a greater distribution 

of fibre diameters or cross-sectional areas. Variations in individual branched fibre diameters lead to 

different propagation velocities for action potentials (Isaacs et al., 1973). Propagation of the 

electrical signal could fail completely as it spreads along the smaller- diameter branch to the 

junction according to ‘cable theory’ (Brown et al., 1982), but theoretically should not fail in the 

large branch if it succeeds in the undivided region (Goldstein & Rall, 1974; Joyner et al., 1980). 

When transmission was modelled in multiple fibre branching scenarios the action potential first 

propagated in larger portions followed with delays in transmission into smaller diameter portions 

(Head, 2010). Mathematical modelled stretching of a muscle fibre by Iyer et al. (2017) “showed 

non-uniform strain distributions at branch points in single fibres, whereas uniform strain 

distribution was observed in fibres with normal morphology and concluded this increased 

susceptibility to stretch-induced damage occurring in branched myofibres at the branch point.” 

Interestingly the delay becomes more dramatic as the propagation model moves from a small-

diameter branch to large. Another study observed that the Ca2+ transients in smaller-diameter 
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branch portions of branch points reflect faster Ca2+ uptake kinetics into the SR (Goodall et al., 

2012). The study also reports single motor endplates were found in malformed fibres but located in 

unexpected locations i.e. trunk, end of split, small or large fibres. The branching itself will 

mechanically compromise the fibre as there will be a concomitant delay in sarcolemmal action 

potential propagation to the smaller diameter side branches. The resultant asynchronous electrical 

activation of contraction within the branched syncytium contributes to the propensity of these 

complex branched fibre units rupturing at branch nodes.  

Additionally, mdx mouse studies have investigated how the properties of branched fibres found in 

the dystrophinopathies differ from those of dystrophic fibres which have no branches. Lovering et 

al. (2009) demonstrated that, when stimulated by osmotic stress, mdx branched fibres have reduced 

SR Ca2+ release/clearance and are more susceptible to osmotic stress-induced Ca2+ signalling 

dysfunction at branch points compared to unbranched mdx fibres, thus suggesting these areas are 

more sensitive to mechanical stresses relative to other areas of the fibre.  

Recently, Hernández-Ochoa et al. (2015) showed increased action potential time to peak and width 

observed in branched fibres as well as asymmetries in the amplitude of action potential induced 

[Ca2+]in signals at branch points compared to the non-branched trunk segments of branched mdx 

fibres. Differences in action potential properties and Ca2+ signals suggest changes in excitability 

that could underpin the weaknesses found in dystrophic muscle. 

An advanced second harmonic generation (SHG) imaging technique was used by Friedrich et al. 

(2010) to visualize the three-dimensional geometry and architecture of branched fibres from toe 

muscles of mdx mice. At branched points, myofibrils showed twists, tilts and axis deviations to the 

main fibre. Furthermore, misalignment between sarcomeres of adjacent myofibres and deviations 

from normal sarcomere patterns were observed. These ultrastructure disturbances add further 

evidence to the suggestion that branch points are the sites of mechanical compromise. 

Head (2010) examined the effects of branching on the structural integrity of fibres through 

comparing the Ca2+ activation characteristics of isolated branched and unbranched EDL fibres from 

dystrophin negative mice (Head, 2010). Fibre segments without branches were tied to a force 

transducer to produce force-pCa curves, these values were similar to those found in dystrophin 

positive control mice. However, when a branch point was introduced 11 out of 14 fibres broke 

before reaching maximal Ca2+ activation. In several cases it was possible to recover an unbranched 

segment which when activated produced normal force-pCa curves. These results suggest that 

branching mechanically weakens a fibre and under contractile stress branch points are more prone 

to damage.  
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In dystrophic fast-twitch muscle studies, my laboratory group and others have reported an 

association between the extent (and complexity) of fibre branching and susceptibility to damage 

from EC (Head et al., 1992; Chan et al., 2007; Head, 2010; Pavlath, 2010; Chan & Head, 2011). 

Papers presented in this thesis contribute to this literature by showing that branching is a major 

factor in the dystrophinopathies that contribute to muscle weakness in fast-twitch EDL muscles. 

Furthermore, in Chapter 5 (Paper D), I show that dKO mice EDL muscles show reduced degrees of 

branching and is protective against eccentric damage-induced injury compared to dystrophic mdx 

muscles.  

The evidence above strongly suggests that a two-phased model exists for muscle damage in the 

pathogenesis of DMD. 

The two-phase model of disease pathogenesis 
The skeletal muscle Pathophysiology of DMD is proposed to be seen as a two-phase process (Chan 

et al., 2007; Head, 2010; Chan & Head, 2011; Head, 2012b; Kiriaev et al., 2018; Kiriaev et al., 

2021c). In essence, phase-one involves the absence of dystrophin triggering skeletal muscle fibre 

necrosis driven by a pathological increase in [Ca2+]in, likely caused by a combination of increased 

free radical damage and abnormal ion channel functioning during muscle contraction. Phase-one is 

cyclic, with repeated cycles of muscle fibre regeneration and necrosis. In phase-one the regenerated 

dystrophin-deficient muscle fibres are abnormally branched, and this branching pathology increases 

in complexity with age as the number of regenerative cycles in phase-one increases. This abnormal 

fibre branching is responsible for the hypertrophy and reduced maximal force output characteristic 

of older mdx EDL. Once the number and complexity of the branched fibres passes a level termed 

‘tipping point’, phase-two is initiated; now the fibre damage is a consequence of the weak branched 

fibres rupturing, particularly during eccentric contractions and will tend to have a positive feedback 

as the broken branches will no longer support the contracting muscle placing additional stress on 

the remaining branches. In the final period of phase-two the majority of the muscle tissue will be 

damaged. It is important to note, that depending on the forces experienced by the muscle, phase-one 

and phase-two can occur at the same time. 
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Figure 1.27: Two-phase model of disease pathogenesis in mdx mice (Kiriaev et al., 2021c). Phase-

one involves the absence of dystrophin triggering skeletal muscle fibre necrosis, driven by a 

pathological increase in [Ca2+]in. The process is likely caused by a combination of increased free 

radical damage e.g. ROS (Reactive oxygen species) and abnormal ion channel functioning during 

muscle contraction e.g. SAC (Stretch-activated ion channels). In this phase, repeated cycles of 

muscle fibre regeneration and necrosis lead to the development of abnormally branched 

regenerated dystrophin-deficient muscle fibres. These branches increase in quantity and 

complexity with age as the number of repeated regenerative cycles in phase-one increase. Once 

the number and complexity of the branched fibres passes a level termed ‘tipping point’, phase-

two is initiated; now the fibre damage is a consequence of the weak branched fibres rupturing, 

particularly during eccentric contractions. This will tend to have positive feedback as the broken 

branches will no longer support the contracting muscle placing additional stress on the remaining 

branches. In the final period of phase-two the majority of muscle tissue will be terminally 

damaged beyond repair. It is important to note, that depending on the forces experienced by the 

muscle, phase-one and phase-two can occur at the same time. 

The majority of theories currently accepted in identifying the primary causes of dystrophinopathies 

hypothesize that a dysregulation of ion channels is caused or linked by a dystrophin deficiency. The 

studies backing these theories are built on well-established evidence involving fast-twitch muscles 

of the dystrophin-deficient mdx mouse. However, if dystrophin deficiency plays an important role 



53  

in the channelopathy observed in DMD, dystrophic slow-twitch muscles should be expected to also 

be subject to contraction-induced damage just as much as their fast-twitch counterparts.  

The slow-twitch dystrophic mouse model 
The limb muscles commonly studied in dystrophic studies are the extensor digitorum longus and 

Tibialis Anterior (TA), there is a current gap in dystrophic literature involving the slow-twitch 

soleus muscle. As mentioned in previous sections, it is generally accepted that slow-twitch fibres 

are inherently less susceptible to eccentric contraction-induced damage when compared to fast-

twitch fibres (Warren et al., 1994; Macpherson et al., 1996; Vijayan et al., 2001), primarily due to 

the major fibre type difference between the two muscles. Interestingly, human skeletal muscles are 

composed of an approximate 50:50 ratio of both fast & slow-twitch fibre types (Saltin et al., 1977). 

Compositionally, human muscle is more comparable to the ratio observed in soleus mouse muscles, 

making it a more appealing model to use for muscle pathology studies such as DMD.  

The increased vulnerability of mdx muscle to eccentric contractions appears to be a feature of fast-

twitch muscles like the EDL but not of slow-twitch muscles such as the soleus. Several studies have 

shown that slow-twitch soleus muscles show comparatively less force loss than fast-twitch EDL 

muscles during contraction-induced injury (Petrof et al., 1993; Warren et al., 1993a; Lowe et al., 

1994; Warren et al., 1994; Tinsley et al., 1998; Liu et al., 2005; Head, 2010; Selsby et al., 2012; 

Belanto et al., 2014; Kiriaev et al., 2018; Nelson et al., 2018; Lindsay et al., 2019; Kiriaev et al., 

2021b).  

Slow-twitch oxidative fibres are smaller in calibre (Lieber et al., 1990) and stiffer (Petit et al., 

1990) compared to fast-twitch glycolytic fibres which are selectively recruited for rapid, high 

force contractions (Bawa et al., 2014). This subset of fast type 2B fibres appears to be 

preferentially affected by dystrophin deficiency, since they are the first population of fibres to 

degenerate and regenerate before slow fibres (type 1) were affected in DMD (Webster et al., 

1988). The relative size and diameter of fast glycolytic fibres compared to slow oxidative 

fibres subject them to greater mechanical stresses during contractions making them more 

susceptible to damage (Karpati et al., 1988). The shorter fibres within slow units appear up to 

two times stiffer compared to faster units and are capable of undergoing a greater strain for a 

given muscle deformation (Petit et al., 1990). This is supported by the fact that the smaller 

flexor digitorum brevis muscle has fewer deformities (10%) at any age when compared with 

longer soleus and EDL mdx muscle fibres (Figure 1.28)(Head et al., 1992; Lovering et al., 

2009; Goodall et al., 2012).  
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Figure 1.28: Percentage of fibres with deformities from SOL (Soleus), EDL (Extensor digitorum 

longus) and FDB (Flexor digitorum brevis) muscles at different age groups of mdx mice (Head et 

al., 1992) 

 

Selsby et al. (2012) and colleagues utilized transgenic overexpression of PGC1α to drive a 

slower oxidative capacity fibre type shift in the mdx mouse resulting in a 3-fold increase in 

type 1 myosin heavy chain content. The muscles were shown to be more resistant to 

contraction-induced damage and were able to produce more specific force (12%) compared to 

control mdx animals. Interestingly, overexpression of PGC1α also increased utrophin levels 

which are shown to be expressed ~2.3-fold higher in type 1 dystrophic soleus muscles 

compared to the dystrophic EDL (Lindsay et al., 2019). While utrophin and fibre type 

composition were thought to mediate the protection of the mdx soleus from EC, the combined 

absence of utrophin and dystrophin rendered soleus only partially susceptible to eccentric 

contraction-induced damage. Lindsay et al. (2019) presents data showing the expression levels of γ 

& β-cytoplasmic actins and SERCA1 in dystrophic skeletal muscle all contribute to sensitivity to 

eccentric contractions. Olthoff et al. (2018) also showed that the transgenic overexpression of 

cytoplasmic γ or β -actin can protect mdx EDL muscles from eccentric-induced force loss by 

blocking the production of force inhibiting ROS.  
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Other studies have likewise shown that SERCA1 & SERCA2A content were significantly lower in 

the dystrophic soleus compared to EDL counterparts (Gaglianone et al., 2019). The group identified 

reduced mitochondrial activity and an accumulation of Ca2+ deposits 3-fold more in dystrophic 

EDL compared to dystrophic soleus muscles which over time trigger protease activation and 

degradation within the muscle. Ca2+ entry caused by the fragility of the dystrophin deficient 

sarcolemma flows in through Ca2+ leak channels and overloads the dystrophic muscle. Functional 

mitochondria in soleus muscle serve as a buffer for Ca2+ overload and removes this influx over time 

(Warren et al., 1993b; Lowe et al., 1994). It is possible that the abnormal Ca2+ overload found in 

dystrophic EDL muscles lead to an increase in SERCA pump expression to re-establish normal Ca2+ 

levels.  

Eccentric contraction studies performed by Head et al. (1992) on 26 week old mdx EDL & soleus 

muscles showed major reductions in maximum tetanic force production in EDL muscles but no 

changes when performed with soleus. Interestingly, the paper focuses on looking at structural 

deformities occurring in dystrophic EDL muscle but also found small amounts of branching in 

soleus muscles. The cytoarchitecture of soleus muscle fibres were subsequently examined in 

Tamaki et al. (1993), where muscle fibre fusion and short fibre branches were observed in 6 week 

old dystrophic mice. It is the lack of vulnerability to contraction-induced injury observed in soleus 

muscle that cannot be explained by a majority of current dystrophin deficient fibre type-based 

theories, hence there is limited literature published in this area. Despite this, the lack of dystrophin 

still causes degeneration and subsequent regeneration in the soleus muscle. Further investigations 

into the ultrastructure complexity of dystrophic soleus muscle fibres can potentially provide an 

explanation to its unclear endurance to contraction-induced damage (Figure 1.29) according to my 

two-phase model of disease pathogenesis (Figure 1.27). These results are summarized in Chapter 3 

(Paper B) and compared to the dystrophic mdx EDL in Chapter 2 (Paper A). 
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Figure 1.29: Differences in force loss due to the first eccentric contraction performed at 10% 

strain for mdx EDL (Extensor digitorum longus) & Soleus muscles (Kiriaev et al., 2021b) 

1.3.4 Consequences of complex muscle fibre branching 

Branched fibres are shorter and stiffer as a compensatory adaptation 
Branching is a universal response of mammalian skeletal muscle to regeneration. Although there are 

reports of branched muscle fibres dating back over 100 years it is not clear what physiological role, 

if any, branching plays in regenerated muscle (Pavlath, 2010; Head, 2012b). One can propose that 

initially branching may have a protective function with the regenerated branches lying in parallel 

with existing fibres along the  long axis of the muscle; effectively increasing stiffness and cross 

section of the branched unit (Faber et al., 2014). 

The complex arrangement of structures within whole muscle enables force generation and 

transmission in myofibrils along the length of the fibre to a well-developed connective tissue matrix 

(Patel & Lieber, 1997). However, muscle fibres do not run from tendon plate to tendon plate and 

fibres within a motor unit do not extend the entire fascicle length but contain multiple units with 

origin and insertion points in the centre of the muscle belly (Loeb et al., 1987; Ounjian et al., 1991). 

Dystrophic muscle lengths remain unchanged from adolescence to senescence (Head et al., 1992; 

Lynch et al., 2001b; Chan et al., 2007; Kiriaev et al., 2018; Massopust et al., 2020; Kiriaev et al., 

2021b; Kiriaev et al., 2021c), the presence of muscle fibre branching in dystrophic animals suggests 

that individual fibre segments within each branched fibre are essentially shorter and increase in 

quantity with age. Multiple studies performed by Karpati and Carpenter (1986) & Karpati et al. 

(1988) suggest that regenerated fibres never reach expected CSA size and remain 80% smaller at 

maximal growth. It’s possible that the smaller fibre is an adaptive mechanism to cope with 

mechanical stresses dystrophic animals undergo. 
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Studies performed by Petrof et al. (1993) & Petrof (2002) on dystrophic EDL & diaphragm muscle 

fibres suggest that the shear stress across muscle membranes were the main predictor of injury 

based on the observation that larger muscle fibres tended to be more easily damaged than smaller 

muscles. The surface area to volume ratio of larger fibres are lower than smaller counterparts and 

the authors suggests shear stress across the membrane produced by the myofibrils was causing 

muscle damage. Petit et al. (1990) demonstrated that stiffness differences between fast and slow-

twitch units is a manifestation of shorter fibres within a slow unit that would appear stiffer because 

they undergo a greater strain for a given muscle deformation. The physiological effect of increased 

stiffness would provide an increased stability against small positional perturbations and thus explain 

the stiffness observations in previous mdx studies.  

Although not focused in this thesis, it is important to highlight that muscle stiffness as well as loss 

in range of motion could be regarded as positive compensatory mechanisms as an opportunity to 

rely on passive structures as a substitute for inadequate muscle strength in dystrophic muscles 

(Lindsay et al., 2020). Fusion of ankle structural ligaments noticed during aged animal dissections 

in studies performed in my laboratory would be a perfect example of this compensation by the mdx 

mouse (Kiriaev et al., 2018; Kiriaev et al., 2021a; Kiriaev et al., 2021b; Kiriaev et al., 2021c).  

Even though low levels of branching may be a protective response to muscle damage, I demonstrate 

in the 4 papers in this thesis that the problem itself manifests when the number and complexity of 

branching reaches a certain level, the ‘tipping point’. The branching itself will mechanically 

compromise the fibre as there will be a concomitant delay in sarcolemmal action potential 

propagation to the smaller-diameter side branches. The resultant asynchronous electrical activation 

of contraction within the branched syncytium contributes to the propensity of these complex 

branched fibre units rupturing at branch nodes. 

Hypertrophy and low specific force in mdx muscles 
A recent study tracks the many features of mdx skeletal muscle pathology throughout the lifespan of 

the mouse to characterize the degree to which the model mimics the human disease (Massopust et 

al., 2020). Features associated with cycles of myofibre damage and repair such as endplate 

fragmentation, central nuclei and myofibre branching all increase progressively throughout the first 

year of life. Interestingly, they report individual hypertrophic mdx fibres at the myofibre level; 

however, no whole muscle hypertrophy. This key finding contrasts many other investigators who 

have reported 20-30% hypertrophy in mdx EDL (Coulton et al., 1988; Pastoret & Sebille, 1993; 

Brooks et al., 1995; Lynch et al., 2001b; Chan et al., 2007; Hakim et al., 2011; Hakim & Duan, 

2012; Faber et al., 2014; Duddy et al., 2015) and 20-60% in the mdx TA (Quinlan et al., 1992; 

Pastoret & Sebille, 1995; Dellorusso et al., 2001; Froehner et al., 2014).  
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The reduced specific force in dystrophic EDL muscles as the animal ages is well reported in the 

mdx literature and with its increase in severity reflects the repeated cycles of degeneration and 

regeneration throughout the lifespan of the animal (Williams et al., 1993; Faulkner et al., 1997; 

Brooks, 1998; Lynch et al., 2001b; Chan et al., 2007; Hakim et al., 2011; Han et al., 2011; Hakim 

& Duan, 2012; Lindsay et al., 2018). The papers I have presented in this thesis manuscript provide 

good evidence that a large component of the specific force loss is due to failure of activation in the 

smaller branches of the syncytium (cable theory modelling above), while these small branches will 

contribute to the overall mass and CSA of the dystrophic muscle, they will not contribute to the 

force output.  

Hypertrophy is commonly assumed to reflect increase in fibre numbers although histologically it’s 

hard to distinguish between fibre number from muscle fibre branching (Wernig et al., 1990; Faber 

et al., 2014; Pichavant & Pavlath, 2014).  

 

Figure 1.30: Chaotic and branched micro-architectural phenotypes (Buttgereit et al., 2013) 

The chaotic type A) is characterized by a high vernier density (red, VD) and cosine angle sum 

(calculated force vector, CAS). B) Branched fibres include bundles of myofibrils separated but 

continuous with the main trunk, showed minimal alteration resulting in low vernier density and 

cosine angle sums.  

Repeated bouts of regeneration and degeneration causes structural remodelling of branched 

myofibrils that appear hypercontracted, tilted, twisted and deviated when observed using SHG 
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microscopy (Friedrich et al., 2010). When Friedrich et al. (2010) investigated the myofibril 

misalignments termed ‘verniers’ in newly formed myofibrils they concluded the angle of myofibril 

orientations affected neighbouring sarcomere activation and hence unsynchronised contraction of 

the muscle, potentially predicting a 20% loss of force production. The group further identified an 

increase in occurrence of verniers as the dystrophic animal ages and increased variation in the angle 

of myofibril orientations (Buttgereit et al., 2013). Interestingly, younger regenerated fibres without 

branches have shown misaligned contractile architecture termed ‘chaotic fibres’ (Figure 1.30), 

presented as an intermediate between normal to branched fibres and predicted them to contribute to 

~50% of the progressive force loss with age. As dystrophic animals age, the higher degree of 

branching implies more structural remodelling has occurred within fibres and potentially more 

‘verniers’ present contributing to the drop in specific force production. 

Reversible and irreversible recovery of force post eccentric contraction 
Dystrophin plays a key role in major signalling pathways that activate nitric oxide (NO) production, 

modulate stretch sensitive ion channel mediated Ca2+/Na+ entry (Yeung et al., 2003; Yeung et al., 

2005) and production of reactive oxygen species (Khairallah et al., 2012)(Figure 1.27). When 

dystrophin is absent, these signalling pathways (which are not mutually exclusive) are disrupted in 

such a way that skeletal muscle fibre necrosis is triggered by a pathological influx of [Ca2+]in (Allen 

et al., 2016). In my two-phase model of Duchenne pathogenesis (Figure 1.27)(Kiriaev et al., 2021c) 

I propose that the absence of dystrophin triggers cyclic rounds of degeneration and regeneration 

with regenerated fibres displaying fibre branching. The number and complexity of branching 

increases with each cycle of degeneration/regeneration as the dystrophic animal ages (Chan et al., 

2007; Kiriaev et al., 2018; Kiriaev et al., 2021c). In this thesis I have provided evidence that it is 

this branching, in and of itself which leads to catastrophic membrane rupture during isometric and 

eccentric contraction-induced damage. From evidence presented in my thesis papers, I propose that 

it is when the number and complexity of branched fibres has surpassed a certain level, I term 

‘tipping point’ that the membrane ruptures at branch points.    

Olthoff et al. (2018) published findings in support of this model by demonstrating young (3 month) 

mdx EDL muscles lose 90% of force after 10 eccentric contractions but recovers 65% of force 

production within 120min. Alternatively, if EC cycles were delivered at 30min intervals there is no 

irreversible loss of force which would be predicted if the sarcolemma were ruptured. The study 

suggests that eccentric contractions may drive a transient, redox based inhibition of contractility that 

protects the dystrophin deficient muscle from catastrophic structural damage by subsequent 

contractions. Another recently published paper by Lindsay et al. (2018) demonstrated a similar 

result again in young (3 month) mdx EDL muscle, where they reported a 75% eccentric force loss in 
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dystrophic muscles that recovered up to 64% at 60min post contraction. Several other studies have 

also reported varying amounts of force recovery in young mdx mice (Brooks, 1998; Han et al., 

2011; Call et al., 2013; Roy et al., 2016). According to my branching theory, the EDL fibre 

branching has not reached ‘tipping point’. In my 2018 paper (Chapter 2, Paper A) I showed it was 

only in old mdx EDL with extensively branched fibres that there was a loss of ~65% of the force on 

the first contraction which did not recover (Kiriaev et al., 2018).  

Interestingly, when Lindsay et al. (2018) added the macrophage synthesized antioxidant 7,8 

Dihydroneopterin to mdx muscles it provided protection against eccentric contractions number 2-8 

and improved force recovery to 81%. The authors conclude that the restoration of isometric tetanic 

force with antioxidant treatment in mdx muscle suggest reversible oxidation of proteins regulating 

muscle contraction. However, as I show in the papers presented in this thesis, once the branching 

passes tipping point the dystrophic fibres irreversibly rupture at branch points during an EC, 

rendering antioxidant treatments non protective. 

For example, in my 2021 lifespan study (Chapter 4, Paper C) I have demonstrated that mdx EDL 

muscles from adult to senescent age groups have the largest component of eccentric damage occur 

as an abrupt loss of force during the first EC, previously reported due to mechanical rupture 

(Dellorusso et al., 2001; Kiriaev et al., 2018). Whereas young adolescent mdx muscle have a graded 

drop in force at each EC cycle (Roy et al., 2016; Capogrosso et al., 2017), resembling those seen in 

littermate control muscles, the dystrophic soleus muscles (Chapter 3, Paper B)(Kiriaev et al., 

2021b) and dystrophic muscles treated with free radical scavengers (Lindsay et al., 2018; Olthoff et 

al., 2018; Lindsay et al., 2020). In my thesis papers, when dystrophic muscles are left to recover 

120min post EC, I report rapidly reversible force loss in young adolescent animals while aged and 

senescent dystrophic animals only recovered up to ~20-30% of their starting force, indicating a 

smaller reversible force loss component and a larger irreversible component. I attribute this 

irreversible component of EC force loss to the presence of complex branches in aged and senescent 

mdx mice which rupture during eccentric contraction-induced injury. Dependent on the degree of 

branching and complexity of branching, the capacity for recovery varies in mdx muscle and can 

explain the variability reported in literature (Moens et al., 1993; Brooks, 1998; Han et al., 2011; 

Call et al., 2013; Roy et al., 2016; Capogrosso et al., 2017; Lindsay et al., 2018; Olthoff et al., 

2018). 

Clinically, this irreversible force loss due to acute membrane rupture in complex branched fibres is 

important because it indicates there is a treatment window in DMD patients before branching passes 

‘tipping point’. If the initial pathological increase in Ca2+ is prevented in DMD patients, the disease 

process will be stopped before entering the cyclic second phase of degeneration and regeneration 
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(Figure 1.27) that eventually leads to mechanical compromise. In cases where treatment is 

administered at the later stages of disease progression, higher degrees of muscle branching 

complexity may impact the success rate in these studies. This suggests genetic rescue strategies and 

preclinical drug studies need to be performed before the muscles of DMD boys pass ‘tipping point’ 

where the degree of pathological skeletal muscle fibre branching compromises the mechanobiology 

of the muscle.  

 

 

1.3.5 Summary 

In this thesis, I present four papers in support of my hypothesis, that when the number and 

complexity of branched fibres in dystrophin-negative muscles reaches a critical threshold, termed 

‘tipping point’, the branches in and of themselves, mechanically weaken the muscle and are 

susceptible to rupturing when subjected to high forces such as those experienced during 

eccentric/lengthening contractions. Together, these papers show that fibre branching in the 

muscular dystrophies is a major aetiology of the disease in the dystrophinopathies. Fibre branching, 

despite spasmodic reports in the literature over the last 100 years, has largely been neglected as an 

area of study. My papers demonstrate that branching in and of itself is the major contributor to 

damage in older fast-twitch dystrophic muscle. Moreover, in older mdx mice the absence of α-

actinin-3 from fast-twitch muscle, caused by the common polymorphism present in one out of four 

people, is protective against EC damage. The mechanism of this protective effect in Actn3KO 

dystrophic mice is due to the reduction in the number and complexity of fast-twitch branched fibres. 
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Chapter 2: Paper A- Branched fibres from old fast-twitch dystrophic 
muscles are the sites of terminal damage in muscular dystrophy. 

2.1 Declaration 

This chapter is a reproduction of the published paper: 
Kiriaev L, Kueh S, Morley JW, North KN, Houweling PJ & Head SI. (2018). Branched fibres from 

old fast-twitch dystrophic muscles are the sites of terminal damage in muscular dystrophy. Am J 

Physiol Cell Physiol 314, C662-C674 DOI.10.1152/ajpcell.00161.2018 

Current status:  
Published 

Author contribution: 
The contributions of L.K to this paper was 70% and consisted of designing and performing the 

experiments, analysing the data and writing the paper.  

Note on format: 
The paper as presented in this chapter is a reproduction of the final manuscript that was accepted for 

publication. In reproducing this manuscript only the spelling, reference style and numbering style of 

figures and tables have been modified. This has been done to achieve consistency with the rest of 

the thesis. References are listed with all other references at the end of the thesis. The paper is 

reprinted in its published format in the ‘publications’ section at the end of the thesis.  

2.2 Abstract 

A striking pathological feature of dystrophinopathies is the presence of morphologically abnormal 

branched skeletal muscle fibres. The deterioration of muscle contractile function in Duchenne 

muscular dystrophy is accompanied by both an increase in number and complexity of these 

branched fibres. We propose that when number and complexity of branched fibres reaches a critical 

threshold, ‘tipping point’ the branches in and of themselves are the site of contraction-induced 

rupture. In the present study, we use the dystrophic mdx mouse and littermate controls to study the 

pre-diseased dystrophic fast-twitch EDL muscle at 2-3-weeks, the peak myonecrotic phase at 6-9 

weeks and finally ‘old’ at 58-112 weeks. Using a combination of isolated muscle function 

contractile measurements coupled with single fibre imaging and confocal microscope imaging of 

cleared whole muscles we identified a distinct pathophysiology; acute fibre rupture at branch nodes, 

which occurs in ‘old’ fast-twitch EDL muscle approaching the end stage of the dystrophinopathy 

muscle disease, where the EDL muscles are entirely composed of complexed branched fibres. This 

evidence supports our concept of ‘tipping point’ where the number and extent of fibre branching 

reaches a level where the branching itself terminally compromises muscle function, irrespective of 

the absence of dystrophin. 
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2.3 Introduction 

Branched fibres are a well-documented phenomenon of regenerating dystrophic skeletal muscle 

(Head et al., 1992; Lefaucheur et al., 1995; Head, 2012b). They are found in the muscles of boys 

with Duchenne muscular dystrophy and in the muscles of ‘aged’ mdx mice, an animal model of 

DMD (Head, 2012b). Several studies have investigated how the contractile properties of these 

morphologically deformed fibres found in the dystrophinopathies differ from those of dystrophic 

fibres which have no branches (Chan et al., 2007). These studies have found an association between 

the extent and complexity of fibre branching and susceptibility to damage from eccentric 

contractions (Head, 2010; Chan & Head, 2011). In boys with DMD, extensive fibre branching has 

been associated with an increase in pathological symptoms, such as a reduction in mobility (Bell & 

Conen, 1968; Schmalbruch, 1984). The question arises, then, as to whether the increased 

susceptibility to injury during lengthening contractions in aged mdx muscles are due directly to the 

absence of dystrophin, or whether the morphological changes (branching) of fibres leads to 

weakened regions (branch points) that are the site of pathology and acute rupture during 

contraction. Interestingly, there is an elegant study which demonstrates that when stimulated by 

osmotic stress, branch points have reduced SR Ca2+ release and increased Ca2+ spark activity, 

compared with unbranched mdx fibres. Given that both branched and unbranched mdx fibres lack 

dystrophin, this is compelling evidence that the branching, in and of itself, contributes to the end 

stages of muscle pathology in the dystrophinopathies (Lovering et al., 2009). Furthermore, a recent 

major review of damage pathways in muscular dystrophy (Allen et al., 2016) proposed that 

increased mechanical stress at branched regions activates more reactive oxygen species and Ca2+ 

influx through mechanosensitive channels (also termed stretch-activated channels), which leads to 

localized membrane damage at branch nodes. These last two points suggest the intriguing 

possibility that branch points, in addition to increasing susceptibility to acute rips, as demonstrated 

in the present study, may also be the foci of secondary damage pathways triggered by pathological 

Ca2+ handling caused by the absence of dystrophin. 

 

The aetiology of fibre branching is essential in the process of myotube regeneration documented by 

the appearance of branched fibres in cultured muscle satellite cells when exposed to low nitric oxide 

environments (Anderson, 2000). Intriguingly, it appears that fibre branching may be a primary 

symptom of dystrophin deficient muscular dystrophy as cultures of embryonic stem cells from the 

mdx mouse produced fibres with extensive branching (Chal et al., 2015). 
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Using a combination of isolated muscle function measurements coupled with single fibre imaging 

and confocal microscope imaging of cleared whole muscle we identified a distinct pathophysiology, 

acute fibre rupture at branch nodes, which occurs in ‘old’ fast-twitch EDL muscle approaching the 

end stage of the dystrophinopathy where the muscles are entirely composed of complex branched 

fibres. This evidence supports our concept of ‘tipping point’ where the number and extent of fibre 

branching reaches a level where the branching itself terminally compromises muscle function, 

irrespective of the absence of dystrophin. Once ‘tipping point’ is passed the extensive branching 

acutely destabilize the fabric of the muscle; so, it basically starts to rip apart. 

 

2.4 Methods 

Ethics approval 

Animal use was approved by the University of New South Wales Animal Care and Ethics 

Committee. ACEC 14/151B. 

Animals 

The majority of previous dystrophic muscle function studies used separate colonies of wild-type 

control and dystrophic mice which have been inbred for over 25 years introducing the possibility of 

new mutations to the groups. 

In this study, littermates are bred to act as control animals for dystrophic mice. These are 

genetically more appropriate controls for dystrophin studies as both dystrophin negative and 

positive animals are from identical genetic backgrounds (Bellinger et al., 2009). Male dystrophic 

mice with littermate controls were obtained from the Western Sydney University animal facility. 

The colony of dystrophic mice & littermate controls used in this study were second generation 

offspring of C57BL/10SnSn DMD (mdx) mice. These littermate controls were distinguished from 

dystrophic mice by genotyping. 

Mice from three age groups were used in this study: peri-ambulatory 2-3 weeks, adult 6-9 weeks 

and old 58-112 weeks of age. They were housed at a maximum of four to a cage in an environment 

controlled room with a 12h-12h light-dark cycle and had access to food and water ad libitum. 

The mice were housed according to University of New South Wales animal holding facility 

arrangements. A total of 63 male mice were used in this study (29 mdx mice and 34 littermate 

control mice) and 93 EDL muscles, not all of which were used in every procedure. 
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Muscle preparation 

Animals were overdosed with isoflurane in an induction chamber, delivered at 4% in oxygen from a 

precision vaporiser. Animals were removed when they were not breathing, and a cervical 

dislocation was immediately carried out. The fast-twitch EDL muscle was dissected from the hind 

limb and tied by its tendons from one end to a dual force transducer/linear tissue puller (300 Muscle 

Lever; Aurora Scientific Instruments, ON, Canada) and secured to a base at the other end using 6-0 

silk sutures (Pearsalls Ltd, Somerset, UK). The muscle was kept at around 4-10°C during 

preparation. Each muscle was then placed in a bath containing Krebs solution with composition 

(mM): 4.75 KCl, 118 NaCl, 1.18 KH2PO4, 1.18 MgSO4, 24.8 NaHCO3, 2.5 CaCl2 and 10 glucose, 

0.1% fetal calf serum and bubbled continuously with carbogen to maintain pH at 7.4. 

The muscle was stimulated by delivering a current between two parallel platinum electrodes, using 

an electrical stimulator (701C stimulator; Aurora Scientific Instruments). All contractile procedures 

were designed, measured and analysed using the 615A Dynamic Muscle Control and Analysis 

software (Aurora Scientific Instruments) DMC v5.400 & DMA v5.100. At the start of the 

experiment, the muscle was set to optimal length which will produce maximal twitch force and 

measured. These experiments were conducted at a room temperature of ~20-22°C. 

Initial maximum force 

An initial supramaximal stimulus was then given at 1ms, 125Hz for 1 second and force produced 

recorded as Po, the maximum force output of the muscle at Lo. 

Force frequency curve 

Force-frequency curves were generated to measure muscle contractile function throughout the 

study. Trains of stimuli given at 1ms at different frequencies (2, 15, 25, 37.5, 50, 75, 100, 125 and 

150Hz) were given for 1second and the force produced measured. A 30s rest was allowed between 

each frequency. A sigmoid curve relating the muscle force (P) to the stimulation frequency (f) was 

fitted by linear regression to this data. 

The curve had the equation: 

From the fitted parameters of the curve, the following contractile properties were obtained: 

Maximal force (Pmax) at the conclusion of the force frequency curve, half-frequency (Kf) and Hill 

coefficient (h). These were used for population statistics. The force frequency curve was generated 
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before and after the isometric protocol as well as in between each eccentric strain sequence (10 & 

20%). 

Isometric contractions 

After the initial force frequency, the muscle was subjected to 10 consecutive isometric (fixed- 

length) supramaximal tetanic contractions, each lasting 1s and separated by a 60s rest. Stimulus 

pulses within the 1s tetanus were 0.5 ms in duration and were delivered at a frequency of 125Hz. 

This protocol is based on the sequence used by Brooks’ laboratory (Claflin & Brooks, 2008). 

Eccentric contractions 

A series of eccentric (lengthening) contractions where the contracted muscle was stretched 10 and 

20% from Lo. At t=0, the muscle was stimulated via supramaximal pulses of 1ms duration and 

125Hz frequency. At t=0.9s, after maximal isometric force was attained, each muscle was stretched 

10 or 20% longer than their optimal length. The muscle was then held at this length for 2s. 

Electrical stimulus was stopped at t=5s. This EC procedure was repeated 3 times for each strain at 

intervals of 3min and the muscle was allowed to recover afterwards for 10 minutes. 

Work done  

Work is an energy quantity with units of joules given by force times distance, this measurement was 

used to provide a quantitative estimate of the eccentric damage-inducing forces. The work done to 

stretch the muscle was calculated from the force tracings through multiplying the area underneath 

the lengthening phase of the force tracing with the velocity of lengthening.  

Brooks et al. (1995) examined the effect of various parameters on the force deficit produced by 

eccentric contractions and found that the work done to stretch the muscle during the lengthening 

phase of an EC was the best predictor of the magnitude of the force deficit. Hence, this measure 

serves as a useful estimate of the mechanical stresses imposed on a muscle during an EC.   

Muscle Stiffness 

Stiffness is the resistance of an elastic body to deflection or deformation by an applied force. As an 

indicator of active muscle stiffness (during contraction), the change in force as the muscle was 

lengthened was measured during the first EC. Force was expressed as a percentage of the isometric 

force before stretching, and length was expressed as a percentage of optimum length. To estimate 

muscle stiffness, the change in muscle force was divided by the change in muscle length (as a 

percentage of optimum muscle resting length) during the first EC.   

Stiffness is an inverse indication of muscle compliance; a stiffer muscle would exhibit a greater 

change in force for a given change in length. Earlier skinned fibre studies of mdx single muscle 
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fibres where all extracellular components were removed reported no major differences in the 

function of contractile proteins (Chan et al., 2007). Thus, investigating stiffness provides an 

indication of the effects of non-contractile elements on muscle function. 

Muscle mass and cross-sectional area 

Calculations to normalize force in mdx muscles are inherently unreliable because the assumptions 

regarding fibre length/muscle length ratios and density of muscle during aging and disease are 

invalid due to the changes in effective fibre lengths brought about by branching and the changes in 

density due to fibrosis and adipose presence. Due to this unreliability in being able to estimate the 

change in muscle density with age normalized force was not used in these experiments (with the 

exception of the force frequency curve illustrated in Figure 2.1C which was from a control animal 

where the assumption of muscle density remaining constant would be valid) instead absolute force 

and work done was used. Normalized forces with respect to an estimate of cross-sectional area, 

according to the equation MM/Lo D, where MM is the muscle mass, Lo is the optimal length, and D 

is the density of skeletal muscle (1.06 g/cm3), to enable comparisons between muscles of differing 

sizes and weights (Hayes & Williams, 1998). 

Skeletal Muscle single fibre enzymatic isolation and morphology 

Muscles were digested in Krebs solution containing 3 mg/ml collagenase type IV A (Sigma 

Aldrich, MO, USA), gently bubbled with 95% O2-5%CO2 and maintained at 37°C. After 20- 25 

minutes the muscle was removed from solution, rinsed in Krebs solution containing 0.1% fetal calf 

serum and placed in a relaxing solution with the following composition (mM): 117 K+, 36 Na+, 1 

Mg2+, 60 Hepes, 8 ATP, 50 EGTA2-. Each muscle was then gently agitated using pipette suction, 

releasing individual fibres from the muscle mass and ensuring fibre distribution throughout the 

solution. Using a pipette 0.5ml of solution was drawn and placed on a glass slide for examination. 

Where a long fibre covered several fields of the microscope view a series of overlapping 

photomicrographs were taken and these were then stitched together using the Coral draw graphic 

package. A total of 2037 fibres from 20 EDL muscles were counted: 591 fibres from 9 controls and 

1446 from 11 dystrophic muscles. Only intact fibres with no evidence of digestion damage were 

selected for counting. 

Whole muscle imaging 

Muscles were fixed in 4% paraformaldehyde solution in phosphate buffered saline (Chem Cruz, 

CA, USA) overnight at 4°C and dehydrated through a series of ethanol baths at increasing 

concentration 30%, 50%, 80%, 90% and 100% w/w for 30 min at each concentration. The muscle 

was cleared in 10ml of methyl salicylate and stored until imaging. Images were taken using an LSM 

Confocal Microscope comprising the LSM 5 EXCITER laser scanning microscope with Axiovert 
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200M inverted optical microscope (Carl Zeiss MicroImaging, Jena, Germany). Not all muscles 

were digested for fibre count or fixed for imaging. A random selection from both contracted and 

non-contracted muscles in all age groups, muscle types and test groups were taken for generating 

morphology data. 

Statistical analyses 

Data was presented as means ± S.E.M. Paired t tests were used when comparisons were made 

between two groups conducted at a significance level of 5%. Independent variables between groups 

were analysed by two-way analysis of variance, ANOVA and Sidak’s multiple comparisons test. 

All statistical tests and curve fitting were performed using a statistical software package Prism 

Version 6 (GraphPad, CA, USA). 

2.5 Results 

Length and Mass 
The length and mass of EDL muscles from all three age groups are shown in (Table 2.1). In the 

peri-ambulatory age group, there was no difference in EDL weights between mdx mice and 

littermate controls. There was no difference in EDL mass between dystrophic and littermate control 

muscle in the adult group. At 58-112 weeks there was an increase in EDL muscle mass as has been 

previously reported (Lynch et al., 2001b), the dystrophic EDL is significantly heavier, having 

hypertrophied with the hypertrophic response being largely attributed to the complex fibre 

branching present in most fibres (Head et al., 1992; Faber et al., 2014). 

 

Table 2.1: Statistical analysis for genotype and age of the length and mass for EDL (Extensor 

digitorum longus) muscles from test groups 2-3 weeks (n=13 control; n=8 mdx), 6-9 weeks (n=10 

control; n=13 mdx) and 58-112 weeks (n=15 control; n=12 mdx). All data shown are ± SD. 

Twitch kinetics 
With respect to the genotype, the pre-necrotic peri-ambulatory mdx mouse group were significantly 

quicker to peak and relax, while there were no differences in post ambulatory groups. However, the 

peri-ambulatory group was significantly slower to peak and relax, when compared to the post 

Control MDX Control MDX Control MDX
Sample size 13 8 10 13 15 12
Mass (mg) 3.8 ± 0.5 3.6 ± 0.3 10.8 ± 0.2 12.1 ± 0.5 13.2 ± 0.6 15.7 ± 1.0
Length (mm) 11 ± 0.3 10.5 ± 0.3 13.2 ± 0.1 12.8 ± 0.2 13.4 ± 0.2 13.5 ± 0.2

2-3 weeks 6-9 weeks 58-112 weeks 2-3/6-9 weeks 2-3/58-112 weeks 6-9/58-112 weeks
Mass (mg) NS NS 0.0102 <0.0001 <0.0001 <0.0001
Length (mm) NS NS NS <0.0001 <0.0001 NS

6-9 weeks 58-112 weeks2-3 weeks

MDX vs Control Age effect
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ambulatory groups (Table 2.2). In the post-ambulatory period, there was no difference in twitch 

kinetics with adults compared to old mice. 

 

Table 2.2: Statistical analysis for genotype and age of single twitch kinetics for EDL (Extensor 

digitorum longus) muscles from test groups 2- 3 weeks (n=13 control; n=8 mdx), 6-9 weeks (n=10 

control; n=13 mdx) and 58-112 weeks (n=15 control; n=12 mdx). All Data shown are ± SD. 

Maximum Isometric force 
The initial maximum force production, Po, is shown in Figure 2.1A. With regard to dystrophic 

genotype peri-ambulatory, there was no difference in maximal force whereas in the ambulatory 

necrotic period the mdx EDL produced significantly less force. In terms of age there is a progressive 

and very significant increase in force as the animal age. This is to be expected as the muscle grows 

in size due to an increase in overall fibre area (hypertrophy). Interestingly this increase is also 

evident in the old mdx EDL, 58-112 weeks, illustrating that the branched fibres contribute to 

maintaining force output from the diseased muscle. 

Control MDX Control MDX Control MDX
Sample size 13 8 10 13 15 12
Time to peak (ms) 32.5 ± 1.1 28.3 ± 1.1 26.7 ± 0.7 28.5 ± 0.9 28 ± 0.4 26.4 ± 0.6
Half Relaxation Time (ms) 38.6 ± 2.5 28.7 ± 4.2 18.0 ± 0.8 21.9 ± 1.5 25.0  ± 1.4 24.4 ± 1.9
Twitch force (mN) 14.9 ± 1.5 11.5 ± 2.2 44.8 ± 2.8 38.1 ± 2.8 80.6 ± 4.5 73 ± 4.9

2-3 weeks 6-9 weeks 58-112 weeks 2-3/6-9 weeks 2-3/58-112 weeks 6-9/58-112 weeks
Time to peak (ms) 0.0039 NS NS 0.0013 <0.0001 NS
Half Relaxation Time (ms) 0.0098 NS NS <0.0001 <0.0001 NS
Twitch force (mN) NS NS NS <0.0001 <0.0001 <0.0001

6-9 weeks 58-112 weeks2-3 weeks

MDX vs Control Age effect
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Figure 2.1: Absolute force and force frequency relationships. A). A scatter plot of the maximum 

force generated by the EDL (Extensor digitorum longus) from test groups 2-3 weeks (n=12 control; 

n=7 mdx), 6-9 weeks (n=10 control; n=13 mdx) and 58-112 weeks (n=13 control; n=10 mdx) in each 

group the horizontal line indicates the mean value, filled circles are mdx mice and unfilled circles 

are littermate control. Data shown are ± SD. Statistical differences displayed in the body of the 

graph are for genotype while statistical differences shown below the x-axis are age effects. B). 

Data traces, only 2, 15, 25, 37.5, 50, 75, 100Hz are shown for clarity, from a representative EDL 
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force frequency run (58-112 littermate control). C). The force-frequency plot generated from data 

illustrated in B. The line is fitted by the equation give in the methods, Kf is the frequency of 

stimulations required to generate 50% maximum force. 

Force-frequency curves are not different with respect to age or genotype 
An example of raw force frequency data is shown in Figure 2.1B. A representative force frequency 

curve generated from the recordings shown in Figure 2.1C the solid line is fitted using the 

sigmoidal equation given in the methods. These curves were generated for all age groups and 

genotypes. There were no differences in force-frequency parameters with respect to genotype or age 

(Table 2.3); this indicates that there have been no major fibre type changes with regard to myosin 

heavy chain isoforms, resulting from either dystrophy or age. 

 

Table 2.3: Statistical analysis for genotype and age of force frequency parameters before and 

after each isometric/eccentric sequence for EDL (Extensor digitorum longus) muscles from test 

groups 2-3 weeks (n=12 control; n=7 mdx), 6-9 weeks (n=10 control; n=13 mdx) and 58-112 weeks 

(n=13 control; n=10 mdx). All data shown are ± SD. NS refers to not significantly different. 

Isometric contraction force loss is greatest in the old mdx EDL group 58-112 weeks 
The absolute force of each of the series of 10 isometric contractions is plotted it can be seen that the 

‘old’ mdx EDL group showed a marked decline in maximum force (Figure 2.2A). Figure 2.2B-D 

shows examples of representative raw data traces from each group, once again note the biggest 

Control MDX Control MDX Control MDX
Sample size 12 7 10 13 13 10
Initial force frequency
Half Frequency (Hz) 22.0 ± 2.2 26.0 ± 5.0 34.8 ± 2.0 30.5 ± 2.8 32.3 ± 1.0 35.0 ± 1.4
Hill Coefficient 2.0 ± 0.6 4.1 ± 3.0 4.5 ± 1.1 3.9 ± 1.2 3.7 ± 0.4 4.0 ± 0.7
After isometric
Half Frequency (Hz) 24.7 ± 2.8 25.0 ± 7.4 37.0 ± 3.3 31.7 ± 3.0 35.5 ± 1.0 35.9 ± 2.6
Hill Coefficient 2.8 ± 0.8 3.7 ± 3.3 4.7 ± 1.8 3.8 ± 1.2 4.3 ± 0.7 4.8 ± 1.5
After EC10%
Half Frequency (Hz) 25.5 ± 4.0 27.9 ± 8.2 39.1 ± 3.9 29.0 ± 4.4 39.0 ± 1.6 37.5 ± 9.0
Hill Coefficient 2.8 ± 1.2 4.2 ± 4.3 4.9 ± 2.3 3.3 ± .4 4.1 ± 0.7 3.8 ± 3.7
After EC20%
Half Frequency (Hz) 28.9 ± 5.9 30.0 ± 9.0 39.0 ± 4.0 30.3 ± 6.3 42.9 ± 2.4 40.4 ± 11.1
Hill Coefficient 3.0 ± 1.6 4.4 ± 4.8 4.7 ± 2.6 2.9 ± 1.6 4.4 ± 1.1 4.0 ± 4.4

2-3 weeks 6-9 weeks 58-112 weeks 2-3/6-9 weeks 2-3/58-112 weeks 6-9/58-112 weeks
Initial force frequency
Half Frequency (Hz) NS NS NS NS NS NS
Hill Coefficient NS NS NS NS NS NS
After isometric
Half Frequency (Hz) NS NS NS NS NS NS
Hill Coefficient NS NS NS NS NS NS
After EC10%
Half Frequency (Hz) NS NS NS NS NS NS
Hill Coefficient NS NS NS NS NS NS
After EC20%
Half Frequency (Hz) NS NS NS NS NS NS
Hill Coefficient NS NS NS NS NS NS

MDX vs Control Age effect

6-9 weeks 58-112 weeks2-3 weeks
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force drop occurs in ‘old’ mdx EDL. Figure 2.2E plots the total cumulative force loss resulting from 

the 10 isometric contractions. Pre-necrotic peri-ambulatory mdx EDL muscles lost significantly 

more force compared to littermate controls, while adult (corresponding to the peak of myonecrosis) 

dystrophic EDL did not lose significantly more force than littermate controls. 
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Figure 2.2: Force loss during isometric contractions at 125Hz. A). Shows the force drop with each 

isometric contraction, there is a 60 second rest period between each contraction to minimise the 

effect of fatigue, error bars have been omitted for clarity (For 2-3 week group n=9 control; n=7 

mdx mice, 6-9 week group n=9 control; n=13 mdx mice and 58-112 week group n=13 control; n=10 

mdx mice). The largest drop is evident in the old mdx EDL (Extensor digitorum longus) 58-112-

week group. (B-D), Representative 125Hz tetanic force data traces from each of the mdx mice and 

littermate control groups 2-3 weeks, 6-9 weeks and 58-112 weeks. E.) A bar graph showing the 

cumulative force loss in each of the groups. In each group the first (blue) bar is littermate control 

and the second (red bar) is mdx, statistical differences for genotypes are shown in the graph, data 

shown are ± SD (For 2-3 week group n=9 control; n=7 mdx mice, 6-9 week group n=9 control; n=13 

mdx mice and 58-112 week group n=13 control; n=10 mdx mice). 

Eccentric contraction damage and work done 
We calculated the work done as the area under the force curve during the active lengthening phase 

of the EC (Brooks et al., 1995), (Figure 2.3A). Figure 2.3B illustrates, with the exception of the 

peri-ambulatory animals undergoing 10% stretch, the work done during the EC was significantly 

greater in the age matched littermate controls compared with the dystrophic mdx muscle. There was 

also a significant age effect in both dystrophic and littermate controls with more work done in older 

animals. The fact that less work was done on mdx EDL muscle during eccentric contractions means 

that it is likely that the eccentric loss of force we report here is an underestimation. 
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Figure 2.3: Work done during eccentric contractions. A) Representative trace demonstrating work 

done during a 10% EC (eccentric contraction) from an old control EDL (Extensor digitorum longus) 

muscle. Isometric force (double headed arrow in top panel) and work done during lengthening 

phase (shaded grey) are marked out as parameters used for calculating the work done. The 

bottom panel is the length change used in the eccentric contractions in this study. B). Bar graphs 

showing the work done during 10% and 20% eccentric contractions from Lo (optimal length), in 

each of the groups 2-3 weeks (n=8 control; n=7 mdx), 6-9 weeks (n=9 control; n=13 mdx) and 58-

112 weeks (n=11 control; n=10 mdx) the blue bar represent littermate control and the red bar 
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represent mdx, statistical differences for genotypes are shown in the graph while statistical 

differences for age are given below the x-axis, data shown are ± SD. 

Correlation work done to force loss 
When we plotted the percentage of force lost against work done for the first 10% EC there was a 

linear increase for both age and genotype with the marked exception of the old mdx EDL, where 

strikingly the slope was negative (Figure 2.4). 

 

Figure 2.4: The correlation of force loss to work done for mdx mice and littermate control in 

each of the groups 2-3 weeks, 6-9 weeks and 58-112 weeks. This is decoupled in the old 58-112 

week mdx EDL (Extensor digitorum longus) group as evidenced by the negative slope. (For 2-3 

week group n=8 control; n=7 mdx mice, 6-9 week group n=9 control; n=13 mdx mice and 58-112 

week group n=11 control; n=10 mdx mice). For clarity 2-3 week group has been separated for this 

figure (see Supplementary Figure 2.1). 

Force drop for each eccentric contraction 
The force drop for each EC is shown in Figure 2.5A. In all age groups mdx EDL lost more force 

during the EC protocol than control (Figure 2.5). However, the most striking result is that the old 

mdx EDL lost the majority of their force production capacity on the first EC (Figure 2.5I and J 

compared to C,D), thereafter the eccentric contractions in old mdx EDL muscle were basically 

passive stretches (Figure 2.5I compared with littermate aged controls Figure 2.5H). Eccentric 

damage in old mdx EDL appears to be a mechanistically different process to that occurring in both, 

younger mdx mouse group and all littermate control groups.  
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Figure 2.5: Percentage force losses resulting from a series of six ECs (eccentric contractions), 

three at 10% excursion from Lo (optimal length) and three at 20% excursion from Lo. Forces were 

normalized in each group with Pmax (maximum force)=100%. A). XY plot of EDL (Extensor digitorum 

longus) force loss for mdx mice and littermate control in each of the groups 2-3 weeks (n=8 

control; n=7 mdx mice), 6-9 weeks (n=9 control; n=13 mdx mice) and 58-112 weeks (n=11 control; 

n=10 mdx mice). On the first contraction a large and abrupt drop is evident in old mdx EDL, data 

shown are ± SD. B,E and H). Represented force tracings from littermate controls of three 
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consecutive eccentric contractions at 10% excursion from Lo. C, F and I). Three consecutive 

eccentric contractions at 10% excursion from Lo. D,G and J). Dot plots of the statistical difference 

in force loss with the first 10% eccentric contraction. In each group filled circles represent 

littermate control and filled squares, mdx. Statistical differences for genotypes are shown in the 

graph, and horizontal line in each dot group shows the mean value. (For 2-3 week group n=8 

control; n=7 mdx mice, 6-9 week group n=9 control; n=13 mdx mice and 58-112 week group n=11 

control; n=10 mdx mice). Additionally, the age range of old mdx mice shown in Figure 5J has been 

split into (58-80 weeks/81-112 weeks) and graphed to illustrate that two separate populations do 

not exist in our old group with respect to injury (see Supplementary Figure 2.2). 

 

Stiffness 
Figure 2.6 shows the increase in stiffness with age in EDL and also the significant increase in 

stiffness shown by the two older mdx EDL groups compared to age matched littermate controls. In 

the peri-ambulatory pre-necrotic group there was no difference in stiffness between dystrophic mdx 

EDL muscles and littermate controls. Once mice started walking, triggering the phase of necrosis in 

dystrophic animals, there was a significant increase in stiffness of mdx EDL muscles from the adult 

age group. This increase in the stiffness of mdx EDL compared to littermate controls was even more 

marked in dystrophic mdx EDL muscles from the old age group. This age linked increase in 

stiffness in mdx EDL is correlated with the appearance and increase in branched fibres (Figure 2.7) 

effectively increasing the number of shorter fibres in the muscle which has been postulated to 

increase muscle stiffness (Lieber, 2011). 
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Figure 2.6: Bar graphs showing muscle stiffness, in each of the groups 2-3 weeks (n=8 control; n=7 

mdx), 6-9 weeks (n=9 control; n=13 mdx) and 58-112 weeks (n=11 control; n=10 mdx) the blue bar 

represent littermate control and the red bar, mdx, statistical differences for genotypes are shown 

in the graph while statistical differences for age are given below the x-axis, data shown are ± SD. 

Light microscope morphology of enzymatically isolated single fibres 
Figure 2.7 shows the number and complexity of fibre branching found in mdx EDL. Single 

enzymatically isolated EDL fibres from littermate control animals showed <1% branching in all 

three age groups (data not shown, representative image in Figure 2.7D). In the peri-ambulatory mdx 

EDL muscles there is no branching (Figure 2.7A1-4), and all the intact fibres counted had 

peripherally situated nuclei (data not shown). In the adult age group around 60% of the fibres are 

branched, the branching is relatively simple, around 50% comprising one or two branches per fibre 

(Figure 2.7B1-4). By 58-112 weeks of age nearly all fibres show complex branching patterns with 4 

or more branches per fibre (Figure 2.7C1-5). Figure 2.7E shows the number of branched fibres in 

each of the three mdx mouse age groups which illustrates the marked increase in the number and 

complexity of branched fibres with aged mdx EDL: (Note these counts represent all fibres counted 

and there are no error bars). Figure 2.8 shows some examples of medium magnification (X100) 

light microscope images from the old mdx EDL age group where the branch points can be seen at 

higher resolution and contrast. The branching pattern in these fibres ranges from no branching 

(Figure 2.8C), simple bifurcation branching toward the end of a fibre (Figure 2.8A) to multiple 

branches (Figure 2.8B-E). Figure 2.9 shows high magnification (X400) photomicrographs of branch 

points in old EDL mdx fibres, these are single field of view photomicrographs of branch points. 
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Figure 2.7: Montage of low power images of enzymatically digested EDL (Extensor digitorum 

longus) muscle fibre segments (note in panels A-D the fibres have been stitched together at the 

same magnification from photomicrographs taken from overlapping fields of view to capture a 

larger portion of the fibre). Additionally, the background has been adjusted to remove debris from 

the digest. To see images with no back adjustment, see Figures 2.8-2.10. A). Representative fibres 

from peri-ambulatory pre-necrotic 2-3 weeks mdx EDL. All fibres 1-4 are straight fibres with no 

branching. B). Fibres from the florid phase of peak fibre necrosis 6-9 weeks mdx EDL fibre 1 has 

two small branches, fibres 2-3 have a single small side branch, fibre 4 has a bifurcation the top 

branch of which has an additional small side branch. C). Fibres from old mdx EDL 58-112 weeks all 

fibres (1-5) show extensive branching that split into multiple heads that can re-join back with the 

original fibre. D). A representative old 58-112 weeks’ littermate control fibre it’s a straight fibre 
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with no branches. E). Presents the degree of fibre branching as a percentage of all fibres by 

categorizing them based on number of branch points. Control data was omitted due to very low 

presence of fibre branching, less than 1% Note this is a bar graph of all fibres counted, (For 2-3 

week group n=108 mdx fibres, 6-9 week group n=669 mdx fibres and 58-112 week group n=672 

mdx fibres) and as such is an absolute measure. 

 

Figure 2.8: Montage of photomicrographs taken at X100 magnification of enzymatically digested 

muscle fibre segments from old mdx EDL (Extensor digitorum longus) 58-112 weeks. Fibres A, B, D 

and E show extensive branching and major branch nodes are illustrated by arrows in the 

photomicrograph montages. C). A rare example of an old mdx EDL fibre with no obvious branches, 

this fibre has been damaged and regenerated as indicated by the presence of centrally located 

nuclei * in the montage. The scale bar bottom right in C applies to A-E. These photomicrographs 

have been contrast adjusted. 
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Figure 2.9: Single photomicrographs take at high power (X400) of muscle fibre segments from 

old mdx EDL (Extensor digitorum longus) 58- 112 to visualise the branch nodes, indicated by 

arrows in the photomicrographs. A) The main body of a large diameter fibre divides into 4 

branches. B) An example of a simple Y shaped branch. C) An example of a large diameter fibre 

than shown in B bifurcating. D) Complex branching in a large diameter fibre. E) An example of a 

commonly seen small side loop. F) A trident branch. G-I) Y shaped branches of varying diameters. 

Scale bar in I applies to A-I. These photomicrographs have been contrast adjusted. 

Light microscope morphology observations of enzymatically isolated fibres from old post- 
eccentric contraction show broken fibre branches 
In order to test our hypothesis that the abrupt loss of force experienced by the old mdx mouse age 

group on the first EC is due to mechanical ripping and/or rupture of fibre branches, we 

enzymatically liberated fibres after the EC protocol had been performed, where the muscles had lost 

around 80% of their force (Figure 2.10). While it was not practicable to quantify these observations, 

we were able to identify fibres which were damaged or apparently broken at the branch points 

(Figure 2.10A-I), cartoon insets bottom left of each panel A-I show the position of the presumptive 

branched fibre break highlighted in red. These are single images taken of a single microscopic field 

of view at X100, apart from Figure 2.10B which is X400. This type of damage was not evident in 

digests for fibres in the same age group which had not undergone the EC protocol (images not 
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shown) and supports our hypothesis that in old mdx EDL branched points are the sites of acute 

ripping or membrane rupture. Figure 2.10A shows a rupture of a small diameter side loop, Figure 

2.10B is the same fibre at higher magnification. Figure 2.10C shows a break in a larger diameter 

side loop. 

Figure 2.10D is a break in a small diameter side loop. Figure 2.10E shows multiple breaks in a 

range of branches present on the same fibre. Figure 2.10F a side branch of a simple Y shaped 

bifurcation appears broken. Figure 2.10G shows damage associated with the ends, a trident style 

triple branch. Note the nodes of hypercontraction (in red on cartoon insert), are indicative of 

membrane rupture. Figure 2.10H shows a rupture in one arm of a Y shaped branch. Figure 2.10I 

shows damage at the ends of both arms of a bifurcated branch. Once again note the nodes of hyper 

contracture (in red on cartoon insert), a marker of membrane damage. 

 

Figure 2.10: Single photomicrographs taken of muscle fibre segments from post-eccentric 

contraction digests of old mdx EDL (Extensor digitorum longus) 58-112 weeks to visualise 

breakages and damage at branch nodes (all at X100 except B which is X400). The cartoon inserts 

bottom left of each photomicrograph show the areas of EC (eccentric contraction) rupture, break 

points illustrated in red. A). Break in side loop. B). Same break as in shown in A) at higher 

magnification of X400. C). Rip in large side loop and a break in a thin side branch. D). Rip in a small 
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side loop and a break in a thick side branch. E). Multiple tears in a complexed syncytium of 

branches. F). Break in small arm of a Y shaped bifurcation. G). Super contraction at two large ends 

of a damaged trident. H) Broken segment of a large diameter side arm branch. I). Super 

contraction at ends of a damaged Y bifurcation. All photomicrographs have been contrast 

adjusted. 

Confocal microscope images of cleared intact muscles from old non-eccentrically and post- 
eccentric contracted muscle 
A confocal microscope was used to visualise individual fibres ‘in situ’ within a cleared intact EDL 

muscle in order to visualise the arrangement of the fibre branches. Figure 2.11A is from an mdx 

EDL muscle from the old age group. An arrow indicates fibre branches while an asterisk shows 

central nuclei. It is clear in this representative picture from a non-eccentrically contracted muscle 

that fibre branches are aligned along the longitudinal axis of the muscle. 

Branches do not interdigitate into the muscle. Figure 2.11B a section from non-eccentrically 

contracted old littermate control EDL muscle containing parallel groups of fibres with no branches 

or evidence of central nucleation. Figure 2.11C shows a segment of old littermate control muscle 

post-EC protocol with the fibres displaying evidence of the stress, but no evidence of acute 

membrane lesions. Figure 2.11D-F are sections of muscle post-eccentric protocol from old mdx 

EDL where large scale fibre tearing, rupture and separation is evident. Figure 2.11D shows fibre 

segments that are intact, the arrow indicates a fibre with a loop branch which is qualitatively very 

similar to the loop seen in the single enzymatically digested fibre in Figure 2.9E. In Figure 2.11E-F 

rips appear at branch points, marked by asterisks. Arrows indicate areas of complexed branching in 

the fibres. Figure 2.11E shows a clear example in the middle of a hole or void where there is an 

absence of muscle tissue. Figure 2.11G,H shows a post-eccentrically contracted control muscle 

from the adult group where the force loss occurs incrementally with <5% loss on the first 

contraction and around 50% by the 6th contraction (Figure 2.5A,E-G). The fibres are wavy but 

there is no evidence of large areas of mechanical tearing, rips or ruptures. Figure 2.11I,J show 

sections of non-eccentrically contracted mdx EDL and as expected from this florid necrotic period 

there are necrotic fibres (indicated by the asterisks). The evidence from cross sections and confocal 

studies of the intact cleared muscles containing branched fibres seems to show no increase of the 

angulation in the sense that the branched fibres do not appear to interdigitate with other fibres 

instead the branches always seem to be aligned in parallel along the longitudinal axis of the fibre 

trunk from which it originated. 
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Figure 2.11: Confocal images taken from cleared EDL (Extensor digitorum longus) muscles from 

A-F) Old group 58-112 weeks. A) Group of muscle fibres from an mdx EDL pre-EC (eccentric 

contraction), the arrows show branch points and asterisk indicates centrally located nuclei; B) 

Group of muscle fibres from a control muscle pre- EC with no evidence of either branches or 

centrally located nuclei; and C) Group of muscle fibres from a control muscle post-EC. D-E) Cleared 
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mdx EDL muscle from the old group post-EC D) Arrow indicated a fibre loop. E) Asterisk indicates 

fibre rips which appear to have occurred at branches, the arrow shows multiple branching in a 

single fibre. F). Asterisks indicate a rupture point the arrows show complex fibre branching G-J) 

Muscles from 6-9 week group. G) Is a mdx fibre post-EC. H-J) Groups of muscle fibres from a mdx 

mouse pre-EC, asterisk indicate necrotic fibres. Scale bars all represent 20μm. 

 

2.6 Discussion 

We have demonstrated that fast-twitch EDL muscles of old dystrophic mdx mice are dramatically 

more susceptible to isometric and eccentric contraction-induced damage when compared with pre-

necrotic peri-ambulatory dystrophic mice and adult mice which are in the florid necrotic phase of 

fibre destruction. Furthermore, we showed a large component of eccentric damage in old mdx fibres 

occurs as an abrupt loss of force as a result of the first EC (Figure 2.5A,I,J); which is a markedly 

different aetiology to standard eccentric damage which is characterised by an incremental loss of 

force (Figure 2.5A,C,D,F,G). This is supported by a study of eccentric damage in the mdx Tibialis 

anterior muscle which showed dramatic force deficits in mdx TA after 8 months of age (Dellorusso 

et al., 2001). Another study on isolated mdx EDL muscle showed older mdx EDL (16 weeks) when 

subjected to a series of 10 eccentric contractions, lost 70% of its force in the first two contractions, 

compared to 20% in age matched controls. Younger one month old mdx mice lost less than 20% of 

its Po, which was not significantly different to age matched controls (Baltgalvis et al., 2011). 

Although these studies did not examine the status of fibre branching it is reasonable to conclude that 

the reported abrupt drop in force is a result of old mdx muscles reaching ‘tipping point’ in relation 

to fibre branching. In the present study, the normal incremental eccentric-induced force loss 

(Lieber, 2011; Froehner et al., 2014) is evident in the two young mdx mouse age groups and in all 

three age matched littermate control groups. In the old mdx EDL group the abrupt loss of force with 

the first EC is consistent with acute mechanical rupture, while in the two younger mdx mouse age 

groups, as indeed in all littermate control age groups, the eccentric force drop was incremental, as 

reported by others (Lieber et al., 1991; Lieber, 2011; Zhang et al., 2012; Morgan & Partridge, 

2020), and attributable to stretch sensitive ion channel malfunction, free radical damage, 

pathological Ca2+ entry and sarcomere popping, and not acute fibre rupture as we report here in old 

mdx EDL.  

Previous research has not noted significant break points in branches in non-eccentrically contracted 

branched fibres (Chan et al., 2007; Chan & Head, 2011). In the digests from the eccentrically 

contracted old branched fibres a population of branched fibres contained breaks, possibly due to the 
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fortuitously capturing/freezing of some of the branched fibres in the process of ripping (Figure 

2.10). We did not see evidence of these broken branched fibres in the younger mdx eccentrically 

contracted. These results support our earlier hypothesis that muscle fibre destruction in 

dystrophinopathies is a two stage process (Chan & Head, 2011). In the first stage the absence of 

dystrophin pathologically disrupts Ca2+ handling; triggering cycles of degeneration. The resulting 

regenerated fibres are increasingly branched, the branches themselves mechanically weaken the 

regenerated dystrophic fibres and can be foci of acute fibre rupture. There is a large body of work 

showing that the absence of dystrophin, both in humans and animals, results in the production of 

branched regenerated muscle fibres (Bell & Conen, 1968; Schmalbruch, 1984; Chan et al., 2007; 

Lovering et al., 2009; Head, 2010; Head, 2012b; Cooper & Head, 2014; Faber et al., 2014; 

Pichavant & Pavlath, 2014; Duddy et al., 2015). The number of branched fibres and the complexity 

of branching increase dramatically with age in dystrophic animals and humans (Bell & Conen, 

1968; Schmalbruch, 1984; Head et al., 1992; Bockhold et al., 1998; Chan et al., 2007; Chan & 

Head, 2011; Faber et al., 2014; Duddy et al., 2015). Here we provide evidence that the abrupt 

eccentric contraction-induced force loss in the old mdx mouse is correlated with muscle fibre 

rupture and tearing at branch points. This tearing was not evident in either of the two younger mdx 

mouse groups or any of the littermate control groups. The ‘tipping point’ hypothesis (see above) 

provides an explanation as to why old fast-twitch dystrophic muscles, in which the majority of 

fibres are branched, show little active pathology for a significant proportion of the animal’s lifespan 

even with the presence of branched fibres. However, in the terminal stage once ‘tipping point’ 

threshold is passed the extensive fibre branching will likely contribute to the  precipitous increase in 

mortality that occurs in mdx mice (Pastoret & Sebille, 1995; Chamberlain et al., 2007). The mdx 

model of DMD differs from DMD in boys; in that mouse pups are extremely active immediately 

post-weaning (4-9 weeks), and this heighted activity triggers a global wave of fibre necrosis in all 

dystrophin negative fast-twitch fibres, effectively coordinating the regeneration process in mdx. It is 

apparent that DMD skeletal muscle pathology in boys is staggered over a period of years after 

locomotor activity commences and due to delays associated with crawling etc. High levels of 

bipedal activity only commence once all the associated motor skills required for upright locomotion 

have been acquired. Thus in boys the branched fibre production is staggered, with increases of 

branched fibres being correlated with declining locomotor ability in human DMD (Schmalbruch, 

1984). 

Why is extensive branching damaging? 
Even though low levels of branching may indeed be a protective in response to muscle damage, we 

propose that once the number and complexity of branching reaches a certain level, the ‘tipping 

point’, the branching itself mechanically compromises fibres causing them to break at branch nodes 
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during contractile activity. Furthermore, as the size and complexity of branches increases there will 

be concomitant delay in sarcolemmal action potential transmission to the numerous smaller 

diameter side branches. This in turn, contributes to the propensity of these complex branched fibre 

units rupturing at branch nodes as a consequence of the asynchronous electrical activation of 

contraction within the branched syncytium (Head, 2010). This asynchronous activation of branches 

within a single malformed syncytium will be exacerbated in DMD because of the order of 

magnitude increase in the length of human muscle fibres; Human EDL fibre length 6.93cm ±1.14 

versus mouse EDL fibre length 0.58cm ±0.02 (Brooks & Faulkner, 1988; Lieber, 2011). It should 

be noted that while it’s possible that the release of muscle contents from broken fibres during the 

digest could damage adjacent fibres its unlikely to have significant long-term impact because the 

digested muscle bolus is removed from the digest solution and washed in Krebs which contains 

0.1% fetal calf serum inactivating cytokines and enzymes like collagenase, calpain I & II. 

Additionally, when the muscle bolus is transferred into low Ca2+ relaxing solution any remaining 

enzyme activity will be stopped as Ca2+ is required as a cofactor. 

Reducing the degree of fibre branching protects dystrophic muscle from damage. 
Further support to our hypothesis that extensive branching in itself mechanically weakens the 

dystrophic fibre (in addition to the loss of dystrophin) comes from two recent studies. Firstly, we 

demonstrate that a common null polymorphism (R577X) in the ACTN3 gene, protects the mdx mice 

from eccentric damage. Mechanistically, we show that this protection is associated with a decrease 

in the number and complexity of branched fibres in the Actn3 KO/mdx double knockout mouse 

(Hogarth et al., 2017). Secondly, Grace Pavlaths’ group have identified mouse olfactory receptor 23 

(mOR23) as a molecule that regulates muscle fibre branching in mice (Griffin et al., 2009). They 

found that fibre branching was reduced in regenerating muscles of mice overexpressing mOR23. 

When the mOR23 overexpressing mice were crossed with dystrophic mdx mice, there was a 

decrease in the incidence of fibre branching in dystrophin negative muscle and mechanistically this 

reduction in branching resulted in less contraction-induced damage. These findings that reduced 

branching was protective in the mdx mouse supports our hypothesis that branching in and of itself 

weakens dystrophic muscle (Chan et al., 2007; Head, 2010; Chan & Head, 2011; Head, 2012a, b). 

Summary 
Here we provide further evidence from post-eccentrically contracted digested single fibres from old 

mdx EDL muscles that damage occurs at the branches. These breaks were not seen in fibres 

digested from controls or the two young mdx mouse groups (Figure 2.10). We have also used the 

laser scanning microscope to illustrate that the type of damage present in post- eccentrically 

activated old mdx mouse muscles is due to acute ripping of branched fibres (Figure 2.11E,F). This 

is different to the picture presented on the post-EC protocol in the three control age groups and the 
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two young mdx mouse groups where there is evidence of fibre stress, wavy fibres, but no evidence 

of acute tears or rips (Figure 2.11C,G,H). 

 

2.7 Supplementary figures 

 

Supplementary 2.1: The correlation of force loss to work done for mdx mice and littermate 

control in 2-3 week age group. (For 2-3 week group n=8 control; n=7 mdx mice). 
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Supplementary 2.2: The age range of old mdx mice shown in Figure 5J has been split into (58-80 

weeks/81-112 weeks) and graphed to illustrate that two separate populations do not exist in our 

old group with respect to injury. 
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Chapter 3: Paper B- Dystrophin-negative slow-twitch soleus muscles are 
not susceptible to eccentric contraction-induced injury over the lifespan of 
the mdx mouse. 

3.1 Declaration 

This chapter is a reproduction of the published paper: 
Kiriaev L, Kueh S, Morley JW, Houweling PJ, Chan S, North KN & Head SI. (2021). Dystrophin-

negative slow-twitch soleus muscles are not susceptible to eccentric contraction-induced injury over 

the lifespan of the mdx mouse. Am J Physiol Cell Physiol 321, C704-c720 

DOI.10.1152/ajpcell.00122.2021 

Current status:  
Published 

Author contribution: 
The contributions of L.K to this paper was 70% and consisted of designing and performing the 

experiments, analysing the data and writing the paper.  

Note on format: 
The paper as presented in this chapter is a reproduction of the final manuscript that was accepted for 

publication. In reproducing this manuscript only the spelling, reference style and numbering style of 

figures and tables have been modified. This has been done to achieve consistency with the rest of 

the thesis. References are listed with all other references at the end of the thesis. The paper is 

reprinted in its published format in the ‘publications’ section at the end of the thesis.  

3.2 Abstract 

Duchenne muscular dystrophy is the second most common fatal genetic disease in humans and is 

characterized by the absence of a functional copy of the protein dystrophin from skeletal muscle. In 

dystrophin-negative humans and rodents, regenerated skeletal muscle fibres show abnormal 

branching. The number of fibres with branches and the complexity of branching increases with each 

cycle of degeneration/regeneration. Previously, using the mdx mouse model of DMD, we have 

proposed that once the number and complexity of branched fibres present in dystrophic fast-twitch 

EDL muscle surpasses a stable level, we term ‘tipping point’, the branches, in and of themselves, 

mechanically weaken the muscle by rupturing when subjected to high forces during eccentric 

contractions. Here we use the slow-twitch soleus muscle from the dystrophic mdx mouse to study 

pre-diseased ‘peri-ambulatory’ dystrophic at 2-3 weeks, the peak regenerative ‘adult’ phase at 6-9 

weeks and ‘old’ at 58-112 weeks. Using isolated mdx soleus muscles we examined contractile 

function and response to EC correlated with amount and complexity of regenerated branched fibres. 

The intact muscle was enzymatically dispersed into individual fibres in order to count fibre 
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branching and some muscles were optically cleared to allow laser scanning confocal microscopy. 

We demonstrate throughout the lifespan of the mdx mouse dystrophic slow-twitch soleus muscle is 

no more susceptible to eccentric contraction-induced injury than age matched littermate controls 

and that this is correlated with a reduction in the number and complexity of branched fibres 

compared to fast-twitch dystrophic EDL muscles. 

3.3 Introduction 

Duchenne muscular dystrophy is an X-linked recessive disorder that affects about one in 3,500 

males and is caused by mutations in the dystrophin gene resulting in an absence of a functional 

copy of the protein dystrophin from the inner surface of the sarcolemma (Koenig et al., 1987). The 

consequent pathology is characterized by progressive cycles of muscle degeneration/regeneration 

(Moser, 1984), with individuals living with DMD having a life expectancy of around 30 years with 

ventilator support (19 years without) (Landfeldt et al., 2020). Branched fibres are a well-

documented phenomenon of all regenerating skeletal muscle, including the muscular dystrophies 

(Chan & Head, 2011; Head, 2012b). In fact, it has been accepted that skeletal muscle fibre 

branching is a pathological sign of the progressive muscular dystrophies (Lovering et al., 2009; 

Pichavant & Pavlath, 2014). Branched fibres are found in the muscles of boys with DMD (Bell & 

Conen, 1968; Schmalbruch, 1984; Chan & Head, 2011; Cooper & Head, 2014) and in the muscles 

of old mdx mice, an animal model of DMD (Chan et al., 2007; Lovering et al., 2009; Head, 2010; 

Chan & Head, 2011; Buttgereit et al., 2013; Faber et al., 2014; Pichavant & Pavlath, 2014; Duddy 

et al., 2015). In boys with DMD, extensive fibre branching has been associated with a reduction in 

mobility (Bell & Conen, 1968). Several mdx mouse studies have investigated how the properties of 

branched fibres found in the dystrophinopathies differ from those of dystrophic fibres which have 

no branches. Lovering et al. (2009) demonstrated that, when stimulated by osmotic stress, mdx 

branched fibres have reduced SR Ca2+ release/clearance and are more susceptible to osmotic stress-

induced Ca2+ signalling dysfunction at branch points compared to unbranched mdx fibres. While 

Hernández-Ochoa et al. (2015), showed increased action potential time to peak and width observed 

in branched fibres as well as asymmetries in the amplitude of action potential-induced [Ca2+]in 

signals at branch points compared to the non-branched trunk segments of branched mdx fibres. In 

dystrophic fast-twitch muscle studies we and others have previously reported an association 

between the extent (and complexity) of fibre branching and susceptibility to damage from EC (Head 

et al., 1992; Chan et al., 2007; Head, 2010; Pavlath, 2010; Chan & Head, 2011). Our recent work 

on fast-twitch EDL skeletal muscle fibre branching in the mdx mouse (Kiriaev et al., 2018) showed 

that in EDL muscles from old dystrophic mice where over 95% of the fibres are branched with 

~70% of those having four or more branches, an abrupt loss of ~65% force occurred as a result of 

the first EC in a series of six. In contrast, EDL muscles from young peri-ambulatory mdx mice 
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contained largely pre-necrotic non-branched fibres and EDL muscles from adult mdx fibres with 

regenerated fibres being ~60% branched (most of which were relatively simple containing one or 

two branches per fibre), showed an incremental force drop during the six contraction eccentric 

procedure of which only ~12% was attributed to the first contraction. Furthermore, confocal images 

obtained from ‘cleared’ post-eccentrically contracted muscle showed evidence of broken branched 

fibres in the old EDL, while there was no evidence of broken or ruptured fibres in the two younger 

groups containing relatively little or no branching.  

Previous studies have shown that slow-twitch soleus muscles from mdx mice show little to no force 

loss following repeat bouts of eccentric contractions (Head et al., 1992; Moens et al., 1993; 

Consolino & Brooks, 2004; Head et al., 2004; Gumerson et al., 2010; Lindsay et al., 2019). Despite 

the absence of eccentric contraction-induced injury in mdx soleus muscle, the absence of dystrophin 

still causes degeneration and subsequent regeneration within the slow-twitch muscle. The well 

documented presence of centrally aligned nuclei in dystrophic soleus fibres is a strong indicator of 

the consequences of continual myofibre repair and regeneration in response to muscle breakdown 

(Carnwath & Shotton, 1987; Anderson et al., 1988; Coulton et al., 1988; Head et al., 1990; Head et 

al., 1992; Pastoret & Sebille, 1993; Tamaki et al., 1993; Lefaucheur et al., 1995; Lynch et al., 

2001a; Head et al., 2004; Schäfer et al., 2005; Duddy et al., 2015; Massopust et al., 2020). Other 

characteristics such as muscle hypertrophy without a proportional increase in muscle force and 

longer twitch contraction and relaxation times also suggest the dystrophic soleus has undergone 

bouts of muscle regeneration (Anderson et al., 1988; Coulton et al., 1988; Head et al., 1990; Head 

et al., 1992; Pastoret & Sebille, 1993; Lefaucheur et al., 1995; Lynch et al., 2001b; Head et al., 

2004). The cycles of degeneration and regeneration result in fibre branching in dystrophic soleus 

muscles (Head et al., 1990; Head et al., 1992; Tamaki et al., 1993; Head et al., 2004; Schäfer et al., 

2005). 

Using a combination of isolated muscle contractile measurements coupled with single fibre imaging 

and confocal microscope imaging of cleared whole muscle, we study the dystrophic slow-twitch 

muscle at three age groups that reflect different disease time points in the mdx mouse. Pre-diseased 

‘peri-ambulatory’ 2-3 weeks, the peak regenerative ‘adult’ phase at 6-9 weeks where muscles have 

undergone their first phase of myonecrosis (Carnwath & Shotton, 1987; Coulton et al., 1988; 

Pastoret & Sebille, 1995; Kornegay et al., 2012b; Faber et al., 2014; Pichavant & Pavlath, 2014; 

Duddy et al., 2015) and ‘old’ at 58-112 weeks. We aim to investigate the response of soleus 

muscles from dystrophic mdx mice to isometric and eccentric contractions over the lifespan of the 

mdx mouse and correlate this with the degree of fibre branching. 
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3.4 Methods 

Ethics approval 
Animal use was approved by the Western Sydney University Animal Care and Ethics Committee. 

A12346. These experiments were conducted in compliance with the animal ethics checklist and 

ethical principles under which the journal operates. 

Animals 
The majority of previous dystrophic muscle function studies used separate colonies of wild-type 

control and dystrophic mice which have been inbred for over 25 years introducing the possibility of 

new mutations to the groups. 

In this study, littermates are bred to act as control animals for dystrophic mice. These are 

genetically more appropriate controls for dystrophin studies as both dystrophin negative and 

positive animals are from identical genetic backgrounds (Bellinger et al., 2009). 

Male dystrophic mice with littermate controls were obtained from the Western Sydney University 

animal facility. The colony of dystrophic mice & littermate controls used in this study were second 

generation offspring of C57BL/10ScSn DMD (mdx) mice. These littermate controls were 

distinguished from dystrophic mice by genotyping. 

Mice from three age groups were used in this study: peri-ambulatory 2-3 weeks, adult (peak 

regenerative) 6-9 weeks and old 58-112 weeks of age. They were housed at a maximum of four to a 

cage in an environmentally controlled room with a 12h-12h light-dark cycle and had access to food 

and water ad libitum. The mice were housed according to Western Sydney University animal 

holding facility arrangements. 

A total of 63 male mice were used in this study (29 mdx mice and 34 littermate control mice) and 86 

soleus muscles, not all of which were used in every procedure. 

Muscle preparation 
Mice were placed in an induction chamber and overdosed with isoflurane delivered at 4% in oxygen 

from a precision vaporizer. Animals were removed when they were not breathing and a cervical 

dislocation was immediately carried out. The slow-twitch soleus muscle was dissected from the 

hind limb which was submerged in oxygenated Krebs solution at all times during the dissection. 

The dissected muscle was tied by its tendons from one end to a dual force transducer/linear tissue 

puller (300 Muscle Lever; Aurora Scientific Instruments, Canada) and secured to a base at the other 

end using 6-0 silk sutures (Pearsalls Ltd, UK). Each muscle was then placed in a bath containing 

Krebs solution (also used as dissection solution) with composition (in mM): 4.75 KCl, 118 NaCl, 

1.18 KH2PO4, 1.18 MgSO4, 24.8 NaHCO3, 2.5 CaCl2 and 10 glucose, 0.1% fetal calf serum and 
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bubbled continuously with carbogen (95% O2, 5% CO2) to maintain pH at 7.4. The muscle was 

stimulated by delivering a current between two parallel platinum electrodes, using an electrical 

stimulator (701C stimulator; Aurora Scientific Instruments). All contractile procedures were 

designed, measured and analyzed using the 615A Dynamic Muscle Control and Analysis software 

(Aurora Scientific Instruments). At the start of each experiment, the muscle was set to optimal 

length (Lo) which produces maximal twitch force. All experiments were conducted and muscle 

dissected at a room temperature of ~20-22°C. 

Initial maximum force 
An initial supramaximal stimulus was then given at 100Hz (1ms pulses) for 2 seconds and force 

produced recorded as Po, the maximum force output of the muscle at optimal/resting length Lo. 

Force frequency curve 
Force-frequency curves were generated to measure muscle contractile function throughout the 

study. Trains of 1ms pulse stimuli given at different frequencies (2, 15, 25, 37.5, 50, 75 and 100Hz) 

were given for 2 seconds and the force produced measured. A 30s rest was allowed between each 

frequency. A sigmoid curve relating the muscle force (P) to the stimulation frequency (f) was fitted 

by linear regression to this data. 

The curve had the equation: 

From the fitted parameters of the curve, the following contractile properties were obtained: Force 

developed at minimal (Pmin) and maximal stimulation (Pmax) at the conclusion of the force frequency 

curve. Half-frequency (Kf) is the frequency at which the force developed is at half the sum of (Pmin) 

and (Pmax). Hill coefficient (h) which quantifies the slope of the muscle force frequency sigmoidal 

curve. These were used for population statistics. 

The force frequency curve was generated before and after the isometric protocol as well as in 

between each eccentric strain sequence. 

Isometric contractions 
After the initial force frequency, the muscle was subjected to 10 consecutive isometric (fixed-

length) supramaximal tetanic contractions, each lasting 1s and separated by a 60s rest. Stimulus 

pulses within the 1s tetanus were 0.5ms in duration and were delivered at a frequency of 100Hz. 

This protocol is based on the sequence used by Brooks’ laboratory (Claflin & Brooks, 2008). 



109  

Eccentric contractions 
A series of eccentric (lengthening) contractions where the contracted muscle was stretched 10% and 

then 20% from Lo. At t=0, the muscle was stimulated via supramaximal pulses of 1ms duration and 

100Hz frequency. At t=0.9s, after maximal isometric force was attained, each muscle was stretched 

10 or 20% longer than their optimal length. The muscle was then held at this length for 2s. 

Electrical stimulus was stopped at t=5s. At intervals of 3 minutes the EC procedure was repeated 3 

times at 10% stretch then 3 times at 20% stretch with 10 minutes recovery after the last EC. 

Work done  
Work is an energy quantity given by force times distance, this was used to measure the amount of 

work done during the eccentric contractions. The work done to stretch the muscle was calculated 

from the force tracings by multiplying the area underneath the lengthening phase of the force 

tracing with the velocity of lengthening. (Brooks et al., 1995) examined the effect of various 

parameters on the force deficit produced by eccentric contractions and found that the work done to 

stretch the muscle during the lengthening phase of an EC was the best predictor of the magnitude of 

the force deficit.   

Muscle mass and cross-sectional area 
After contractile procedures were completed, the muscle was removed from the organ bath and 

tendons trimmed. Each soleus was blotted on filter paper and weighed. Physiological cross-

sectional area (PCSA) was calculated through dividing the wet muscle mass by the product of its 

length and mammalian muscle density. Specific muscle force was obtained through dividing raw 

force values by cross-sectional area. When normalizing force using a calculation of cross-sectional 

area in mouse soleus many studies use a correction factor to allow for fibre length (Lf). We chose 

not to in the present study because: 

(i) There is considerable variation in the literature as to the value of Lf/Lo in mouse soleus muscle 

with a ratios of 0.68, 0.70, 0.80 and 0.85 being used (Crow & Kushmerick, 1982; Brooks & 

Faulkner, 1988; James et al., 1995; Tallis et al., 2012). Depending on which one is adopted, widely 

varying values for specific force will be obtained. In this study we were not primarily concerned 

with the actual values of the specific force; we were mainly interested in seeing whether it differed 

between the ages and genotype. 

(ii) As we show here branched fibres are found in the dystrophic muscles, and the 

measurement of fibre length becomes especially problematic in branched fibres. The 

application of a uniform Lf/Lo across the whole muscle might not be valid due to the different 

geometry of branched fibres and unbranched fibres. It is not clear how the length of the fibre would 
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be defined. It is possible that some other method of estimating total fibre cross-sectional area (CSA) 

is necessary in a muscle containing branched fibres. 

However, we did normalize forces with respect to an estimate of physiological cross-sectional area, 

according to the equation CSA=MM/(Lo*D), where MM is the muscle mass, Lo is the optimal 

length and D is the density of skeletal muscle (1.06 g/cm3), to enable us to compare muscle of 

differing sizes and weights (Hayes & Williams, 1998). However, still not ideal as we are assuming 

that the muscle density is unaltered by fat and connective tissue infiltration which is particularly 

problematic in the old dystrophic animals, shown to have extensive accumulation of connective 

tissue and some fat infiltration (Pastoret & Sebille, 1995). Instances where specific force has been 

calculated per PCSA have also been corrected to muscle mass in supplementary figures (See 

Supplementary Figure 3.1). 

Skeletal Muscle single fibre enzymatic isolation and morphology 
Muscles were digested in Krebs solution (without FCS) containing 3 mg/ml collagenase type IV A 

(Sigma Aldrich, USA), gently bubbled with carbogen (95% O2, 5% CO2) and maintained at 37°C. 

After 25 minutes the muscle was removed from solution, rinsed in Krebs solution containing 0.1% 

fetal calf serum and placed in a relaxing solution with the following composition (mM): 117 K+, 36 

Na+, 1 Mg2+, 60 Hepes, 8 ATP, 50 EGTA (Note: internal solution due to chemically skinning by 

high EGTA concentration). Each muscle was then gently agitated using pipette suction, releasing 

individual fibres from the muscle mass. Using a pipette 0.5ml of solution was drawn and placed on 

a glass slide for examination. Where a long fibre covered several fields of the microscope view a 

series of overlapping photomicrographs were taken and these were then stitched together using the 

Coral draw graphic package. A total of 1324 fibres from 16 soleus muscles were counted; 442 

fibres from 7 controls and 882 from 9 dystrophic muscles. Only whole fibres were selected for 

counting. A random selection of fibres isolated from both contracted and non-contracted muscles in 

all age groups, muscle types and test groups were taken for generating morphology data. 

Cleared whole muscle confocal imaging 
Muscles were fixed in 4% paraformaldehyde solution in phosphate buffered saline solution (Chem 

Cruz, USA) overnight at 4°C and dehydrated through a series of ethanol baths at increasing 

concentrations 30%, 50%, 80%, 90% and 100% v/v for 30 min at each concentration. The muscles 

were cleared in 10ml of methyl salicylate (Sigma-Aldrich) and stored until imaging. 

Autofluoresence imaging was captured using an LSM800 with Airyscan Confocal Microscope 

equipped with Axio Observer 7 inverted optical microscope (Carl Zeiss MicroImaging, Jena, 

Germany), without the requirements for staining. Autofluoresence were strongest when excited with 

a 488 laser. Images were acquired, processed, and exported using the ZEN (Blue) 2.6 software. A 
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random selection from both contracted and non-contracted muscles in all age groups, muscle types 

and test groups were taken for generating morphology data.  

Statistical analyses 
Data was presented as means ± SD, Differences occurring between genotypes and age groups were 

assessed by two-way ANOVA (or one where specified) with genotype being one fixed effect and 

age groups the other, interaction included. Post hoc analysis was performed using Sidak’s multiple 

comparisons test. All tests were conducted at a significance level of 5%. All statistical tests and 

curve fitting of force frequency curves were performed using a statistical software package Prism 

(GraphPad, USA). 

3.5 Results 

Mass, length and physiological cross-sectional area 
The length, mass and estimated physiological cross-sectional area of soleus muscles from all three 

age groups are shown in Table 3.1. Between groups a significant age related increase in soleus mass 

(F (2, 63) =156, P<0.0001) and length (F (2, 63=57.78, P<0.0001) can be observed throughout the 

development of the mice. The peri-ambulatory group had significantly larger dystrophic soleus 

muscles compared to littermate control animals (MD 1.462, 95% CI [1.02, 3.943], P=0.005). There 

were no significant differences in soleus mass once mice reached the adult stage, the increase in 

muscle mass at 2-3 weeks and progressive stall during 6-9 weeks was also reported in other studies 

(Pastoret & Sebille, 1995; Selsby et al., 2012). However, in old mice dystrophic soleus muscles 

were significantly heavier (MD 3.813, 95% CI [1.167, 6.458], P=0.0023) as previously documented 

(Hayes & Williams, 1998; Lynch et al., 2001b).  

 

Table 3.1: Statistical analysis for genotype and age of the mass, length and PCSA (physiological 

cross-sectional area) for soleus muscles from test groups 2-3 weeks (n=12 control; n=10 mdx), 6-9 

weeks (n=12 control; n=15 mdx) and 58-112 weeks (n=8 control; n=12 mdx). All Data shown in the 

upper portion are mean ± SD. Table lower portion reporting P-values show genotype and age 

effects assessed by two-way ANOVA, post hoc analysis using Sidak’s multiple comparisons test. NS 

labelled for no statistical significance found between groups.  

Control MDX Control MDX Control MDX
Sample size 12 10 12 15 8 12
Mass (mg) 2.6 ± 0.5 4.1 ± 1.5 9.5 ± 1.6 10.8 ± 1.9 14.5 ± 3.5 18.3 ± 3.8
Length (mm) 9.9 ± 1.0 9.2 ± 1.0 12.0 ± 0.5 11.7 ± 0.6 11.6 ± 0.7 11.4 ± 0.8
PCSA (mm2) 0.25 ± 0.06 0.41 ± 0.1 0.74 ± 0.1 0.88 ± 0.2 1.2 ± 0.3 1.5 ± 0.4

2-3 weeks 6-9 weeks 58-112 weeks 2-3/6-9 weeks 2-3/58-112 weeks 6-9/58-112 weeks
Mass (mg) 0.005 NS 0.0023 <0.0001 <0.0001 <0.0001
Length (mm) NS NS NS <0.0001 <0.0001 NS

2-3 weeks (Periambulatory) 6-9 weeks (Peak regenerative) 58-112 weeks (Old)

MDX vs Control Age effect
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Twitch force and kinetics 
The muscle twitch force and kinetics are displayed for all three age groups (Table 3.2). No 

significant differences were observed in absolute twitch force between mdx and littermate controls. 

There was a progressive and significant increase in twitch absolute force production as the animals 

age (F (2, 61) =41.47, P<0.0001), to be expected as the muscle grows heavier and longer. When 

corrected for physiological cross-sectional area, dystrophic soleus muscles produced less twitch 

specific force than control counterparts in both peri-ambulatory (MD -27.68, 95% CI [-41.94, -

13.43], P<0.0001) and old mice (MD -15.93, 95% CI [-31.12, -0.727], P=0.0372). The soleus twitch 

specific force produced by the peri-ambulatory group was significantly higher compared to the post 

ambulatory groups (F (2, 61) =18.47, P<0.0001) (Table 3.2) attributable to the low muscle mass in 

younger animals.  

With respect to the genotype, there were no twitch kinetic differences in all age groups. However, 

the twitch profile in the peri-ambulatory group was significantly slower to peak, when compared to 

the post ambulatory groups (F (2, 61) =19.06, P<0.0001) (Table 3.2). In the post-ambulatory period 

there was no significant difference in twitch kinetics with adults compared to old mice. 

 

 

Table 3.2: Statistical analysis for genotype and age of twitch kinetics, twitch absolute force and 

twitch specific force for soleus muscles from test groups 2- 3 weeks (n=12 control; n=10 mdx), 6-9 

weeks (n=12 control; n=13 mdx) and 58-112 weeks (n=8 control; n=12 mdx). All Data shown are 

mean ± SD. Table lower portion reporting P-values show genotype and age effects assessed by 

two-way ANOVA, post hoc analysis using Sidak’s multiple comparisons test. NS labelled for no 

statistical significance found between groups. 

Maximum Isometric force 
The initial maximum force production, Po, is shown in Figure 3.1A. Old dystrophic soleus muscles 

demonstrated a reduction in maximal force production (MD -71.88, 95% CI [5.106, 138.7], 

P=0.031) compared to littermate control animals. No significant differences in genotype were seen 

Control MDX Control MDX Control MDX
Sample size 12 10 12 13 8 12
Time to peak (ms) 72.9 ± 7.6 72.3 ± 14.2 55.4 ± 9.0 56.5 ± 9.9 58.4 ± 10.4 55.4 ± 9.0
Half Relaxation Time (ms) 75.3 ± 13.7 70.2 ± 15.4 70.8 ± 13.5 78.1 ± 16.6 71.4 ± 17.7 70.5 ± 13.0
Twitch force (mN) 18.1 ± 3.5 18.2 ± 7.5 30.5 ± 9.3 31.6 ± 10.1 50.1 ± 14.2 43.3 ± 13.1
Twitch specific force (mN/mm2) 73.6 ± 14.0 45.9 ± 15.8 42.5 ± 15.4 35.9 ± 11.7 45.0 ± 16.2 29.0 ± 8.0

2-3 weeks 6-9 weeks 58-112 weeks 2-3/6-9 weeks 2-3/58-112 weeks 6-9/58-112 weeks
Time to peak (ms) NS NS NS <0.0001 <0.0001 NS
Half Relaxation Time (ms) NS NS NS NS NS NS
Twitch force (mN) NS NS NS 0.0001 <0.0001 <0.0001
Twitch specific force (mN/mm2) <0.0001 NS 0.0372 <0.0001 <0.0001 NS

MDX vs Control Age effect

2-3 weeks (Periambulatory) 6-9 weeks (Peak regenerative) 58-112 weeks (Old)
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in other age groups. There is again a progressive and significant increase in maximum tetanic force 

production (similar to twitch force) as the animals age (F (2, 60) =63.61, P<0.0001), expected when 

muscles increase in mass. When maximal isometric force is corrected for muscle physiological 

cross-sectional area, Figure 3.1B demonstrates a drop in specific force production for mdx muscles 

compared to counterpart littermate controls in all age groups (Young MD -76.54, 95% CI [12.19, 

140.9], P=0.0147) (Adult MD -69.97, 95% CI [4.809, 135.1], P=0.0316) (Old MD -121.7, 95% CI 

[50.25, 193.2], P=0.0003) this difference in specific force also becomes larger with age as the mdx 

muscles grow significantly larger in size but produce less force than littermate controls. 
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Figure 3.1: Maximum force and force frequency relationships. A). A scatter plot of the maximum 

absolute force generated by the soleus from test groups 2-3 weeks (n=12 control; n=10 mdx), 6-9 

weeks (n=12 control; n=13 mdx) and 58-112 weeks (n=8 control; n=12 mdx) in each group the 

horizontal line indicates the mean value ± SD. B). A scatter plot of the maximum specific force 

(force per cross-sectional area) generated by the soleus from test groups 2-3 weeks (n=12 control; 

n=10 mdx), 6-9 weeks (n=12 control; n=13 mdx) and 58-112 weeks (n=8 control; n=12 mdx). C). 

Data traces, only 2, 15, 25, 37.5, 50, 75, 100Hz are shown for clarity, from a representative soleus 

force frequency run (58-112 littermate control). D). The force-frequency plot generated from data 

illustrated in C. The line is fitted by the equation given and explained in the methods. Statistical 

differences displayed (A-B) within graphs are differences between genotypes and below the x-axis 

are age effects assessed by two-way ANOVA, post hoc analysis using Sidak’s multiple comparisons 

test.  

Force-frequency curves are not significantly different with respect to age or genotype 
An example of raw force frequency data from an old littermate control soleus muscle is shown in 

Figure 3.1C. A representative force frequency curve generated from the recordings is shown in 

Figure 3.1D, the solid line is fitted using the sigmoidal equation given in the methods. These curves 

were generated for all age groups and genotypes. There were no significant differences in force-

frequency parameters with respect to genotype (Table 3.3); this indicates, that there have been no 
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major fibre type changes with regard to myosin heavy chain isoforms or Ca2+ binding efficiency of 

troponin resulting from the absence of dystrophin. As the mice age, a rightward shift of the force 

frequency curve occurs in both the mdx and littermate soleus muscles.    

 

 

Table 3.3: Statistical analysis for genotype and age of force frequency parameters before and 

after each isometric/EC (eccentric contraction) sequence for soleus muscles from test groups 2- 3 

weeks (n=8 control; n=12 mdx), 6-9 weeks (n=12 control; n=13 mdx) and 58-112 weeks (n=12 

control; n=10 mdx). All data shown are mean ± SD. Table lower portion reporting P-values show 

genotype and age effects assessed by two-way ANOVA, post hoc analysis using Sidak’s multiple 

comparisons test. NS labelled for no statistical significance found between groups. 

No force loss during isometric contractions but improved peri-ambulatory isometric force over 
consecutive contractions  
The absolute force of each of the series of 10 isometric contractions is plotted showing no 

noticeable declines in isometric force throughout the protocol for all age groups (Figure 3.2A). A 

slight difference is seen in the peri-ambulatory group; both littermate control and mdx muscles have 

improved in force generation with consecutive isometric contractions over time. The phenomenon 

has been reported previously in soleus muscles (Phillips et al., 1993; Bruton et al., 1997), where a 

5-10% increase in maximum tetanic force persists for up to 15 minutes. Examples of representative 

Control MDX Control MDX Control MDX
Sample size 8 12 12 13 12 10
Initial force frequency
Half Frequency (Hz) 11.3 ± 2.8 12.0 ± 4 13.5 ± 5.3 12.9 ± 3.8 16.4 ± 5.7 19.8 ± 6.0
Hill Coefficient 1.54 ± 0.5 1.82 ± 0.4 1.37 ± 0.3 1.59 ± 0.3 1.41 ± 0.5 1.4 ± 0.4
After isometric
Half Frequency (Hz) 12.6 ± 2.2 11.8 ± 2.5 22.3 ± 2.3 21.1 ± 6.9 18.7 ± 5.9 21.6 ± 6.0
Hill Coefficient 1.54 ± 0.4 1.64 ± 0.5 1.8 ± 0.2 1.79 ± 0.4 1.48 ± 0.4 1.55 ± 0.3
After EC10%
Half Frequency (Hz) 11.9 ± 1.9 10.7 ± 2.2 21.9 ± 4.3 21.2 ± 7.3 20.2 ± 6.0 20.5 ± 5.5
Hill Coefficient 1.68 ± 0.4 1.82 ± 0.6 1.76 ± 0.3 1.84 ± 0.5 1.83 ± 0.3 1.57 ± 0.3
After EC20%
Half Frequency (Hz) 14.4 ± 3.4 11.0 ± 2.4 24.6 ± 3.1 23.9 ± 6.6 25.4 ± 4.2 23.4 ± 4.1
Hill Coefficient 1.88 ± 0.4 1.92 ± 0.7 2.01 ± 0.2 2.14 ± 0.6 1.97 ± 0.3 1.72 ± 0.2

2-3 weeks 6-9 weeks 58-112 weeks 2-3/6-9 weeks 2-3/58-112 weeks 6-9/58-112 weeks
Initial force frequency
Half Frequency (Hz) NS NS NS NS <0.0001 0.0015
Hill Coefficient NS NS NS NS NS NS
After isometric
Half Frequency (Hz) NS NS NS <0.0001 <0.0001 NS
Hill Coefficient NS NS NS NS NS NS
After EC10%
Half Frequency (Hz) NS NS NS <0.0001 <0.0001 NS
Hill Coefficient NS NS NS NS NS NS
After EC20%
Half Frequency (Hz) NS NS NS <0.0001 <0.0001 NS
Hill Coefficient NS NS NS NS NS NS

2-3 weeks (Periambulatory) 6-9 weeks (Peak regenerative) 58-112 weeks (Old)

MDX vs Control Age effect
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raw data traces from each group where force for each contraction is normalized to the first 

contraction have been included in supplementary figures (see Supplementary Figure 3.2). Figure 

3.2B plots the total cumulative force loss resulting from the 10 isometric contractions. The 

improvement in force seen in pre-necrotic peri-ambulatory mdx soleus muscles are significantly 

different (F (2, 58) =7.335, P=0.0014) to the adult (corresponding to the peak of muscle 

regeneration) and old dystrophic soleus muscles that did not improve in force compared to 

littermate controls.  
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Figure 3.2: Force changes during repeated isometric contraction trains at 100Hz. A). Shows the 

absolute force change with each isometric contraction, error bars have been omitted for clarity 

but starting mean and SD have been included in text. For 2-3 week group: n=12 control (71.8 ± 

20.6); n=10 mdx mice (78.6 ± 24.6), 6-9 week group: n=9 control (193.8 ± 48.2); n=13 mdx mice 

(180.1 ± 51.1) and 58-112 week group: n=8 control (299.4 ± 83.3); n=12 mdx mice (246.7 ± 95.2). 

B) A scatterplot of the cumulative force loss by the soleus in each of the test groups. In each group 

the horizontal line indicates the mean value are ± SD. No differences between genotype were seen 

and statistical differences shown below the x-axis are age effects assessed post hoc analysis using 

Sidak’s multiple comparisons. (For 2-3 week group n=12 control; n=10 mdx mice, 6-9 week group 

n=9 control; n=13 mdx mice and 58-112 week group n=8 control; n=12 mdx mice). 

Eccentric contraction-induced force loss and work done 
We quantified the amount of work done as the area under the force curve during the active 

lengthening phase of the EC (Brooks et al., 1995)(see Figure 3.3A from an old control soleus). 

Figure 3.3B-C illustrates work done on soleus muscles attributable to a 10% and 20% stretch, the 

work done during the EC was similar between age matched littermate controls and the dystrophic 

mdx muscle. There was a significant age effect (EC10%: F (2, 57) =62.36, P<0.0001) (EC20%: F 

(2, 56) =87.55, P<0.0001) in both dystrophic and littermate controls with more mechanical stress 

performed in older animals throughout the eccentric procedure that corresponded to the differences 

in muscle length and maximal forces reported in Figure 3.1A.  
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Figure 3.3: Work done during eccentric contractions. A) Represented figure of work done during a 

10% EC (eccentric contraction) from an old control soleus muscle 12mm in length. Isometric force 

(double headed arrow in top panel) refers to the force produced during the isometric portion of 
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the EC (before length changes). Total work done during lengthening phase is shaded grey (a+b), 

this is subdivided into work done attributable to lengthening stretch (a) and isometric force (b). 

The bottom panel is the length change used in the eccentric contractions in this study. B-C). 

Scatterplots showing the work done during 10% and 20% eccentric contractions from Lo (section a 

of the trace), in each of the groups 2-3 weeks (n=10 control; n=10 mdx), 6-9 weeks (n=12 control; 

n=14 mdx) and 58-112 weeks (n=7 control; n=10 mdx), statistical differences for age effect are 

given below the x-axis assessed post hoc analysis using Sidak’s multiple comparisons, there are no 

significant differences between genotypes, data shown are mean± SD. 

Force drop for each eccentric contraction 
The force drops for each EC are shown in Figure 3.4A. All groups were observed to have a gradual 

drop in force throughout the eccentric protocol holding around ~80% of their starting isometric 

force post EC, relatively unaffected across all age groups (One-way ANOVA: F (1.933, 9.665) 

=1.574, P=0.256). Force loss due to the first EC are plotted in Figure 3.4B for all groups. No 

significant differences were observed between age groups and genotypes.  
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Figure 3.4: Percentage force losses resulting from a series of six ECs (eccentric contractions), 

three at 10% excursion from Lo (optimal length) and three at 20% excursion from Lo. Forces were 

normalized in each group with Pmax (Maximum force)=100%. A). XY plot of soleus force loss for 

mdx mice and littermate controls in each of the groups. A one-way ANOVA was performed 

determining no statistically significant differences were detected between groups over the 

duration of the EC protocol. 2-3 weeks (n=12 control; n=10 mdx mice), 6-9 weeks (n=12 control; 

n=12 mdx mice) and 58-112 weeks (n=7 control; n=11 mdx mice). All groups were observed to 

have a gradual drop in force throughout the eccentric protocols with no groups losing a significant 

amount of force, data shown are mean ± SD. B). Scatterplots of the force loss with the first 10% 

EC. There are no statistical differences between genotype or age for all groups, and horizontal line 

in each dot group shows the mean ± SD. (For 2-3 week group n=12 control; n=10 mdx mice, 6-9 

week group n=12 control; n=12 mdx mice and 58-112 week group n=7 control; n=11 mdx mice).  

Light microscope morphology of enzymatically isolated single fibres 
Figure 3.5A-C are representative images picked to demonstrate the complexity of fibre branching 

found in mdx soleus. Single enzymatically isolated soleus fibres from littermate control animals 

showed <1% branching in two young age groups and <10% simple branching in the old control age 

group (data not shown). In the peri-ambulatory mdx soleus muscles there is no branching (Figure 

3.5Aa-d), and all the intact fibres counted had peripherally situated nuclei. In the adult age group 

around 35% of the fibres are branched, the branching is relatively simple, mostly comprising one or 
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two branches per fibre (Figure 3.5Ba-d). By 58-112 weeks of age around 75% of all fibres show 

some degree of branching the majority of which we describe as simple (less than 2 branches per 

fibre), however, 10% of old dystrophic soleus show complex patterns with 4 or more branches per 

fibre (Figure 3.5Ca-d). Figure 3.5D shows the number of branched fibres in each of the three mdx 

mouse age groups which illustrates the increase in the number and complexity of branched fibres 

with age in the mdx soleus (Note these counts represent all fibres counted hence there are no error 

bars). 

Figure 3.6A-E shows some examples of high magnification (X100) light microscope images from 

the old mdx soleus fibres where the branch points can be seen at higher resolution and contrast. The 

branching pattern in these fibres range from small slits within the fibre (Figure 3.6A), to simple 

offshoots from the main fibre (Figure 3.6B, D & E) to multiple branches (Figure 3.6C). Figure 

3.6F-G show higher magnification (X400) photomicrographs of branch points in old soleus mdx 

fibres; these are single field of view photomicrographs.   
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Figure 3.5: Montage of low power images of enzymatically digested soleus muscle fibres. Note 

the fibres have been stitched together at the same magnification from photomicrographs taken 

from overlapping fields of view to capture a larger portion of the fibre, scale bar provided at 
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200µm. Additionally, the background has been adjusted to remove debris from the digest. (To see 

examples of images with no back adjustment, see fibres in Figure 3.6.)  

A). Representative fibres from peri-ambulatory pre-necrotic 2-3 weeks mdx soleus. All fibres (a-d) 

are straight fibres with no branching. B). Fibres from the florid phase of peak fibre regeneration 6-

9 weeks mdx soleus fibres (a-c) are straight fibres with no branching, fibre (d) has a single small 

side branch. C). Fibres from old 58-112 week mdx soleus all fibres (a-d) show some degree of 

branching. Fibre (a) shows a large fibre with multiple simple split branches, fibres (b-d) show 

consistent simple fibre splitting but nothing overly complex. D). Bar graph presents the degree of 

fibre branching as a percentage of all fibres by categorizing them based on number of branch 

points. Fibres from littermate controls were omitted due to very low presence of fibre branching, 

less than 1%. Note this is a bar graph of all fibres counted and as such is an absolute measure, all 

photomicrographs in Figures 3.5 & 3.6 were taken from these fibre counts. A total of 1324 fibres 

from 16 soleus muscles were counted; 442 fibres from 7 controls and 882 from 9 mdx muscles. For 

2-3 week group: n=100 control n=100 mdx fibres, 6-9 week group: n=126 control n=172 mdx fibres 

and 58-112 week group: n=216 control n=610 mdx fibres.  
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Figure 3.6: Examples of medium (X100) and high (X400) magnification light microscope images. 

Medium magnification (X100) images A-E) from the old mdx soleus where the branch points can 

be seen at higher resolution and contrast. The branching pattern in these fibres range from small 

slits within the fibre A), to simple offshoots from the main fibre B, D & E) to multiple branches C). 

The scale bar in the bottom right of E) applies to A-E) and represents 50µm. Images F) & G) show 

high magnification (X400) photomicrographs of branch points in old soleus mdx fibres; these are 

single field of view photomicrographs. The scale bar in the bottom right of G) also applies to image 

F) and represents 10µm.  

 



125  

Confocal microscope images of cleared intact muscles from old non-eccentrically and post-
eccentric contracted muscle 
A confocal microscope was used to visualize individual fibres in situ within cleared intact soleus 

muscles to visualize the fibre arrangement and appearance of branches. The laser scanning confocal 

technique allows us to take longitudinal optical sections (in this case 1µm thick) through the entire 

fibre. Central nuclei are lined within the middle of the muscle fibres, these confocal images enable 

us to focus and trace through different depths within the muscle enabling us to track branches and 

confirm that nuclei are centralized. Centralized nuclei only appear when the confocal microscope is 

focused on the optical plane which runs through the center of the fibre. The z-axis is adjusted by 

opening of a pinhole aperture connected to the PMT collector of the objective to focus the laser at 

certain depths of penetration within the muscle. Muscle fibres are traced along the x, y & z-axis to 

make sure that branches are from the same fibre, identify the position of nuclei (central or 

peripheral) and/or identify areas of necrotic tissue. Figure 3.7A-F are representative images of 

fibres taken from old littermate control animals, Figure 3.7A-D are fibres that have not undergone 

any eccentric contractions, the fibres are arranged in parallel with Z-lines aligned (see Figure 3.7B-

C) with no branches or evidence of central nucleation denoted by nuclei (marked by asterisks) along 

the periphery of the fibre. In Figure 3.7E-F, images of fibres have been taken post EC, small signs 

of fibre damage can be seen in Figure 3.7E (center) but overall, there were no observable 

differences in arrangement or morphology of muscle fibres in situ.  

Old dystrophic soleus muscle images can be seen in Figure 3.7G-L with asterisks identifying the 

position of centrally located nuclei as well as arrows indicating fibre branches seen within the 

muscle. In Figure 3.7G-I the representative images are from non-eccentrically contracted dystrophic 

muscles that contain multiple instances of fibre branching aligned along the longitudinal axis of the 

muscle. Asterisks show clear signs of centrally aligned nuclei and arrows mark out noticeable 

branch points along fibres within the images. Figure 3.7I shows an example of a damaged 

hypercontracted branched fibre (bottom) resembling a similar morphology to the dystrophic 

branched fibre captured in light microscopy Figure 3.6G. Figure 3.7J-L show areas of dystrophic 

fibres post EC that remain largely undamaged by the strain, resembling a similar arrangement and 

condition to uncontracted regions (Figure 3.7G-I). An exception would be the identification of 

regions marked with a ⊥ in Figure 3.7K-L where it appears a fibre has been destroyed. We cannot 

exclude the possibility that these regions are a sample preparation artifact, however, most of these 

regions were observed to be in samples collected from post eccentrically contracted muscles.     

Although there is a degree of fibre diameter variation among the confocal images, old mdx fibres 

identified in Figure 3.7G-L appear larger than their littermate control counterparts in Figure 3.7A-F. 
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Also, qualitatively, some dystrophic muscle fibres appear hypercontracted in situ (see fibres marked 

with ↔ Figure 3.7G-J) as reported previously in microscopy work performed on dystrophic 

branched fibres (Head et al., 1992; Friedrich et al., 2010; Kiriaev et al., 2018).    

 

Figure 3.7: Confocal images taken of cleared soleus muscles from old 58-112 week mice. Soleus 

muscle fibres taken from littermate control mice that have not been through eccentric 

contractions (A-D) and those taken post EC (eccentric contraction) (E-F). Asterisks indicate nuclei 

that are positioned along the periphery of the muscle fibres. Soleus muscle fibres taken from mdx 

mice that have not been through eccentric contractions (G-I) and those taken post EC (J-L). 

Asterisks indicate nuclei that are aligned centrally in the muscle fibres and arrows indicate 

branching points present in muscle fibres. Muscle fibres marked with a straight ended line appear 

destroyed whereas other fibres marked with arrow ended lines appear hypercontracted. Scale 

bars (bottom right of each image) all represent 50µm. These confocal images were taken from a 
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total of 6 soleus muscles from 6 different mice (n=3 control n=3 mdx) in the 58-112 weeks old 

group.  

3.6 Discussion 

Contractile and morphological findings 
When we refer to the soleus muscle throughout this manuscript as slow-twitch, we are referring to 

the slow-twitch kinetic contractile characteristics of the muscle. In the present study we have 

demonstrated that the dystrophic slow-twitch soleus muscles of the mdx mouse at peri-ambulatory 

(2-3 week), peak regenerative (6-9 week) & old (58-112 week) age groups exhibit no significant 

differences in force loss throughout the mechanical stresses imposed from isometric (Figure 3.2B) 

or eccentric (Figure 3.4A-B) contraction procedures compared to age matched littermate controls. 

In addition, we confirm that dystrophic slow-twitch soleus in both adult and old age groups have 

undergone muscle degeneration and contain branched fibres which increase in number and 

complexity with age. This is confirmatory of earlier studies on the soleus, for instance Pastoret and 

Sebille (1995) which showed after 2 weeks of age 60-90% of mdx soleus fibres were centrally 

nucleated, a marker of regenerated fibres. As well as a recent study by Duddy et al. (2015) 

confirming that “at 3 weeks, mdx muscles enter a phase of florid myonecrosis, accompanied by 

concurrent regeneration of an intensity that results in complete replacement of pre-existing muscle 

of the succeeding 3 to 4 weeks”. 

Littermate controls 
The dystrophin deficient mdx mouse is the most used laboratory animal model for probing the 

underlying mechanisms responsible for the skeletal muscle degeneration/regeneration which is a 

major pathological characteristic of dystrophin deficient DMD. All previous studies measuring 

contractile parameters in soleus have used wild-type controls from a separate colony which have 

been inbred for over 25 years since the first reports of the mdx mouse, this will mean that the wild-

type colonies may contain a significant load of new mutations. Here we generate littermate controls 

to address this issue. 

Hypertrophy and force per physiological cross-sectional area 
There is considerable variability in the literature in regard to force development and muscle 

hypertrophy in mdx dystrophic slow-twitch soleus muscles compared with age matched controls 

(Anderson et al., 1988; Coulton et al., 1988; Lefaucheur et al., 1995; Faulkner et al., 1997; Gillis, 

1999; Lynch et al., 2001b; Massopust et al., 2020). Pastoret and Sebille (1995) were among the first 

to investigate the degeneration-regeneration of leg muscles with histological and immunostaining 

techniques as well as measures of body and muscle mass throughout the lifespan of the mdx mice. 

Consistent with the present study, the paper reported an increase in dystrophic soleus muscle wet 
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weight during development at 3 weeks, stall in muscle weight between 8-13 weeks and then a 

progressive increase in mass from 13 weeks onwards. Evidence of degeneration in the dystrophic 

soleus occurs as early as 2-3 weeks (Bulfield et al., 1984; Kornegay et al., 2012b; Hollinger et al., 

2013) with the presence of satellite cells and immature myotubes becoming mature at earliest in 

week 3. Histomorphometry of the mdx soleus performed by Carnwath and Shotton (1987) revealed 

a vigorous phase of degeneration and regeneration between 3-6 weeks, this continued at a lower and 

constant level in older animals resulting in progressive decrease in area occupied by original fibres 

and concomitant increase in newly regenerated fibres. Lynch et al. (2001b) tracked the force and 

power output of hind limb muscles from mdx mice 6-28 months old. The slow-twitch dystrophic 

soleus muscles were consistently larger than control muscles throughout their development, 

reporting a 42% mass difference at 6 months. Congruent to our current study the mdx soleus 

muscles showed a decline in absolute force production for aged animals and a linear decline in 

specific force as the animals age. The study also identified that in cross sections of dystrophic 

soleus muscles, 60% of fibres contained centrally located nuclei and large variations between 

atrophied fibre size. Our present study using littermates confirms that the mdx soleus muscle fibres 

undergo necrosis and regeneration with the dystrophic soleus muscle becoming hypertrophic with 

age (Table 3.1 & Figures 3.5-3.7). In the literature reports of soleus hypertrophy in old muscles 

remain variable (Coulton et al., 1988; Lefaucheur et al., 1995; Faulkner et al., 1997; Gillis, 1999). 

Successful regeneration of mdx hind limb muscles are dependent upon the activation of the 

calcineurin/NFAT signalling transduction pathway (Stupka et al., 2004), the magnitude of 

activation corresponds to [Ca2+]in levels and the severity of the disease pathology (Stupka et al., 

2006). 

A study performed by Faber et al. (2014) concluded that myofibre branching rather than myofibre 

hyperplasia is responsible for muscle hypertrophy in mdx mice and given the strong correlation in 

the present study between the fibre branching present in older fibres (Figures 3.5-3.7)(Head et al., 

1992; Faber et al., 2014) and muscle hypertrophy, we draw the same conclusion. Despite this 

hypertrophy dystrophic soleus muscles produce significantly less maximal specific force than the 

smaller age matched littermate controls (Figure 3.1B).  

Why does old dystrophic soleus produce less specific force? 
We show that degeneration does occur in dystrophic soleus muscle and there is fibre branching 

present in both peak regenerative 6-9 week and old 58-112 week dystrophic muscles. However, 

only the branched old mdx soleus muscles produced less absolute force than control counterparts 

(Figure 3.1A). Repeated bouts of degeneration and regeneration result in structural remodelling of 

myofibrils within the fibre. These remodelled myofibrils are tilted, twisted and deviate from the 
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long axis of the fibre (Friedrich et al., 2010). Even younger regenerated dystrophic fibres without 

branches have been shown to have misaligned contractile protein architecture, which the authors 

termed ‘chaotic’ and they calculated that the resultant misalignment of force vectors can account for 

around 50% of the force loss with age in the mdx mouse (Buttgereit et al., 2013). The chaotic fibres 

reduce with age, replaced with branched fibres. These results fit in with our earlier skinned fibre 

study where a significant reduction in maximum force was produced by non-branched regenerated 

soleus type 1 fibres (Williams et al., 1993). It is important to remember in this preparation the 

membrane has been chemically removed, so even the control fibres will lack the normal dystrophin-

sarcolemma link, providing evidence in support of the hypothesis, that the force drop is not directly 

linked to the absence of dystrophin, rather it is the consequence of abnormal regeneration triggered 

by the absence of dystrophin. In the current study, old mdx soleus muscles contain ~68% branched 

fibres compared to ~39% seen in adult mdx soleus muscles (Figure 3.5D). Increased branching will 

disrupt the force vectors and activation kinetics of the fibre (Head, 2010; Buttgereit et al., 2013) 

providing some explanation for the drop in absolute force production (Figure 3.1A).  

Does dystrophin mechanically stabilize the sarcolemma? 
In line with earlier studies our results do not support the theory that dystrophins role is to act as a 

shock absorber protecting the fragile sarcolemma against the stress and strains of contractions. 

Direct measurements of the tensile strength of the muscle sarcolemma found no differences 

between burst tensions between mdx and control myotubes, isolated muscle fibres and sarcolemma 

vesicles (Hutter et al., 1991; Hutter, 1992), however Hernández-Ochoa et al. (2015) reported that 

the pressure required to induce sarcolemma bursts was significantly lower (19%) in non-branched 

enzymatically isolated flexor digitorum brevis (FDB) mdx fibres. Our present results provide further 

evidence to support the theory proposed by us and others (See Allen et al. (2016) for review) that 

the initial necrotic event triggered by the absence of dystrophin is either free radical damage and/or 

sarcolemma ion channel dysfunction which results in a dysregulation of [Ca2+]in triggering necrosis 

(Whitehead et al., 2006b; Whitehead et al., 2010; Allen & Whitehead, 2011; Allen et al., 2016; 

Olthoff et al., 2018). These necrotic events trigger repeated rounds of regeneration producing 

branched fibres. We propose that fibre branching is responsible for the end stage pathology of 

dystrophin-negative dystrophy given the correlation between appearance of branched fibres in all 

muscles and reduced overall force output in all muscles and mechanical weakening of old 

regenerated fast-twitch dystrophic muscles (Chan & Head, 2011; Head, 2012b). 
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Figure 3.8: Z-disk lattice network of α-actinin filaments for fast-twitch and slow-twitch muscle 

fibres, modified from Luther (2009). 

Why are slow-twitch dystrophin negative muscles protected from eccentric contraction-induced 
force loss?  
It is generally accepted that slow-twitch fibres are inherently less susceptible to eccentric 

contraction-induced force loss when compared to fast-twitch fibres (Warren et al., 1994; 

Macpherson et al., 1996; Vijayan et al., 2001). Recently, Kammoun et al. (2014) describe mouse 

soleus as a mixture of ~46% type 2A, ~43% type 1 (slow oxidative), ~11% type 2X, while the 

mouse EDL fibre distribution is approximately ~79% type 2B (fast glycolytic), ~16% type 2X and 

~4% type 2A (fast oxidative glycolytic) muscle fibres, so the major fibre type difference between 

the mouse slow-twitch soleus and fast-twitch EDL is the presence of type 2B fast-twitch glycolytic 

fibres in EDL (Hettige et al., 2020).  

Ultrastructural observations show slow-twitch fibres have wider Z-lines with higher amounts of 

protein connecting the actin filaments of adjacent sarcomeres compared with fast-twitch type 2B 

fibres (Figure 3.8)(Luther, 2009). These wider Z-line in the slower fibres is suggested to make them 

resistant to eccentric damage. When cytoskeletal protein contents were measured by western blot 

analysis (Chopard et al., 2000), the intermediate filament protein desmin (thought to stabilize 

muscle during contraction) was approximately double in slow-twitch muscles compared to fast-

twitch. It is also possible that the longer titin filaments expressed in slow-twitch muscle may better 

able to withstand the stress generated by eccentric contractions (Schiaffino & Reggiani, 2011). 

These ultrastructural differences provide a convincing explanation as to why slow-twitch fibres are 

better able to sustain the large strains imposed by eccentric contractions. Over the life span of the 

mdx mice this could be responsible for the reduced branching in the soleus compared to the EDL. 
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The appearance of regenerated branched fibres and the consequence in dystrophinopathies  
We have hypothesized (Chan et al., 2007; Head, 2010; Chan & Head, 2011; Kiriaev et al., 2018) 

that branches are relatively stable until their number and complexity reach ‘tipping point’. Past this 

tipping point fibre branching makes the fibre susceptible to mechanical strains which elicit rupture 

at one or more branch nodes in the branched fibre syncytium and results in catastrophic failure of 

the branched fibre unit. If these structural branch failures occur during an EC, there will be a 

positive feedback loop placing additional stress on the remaining complex branched fibres and as 

they rupture so will the remaining branched fibres which have passed ‘tipping point’. An example 

of this can be seen in Figure 3.9 where a 10% EC only causes a large significant force deficit in the 

old dystrophic EDL muscles with extensive complex branched fibres. Here around 65% of maximal 

force is lost as soon as the old dystrophic EDL muscle is actively stretched, unlike the case in 

littermate controls (not shown), dystrophic mdx soleus or the two younger dystrophic EDL groups 

(with reduced occurrence of branches and less complex branching). Laser scanning confocal images 

of cleared old EDL muscles post EC show large areas of muscle damage (areas within the EDL 

muscle devoid of muscle fibres) and rupture EDL branches (Kiriaev et al., 2018). In contrast, 

littermate controls (Soleus Figure 3.7E-F), dystrophic mdx soleus (Figure 3.7J-L) or the two 

younger dystrophic EDL groups contained no areas notably devoid of muscle tissue. When 

modelling stretching of a muscle fibre Iyer et al. (2017) “showed non-uniform strain distributions at 

branch points in single fibres, whereas uniform strain distribution was observed in fibres with 

normal morphology and concluded this increased susceptibility to stretch-induced damage 

occurring in branched myofibres at the branch point.” It seems self-evident that as the number of 

branch points increase with age in dystrophic mice (with many fibres having over 10 branches), the 

probability of catastrophic stretch-induced sarcolemma rupture at branch points increases. Here we 

are proposing the dystrophic soleus muscles do not reach a point where fibre morphology has 

compromised their mechanical stability. In the old dystrophic soleus muscle (Figure 3.5-3.7) both 

the number of branched fibres and complexity of the branching is reduced and simpler than the 

branching which occurs in old dystrophic EDL muscle. In the present study the old dystrophic 

soleus muscles contained only 10% complex fibre branching, significantly lower than 65% recorded 

in old EDL fibre counts (Kiriaev et al., 2018).  
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Figure 3.9: Force loss due to the first 10% eccentric contraction for mdx EDL (Extensor digitorum 

longus) muscles from Kiriaev et al. (2018) (Bar graphs) and soleus mdx muscle from the present 

study (Scatterplots). Mice were the same age groups, background and underwent the same EC 

(eccentric contraction) protocols. Statistical differences between EDL and soleus are displayed 

above for all groups assessed by two-way ANOVA, post hoc analysis using Sidak’s multiple 

comparisons test. Bars and horizontal lines in each scatterplot group shows the mean ± SD. For 2-3 

week group (n=7 EDL n=10 soleus), 6-9 week group (n=14 EDL n=12 soleus) and 58-112 week 

group (n=10 EDL n=11 soleus).  

Summary 
We have observed that throughout their life span of dystrophin-deficient slow-twitch soleus muscles 

of mdx mice exhibit little to no force deficits in response to isometric and EC procedures. This 

provides further evidence (Allen et al., 2016) to discount the still widely held assumption that 

dystrophin functions as a shock absorber to support the muscle sarcolemma during contraction. 

The dystrophin deficient slow-twitch soleus muscle undergoes repeated cycles of necrosis and 

regeneration during the life of the mdx mouse, with the number of abnormal branched fibres 

increasing with age. However, the number and degree of fibre branching we report in the slow-

twitch soleus muscle over the life span of the mdx mouse is significantly less than we found in the 

fast-twitch EDL muscle, thus we propose that the soleus muscle has not reached tipping point where 

the branching critically weakens the sarcolemma. 
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3.7 Supplementary figures 
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Supplementary Figure 3.1: Scatterplots of max force and twitch force corrected by muscle mass. 

A) A scatter plot of the maximum force corrected by muscle mass generated by the soleus from 
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test groups 2-3 weeks (n=12 control; n=10 mdx), 6-9 weeks (n=12 control; n=13 mdx) and 58-112 

weeks (n=8 control; n=12 mdx). B) A scatter plot of the twitch force corrected by muscle mass 

generated by the soleus from test groups 2-3 weeks (n=12 control; n=10 mdx), 6-9 weeks (n=12 

control; n=13 mdx) and 58-112 weeks (n=8 control; n=12 mdx). Statistical differences displayed 

within graphs are differences between genotypes and below the x-axis are age effects assessed by 

two-way ANOVA, post hoc analysis using Sidak’s multiple comparisons test. 
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Supplementary Figure 3.2: Representative 100Hz tetanic force data traces from each of the mdx 

mice and littermate control groups A) 2-3 weeks B) 6-9 weeks and C) 58-112 weeks. Contraction 

force values have been expressed as a percentage relative to the first isometric contraction to 

demonstrate any changes in force throughout the isometric protocol. (For 2-3 week group n=12 

control; n=10 mdx mice, 6-9 week group n=9 control; n=13 mdx mice and 58-112 week group n=8 

control; n=12 mdx mice). 
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Chapter 4: Paper C- Lifespan Analysis of Dystrophic mdx Fast-Twitch 
Muscle Morphology and Its Impact on Contractile Function. 
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Note on format: 
The paper as presented in this chapter is a reproduction of the final manuscript that was accepted for 

publication. In reproducing this manuscript only the spelling, reference style and numbering style of 

figures and tables have been modified. This has been done to achieve consistency with the rest of 

the thesis. References are listed with all other references at the end of the thesis. The paper is 

reprinted in its published format in the ‘publications’ section at the end of the thesis.  

4.2 Abstract 

Duchenne muscular dystrophy is caused by the absence of the protein dystrophin from skeletal 

muscle and is characterized by progressive cycles of necrosis/regeneration. Using the dystrophin 

deficient mdx mouse model we studied the morphological and contractile chronology of dystrophic 

skeletal muscle pathology in fast-twitch EDL muscles from animals 4-22 months of age containing 

100% regenerated muscle fibres. Catastrophically, the older age groups lost ∼80% of their 

maximum force after one EC of 20% strain, with the greatest loss ~93% recorded in senescent 22 

month old mdx mice. In old age groups there was minimal force recovery ~24% after 120 minutes, 

correlated with a dramatic increase in the number and complexity of branched fibres. This data 

supports our two-phase model where a ‘tipping point’ is reached when branched fibres rupture 

irrevocably on EC. These findings have important implications for pre-clinical drug studies and 

genetic rescue strategies. 
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4.3 Introduction 

In Duchenne Muscular dystrophy, the absence of dystrophin from skeletal muscle triggers necrosis. 

The initial wave of necrosis is followed by regeneration of the skeletal muscle tissue and 

subsequent cycles of necrosis and regeneration (Moser, 1984; Wallace & McNally, 2009). The 

same pathology occurs in the most commonly used animal model of DMD, the dystrophin-deficient 

mdx mouse, where the long form of dystrophin is absent from the inner surface of the skeletal 

muscle sarcolemma (Bulfield et al., 1984; Coulton et al., 1988; Lefaucheur et al., 1995; Grounds et 

al., 2008; Ng et al., 2012). In the mdx mouse, many studies have shown that the predominantly fast-

twitch Extensor Digitorum Longus and Tibialis Anterior muscles are more susceptible to eccentric 

contraction-induced force deficits compared with dystrophin positive controls (Head et al., 1992; 

Moens et al., 1993; Dellorusso et al., 2001; Hogarth et al., 2017; Kiriaev et al., 2018). It is 

interesting to note that in the dystrophin deficient mdx mouse muscles which lack type 2B (fast-

twitch glycolytic) fibres (such as the soleus) are not susceptible to EC force deficits, even though 

the absence of dystrophin in these muscles triggers waves of necrosis and regeneration such that the 

muscle fibres are completely replaced by 8 weeks of age (Duddy et al., 2015). The eccentric 

contraction-induced drop in absolute force in fast-twitch muscles has been widely attributed to 

being the result of sarcolemmal damage and is commonly used as a model of membrane damage in 

the dystrophinopathies (Head et al., 1992; Moens et al., 1993; Petrof et al., 1993; Williams et al., 

1993; Faulkner et al., 1997; Brooks, 1998; Lynch et al., 2001b; Chan et al., 2007; Head, 2010; 

Chan & Head, 2011; Hakim et al., 2011; Han et al., 2011; Hakim & Duan, 2012; Head, 2012b; 

Kiriaev et al., 2018; Lindsay et al., 2018). 

 Studies designed to investigate possible treatments or cures for DMD commonly utilize the mdx 

mouse as a preclinical model to examine if the pharmaceutical/genetic intervention strategies 

prevent or reduce this EC force loss in dystrophin deficient fast-twitch skeletal muscle (Welch et 

al., 2007; Blaauw et al., 2008; Piers et al., 2011; Tinsley et al., 2011; Selsby et al., 2012; Aartsma-

Rus & Muntoni, 2013; Fairclough et al., 2013; Rodino-Klapac et al., 2013; Roy et al., 2016). We 

believe these studies are flawed in cases where they assume the EC force deficit is due to 

sarcolemmal rupture or tearing because there is a compelling body of evidence (Yeung et al., 2003; 

Yeung et al., 2005; Whitehead et al., 2006b; GerváSio et al., 2008; Whitehead et al., 2008; 

Whitehead et al., 2010; Allen et al., 2016) demonstrating that in younger mdx mice, this EC deficit 

in the fast-twitch muscles is prevented by molecules that block stretch sensitive ion channels and 

also by exposing the dystrophic muscle to antioxidants before the EC. Current research suggests the 

presence of membrane impermeable dyes in mdx mice post EC is not conclusive evidence of 

membrane ruptures or rips. In skeletal muscle fibres from mdx mice extracellular dye uptake is very 

small immediately after eccentric contractions and progressively increases up to at least 60 minutes 
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post EC (see review by Allen et al. (2016)). Both mechanosensitive channel blockers (Whitehead et 

al., 2006a) and the antioxidant N-acetyl cysteine (Whitehead et al., 2008) can prevent almost all the 

dye uptake, suggesting alternate pathways involving Ca2+ entry through mechanosensitive channels 

and reactive oxygenated species mediated membrane permeability. Recent support of this non-

sarcolemmal damage pathway came from the work of Olthoff et al. (2018) where they 

demonstrated that EC force deficits could largely be reversed if the dystrophin deficient fast-twitch 

muscle was allowed to recover for a period of up to 120 minutes or if the period between repeated 

eccentric contractions was lengthened from the commonly used 3-5 minutes to 30 minutes. 

Additionally, Olthoff et al. (2018) showed that EC force deficit in younger 3 month old mdx fast-

twitch muscles was reduced by bath application of the antioxidant N-Acetyl Cysteine (NAC) or by 

genetically upregulating an endogenous antioxidant. This adds further weight to Allen’s proposal 

(see Allen et al. (2016) for a review) that in dystrophinopathies, muscles have a greater 

susceptibility to ROS-induced Ca2+ influx via abnormally functioning ion channels (Yeung et al., 

2003; Yeung et al., 2005) and it is the elevated [Ca2+]in that triggers the cycles of 

necrosis/regeneration in dystrophinopathies.  

Fast-twitch muscles from mdx mice lose up to 90% of their initial force generating capacity 

depending upon the EC protocol used (normally a series of between 3-120 contractions of varying 

length and velocity)(Lindsay et al., 2020). During a series of eccentric contractions the force deficit 

occurs incrementally with each EC, rather than as an abrupt drop in force on the first EC which 

would be predicted if the sarcolemma was tearing or ripping. The exception to this is when you look 

at fast-twitch muscles from older (58-112 weeks) mdx mice where most of the force loss occurs 

abruptly during the first EC (Kiriaev et al., 2018). It is important to note that this is not an ageing 

effect, as a similar phenomenon is not seen in the age matched littermate controls. We and others 

have shown that throughout the 30% shorter (Chamberlain et al., 2007; Li et al., 2009) lifespan of 

the mdx mouse, skeletal muscle undergoes continuous cycles of degeneration and regeneration 

(Coulton et al., 1988; Williams et al., 1993; Faulkner et al., 1997; Brooks, 1998; Lynch et al., 

2001c; Chamberlain et al., 2007; Chan et al., 2007; Hakim et al., 2011; Han et al., 2011; Hakim & 

Duan, 2012; Lindsay et al., 2018; Massopust et al., 2020). Regenerated fibres are characterized by 

having central nuclei and as the number of cycles increases so do the incidences of abnormal 

branched morphology (Head et al., 1990; Head et al., 1992; Head et al., 2004; Chan et al., 2007; 

Lovering et al., 2009; Friedrich et al., 2010; Pavlath, 2010; Pichavant & Pavlath, 2014; Kiriaev et 

al., 2018; Ben Larbi et al., 2021). As the mdx mouse ages the branched fibres become more chaotic 

and bizarre in appearance, with a single continuous cytoplasmic syncytium being capable of 

supporting ten or more major branches (Head et al., 1992; Chan et al., 2007; Kiriaev et al., 2018). 

Once the number of branched fibres and their complexity of branching exceeds a threshold we refer 
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to as ‘tipping point’, we and others have hypothesized that it is the branching, in and of itself, that 

weakens the muscle (Lovering et al., 2009; Head, 2010; Chan & Head, 2011; Buttgereit et al., 

2013; Hernández-Ochoa et al., 2015; Pichavant et al., 2015; Iyer et al., 2017; Kiriaev et al., 2018; 

Massopust et al., 2020). Previously our laboratory has shown this by looking at EDL muscles from 

the mdx dystrophic mouse from 2 weeks up to 112 weeks of age and it’s only in the muscles greater 

than 6 months of age that there is a sudden loss of force with the first EC. Subsequent imaging of 

the muscle fibres in–situ and also examination of enzymatically liberated single fibres show 

multiple examples of breaking and rupturing at branch points. In the present study we use a strong 

EC protocol which produces force deficits in littermate control and mdx mice in adolescent to 

senescent aged groups and allow the muscles to recover for 120 minutes post eccentric contractions 

to see if there is a non-recoverable force deficit correlated with fibre branching in dystrophic 

muscles. 

4.4 Methods 

Ethics approval 
Animal use was approved by the Western Sydney University Animal Care and Ethics Committee. 

A12907. These experiments were conducted in compliance with the animal ethics checklist and 

ethical principles under which the journal operates. 

Animals 
The majority of previous dystrophic muscle function studies used separate colonies of wild-type 

control and dystrophic mice which have been inbred for over 25 years introducing the possibility of 

new mutations to the groups. 

In this study, littermates are bred to act as control animals for dystrophic mice. These are 

genetically more appropriate controls for dystrophin studies as both dystrophin negative and 

positive animals are from identical genetic backgrounds (Bellinger et al., 2009). 

Male dystrophic mice with littermate controls were obtained from the Western Sydney University 

animal facility. The colony of dystrophic mice & littermate controls used in this study were second 

generation offspring crossed between female C57BL/10ScSn-Dmdmdx and male C57BL/10ScSn 

mice. Littermate controls were distinguished from dystrophic mice by genotyping.  

Mice from five age groups were used in this study: 4, 9, 15, 18 and 22 months old where dystrophic 

muscles have undergone at least one round of necrosis/regeneration (Duddy et al., 2015). These age 

groups were selected to bridge the gap in dystrophic literature investigating muscle performance 

and recovery from contraction-induced damage in adolescent to senescent mice (Flurkey et al., 

2007). They were housed at a maximum of four to a cage in an environment controlled room with a 
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12h-12h light-dark cycle. Standard rodent pellet chow (Gordon’s Specialty Stockfeeds, Yanderra, 

NSW, Australia) and water were available ad libitum. Basic enrichments such as nesting crinkle 

material and polyvinyl chloride pipe tube were provided. 

A total of 71 male mice were used in this study (39 mdx mice and 32 littermate control mice), 135 

Extensor digitorum longus and 117 Tibialis anterior muscles collected for this study, not all of 

which were used in every procedure. 

Muscle preparation 
Mice were placed in an induction chamber and overdosed with isoflurane delivered at 4% in oxygen 

from a precision vaporizer. Animals were removed when they were not breathing and a cervical 

dislocation was immediately carried out. Both the fast-twitch EDL and TA muscles were dissected 

from the hind limb which was submerged in oxygenated Krebs solution at all times during the 

dissection. TA muscles were dissected tendon to tendon, trimmed (excess tendons) and weighed. 

The dissected EDL muscle was tied by its tendons from one end to a dual force transducer/linear 

tissue puller (300 Muscle Lever; Aurora Scientific Instruments, Canada) and secured to a base at the 

other end using 6-0 silk sutures (Pearsalls Ltd, UK). Each muscle was then placed in a bath 

containing Krebs solution (also used as dissection solution) with composition (in mM): 4.75 KCl, 

118 NaCl, 1.18 KH2PO4, 1.18 MgSO4, 24.8 NaHCO3, 2.5 CaCl2, 10 glucose, 0.1% fetal calf serum 

and bubbled continuously with carbogen (95% O2, 5% CO2) to maintain pH at 7.4. The muscle was 

stimulated by delivering a current between two parallel platinum electrodes, using an electrical 

stimulator (701C stimulator; Aurora Scientific Instruments). All contractile procedures were 

designed, measured, and analyzed using the 615A Dynamic Muscle Control and Analysis software 

(Aurora Scientific Instruments). At the start of each experiment, the muscle was set to optimal 

length (Lo) which produces maximal twitch force. Muscle dissection and experiments were 

conducted at room temperature (~20-22°C). 

Initial maximum force and contractile protocols  
An initial supramaximal stimulus was given at 125Hz (1ms pulses) for 1s and force produced 

recorded as Po, the maximum force output of the muscle at Lo. Pairs of EDL muscles from each 

animal were divided into two test groups that undergo either force frequency or isometric 

contraction protocols. Immediately after, all muscles were left to rest for 5 minutes during which 

muscle length was reset to Lo, followed by the EC and recovery procedures.    

Force frequency curve  
Force-frequency curves were generated for one set of muscles to measure contractile function. 

Trains of 1ms pulse stimuli performed at different frequencies (2, 15, 25, 37.5, 50, 75, 100, 125, 

150Hz) were given for 1s, the force produced measured and a 30s rest was allowed between each 
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frequency. A sigmoid curve relating the muscle force (P) to the stimulation frequency (f) was fitted 

to these data. 

The curve had the equation: 

𝑃𝑃 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 +
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

1 + (
𝐾𝐾𝑓𝑓
𝑓𝑓 )ℎ

 

From the fitted parameters of the curve, the following contractile properties were obtained: force 

developed at minimal (Pmin) and maximal (Pmax) stimulation at the conclusion of the force-

frequency curve. Half-frequency (Kf) is the frequency at which the force developed is halfway 

between (Pmin) and (Pmax), and Hill coefficient (h) which quantifies the slope of the muscle force 

frequency sigmoidal curve. These were used for population statistics. 

Isometric contractions 
The contralateral EDL muscle was subjected to 10 consecutive isometric (fixed-length) 

supramaximal tetanic contractions, each lasting 1s separated by a 60s rest, then given a recovery 

contraction 5 minutes after the protocol (total of 11 contraction). Stimulus pulses within the 1s 

tetanus were 1ms in duration (width) and were delivered at a frequency of 125Hz. This protocol is a 

modified version of the sequence used by Claflin and Brooks (2008). The force measured at each 

isometric contraction was expressed as a percentage of the force produced during the first (Initial) 

contraction.  

Eccentric contractions and recovery 
A series of eccentric (lengthening) contractions were then performed on each EDL where the 

contracted muscle was stretched 20% from Lo. At t=0s, the muscle was stimulated via 

supramaximal pulses of 1ms duration and 125Hz frequency. At t=0.9s, after maximal isometric 

force was attained, each muscle was stretched 20% longer than their optimal length and held at this 

length for 2s before returning to Lo. Electrical stimulus was stopped at t=5s. The EC procedure was 

repeated 6 times with 3 minute rest intervals. This is followed immediately by a recovery protocol. 

The force measured at each EC was expressed as a percentage of the force produced during the first 

(Initial) contraction. From the first EC data trace, baseline force was taken before and after the first 

EC to quantify baseline changes as a result of the first EC. 

Upon completion of the 6 EC contraction sequence, recovery force was measured immediately 

(Post 0’) through isometric contractions given at 125Hz (1ms pulses) for 1s as well as at the 20, 40, 

60, 80, 100 and 120 minute time points (Post 20’, Post 40’, etc.). These force values were then 
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expressed as a percentage of the Po measured before the 6 eccentric contractions. The recovery 

protocol is a modified version of the sequence used by Olthoff et al. (2018). 

Twitch kinetics 
Twitch kinetics were measured at 3 time points throughout the contractile protocol to compare 

differences between (1) pre EC, (2) post EC and (3) post recovery kinetics. The twitches were 

performed at 2Hz, for 1ms (width) and 1s duration, the first twitch taken from this response was 

used to measure kinetics immediately after initial maximum force (Pre), after the EC protocol (Post) 

and recovery protocol (Recov). The following parameters were collected: twitch force, half 

relaxation time (HRT) and time to peak (TTP). 

Muscle stiffness 
Stiffness is the resistance of an elastic body to deflection or deformation by an applied force. As an 

indicator of active muscle stiffness (during contraction), the change in force as the muscle is 

lengthened was measured during the first EC. Force was expressed as a percentage of the isometric 

force before stretching, and length was expressed as a percentage of optimum length. To estimate 

muscle stiffness, the change in muscle force was divided by the change in muscle length (as a 

percentage of Lo) during the first EC.   

Work done 
Work is an energy quantity given by force times distance, this measurement was used to provide a 

quantitative estimate of the eccentric damage-inducing forces. Work done to stretch the muscle was 

calculated from the force tracings through multiplying the area underneath the lengthening phase of 

the force tracing with the velocity of lengthening.  

Muscle mass and cross-sectional area  
After contractile procedures were completed, the EDL muscle was removed from the organ bath 

and tendons trimmed. Both the EDL and TA muscles were blotted lightly (Whatmans filter paper 

DE81 grade) and weighed using an analytical balance (GR Series analytical electronic balance).  

Physiological cross-sectional area (PCSA) was calculated through dividing the muscle mass by the 

product of its length and mammalian muscle density. Specific muscle force was obtained through 

dividing raw force values by cross-sectional area. When normalizing force using a calculation of 

physiological cross-sectional area in mouse EDL, many studies use a correction factor to allow for 

fibre length (Lf). We chose not to in the present study because: 

(i) There is considerable variation in the literature as to the value of Lf/Lo in mouse EDL muscle 

with a ratios of 0.44, 0.68, 0.75 and 0.85 being used (Crow & Kushmerick, 1982; Brooks & 

Faulkner, 1988; James et al., 1995; Tallis et al., 2012). Depending on which one is adopted, widely 
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varying values for specific force will be obtained. In this study we were not primarily concerned 

with the actual values of the specific force; we were mainly interested in seeing whether it differed 

between the ages and genotype. 

(ii) As we show here branched fibres are found in the dystrophic muscles, and the measurement of 

fibre length becomes especially problematic in branched fibres. The application of a uniform Lf/Lo 

across the whole muscle might not be valid due to the different geometry of branched fibres and 

unbranched fibres. It is not clear how the length of the fibre would be defined. It is possible that 

some other method of estimating total fibre cross-sectional area (CSA) is necessary in a muscle 

containing branched fibres. 

However, we did normalize forces with respect to an estimate of physiological cross-sectional area, 

according to the equation CSA=MM/(Lo*D), where MM is the muscle mass, Lo is the optimal 

length and D is the density of skeletal muscle (1.06 g/cm3), to enable us to compare muscle of 

differing sizes and weights (Hayes & Williams, 1998). In healthy rodent hind limb muscles, 

maximal tension was found to be directly proportional to calculated PCSA (Powell et al., 1984). 

However, this method still not ideal as we are assuming that the muscle density is unaltered by fat 

and connective tissue infiltration which is extensively accumulated in the old dystrophic animals 

(Pastoret & Sebille, 1995).  

Skeletal muscle single fibre enzymatic isolation and morphology  
Following contractile procedures and weighing, EDL muscles were digested in Krebs solution 

(without FCS) containing 3 mg/ml collagenase type IV A (Sigma Aldrich, USA), gently bubbled 

with carbogen (95% O2, 5% CO2) and maintained at 37°C. After 25 minutes the muscle was 

removed from solution, rinsed in Krebs solution containing 0.1% fetal calf serum and placed in a 

relaxing solution with the following composition (mM): 117 K+, 36 Na+, 1 Mg2+, 60 Hepes, 8 ATP, 

50 EGTA (Note: internal solution due to chemically skinning by high EGTA concentration). Each 

muscle was then gently agitated using pipette suction, releasing individual fibres from the muscle 

mass. Using a pipette, 0.5ml of solution was drawn, placed on a glass slide for examination and 

photographs of dissociated fibres taken. During counting, each fibre and its associated branches are 

counted as one fibre. In our earlier paper (Head et al., 1990), we demonstrate (using intracellular 

dye injection) that the branches are part of the same sarcoplasmic compartment, moreover, if a 

micropipette is used to stimulate any portion of the branched syncytium the whole branched fibre 

complex contracts. In instances where a long fibre covered several fields of the microscope view, a 

series of overlapping photomicrographs were taken and these were stitched together using the Coral 

draw graphic package. 

A total of 11657 fibres from 65 EDL muscles were counted: 7119 fibres from 34 controls and 4538 
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from 31 dystrophic muscles. Only intact fibres with no evidence of digestion damage were selected 

for counting. 

Statistical analyses 
Data was presented as means ± SD, Differences occurring between genotypes and age groups were 

assessed by two-way ANOVA, genotype being one fixed effect and age groups the other, their 

interactions included. Post hoc analysis was performed using Sidak’s multiple comparisons test. All 

tests were conducted at a significance level of 5%. All statistical tests and curve fitting were 

performed using a statistical software package Prism Version 7 (GraphPad, CA, USA). 

4.5 Results 

Degree of fibre branching and complexity with age 
The number of branched fibres and complexity of fibre branching within a single branched fibre 

syncytium found in mdx EDL muscles is shown in Figure 4.1 (note these counts represent all fibres 

counted and there are no error bars). The evidence (Bell & Conen, 1968; Schmalbruch, 1984; Head 

et al., 1990; Head et al., 1992; Chan et al., 2007; Lovering et al., 2009; Friedrich et al., 2010; 

Pavlath, 2010; Chan & Head, 2011; Buttgereit et al., 2013; Faber et al., 2014; Pichavant & Pavlath, 

2014; Duddy et al., 2015; Kiriaev et al., 2018) now overwhelming supports the findings shown in 

Figure 4.1, that as the mdx animals age the number and complexity of branched fibres increases 

dramatically. Single enzymatically isolated EDL fibres from littermate control animals showed 

between <1% to ~3% branching in all age groups (consisted with reports from other 

studies)(Schmalbruch, 1984; Head et al., 1990; Head et al., 1992; Bockhold et al., 1998; Chan et 

al., 2007; Head, 2010; Head et al., 2014; Pichavant & Pavlath, 2014; Kiriaev et al., 2018). In the 4 

month mdx 48% of all fibres counted are branched; the branching is relatively simple with 41% of 

branched fibres having one or two branches per fibre. By the time they reach 9 months of age 83% 

of fibres contain branches, of these 38% of fibres contain one or two branches and 45% fibres with 

3 or more branches per fibre syncytium. At 15 and 18 months of age dystrophic EDL muscles have 

96% branched fibres of which 64% have 3 or more branches per fibre syncytium and 32% having 

one or two branches. At 22 months of age the majority of mdx EDL fibres contained branches with 

77% showing 3 or more branches per fibre.  
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Figure 4.1: The degree of fibre branching in EDL (Extensor digitorum longus) muscles as a 

percentage of all fibres by categorizing them based on number of branch points. Fibres from 

littermate controls were omitted due to very low presence of fibre branching, less than 1%. Note 

this is a bar graph of all fibres counted and as such is an absolute measure, all photomicrographs 

in Figures 4.9-4.11 were taken from these fibre counts. A total of 11657 fibres from 65 EDL 

muscles were counted; 7119 fibres from 34 controls and 4538 fibres from 31 mdx muscles. For 4 

month group: n=1514 control n=1030 mdx fibres, 9 month group: n=1320 control n=1130 mdx 

fibres, 15 month group: n=1615 control n=1263 mdx fibres, 18 month group: n=1435 control 

n=605 mdx fibres and 22 month group: n=1235 control n=511 mdx fibres. 

Mass, length, and cross-sectional area 
TA muscles were heavier for mdx animals compared to littermate controls at all age groups (Figure 

4.2A), peak differences in muscle mass occurring at 15 months (MD 37.3, 95% CI [26.39, 48.21], 

P<0.0001) compared to 4 months (MD 18.34, 95% CI [8.92, 27.76], P<0.0001) and 22 months (MD 

19.12, 95% CI [5.65, 32.58], P=0.0016) age groups. These findings and a lack of age effects on 

muscle mass are consistent with dystrophic TA studies published previously (Quinlan et al., 1992; 

Sacco et al., 1992; Pastoret & Sebille, 1995; Dellorusso et al., 2001; Hakim et al., 2011). The same 

increase in dystrophic muscle mass can also be seen in the EDL (Figure 4.2B), peak differences 

likewise occurring at 15 months of age (MD 8.52, 95% CI [6.09, 10.96], P<0.0001) compared to 4 

month (MD 3.18, 95% CI [0.74, 5.62], P=0.0045) and 22 month (MD 6.75, 95% CI [4.08, 9.43], 

P<0.0001) age groups. Muscle hypertrophy in mdx muscle is a recognized feature (Deconinck et al., 

1997; Faulkner et al., 1997; Hayes & Williams, 1998; Lynch et al., 2001b; Hakim et al., 2011; Han 

et al., 2011; Hakim & Duan, 2012; Capogrosso et al., 2017; Kiriaev et al., 2018; Lindsay et al., 

2018) and can largely be attributed to the fibre branching which occurs in the regenerated 
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dystrophic fibres (Head et al., 1992; Faber et al., 2014; Pichavant & Pavlath, 2014; Kiriaev et al., 

2018). It should be noted that both TA & EDL control muscle mass has remained consistent with 

age and there was no evidence of sarcopenia up to 22 months of age. Other properties for the EDL 

such as length and physiological cross-sectional area for all age groups are shown in Table 4.1. 

EDL muscle length remained the same regardless of genotype or age, hence when physiological 

cross-sectional area was calculated for each muscle the differences can be attributed to those seen in 

EDL muscle mass. 

 

Figure 4.2: Muscle mass for all age groups. A) Interleaved scatterplot of TA (Tibialis anterior) 

muscle mass for 4 month (n=14 control; n=14 mdx), 9 month (n=12 control; n=14 mdx), 15 month 

(n=8 control; n=15 mdx), 18 month (n=12 control; n=14 mdx) and 22 month (n=8 control; n=6 mdx) 

age groups. B) Interleaved scatterplots of EDL (Extensor digitorum longus) muscle mass for 4 

month (n=14 control; n=15 mdx), 9 month (n=12 control; n=15 mdx), 15 month (n=14 control; 

n=15 mdx), 18 month (n=12 control; n=14 mdx) and 22 month (n=12 control; n=12 mdx) age 

groups. In each group the horizontal line indicates the mean value ± SD. There were no statistical 

differences between age groups, statistical differences displayed within graphs are differences 

between genotypes assessed by two-way ANOVA, post hoc analysis using Sidak’s multiple 

comparisons test. ****P<0.0001 and **0.001<P<0.01.   

 

Enlarged Table 4.1 has been included in appendix additional files instead of embedded in 

manuscript due to formatting issues. 

Control mdx P-value Control mdx P-value Control mdx P-value Control mdx P-value Control mdx P-value
Muscle length (mm) 13.86 ± 0.23 13.86 ± 0.23 NS 13.88 ± 0.31 13.88 ± 0.22 NS 14 ± 0.28 14 ± 0.27 NS 13.85 ± 0.58 13.84 ± 0.54 NS 14.08 ± 0.20 14.21 ± 0.26 NS

PCSA (mm2) 0.90 ± 0.09 1.11 ± 0.22 ** 0.87 ± 0.15 1.41 ± 0.17 **** 0.79 ± 0.07 1.36 ± 0.25 **** 0.93 ± 0.14 1.45 ± 0.28 **** 0.90 ± 0.10 1.35 ± 0.16 ****
N (muscles) 14 15 - 12 15 - 14 15 - 12 14 - 12 12 -

Half frequency (Hz) 32.05 ± 3.20 30.67 ± 3.03 NS 35.13 ± 3.56 34.62 ± 2.58 NS 35.49 ± 1.97 34.00 ± 2.74 NS 31.75 ± 2.69 33.80 ± 2.62 NS 31.72 ± 3.52 34.10 ± 1.66 NS
Hill Coefficient 4.28 ± 0.32 4.15 ± 0.34 NS 4.66 ± 0.34 4.64 ± 0.38 NS 4.50 ± 0.26 4.49 ± 0.27 NS 4.60 ± 0.34 4.89 ± 0.52 NS 4.73 ± 0.70 4.49 ± 0.46 NS

N (muscles) 7 7 - 6 7 - 7 6 - 6 7 - 6 7 -
Pre EC HRT (ms) 19.5 ± 2.35 23.61 ± 3.07 *** 17.68 ± 1.51 18.72 ± 3.62 NS 17.98 ± 2.03 17.71 ± 1.34 NS 18.71 ± 1.25 17.77 ± 1.93 NS 20.50 ± 2.94 19.00 ± 2.07 NS

Post EC HRT (ms) 17.07 ± 1.28 26.44 ± 4.15 **** 17.86 ± 1.78 26.54 ± 6.38 **** 18.15 ± 1.36 26.54 ± 6.82 **** 18.00 ± 1.09 22.13 ± 4.40 ** 18.50 ± 1.39 21.67 ± 2.57 NS
Recov EC HRT (ms) 16.71 ± 1.28 24.00 ± 3.71 **** 15.96 ± 1.25 20.67 ± 2.43 **** 16.36 ± 1.49 20.50 ± 2.16 **** 16.88 ± 1.43 22.00 ± 2.15 **** 16.40 ± 0.81 21.64 ± 1.72 ****

Pre EC TTP (ms) 27.96 ± 2.14 29.17 ± 1.77 NS 28.00 ± 1.40 25.94 ± 1.62 * 29.50 ± 1.23 26.46 ± 1.91 **** 29.08 ± 1.76 24.96 ± 1.80 **** 29.50 ± 2.30 26.21 ± 1.27 ***
Post EC TTP (ms) 23.68 ± 1.48 26.72 ± 1.35 *** 24.27 ± 1.42 25.42 ± 1.91 NS 26.10 ± 1.54 24.43 ± 2.53 NS 24.29 ± 1.39 23.5 ± 2.65 NS 24.50 ± 1.99 24.21 ± 1.05 NS

Recov EC TTP (ms) 22.25 ± 1.68 25.28 ± 1.48 **** 22.00 ± 1.41 23.71 ± 1.01 * 24.50 ± 1.08 23.50 ± 1.72 NS 22.50 ± 1.38 22.96 ± 1.45 NS 21.90 ± 1.31 23.64 ± 0.81 *
Pre EC HRT/TTP 0.70 ± 0.05 0.81 ± 0.09 ** 0.63 ± 0.04 0.72 ± 0.11 * 0.61 ± 0.07 0.67 ± 0.04 NS 0.64 ± 0.04 0.71 ± 0.08 NS 0.70 ± 0.10 0.72 ± 0.06 NS
Post EC HRT/TTP 0.72 ± 0.03 0.99 ± 0.13 **** 0.74 ± 0.04 1.04 ± 0.21 **** 0.70 ± 0.05 1.08 ± 0.21 **** 0.74 ± 0.02 0.94 ± 0.16 *** 0.76 ± 0.07 0.90 ± 0.12 **

Recov EC HRT/TTP 0.75 ± 0.03 0.95 ± 0.11 **** 0.73 ± 0.03 0.87 ± 0.07 **** 0.67 ± 0.06 0.87 ± 0.09 **** 0.75 ± 0.02 0.96 ± 0.10 **** 0.75 ± 0.05 0.92 ± 0.06 ****
N (muscles) 14 9 - 11 16 - 14 14 - 12 13 - 10 12 -

15MO 18MO 22MO

A

B

C

4MO 9MO
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Table 4.1: Statistical analyses and sample size of muscle properties, force frequency parameters 

and kinetics for EDL (Extensor digitorum longus) muscles across all age groups. Muscle properties 

(Row section 1): Muscle length and calculated PCSA (physiological cross-sectional area). Force 

frequency parameters (Row section 2): Half frequency and Hill coefficient. Kinetics (Row section 

3): Half relaxation time (HRT), Time to peak (TTP) and HRT/TTP ratio. Twitch kinetics were 

measured (1) pre-EC (eccentric contraction), (2) post-EC and (3) after recovery from the EC 

protocol. All data shown are mean ± SD. No statistical differences were found between age 

groups, P-values show genotype effects assessed by two-way ANOVA, post hoc analysis using 

Sidak’s multiple comparisons test. ****P<0.0001, ***0.0001<P<0.001, **0.001<P<0.01, 

*0.01<P<0.05 and NS labelled for no statistical significance.  

 

Maximal tetanic and twitch force 
The EDL muscle isometric maximum force production (Po) for all age groups are presented in 

Figure 4.3A. Four month old mice showed no significant differences in force production between 

dystrophic and littermate control muscles, however, as the animals age from 9 to 22 months, the 

maximum force generated by the dystrophic EDL is significantly less than age matched littermate 

controls. The low force output is most pronounced in the oldest mice, where EDL muscles from 18 

and 22 month old mdx mice produced ~25% and ~57% less force, respectively, than controls (MD -

92.95, 95% CI [-146.2, -39.73], P<0.0001) (MD -197.1, 95% CI [-256.2, -138], P<0.0001). 

Interestingly, the 22 month old dystrophic cohort produced significantly less force compared to all 

other age groups (F (4, 111)=9.26, P<0.0001). When each EDL muscle’s force was corrected for 

physiological cross-sectional area (Figure 4.3B) the 22 month old dystrophic cohort still produced 

significantly less specific force compared to dystrophic muscles from all other age groups (F (4, 

107)=7.85, P<0.0001). In all the age groups looked at, mdx EDL muscles produced significantly 

less specific force compared to littermate control animals. At 4 months of age the mdx muscles 

produce ~20% less force compared to controls (MD -84.92, 95% CI [-156.6, -13.28], P=0.012), this 

deficit increases at 15 months with mdx muscles producing ~54% less force compared to controls 

(MD -262.5, 95% CI [-331.9, -193], P<0.0001) and peaks at 22 months of age where dystrophic 

EDL muscles generated ~73% less force than controls (MD -279.4, 95% CI [-352.7, -206.1], 

P<0.0001). This decline in specific force correlates with the increase in number and complexity of 

branched EDL fibres in the dystrophic mice (Figure 4.1). 

Twitch forces for all groups are shown in Figure 4.3C. For 4 month and 9 month old mice there was 

no significant difference in twitch force between genotypes. However, with increasing age 
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dystrophic muscle produce significantly less force than age matched littermate control muscle. 

Differences in EDL twitch force between aged mdx mice and littermate controls; 15 months ~30% 

(MD -24.04, 95% CI [-35.8, -12.28], P<0.0001), 18 months ~45% (MD -37.38, 95% CI [-49.83, -

24.92], P<0.0001) and 22 months ~51% (MD -35.51, 95% CI [-48.84, -22.19], P<0.0001). The 

twitch force in 22 month old dystrophic mice was significantly less when compared to other age 

groups (F (4, 115)=4.99, P<0.0001). Figure 4.3D shows twitch force values corrected for cross-

sectional area. While the 4 month dystrophic EDL produced the same specific twitch force as 

littermate controls, from 9 to 22 months the dystrophic EDL muscles produced significantly less 

specific twitch force. (F (4, 115)=20.8, P<0.0001). This decrease in specific twitch force correlates 

with the increase in number and complexity of branched fibres (Figure 4.1). 

 

Figure 4.3: Maximum tetanic and twitch force. A) Interleaved scatterplot of the maximum 

absolute force generated by EDL (Extensor digitorum longus) muscles across 4 month (n=14 

control; n=12 mdx), 9 month (n=11 control; n=13 mdx), 15 month (n=14 control; n=10 mdx), 18 

month (n=12 control; n=14 mdx) and 22 month (n=10 control; n=11 mdx) age groups. B) 

Interleaved scatterplot of the maximum specific force (force per physiological cross-sectional area) 
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generated by EDL muscles across 4 month (n=14 control; n=9 mdx), 9 month (n=11 control; n=12 

mdx), 15 month (n=14 control; n=10 mdx), 18 month (n=12 control; n=14 mdx) and 22 month 

(n=10 control; n=11 mdx) age groups. C) Interleaved scatterplot of the twitch force generated by 

EDL muscles across 4 month (n=14 control; n=9 mdx), 9 month (n=11 control; n=16 mdx), 15 

month (n=14 control; n=14 mdx), 18 month (n=12 control; n=13 mdx) and 22 month (n=10 control; 

n=12 mdx) age groups. D) Interleaved scatterplot of the twitch specific force generated by EDL 

muscles across 4 month (n=14 control; n=9 mdx), 9 month (n=11 control; n=16 mdx), 15 month 

(n=14 control; n=14 mdx), 18 month (n=12 control; n=13 mdx) and 22 month (n=10 control; n=12 

mdx) age groups. In each group the horizontal line indicates the mean value ± SD. Statistical 

differences between age groups are displayed above the graph, statistical differences displayed 

within graphs are differences between genotypes assessed by two-way ANOVA, post hoc analysis 

using Sidak’s multiple comparisons test. ****P<0.0001, ***0.0001<P<0.001, **0.001<P<0.01, 

*0.01<P<0.05. 

Force-frequency parameters are not significantly different with respect to age and genotype 
Force-frequency curves were generated for all age groups and genotypes (Figure 4.4A). For clarity, 

in Figure 4.4B, only curves for 4 and 22 months old EDL muscles are shown. As our group have 

reported previously for the mdx EDL (Williams et al., 1993; Chan et al., 2007; Kiriaev et al., 2018) 

there was no significant difference in half frequency or Hill coefficient with respect to genotype or 

age (Table 4.1). Figure 4.4 visualizes the decline in force with age in dystrophic mdx EDL. As we 

note in the discussion, this age-related decline in force output from the dystrophic EDL muscles is 

strongly correlated with the development of branched fibres (Figure 4.1). 

 

Figure 4.4: Force frequency curves for WT (Wild type control) and mdx. A) Aggregated force 

frequency curves from EDL (Extensor digitorum longus) muscles to visualize differences between 

genotype across 4 month (n=7 control; n=7 mdx), 9 month (n=6 control; n=7 mdx), 15 month (n=7 

control; n=6 mdx), 18 month (n=6 control; n=7 mdx) and 22 month (n=6 control; n=7 mdx) age 
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groups. Muscle absolute force was measured at different stimulation frequencies and a sigmoidal 

curve (lines) was fitted to the data points (see methods), contractile properties were generated 

from these curves (see table 4.1). B) For clarity 4 month and 22 month old age groups have been 

isolated to highlight the shape and slope of these force frequency curves. Data shown in these 

curves are mean only, SD was omitted for visual clarity. 

Isometric force loss in older mdx EDL muscles is correlated with increased fibre branching   
EDL muscles from each age group and genotype were subjected to a series of 10 maximal isometric 

contractions at one-minute intervals, the final ‘recovery’ contraction (no.11), was given after a five 

minute rest interval. To enable change in force comparisons to be made between EDL muscles from 

different age groups and genotype, the isometric force was normalized to the first isometric 

contraction. All the age group and genotype data is shown in Figure 4.5A, while for clarity Figure 

4.5B shows only data from the 4 and 22 month age groups. With increasing age in dystrophic EDL 

muscles, there is a concomitant increase in isometric force loss over the 10 contractions and reduced 

force recovery on the 11th contraction (Figure 4.5). Figure 4.5B shows that the isometric response in 

EDL muscles from 4 month old dystrophic mice is similar to age matched littermate controls. In 

contrast, by 22 months of age mdx EDL muscles lost ~52% of their starting force and only 

recovered to ~60% compared to a loss of ~31% in 22 month old control animals which eventually 

recovered close to ~100% (MD 21.28, 95% CI [11.09, 31.48], P<0.0001). It is important to note 

that dystrophin is absent in both 4 month and 22 month old mdx EDL muscles, and the age matched 

littermate controls discount an ageing effect, leading us to propose that once there are a significant 

number of complexed branched fibres present in the mdx EDL there is a causative connection 

between the isometric force loss and the degree of fibre branching Figure 4.1 correlated with Figure 

4.5. 
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Figure 4.5: Percentage force changes throughout repeat isometric contractions and recovery for 

WT (Wild type control) and mdx EDL (Extensor digitorum longus) muscles. A) Shows the change 

in isometric force expressed as a percentage of starting force across 10 consecutive contractions 

and an 11th recovery contraction after 5 minutes for all age groups. B) For clarity 4 month (MO) 

and 22 month old age groups have been isolated to highlight the differences in isometric force loss 

and recovery across these contractions. Data shown in these curves are mean only; SD was 

omitted for visual clarity. C) A interleaved scatterplot of the cumulative force loss by the EDL 

across 4 month (n=7 control; n=5 mdx), 9 month (n=5 control; n=7 mdx), 15 month (n=7 control; 

n=6 mdx), 18 month (n=6 control; n=7 mdx) and 22 month (n=6 control; n=6 mdx) age groups 

(Note: these numbers apply to A-C). In each interleaved scatterplot group the horizontal line 

indicates the mean value ± SD. Statistical differences between age groups are displayed above the 

graph, statistical differences displayed within graphs are differences between genotypes assessed 

by two-way ANOVA, post hoc analysis using Sidak’s multiple comparisons test. ****P<0.0001, 

***0.0001<P<0.001, **0.001<P<0.01, *0.01<P<0.05. 

During a series of six eccentric contractions there was a uniformed graded force deficit in 
dystrophic EDL muscles from 4 month old mdx , however, in mdx mice from 9 -22 months the 
majority of the eccentric force deficit in the EDL occurred on the first eccentric contraction. 
The isometric force drops after each EC is normalized to starting force for all age groups (Figure 

4.6). Figure 4.6B shows data from the 4 and 22 month age groups. In all age groups, mdx EDL 
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muscles lost more force during the EC protocol than age matched littermate controls (Figure 4.6A). 

However, the mdx EDL muscles in the 4 month group were the only dystrophic muscles to lose 

force in graded steps during the 6 eccentric contractions, resembling the step-like force deficits 

produced in age matched littermate control EDL throughout the EC protocol (Figure 4.6A,B). The 

mdx 4 month EDL lost ~44% of starting force compared to ~18% in controls on the first EC (MD 

25.4, 95% CI [17.62, 33.18], P<0.0001). In contrast to the 4 month mdx EDL, dystrophic EDL 

muscles from the older 9-22 month age groups had ≥80% force deficit after the first EC in the series 

with the greatest lost at ~92% for 22 month old mdx mice compared with ~16% in age matched 

littermate controls (MD 76.29, 95% CI [68.05, 84.54], P<0.0001) (Figure 4.6C). In the older mdx 9-

22 month old age groups the final 5 EC were basically passive stretches due the negligible force 

output. Again, the correlation between the catastrophic force loss experienced by the 9-22 month 

mdx cohort and increases in fibre branching is striking. 

In line with the tetanic force data, EDL twitch force from the older 9-22 month mdx mice dropped 

dramatically after the EC protocol (Figure 4.6D). EDL muscles from 4 month mdx animals lost an 

average of ~78% of their starting twitch force compared with ~61% in controls after the EC 

protocol (MD 16.19, 95% CI [6.92, 25.45], P=0.0016), 9 month mdx animals lost ~93% of their 

starting twitch force compared to ~55% in controls after the EC protocol (MD 38.16, 95% CI 

[28.48, 47.83], P<0.0001). In the aged mdx cohorts, EDL muscle twitches barely produced any 

force reflecting the consequence to force loss due to eccentric contraction-induced damage in 

Figure 4.6A-C. Again, the largest force deficit occurred in 22 month mdx mice losing ~97% of the 

pre-EC twitch force compared with ~56% in littermate controls (MD 41.14, 95% CI [32.06, 50.21], 

P<0.0001).  
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Figure 4.6: Percentage force loss resulting from a series of six ECs (eccentric contractions) at 20% 

excursion from Lo (optimal length). Forces were normalized in each group with Pmax(Maximum 

force)=100%. A) XY plot of EDL (Extensor digitorum longus) force loss for mdx mice and littermate 

controls across all age groups. B) For clarity 4 month (MO) and 22 month old age groups have been 

isolated to highlight the differences in eccentric force loss across these contractions. Data shown 
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in these curves are mean ± SD. C). Interleaved scatterplots of the force loss after the first 20% EC 

across 4 month (n=14 control; n=13 mdx), 9 month (n=11 control; n=15 mdx), 15 month (n=12 

control; n=10 mdx), 18 month (n=12 control; n=13 mdx) and 22 month (n=12 control; n=12 mdx) 

age groups (Note: these numbers apply to A-C). D) Interleaved scatterplots of the twitch force loss 

after all six EC across 4 month (n=14 control; n=9 mdx), 9 month (n=11 control; n=16 mdx), 15 

month (n=14 control; n=14 mdx), 18 month (n=12 control; n=13 mdx) and 22 month (n=10 control; 

n=12 mdx) age groups. For interleaved scatterplots in C & D, the horizontal line indicates the mean 

value ± SD. Statistical differences between age groups are displayed above the graph, statistical 

differences displayed within graphs are differences between genotypes assessed by two-way 

ANOVA, post hoc analysis using Sidak’s multiple comparisons test. ****P<0.0001, 

***0.0001<P<0.001, **0.001<P<0.01, *0.01<P<0.05. 

Rapid recovery from eccentric force loss is seen in 4 month mdx but to a lesser degree as the mdx 
mice ages 
To measure the amount of recovery attributable to non-sarcolemmal damage we used the rationale 

of Olthoff et al. (2018) measuring the maximum force every 20 minutes for two hours post EC 

protocol (Figure 4.7A). Our EC was strong enough to cause fibre damage in control mice where 

there was a 20-35% non-recoverable force loss. Figure 4.7B illustrates the EDL recovery post EC at 

20 minutes intervals for 4 month and 22 month old mice. EDL from 4 month old mdx mice showed 

the greatest amount of recovery up to ~47% of their starting force compared to ~68% in age 

matched littermate controls (MD -22.01, 95% CI [-34.36, -9.66], P<0.0001). Whereas the 22 month 

old mdx EDL muscles recovered the least ~25% of their starting compared to ~65% in age matched 

littermate controls (MD -40.29, 95% CI [-52.88, -27.69], P<0.0001). The recovery in mdx EDL 

decreases as the dystrophic animal ages resulting in a decline in end recovered force as shown in 

Figure 4.7C. Dystrophic EDL muscles at 9 months recovered ~41% (MD -38.63, 95% CI [-51.06, -

26.2], P<0.0001), 15 months recovered ~29% (MD -44.45, 95% CI [-59.08, -29.82], P<0.0001) and 

18 months recovered ~33% (MD -39.08, 95% CI [-51.43, -26.73], P<0.0001) of starting force. 

Given both 4 month mdx mice and 22 month mdx mice contain 100% regenerated dystrophin-

negative muscle fibres (Duddy et al., 2015), we attribute the large non-recoverable force loss in old 

mdx EDL to the increase in fibre branching (Figure 4.1). 

In regards to twitch force recovery (Figure 4.7D), at 4 months of age there were no significant 

differences between dystrophic and control muscles. This is a key finding, along with the fact that at 

4 months there is no difference in either absolute or specific twitch force (Figure 4.3C, D), and the 

correlation with the low number and reduced complexity of branching at this age (Figure 4.1). 

However, the ability for EDL muscles from dystrophic animals to recover twitch force after our EC 
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protocol decreased over the 9-22 month old age groups (Figure 4.7D). EDL twitch force recovery 

for adult and aged groups; 9 months ~30% for mdx compared to ~54% for controls (MD -23.86, 

95% CI [-36.7, -13.03], P<0.0001), 15 months ~20% for mdx compared to ~45% for controls (MD -

25.34, 95% CI [-37.49, -13.18], P<0.0001), 18 months ~22% for mdx compared to ~44% for 

controls (MD -22.66% CI [-33.24, -12.07], P<0.0001) and 22 months ~17% for mdx compared to 

~51% for controls (MD -34.35, 95% CI [-23.02, -45.69], P<0.0001). Once again it is striking that 

although 4-22 month old dystrophic EDL muscles contain regenerated dystrophin negative fibres, 

that the force loss and EC deficit is strongly correlated with the degree and complexity of branched 

fibres (Figure 4.1). 
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Figure 4.7: Percentage force recovery for up to 120 minutes post EC (eccentric contraction) 

protocol. Forces were normalized in each group with Pmax (Maximum force)=100%. A) XY plot of 

post EC EDL (Extensor digitorum longus) force recovery over 120 minutes at 20 minute intervals 

for mdx and littermate controls across all age groups. B) For clarity 4 month (MO) and 22 month 

old age groups have been isolated to highlight the differences in post EC recovery across these 

contractions. Data shown in these curves are mean ± SD. C) Interleaved scatterplots of the 

recovery at 120 minutes across 4 month (n=13 control; n=12 mdx), 9 month (n=11 control; n=14 
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mdx), 15 month (n=8 control; n=10 mdx), 18 month (n=12 control; n=13 mdx) and 22 month (n=12 

control; n=12 mdx) age groups (Note: these numbers apply to A-C). D) Interleaved scatterplots of 

the twitch force recovery at 120 minutes across 4 month (n=14 control; n=9 mdx), 9 month (n=11 

control; n=12 mdx), 15 month (n=7 control; n=13 mdx), 18 month (n=12 control; n=12 mdx) and 22 

month (n=10 control; n=11 mdx) age groups. For interleaved scatterplots in C & D, the horizontal 

line indicates the mean value ± SD. Statistical differences between age groups are displayed above 

the graph, statistical differences displayed within graphs are differences between genotypes 

assessed by two-way ANOVA, post hoc analysis using Sidak’s multiple comparisons test. 

****P<0.0001, **0.001<P<0.01. 

Stiffness 
Stiffness is an inverse indication of muscle compliance; a stiffer muscle would exhibit a greater 

change in force for a given change in length. Our earlier skinned fibre studies of single non-

branched muscle fibres from mdx mice 4-6 months of age reported no major differences in the 

function of contractile proteins (Williams et al., 1993). Here the intact EDL muscle stiffness was 

calculated during the first EC and reported in Figure 4.8A. In the 4 month old group, there was no 

significant difference in stiffness between mdx EDL and age matched littermate control EDL 

muscles, in contrast, age groups 9-22 months show a significant increase in stiffness compared to 

age matched littermate control animals. The increase in stiffness is correlated with the increase in 

branching (Figure 4.1) and is likely the consequence of branching effectively increasing the number 

of small muscle fibres arranged in series within the aging dystrophic muscle. Differences in muscle 

stiffness between mdx and controls for each of these age groups are; 9 months (MD 74.38, 95% CI 

[55.55, 93.21], P<0.0001), 15 months (MD 80.97, 95% CI [60.66, 101.3], P<0.0001), 18 months 

(MD 57.48, 95% CI [37.17, 77.78], P<0.0001) and 22 months (MD 29.11, 95% CI [9.75, 48.47], 

P=0.0007). 
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Figure 4.8: Stiffness, Work done and baseline force. A) Interleaved scatterplots showing the EDL 

(Extensor digitorum longus) muscle stiffness calculated during the first 20% EC (eccentric 

contraction) across 4 month (MO)(n=14 control; n=13 mdx), 9 month (n=11 control; n=15 mdx), 15 

month (n=12 control; n=10 mdx), 18 month (n=12 control; n=10 mdx) and 22 month (n=12 control; 

n=12 mdx) age groups. B) Interleaved scatterplots showing the work done by EDL muscles 

calculated during the first 20% EC across 4 month (n=14 control; n=13 mdx), 9 month (n=11 

control; n=15 mdx), 15 month (n=12 control; n=10 mdx), 18 month (n=12 control; n=10 mdx) and 

22 month (n=12 control; n=12 mdx) age groups. C) Interleaved scatterplots showing the baseline 

force change post EC for mdx and littermate control EDL muscles across 4 month (n=14 control; 

n=13 mdx), 9 month (n=11 control; n=14 mdx), 15 month (n=9 control; n=14 mdx), 18 month (n=12 

control; n=10 mdx) and 22 month (n=12 control; n=12 mdx) age groups. In each interleaved 

scatterplot group the horizontal line indicates the mean value ± SD. Statistical differences between 

age groups are displayed above the graph, statistical differences displayed within graphs are 

differences between genotypes assessed by two-way ANOVA, post hoc analysis using Sidak’s 

multiple comparisons test. ****P<0.0001, ***0.0001<P<0.001, **0.001<P<0.01, *0.01<P<0.05. 

Work done 
Several studies have reported that the work done to stretch the muscle during the lengthening phase 

of an EC was the best predictor of the magnitude of the force deficit produced (Brooks et al., 1995; 

Hunter & Faulkner, 1997; Stevens & Faulkner, 2000; Lindsay et al., 2020). We calculated the work 
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done as the area under the force curve during the active lengthening phase of the EC (Figure 4.8B) 

and illustrates that the work done during the EC was significantly greater in age matched littermate 

controls compared with the dystrophic EDL muscle. Differences in work done between mdx and 

controls for each age group are; 4 months (MD -334, 95% CI [-490.2, -197.8], P<0.0001), 9 months 

(MD -574.9, 95% CI [-725.6, -424.2], P<0.0001), 15 months (MD -763.5, 95% CI [-926, -600.9], 

P<0.0001), 18 months (MD -514.1, 95% CI [-676.6, -351.6], P<0.0001) and 22 months (MD -

576.1, 95% CI [-731, -421.1], P<0.0001). It is interesting to note that less work is done on the mdx 

EDL compared with the work done on age matched littermate control EDL. 

Increase in resting force after the first EC 
The change in resting baseline absolute force after the first EC is shown in Figure 4.8C. In 

littermate control EDL muscles, baseline force remained at zero (the set point prior to the EC 

protocol) throughout different age groups following the first EC. EDL muscles from mdx mice 

produced a significantly higher resting force after an EC across all age groups, which increased in 

magnitude and spread with age. Differences in baseline change between mdx and controls for each 

age group are; 4 months (MD 2.482, 95% CI [0.09, 4.88], P=0.039), 9 months (MD 3.06, 95% CI 

[0.60, 5.53], P=0.0077), 15 months (MD 4.61, 95% CI [2.23, 6.96], P<0.0001), 18 months (MD 

4.64, 95% CI [2.15, 7.13], P<0.0001) and 22 months (MD 4.93, 95% CI [2.39, 7.47], P<0.0001).  

Twitch Kinetics 
As pointed out by Peczkowski et al. (2020), while maximal isometric tetanic contractions are most 

commonly used to assess and report muscle function in vitro, in vivo muscles likely contract at sub-

maximal levels. To address this, we looked at twitch kinetics as an outcome parameter. Twitch 

kinetics were measured (1) pre-eccentric, (2) post-eccentric and (3) after recovery from the EC 

protocol with statistical analysis presented in Table 4.1. Twitch half relaxation times did not 

significantly change in littermate controls throughout all three measures across all age groups (1) 

pre-eccentric, this was the same for the dystrophic group with the exception of 4 month old mdx 

EDL which took significantly longer to relax. Following eccentric contractions, (2) post-eccentric 

twitch relaxation time for mdx EDL muscles increased in all age groups and were significantly 

higher than control values. When measured (3) after recovery from the EC protocol, dystrophic 

EDL muscles had reduced half relaxation time closer to starting values but still took significantly 

longer to relax relative to age matched littermate controls (see Table 4.1 for genotype statistics and 

distribution for kinetics).  

Except for 4 month old dystrophic EDLs, (1) pre-eccentric twitch time to peak measures showed 

that dystrophic EDL muscles had a significantly faster twitch time to peak compared to age 

matched controls in all age groups. In the 4 month old group, both mdx and control muscle reached 

peak contraction at a similar time, likely due to the different levels of absolute force, see Figure 
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4.3C (if the muscle produces a greater twitch force it will take a longer time to achieve this when 

other parameters are the same). (2) Post-eccentric 4 month old mdx EDL muscles TTP was 

significantly slower time than control counterparts. The time to peak for all older age groups 

remained similar with no differences between age or genotype. (3) After recovery from the EC 

protocol dystrophic EDL muscles showed a significantly slower TTP than control animals at 4, 9 

and 22 month age groups and remained similar for remaining cohorts (Table 4.1).  

HRT/TTP ratio for twitch kinetics 
Peczkowski et al. (2020) developed the HRT/TTP ratio as a way of assessing twitch kinetics 

between genotypes and ages. Using this measure, littermate control EDL muscles remain 

unchanged due to eccentric contraction-induced injury/recovery and stayed consistent across all age 

groups (Table 4.1)(1) pre-eccentric, (2) post-eccentric and (3) after recovery (with the control EDL 

muscles contracting at a slower rate than they relax (HRT/TTP ratio less than 1). (1) Pre-eccentric 

HRT/TTP ratio was similar for dystrophic muscles compared to littermate controls in most age 

groups. (2) Post-eccentric HRT/TTP ratio increased for all mdx EDL muscles across all groups and 

remained elevated when measured (3) after recovery from the EC protocol.  

The similar HRT/TTP ratio (1) pre-eccentric in mdx and age matched littermate controls suggests 

the fibre type profiles of the EDL remains unchanged in the mdx, while the higher HRT/TTP ratio 

reported for dystrophic muscle fibres post EC shows dystrophic muscles contracting at a similar rate 

to relaxing. Possibly due to the presence of stressed branched fibres with reduced excitability and 

slower rates of contraction and relaxation throughout the branched syncytium.  

Light microscope morphology of enzymatically isolated single fibres 
Representative stitched images of intact muscle fibres taken at magnification (X100) on a light 

microscope demonstrating various degrees of complex fibre branching in the senescent (22 month) 

mdx EDL (Figure 4.9). Figure 4.9A shows an example of a simple branched fibre containing one 

branched end and multiple splits within itself that develop along the length of the fibre. These splits 

along the fibre can become quite large and more noticeable such as in Figure 4.9B where we can 

see several branched offshoots from the main fibre trunk. Figure 4.9C & D shows examples of 

complex branching (4+ branches) with multiple offshoots along the length of the dystrophic fibre. 

Major branch points have been marked with arrows for each fibre. 
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Figure 4.9: Examples of medium power light microscope images (X100) of enzymatically digested 

EDL (Extensor digitorum longus) muscle fibres taken from a single 22 month old dystrophic 

mouse. Note the fibres have been stitched together at the same magnification from 

photomicrographs taken from overlapping fields of view to capture a large portion of the fibre, 

scale bar provided at 50µm. Backgrounds debris from the digest process have been cleared to 

focus on the muscle fibre and arrows mark areas where fibre branching has occurred (To see 

examples where debris have not been removed see Kiriaev et al. (2018). A) A fibre containing a 

single branch with slits forming within the trunk. B) A fibre showing rejoining of these slits within 

the trunk and multiple offshoots off the edge of the muscle. C & D) Examples of complex branched 

muscle fibres. 

Figure 4.10 shows examples of (single field X100) light microscope images taken of branch points 

in aged mdx EDL muscle fibres before EC. The branch pattern in these mdx fibres range from 

offshoots from the main trunk of the fibre shown in Figure 4.10A, C, G, I & J, to splits that rejoin 

mid fibre in panels Figure 4.10D & E as well as branching towards the end of fibres in Figure 

4.10B, F, H & K.  
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Figure 4.10: Examples of medium power light microscope images (X100) of muscle fibre branch 

point sections that have not undergone EC (eccentric contraction) from adult and senescent mdx 

mice. Cartoon inserts have been added to help visualize the various examples of branching in each 

image. A-F) Are portions of fibres from a 22 month mdx mouse EDL (Extensor digitorum longus). G-

K) Are portions of fibres from a 18 month mdx mouse EDL. Scale bar provided at 50µm in (K) 

applies to all of Figure 4.10.  

Figure 4.11 shows typical pictures of mdx fibre branching in relation to mechanical findings post 

EC. These photomicrographs illustrate, in a qualitative manner, breaks in branched fibres, which we 

propose occurred because of the EC. In Figure 4.11, line drawing inserts have been added to each 

image to show the areas we have hypothesized as having broken during EC (Red) or have become 

hypercontracted due to EC rupture (Yellow). 
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Figure 4.11: Examples of medium power light microscope images (X100) of broken muscle fibre 

sections that have undergone eccentric contractions from adult and senescent mdx mice. Broken 

areas have been outlined in red whilst swollen and necrotic areas highlighted yellow in cartoon 

inserts for each image. A-D) Are portions of fibres from a 22 month mdx mouse EDL (Extensor 

digitorum longus) muscle. E-I) Are portions of fibres from a 18 month mdx mouse EDL. Scale bar 

provided at 50µm in (I) applies to all of Figure 4.11.  

4.6 Discussion 

The fast-twitch EDL skeletal muscle from the mdx mouse, is the muscle most used to study the 

pathophysiology caused by an absence of dystrophin from the inner surface of the sarcolemma. The 

mouse EDL is a mix of fast fibre types; ~79% type 2B (fast glycolytic), ~16% type 2X and ~4% 

type 2A (fast oxidative glycolytic)(Hettige et al., 2020). We have previously proposed a two-stage 

model to describe the skeletal muscle pathology in the dystrophinopathies (Chan et al., 2007; Head, 

2010; Chan & Head, 2011; Head, 2012b; Kiriaev et al., 2018). Here we extend our model to take 

account of our new data, see Figure 4.12. We now term the stages as phases. Phase-one involves the 

absence of dystrophin triggering skeletal muscle fibre necrosis driven by a pathological increase in 

[Ca2+]in, likely caused by a combination of increased free radical damage and abnormal ion channel 

functioning during muscle contraction. Phase-one is cyclic, with repeated cycles of muscle fibre 

regeneration and necrosis. In phase-one the regenerated dystrophin-deficient muscle fibres are 
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abnormally branched, and this branching pathology increases in complexity with age as the number 

of regenerative cycles in phase-one increases. This abnormal fibre branching is responsible for the 

hypertrophy and reduced maximal force output characteristic of older mdx EDL. Once the number 

and complexity of the branched fibres passes a level we have termed ‘tipping point’, phase-two is 

initiated; now the fibre damage is a consequence of the weak branched fibres rupturing, particularly 

during eccentric contractions, and this will tend to have a positive feedback as the broken branches 

will no longer support the contracting muscle placing additional stress on the remaining branches, 

in the final period of phase-two the majority of the muscle tissue will be damaged. It is important to 

note, that depending on the forces experienced by the muscle, phase-one and phase-two can occur at 

the same time. Here we have provided further evidence to test this two-phase model by looking at 

the correlation between fibre branching and the contractile pathology in dystrophin-deficient EDL 

muscles from mdx mice between 4 months to 22 months of age compared with age matched 

littermate controls. By 4 months of age 100% of mdx skeletal muscle fibres have undergone at least 

one round of necrosis/regeneration (Duddy et al., 2015), so all the contractile findings reported here 

are from regenerated dystrophin deficient fast-twitch fibres. With reference to DMD our 4 and 9 

month mice can be considered representative of the adolescent population while 15, 18 and 22 

months represent adults.  

Fibre branching 
Dystrophic EDL muscles between 4 month to 22 months are comprised of 100% regenerated 

dystrophin-negative muscle fibres (Carnwath & Shotton, 1987; Coulton et al., 1988; Pastoret & 

Sebille, 1995; Kornegay et al., 2012b; Faber et al., 2014; Pichavant & Pavlath, 2014; Duddy et al., 

2015), the major morphological change that occurs during this period is the formation of branched 

fibres which increase in number and complexity as the animal ages (Figures 4.1 & 4.9)(Head et al., 

1992; Chan et al., 2007; Lovering et al., 2009; Pavlath, 2010; Chan & Head, 2011; Faber et al., 

2014; Pichavant & Pavlath, 2014; Duddy et al., 2015; Kiriaev et al., 2018). All the contractile 

deficits and increased dystrophic muscle weight we report in this study are correlated with the 

increase in quantity and complexity of these branches. The reported increase in active stiffness 

(Figure 4.8A) with age in the mdx EDL is a direct consequence of the increase in number and 

complexity of branched fibres. We calculate stiffness as the change in force divided by the change 

in length. This means that shorter fibres will appear stiffer because they undergo a greater strain for 

a given muscle deformation (Patel & Lieber, 1997). We have shown in our earlier paper that in the 

intact old mdx EDL muscle the short branches present on each fibre, lie longitudinally within the 

muscle (Kiriaev et al., 2018). This means that branching effectively increases the number of shorter 

fibres present in the muscle, which directly increases the active stiffness of the muscle due to the 

cross-bridge biomechanical properties. In humans it has been proposed that skeletal muscle fibre 
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branching is a key pathological sign of the progressive muscular dystrophies (Pearson, 1965; 

Pichavant & Pavlath, 2014). Branched skeletal fibres are found in the muscles of boys with DMD 

(Pearce & Walton, 1962; Bell & Conen, 1968; Schwartz et al., 1976; Swash & Schwartz, 1977; 

Schmalbruch, 1984; Ben Hamida et al., 1992; Cooper & Head, 2014). In DMD boys extensive fibre 

branching has been correlated with a reduction in mobility (Bell & Conen, 1968). Since our first 

report (Head et al., 1992) of fibre branching in the mdx hindlimb muscles, this finding has been 

confirmed by our laboratory and others (Chan et al., 2007; Lovering et al., 2009; Friedrich et al., 

2010; Pavlath, 2010; Chan & Head, 2011; Buttgereit et al., 2013; Faber et al., 2014; Pichavant & 

Pavlath, 2014; Duddy et al., 2015; Kiriaev et al., 2018). 

Hypertrophy and loss of force in fast-twitch mdx muscles 
Skeletal muscle hypertrophy is a characteristic of the dystrophinopathies (Bell & Conen, 1968; 

Jones et al., 1983; De Visser & Verbeeten, 1985; Cros et al., 1989; Reimers et al., 1996; Tyler, 

2003; Marden et al., 2005; Head, 2012b; Kornegay et al., 2012b). In the mouse mdx EDL, we and 

others have reported a 20-30% hypertrophy in EDL (Coulton et al., 1988; Pastoret & Sebille, 1993; 

Faulkner et al., 1997; Lynch et al., 2001b; Chan et al., 2007; Hakim et al., 2011; Hakim & Duan, 

2012; Faber et al., 2014; Duddy et al., 2015; Kiriaev et al., 2018; Massopust et al., 2020) while 

reports of 20-60% hypertrophy have been published regarding the predominantly fast-twitch mdx 

TA (Quinlan et al., 1992; Pastoret & Sebille, 1995; Dellorusso et al., 2001; Froehner et al., 2014; 

Massopust et al., 2020; Ben Larbi et al., 2021). In the mdx mouse this hypertrophy initially 

maintains the absolute force output of the mdx EDL at 4 months, while by 9-22 months, despite the 

larger muscles, the absolute force drops relative to age matched littermate control muscles (Figure 

4.3A & C). In terms of maximum specific force, the mdx EDL produces less at all ages (Figure 

4.3B) compared to littermate controls and this difference increases with age, being most marked in 

the 22 month mdx EDL muscles. The picture is similar for the specific twitch force apart from the 4 

month group where there is no difference (Figure 4.3D). Given the strong correlation between; the 

increase in branched fibres, hypertrophy and lower force output at 9-22 months of age in the mdx 

mouse, we propose that pathological fibre branching is responsible for both the reduction in force 

output and hypertrophy. The correlation between branching and force loss is also maintained when 

we look at the fitted force frequency curves (Figure 4.4) where the drop of force in mdx fibres is 

correlated with the increase in branched fibres (Figures 4.1, 4.9 & 4.10). Statistically there is no 

change in the half frequency or the Hill coefficient of the curves (Table 4.1) suggesting that 

functionally the mdx EDL muscles have remained fast-twitch during regeneration (4-22 months), 

this confirms studies that have reported no significant changes in fibre types with age in mdx muscle 

(Carnwath & Shotton, 1987; Anderson et al., 1988; Williams et al., 1993; Hayes & Williams, 1998; 

Chan et al., 2007; Kiriaev et al., 2018). In the mdx limb muscles fibre branching itself has been 
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shown to be the major component of muscle hypertrophy which occurs as the mdx mouse ages 

(Faber et al., 2014; Pichavant & Pavlath, 2014; Duddy et al., 2015). Faber et al. (2014) 

demonstrates that in dystrophic EDL muscles a 28% increase in the number of fibres counted in 

transverse sections of muscles correlated with a 31% increase in myofibre branching. Furthermore, 

the study highlights the largest increase in myofibre number and branching both occurred at 12 

weeks onwards, confirming through histology a phase of severe degeneration occurring just prior. 

Recently a lifetime analysis of mdx skeletal muscle performed by Massopust et al. (2020) 

confirmed the findings of Faber et al. (2014) that myofibre diameter and volume develop normally 

until 12 weeks of age where dystrophic muscles become significantly larger than age matched 

controls. Importantly, the study identified muscle fibre branching contributes to volume, diameter 

and CSA variability and branches themselves do not feature synapses, thus receiving innervation 

from the original fibre (Faber et al., 2014; Duddy et al., 2015; Massopust et al., 2020). 

Why does fibre branching reduce force output in mdx muscles?  
Friedrich’s laboratory (Friedrich et al., 2010) have produced a convincing structural hypothesis 

where they propose the repeated bouts of regeneration and degeneration in mdx muscles produce 

branched fibres which have been structurally remodelled in such a way that contractile proteins 

have become misaligned and deviate from the long axis of the muscle, leading to asynchronized 

contraction and loss of force production. Furthermore, within a regenerated dystrophic fibre the 

group used second harmonic generation imaging to identify an increased variation in the angle of 

myofibril orientations (Buttgereit et al., 2013) which they calculate could contribute to ~50% of the 

progressive force loss with age in mdx. Additionally, several studies have confirmed that each 

branched fibre syncytium, no matter how many branches they contain (the most complex in excess 

of 10) is controlled by a single neuromuscular junction (a single motor nerve) (Faber et al., 2014; 

Pratt et al., 2015; Massopust et al., 2020). We have modelled (Head, 2010) the transmission of a 

muscle action potential through a syncytium showing it will be slowed in small diameter branches 

and can fail to transmit when propagating is from a small diameter branch towards a large diameter 

branch, this means that the force output per cross-section of branched fibre syncytium will be 

reduced by the number of non-contracting small branches. Thus, we propose the correlation of 

increased fibre branching with hypertrophy and decreased force output in dystrophin deficient 

muscles is not the result of the absence of dystrophin. Rather it is due to the absence of dystrophin 

triggering rounds of necrosis/regeneration which then produces branched fibres, that lead to muscle 

hypertrophy and reduce force output (Figure 4.12). Further evidence in support of this comes from 

our skinned fibre studies (Head et al., 1990; Head, 2010) where we chemically remove the cell 

membrane (sarcolemma), thus removing the dystrophin protein link in control muscles and examine 

the force output from non-branched segments of contractile proteins from mdx EDL compared to 



184  

controls. We showed that there is no difference in the force output produced by these contractile 

proteins.  

 

Figure 4.12: Two-phase model of disease pathogenesis in mdx mice. Phase-one involve the 

absence of dystrophin triggering skeletal muscle fibre necrosis, driven by a pathological increase in 

[Ca2+]in. The process is likely caused by a combination of increased free radical damage e.g. ROS 

(reactive oxygen species) and abnormal ion channel functioning during muscle contraction e.g. 

SAC (stretch-activated ion channels). Phase-one involves repeated cycles of muscle fibre 

regeneration and necrosis leading to the development of abnormally branched regenerated 

dystrophin-deficient muscle fibres. These branches increase in quantity and complexity with age 

as the number of repeated regenerative cycles in phase-one increase. Once the number and 

complexity of the branched fibres passes a level we have termed ‘tipping point’, phase-two is 

initiated; now the fibre damage is a consequence of the weak branched fibres rupturing, 

particularly during eccentric contractions. This will tend to have a positive feedback as the broken 

branches will no longer support the contracting muscle placing additional stress on the remaining 

branches. In the final period of phase-two the majority of muscle tissue will be terminally 

damaged beyond repair. It is important to note, that depending on the forces experienced by the 

muscle, phase-one and phase-two can occur at the same time.  
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Repeated maximal isometric contractions in EDL from 18 and 22 month old mdx mice produce a 
non-recoverable force deficit which is correlated with the number and complexity of branched 
fibres 
When we gave the EDL 10 maximal isometric contractions, separated by rest periods of 60 seconds 

to reduce the impact of fatigue, it was only the 18 and 22 month old mdx EDL which showed a 

significant loss of force that did not recover. Our argument can be summarized using Figure 4.5B 

&12 where during isometric contractions 4 month old dystrophin deficient EDL have a similar force 

deficit and recovery to EDL from age matched littermate controls. In contrast 22 month old 

dystrophin deficient muscles with extensive complex branching (Figures 4.1, 4.9) only generate 

around ~50% of their starting force by the 10th isometric contraction, and this recovers to ~60% of 

maximal. These maximal isometric forces are unlikely to be experienced in vivo, non-the-less it 

supports our contention that extensively branched mdx fast-twitch EDL muscle fibres cannot sustain 

maximal isometric forces due to the branch points mechanically weakening the fibre (Figures 4.10, 

4.11 & 4.12). Claflin and Brooks (2008) showed that 5-13 month mdx lumbrical muscles experience 

an irreversible loss of force when subjected to 10 isometric contractions, however, they did not look 

at fibre branching. When modelling stretching of a muscle fibre Iyer et al. (2017) “showed non-

uniform strain distributions at branch points in single fibres, whereas uniform strain distribution 

was observed in fibres with normal morphology and concluded this increased susceptibility to 

stretch-induced damage occurring in branched myofibres at the branch point”. Further evidence that 

extensive branching structurally weakens the dystrophic fibre making it prone to rupture when 

producing high forces comes from using the skinned muscle fibre technique to study single 

branched fibres. When a branched dystrophic skinned fibre was attached to a force transducer, the 

fibre commonly breaks at a branch point when exposed to a series of solutions with increasing Ca2+ 

concentration. Importantly, when the remaining non-branched segment of the same fibre was 

reattached, it could sustain maximal Ca2+ activated force (Head et al., 1990; Head, 2010). 

Additional evidence from past studies performed on merosin deficient dystrophic mice with 

extensive branching have shown that the branched fibres are damaged by isometric contractions 

(Head et al., 1990). It is possible that during the repeated isometric contractions these in vivo 

muscles, devoid of a blood supply, may develop an anoxic core. Modelling by Barclay’s group 

show muscles of the same diameter, room temperature, with saturated O2 and 60 second duty cycle 

used here will not develop a significant anoxic core (Barclay, 2005; Barclay et al., 2010). 

Reversible and irreversible recovery of force deficit post eccentric contractions 
In Figure 4.6A-C we show that 9-22 month old mdx with extensive complexed branching (Figure 

4.1 & 4.9) have a catastrophic force deficit on the first of six eccentric contractions. The 4 month 

mdx have a graded force loss over the six eccentric contractions which, though more marked, is 
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similar in profile to controls (Figure 4.6A & B). We attribute the catastrophic force drop on the first 

EC in older 9-22 month old mdx (Figure 4.6C) to the structural weakness cause by the presence of 

large numbers of complexed branched fibres (Figure 4.1 & 4.9) present in the 9-22 month old 

dystrophic EDL. Previously, we and others, have proposed that extensively complex branching 

structurally weakens fast-twitch fibres (Pearce & Walton, 1962; Bell & Conen, 1968; Schwartz et 

al., 1976; Swash & Schwartz, 1977; Schmalbruch, 1984; Head et al., 1990; Ben Hamida et al., 

1992; Head et al., 1992; Head et al., 2004; Chan et al., 2007; Lovering et al., 2009; Friedrich et al., 

2010; Pavlath, 2010; Cooper & Head, 2014; Pichavant & Pavlath, 2014; Kiriaev et al., 2018). In 

Figure 4.6B, both 4 months and 22 months mdx are dystrophin deficient, but as the animals age the 

absence of dystrophin triggers cycles of necrosis/regeneration and an age-related increase in 

complex branched fibres which we propose rupture on the first EC (Figure 4.6B lower trace and 

Figure 4.1, 4.9, 4.11 & 4.12). Olthoff et al. (2018) showed in 3 month old mdx EDL muscles that 

there was a graded 90% force deficit which occurred over 10 EC given at 3 minutes intervals. The 

authors attributed the bulk of this force deficit to mechanisms linked to pathological ROS 

production in the dystrophic 3 month EDL muscles because there was a 65% recovery of force 

within 120 minutes. When EC cycles were delivered at 30 minute intervals there was also a 

reversible loss of force. Their study concluded that the EC force deficit in dystrophic EDL is not 

due to sarcolemmal rupturing, as would be the case if dystrophin was acting as a shock absorber, 

instead Olthoff et al. (2018) proposed an alternative hypothesis, that eccentric contractions in their 

EDL muscles from 3 month old mice drives a transient, redox based inhibition of contractility. 

Lindsay et al. (2018) demonstrated a similar result, again in 3 month mdx EDL muscles, where 

following 75% eccentric force deficit dystrophic muscles recovered up to 64% at 60 minutes post 

contraction. In support of the redox hypothesis, when Lindsay et al. (2018) added the macrophage 

synthesized antioxidant 7,8-Dihydroneopterin to the 3 month old mdx muscles, it provided 

protection against eccentric contractions and improved force recovery to 81%. The authors 

conclude that the restoration of isometric tetanic force with antioxidant treatment in mdx muscle 

suggest reversible oxidation of proteins regulating muscle contraction. Both these cases and other 

studies report force recovery post EC in fast-twitch muscle from young mdx mice (3-12 weeks of 

age)(Han et al., 2011; Call et al., 2013; Roy et al., 2016), according to our two-phase model of 

damage in the dystrophinopathies, dystrophic fast-twitch fibre branching had not reached ‘tipping 

point’ in phase-two, and the majority of the fast-twitch fibres are cycling in phase-one (Figure 

4.12). When the ‘tipping point’ is passed, there is an irrevocable sarcolemma rupture at branch 

points, with positive feedback, to the effect as branches rupture so it increases the strain on the 

remaining branches. In our 2018 paper, we showed it was only in old mdx EDL with extensively 

branched fibres that there was a loss of ~65% of the force on the first EC which did not recover 
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(Kiriaev et al., 2018). Here we have confirmed this finding and extended it by looking at recovery 

post EC at 120 minutes and by showing that in 4 month old mdx EDL muscles, (with considerably 

less branching) there is a graded force loss over the six EC which recovers by ∼50% after 120 

minutes compared to only a ∼20% recovery in the old dystrophic EDLs with extensively complexed 

branching. It should be noted that EC stretches are specified relative to Lo, while uncertain of fibre 

length, the fibre strain during these stretches may be greater than the 20% indicated where our EC 

protocol is severe enough to produce a non-recoverable force deficit of 20-30% in age matched 

littermate controls. Figure 4.8C shows an age-related increase in baseline force after EC, likely due 

to the increasing number of branched fibres becoming damaged, leaving some fibres with a high 

resting [Ca2+]in which produces an increase in resting tension. Our current findings along with the 

review by Allen et al. (2016) and recent work mentioned (Lindsay et al., 2018; Olthoff et al., 2018; 

Lindsay et al., 2020) add to the growing body of evidence in support of our two-phase hypothesis to 

explain the pathology of the dystrophinopathies (Chan et al., 2007; Head, 2010; Chan & Head, 

2011; Head, 2012b; Kiriaev et al., 2018). 

Summary 
In the present study we have demonstrated that mdx EDL muscles from adult to senescent age 

groups have the largest component of eccentric damage which occurs as an abrupt loss of force on 

the first EC (Figure 4.6A-C). As previously reported we propose this is the result of mechanical 

rupture of branched dystrophic fibres (Dellorusso et al., 2001; Kiriaev et al., 2018). In contrast, 

younger adolescent mdx muscle have a graded drop in force during each phase of the EC protocol 

(Roy et al., 2016; Capogrosso et al., 2017), resembling those seen in littermate control muscles 

(Figure 4.6A & B). When dystrophic muscles are left to recover 120 minutes post EC, we also 

report rapidly reversible recovery of EC force deficit in young adolescent animals but to a lesser 

degree (~50% compared to ~65% in Olthoff et al. (2018)) than those published previously (Figure 

4.7C & D). Given Lindsay et al. (2020) report that the EC strain is the major predictor of the force 

deficit, differences in the present study are likely attributable to the increased magnitude in EC 

strain we used (Figure 4.8B). In aged and senescent dystrophic animals, recovery is only ~20-30% 

of starting force (Figure 4.7), indicating a smaller reversible force loss component and a larger 

irreversible component due to acute membrane rupture. We attribute this irreversible component to 

the presence of complex branches in aged and senescent mdx mice which are prone to rupture 

following eccentric contraction-induced injury becoming functionally obsolete. Dependent on the 

EC strain, degree of branching and complexity of branching, the capacity for recovery varies in mdx 

muscle and can explain the variability reported in literature (Head et al., 1992; Moens et al., 1993; 

Brooks, 1998; Han et al., 2011; Call et al., 2013; Roy et al., 2016; Capogrosso et al., 2017; Lindsay 

et al., 2018; Olthoff et al., 2018). Our current findings highlight the importance of studying the 
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muscle pathophysiology in the mdx dystrophin-deficient mouse at all age points throughout the 

dystrophic animals’ life span. Many studies report skeletal muscle pathologies in mdx mice between 

6 to 12 weeks of age yet fail to address why these dystrophin-deficient animals can live largely 

asymptomatically past 108 weeks of age. It is only in the old mdx mouse that we start to see them 

die earlier than age matched controls (Chamberlain et al., 2007; Li et al., 2009) and we correlate 

this with the degree and complexity of muscle fibre branching where a significant proportion of 

branches can no longer withstand the normal stresses and strains of muscle contraction. 
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4.7 Supplementary figures 

 

Table 4.1 (Supplementary): Table 4.1 broken down & enlarged 

Abbreviations: MO (months), PCSA (physiological cross sectional area), N (number), EC (eccentric 

contraction), HRT (half relaxation time), TTP (time to peak), Recov (Recovery) and NS (No 

statistical significance). 

Control mdx P-value Control mdx P-value
Muscle length (mm) 13.86 ± 0.23 13.86 ± 0.23 NS 13.88 ± 0.31 13.88 ± 0.22 NS

PCSA (mm2) 0.90 ± 0.09 1.11 ± 0.22 ** 0.87 ± 0.15 1.41 ± 0.17 ****
N (muscles) 14 15 - 12 15 -

Half frequency (Hz) 32.05 ± 3.20 30.67 ± 3.03 NS 35.13 ± 3.56 34.62 ± 2.58 NS
Hill Coefficient 4.28 ± 0.32 4.15 ± 0.34 NS 4.66 ± 0.34 4.64 ± 0.38 NS

N (muscles) 7 7 - 6 7 -
Pre EC HRT (ms) 19.5 ± 2.35 23.61 ± 3.07 *** 17.68 ± 1.51 18.72 ± 3.62 NS

Post EC HRT (ms) 17.07 ± 1.28 26.44 ± 4.15 **** 17.86 ± 1.78 26.54 ± 6.38 ****
Recov EC HRT (ms) 16.71 ± 1.28 24.00 ± 3.71 **** 15.96 ± 1.25 20.67 ± 2.43 ****

Pre EC TTP (ms) 27.96 ± 2.14 29.17 ± 1.77 NS 28.00 ± 1.40 25.94 ± 1.62 *
Post EC TTP (ms) 23.68 ± 1.48 26.72 ± 1.35 *** 24.27 ± 1.42 25.42 ± 1.91 NS

Recov EC TTP (ms) 22.25 ± 1.68 25.28 ± 1.48 **** 22.00 ± 1.41 23.71 ± 1.01 *
Pre EC HRT/TTP 0.70 ± 0.05 0.81 ± 0.09 ** 0.63 ± 0.04 0.72 ± 0.11 *

Post EC HRT/TTP 0.72 ± 0.03 0.99 ± 0.13 **** 0.74 ± 0.04 1.04 ± 0.21 ****
Recov EC HRT/TTP 0.75 ± 0.03 0.95 ± 0.11 **** 0.73 ± 0.03 0.87 ± 0.07 ****

N (muscles) 14 9 - 11 16 -

Control mdx P-value Control mdx P-value
Muscle length (mm) 14 ± 0.28 14 ± 0.27 NS 13.85 ± 0.58 13.84 ± 0.54 NS

PCSA (mm2) 0.79 ± 0.07 1.36 ± 0.25 **** 0.93 ± 0.14 1.45 ± 0.28 ****
N (muscles) 14 15 - 12 14 -

Half frequency (Hz) 35.49 ± 1.97 34.00 ± 2.74 NS 31.75 ± 2.69 33.80 ± 2.62 NS
Hill Coefficient 4.50 ± 0.26 4.49 ± 0.27 NS 4.60 ± 0.34 4.89 ± 0.52 NS

N (muscles) 7 6 - 6 7 -
Pre EC HRT (ms) 17.98 ± 2.03 17.71 ± 1.34 NS 18.71 ± 1.25 17.77 ± 1.93 NS

Post EC HRT (ms) 18.15 ± 1.36 26.54 ± 6.82 **** 18.00 ± 1.09 22.13 ± 4.40 **
Recov EC HRT (ms) 16.36 ± 1.49 20.50 ± 2.16 **** 16.88 ± 1.43 22.00 ± 2.15 ****

Pre EC TTP (ms) 29.50 ± 1.23 26.46 ± 1.91 **** 29.08 ± 1.76 24.96 ± 1.80 ****
Post EC TTP (ms) 26.10 ± 1.54 24.43 ± 2.53 NS 24.29 ± 1.39 23.5 ± 2.65 NS

Recov EC TTP (ms) 24.50 ± 1.08 23.50 ± 1.72 NS 22.50 ± 1.38 22.96 ± 1.45 NS
Pre EC HRT/TTP 0.61 ± 0.07 0.67 ± 0.04 NS 0.64 ± 0.04 0.71 ± 0.08 NS

Post EC HRT/TTP 0.70 ± 0.05 1.08 ± 0.21 **** 0.74 ± 0.02 0.94 ± 0.16 ***
Recov EC HRT/TTP 0.67 ± 0.06 0.87 ± 0.09 **** 0.75 ± 0.02 0.96 ± 0.10 ****

N (muscles) 14 14 - 12 13 -

Control mdx P-value
Muscle length (mm) 14.08 ± 0.20 14.21 ± 0.26 NS

PCSA (mm2) 0.90 ± 0.10 1.35 ± 0.16 ****
N (muscles) 12 12 -

Half frequency (Hz) 31.72 ± 3.52 34.10 ± 1.66 NS
Hill Coefficient 4.73 ± 0.70 4.49 ± 0.46 NS

N (muscles) 6 7 -
Pre EC HRT (ms) 20.50 ± 2.94 19.00 ± 2.07 NS

Post EC HRT (ms) 18.50 ± 1.39 21.67 ± 2.57 NS
Recov EC HRT (ms) 16.40 ± 0.81 21.64 ± 1.72 ****

Pre EC TTP (ms) 29.50 ± 2.30 26.21 ± 1.27 ***
Post EC TTP (ms) 24.50 ± 1.99 24.21 ± 1.05 NS

Recov EC TTP (ms) 21.90 ± 1.31 23.64 ± 0.81 *
Pre EC HRT/TTP 0.70 ± 0.10 0.72 ± 0.06 NS

Post EC HRT/TTP 0.76 ± 0.07 0.90 ± 0.12 **
Recov EC HRT/TTP 0.75 ± 0.05 0.92 ± 0.06 ****

N (muscles) 10 12 -
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figures and tables have been modified. This has been done to achieve consistency with the rest of 

the thesis. References are listed with all other references at the end of the thesis. The paper is 

reprinted in its published format in the ‘publications’ section at the end of the thesis.  

5.2 Abstract 

The common null polymorphism (R577X) in the ACTN3 gene is present in over 1.5 billion people 

worldwide and results in the absence of the protein α-actinin-3 from the Z-disks of fast-twitch 

skeletal muscle fibres. We have previously reported that this polymorphism is a modifier of 

dystrophin deficient Duchenne Muscular Dystrophy. To investigate the mechanism underlying this 

we use a double knockout (dk)Actn3KO/mdx (dKO) mouse model which lacks both dystrophin and 

sarcomere α-actinin-3. We used dKO mice and mdx dystrophic mice at 12 months (aged) to 

investigate the correlation between morphological changes to the fast-twitch dKO EDL and the 

reduction in force deficit produced by an in vitro EC protocol. In the aged dKO mouse we found a 

marked reduction in fibre branching complexity that correlated with protection from eccentric 

contraction-induced force deficit. Complex branches in the aged dKO EDL fibres (28%) were 

substantially reduced compared to aged mdx EDL fibres (68%) and this correlates with a graded 

force loss over three eccentric contractions for dKO muscles (~35% after first contraction, ~66% 

overall) compared to an abrupt drop in mdx upon the first EC (~73% after first contraction, ~89% 

after three contractions). In dKO protection from EC damage was linked with a doubling of 
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SERCA1 pump density the EDL. We propose that the increased oxidative metabolism of fast-twitch 

glycolytic fibres characteristic of the null polymorphism (R577X) and increase in SR Ca2+ pump 

proteins reduces muscle fibre branching and decreases susceptibility to eccentric injury in the 

dystrophinopathies. 

5.3 Introduction 

Recent progress in gene-based therapies for Duchenne Muscular Dystrophy show the potential to 

improve the outcomes for boys living with muscular dystrophy (Rodino-Klapac et al., 2013; 

Hoffman & McNally, 2014; Shieh, 2015; Bengtsson et al., 2016). However, clinical trials have yet 

to provide pathways for these genetic treatments to be translated into clinical practice (Aartsma-Rus 

& Muntoni, 2013; Fairclough et al., 2013; Hoffman & Connor, 2013; Lu et al., 2014). Some of the 

problems that occur are due to the genetic variability present among patients in the trials, thus there 

has been increased interest in identification of genetic modifiers to DMD. Studies have shown that 

the TGF-B pathway is a key activator of fibrosis in mdx mice and it is upregulated in DMD, where a 

late stage pathology of skeletal muscle is the presence of large amounts of non-contractile fibrotic 

material. The activity of the TGF-B pathway can be influenced by genetic modifiers such as 

osteopontin and LTBP4 (Ceco & McNally, 2013) potentially to reduce the amount of skeletal 

muscle fibrosis present in the dystrophinopathies. In a recent study by our group (Hogarth et al., 

2017) investigating the common null polymorphism (R577X, rs1815739) in the ACTN3 gene and 

its interaction with the mutated dystrophin gene in DMD, we found young ambulant DMD boys had 

reduced muscle strength and slower 10 meter walking speeds when the gene was absent. Our study 

also found young double knockout (dk)Actn3KO/mdx (dKO) mice also had reduced muscle 

strength, but no differences in the degree of force deficit produced in fast-twitch muscles by 

eccentric contractions when compared to young mdx. In contrast, fast-twitch muscles from aged 

dKO mice were relatively protected from EC force deficits compared to age matched mdx 

counterparts. Intriguingly, this suggests that the R577X polymorphism can have an age-related 

ameliorating effect on muscle pathology in the dystrophinopathies. The polymorphism in the 

ACTN3 gene occurs in an estimated ~16% of people worldwide (North et al., 1999; Berman & 

North, 2010) resulting in an absence of the protein α-actinin-3 from the Z-disks of fast-twitch fibres. 

α-Actinin-3 is localised to the Z-disks of fast-twitch muscle fibres cross-linking the actin filaments 

of adjoining sarcomeres and interacts with a host of metabolic and signalling proteins (Lee et al., 

2016). The main role of the Z-disk is to transmit movement and force generated by the contractile 

proteins, longitudinally to the tendons (Patel & Lieber, 1997). The absence of α-actinin-3 from fast-

twitch fibres does not result in any muscle pathology, on the contrary it appears it may in fact be 

beneficial for endurance activities in humans (Yang et al., 2003), although it should be noted that 

several human studies (underpowered with interference from varied genetic backgrounds) do not 
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provide support for the absence of α-actinin-3 improving human endurance (for a review see 

Houweling et al. (2018)). In order to circumvent this genetic variability in humans we developed an 

animal model, the Actn3KO mouse, which is genetically identical to its littermate controls apart 

from the absence of α-actinin-3. Using this model we have shown that α-actinin-3 significantly 

improves resistance to fatigue in fast-twitch muscles (Chan et al., 2008; Chan et al., 2011; Seto et 

al., 2011). We have also shown upregulated expression of the SERCA1 Ca2+ pumps in the fast-

twitch muscles of Actn3KO mice that result in increased Ca2+ cycling at the intracellular Ca2+ store 

(the SR). The increased metabolic load required to pump the additional Ca2+ leak in α-actinin-3 

deficient fast-twitch fibres may be a mechanism that explains the positive selection pressure during 

recent human evolution on the R577X polymorphism, as it would result in enhanced acclimatisation 

to the low environmental temperatures experienced by modern humans migrating out of Africa into 

the cold northern hemisphere over the last 60,000 years (Head et al., 2015). Further support of the 

positive evolutionary selection pressure in humans comes from our recent study showing that 

absence of α-actinin-3 is correlated to improved resistance to cold water immersion (Wyckelsma et 

al., 2021). In the Actn3KO mouse, there is no change in the fibre types found in fast-twitch muscles 

with respect to myosin heavy chain expression (Macarthur et al., 2008; Chan et al., 2011), however, 

fast fibres have reduced muscle fibre diameter (Macarthur et al., 2008) & mass (Chan et al., 2008; 

Chan et al., 2011), increased oxidative metabolism (Macarthur et al., 2007; Macarthur et al., 2008; 

Quinlan et al., 2010) and a slowed relaxation after contraction in young male animals (Chan et al., 

2011). These skeletal muscle results can explain our recent findings (Hogarth et al., 2017) that in 

young ambulant boys with DMD and the ACTN3 null polymorphism (R577X) is correlated with 

reduced muscle strength and longer 10m walk test time. Because of the implications for the 

presence of ACTN3 in ~16% of boys with DMD, in this current paper we verify and extended the 

animal experiments from Hogarth et al. (2017) in a new cohort of mice aged to 12 months. The 12 

month age group was selected because we have previously demonstrated that by this age mdx fast-

twitch EDL muscles are irreversibly damaged by a single EC, and this irreversible eccentric force 

deficit is correlated with the number and complexity of branched dystrophic fibres present (Kiriaev 

et al., 2018; Kiriaev et al., 2021c). We found convincing correlative evidence that the age related 

protective effect conferred by the absence of α-actinin-3 is due to the reduction in the number and 

complexity of pathologically branched dystrophic fibres. Additionally, we propose that the 

mechanism by which the polymorphism R577X induces this protective effect in the 

dystrophinopathies is due to a switch in the fast-twitch fibres to a more glycolytic metabolism and 

an increase in the SERCA1 pumps, both of which are known to be protective in the 

dystrophinopathies (Goonasekera et al., 2011; Head et al., 2015; Mázala et al., 2015; Garton et al., 

2018; Kiriaev et al., 2021b; Nogami et al., 2021). 
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5.4 Methods 

Ethics approval 
Research and animal care procedures were approved by the Western Sydney University Animal 

Ethics Committee (A12346) and Murdoch Children’s Research Institute (MCRI) animal ethics 

committees and performed in accordance with the Australian Code of Practice for the Care and Use 

of Animals for Scientific Purposes as laid out by the National Health and Medical Research Council 

of Australia.  

Animals 
Mdx (C57 BL/10SnSn-Dmdmdx/J) mice were obtained from Jackson Laboratories (Bar harbor, Me, 

USA). The Actn3 knockout line created in this laboratory (Macarthur et al., 2007) was backcrossed 

onto the C57BL/10 background for 10 generations before being crossed with the mdx line to 

produce mice lacking both α-actinin-3 and dystrophin, (dk)Actn3KO/mdx (dKO). Animals were 

housed at a maximum of four to a cage in an environment controlled room with a 12h-12h light-

dark cycle and had access to food and water ad libitum according to animal holding facility 

arrangements.  

Experiments were performed on 12 month old male mice with the dKO backgrounds (12.3 ± 0.09 

months) and age matched mdx control mice (12.1 ± 0.1 months), genetic backgrounds were 

distinguished by genotyping. A total of 13 male mice were used in this study (n=5 aged mdx and 8 

dKO mice).  

Muscle preparation 
Animals were overdosed with isoflurane in an induction chamber, delivered at 4% in oxygen from a 

precision vaporizer. Animals were removed when they were not breathing and a cervical dislocation 

was immediately carried out. The fast-twitch EDL muscle was dissected from the hind limb in 

solution and tied by its tendons from one end to a dual force transducer/linear tissue puller (300 

Muscle Lever; Aurora Scientific Instruments, ON, Canada) and secured to a base at the other end 

using 6-0 silk sutures (Pearsalls Ltd, Somerset, UK). The muscle was kept at room temperature 

during preparation in an organ bath containing Krebs solution with composition (in mM): 4.75 KCl, 

118 NaCl, 1.18 KH2PO4, 1.18 MgSO4, 24.8 NaHCO3, 2.5 CaCl2 and 10 glucose, 0.1% fetal calf 

serum and bubbled continuously with carbogen (95% O2, 5% CO2) to maintain pH at 7.4. Krebs 

solution was used for dissecting, storage and contractile procedures.  

The muscle was stimulated by delivering a current between two parallel platinum electrodes, using 

an electrical stimulator (701C stimulator; Aurora Scientific Instruments). All contractile procedures 

were designed, measured, and analysed using the 615A Dynamic Muscle Control and Analysis 

software (DMC version 5.417 and DMA version 5.201; Aurora Scientific Instruments). At the start 
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of the experiment, the muscle was set to optimal length (Lo), which will produce maximal twitch 

force, and measured using vernier muscle callipers. These contractile experiments were conducted 

on the EDL muscle and at a room temperature of ~20–22°C. 

Initial maximum force 
An initial supramaximal stimulus was given at 1ms, 125Hz for 1s, and force produced for muscles 

recorded as Po, the maximum force output of the muscle at optimal/resting length Lo. Muscles then 

underwent an initial force frequency protocol, left to rest for 5 minutes (during which muscle length 

was reset to Lo with no stimulation in the organ bath), followed by the EC sequence and another 5 

minute rest before a final force frequency protocol. 

Force frequency curve 
Force-frequency curves were generated before and after the EC sequence to measure muscle 

contractile function throughout the study. Trains of stimuli were given 30s apart by different 

frequencies, including 2, 15, 25, 37.5, 50, 75, 100, 125, 150Hz at 1ms duration (width) width for 1s 

and the force produced was measured.  

A sigmoid curve relating the muscle force (P) to the stimulation frequency (f) was fitted by linear 

regression to this data. 

The curve had the equation: 

𝑃𝑃 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 +
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

1 + (
𝐾𝐾𝑓𝑓
𝑓𝑓 )ℎ

 

 From the fitted parameters of the curve, the following contractile properties were obtained: force 

developed at minimal (Pmin) and maximal (Pmax) stimulation at the conclusion of the force-

frequency curve. Half-frequency (Kf) is the frequency at which the force developed is halfway 

between (Pmin) and (Pmax), and Hill coefficient (h) which provides a way to quantify the Ca2+ 

binding affinity of the muscle during contraction. These were used for population statistics. 

Eccentric contractions 
A series of eccentric (lengthening) contractions where the contracted muscle was stretched 10% 

from Lo. At t=0s, the muscle was stimulated via supramaximal pulses of 1ms duration (width) and 

125Hz frequency. At t=0.9s, after maximal isometric force was attained, each muscle was stretched 

10% longer than their optimal length. The muscle was then held at this length for 2s before 

returning to optimal length. Electrical stimulus was stopped at t=5s. This EC procedure was 

performed 3 times at intervals of 3 minutes. The force measured at each EC was expressed as a 

percentage of the force produced during the first (initial) contraction.  
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Twitch kinetics 
Twitch force and kinetics were measured at two time points throughout the contractile protocol to 

compared differences between pre EC and post EC kinetics. The twitches were performed at 2Hz, 

for 1ms (width) and 1s duration immediately after initial maximum force (before) and 5minutes 

following the EC protocol (after). The following parameters were collected: peak twitch force 

expressed as a ratio of peak tetanic force, half relaxation time and time to peak. 

Work done  
Work is an energy quantity given by force times distance, this measurement was used to provide a 

quantitative estimate of the EC-inducing forces. The work done to stretch the muscle was calculated 

from the force tracings through multiplying the area underneath the lengthening phase of the force 

tracing with the velocity of lengthening.  

Brooks et al. (1995) examined the effect of various parameters on the force deficit produced by 

eccentric contractions, and found that the work done to stretch the muscle during the lengthening 

phase of an EC was the best predictor of the magnitude of the force deficit (Hunter & Faulkner, 

1997; Stevens & Faulkner, 2000; Lindsay et al., 2020). Hence, this measure serves as a useful 

estimate of the mechanical stresses imposed on a muscle during an EC.   

Muscle mass 
After contractile procedures were completed, the EDL muscle was removed from the organ bath 

and tendons trimmed. The muscles were blotted lightly (Whatmans filter paper DE81 grade) and 

weighed using an analytical balance (GR Series analytical electronic balance).  

Western Blot and Automated Western Blot protocol 
Snap frozen extensor digitorum longus muscles (n = 3 muscles / genotype) were lysed by sonication 

in 4% SDS lysis buffer containing 65mM Tris pH 6.8, 4% SDS, 1:500 Protease Inhibitor Cocktail 

solution (Sigma-Aldrich), 1X PhosSTOP Phosphatase Inhibitor Cocktail solution (Sigma-Aldrich) 

and Milli-Q water. Total protein concentrations were then assessed using Direct Detect 

(ThermoFisher Scientific) as per manufacturer’s instructions. Protein simple automated western blot 

was then performed using 0.2mg/mL of protein lysates, and primary antibodies including α-

Sarcomeric actin (A2172, 5C5, Sigma-Aldrich, 1:10000) and SERCA1 (ab109899, Abcam, 

1:5000), and their respective secondary antibodies in the 12-230 KDa capillary cartridge separation 

module (Protein Simple) as per manufacturer’s instructions. Protein analyses were performed using 

Compass software (Protein Simple). All results were then normalized to α-actin abundance and 

presented relative to healthy age matched wild-type controls (C57BL/10). 
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Skeletal Muscle single fibre enzymatic isolation and morphology 
Following contractile procedures and weighing, EDL muscles were digested in Krebs solution 

(without FCS) containing 3 mg/ml collagenase type IV A (Sigma Aldrich, MO, USA), gently 

bubbled with carbogen (95% O2, 5% CO2) and maintained at 37°C. After 25 minutes the muscle 

was removed from solution, rinsed in Krebs solution containing 0.1% fetal calf serum and placed in 

a relaxing solution with the following composition (mM): 117 K+, 36 Na+, 1 Mg2+, 60 Hepes, 8 

ATP, 50 EGTA (note: internal solution due to chemically skinning by high EGTA concentration). 

Each muscle was then gently agitated using pipette suction, releasing individual fibres from the 

muscle mass and ensuring fibre distribution throughout the solution. Using a pipette 0.5ml of 

solution was drawn and placed on a glass slide for examination.  

Where a long fibre covered several fields of the microscope view a series of overlapping 

photomicrographs were taken and these were then stitched together using the Corel draw graphic 

package. A total of 667 fibres from 9 EDL muscles were counted; 207 fibres from 4 aged mdx and 

460 from 5 dKO animals. Only intact fibres with no evidence of digestion damage were selected for 

counting. 

Statistical analyses 
Data was presented as means ± SD, Differences occurring between genotypes were assessed by 

individual student’s unpaired t-tests (unless specified) conducted at a significance level of 5%. All 

statistical tests and curve fitting were performed using a statistical software package Prism Version 

7 (GraphPad, CA, USA). 

5.5 Results 

Muscle mass, optimal length and twitch kinetics. 
The optimal muscle length Lo for both groups was identical, while dKO mass was slightly higher 

than aged mdx muscles (MD 2.466, 95% CI [-0.128, 5.059], P=0.06) this was not statistically 

different (Table 5.1). Before the EC protocol was administered the twitch kinetics of the aged mdx 

and dKO were the same, post EC the aged mdx showed a significant decrease in the time to peak 

and a depressed twitch/tetanus ratio c.f. the post EC dKO (see statistics in Table 5.1). Interestingly, 

no differences in twitch half relaxation time was seen before and after the EC protocol between 

groups, however, overall there was an increase in both aged mdx (MD 4.6, 95% CI [1.274, 7.926], 

P=0.019, paired t-test) and dKO (MD 3.13, 95% CI [1.232, 5.018], P=0.006, paired t-test) half 

relaxation time post EC. 
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 mdx dKO P value 
General physical properties     

Optimum length (mm) 14 ± 0 13.88 ± 0.23 NS 
Mass (mg) 20.52 ± 2.07 22.99 ± 2.07 NS 

Twitch kinetics       
Time to peak, ms (Before) 23.8 ± 0.91 23.56 ± 1.05 NS 
Time to peak, ms (After) 22.4 ± 0.96 23.75 ± 1.04 0.039 

Half relaxation time, ms (Before) 16 ± 0.79 15.81 ± 1.44 NS 
Half relaxation time, ms (After) 20.6 ± 2.28 18.94 ± 2.64 NS 

Twitch to tetanus ratio, % (Before) 23.35 ± 4.1 23.88 ± 1.5 NS 
Twitch to tetanus ratio, % (After) 21.24 ± 2.5 29.73 ± 4.6 0.0032 

 

Table 5.1: General physical properties and twitch kinetics of aged mdx and dKO (Actn3KO/mdx) 

EDL (Extensor digitorum longus) muscles. General physical properties: Muscle optimal length 

producing maximal force and muscle mass. Twitch kinetics: Values before and after EC (eccentric 

contraction) are presented for Time to peak, Half relaxation time and twitch to tetanus ratio. All 

data shown are mean ± SD (n=5 Aged mdx; n=8 dKO). P-values shown are assessed by unpaired t-

test with a significance established at 0.05, NS labelled for no statistical significance.  

Force-frequency parameters, half frequency and hill coefficient were unchanged by eccentric 
contraction protocol in aged mdx compared to dKO  
Figure 5.1A-C show aggregate force frequency curves generated from EDL muscle recordings at 

increasing frequencies from 2Hz-150Hz. The data from muscles were quantified by non-linear 

curve fitting using the sigmoidal equation given in the methods. For clarity, data for individual EDL 

muscles, were expressed as a percentage of maximum force and aggregated into single curves for 

each group. Fitted population parameters are derived from the curve fitting. Half frequency (Figure 

5.1D) is the stimulation frequency at which the muscle develops force which is halfway between its 

minimum and maximum forces, the hill coefficient (Figure 5.1E) is a measure of the slope of the 

curve. Following EC significant changes occurred in the aged mdx EDL (but not dKO) with a ~10% 

increase in the half frequency, resulting in a higher post EC half frequency between groups (MD 

8.137, 95% CI [2.947, 13.33], P=0.0054) (Figure 5.1D), and a ~48% decrease in the slope (hill 

coefficient) resulting in a lower post EC hill coefficient between groups (MD -3.015, 95% CI [-

4.439, -1.591], P=0.0007)(Figure 5.1E). From the curve fitting we calculated a post EC force deficit 

of ~67% for dKO c.f. ~87% in aged mdx (MD -19.94, 95% CI [-3.685, -36.2], P=0.021) (Figure 

5.1B & C). 
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Figure 5.1: Force frequency curves and fitted parameters. A) Force frequency data from individual 

EDL (Extensor digitorum longus) muscles were aggregated to produce a single curve for aged mdx 

and dKO (Actn3KO/mdx) mice to visualize differences between genotypes prior to EC (eccentric 

contraction). SD omitted for clarity in A but provided later in B & C (top only). B and C: Force 

frequency curves obtained before (solid line) and after (dashed line) the EC protocol for aged mdx 

and dKO respectively. D: Scatterplots of Half frequency before and after EC for aged mdx and dKO. 

E: Scatterplots of Hill coefficient before and after EC for aged mdx and dKO. All data shown are 

mean ± SD (n=5 Aged mdx; n=8 dKO). P-values shown are assessed by unpaired t-test with a 

significance established at 0.05, ***0.0001<P<0.001 and **0.001<P<0.01. 

dKO EDL muscles are protected from eccentric contraction-induced force deficits despite 
undergoing a greater ‘work done’ during eccentric contractions 
The isometric force deficits after each EC are expressed as a portion of starting force in Figure 

5.2A. The EC force deficit occurred incrementally in the EDL muscles from the dKO with a ~36% 

force deficit on the first EC, in contrast aged mdx EDL muscles showed an abrupt ~75% force 

deficit on the first EC (MD -36.83, 95% CI [-51.82, -21.85], P=0.0002) (Figure 5.2B left). After the 

three eccentric contractions EDL muscles from dKO mice lost ~66% of starting force c.f. ~88.58% 

EC force deficit in aged mdx (MD -22.06, 95% CI [-34.25, -9.88], P=0.0021) (Figure 5.2B right). 

We calculated the work done as the area under the force curve during the active lengthening phase 

of the first EC. Figure 5.2C illustrates that the work done during the first EC was significantly 

greater for EDL muscles in dKO animals compared with age matched mdx controls (MD 122.54, 

95% CI [48.77, 196.3], P=0.0038).   
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Figure 5.2: Force loss from EC (eccentric contraction) and work done at 10% strain. A) XY plot of 

force loss across the 3 eccentric contractions expressed as a percentage of starting force for aged 

mdx and dKO (Actn3KO/mdx) EDL (Extensor digitorum longus). Note: SD presented as top half 

only. B) For clarity scatterplots of force loss as a consequence of the first 10% EC (left) and after all 

3 eccentric contractions (right) have been provided. C) Scatterplot showing work done calculated 

during the first 10% EC for aged mdx and dKO EDL. All data shown are mean ± SD (n=5 Aged mdx; 

n=8 dKO). P-values shown are assessed by unpaired t-test with a significance established at 0.05, 

***0.0001<P<0.001 and **0.001<P<0.01. 

There are less complex branched fibres in EDL muscles from dKO mice which correlates with the 
protection from eccentric contraction force deficits. 
The number and complexity of fibre branching found in EDL muscles of dKO and age matched 

mdx control groups are shown in Figure 5.3 (note these counts represent all fibres counted and there 

are no error bars). In the aged mdx EDL around 97% of fibres contain branches; ~6% of fibres 

contain a single branch, ~23% contain 2 or 3 branches and ~68% of all fibres develop complex 

branches (4 or more branches per fibre). In comparison both the number of branched fibres and the 

complexity of branching is reduced in dKO EDL. Approximately 89% of dKO muscle fibres 

contain branches; ~22% of fibres contain a single branch, ~39% contain 2 or 3 branches and ~28% 

of all fibres develop complex branches (4 or more branches per fibre).  
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Figure 5.3: The degree of fibre branching in EDL (Extensor digitorum longus) muscles as a 

percentage of all fibres by categorizing them based on number of branch points. Note this is a 

bar graph of all fibres counted and as such is an absolute measure, all photomicrographs in Figures 

5.4-5.6 were taken from these fibre counts. A total of 667 fibres from 9 EDL muscles were 

counted; 207 fibres from 4 aged mdx and 460 from 5 dKO (Actn3KO/mdx) animals. Only intact 

fibres with no evidence of digestion damage were selected for counting.  

Light microscope morphology of enzymatically isolated single fibres 
Representative images of intact muscle fibres taken at magnification (X100) on a light microscope 

demonstrate the complexity of fibre branching in the aged mdx EDL (Figure 5.4). Panels A-B show 

some examples of simple branched fibres (1 or 2), panels C-E show more complicated fibre 

branches (3-4) and panels F-I are examples of long complex branched fibres (4+) with multiple 

offshoots along the length of the dystrophic fibre. 

 

Figure 5.4: Examples of light microscope images (X100) of enzymatically digested EDL (Extensor 

digitorum longus) muscle fibres taken from aged mdx mice (n=2 muscles). Note: the fibres in 

Figures 5.4 & 5.5 have been stitched together at the same magnification from photomicrographs 
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taken from overlapping fields of view to capture a large portion of the fibre, scale bar provided at 

200µm in the bottom right corner applies to all panels. Background debris from the digest process 

have been cleared to focus on the muscle fibre. To see examples where debris have not been 

removed see Kiriaev et al. (2018). Simple branched fibres (1 or 2 branches) can be seen in panels 

A-B, more complicated fibre branches (3-4 branches) are seen in panels C-E and panels F-I show 

examples of long complex branched fibres (4+ branches) with multiple offshoots along the length 

of the fibre. 

Images of single EDL fibres from dKO mice taken at magnification (X100) are shown in Figure 

5.5. Figure 5.5 Panels A & D are examples of straight fibres with no branches and panels H & L are 

examples of more complex fibres found in the dKO muscle. Most dissociated fibres we observed 

resemble the morphology seen in all other panels in Figure 5.5, containing 1-3 branches per fibre. 

When comparing these light microscope images of dissociated fibres Figure 5.4 c.f. Figure 5.5, it’s 

evident that the complexity of fibre branching is reduced in dKO mice compared to aged mdx 

counterparts.  
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Figure 5.5: Examples of light microscope images (X100) of enzymatically digested EDL 

(Extensor digitorum longus) muscle fibres taken from dKO (Actn3KO/mdx) mice (n=3 

muscles). Scale bar provided at 200µm in the bottom right corner applies to all panels. Straight 

fibres with no branching are seen in panels A & D as well as examples of complex branched fibres 

in panels H & L were also seen in the dKO EDL muscles. The majority of dissociated fibres 

resemble the morphology in all other panels containing between 1-3 branches per fibre. 

Figure 5.6 shows some examples of magnification (X100) light microscope images from dKO EDL 

muscles where branch points can be seen at higher resolution and contrast. The branch pattern in 

these dKO fibres range from simple splits or offshoots towards the end of the fibre shown in panels 

A, G, I & J, to splits that re-join mid fibre in panels B, C, F, H, K and L as well as tapered fibres in 

panels D & E. Cartoon inserts have been added to each image to help identify broken fibres (Red) 

and super-contracted areas (Yellow). 

 

Figure 5.6: Examples of light microscope images (X100) focusing on the fibre branch point in dKO 

(Actn3KO/mdx) muscle fibres over one field of view. Cartoon inserts have been added to help 

visualize the various examples of branching in each image also highlighting broken (Red) and 
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necrotic areas (Yellow). Branchpoint patterns such as simple splits or offshoots towards the end of 

the fibre shown in panels A, G, I & J to splits that re-join in the middle of fibres shown in panels B, 

C, F, H, K and L as well as tapered fibres in panels D & E. Scale bar provided at 200µm in panel L 

applies to all of Figure 5.6.  

 

SERCA1 expression  
We have previously reported that one consequence of Actn3KO in fast-twitch muscle is an increase 

in the expression of the fast SR Ca2+ pump SERCA1. Using the Western Blot technique we 

analysed the level of SERCA1 expression in aged dKO mice and age matched mdx (Figure 5.7). We 

observed a 2 fold increase in the amount of SERCA1 protein in EDL muscles collected from dKO 

mice compared to age matched mdx (MD 1.033, 95% CI [0.736, 1.33], P=0.0006). 
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Figure 5.7: Expression of SERCA1 (Sarcoplasmic/endoplasmic reticulum calcium ATPase 1) in age 

matched wild-type, mdx and dKO (Actn3KO/mdx) EDL (Extensor digitorum longus) muscles. A) 

SERCA1 protein densitometry values normalized to α-skeletal actin and the average of all wild-

type samples (expressed in arbitrary units). B) Representative western blots that correspond to A 

(SERCA1 & Actin-5C5 antibodies). All data shown are mean ± SD (n=3 wild-type; n=3 Aged mdx; 

n=3 dKO). P-values shown are assessed by unpaired t-test with a significance established at 0.05, 

***0.0001<P<0.001.  

5.6 Discussion 

Muscle mass, optimal length and twitch kinetics  
At base line these were the same in EDL muscles from 12 month old mdx and dKO mice. This 

supports our earlier reports that the Actn3KO polymorphism does not alter fibre type distribution or 

number of fibres in fast-twitch muscle at 12 months of age (Seto et al., 2011). Muscle twitch 

kinetics are an important parameter to measure as Peczkowski et al. (2020) and colleagues reported 
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twitch kinetics yielded greater statistical significance compared to previously published maximal 

tetanic force measurements, and proposed the use of kinetics measurements to allow for use of 

smaller animal groups in mdx mouse studies. Thus, given the number of animals used in the present 

study we can be confident that the Actn3 polymorphism in our dKO mice has not altered the 

contractile properties of the fast-twitch EDL muscle when compared to age matched mdx EDL 

muscles. However, in relation to kinetic parameters, as detailed in Figures 5.1 & 5.2, after the EC 

protocol there are significant differences between the aged mdx and dKO mice. Twitch time to peak 

(MD 1.35, 95% CI [0.084, 2.616], P=0.039) and twitch/tetanus ratios (MD 8.45, 95% CI [3.51, 

13.46], P=0.0032) were significantly higher in dKO mice (Table 5.1). Given it has been reported 

that a low twitch/tetanus ratio is characteristic of slow-twitch muscle fibres (Celichowski & Grottel, 

1993) we can draw the conclusion that the Actn3 polymorphism has been protective against 

eccentric contraction-induced force deficits in fast-twitch fibres from the dKO while in the age 

matched mdx the fast-fibres have been damaged by the EC protocol, leaving the slower fibres 

operational, explaining the slower twitch/tetanus ratio and time to peak (Table 5.1). 

Force-frequency parameters  
The half frequency and hill coefficient are a measure of the sensitivity of the contractile proteins to 

Ca2+. The lower the half frequency and the higher the hill coefficient, the greater the degree of 

sensitivity, so in this case (Figure 5.1D & E) the aged mdx EDL has become less sensitive to 

activation by Ca2+ as a result of the eccentric contractions consistent with our earlier preliminary 

findings with the dKO mouse (Hogarth et al., 2017). The mouse EDL muscle contains a mixture of 

fast-twitch fibres ~79% type 2B, ~16% type 2X and ~4% type 2A (Hettige et al., 2020) and it has 

been shown that fast-twitch fibres, especially the largest diameter fastest fibre type 2B (Seto et al., 

2011) are highly susceptible to eccentric contraction-induced force deficits (McCully & Faulkner, 

1985; Head et al., 1992; Head et al., 1994; Chan et al., 2007; Schiaffino & Reggiani, 2011; Allen et 

al., 2016; Kiriaev et al., 2018), and normally contain α-actinin-3 in the Z-disks (Schiaffino & 

Reggiani, 2011) which will be the primary transductor of the eccentric force. Given this, it is likely 

that the absence of α-actinin-3 in the dKO mice has conferred the fast-twitch fibres with some 

degree of protection from eccentric damage (see discussion below) and hence there is greater 

damage to the fast-twitch fibres in the aged mdx EDL which presents itself as a drop in sensitivity 

as a result of the remaining force is being generated by the pool of ‘slower’ fast-twitch fibres that 

remain functional after the eccentric damage. The force frequency parameter values presented here 

for 12 month old mdx EDL (Figure 5.1) are consistent with the values we reported earlier in aged 

mdx EDL muscles from mice in this age range (Williams et al., 1993; Chan et al., 2007; Kiriaev et 

al., 2018). 
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dKO EDL muscles from 12 month old animals are protected from eccentric contraction-induced 
force deficits despite undergoing a greater ‘work done’ during eccentric contractions 
In the dystrophinopathies absence of dystrophin triggers skeletal muscle necrosis followed by 

regeneration, this process continues throughout the life span of mdx mice and DMD boys. The 

regenerated skeletal muscle fibres are characterised by the presence of centralised nuclei and 

increasing numbers of abnormal branched fibres, which increase in both number and complexity as 

the mouse or boy ages. In the later parts of the mdx mouse life (12-24 months), some fibres can 

have up to 10 branches (Kiriaev et al., 2018) in a single syncytium with all branched fibres have a 

single neuromuscular junction (Faber et al., 2014; Pratt et al., 2015; Massopust et al., 2020). In fast-

twitch muscles, we and others have found a correlation between the extent and complexity of fibre 

branching and susceptibility to damage from eccentric contractions (Head et al., 1990; Head et al., 

1992; Chan et al., 2007; Head, 2010; Chan et al., 2011; Head, 2012b; Pichavant et al., 2015; 

Kiriaev et al., 2018). In boys with DMD, extensive fibre branching has been associated with an 

increase in pathological symptoms, such as a reduction in mobility (Bell & Conen, 1968; 

Schmalbruch, 1984).We have previously provided evidence that in the absence of α-actinin-3 there 

is a reduced susceptibility to stretch-induced damage in fast-twitch EDL dystrophic muscles from 

aged 12 month mdx mice, however, in young 8 week old mice the absence of α-actinin-3 confers no 

protection from EC force deficits (Hogarth et al., 2017). It is important to note that in these 8 week 

old muscles 100% of the EDL fibres have undergone at least one round of degeneration and 

regeneration (Duddy et al., 2015), these mice are also from the same α-actinin-3 deficient 

backgrounds with muscles lacking dystrophin from the inner surface of the sarcolemma. 

Here, we extend our earlier finding that absence of α-actinin-3 protects the 12 month fast-twitch 

mdx EDL muscles from eccentric force deficits even when the work done by our EC protocol is 

markedly larger in the dKO compared to the more severely damaged aged mdx muscles (Figure 

5.2C). The reason more work was done in dKO for a given eccentric stretch is because the 

protective effect of an absence of α-actinin-3 in the mdx mouse means that dKO produce more 

absolute and specific force when compared to age matched mdx (see Supplementary Figures). Work 

done has been a parameter reported previously when comparing EC damage in dystrophic studies 

(Stevens & Faulkner, 2000; Lynch et al., 2001b; Lynch et al., 2001c; Gregorevic et al., 2002; 

Faulkner et al., 2008; Kiriaev et al., 2018; Lindsay et al., 2020). Given that less work was done on 

aged mdx muscles compared with dKO during eccentric contractions means it is likely that the 

protective effect of the absence of α-actinin-3 is even larger than we report here. 
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There are less complex branched fibres in EDL muscles from dKO mice which correlates with the 
protection from eccentric contraction force deficits. 
In the dystrophinopathies the number and complexity of pathologically branched fibres increases 

with age (Head et al., 1990; Head et al., 1992; Chan et al., 2007; Lovering et al., 2009; Head, 2010; 

Chan et al., 2011; Head, 2012b; Buttgereit et al., 2013; Faber et al., 2014; Pichavant & Pavlath, 

2014; Duddy et al., 2015; Pichavant et al., 2015; Kiriaev et al., 2018; Ben Larbi et al., 2021). A 

significant number of published reports have demonstrated a correlation between the extent and 

complexity of fibre branching in fast-twitch fibres and increased susceptibility to damage from 

eccentric contractions (Head et al., 1992; Dellorusso et al., 2001; Chan et al., 2007; Pichavant et al., 

2015; Kiriaev et al., 2018). Branching is an important and often overlooked pathological feature of 

the muscles in the dystrophinopathies and it has been shown that branching is responsible for the 

hypertrophy of fast-twitch skeletal muscles reported in the mdx mouse (Faber et al., 2014). We 

propose the increased susceptibility to injury during eccentric contractions in aged fast-twitch mdx 

muscles is due to morphological changes (branching) of fibres which lead to weakened regions 

(branch points) that are the site of pathology and acute rupture during contraction (Figure 5.6), 

rather than as a direct consequence of the absence of dystrophin (Head, 2010; Chan et al., 2011; 

Head, 2012b; Kiriaev et al., 2018). In support of this, Pavlaths group have demonstrated that 

reducing fibre branching in the mdx mouse induced by expression of the muscle specific olfactory 

receptor mOR23 protects against eccentric damage (Pichavant et al., 2015). In our initial study 

(Hogarth et al., 2017), we showed that it was only in 12 month dKO mice that the absence of α-

actinin-3 was protective against eccentric damage, at younger ages the absence of α-actinin-3 

conferred no protection despite the absence of dystrophin in both age groups. Here we show the 

protective effect of α-actinin-3 in mdx fast-twitch muscles at 12 months is even greater than we 

previously reported (Hogarth et al., 2017), furthermore, we show the Actn3KO protection is 

correlated with a reduction in both the number and complexity of branched fibres present in the mdx 

mouse at this age (Figures 5.3-5.5).  

Eccentric force loss is gradual and reduced in dKO muscles 
Further investigation into the isometric force loss at on each of the three eccentric contractions used 

in the current study reveal that the force deficit in dKO muscles was graded (Figure 5.2A). The 

aged dKO muscles lost ~35% of their starting force on the first contraction, dramatically different to 

the ~80% in aged mdx muscles (Figure 5.2B left). This supports our earlier studies where we 

showed it was only the aged mdx EDL muscles which lost the majority of their force on the first EC 

(Head et al., 1992; Chan et al., 2007; Chan et al., 2011; Kiriaev et al., 2018). We have proposed 

that this abrupt eccentric contraction-induced force loss in the aged mdx mouse is correlated with 

fibre rupture and tearing at branch points (Kiriaev et al., 2018). The gradual force loss observed in 
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dKO muscle resemble the drops in isometric force following EC seen in wild-type muscles with no 

branching (Morgan, 1990; Lieber et al., 1991; Brooks, 1998; Froehner et al., 2014; Kiriaev et al., 

2018; Kiriaev et al., 2021b) and young mdx muscles (Kiriaev et al., 2018; Kiriaev et al., 2021b) 

which contain a simpler branching morphology, lacking the complex branches observed in aged 

mdx animals that cause the abrupt loss in isometric force.  

Why does the absence of α-actinin-3 reduce fibre branching in the mdx EDL? 
Our group has previously reported that Actn3 polymorphism switches the metabolism in type 2B 

fibres towards a slower oxidative metabolic state and reduces the 2B fibre diameters compared with 

wild-type muscles (Chan et al., 2008; Macarthur et al., 2008; Seto et al., 2011). There would be less 

shear stress on the fast-twitch fibres in dKO, thus protecting them from EC and potentially 

providing an explanation for the reduction in fibre branching we report here. Our argument here is 

that the Actn3 polymorphism switch of the 2B fibres to a slow-twitch metabolism is protective 

against EC force deficits, this notion is further supported by our recent publication showing that 

mdx slow-twitch soleus muscles are protected from eccentric force deficits throughout the life span 

of the mdx mouse due to reduced numbers and complexity of branched fibres relative to EDL 

muscles (Kiriaev et al., 2021b). Furthermore, there has been a long history in the muscular 

dystrophy field which proposes shifting of the fast skeletal muscle fibres to a slow profile will 

confer protection to DMD boys (for a review see Hardee et al. (2021)). Here we provide evidence 

that Actn3 polymorphism which switches the anerobic metabolic profile of fast 2B fibres in mice to 

a slower oxidative pathway without altering the expression of the 2B myosin heavy chain, confers a 

protection from eccentric force deficits in 12 month mdx fast-twitch EDL, and this protection is 

correlated with a reduction in the number and complexity of branched fibres.  

The molecular mechanism of Actn3KO protection is likely due to an increase in SERCA1 
It is well accepted that the absence of dystrophin in the dystrophinopathies, like DMD, triggers 

skeletal muscle fibre necrosis due to pathological [Ca2+]in regulation (Allen et al., 2016). Several 

studies have shown that the skeletal muscle pathology in the dystrophin deficient mdx mouse can be 

ameliorated by overexpressing or pharmacologically activating the SR Ca2+ pump, SERCA1 

(Goonasekera et al., 2011; Mázala et al., 2015; Nogami et al., 2021). Previously, our group has 

shown that one consequence of the Actn3KO is a marked increase of SERCA1 protein in fast-twitch 

skeletal muscle (Head et al., 2015; Garton et al., 2018). In this study we have shown that at 12 

months of age dKO mice have a two-fold increase in the SR Ca2+ pump SERCA1 compared to age 

matched dystrophin deficient mdx mice (Figure 5.7). This level of increase is similar to that 

described by Mázala et al. (2015) when using SERCA1 overexpression, and is one likely 

explanation for the protection conferred by the Actn3 polymorphism in our dKO mouse. 
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Furthermore, this work provides additional support for the physiological activation of SERCA1 in 

the skeletal muscle as a potential novel therapeutic target for the treatment of DMD. 

If branches are weak, why do they persist in the dystrophic muscle? 
We have hypothesized (Chan et al., 2007; Head, 2010; Chan & Head, 2011; Kiriaev et al., 2018) 

that branches are relatively stable within the intact muscle until their number and complexity reach 

‘tipping point’. Below this ‘tipping point’ a muscle can contain branched fibres with no loss of 

mechanical stability (see Kiriaev et al. (2021b)). Past ‘tipping point’ fibre branching makes the fibre 

susceptible to mechanical strains which elicit rupture at one or more branch nodes in the branched 

fibre syncytium and results in catastrophic failure of the branched fibre unit. If these structural 

branch failures occur during a strong EC, like the ones we use here in vitro, there will be a positive 

feedback loop placing additional stress on the remaining complex branched fibres and as they 

rupture so will the remaining branched fibres which have passed ‘tipping point’. However, if the 

mouse does not encounter eccentric strains of this magnitude these dystrophin-deficient animals can 

live largely asymptomatically past 108 weeks of age. It is only in the old mdx mouse that we start to 

see them die earlier than age matched controls (Chamberlain et al., 2007; Li et al., 2009) and we 

correlate this shortened life span with the degree and complexity of muscle fibre branching passing 

the ‘tipping point’ where a significant proportion of branches can no longer withstand the normal 

stresses and strains of muscle contraction. 

Summary 
The total absence of α-actinin-3 from the Z-disks of fast-twitch skeletal muscle fibres results in a 

switch to an oxidative metabolic pathway and increases in the SR Ca2+ pump protein SERCA1. 

These changes are correlated with a reduction in the occurrence of fast-twitch muscle fibre 

branching in aged dKO mice, which we propose confers the fast-twitch EDL muscles with some 

protection from eccentric contraction-induced force deficits. These results have implications for 

disease progression in the ~16% of boys with dystrophin deficient DMD who also have the 

common null polymorphism (R577X). 
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5.7 Supplementary figures 
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Supplementary Figure 5.1: Scatterplots of data presented in Table 5.1 showing the general 

physical properties and twitch kinetics of aged mdx and dKO (Actn3KO/mdx) EDL (Extensor 

digitorum longus) muscles. A) Muscle mass, B) Muscle optimal length producing maximal force, C) 

Time to peak before and after EC (eccentric contraction), D: Half relaxation time before and after 

EC and D) twitch to tetanus ratio before and after EC. All data shown are mean ± SD (n=5 Aged 

mdx; n=8 dKO). P-values shown are assessed by unpaired t-test with a significance established at 

0.05, ***0.0001<P<0.001 and *0.01<P<0.05.  

 

 

Supplementary Figure 5.2: Scatterplots of 12 month old (mdx and dKO) absolute (left) and 

specific (right) force where maximum isometric force is normalized to physiological cross-

sectional area (PCSA). An estimate of PCSA was made using the equation CSA=MM/(Lo*D), where 
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MM is the muscle mass, Lo is the optimal length and D is the density of skeletal muscle (1.06 

g/cm3). As the animals age, absence of α-actinin-3 protects the dystrophic physiology by 

maintaining muscle force after undergoing repeat bouts of degeneration & regeneration. All data 

shown are mean ± SD (n=5 Aged mdx; n=8 dKO). P-values shown are assessed by unpaired t-test 

with a significance established at 0.05, **0.001<P<0.01 and *0.01<P<0.05. 
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Appendix:  

6.1 Additional publications 

Kiriaev L, Perry BD, Mahns DA, Shortland PJ, Redwan A, Morley JW & Head SI. (2021). 

Minocycline Treatment Reduces Mass and Force Output From Fast-Twitch Mouse Muscles and 

Inhibits Myosin Production in C2C12 Myotubes. Front Physiol 12, 

DOI.10.3389/fphys.2021.696039  

 

Kiriaev L, Kueh S, Morley JW, North KN, Houweling PJ & Head SI. (2020). Isolated Extensor 

Digitorum Longus Muscles from Old mdx Dystrophic Mice Show Little Force Recovery 120 

Minutes after Eccentric Damage. Biophys J 118, 121a DOI.10.1016/j.bpj.2019.11.801  

 

Haug M, Reischl B, Prolss G, Pollmann C, Buckert T, Keidel C, Schurmann S, Hock M, Rupitsch 

S, Heckel M, Poschel T, Scheibel T, Haynl C, Kiriaev L, Head SI & Friedrich O. (2018). The 

MyoRobot: A novel automated biomechatronics system to assess voltage/Ca(2+) biosensors and 

active/passive biomechanics in muscle and biomaterials. Biosens Bioelectron 102, 589-599 

DOI.10.1016/j.bios.2017.12.003  

  

Friedrich O, Haug M, Reischl B, Prolss G, Kiriaev L, Head SI & Reid MB. (2019). Single muscle 

fibre biomechanics and biomechatronics - The challenges, the pitfalls and the future. Int J Biochem 

Cell Biol 114, 105563 DOI.10.1016/j.biocel.2019.105563 

  

Haug M, Reischl B, Nübler S, Kiriaev L, Mázala DAG, Houweling PJ, North KN, Friedrich O & 

Head SI. (2021). Absence of the Z-disk protein α-actinin-3 impairs the mechanical stability of 

Actn3KO mouse fast-twitch muscle fibres without altering their contractile properties or twitch 

kinetics. Cold Spring Harbor Laboratory.'preprint 10.1101/2021.11.09.467867 
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6.2 Invited talks and conference proceedings 

2017 ‘Australian Physiology Society Scientific Meeting’ Melbourne, AUS two poster 

communications  

2018 ‘Australian Physiology Society Scientific Meeting’ Sydney, AUS poster communication  

2018 ‘Europhysiology’ London, UK poster communication  

2019 ‘Physiology Society Annual Conference’ Aberdeen, UK poster communication  

2019 ‘Australian Physiology Society Scientific Meeting’ Canberra, AUS two poster 

communications  

2020 ‘Biophysical Society Annual Meeting’ San Diego, USA poster communication  

2020 ‘Experimental Biology Annual Meeting’ San Diego, USA poster communication 
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