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Abstract 

Skeletal muscles are composed of thousands of muscle fibres (muscle cells), 

densely packed together in parallel and surrounded by connective tissue sheaths. 

These fibres are multinuclear in nature, which allows for the control and 

regulation of the highly organised, protein rich cellular interior. The primary 

function of skeletal muscle is to produce force, which allows for movement to 

occur or posture to be maintained, and the regulation of this function is in turn 

reliant on the expression of specific genes and proteins. Skeletal muscle exhibits 

a high degree of plasticity, and can adapt in response to stimuli such as 

increased/decreased use, metabolic perturbations or changes in the systemic 

environment which often occur as a result of exercise, ageing, disuse or disease.  

Examining responses and adaptations in skeletal muscle in vivo are challenging 

due to experimental restrictions, and studies are limited by ethical issues 

surrounding experimentation on human beings and indeed on animals following 

the principals of refinement, reduction and replacement. Thus in vitro studies are 

often conducted in order to further understand mechanisms involved in 

adaptation. However, the environment to which skeletal muscle cells are 

exposed to in vitro is far removed from that in the body, and the resulting 

cellular architecture is often abnormal in morphology. Tissue engineered skeletal 

muscle has shown much promise in rectifying these issues, as cells can be grown 

on/within a matrix which is biologically relevant and engineered to grow in a 

uniaxial manner in parallel to one another. However, this field is in its relative 

infancy, and to date little data exists with regards the behaviour and 

characteristics of human muscle derived cells (MDCs) in tissue engineered 

constructs.  

In this thesis, human skeletal MDCs were obtained, characterised and 

subsequently cultured in a suitable model for tissue engineering purposes. MDCs 

were seeded on to a fibrin based hydrogel, which self-assembled over time to 

form a cylindrically shaped construct held in place between two anchor points. In 
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this model, the cells were shown to align uniaxially and in parallel to one another 

in a fascicular like structure. The model was improved in terms of biomimicity 

and maturation by both increasing the seeding density of the MDCs, and by 

increasing the ratio of myogenic to non-myogenic cells. These models appear to 

promote the development of a slow muscle, as evidenced by the favourably high 

levels of MYH7 transcription in comparison to other isoforms, and showed 

suggestions of sarcomeric organisation as indicated by the classically striated 

pattern of protein organisation when myosin heavy chain immunostaining was 

conducted. 

The work conducted in the final chapter of this thesis focussed on developing a 

system capable of assessing and quantifying the force produced by these tissue 

engineered human skeletal muscle constructs when electrically stimulated. 

Further work in this area should aim to determine these functional 

characteristics and thereafter use the model for physiological, cellular and 

molecular studies in exercise science.  
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1 General Introduction 

The experiments described in this thesis represent an attempt to develop and 

characterise a tissue engineered human skeletal muscle model which has 

potential for future use in studies concerned with skeletal muscle adaptation in 

exercise sciences. The introduction will therefore focus on what is known 

regarding skeletal muscle in vivo, in order to understand how this system is 

organised and operates, and will cover skeletal muscle structure, function, 

phenotype, development and growth. Current techniques for analysing human 

skeletal muscle response and adaptation both in vivo and in vitro will also be 

briefly discussed and pertinent limitations detailed, in order to provide a stance 

for the present work. 

1.1 Skeletal Muscle Structure 

1.1.1 Gross Structure of Skeletal Muscle 

Skeletal muscle exhibits a high degree of structural organisation (see figure 1.1). 

Each muscle is composed of thousands of multinucleate muscle fibres (mature 

muscle cells) which run in parallel to each other and have relatively consistent 

diameter (Lieber 2002). Each muscle fibre is surrounded by a thin sheet of 

collagenous connective tissue called the endomysium, as well as a further 

connective tissue sheath termed the basal lamina (Gillies, Lieber 2011, Smith, 

Shah et al. 2010). In turn the perimysium separates groups of muscle fibres into 

fascicles, and groups of fascicles are surrounded by a final connective tissue layer 

termed the epimysium (Smith, Shah et al. 2010). Skeletal muscle attaches to 

bone via tendons, and if skeletal muscle attaches to bone across a joint, 

contraction of the muscle will result in movement.  

Each muscle fibre is densely packed with myofibrils throughout their core, and 

hence organelles such as nuclei and mitochondria are located peripherally in 

mature muscle fibres (Sciote, Morris 2000). The myofibrils contain repeating 

contractile units termed sarcomeres, which form the basis for muscular 
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contraction and thus force production, as well as endowing skeletal muscle with 

its striated appearance (Lieber 2002).  

1.1.2 Ultra-Structure of Skeletal Muscle 

The structure of the sarcomere was first published in 1953, revealing that each 

repeating sarcomere principally contained two proteins; actin and myosin, 

organised in a precise manner (Hanson, Huxley 1953, Huxley 1953). As shown in 

figure 1.2, the arrangement of actin and myosin within sarcomeres results in a 

light isotropic (I) band, where only thin filaments, composed primarily of actin 

reside, and a dark ansiotropic (A) band, which contains a central section of only 

myosin proteins (thick filaments) termed the H zone, and a region of overlap 

between the thin and thick filaments; which naturally appears as the darkest 

section of the sarcomere (Hanson, Huxley 1953, Huxley 1953).  

Myosin molecules are large motor molecules formed of long neck regions, a 

hinge and two globular heads (Lieber 2002). The neck region has a molecular 

weight of 90 kDa, which is lighter than the 140 kDa molecular weight of the hinge 

and head regions and thus the distinct components are often referred to as light 

and heavy meromyosin respectively (Lieber 2002). Of the heavy meromyosin, the 

hinge region is referred to as S2 and the globular heads as S1. Each myosin head 

consists of a heavy chain and two light chains (regulatory and essential), and it is 

this head region of the myosin molecule that is of particular importance in 

muscular contraction (MacIntosh, Gardiner et al. 2006). The distinctive thick 

filaments of a sarcomere are formed by polymerisation of hundreds of myosin 

molecules in a manner which dictates that each thick filament has a structure 

whereby the S1 head regions are polarised to either end of the filament, and the 

middle portion is vacant of these structures (Lieber 2002).  
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Figure  1.1. The Gross Structure of Skeletal Muscle is Highly Organised and 
Compartmentalised by Connective Tissue Sheaths. The muscle as a whole is 
surrounded by the epimysium, and bundles of individual muscle fibres are 
separated by the perimysium. Each individual multinuclear muscle fibre is 
encompassed by the endomysium. Image taken from Gillies and Lieber (2011). 
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Actin proteins by comparison are spherical monomers of approximately 40 kDa, 

which polymerise in a double helical manner to form a thin ‘necklace’ like 

filament with a long groove throughout its length (Lieber 2002, MacIntosh, 

Gardiner et al. 2006). The regulatory protein tropomyosin fits in to the actin 

groove and spans seven actin molecules at a time, and a second regulatory 

molecule; troponin, is also a component of the thin filament. Indeed, troponin is 

a three protein complex composed of troponin C, T and I. The troponin T sub-

unit binds to tropomyosin, troponin C binds to calcium (an important aspect of 

muscular contraction) and troponin I is the inhibitory subunit which prevents 

contraction occurring inappropriately (Lieber 2002). 

1.1.3 Skeletal Muscle Extracellular Matrix (ECM) 

The principal component of the connective tissue layers (epi-, peri- and 

endomysium, and basal lamina) which encompass skeletal muscle is collagen, 

which comprises up to 10% of muscle dry mass (Gillies, Lieber 2011). Collagens I, 

III, IV and V are abundant in all connective tissue layers, although type IV is the 

dominant collagen in the basal lamina, whereas I, III and V are more abundant in 

the epi-, peri- and endomyisum (Kjaer 2004). Although collagens are the most 

abundant proteins in the muscle connective tissue, there are a large number of 

other proteins which contribute to the function and integrity of these structures, 

such as laminins, fibronectin and tenascin (Lewis, Machell et al. 2001). 

Fibroblasts which reside within the connective tissue of skeletal muscle are 

responsible for the synthesis of collagen and fibronectin de novo, and take up a 

position in close proximity to the muscle fibres (Webb 1972). 

The ECM provides support for the muscle proteins which it surrounds, and is also 

essential for normal force transmission as it connects the muscle to the tendon 

(Kjaer 2004). As such, the adhesion of muscle fibres to the ECM is of paramount 

importance for normal structure and function. This adhesion is accomplished 

primarily by integrins and dystrophin-dystroglycan complexes (Smith, Shah et al. 

2010). Integrins are receptors found in the sarcolemma of skeletal muscle fibres 
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which link the intracellular cytoskeleton with the ECM. Integrins are composed of 

alpha and beta subunits, the varying compositions of which determine which 

ECM proteins they bind (Lewis, Machell et al. 2001), and function to stabilise the 

cell and determine cell morphology as well as motility (Sinanan, Machell et al. 

2008). Dystrophin-dystroglycan complexes are multi protein complexes 

connecting the cytokeleleton to the ECM and span the sarcolemma. The 

intracellular dystrophin protein is bound to β-dystroglycan which spans the 

plasmalemma and binds to α-dystroglycan in the ECM, which in turn binds 

laminin subunits (Lewis, Machell et al. 2001). Defects in any proteins within this 

complex result in muscular dystrophy of some form which manifests itself in 

muscle weakness and eventual immobilisation (Biggar 2006). 

1.1.4 Innervation of Skeletal Muscle 

Skeletal muscle fibres are innervated by α-motoneurons which signal to fibres to 

stimulate contraction via transmission of an action potential. A motor unit is 

defined as a single α-motoneuron and all of the fibres which it innervates (Lieber 

2002), as a single α-motoneuron can innervate numerous muscle fibres. 

Motoneuron cell bodies are located in the ventral horn of the spinal cord, and 

their axons extend out from the cell body and project through the ventral root 

toward its intended muscle. As the axon approaches the muscle it splits into 

terminal branches; each of which will innervate a single muscle fibre (Lieber 

2002). 

1.1.5 Circulatory System and Skeletal Muscle 

Skeletal muscle is highly vascularised and contractile activity (as described in 1.2) 

is dependent on substrate utilisation, which in turn is reliant upon its delivery by 

the circulatory system (Borisov, Huang et al. 2000). Furthermore, as oxygen 

consumption by skeletal muscle is the second highest of all tissues in the body, 

the microvasculature is completely necessary in vivo to deliver oxygen and 

remove metabolic by-products from the tissue (Borisov, Huang et al. 2000). 
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1.2 Skeletal Muscle Function 

1.2.1 Sliding Filament Theory 

The mechanism by which muscle produces force was first proposed in 1954, by 

two separate groups who published results which to this day form our core 

understanding of muscular contraction. It was noted using microscopy 

techniques that when shortening contractions occurred in skeletal muscle, 

sarcomeres shortened in a specific way, whereby the z-lines became closer to 

each other. Indeed, this phenomenon occurred with no change in the size of the 

A-band, and only a narrowing of the I band (Huxley, Hanson 1954, Huxley, 

Niedergerke 1954). It was thus proposed that a sliding mechanism occurred 

whereby interactions between actin and myosin occurred when ATP is 

hydrolysed, and that the actin (thin) filament was pulled inwards towards the 

myosin (thick) filament (Huxley, Hanson 1954, Huxley, Niedergerke 1954). 

Since the initial proposal of the sliding filament hypothesis, the mechanism has 

become more completely understood. It is now known that when ATP attaches 

to the myosin S1 head, the interactions between actin and myosin are 

disconnected (Lieber 2002). ATP is then partially hydrolysed by ATPase on the S1 

myosin head and the energy from this ATP hydrolysis is transferred to the myosin 

molecule, also causing a conformational change and ‘cocking’ of the myosin 

molecule (Lieber 2002). The actin molecule then rebinds myosin causing 

complete hydrolysis of ATP and the release of free phosphate from the actin-

myosin complex. This in turn reverses the conformational change of the myosin 

molecule and this lever arm action pulls the actin molecule towards the centre of 

the sarcomere (during concentric contractions) (Lieber 2002, MacIntosh, 

Gardiner et al. 2006, Fitts 2008). The cycle is complete when ADP is released 

from the complex and is replaced again by ATP, causing actin and myosin to 

dissociate from each other. 
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Figure  1.2. The Ultra-Structure of Skeletal Muscle.  A single sarcomere in (A) is 
characterised by thick and thin filaments which overlap and bestow skeletal 
muscle with its characteristic striated appearance. The molecular structures of 
thick and thin filaments (B) are pivotal in generating force. Figure adapted from 
Adelstein and Eisenberg (1980). 
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1.2.2 Excitation Contraction Coupling 

The sequence of events whereby a muscle contracts following a neural signal is 

termed excitation contraction coupling. It begins when an action potential 

initiated in the central nervous system is propagated down an α-motoneuron 

towards the intended muscle fibres (Lieber 2002). The interface between the 

motoneuron and the muscle fibre is termed the neuromuscular junction (NMJ). 

This structure is composed of the pre-synaptic nerve terminal and the motor-end 

plate (Shi, Fu et al. 2012). The two membranes are separated by a synapse, 

which the action potential must be transmitted across in order to depolarise the 

muscle fibre and cause contraction. This feat is achieved by the neurotransmitter 

acetylcholine (Ach), which is released from the pre-synaptic nerve terminal into 

the synaptic cleft upon depolarisation (Shi, Fu et al. 2012). When it binds to Ach 

receptors on the motor end plate, it causes depolarisation of the sarcolemma, 

and this action potential is then propagated throughout the muscle fibre to the 

contractile machinery via the T-tubular system (Lieber 2002); an interlinked 

tubular system extending deep within the muscle fibre from the sarcolemma 

(MacIntosh, Gardiner et al. 2006). 

In the T-tubular system, the dihydropyridine receptors sense a change in voltage 

as a result of the depolarisation, and send a message to the ryanodine receptors 

in the sarcoplasmic reticulum (SR). These receptors release calcium in to the 

sarcoplasm from the SR, and this calcium binds to troponin, which is a regulatory 

protein on the actin filament, and releases it from its inhibitory role, allowing 

myosin to bind to the actin filament and force to be generated (Schiaffino, 

Reggiani 2011).  

Once an acute stimulus is removed, i.e. the neuron ceases firing; calcium ions are 

pumped out of the sarcoplasm and back in to the SR which terminates the 

contractile response as troponin once again takes up an inhibitory position on 

the actin molecule (MacIntosh, Gardiner et al. 2006). 
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1.2.3 Force Frequency 

Skeletal muscle activation through excitation contraction coupling takes 

approximately 5 milliseconds, whereas relaxation time through calcium pumping 

back to the SR can take up to 100 milliseconds (Lieber 2002). As such, when 

repetitive stimuli are sent to a muscle via a motoneuron, not all of the calcium 

released into the sarcoplasm can be pumped back before more is released from 

the SR, and a second contraction is stimulated (Lieber 2002). The result of this is 

an increase in the amount of force produced by the muscle as more calcium is 

essentially available to bind to troponin. This phenomenon is termed temporal 

summation. As shown in figure 1.3, when the frequencies of impulses are slow, 

and the muscle can pump some calcium back to the SR an unfused tetanus is the 

result, whereas at high frequencies, when little or no calcium can be returned to 

the SR, fused tetanus occurs and the amount of force produced exceeds that of a 

single twitch or an unfused tetanus (Lieber 2002). 

1.3 Skeletal Muscle Phenotype 

In the past, skeletal muscle fibre type classification has been achieved through 

determination of their biochemical properties through histochemical staining for 

glycolytic or oxidative enzymes, since ‘red’ fibres which contain high levels of 

myoglobin, many mitochondria and are oxidative in nature differ from ‘white’ 

fibres which have less myoglobin and fewer mitochondria, and are highly 

glycolytic in nature (Dubowitz, Pearse 1960, Gauthier, Padykula 1966). Later 

work determined that ‘red’ fibres which are highly oxidative are found in slow 

contracting muscles, and reciprocally, white fibres contract faster (Barnard, 

Edgerton et al. 1971, Edgerton, Simpson 1969). In 1967, seminal work by Barany, 

concluded that the activity of the myosin ATPase enzyme was well correlated 

with skeletal muscle contraction velocity (Barany 1967), indicating that the 

splitting of ATP may determine fibre type properties, which in turn was 

dependent on the type of myosin heavy chain (MHC) which a muscle expressed 

(Schiaffino 2010).  



 Chapter 1: General Introduction 
 

10 | P a g e  
 

 

 

 

Figure  1.3. The Force-Frequency Relationship in Skeletal Muscle. When a muscle 
is stimulated at a low frequency single twitches are observed (brown and green 
lines). When the frequency of stimulation is increased summation occurs leading 
to unfused (red line) and subsequently fused tetanus (blue line), which elicits an 
increase in force. Image taken from Huang et al. (2005). 
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1.3.1 Myosin Heavy Chain Isoforms 

Up to eleven different MHC proteins exist in skeletal muscle of mammals. The 

expression of these MHC’s differs between species, anatomical location and (in 

rodents) between hind- and forelimbs. 

The four major MHC’s, expressed in limb and trunk muscle are MHC I, IIa, IIx and 

IIb (Schiaffino, Reggiani 2011). Fibres composed of type I MHC have lower 

maximal velocity of shortening (Vmax) than type II fibres, along with lower 

maximal power outputs (Wmax) whist exhibiting no difference in maximal force 

when normalised for fibre cross sectional area (Bottinelli, Schiaffino et al. 1991, 

Bottinelli, Canepari et al. 1996). Amongst the three type II MHC isoforms there 

are incremental increases in Vmax whereby type IIa fibres are slower than type IIx 

and IIx slower than IIb, and both IIx and IIb fibres have a higher Wmax than type 

IIa (Bottinelli, Schiaffino et al. 1991, Bottinelli, Canepari et al. 1996). A spectra of 

MHC’s is thus developed based on their speed of contraction where type I < IIa < 

IIx < IIb (Schiaffino, Reggiani 2011) and in turn fibres types are often described in 

terms of being either fast or slow; whereby fast fibres typically contain type II 

MHC proteins and slow muscles contain type I MHC.  

It is of note that in humans, MHC IIb is not present and is instead confined only 

to rodent skeletal muscle (Ennion, Sant'ana Pereira et al. 1995, Harrison, Allen et 

al. 2011). 

Other myosin heavy chain isoforms expressed in skeletal muscle include the 

embryonic and neonatal/perinatal isoforms; the former of which is expressed 

early during foetal development (Butler-Browne, Barbet et al. 1990) and the 

latter of which is expressed in the perinatal period (Agbulut, Noirez et al. 2003) 

although MHC expression is not exclusive and rather exhibits considerable cross 

over throughout development. 

Extra-ocular, Slow/tonic and MHC 15 are MHC proteins expressed exclusively in 

the skeletal muscle controlling eye movement, whilst MHC-α and the 
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masticatory isoforms are expressed in jaw muscles such as the masseter 

(Schiaffino, Reggiani 2011). 

1.3.2 Regulation of MHC Isoforms 

DeNardi et al. (1993) used in situ hybridisation coupled with 

immunohistochemistry to show that in adult rat EDL and TA muscle, MHC 

transcript expression closely matches that of the corresponding proteins 

(DeNardi, Ausoni et al. 1993), a finding corroborated more recently in the 

literature (Serrano, Perez et al. 2001, Toth, Tchernof 2006). The specific mRNA’s 

coding for all of the above mentioned eleven MHC proteins have now been 

defined and are presented in table 1.1. 

MHC gene and thereafter protein expression can be regulated in a number of 

ways, such as during development, via motoneuron innervation, ageing or 

mechanical loading.  

1.3.2.1 Developmental Regulation of MHC Expression 

During development (see section 1.4) muscle fibres arise from both primary 

myotubes (pre E18) and secondary myotubes (post E18). Primary myotubes 

initially express embryonic and slow MHC almost exclusively, before either 

committing to this slow fate; which typically occurs in skeletal muscle which is 

deep within a bodily segment, or losing slow MHC expression and concomitantly 

increasing expression of perinatal MHC; which typically occurs in skeletal muscle 

more superficially located (Condon, Silberstein et al. 1990a). Fibres expressing 

embryonic and perinatal MHC latterly lose these isoforms and are replaced by 

fast MHC. Secondary fibres which first appear at approximately E18 never 

express slow MHC, and as such form fast fibres in post natal life (Condon, 

Silberstein et al. 1990a).  

Interestingly, when innervation of developing myotubes is inhibited by injection 

with alpha bungarotoxin (blocking acetyl choline binding to its receptor), MHC 

expression is identical to that seen in normal myogenesis (Condon, Silberstein et 

al. 1990b), although muscle size and morphology is somewhat abnormal. 
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Suggesting that in the pre-natal period, muscle maturation and fibre type is not 

dependent upon innervation. 

In the immediate post-natal period, neonatal and embryonic MHC proteins are 

highly expressed in skeletal muscle, however in the ensuing 30 day period these 

isoforms are replaced almost entirely by the adult isoforms (Agbulut, Noirez et al. 

2003, Adams, McCue et al. 1999). It is of interest that here, unlike in the pre-

natal developmental period, when innervation is removed, muscle fibres 

converge on the IIx MHC isoform regardless of whether they are typically fast or 

slow in nature (Adams, McCue et al. 1999), which suggests that innervation may 

play an important role in post-natal fibre type regulation. 

1.3.2.2 Neural Regulation of MHC Expression 

Whilst the data from Condon and colleagues described above indicates that 

during embryonic development skeletal muscle MHC expression remains normal 

in the absence of innervation, it has been shown in classical experiments that 

motoneuron innervation can indeed alter the phenotype of adult skeletal muscle. 

Buller et al. (1960) performed cross-innervation experiments whereby the 

motoneurons innervating the fast Flexor Digitorum Longus (FDL) muscle and 

slow Soleus muscle of cats were cut, and subsequently united with the opposite 

muscle, i.e. FDL motoneuron innervates the Soleus and vice versa. The results 

showed that the normally slow Soleus muscle was induced to contract and relax 

faster under the influence of the FDL motoneuron, and required an increased 

frequency of stimulation in order to achieve a tetanic fused contraction, thus 

behaving more like a fast muscle. Conversely the normally fast FDL muscle 

contracted and relaxed slower under the influence of the Soleus motoneuron, 

and required a lower frequency of stimulation to reach a fused tetanus (Buller, 

Eccles et al. 1960). 

Furthermore, when the authors blocked the AchR with Curare, and stimulated 

the muscle without any neural influence, it was discovered that the contractile 

properties remained altered; indicating that the motorneuron had indeed 
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altered the phenotype of the muscle itself (Buller, Eccles et al. 1960). Further 

cross innervation experiments by Bacou et al. (1996), who used fast and slow 

muscles from rabbits, showed that slow muscles innervated with fast 

motoneurons underwent MHC alterations whereby there was a reduction in type 

I MHC and concomitant increase in types IIa and IIx. Fast muscles innervated with 

slow motoneurons experienced the opposite effects (Bacou, Rouanet et al. 1996). 

The impact of innervation on muscle phenotype is further exampled by the 

finding that when neural input is removed in animal models, there is a slow to 

fast MHC transition (Haddad, Arnold et al. 1997). Moreover, spinal cord injury in 

animals (Windisch, Gundersen et al. 1998) and humans (Andersen, Mohr et al. 

1996, Talmadge, Castro et al. 2002) results in the abundance of fast myosin 

heavy chains IIx, IIb (in rodents) and IIa, with near complete loss of type I MHC. 

When electrical stimulation of the muscles is subsequently utilised as a means of 

replicating neuronal muscle activation, this slow-to-fast transition is reversed 

(Windisch, Gundersen et al. 1998, Andersen, Mohr et al. 1996).  

It is of note that in denervated muscle, there have also been reports of the 

appearance of embryonic MHC (Haddad, Arnold et al. 1997, Jakubiec-Puka, 

Kordowska et al. 1990, Schiaffino, Gorza et al. 1988, Yoshimura, Harii 1999) 

which further evidences the importance of neuronal activity on skeletal muscle 

maturation and phenotype. 

1.3.2.3 Regulation of MHC Expression by Physical Activity 

Increases in physical activity/exercise appear to have an extremely profound and 

specific effect on MHC composition. A large body of literature exists which 

details the fast-to-slow shift in MHC towards the intermediate IIa (MYH2) 

isoform with concomitant reductions in IIx (MYH1) following resistance training 

in both man (Adams, Hather et al. 1993, Holm, Reitelseder et al. 2008, Liu, 

Lormes et al. 2003, Staron, Malicky et al. 1990, Staron, Karapondo et al. 1994) 

and rodents (Periasamy, Gregory et al. 1989). Similar findings have been 

reported following periods of sprint (Allemeier, Fry et al. 1994) and endurance 
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training (Short, Vittone et al. 2005, Sullivan, Powers et al. 1995). In comparison, 

there are discrepancies in the literature regarding alterations in type I mRNA and 

protein following exercise; whereby increases, decreases and lack of changes 

have been reported following a variety of training paradigms (Adams, Hather et 

al. 1993, Periasamy, Gregory et al. 1989, Allemeier, Fry et al. 1994).  As such, it 

could be viewed, that the MHC IIx protein is a default, which can be rapidly 

altered in response to any kind of muscular overload to a phenotype more 

suitable to meeting the physical demands of a workload (Goldspink, Scutt et al. 

1991) 

This final notion is further supported by work undertaken whereby skeletal 

muscle is chronically unloaded, which has detailed MHC alterations back towards 

this ‘default’ IIx phenotype. Two commonly used methods of chronically 

unloading skeletal muscle are spaceflight (or microgravity) and bed rest. Indeed, 

spaceflight has been shown to cause reductions in the relative proportions of 

type I fibres in the musculature of the lower limbs with increases in the 

proportion of type IIx fibres following 5 to 17 days of microgravity (Adams, 

Haddad 1996, Widrick, Knuth et al. 1999, Zhou, Klitgaard et al. 1995), and more 

recently, the expression of IIx fibres was detected in individuals who had been in 

space for 6 months, where they had not expressed this MHC isoform before the 

space flight (Trappe, Costill et al. 2009). In addition, bed rest from as little as 14 

days has been associated with increases in type IIx fibres (Bamman, Clarke et al. 

1998), IIa/x hydrid fibres (Trappe, Trappe et al. 2004) and IIx mRNA via in situ 

hydridisation without changes in protein expression (Andersen, Gruschy-

Knudsen et al. 1999). 
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Table  1.1. Myosin Heavy Chain Proteins are Encoded by Specific Genes in 
Skeletal Muscle 

Gene name MHC protein 

MYH 3 MHC-embryonic 

MYH 8 MHC-Neonatal 

MYH 1 MHC-IIx 

MYH 2 MHC-IIa 

MYH 7 MHC-I 

MYH 4 MHC-IIb 

MYH 6 MHC-α 

MYH 16 MHC-masticatory 

MYH 7b MHC-Slow/tonic 

MYY 13 MHC-Extra-ocular 

MYH 15 MHC-15 

Myosin heavy chains IIx, IIa, IIb and I are expressed in limb and trunk adult 
skeletal muscle, whereas myosin heavy chains α and masticatory isoforms are 
expressed in the jaw muscles and slow/tonic, extra-ocular and 15 are expressed 
in the musculature controlling eye movement. In developing skeletal muscle, 
embryonic and perinatal myosin heavy chain isoforms are expressed. 
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1.3.2.4 Ageing and MHC Expression  

Ageing is associated with a loss of skeletal muscle mass and consequently a 

reduction in force production capabilities (Deschenes 2004), which correlates 

with a reduction in MHC protein synthesis (Balagopal, Rooyackers et al. 1997). 

Furthermore, Vmax has been shown to be slower in type I and IIa elderly skeletal 

muscle in comparison to younger muscle (D'Antona, Pellegrino et al. 2003, 

Krivickas, Suh et al. 2001, Larsson, Li et al. 1997, Li, Larsson 1996), which is 

indicative of differences in MHC isoforms. Whilst early evidence suggested that 

there was a reduction in the number and size of type II fibres with increasing age 

(Larsson, Sjodin et al. 1978), more recently it has been established that fibre type 

composition in young and elderly individuals is comparable (D'Antona, Pellegrino 

et al. 2003, Essen-Gustavsson, Borges 1986), and that functional differences may 

be a result of an increase in the number of fibres co-expressing multiple MHC 

isoforms in elderly muscle (Klitgaard, Mantoni et al. 1990, Larsson, Ansved et al. 

1991). A more recent finding and intriguing possibility, is that Vmax may be 

impaired in the elderly at least in part by inherent alterations in the properties of 

the myosin molecule without changing its type. Indeed, D’Antona et al. (2003) 

found that the actin sliding velocity on pure myosin isoforms was lower in type I 

and IIx fibres from elderly individuals compared to younger comparisons. Thus an 

impairment of myosin’ motor capabilities may underpin the decline in Vmax with 

age. 

1.3.3 How Does MHC Determine Functional Properties 

The findings of Barany (1967) that ATPase activity correlates with Vmax led to 

the common belief that different MHC isoforms conferred varying shortening 

speeds due to their myosin ATPase properties. However, subsequent work has 

shown that the rates of ATP hydrolysis are such that they do not appear to define 

the maximal velocity of shortening (Canepari, Pellegrino et al. 2010). Instead it 

appears that Vmax is defined primarily by the time taken to release ADP from the 

myosin head (Weiss, Rossi et al. 2001). Indeed, at the end of the cross bridge 

cycle (see section 1.2.1) the release of ADP and subsequent attachment of a new 
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ATP molecule to the myosin head causes dissociation between the actin and 

myosin filaments. As such, if ADP is attached to the myosin head for longer, then 

actin and myosin will remain associated for a longer period of time; and thus the 

speed of contraction will be slowed. Type I MHC have been shown to release 

ADP slower than fast MHC (Weiss, Rossi et al. 2001) and this is believed to 

account for the differences in Vmax between MHC isoforms. 

1.4 Skeletal Muscle Embryonic Development 

Skeletal muscle development post coitum appears to be dependent on the 

paired box transcription factors (Pax) 3 and 7, and the basic helix-loop helix 

transcription factors Myf-5, MyoD, Myogenin and MRF4 (Sabourin, Rudnicki 

2000, Buckingham 2006). Development of skeletal muscle occurs in the somites; 

segments of paraxial mesoderm which form on either side of the neural tube 

(Hawke, Garry 2001), which is further divided into the epaxial and hypaxial 

dermomyotome (Buckingham, Bajard et al. 2003) see figure 1.4. In the 

dermomyotome, cells expressing Pax 3 delaminate and form the myotome 

(Buckingham 2006) which will latterly form the musculature of the trunk 

(Buckingham, Bajard et al. 2003). These cells down regulate Pax 3 and 

subsequently begin expressing Myf-5, signifying determination of cells to a 

myogenic lineage. Whilst expression of Myf-5 and MyoD leads to commitment of 

cells to the myogenic lineage, up regulation of myogenin and latterly MRF4 is 

associated with differentiation of muscle precursors to myotubes (Buckingham, 

Bajard et al. 2003, Rawls, Morris et al. 1995). Indeed it has been shown using 

mice with an absence of any combination of muscle regulatory factors, that 

these transcription factors are essential for normal muscle development (Kassar-

Duchossoy, Gayraud-Morel et al. 2004). 

Whilst the myotome gives rise to the musculature of the trunk, Pax 3 expressing 

cells migrate out of the hypaxial dermomyotome to the limb bud where they 

latterly form the musculature of the limbs (Hawke, Garry 2001). Here they adopt 

a ventral or dorsal position and proliferate before up regulating the Myf-5 and 
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MyoD genes, and subsequently differentiate under the influence of myogenin 

(Buckingham, Bajard et al. 2003).  

In rodents, primary myotubes, which are the first to develop in the embryo are 

apparent at E14 and this primary myogenesis is complete by E17/18 (Condon, 

Silberstein et al. 1990a, Ross, Duxson et al. 1987a). Secondary myotubes are 

witnessed after E18 and use the primary fibres as a scaffold on which to develop 

(Ross, Duxson et al. 1987a), and appear to be affected by innervation whereby 

denervated embryonic muscle has a reduced number of muscle precursor cells 

from which secondary myotubes are derived (Ross, Duxson et al. 1987b). 

 A subset of cells co-expressing Pax 3 and Pax 7 have also been detected within 

the developing muscle of the myotome and limb buds. These cells are unique in 

that they continue to proliferate during late development, and fail to express 

MyoD (Relaix, Rocancourt et al. 2005). These Pax 3 +/Pax 7+ cells however can 

latterly express Desmin, MyoD and Myf-5 and thus are myogenic in nature 

(Relaix, Rocancourt et al. 2005) and may contribute to embryonic muscle 

development. However, it has also been shown that this subset of proliferating 

precursor cells can adopt a position between the developed myofibre and the 

basal lamina during later muscle development (Relaix, Rocancourt et al. 2005, 

Gros, Manceau et al. 2005), which strongly indicates that this subset of 

progenitors not only allow extra muscle growth in the embryo, but also form the 

satellite cells of post-natal skeletal muscle. 
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Figure  1.4. Illustration of the Embryonic Development of Skeletal Muscle. In the 
somites pax3/7 expressing cells migrate from to form the myotome (blue cells) 
which latterly becomes the musculature of the trunk. Cells which migrate from 
the hypaxial dermomyotome move to the limb bud (green cells) which latterly 
develops into the limb musculature. Figure taken from Hawke and Gary (2001). 
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1.5 Skeletal Muscle Post-Natal Growth and Regeneration 

1.5.1 Satellite Cells 

Post-natal skeletal muscle is a post mitotic tissue, and therefore acquisition of 

extra nuclei, such as may be required in regeneration following damage, must 

come from satellite cells. Satellite cells were first described by Mauro (1961) 

based on their location between the sarcolemma and basal lamina of muscle 

fibres and comprise approximately 2-7% of the total nuclear content of skeletal 

muscle (Kadi, Charifi et al. 2005). These cells are mitotically quiescent and are 

specified by expression of Pax 7 (Seale, Sabourin et al. 2000) which is commonly 

utilised as a molecular marker of these cells, which in the majority also co-

express Myf-5 (Beauchamp, Heslop et al. 2000) and a small number of other 

recently identified proteins (Gnocchi, White et al. 2009). Although a clear marker 

of satellite cells in rodents, Pax 7 appears not to be ubiquitously expressed by 

human satellite cells (Boldrin, Muntoni et al. 2010, Reimann, Brimah et al. 2004). 

The most commonly used marker of satellite cells in humans is CD56 (Neural cell 

adhesion molecule; NCAM) which is expressed by all muscle precursor cells 

regardless of their lineage progression (Schubert, Zimmermann et al. 1989, 

Sinanan, Hunt et al. 2004).  

Satellite cells provide additional myonculei to skeletal muscle by becoming 

activated and proliferating extensively before either committing to the myogenic 

lineage and fusing with existing myofibres or returning to quiescence and 

readopting their position beneath the basal lamina (Dhawan, Rando 2005). 

Satellite cells are activated following muscle damage such as that which occurs 

following exercise or injury, although the precise factors implicated in 

orchestrating this process are not fully understood (Kadi, Charifi et al. 2005). 

When activated the expansion and lineage progression of satellite cells is 

dependent upon the MRF’s as seen in embryonic development. In post-natal 

skeletal muscle regeneration, as in embryonic skeletal muscle development the 

MRF hierarchy begins with early MRF’s; Myf-5 and MyoD which are expressed in 
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proliferating, activated muscle precursor cells (Zammit, Heslop et al. 2002), and 

latterly myogenin is expressed in differentiating cells (Cornelison, Wold 1997).  

Following activation, some muscle precursor cells fuse to myofibres adding to 

the myonuclear pool, whereas a sub-set return to quiescence and satellite cell 

status (Dhawan, Rando 2005). Therefore it is likely that expression of MRF’s 

which drive myogenic differentiation is either lost in cells that return to 

quiescence, or there exists a sub-set of satellite cells which fail to express these 

transcription factors. Zammit et al. (2004) Showed that whilst most activated 

satellite cells express Pax7 and MyoD and thus go on to differentiate, a small 

proportion fail to up regulate MyoD or lose MyoD expression, resulting in failure 

to commit to the myogenic lineage and likely signifying cells which return to 

quiescence. These data are further confirmed by those of Relaix et al. (2006), 

where terminally differentiated myotube cultures contained a sub-set of 

undifferentiated cells which expressed Pax7 and 3, but not MyoD. Furthermore, 

a portion of satellite cells which have never expressed Myf-5 have been reported 

(Beauchamp, Heslop et al. 2000, Kuang, Kuroda et al. 2007), and are responsible 

for the repopulation of the satellite cell pool following activation. Additionally, 

the satellite cell compartment appears to be composed of fast and slow 

proliferating cells (Schultz 1996) which have recently be shown to differ in their 

expression of MyoD upon activation. Fast proliferating cells which comprise 

approximately 25% of the satellite cell pool fail to express MyoD, and poorly 

differentiate in comparison to slow proliferating clones that comprise 

approximately 75%, express MyoD, and differentiate successfully (Rossi, 

Pozzobon et al. 2010). These data together show that the satellite cell pool is 

heterogeneous, and it is this heterogeneity which results in both the 

regeneration of skeletal muscle and the renewal of the satellite cell pool. 

Work from Conboy and Rando (2002) and latterly by Kuang et al. (2007) has 

shown that following satellite cell activation, muscle precursor cell lineage 

determination is dependent on Notch signalling. Indeed, following satellite cell 



 Chapter 1: General Introduction 
 

23 | P a g e  
 

activation, muscle precursor cells express Notch and its ligand Delta (Kuang, 

Kuroda et al. 2007, Conboy, Rando 2002) which may be important for expansion 

of the satellite cell pool. Subsequently, proliferating muscle precursor cells divide 

asymmetrically with respect to the Notch inhibitor protein, Numb. Those cells 

which express Numb become committed to the myogenic lineage as evidence by 

expression of Myf-5 and myotube formation, whereas those which fail to express 

Numb are Myf-5/ MyoD negative, but remain Pax3 positive, and fail to 

differentiate in culture (Conboy, Rando 2002).  

The ability of satellite cells to self-renew and to contribute to the maintenance of 

skeletal muscle satisfies the classic definition of a stem cell (Raff 2003), although 

the ability of other cell types to be rendered myogenic and potentially contribute 

to the satellite cell pool (Asakura, Komaki et al. 2001, LaBarge, Blau 2002) has 

brought this definition into question. Data from Collins et al. (2005) definitively 

examples the satellite cell as a stem cell in showing that satellite cells of 

myofibres engrafted into mice where prior irradiation ablated endogenous 

satellite cell activity led to de novo myofibre production which contained pre-

labelled cells from the engrafted muscle beneath the basal lamina (Collins, Olsen 

et al. 2005). As stem cells are often additionally defined by their multipotency, 

data demonstrating that satellite cells or muscle derived cells in culture can be 

driven down osteogenic, adipogenic (Sinanan, Hunt et al. 2004, Asakura, Komaki 

et al. 2001, Shefer, Wleklinski-Lee et al. 2004), cardiac (Arsic, Mamaeva et al. 

2008) and neurogenic lineages (Arsic, Mamaeva et al. 2008, Alessandri, Pagano 

et al. 2004) helps support the notion that the satellite cell is indeed a stem cell. 

1.5.2 Necessity of Satellite Cells in Growth and Repair 

When increased load is placed upon a muscle it responds and adapts to this 

loading by undergoing hypertrophy and thus increasing its mass so as to cope 

with subsequent loading bouts (Holm, Reitelseder et al. 2008, Adams, Haddad 

1996, Campos, Luecke et al. 2002). The requirement of satellite cells in this 

response however has been a point of contention since studies from Rosenblatt  
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Figure  1.5. Diagrammatic Representation of the Role of the Satellite Cell in 
Muscle Regeneration. When a muscle is damaged, satellite cells are activated 
and proliferate before either fusing to the damaged muscle fibre to aid repair and 
regeneration, or returning to quiescence to replenish the satellite cell pool. 
Adapted from Hawke and Gary (2001). 
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and Parry (1992 and 1994) concluded that satellite cells were essential for 

skeletal muscle hypertrophy/growth, after ablating satellite cell function by γ-

irradiation and witnessing no increase in muscle mass when rat muscle was 

overloaded (Rosenblatt, Parry 1992, Rosenblatt, Yong et al. 1994).  

This notion has been contended (O'Connor, Pavlath 2007) since studies using the 

β-agonist clenbuterol have shown an increase in muscle mass in the absence of 

an increase in muscle DNA/myonuclear addition (Maltin, Delday 1992, Rehfeldt, 

Weikard et al. 1994). Until recently however, the necessity of satellite cells in the 

hypertrophic process in response to skeletal muscle overload had not been 

tested. McCarthy et al. (2011) used a genetic mouse model to successfully ablate 

satellite cells and observed robust hypertrophy in these animals in the absence 

of myonuclear addition to the muscle fibres. These authors also showed that 

whilst satellite cells were not required for hypertrophy; hyperplasia (the 

development of new muscle fibres) was only present in animals with functional 

satellite cells (McCarthy, Mula et al. 2011) a conclusion also made by Lepper et al. 

(2011) who found the muscle regenerative process (hyperplasia) to be impaired 

in the absence of Pax 7 positive satellite cells (Lepper, Partridge et al. 2011). 

Repair and/or growth thus may be independent of satellite cells. However, some 

groups contend that growth of skeletal muscle can only be maintained up to a 

finite point, after which further growth requires satellite cells. This concept, 

termed the myonuclear domain ceiling size (Kadi, Thornell 2000, Petrella, Kim et 

al. 2008) stipulates that each myonucleus can only control transcription over a 

limited amount of sarcoplasm, and thus once skeletal muscle reaches this ‘ceiling 

size’, further growth requires new myonuclei to be donated from the satellite 

cells (Kadi, Thornell 2000, Petrella, Kim et al. 2008). If this were the case, one 

would expect fibre growth to precede myonuclear addition, as previously 

reported (Van Der Meer, Jaspers et al. 2011, Kadi, Schjerling et al. 2004), 

although recently, Bruusgaard et al. (2010) published data which refutes this 

hypothesis, showing that myonuclei addition preceded fibre hypertrophy in 
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overloaded rat muscle, suggesting that an increased capacity for protein 

synthesis drives the hypertrophic/repair process (Bruusgaard, Johansen et al. 

2010).  

As such, it appears that satellite cells are required at least in part for muscle 

regeneration, whilst growth and repair of existing skeletal muscle may be able to 

occur independently of satellite cell addition; although whether satellite cells are 

essential to obtain growth over a certain limit has yet to be fully explored. 

1.6 Techniques for In Vivo Experimentation of Human Skeletal 

Muscle Response and Adaptation 

1.6.1 Standard In Vivo Techniques 

In order to assess skeletal muscle adaptation in terms of biochemical, cellular or 

molecular analysis in human beings, it is necessary to obtain skeletal muscle 

biopsies from consenting individuals when experimenting on human participants. 

This process involves the application of a local anaesthetic below the skin in the 

area to be biopsied (typically the vastus lateralis muscle), followed by a small 

incision to the skin, before a needle is placed through the incision and a muscle 

biopsy obtained (Edwards, Round et al. 1983, Tarnopolsky, Pearce et al. 2011). 

This technique was first described over 30 years ago (Bergstrom 1975), and has 

since been modified in order to obtain large specimens, with yields typically 

between 30 and 120mg per needle biopsy (Tarnopolsky, Pearce et al. 2011). 

These samples can be successfully used in biochemical analysis such as the 

examination of metabolite accumulation following exercise (Gray, De Vito et al. 

2006), histochemical and immunohistochemical analysis of the tissue structure 

(Adams, Hather et al. 1993, Kadi, Charifi et al. 2006) and gene and protein 

analysis (Burd, West et al. 2010). 

In order to assess human skeletal muscle function in vivo, single fibres can be 

dissected out from muscle biopsies, chemically skinned and attached to a force 

transducer (D'Antona, Pellegrino et al. 2003) before being stimulated to contract 
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with electrical stimulation (Posterino, Lamb et al. 2000) or muscle activating 

solutions (Lamb 2002). However, a more common approach in exercise sciences 

is to use large dynamometers which record the amount of force produced by a 

muscle/muscle group when it contracts either voluntarily or when electrically 

excited (Baltzopoulos, Brodie 1989, Maffiuletti 2010) in a non-invasive manner. 

1.6.2 Limitations to Standard in Vivo Techniques for Assessing Skeletal 

Muscle Response and Adaptation 

Needle muscle biopsies are an invasive procedure (Tarnopolsky, Pearce et al. 

2011), which can cause localised discomfort in the ensuing days for the 

participant (Tarnopolsky, Pearce et al. 2011). If numerous analyses are to be 

carried out from an experiment, or if multiple time points are to be explored, it is 

entirely necessary to obtain multiple biopsies. However it is often deemed 

unethical to take multiple biopsies from an individual and thus ethical 

applications for such experiments may be rejected. 

Recent evidence suggests that the acute molecular response in skeletal muscle 

following muscle biopsies may mask any effects of a given exercise intervention. 

When multiple biopsies were taken over a 25 hour period without any exercise, 

and the mRNA expression of a number of growth factors and proteins measured 

in comparison to a group where resistance exercise had been performed, no 

difference was found in the expression levels (Friedmann-Bette, Schwartz et al. 

2012). Similar data has also been reported for protein expression and 

phosphorylation status following repeated biopsies (Caron, Charette et al. 2011), 

suggesting that when conducting human exercise experiments obtaining 

repeated biopsies may distort the actual effects of the intervention itself. 

A further drawback of human studies is the inability to ethically perform 

mechanistic studies. Indeed, it is not feasible or ethical to investigate the effects 

of genetic knock out, protein inhibition or overexpression in human beings, and 

thus it is not possible to explore pathways regulating skeletal muscle adaptation. 

Functional studies in vivo are hindered by similar limitation, as while it is possible 
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to measure force production, it is not possible to explore the underpinning 

reasons for increases or decreases in force; at least not without taking muscle 

biopsies. Furthermore, voluntary muscle activation in functional tests may be 

limited by central drive (Gandevia 2001), and while electrical stimulation of a 

motor unit addresses this problem, it is considered uncomfortable and even 

painful for the participant (Hainaut, Duchateau 1992). Whilst single fibre 

preparations go some way to rectifying these issues, they do not fully grant an 

experimenter with control over the muscle fibre.  

1.7 In Vitro Culture Techniques 

1.7.1 Culture of Muscle Derived Cells in Vitro 

Satellite cells can be isolated from skeletal muscle tissue using two distinct 

methods; explant culture and enzymatic digestion. In explant cultures, a small 

portion of muscle is removed from the body and is scissor minced into tiny 

pieces in the presence of medium containing glucose, amino acids and antibiotic 

(Brady, Lewis et al. 2008, Edom, Mouly et al. 1994, Renault, Piron-Hamelin et al. 

2000), before being plated into small culture dishes. Over the ensuing days and 

weeks, mononuclear cells migrate out of the explanted muscle and stick to the 

culture substratum forming a colony of muscle derived cells (MDCs). It is of note 

that such a cell population is composed not only of muscle precursor cells (MPCs); 

that is those cells with the potential to form myotubes, but also non-myogenic 

cell types which are present within skeletal muscle tissue such as fibroblasts 

(Machida, Spangenburg et al. 2004) and pericytes (Asakura, Komaki et al. 2001, 

Valero, Huntsman et al. 2012). In comparison, enzymatic digestions entail the 

use of harsh enzymes such as trypsin and collagenase to break down the muscle 

and connective tissues and release the satellite cells (MPCs) and other cell types 

(Alessandri, Pagano et al. 2004, Smith, Passey et al. 2011). 

When cultured in vitro, MPCs can both proliferate and differentiate under the 

correct conditions (Richler, Yaffe 1970, Shimada 1971, Yaffe 1968). In order to 

maintain MPCs in the cell cycle, typically cells are cultured in high serum 
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conditions and at low densities. In contrast, cells will exit the cell cycle and 

terminally differentiate when serum deprived, thereby reducing the number of 

growth factors and proteins to which the cells are exposed (Florini, Ewton et al. 

1991). In this way, MPCs in vitro behave in a manner similar to that observed in 

embryonic development (see section 1.4) and post-natal satellite cell activation; 

whereby fusion of MPCs results in the formation of multinuclear myotubes 

(Charge, Rudnicki 2004, Wakelam 1985), and the up regulation of specific genes 

implicated in muscle maturation and differentiation (Charge, Rudnicki 2004). It 

has been displayed that myotubes maintained in culture contain the contractile 

proteins (Blau, Webster 1981) and in some instances exhibit spontaneous and/or 

electrically stimulated excitability (Nikolić, Bakke et al. 2012, Spector, Prives 

1977). 

The culture of MPCs and myotubes in vitro bestows the experimenter with a high 

degree of control over the environment and exposure to external factors, and 

primarily negates the influence of the systemic environment. As a result, in vitro 

experiments are often used mechanistically, as it is easy to manipulate the 

stimuli given to the cells; for example nutritional supplements can be added to 

the culture medium (Deldicque, Theisen et al. 2007), drugs can be tested in a 

controlled manner (Breen, Sanli et al. 2008), genes can be knocked out or 

pathways inhibited (Rommel, Bodine et al. 2001), and other cell types added in 

to investigate their interactions (Nurse, O'Lague 1975). 

1.7.2 Limitations to Conventional In Vitro Culture of Muscle Derived Cells 

Although removing MPCs from their niche and conducting in vitro experiments 

provides an insightful and controlled methodology for investigations into skeletal 

muscle development, growth and plasticity, the in vitro environment is far 

removed from that which MPCs differentiate on in vivo, and the resulting 

myotubes lack biomimicity (Engler, Griffin et al. 2004, Isobe, Shimada 1983). 

Indeed, tissue culture plastic and/or glass coverslips are extremely stiff 

substrates, and it has been highlighted that on soft or very stiff substrata 
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myotubes mature poorly (Engler, Griffin et al. 2004, Boontheekul, Hill et al. 2007), 

and that in fact on substrates with tissue like stiffness myotubes exhibit optimal 

levels of maturation (Engler, Griffin et al. 2004).  

Furthermore, standard in vitro techniques whereby MDCs are grown on plastic or 

glass substrates completely neglects the importance of the connective tissue in 

skeletal muscle structure and function, and the improved proliferation and 

maturation of MDCs in culture on ECM coated substrates has highlighted its 

importance (Hauschka, Konigsberg 1966, Maley, Davies et al. 1995, Ocalan, 

Goodman et al. 1988). To reinforce this importance of ECM proteins in skeletal 

muscle culture in vitro, Vandenburgh et al. (1988) found that as myotubes in 

culture matured, even on collagen coated plastic, they eventually detached from 

the substratum due to enhanced contractility. This phenomenon could be 

deterred however by increasing the number of fibroblasts in the cultures, which 

secrete endogenous ECM proteins, or indeed by surrounding the cells in an 

exogenous collagen gel matrix (Vandenburgh, Karlisch et al. 1988).  

In standard in vitro cultures, the developing myotubes also form in an abnormal 

manner, lacking directionality and often forming large dysmorphic branched 

structures (Isobe, Shimada 1983). As described in section 1.1, skeletal muscle is 

formed of uniaxially aligned parallel arrays of muscle fibres, and as such, 

conventional cell culture techniques fail to recapitulate this architecture. This is 

likely due (at least in part) to a lack of directional tension which provides 

mechanical cues to cells to which they respond accordingly (Eastwood, Mudera 

et al. 1998) and align themselves between the points of tension; as seen 

between tendons in vivo (Sciote, Morris 2000). 

1.8 Tissue Engineering Skeletal Muscle 

Tissue engineering involves the isolation of specific cell types and subsequently 

growing and differentiating them on a suitable scaffold to create a biological 

substitute for native tissue (Nerem, Sambanis 1995, Baar 2005). This technique 

has been used to create skeletal muscle mimetic in vitro, which have many of the 
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properties of skeletal muscle in vivo (Khodabukus, Paxton et al. 2007) and forgo a 

number of the limitations of conventional in vitro culture methods highlighted 

above.  

Skeletal muscle fibres are encapsulated within ECM sheaths in the body. As 

referred to in section 1.1.3, the predominant proteins found within the skeletal 

muscle ECM are collagens, laminin and fibronectin which are all essential to 

normal skeletal muscle structure and function and are therefore ideal scaffolds 

to use for tissue engineering this tissue type.  

1.8.1 Collagens 

Collagen is the most abundant protein in the skeletal muscle ECM. It is produced 

by ECM resident fibroblasts, and the secretion of collagen can be readily altered 

in response to increased or decreased loading (Kjaer 2004). The epi- and 

endomysium of skeletal muscle contain primarily types I and III collagen, and 

type IV is present in the basal lamina (Sanes 2003). Type I collagen predominates 

in the perimysium which is thought to be continuous with the tendons, which are 

also rich in collagens but are highly organised in nature compared to the mesh 

like collagen network surrounding epi-and endomysiums (Gillies, Lieber 2011). 

Skeletal muscle fibres connect to collagen in the ECM predominantly through 

adhesion molecules such as integrins, which are believed to also be critical in the 

transmission of force from the fibre, to the ECM and subsequently to the tendon. 

Indeed, in this respect the perimysium appears to be particularly important 

(Kjaer 2004). In vitro culture of MPCs has been studied on collagen coated 

substrates, and been found to improve the proliferation and differentiation of 

these cells compared to tissue culture plastic (Hauschka, Konigsberg 1966). 

Collagen therefore, due to its abundance in the ECM and its beneficial effects on 

in vitro skeletal muscle culture is of use as a scaffold for tissue engineering 

purposes. Indeed, it has been used extensively to create engineered muscle 

previously by a number of groups (Brady, Lewis et al. 2008, Smith, Passey et al. 

2011, Vandenburgh, Karlisch et al. 1988, Cheema, Yang et al. 2003, Gawlitta, 
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Boonen et al. 2008, Mudera, Smith et al. 2010, Sato, Ito et al. 2011, Shansky, Del 

Tatto et al. 1997) 

1.8.2 Laminin 

Laminin was first discovered from isolations of ECM secreted by the EHS mouse 

sarcoma (Timpl, Rohde et al. 1979). Laminin is the major non-collagenous protein 

of the basal lamina, and cell culture studies have identified that it is secreted 

predominantly by fibroblasts and proliferating MPCs, but not by terminally 

differentiated myotubes (muscle fibres themselves) (Kühl, Timpl et al. 1982). 

Laminin has structural importance in skeletal muscle in that it maintains the 

muscle fibre integrity by providing a binding site for dystrophin-dystroglycan 

complexes which connect the cytoskeleton to the ECM (Lewis, Machell et al. 

2001), and also binds dystroglycans connecting the ECM to the sarcolemma, (Han, 

Kanagawa et al. 2009). Laminin readily binds glycosaminoglycans, which in turn 

provide binding sites for growth factors such as TGF-β which are critical in 

orchestrating muscle differentiation and mass regulation (Sanes 2003). In vitro, 

when MDCs from neonatal rats were grown on laminin coated plates versus 

collagen coated plates, there was increased cellular attachment over an initial 72 

hour period on laminin plates along with increased rates of myoblast 

proliferation and increased myotube formation (Foster, Thompson et al. 1987). 

Thus, laminin has particular features which lend it well to use as a scaffold for 

skeletal muscle tissue engineering, and it has been used to some degree 

previously in the literature for such purposes (Dennis, Kosnik 2000, Dennis, 

Kosnik et al. 2001, Kosnik, Faulkner et al. 2001, Larkin, Calve et al. 2006, Williams, 

Kostrominova et al. 2012, Weist, Wellington et al. 2012). 

1.8.3 Fibronectin 

Fibronectin is the second most abundant ECM protein (Badylak 2002) and exists 

in both soluble and insoluble forms. Fibronectin has been shown to be highly 

associated in the ECM with collagen and is extensively laid down by fibroblasts 

(Kleinman, Klebe et al. 1981), and is important in cell adhesion through integrin 
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binding. Indeed, fibronectin (as is present extensively in serum) is critical for cell 

substrate attachment in vitro (Kleinman, Klebe et al. 1981), and is thus often 

used to ‘pre-coat’ tissue culture plastic prior to cell seeding (Badylak 2002).  

1.8.4 Fibrin 

The ability of MDCs (both myogenic and non-myogenic cells) to synthesise and 

secrete their own ECM proteins as mentioned above, indicates that it is not 

entirely necessary to use a model which incorporates a native ECM protein at the 

point of model fabrication. The use of fibrin gels for tissue engineering of skeletal 

tissues (Bian, Bursac 2009, Boonen, Langelaan et al. 2010, Huang, Dennis et al. 

2005, Khodabukus, Baar 2009, Paxton, Hagerty et al. 2011) provides a good 

example of this. Fibrin is the primary constituent of a blood clot, and is the 

product of polymerisation of fibrinogen by the protease thrombin (Mosesson 

2005). It is useful for skeletal muscle tissue engineering because it readily binds a 

number of growth factors that are implicated in skeletal muscle differentiation 

such as FGF and IGFBP3 (and therefore indirectly IGF-I) (Mosesson 2005). 

Furthermore, it has been shown that when cells (smooth muscle) are embedded 

within a fibrin gel, ECM production is enhanced versus cells embedded within a 

collagen gel (Grassl, Oegema et al. 2002), and fibrin degradation is complete 

after 3-5 weeks in culture, being completely replaced with collagen and elastin 

fibres (Ross, Tranquillo 2003).  

Tissue engineering skeletal muscle using biologically occurring proteins has 

therefore been conducted primarily using collagen, fibrin and laminin based 

hydrogels which will be discussed further in chapter 4 of this thesis. 

1.9 Hypotheses and Aims of this Thesis 

The overriding aim of this thesis is to tissue engineer a skeletal muscle model in 

vitro using human MDCs. This model must be structurally accurate and express 

myogenic markers of maturation, and should ideally be functional in so much as 

force can be measured in response to a specific stimulus. Such a model would be 

of great use in exercise sciences, where muscle plasticity in response to exercise, 
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nutritional interventions as well as in pathologies, ageing and disuse is of high 

interest. 

In order to meet this aim, the following objectives must be met: 

1. Human skeletal MDCs should be obtained and characterised in order to 

determine the cellular make-up of the population, and determine if they are 

suitable for further use in tissue engineering. 

2. Human MDCs should be cultured in an appropriate engineered construct and 

characterised in terms of structure and molecular maturation. 

3. A comparison should be made between MDCs in conventional monolayer 

culture and engineered constructs in terms of maturation and morphology. 

4. The contribution of the non-myogenic cell population should be considered 

in order to further advance the biomimicity of the engineered constructs. 

5. A system capable of measuring force production in response to a stimulus 

should be derived and force production should be quantified. 

It is hypothesised overall that human MDCs can be successfully isolated from 

skeletal muscle and subsequently cultured in a biologically occurring matrix 

which constitutes an improved model of native skeletal muscle than 

conventional cell culture techniques. Such a model would be an ideal test bed for 

studies in to skeletal muscle biology with ageing, exercise, disuse and various 

pathologies. 
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2 Materials and Methods 

2.1 Cell Culture 

All cell culture work was carried out using a Class II Heraeus Biological Safety 

cabinet under sterile conditions. Cells were incubated at 37°C and 5% CO2 in a 

Heracell 240 (Thermo Fisher Scientific, Rosklide, Denmark) incubator for both 

sub-culture and experimentation.  

2.2 Conventional Monolayer Cell Culture 

2.2.1 Obtaining Human Skeletal Muscle Derived Cells 

Human skeletal muscle derived cells (MDCs) were obtaining via explant cultures 

of human skeletal muscle biopsies from consenting individuals undertaking 

orthopaedic surgery at the Royal National Orthopaedic Hospital (RNOH), London, 

UK or from percutaneous needle muscle biopsies at Loughborough University. 

Ethical approval was granted for human muscle biopsies from Loughborough 

University (code R11-P196), and under existing ethical approval from the RNOH 

(09/H0304/78). 

After removal of the tissue, the sample was immediately placed in a 15ml conical 

centrifuge tube (Fisher Scientific, Loughborough, UK) containing growth media 

(GM) which consisted of high glucose DMEM (Sigma, Haverhill, UK) 

supplemented with 20% foetal bovine serum (FBS; PAA, Somerset, UK), 100 U/ml 

penicillin (GIBCO/Invitrogen, Paisley, UK) and 100µg/ml streptomycin (GIBCO), 

and the tissue was transported into the cell culture laboratory. Samples obtained 

through surgical procedures took up to 20 minutes to transport to the laboratory 

post-harvesting, whilst needle biopsies were transported to the cell culture 

laboratory within 5 minutes of extraction. 

Under sterile conditions in a tissue culture hood, the muscle sample was then 

placed in a separate 15ml tube containing 1 x phosphate buffered saline (PBS), 

100 U/ml penicillin, 100µg/ml streptomycin and 2µg/ml Amphotericin (GIBCO) 
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and gently swirled for 10-20 seconds. This was repeated three times in total to 

remove any excess blood and debris from the muscle sample. 

The sample was then placed on a 90mm plastic Petri dish (Fisher Scientific), 

coated in 1-2ml of GM and finely minced using number 10 scalpel blades (Fisher 

Scientific). Once the muscle sample was dissociated into small tissue chunks, a 

pasteur pipette (Fisher Scientific) was used to transfer the tissue plus 

approximately 3ml of GM into pre-gelatin coated 25cm2 tissue culture flasks 

(Nunc, Fisher Scientific). The flasks were then moved to a humidified incubator 

and maintained at 37°C and 5% CO2 and GM was changed every 2-3 days. Over 

the subsequent 7-14 days MDCs migrated out of the explanted muscle. Once 

these mononuclear cells reached 70 to 80% confluency ((ascertained via phase 

contrast light microscopy (CETI inverted light microscope, Thermo Fisher)) in the 

flask they were passaged (see section 2.2.2.). Details of the participants from 

whom the biopsies were taken is given in table 2.1. 

2.2.2 Passaging Cells 

Once MDCs reached 70 to 80% confluency they were deemed ready for 

passaging. The GM from each flask was removed by pipetting and each flask was 

rinsed thoroughly twice with PBS. Accutase (Sigma) was then added in enough 

volume to cover the flask surface and the flask was placed in a standard 

humidified CO2 incubator for 5 minutes to ensure detachment of the MDCs from 

the flask surface. Once cells were detached from the surface of the flask, the 

activity of the accutase was inhibited by the addition of twice the volume of GM. 

The cells were then pelleted by centrifugation (Heraeus Multifuge X3R, Thermo 

Fisher Scientific) at 670 × g at 4°C for 5 minutes. The supernatant was then 

removed and the cell pellet re-suspended in 1ml of GM. The cells were then 

counted (see section 2.2.3.) before being re-plated, frozen down or used for 

experiments. 
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Table  2.1. Characteristics of Skeletal Muscle Samples Used Throughout the Present Thesis 

Date of 

Biopsy 

Sex of Donor Age of 

Donor 

(years) 

Muscle Biopsied Fibre Type 

Distribution (%) 

Procedure to 

Obtain Muscle 

Time to MDC 

Confluence from 

Explant (days) 

Biopsy Code 

    Slow Fast    

27.4.10 Male 28 Rectus Femoris 42.8 57.2 Surgery 10 M-28-RF 

5.5.10 Female 74 Vastus Medialis 43.7 56.3 Surgery 14 F-74-VM 

19.5.10 Female 56 Gluteus Medius 52.4 47.6 Surgery 20 F-56-GM 

19.10.10 Female 38 Vastus Lateralis 37.8 67.3 Surgery 21 F-38-VL 

19.10.10 Male 71 Sartorius 49.6 50.4 Surgery 14 M-71-S 

11.1.12 Male 22 Vastus Lateralis 37.8 67.3 Needle Biopsy 12 M-22-VL 

27.1.12 Male 24 Vastus Lateralis 37.8 67.3 Needle Biopsy 10 M-24-VL 

All Fibre type distributions were taken and extrapolated from (Polgar, Johnson et al. 1973). All Muscles used in this thesis were 

predominantly of mixed fibre type in nature.
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2.2.3 Counting Cells 

MDCs were counted on a haemocytometer using the trypan blue exclusion 

method (figure 2.1.). Once the cells had been re-suspended in 1ml of GM, 20µl of 

cell suspension was added to 20µl of trypan blue (Sigma) solution and mixed by 

pipetting. 10µl of this solution was then added to either end of a 

haemocytometer coverslip and allowed to fill the chambers by capillary action. 

The cells present in each corner quadrant of a chamber were then counted under 

a light microscope at 10 X magnification. The value was then divided by 2 to give 

an average of the two counted chambers, and then further by 4 to give an 

average for each corner segment. This value was then multiplied by 2 to account 

for the cells dilution in trypan blue, and then further by 1 × 104. Finally, the value 

was multiplied by the amount of GM used to re-suspend the cells (usually 1ml) to 

give an estimation of the total number of cells present in the original solution.   

2.2.4 Re-Plating MDCs in Monolayer 

Once counted, MDCs were used for experimentation in monolayer, re-plated 

into flasks for further sub culturing or frozen down (see section 2.2.5.). Adhesion 

of primary myogenic cells to tissue culture plastic is generally considered to be 

poor (Yaffe 1968) and thus all flasks and plates intended for MDC growth were 

pre-coated with bovine gelatin (Sigma) diluted to 0.2% in PBS, for 45 minutes 

prior to the addition of cells. For sub-culturing, MDCs were plated into 80cm2 

tissue culture flasks at a density of 2000 cells/cm2 and were grown in 20ml of GM 

which was changed every 2 days. For experiments in 6 well plates, the seeding 

density was dependent upon the experiment being undertaken. 

2.2.5 Cryofreezing of MDCs 

If the intention was to freeze the MDCs down following passaging, then following 

cell pelletting via centrifugation, the supernatant was removed and the cell pellet 

re-suspended in FBS (90%) and Dimethyl sulfoxide (DMSO, 10%; Fisher Scientific). 

After thorough mixing by pipetting, the cell suspension was transferred to a 

1.8ml cryovial (Fisher Scientific), labelled, and placed in a ‘Mr Frosty’ (Fisher  
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Figure  2.1. A Single Quadrant of a Haemocytometer Used for Cell Counting. 
Each quadrant is composed of 16 squares, and the cells within each quadrant 
(white arrows) are counted and used to determine the total cell number. 
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Scientific). The ‘Mr Frosty’ was then placed in a   -80°C freezer overnight. The ‘Mr 

Frosty’ containers allow for the slow (-1°C/minute) freezing of the cell 

suspension. The vials were then transferred to liquid nitrogen for storage. 

When MDCs were resuscitated from cryopreservation, vials were quickly thawed 

and plated at an appropriate density in gelatin coated 80cm2 tissue culture flasks. 

2.2.6 Immunomagnetic Separation of Myogenic and Non-Myogenic Cells 

2.2.6.1 Principals of Immunomagnetic Cell Separation 

Myogenic and non-myogenic cell populations were separated from the 

heterogeneous mix of MDCs using MACS® technology (Miltenyi Biotec, Bisley, 

Surrey, UK). 50nm metallic microbeads are conjugated to a specific antibody, 

which when mixed with a cell suspension will bind to the cells expressing the 

target antigen. Subsequently, when the cell suspension is passed through a 

separation column and exposed to a magnetic field, the cells which have bound 

the microbeads will be magnetically trapped, whereas the cells which do not 

express the target antigen will flow through the magnetic field unaffected. When 

the column is removed from the magnet and thus from the magnetic field, the 

cells which have bound the microbeads can be released. Thus, MACS® 

technology yields a positively and negatively selected cell population based on 

the expression of a specific antigen. In the case of this study, the antigen of 

interest was CD56/ Neural cell adhesion molecule (NCAM); which is expressed by 

MPCs, but not by connective tissue fibroblasts (Stewart, Masi et al. 2003). 

2.2.6.2  Immunomagnetic Cell Separation 

MDCs were grown in 80cm2 tissue culture flasks until 70 to 80% confluent at 

which point they were routinely unanchored from the flask surface and 

centrifuged as per section 2.2.2. The resulting cell pellet was re-suspended in 1 

ml of MACS® running buffer (consisting of PBS, BSA) and passed through a 

moistened pre-separation filter (Miltenyi Biotec) in 500µl batches to remove cell 

aggregates. The filter was then washed three times with 3 ml of running buffer to 
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ensure that all cells had passed through, and cell number was then determined 

as per section 2.2.3. 

The cell suspension was centrifuged at 300 × g for 10 minutes, after which the 

supernatant was completely removed and the cell pellet was re-suspended in 80 

µl of running buffer. 20 µl of CD56 microbeads (Miltenyi Biotec) were then added 

to the suspension and triturated gently. Tin-foil was placed around the tube and 

was transferred to a 4°C refrigerator for 15 minutes with occasional mixing. After 

15 minutes had elapsed 2 ml of running buffer was added to the cell suspension 

and gently triturated.  The cell suspension was centrifuged at 300 × g for 10 

minutes, after which the supernatant was discarded and the cell pellet was re-

suspended in 500µl of running buffer. 

To magnetically separate the cells a midiMACS® separator (Miltenyi Biotec) and 

LS columns (Miltenyi Biotec) were chosen based on previous literature (Brady, 

Lewis et al. 2008), and were set up as shown in figure 2.2.  The column was 

prepared by rinsing with 3ml of running buffer and the effluent discarded. The 

cell suspension was then applied to the column and the total effluent caught in a 

15 ml centrifuge tube (Fisher Scientific). Three further 3ml washes of running 

buffer were applied to the column and caught in the same tube; this was 

deemed the unlabelled fraction. 

The column was then removed from the separator and placed on a 15 ml 

centrifuge tube (Fisher Scientific). 5 ml of running buffer was added to the 

column and a plunger was applied immediately, releasing the positively selected 

cells from the column and into the collection tube. 

Subsequently, both positively and negatively selected cells were counted as per 

section 2.2.3, and cells were then used for experimentation without further sub-

culturing. 
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Figure  2.2. Apparatus Used for the Separation of MDCs in to CD56+ and CD56- 
Fractions Using Immunomagnetic Techniques. A= pre-separation filter, B= 
separation column, C= MidiMACS® Magnet, D= stand. MDCs incubated with CD56 
antibody conjugated to a metallic microbead, are passed through the filter and 
the column in the presence of a strong magnetic field. The result is the separation 
of cells based on the expression of CD56 (NCAM). 
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2.3 Tissue Engineering Skeletal Muscle Constructs 

2.3.1 Preparation of Reagents 

Powdered fibrinogen (batch number 029K7635, Sigma-Aldrich) was made up to a 

concentration of 20mg/ml by dissolving in F12K medium (Sigma-Aldrich) for 

approximately 4 hours at 37°C, with occasional swirling. The fibrinogen was then 

separated into 5ml aliquots and frozen at -20°C until ready for use. The 

fibrinogen was thawed at room temperature and sterile filtered just prior to 

being used for gel formation. Each aliquot was only used once and never freeze-

thawed. 

Powdered thrombin (batch number 105K7700, Sigma-Aldrich) was made up to a 

concentration of 200U/ml in DMEM, sterile filtered and then frozen down into 

500µl aliquots for future use. 

Aprotinin (Sigma-Aldrich) was dissolved in deionised water (Fisher Scientific) at a 

concentration of 10mg/ml and sterile filtered before being stored at -20°C in 

50µl aliquots. 

2.3.2 Preparation of Fibrin Plates 

35mm plastic Petri dishes (VWR, UK) were coated with approximately 2ml of 

sylgard (Sylgard 184 elastomer Kit, Dow Corning) and left to cure at room 

temperature for at least one week before being used. Silk suture thread was cut 

into 6mm strips, and two strips per plate were pinned into place using minutien 

pins, with a 12mm gap between sutures (see figure 2.3). 

Before use, plates were UV sterilised in a tissue culture hood for 20 minutes, 

firstly without the lids on, and for a second 20 minutes turned upside down with 

the lids off. Following UV exposure, plates and lids were filled with 70% absolute 

ethanol and left in a tissue culture hood for 30 minutes. The ethanol was then 

removed from the plates by aspiration and the plates were left to dry for at least 

3 hours before being used for experimentation. 
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Figure  2.3. A Prepared 35mm Falcon Dish for use in Tissue Engineering Skeletal 
Muscle. Each plate received approximately 2ml of sylgard 184 elastomer before 
6mm silk sutures were anchored in to place at the centre of the plate 12mm 
apart.  
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2.3.3 Formation of Fibrin Constructs and Subsequent Culturing 

Each plate received 500µl of GM containing 10U/ml thrombin and 20µg/ml 

aprotinin which was spread evenly over the surface of the plate ensuring the 

sutures were fully covered. 200µl of the stock fibrinogen solution was then 

added to the plate, and was agitated gently to ensure even distribution and then 

left to incubate for 10 minutes at room temperature before being transferred to 

the incubator (37°C) for one hour. MDCs were then seeded at appropriate 

densities (typically 4 x 105/plate) in 2ml of GM. GM was changed every 48 hours 

until cells were confluent across the gel surface, at which point the media was 

switched to differentiation medium (DM) consisting of high glucose DMEM 

supplemented with 2% FBS and 10ng/ml recombinant human IGF-I (Sigma-

Aldrich). DM was changed every 48 hours until the cessation of the experiment, 

the determination of which was dependent upon the intended outcome of the 

experiment itself. 

2.4 Immunohistochemistry and Microscopy 

2.4.1 Principals of Immunohistochemistry 

Immunohisto/cytochemistry is the method used to identify proteins present 

within cells or tissues by using antibodies specific for the antigens present on the 

protein of interest.  

Firstly tissues or cells must be fixed. Typical fixatives include organic solvents or 

cross-linking agents. Organic solvents such as alcohols and acetone dehydrate 

the cells and remove lipids whilst maintaining cell architecture. Cross-linking 

agents such as paraformaldehyde form intermolecular bridges creating a 

network of linked antigens, and preserves cell structure better than organic 

solvents. Following fixation it is necessary to permeablise the cell membranes in 

order to allow the antibodies access to the intercellular proteins of interest. This 

step is not always necessary when fixing with organic solvents as they often 

permeablise the membrane as well. The permeablisation step is normally carried 

out using a detergent such as Triton. 
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Permeablisation can be carried out in the same step as blocking. Blocking is 

necessary in order to prevent binding of the primary antibody to non-specific 

sites within the cell or tissue. It is thus necessary to use serum to block the non-

specific sites. This avoids background fluorescence when imaging the tissue. The 

cells/tissue can subsequently be incubated with the desired antibodies.  

Two classes of antibodies are available for IHC; Monoclonal and Polyclonal 

antibodies.  

(i). Polyclonal antibodies. These are obtained from the sera of an animal 

following the injection of the antigen of interest. For example, if one was to 

inject a foreign myosin heavy chain antigen into an animal, within the ensuing 

weeks and months the animal’s B-lymphocytes would produce antibodies 

specific for myosin heavy chain. These antibodies can be subsequently purified 

and used in IHC. 

(ii). Monoclonal antibodies. Monoclonal antibodies take longer to acquire and 

thus are more expensive, however they are more specific to the antigen of 

choice. To produce monoclonal antibodies, again an antigen is injected into an 

animal. The B-lymphocytes are then isolated from the animal’ spleen and fused 

in vitro with myeloma cells to form hybridomas. Single hybridomas are then 

isolated and allowed to multiply (forming a clone). This population of cells will 

then produce identical antibodies to the original antigen. 

Indirect immunofluorescence, as utilised in this thesis, requires an initial primary 

antibody to bind to the protein of interest in the cell, and a secondary antibody, 

against the IgG of the animal in which the primary antibody was raised. This 

secondary antibody can be conjugated to a fluorescent dye (such as FITC or Texas 

red) which will fluoresce when excited at the correct wavelength. 

2.4.2 ICC on Glass Coverslips 

The media from each well of a 6-well plate containing 13mm coverslips was 

removed and the well was washed twice in PBS. Once washed, the cells were 
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fixed for 10 minutes in an ice cold methanol:acetone (1:1, Fisher Scientific) 

solution, diluted by half in cold PBS. Thereafter, the cells were exposed to 

undiluted ice-cold methanol-acetone for 5 minutes.  

Once fixed, the coverslips were transferred to customised staining platforms, 

fabricated from inverted ependorff tube lids adhered to the bottom plate of an 

80mm petri-dish. Each coverslip was then treated with 100µl of blocking solution, 

consisting of 1 x Tris Buffered saline (TBS, pH 8.5), 5% goat serum (Sigma-Aldrich) 

and 0.2% Triton-X 100 (Fisher Scientific). After 45 minutes the blocking solution 

was removed from the coverslip and 100µl of primary antibody solution, 

consisting of TBS, mouse anti-human desmin (Clone D33, Dako, Denmark) at a 

concentration of 1 in 50, 2% goat serum and 0.2% Triton –X 100 was added to 

each coverslip. The primary antibody solution was removed from each coverlip 

after 3 hours, and each coverslip was washed three times with TBS before the 

addition of the secondary antibody, consisting of TBS, FITC conjugated goat anti-

mouse IgG (Stratech, Newmarket, UK) at a concentration of 1 in 50, 2% goat 

serum and 0.2% Triton-X 100. After 1 hour incubation, the secondary antibody 

was removed from the coverslips and 3 washes with de-ionised water were 

carried out. The fluorescent chemical compound 7-aminoactinomycin D (7-AAD, 

Invitrogen) was used to visualise nuclei, and was diluted 1 in 50 in deionised 

water and left to incubate for 45 minutes. Finally the coverslips were mounted 

onto glass microscope slides (Fisher Scientific) using a drop of MOWIOL 

(MOWIOL 4-88, Sigma-Aldrich) containing the anti-fade agent DABCO (Sigma-

Aldrich). 

2.4.3  IHC of Engineered Constructs 

Tissue engineered constructs were fixed in the same manner as coverslips (2.4.2), 

however the incubation time was extended to 20 minutes initially (methanol: 

acetone diluted in PBS) and a further 20 minutes incubation with methanol: 

acetone solution alone. Following fixation, gels were detached from their sutures 

and mounted on poly-l-lysine coated microscope slides (Fisher Scientific) and the 
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constructs were ringed with PAP pen (Fisher Scientific) to minimise the amount 

of antibody used. Gels were then blocked using the same solution make-up as in 

2.4.2 for 3 hours, before being washed once with TBS. The primary antibody 

solution was then added to the gel and incubated overnight in a humidified 

staining chamber to avoid evaporation and drying out of the constructs. The 

primary antibody was removed and the construct washed three times in TBS 

before the addition of the secondary antibody solution (see 2.4.2). After 3 hours 

incubation, the secondary antibody was removed and the construct washed 

three times with de-ionised water before the addition of 7-AAD for nuclear 

visualisation. After 90 minutes incubation the gels were mounted with glass 

coverslips (fisher Scientific) using MOWIOL containing DABCO and allowed to dry 

overnight before visualisation. Immunostained coverslips/engineered constructs 

were imaged using a Zeiss LSM 510 confocal microscope. 

2.4.4 Image analysis 

Images were analysed using Image J version 1.46 software. Desmin positivity was 

calculated from the number of nuclei co-expressing desmin, a myotube was 

defined as a desmin positive cell containing three or more nuclei, and 

myogenicity was calculated as the number of total nuclei incorporated in to 

myotubes. Fusion index was calculated as the percentage of desmin positive cells 

incorporated into myotubes. To calculate myotube width, three separate lines 

were drawn perpendicularly to the long axis of the myotube and the mean of 

each line’ length was taken. Nuclei area was calculated using the specified ‘area 

measuring’ tool on Image J. 
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2.5 RNA Extraction and Real-Time Polymerase Chain Reaction 

2.5.1 Principals of Reverse Transcription, Real-Time Quantitative Polymerase 

Chain Reaction 

The polymerase chain reaction (PCR) is a molecular biology technique employed 

to amplify small amounts of target mRNA exponentially in order to quantify the 

original amount of starting material. This technique is particularly useful when 

comparing the expression of target sequences of mRNA (gene expression) 

between experimental conditions in order to see if genes of interest have been 

up or down regulated.  

When concerned with gene expression analysis, the first step is extraction of 

mRNA from the tissue/cells of interest (see section 2.5.2.) followed by the 

reverse transcription of this mRNA into complementary DNA (cDNA). Reverse 

transcription occurs whereby an oligo primer binds to the poly-A tail at the 3’ 

end of the mRNA molecule, and the enzyme Reverse Transcriptase uses random 

nucleotides (dNTP’s) to copy a complementary sequence of DNA. Reverse 

transcription is carried out typically between 40 and 60°C at which temperature 

the reverse transcriptase enzyme works most efficiently. Following cDNA 

synthesis, PCR can be carried out. Classically, PCR involves three steps; 

denaturation, annealing and extension.  

(i). Denaturation. The denaturation step involves the heating of the reaction 

tubes to 95°C, at which temperature the double stranded DNA will become 

separated. 

(ii). Annealing. At this stage, specific primers which are complementary to the 

sense and anti-sense strands of DNA, bind (anneal) to the target sequence of 

DNA. This is performed by lowering the temperature to that which is optimal for 

the designed primers (see section 2.5.3.) 

(iii). Extension. Typically, the temperature is altered to 72°C, at which the enzyme 

taq polymerase works optimally. The enzyme attaches to the primary sites on 
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the primers, and uses dNTP’s to extend/synthesise a new strand of the target 

DNA sequence which is complementary to that of the opposite strand. 

These three steps together are termed a complete cycle. PCRs typically last for 

between 30 and 40 cycles, resulting in millions of copies of the specific sequence 

of DNA that is of interest. Figure (2.4a) shows a diagrammatic representation of a 

polymerase chain reaction. 

Real-time quantitative PCR (qPCR) uses fluorescence in order to detect the 

amount of target DNA which has been amplified in real-time during the PCR. In 

the work described in this thesis, SYBR green (a fluorescent dye) was used to 

monitor DNA amplification, however other technologies such as Taqman probes 

and Molecular Beacons perform similar roles. SYBR green binds to double 

stranded DNA and upon doing so exhibits fluorescence; the amount of which is 

quantified by the PCR cycler instrument. Fluorescence is measured at the end of 

the annealing step of each cycle and as the number of cycles is increased and 

DNA amplification is increased, so the level of fluorescence will increase 

accordingly (figure 2.4b). 

The amount of fluorescence can be quantified by detecting the point (cycle) at 

which the fluorescence produced by the reaction exceeds the background 

fluorescence (see figure 2.4b). This point is termed the threshold cycle (CT) and is 

used to quantify the amount of the target gene which was present in the DNA at 

the start of the reaction. Earlier CT values indicate higher expression of the 

original gene of interest on the DNA, whereas later CT values indicate that less of 

the gene of interest was expressed. More detail on quantification will be given in 

section 2.5.5. (qPCR data analysis). 
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Figure  2.4. The Polymerase Chain Reaction. (A). Diagrammatic representation of 
a single cycle of the polymerase chain reaction. Each cycle consists of a 
denaturation, annealing and extension phase whereby the original template of 
cDNA is amplified exponentially. (B). The threshold cycle (CT) is used to quantify 
the amount of starting gene of interest. The red line has a higher expression than 
the pink line shown here by its earlier CT value. 
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It is of note that RT-qPCR can be performed in a one or two step manner; that is, 

the reverse transcription and PCR stages can be performed by placing all 

reagents in a single tube and the RT and PCR steps performed sequentially (one-

step), or the RT and PCR steps can be performed separately in independent tubes. 

The work in this thesis was performed using one-step RT-qPCR, which is fast and 

reduces handling and therefore chance of cross contamination and pipetting 

errors. 

2.5.2 RNA Extraction. 

RNA extraction was carried out using TRI-reagent (Fisher scientific) as per the 

manufacturer’s instructions. After experimentation, 6-well plates were scraped 

in the presence of 500µl of TRI-reagent and then transferred to a 1.5ml RNase 

free tube (Fisher scientific). In the case of experiments using tissue engineered 

constructs; constructs were un-tethered and placed in 500µl of TRI-reagent in a 

50ml falcon tube (Fisher scientific) and homogenised using a hand held stick 

homogeniser (IKA T10, Fisher scientific) before being transferred to a 1.5ml 

RNase free tube. At this point samples derived from monolayer and engineered 

constructs were treated in the same manner. 

100µl of chloroform (sigma) was added to the tube and tubes were shaken 

vigorously for 20 seconds by hand before incubation at room temperature for 5 

minutes. Tubes were then spun at 12000 x g for 15 minutes using a micro-

centrifuge (Fisher Scientific) after which the upper aqueous phase containing 

RNA was transferred carefully to a fresh 1.5ml tube. RNA was precipitated from 

the remaining solution by the addition of 250µl of isopropyl alcohol (Fisher 

scientific). After incubation at room temperature for 10 minutes, samples were 

spun at 12000 x g for 10 minutes resulting in the pelleting of RNA at the bottom 

of the tube. The pellet was then washed in 500µl of 75% molecular grade ethanol 

(Fisher scientific) by vortexing, and centrifuged at 7500 x g for 5 minutes. The 

ethanol supernatant was then removed and the pellet was allowed to air dry for 
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approximately 15 minutes before being re-suspended in 50µl of RNA storage 

solution (sigma-Aldrich). 

RNA yield (absorbance at 260nm) and purity (260/280 ratio) were measured 

using the Nanodrop 3000 spectrophotometer (Fisher Scientific) taking the RNA 

extinction coefficient of 40 into account.  

2.5.3 Primer Design and Specificity Check 

Primers were designed by Sigma Aldrich taking into account a number of 

guidelines. These are detailed below in table 2.3. The primer sequences for the 

genes whose expression were explored in this thesis are shown in table 2.3. 

Once designed, primer specificity was checked by performing a Blast search 

(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The primer sequences were thus 

checked for specificity with the target gene and that they did not amplify any 

unwanted products or pseudogenes. Finally, primer specificity was confirmed by 

performing a melt analysis after each RT-qPCR run. Specificity was determined by 

a single peak as shown in figure 2.5. 
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Table  2.2. Consideration and Guidelines Which Were Adhered to When 
Designing Primers for RT-qPCR. 

Consideration Guidelines 

Primer length 18-22 bp 

GC content 40-60% (50% optimally) 

Melting 

temperature 

(Tm) 

Approximately 65°C in order to ensure annealing temperature 

is 60°C. The chemistries within the Quantifast SYBR green mix 

work optimally when the annealing stage runs at 60°C. 

Length The product length should be less than 200bp long. 

General 

considerations 

Primers should span an intron-exon boundary. 

In order to minimise primer-dimer formation, primer pairs 

should not be complementary at the 3’ ends. 

Mismatches at the 3’ end of the primer and the template 

sequence should be avoided. 

Avoid complementary sequences within a primer and between 

primer pairs so as to reduce chance of hairpins and primer 

dimmers. 
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Figure  2.5. Melt Curve Analysis Showing a Single Peak Confirms the Specificity 
of a Primer Set. Melt curve shown is from primers designed to amplify the human 
Myogenin gene. 
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Table  2.3. Quantitative PCR Primer Sequences for the Genes Examined in this 
Thesis Which Give an Indication of the Level of Skeletal Muscle Maturation. 

Target 

mRNA 
  Primer sequence 5’-3’ 

Product 

length 

NCBI reference 

sequence 

MYH 1 
F 

R 

ATCTAACTGCTGAAAGGTGACC 

TAAGTACAAAATGGAGTGACAAAG 
71 NM_005963 

MYH 2 
F 

R 

AAAGAGCCCTTGGAATGA 

CAGAGGTCCTTGTTAGCA 
101 NM_017534 

MYH 3 
F 

R 

GGAGCAGGACAGAAGATAT 

CCCAGATTGAAACAAAGCA 
115 NM_002470 

MYH 7 
F 

R 

GCTTTGCCACATCTTGAT 

AATTGCTTTATTCTGCTTCCT 
101 NM_000257 

MYH 8 
F 

R 

ATTTCCACCAAGAACCCA 

AAAGGATTCTGCCTCTGG 
77 NM_002472 

POLR2B 
F 

R 

AAGGCTTGGTTAGACAACAG 

TATCGTGGCGGTTCTTCA 
104 NM_000938.1 
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2.5.4 One Step Reverse Transcription, Real-Time Polymerase Chain Reaction 

PCR reaction tubes were prepared using the QIAgility automated pipetting 

system (Qiagen, Crawley, UK). Reactions were made up into transparent RNase 

free 200µl tubes (Qiagen), and consisted of 70ng of RNA in 9.5µl, 0.15µl of both 

forward and reverse primer at 100µM concentration (Sigma), 0.2µl of Quantifast 

reverse transcriptase kit (Qiagen), and  10µl of SYBR green mix (Qiagen).  

Once reaction tubes were prepared they were transferred to the Rotogene 

3000Q thermal cycler (Qiagen) which was programmed to perform the following 

steps: 10 minute hold at 50°C (reverse transcription), followed by a 5 minute 

hold at 95°C (activation of ‘hot start’ Taq polymerase), and cycling between 95°C 

for 10 seconds (denaturation) and 60°C for 30 seconds (annealing and extension). 

Fluorescence was detected after every cycle and data was analysed using the 2(-

∆∆CT) method (see section 2.5.5). 

2.5.5 qPCR Data Analysis. 

Relative gene expression was calculated using the 2(-∆∆CT) method as described by 

Livak and Schmittgen (2001). This method requires the use of a reference gene in 

order to normalise the data to. The reference gene should be selected on the 

basis that the expression of the gene (CT) is stable under all of the conditions of 

the experiment. In addition, this method requires that the data is made relative 

to a control condition. An example of the 2(-∆∆CT) calculation is shown in table 2.4 

below. 

In the example below there is a control and treatment group in which the 

expression of the myogenic regulatory factor myogenin is of interest. POLR2B 

was used as a reference gene for normalisation, and the expression of each 

sample was made relative to the control 1 sample (termed calibrator). Thus, ∆CT 

1 is derived from the subtraction of POLR2B CT from the myogenin CT and ∆CT 2 is 

derived from the subtraction of calibrator POLR2B from calibrator myogenin. The 

∆∆CT is calculated by subtracting ∆CT 2 from ∆CT 1, finally the 2(-∆∆CT) can be 

calculated. 
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Table  2.4. qPCR Data Analysis Showing the Derivation of Relative Gene Expression Using the 2(-∆∆CT) Method. 

Example taken when cells grown in monolayer (control) were compared to cells grown in engineered constructs (Treatment). 

 

 

 

 

 

 

 

 

Myogenin CT POLR2B CT Calibrator 

myogenin CT 

Calibrator POLR2B 

CT 

∆CT 1  ∆CT 2 ∆∆CT 2(-∆∆CT) Mean and 

SD 

Control 1 15.59 24.5 15.59 24.5 -8.91 -8.91 0 1 0.99 ± 0.02 

Control 2 15.45 24.36 15.59 24.5 -8.91 -8.91 0 1 

Control 3 15.24 24.09 15.59 24.5 -8.85 -8.91 0.06 0.96 

Treat. 1 19.32 24.61 15.59 24.5 -5.29 -8.91 3.62 0.08 0.15 ± 0.06 

Treat. 2 18.79 24.96 15.59 24.5 -6.17 -8.91 2.74 0.15 

Treat. 3 18.81 25.47 15.59 24.5 -6.66 -8.91 2.25 0.21 
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2.6 Statistical analysis 

All statistical analysis throughout the thesis was conducted using SPSS version 19. 

The statistical tests employed for each data set will be specified in the methods 

section of each results chapter. 
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3 Characterisation of Human Muscle Derived Cells in 

Culture: Implications for Tissue Engineering 

 

3.1 Introduction 

Skeletal muscle is composed of multinucleate myofibres, each of which consists 

of hundreds of post-mitotic nuclei (Allen, Yasui et al. 1996, Tseng, Kasper et al. 

1994). As such any increases in myonuclear number in order to support increases 

in muscle size or to allow regeneration and repair must be a result of external 

precursor cells. Satellite cells first described by Mauro (1961), are skeletal muscle 

precursor cells which lie quiescent between the sarcolemma and basal lamina of 

muscle fibres (Mauro 1961). Satellite cells become activated upon muscle 

damage (Hill, Wernig et al. 2003, Parise, McKinnell et al. 2008), proliferate and 

subsequently either commit to the myogenic lineage and fuse with injured 

muscle fibres, or return to quiescence (Conboy, Rando 2002). 

Satellite cells can be isolated from muscle tissue either by explant culture (Brady, 

Lewis et al. 2008, Edom, Mouly et al. 1994) or enzymatic digestion (Alessandri, 

Pagano et al. 2004, Smith, Passey et al. 2011) and subsequently cultured in vitro. 

The resulting muscle derived cells (MDCs) typically consist of both muscle 

precursor cells (formally satellite cells when in vivo) and non-myogenic cells of 

which the likely primary constituent is connective tissue fibroblasts.  

In vitro experimentation has helped to elucidate some of the mechanisms 

involved in skeletal muscle formation, development and growth (Buckingham, 

Bajard et al. 2003, Rommel, Bodine et al. 2001), but in order to perform such 

experiments the characteristics of the isolated cell population must be 

considered. Firstly, enough cells must be isolated/cultured in order for the 

experiment to be conducted and reproduced (Bian, Bursac 2008). Secondly, the 

MDCs must contain sufficient numbers of muscle precursor cells in order that 

they can come into contact with one another and fuse to form myotubes (Smith, 
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Passey et al. 2011, Mudera, Smith et al. 2010, Krauss, Cole et al. 2005). Thirdly, 

the cell population’s ability as a whole to form myotubes must be considered and 

the intrinsic capability of the precursor cells individually should be considered 

(Machida, Spangenburg et al. 2004).  

3.1.1 Replicative Capacity of MDCs 

Human somatic cells have a finite capacity to replicate before reaching cellular 

senescence (Hayflick 1965), and although remain metabolically active; fail to 

undergo further population doublings. This phenomenon has been shown in 

fibroblasts (Martens, Chavez et al. 2000, Wright, Pereira-Smith et al. 1989) and in 

human MDCs (Renault, Piron-Hamelin et al. 2000, Decary, Mouly et al. 1997) 

where the number of population doublings was tracked over time in culture until 

the cells senesced. For tissue engineering purposes, often high cell numbers are 

required in order to recreate the in vivo structure of skeletal muscle, and as such 

it is imperative that adequate cell numbers are cultured prior to senescence in 

order to ensure that cells can be seeded into engineered constructs. MDCs 

obtained from individuals of different ages have previously been cultured from 

explants, and the number of population doublings which occurred before 

senescence occurred measured. It was shown that MDCs from younger 

individuals underwent a greater number of divisions before reaching cellular 

senescence, and the MDCs from the oldest individuals underwent the fewest 

population doublings (Renault, Piron-Hamelin et al. 2000, Decary, Mouly et al. 

1997). In all somatic cells, it is now clear that the length of telomeric DNA is key 

in regulating replicative capacity and that once telomere length becomes too 

short, cells senesce (Vaziri, Benchimol 1996). In the studies of human muscle 

cells, it has been shown firstly that chronological age is negatively correlated to 

telomere length (Decary, Mouly et al. 1997, Renault, Thorne et al. 2002) and 

secondly, significant reductions in telomere length occur with serial passaging of 

MDCs and thus population doublings (cellular ageing, Decary, Mouly et al. 1997). 

Furthermore, in Duchenne muscular dytstrophy (DMD), a skeletal muscle disease 

state characterised by sheer losses of protein content and thus muscle mass 
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(Biggar 2006), telomere length was found to be much shorter than in normal 

(non-diseased) muscle (Decary, Hamida et al. 2000), and the ability of DMD cells 

to proliferate is negatively affected (Renault, Piron-Hamelin et al. 2000). These 

data show that chronological age of individuals from whom MDCs are grown is 

an important factor to consider when deriving an experiment which may require 

high cell numbers, such as tissue engineering in vitro skeletal muscle (Mudera, 

Smith et al. 2010), as the ability of cells to undergo multiple population doublings 

and thus establish a large pool of cells may be limited. 

3.1.2 Myogenic Purity and Differentiation Capabilities 

In vitro experiments using MDCs aimed at understanding skeletal muscle 

physiology also dictates that the population of cells used for experimentation 

should contain those which have the potential to form myotubes i.e. muscle 

precursor cells (MPCs). Human MDCs isolated from both explant and digestion 

methods have been shown to yield variable proportions of MPCs. Indeed, from a 

digest isolation Alessandri et al. (2004) found that approximately 75% of the cells 

isolated were desmin positive MPCs, similar to Eberli et al. (2008) who isolated 

cells which were 69% pure. Explant cultures have also been shown to give rise to 

cell populations with similar purity of between 80 and 95% (Renault, Piron-

Hamelin et al. 2000, Decary, Mouly et al. 1997), whilst the extent of the 

variability is highlighted by Pietrangelo et al. (2008) who isolated MDCs from 17 

separate biopsies and observed MPC proportions of between 15 and 93%. In vivo 

data in both rodents (Shefer, Van de Mark et al. 2006, Shefer, Rauner et al. 2010) 

and humans (Charifi, Kadi et al. 2003, Roth, Martel et al. 2001, Sajko, Kubinova et 

al. 2004) indicates that skeletal muscle from elderly individuals has fewer 

satellite cells than young muscle, although conflicting evidence does exist 

(Dreyer, Blanco et al. 2006, Petrella, Kim et al. 2006). The explanation for this 

discrepancy between young and old muscle is not clear, however it is possible 

that the satellite cell pool is not renewed adequately in aged muscle (Shefer, Van 

de Mark et al. 2006) or that a reduction in activity/muscle loading which is 

characteristics of aging results in reduced satellite cell cycling. Indeed, it was 



Chapter 3: Characterisation of Human Muscle Derived  
Cells in Culture: Implications for Tissue Engineering 

 

63 | P a g e  
 

shown that significant increases in satellite cell number occurred following 90 

days of training; a result which was completely reversed following 90 days of 

detraining (Kadi, Schjerling et al. 2004).  

Whilst the number of MPCs in a culture gives an indication of the potential of a 

MDC culture to differentiate, it is also necessary to investigate the actual ability 

of the cells within a culture to differentiate and form myotubes (myogenicity). In 

order for MPCs to differentiate into myotubes, they must migrate towards one 

another to allow their cell membranes to fuse (Wakelam 1985), and secondly 

they must express the correct molecular signals. The best understood molecular 

signals required for MPC differentiation come from a group of basic helix-loop-

helix transcription factors termed myogenic regulatory factors (MRFs) which 

consist of Myf-5, MyoD, myogenin and MRF4. Myf-5 and MyoD are initially 

required for commitment of cells to the myogenic lineage (Berkes, Tapscott 

2005), and latterly MyoD, myogenin and MRF4 are requisite for successful 

differentiation of MPCs to myotubes/muscle fibres (Cornelison, Wold 1997, 

Hasty, Bradley et al. 1993, Nabeshima, Hanaoka et al. 1993, Skapek, Rhee et al. 

1995) . Whilst the MRF’s are the best understood signals required for MPC 

differentiation, a host of other proteins and signalling mechanisms such as Notch 

signalling (Conboy, Rando 2002) have also been implicated in regulation of the 

differentiation process. The ability of muscle to regenerate (MPCs to 

differentiate) is impaired in elderly individuals in vivo (Petrella, Kim et al. 2006, 

Carlson, Dedkov et al. 2001, Kosek, Kim et al. 2006), findings that have been 

similarly shown in in vitro studies (Beccafico, Riuzzi et al. 2011). The explanation 

for this may lie in factors previously discussed such as a reduced ability of cells to 

proliferate and/or a reduction in total MPC number in aged muscle. In addition, 

expression of MRF’s has been shown to be altered in aged muscle both in vivo 

(Kosek, Kim et al. 2006, Raue, Slivka et al. 2006) and in vitro (Beccafico, Riuzzi et 

al. 2011, Corbu, Scaramozza et al. 2010) at both the transcript and protein level, 

and Notch signalling is also inhibited (Conboy, Conboy et al. 2003).  
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3.1.3 Myogenic Purity and Differentiation Capabilities through Replicative 

Cycles 

A final consideration when characterising MDC cultures when high cell numbers 

in particular are to be used, is the capability of the cells within the culture to 

maintain both the relative proportion of MPCs and their ability to differentiate 

over serial passages. Machida et al. (2004) showed that the proportion of MPCs 

in a rat MDC culture (measured via immunocytochemistry) was significantly 

reduced over three passages, and in neonatal rat MDC cultures, the proportion 

of MPC’s reduced from thirty per cent to near zero over only one or two 

passages (A.S.T. Smith, unpublished observations); a finding commonly 

attributed to the higher proliferative rate of the non-myogenic cell component 

(Machida, Spangenburg et al. 2004). However, in human MDC cultures, 

equivalent rates of proliferation between MPCs and fibroblasts have been noted 

(Foulstone, Huser et al. 2004). In addition, the ability of MPCs to differentiate 

was reduced following serial passages, as smaller myotubes containing fewer 

nuclei were formed compared to un-passaged cells (Machida, Spangenburg et al. 

2004), a finding corroborated by Fligger et al. (1998). Although a reduction in the 

number of MPCs in later passaged cultures will contribute towards the reduced 

differentiation capacity of an MDC culture, the molecular pathways regulating 

MPC fusion may also be somewhat inhibited. Bigot et al. (2008) showed that in 

human MPCs,  there was a reduced capacity to differentiate in senesced MPCs 

versus ‘young’ MPCs linked with delayed and reduced protein expression of 

Myogenin and MyoD alongside reduced DNA binding of MyoD and Myf-5, but 

without reduction in MPC number and thus myogenic potential (Bigot, 

Jacquemin et al. 2008). This impaired molecular differentiation programme is 

further highlighted by Sharples et al. (2011), whereby serially passaged C2C12 

cells also exhibited reduced differentiation capability versus un-passaged cells, 

and again showed reduced mRNA expression of MRF’s implicated in this process 

(Sharples, Al-Shanti et al. 2011).  
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3.1.4 Aims and Objectives 

The aims of this chapter were to isolate human skeletal muscle derived cells from 

explanted muscle biopsies and monitor their growth characteristics as they are 

sub-cultured in the laboratory, as a means of characterising the cells for future 

application in tissue engineering. To this end it was also sought to measure the 

myogenic purity of the MDCs isolated via immunostaining for desmin, and to also 

examine the cells ability to form myotubes in culture, and to determine if these 

parameters were affected as the cells were expanded through multiple passages. 

It was hypothesised prior to experimentation that in MDC cultures, the number 

of muscle precursor cells and myogenicity would decrease throughout expansion 

in accordance with previous literature from rodent MDCs (Machida, 

Spangenburg et al. 2004). By obtaining muscle samples from elderly individuals 

undertaking orthopaedic surgeries, it would also be possible to test the effect of 

age on the cellular characteristics of MDCs, and also to deduce if biopsy sample 

site effects the cellular composition. To this end, it was hypothesised that MDCs 

from older individuals would exhibit reduced myogenic fractions and 

differentiation capabilities compared with MDC cultures from younger donors, 

and the cells would be less amenable to expansion. 
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3.2 Methodology 

3.2.1 Cell Culture 

Explant cultures of human skeletal muscle biopsies were set up as described in 

2.2.1. MDCs were grown to seventy/eighty per cent confluence and then sub-

cultured through serial passages (2.2.2) and cryogenically frozen when possible 

(2.2.5). At each passage, MDCs were counted using a haemocytometer as 

described in section 2.2.3, and the number of population doublings which the 

MDC culture had undertaken was determined using the equation Ln N/Ln 2, 

where N is the number of counted cells divided by the number of cells seeded at 

the previous passage. 

As cells were sub-cultured, MDCs were plated at every second passage on to 

13mm gelatin coated glass coverslips at a density of 100,000 cells per well of a 6-

well plate. MDCs were fixed using ice-cold methanol-acetone as described in 

2.4.2 when sub-confluent and also 5 days after the addition of differentiation 

media to confluent single cells. Fixed coverslips were subsequently used for 

immunocytochemistry. 

3.2.2 Immunocytochemistry 

MDCs were immunostained (according to section 2.4.2) for desmin; a 

cytoskeletal intermediate filament protein specifically expressed by cells which 

are committed to the myogenic lineage, and as such is expressed in both muscle 

precursor cells (MPCs) and myotubes. Sub-confluent cultures were imaged using 

confocal microscopy with a 40x objective, and analysed for the number of 

muscle precursor cells by calculating the total number of nuclei co-expressing 

desmin as a proportion of the total nuclei.  Cultures exposed to differentiation 

medium were imaged using a 20x objective (where provision allowed), and 

analysed for myogenicity by calculating the number of nuclei incorporated into 

myotubes as a proportion of the number of total nuclei. A myotube was defined 

as a desmin positive cell with three or more nuclei. 
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3.2.3 Statistical Analysis 

Bivariate correlations were used to examine the relationship between passage 

number and population doublings. For all MDC cultures Shapiro-Wilk tests were 

conducted in order to determine if desmin positivity and myogenicity data was 

normally distributed, and homogeneity of variation was determined using a 

Levenes test. Where data did not meet these assumptions, Kruskal-Wallis tests 

were used to examine differences between MDCs at different passages and 

Mann-Whitney post-hoc tests were conducted to determine where differences 

lay. Where data was normally distributed and variation was homogeneous one-

way ANOVA was used with a bonferonni post-hoc test. Linear regression analysis 

was used to test for relationships in cell characteristics as a function of age, and 

for myogenicity as a function of desmin positivity. Significance was taken at an 

alpha value of .05 for parametric tests, and was adjusted according to the 

number of pairwise comparisons for non-parametric tests (.05/number of 

comparisons).  All statistical analyses were performed using SPSS version 19. 
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3.3 Results 

In this chapter, human skeletal muscle derived cells (MDCs) were isolated from 

skeletal muscle. The cellular characteristics were examined in the case of each 

cell population as they replicated in culture by means of immunocytochemistry 

(ICC) and calculating the number of population doublings undertaken by each 

MDC culture.  

3.3.1 Isolation of Skeletal Muscle Derived Cells  

A total of nine skeletal muscle samples were obtained from orthopaedic 

surgeries. Of these nine samples, four were un-usable due to contamination of 

the explant culture, and thus five remaining samples were used throughout this 

thesis (see table 2.1, Materials and Methods). A further two skeletal muscle 

samples were obtained via percutaneous muscle biopsies of the vastus lateralis 

muscle under local anaesthetic. Muscle samples were explanted under sterile 

conditions and the mononuclear cells which migrated away from the explanted 

muscle were termed muscle derived cells (MDCs; see figure 3.1). 

3.3.2 Expansion of MDCs Through Serial Passaging 

Once MDCs within explant cultures attained 70-80% confluence they were 

routinely sub-cultured as described in section 2.1.2, and routinely sub-cultured 

thereafter through serial passages. At each passage, cells were counted to 

ascertain the number of population doublings (PDs) or replicative cycles that had 

been undertaken. The raw data MDC growth characteristics can be seen in 

Appendix 1.  The relationship between passage number and number of 

population doublings is presented in figure 3.2. For each separate MDC culture, 

near linear, significant relationship existed (r>0.9, P<.001). In subsequent 

analyses therefore, the terms ‘passage’ and ‘PDs’ will be used accordingly. 

MDCs were repeatedly sub-cultured until they were devoid of desmin positive 

muscle precursor cells (MPCs) or the cells failed to form myotubes when 

stimulated to do so. This represented up to approximately 20 population 

doublings and a culture time of between 60 and 120 days (Figure 3.5a). 
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Figure  3.1. Skeletal Muscle Biopsies Were Finely Minced and Plated in to 
Culture Flasks to Encourage the Release of MDCs From the Explant. Arrow 
indicates the explanted muscle with visible muscle fibres in cross section, whilst 
arrow heads indicate MDCs which have migrated out of the explant and are 
adhered to the surface of the culture flasks. This image corresponds to the MDC 
culture M-24-VL at 7 days post-explant. 
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Figure  3.2. Linear Relationships Exhibited Between Population Doublings and 
Passage Number in all MDC Cultures. At each passage MDCs were counted and 
the number of population doublings calculated. The linear relationships for all 
cultures indicate that the two measures are interchangeable and will be used 
accordingly in subsequent analyses. 

 

 

 

 

 

 

 

 

MDC Culture R value 

M-28-RF .999 

F-74-VM .998 

F-56-GM .999 

F-38-VL .987 

M-71-S .996 

M-22-VL .996 

M-24-VL .999 
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3.3.3 Number of Muscle Precursor Cells Diminishes as MDC Populations 

Expand in Culture 

Table 3.1 displays the percentage of desmin positive (des+) cells counted in each 

culture after 3, 5, 7 or 9 passages. In the M-28-RF culture, there was a significant 

(p=.000), 76% reduction in the proportion of des+ cells in the culture from 27% at 

passage 5 to approximately 7% at passage 9. Pairwise analysis revealed that 

desmin positivity was higher at passage 5 and 7 compared to passage 9. 

Although the F-74-VM culture contained a smaller percentage of des+ cells, a 

significant difference was observed between MDCs at different passages 

(p=.003). Fewer des+ cells existed in the culture after 9 passages (3%) compared 

to 5 passages (9%, p=.000) and 7 passages (12%, p=.024).  

There was a significant step-wise decrement in the number of des+ cells in the F-

56-GM culture as passage number increased (p=.000), whereby there was a 

greater percentage of des+ cells at passage 3 (31%) than at passage 5 (18%, 

p=.000) or 7 (22%, p=.001), and at passage 9 the percentage of des+ cells was 

lower than all other passages (9%, p=.000). In the F-38-VL culture a significant 

main effect existed (p=.000) as there was a higher percentage of des+ cells at 

passage 3 and 5 (73 and 64%) compared to all later passages (39 and 31%, 

p<0.01). Whilst desmin positivity was more stable in the M-71-S culture, there 

remained a significant 44% reduction from passage 3 to 9 (66% to 37%, p=.002). 

Similar patterns of reduced desmin positivity in MDCs following serial passages 

existed in the M-22-VL (p=.000) and M-24-VL (p=.001) cultures. In the M-22-VL 

culture there was a reduction in desmin positivity of 67% from passage 3 to 9 (37% 

to 12%), as desmin positivity at passage 3 was greater than at passage 5 or 9 

(p=.000) and at passage 7 desmin positivity was greater than at passage 9 

(p=.008). Whilst in the M-24-VL culture, desmin positivity was greater at all 

passages compared to passage 9 (22%, 22%, 18% and 6% respectively, p<.01). 

Thus overall, the data suggests that as cells proliferate in culture and undergo 

serial passaging, the proportion of des+ cells diminishes (see figure 3.3).  
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A. B. 

C. D. 

Figure  3.3. Representative Images of MDCs Immunostained for Desmin as a 
Marker of Cells Commited to the Myogenic Lineage. Immunostaining was 
performed at every second passage (A-D represents passages 3-9). Scale bar = 
20µm. 
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Table  3.1. The Percentage of Desmin Positive MDCs at Increasing Passage Numbers in all MDC Cultures. In all cultures, the percentage 
of desmin positive cells was reduced as the number of passages increased 

                                                     Desmin positivity (%) 
Culture P3 P5 P7 P9 Test statistics Post-hoc analyses 
M-28-RF No data 27. ± 15.0 17.9 ± 8.7 

# 
6.6 ± 3.3 #† H(2)=33.462, p=.000  # P5 vs P9 U=15.5, p=.000 

†P7 vs. P9 U=34.5, p=.000 

F-74-VM No data 9.3 ± 1.6 12.1 ± 5.8 3.4 ± 1.6 #† H(2)=11.625, p=.003 # P5 vs P9 U=42.5, p=.000 
† P7 vs P9 U= 104.5, p=.024 

F-56-GM 31.3 ± 7.6 19.7 ± 7.6 
* 

22.0 ± 9.7 
* 

9.3 ± 7.9 
*#† 

H(3)=40.216, p=.000 * P3 vs P5 U= 53.0, p=.000 
* P3 vs P7 U= 120.5, p=.001 
* P3 vs P9 U=20.0, p=.000 
# P5 vs P9 U=55.0, p=.000 
† P7 vs P9 U=68.5, p=.000 

F-38-VL 73.0 ± 
19.2 

63.7 ± 
24.4 

38.6 ± 
27.8 *# 

30.6 ± 13.9 
*# 

H(3)=35.643, p=.000 * P3 vs P7 U= 54.5, p=.000 
* P3 vs P9 U= 18.5, p=.000 
# P5 vs P7 U= 72.0, p=.001 
# P5 vs P9 U= 42.5, p=.000 

M-71-S 65.9 ± 
18.1 

54.9 ± 
24.6 

45.3 ± 
22.3 * 

37.1 ± 27.6 
* 

F(3,74)=5.324, p=.002 * P3 vs P7 p=.03 
* P3 vs P9 p=.003 

M-22-VL 36.9 ± 
17.4 

19.3 ± 9.5 
* 

25.5 ± 
19.6 

12.2 ± 13.1 
*† 

H(3)=22.848, p=.000 * P3 vs P5 U=70.0, p=.000 
* P3 vs P9 U=64, p=.000 
† P7 vs P9 U=126.5, p=.008 

M-24-VL 21.9 ± 
13.3 

21.9 ± 
18.4 

17.8 ± 
17.2  

5.8 ± 7.3 
*#† 

H(3)=17.459, p=.001 * P3 vs P9 U=60.0, p=.000 
# P5 vs P9 U=88.5, p= .000 
† P7 vs P9 U=129.5, p=.008 

Data expressed as mean ± SD. * = significantly different to P3, # = significantly different to P5, †= significantly different to P7 
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3.3.4 Myogenicity is Reduced with Expansion of MDC Cultures 

The ability of the MDCs within each culture to form myotubes (myogenicity) is 

displayed in table 3.2, and appears to be reduced in large as the number of 

passages/replicative cycles which the culture has undertaken increases (see 

figure 3.4 for example). Indeed, at the ninth passage in all cultures MDCs 

exhibited myogenicity of less than 5%, indicating an extremely low incorporation 

of cellular nuclei in to myotubes. In the M-28-RF culture myogenicity was 

significantly reduced as passage number increased (p=.001). At passage 3 the 

myogenicity was 32.3% which was greater than at passage 5 (p=.004), passage 7 

(p=.008) and passage 9 (p=.004), and at passage 5, the myogencity of 15.3% was 

greater than that at passage 9 (p=.004). Conversely however, there was no 

alteration in myogencity in serially passaged MDCs in the F-74-VM culture 

(p=.333), although the myogencity in this particular culture was low even at a 

low passage (1.25% at passage 5). 

The F-56-GM culture exhibited reduction in myogenicity from 7.5% at passage 3 

to 0% at passage 9 (p=.000), whilst the F-38-VL culture showed a more drastic 

effect of passage number, showing decrements in myogenicity from 58.4% at 

passage 3 to 0% at passage 9 (p=.000). Similar results were seen in the M-71-S 

culture, whereby there was a 90% reduction in myogencity between passage 3 

(44.8%) and 9 (4.6%), with significant differences observed between MDCs at 

passages 3, 5 and 7 compared to passage 9 (p=.000). In the M-22-VL culture a 

significant main effect was observed for passage (p=.000), whereby myogenicity 

at passages 3 (24.7%) and 5 (27.4%) was greater than that at passage 7 (7.8%, 

p=.000) and 9 (2.4%, p=.000). At passage 3 in the M-24-VL culture myogenicty 

was greater than at passages 7 and 9 (13.0, 3.3 and 2.3% respectively, p=.000). 

Together, this data strongly suggests that the ability of MDCs to fuse into 

multinucleate myotubes is diminished as the cells undergo multiple replicative 

cycles and are serially passaged. 
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Figure  3.4. Representative Images of MDCs Immunostained for Desmin 
Following 5 days in Differentiation Media to Induce Myotube Formation. 
Immunostaining was performed at every second passage (A-D represent passage 
3-9). Scale bar = 20 µm 

A. B. 

C. D. 
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Table  3.2. The Myogenicity of MDCs at Increasing Passage Numbers in all Cultures. In all cultures, the myogenicity was reduced as the 
number of passages increased 

                                                     Myogenicity (%) 
Culture P3 P5 P7 P9 Test statistics Post-hoc analyses 
M-28-RF 32.3 ± 4.8 15.3 ± 

2.9* 
9.4 ± 3.6* 3.8 ± 0.5*# H(3)=16.639, p=.001 * P3 vs P5 U=0.0, p=.004 

* P3 vs P7 U=0.0, p=.008 
* P3 vs P9 U=0.0, p=.004 
# P5 vs P9 U=0.0, p=.004 

F-74-VM No data 1.25 ± 2.5 0 ± 0 0 ± 0  H(2)=2, p=.333  

F-56-GM 7.5 ± 1.5 4.4 ± 0.9 * 7.5 ± 1.1 # 0 ± 0 *#† F(2,23)=96.730, p=.000 * P3 vs P5 p=.000 
* P3 vs P9 p=.000 
# P5 vs P7 p=.000 
# P5 vs P9 p=.000 
† P7 vs P9 p=.000 

F-38-VL 58.4 ± 
17.8 

16.7 ± 
27.7 * 

26.8 ± 
25.2 * 

0 ± 0 *† H(3)=37.017, p=.000 * P3 vs P5 U=41.5, p=.000 
* P3 vs P7 U=44.0, p=.001 
* P3 vs P9 U=0.0, p=.000 
† P7 vs P9 U=35.0, p=.001 

M-71-S 44.8 ± 
21.6 

49.1 ± 
25.2 

44.2 ± 
29.05 

4.6 ± 11.5 
*#† 

H(3)= 31.975, p=.000 * P3 vs P9 U=20.0, p=.000 
# P5 vs P9 U-32.5, p=.000 
† P7 vs P9 U=66.5, p=.000 

M-22-VL 24.7 ± 8.5 27.4 ± 
10.6 

7.8 ± 6.2 
*# 

2.4 ± 3.3 *# H(3)=55.899, p=.000 * P3 vs P7 U=15.0, p=.000 
*P3 vs P9 U=0.0, p=.000 
# P5 vs P7 U=22.0, p=.000 
# P5 vs P9 U=3.0, p=.000 

M-24-VL 13.0 ± 8.5 No data 3.3 ± 4.1 * 2.3 ± 3.2 * H(2)=18.569, p=.000 * P3 vs P7 U=73.0, p=.000 
* P3 vs P9 U=31.0, p=.000 

Data expressed as mean ± SD. * = significantly different to P3, # = significantly different to P5, †= significantly different to P7 
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Figure  3.5. Proliferation of MDC Cultures Over Time is Influenced by Donor Age 

(A.) All MDC cultures proliferated in culture although the rate of growth differed 

between cultures. MDCs from younger donors appear to proliferate faster than 

those from older donors. (B.) Regression analysis revealed a significant 

relationship between donor age and the rate of MDC proliferation. 
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3.3.5 Myogenicity is Not Regulated by Desmin Positivity 

Because a requisite for myotube formation is muscle precursor cell availability 

and proximity to one another, it was sought to determine to what extent the 

reduction in myogenicity with serial PDs was a result of reductions in desmin 

positivity. Regression analysis revealed that early in in vitro culture (passage3-5, 

5-12 PD’s), desmin positivity accounted very little for myogenicity (R2= .208, 

F(1,6)=1.311, p=.304; Myogenicity = 5.516 + (0.368 × desmin positivity)). Similarly, 

when the MDCs were examined late in culture (passage 9, 13-20 PD’s) desmin 

positivity had little accountability for myogenicity (R2= .109, F(1,6)=.613, p=.469; 

Myogenicity = 1.103 + (0.050 × desmin positivity)). 

3.3.6 Does Age Account for Cellular Characteristics? 

As shown in figure 3.5a which portrays population doublings over time, there 

appears to be two discrete data sets comprised of MDCs which proliferate 

quickly and exhibit no plateau in the growth curve, and MDCs which proliferate 

slower, and which exhibit signs of a plateau in the growth curve (see Appendix 1 

for raw data). Further examination of these individual MDC populations reveals 

that the MDCs which proliferate quickly are from younger donors (M-28-RF, M-

22-VL refer to table 2.1, mean age 24.7 ± 3.1 years), and those which proliferate 

more slowly are from older donors (F-74-VM, F-56-GM, F-38-VL, M-71-S refer to 

table 3.1, mean age 59.8 ± 16.5 years). 

Regression analysis was used to determine if the age of the muscle biopsy donor 

could predict or account for the rate of MDC proliferation (PD’s.day-1) in culture. 

Indeed, there is a significant relationship between age and rate of proliferation 

(R2=.739, F(1,5)=14.19,  P=.013), and as donor age increases by one year 

proliferation decreases by 0.003 population doublings per day (see figure 3.5b). 

However, closer analysis of figure 3.5b distinguishes two distinct data sets similar 

to 3.5a of MDCs from young and older donors, to which separate trend lines 

have been applied. Performing linear regression on these discrete data sets 

reveals that in MDCs from young donors, age cannot account for proliferation 
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rate (R2=.036, F(1,2) = .037, p=.0879) and the same was apparent in the MDCs 

from older donors (R2=.331, F(1,3) =.992, p=.424). This suggests that proliferation 

of MDCs of individuals up to an age of approximately 30 years is greater than 

individuals of approximately 40 years and over. However, from 40 years to 

almost 75 years of age, there appears to be no further reduction in proliferation 

rate. 

Age was not found to account for the number of desmin positive MDCs in culture 

(taken at passage 5) R2=.004, F(1,5)= .019, P =.896 (figure 3.6a), or the ability of 

the MDCs to form myotubes (myogenicity) R2=.006, F(1,5)= .03, P =.87 however 

(figure 3.6b), indicating that these variables are regulated independently of age 

alone. 
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Desmin Positivity = 28.326 + (.57 × Age), R² = .004, p=.896 

 

 

Myogenicity = 14.296 + (.57 × Age), R² = .006, p=.870 

Figure  3.6. Regression Analysis Identifying Relationships Between Age and 
Desmin Positivity and Myogenicity. No significant relationships were found 
between age and desmin positivity (A) or myogenicity (B), indicating that these 
variables are not regulated by donor age. 
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3.4 Discussion 

Isolation of primary muscle derived cells (MDCs) is typically variable in nature. 

Indeed, particularly when isolating human MDCs there is a large amount of 

potential for variability, likely depending upon the location, type and amount of 

muscle obtained (Shefer, Van de Mark et al. 2006), as well as the gender (Roth, 

Martel et al. 2001) and particularly the age of the donor (Kadi, Charifi et al. 2004). 

As such, when using human MDCs it is necessary to characterise the cells isolated 

in terms of the proportion of muscle precursor cells (MPCs) in order to fully 

understand and appreciate the subsequent results which are obtained, and also 

in order to preferentially select cultures which meet the criteria set by the 

experiment. Furthermore, when tissue engineering is the application for which 

cells are to be used, cell number and indeed MPC number are critical (Bian, 

Bursac 2008) and as such the ability of the cells to proliferate and their 

characteristics as they do so is of primary importance. 

3.4.1 Isolation of Human Skeletal MDCs 

In the present work, explant cultures were set up which allows for the migration 

of mononuclear cells from the explanted tissue and on to the tissue culture 

substratum. In our hands, this method of isolation was successful in establishing 

cultures of MDCs as shown in figure 3.1. Explant cultures have been used to a 

degree in the literature (Brady, Lewis et al. 2008, Edom, Mouly et al. 1994, 

Decary, Mouly et al. 1997, Di Donna, Mamchaoui et al. 2003) but in more recent 

years appear to have been substituted for digestion isolation procedures using 

enzymes such as trypsin and/or collagenase (Alessandri, Pagano et al. 2004, 

Agley, Velloso et al. 2012, Chirieleison, Feduska et al. 2011, Trenerry, Della Gatta 

et al. 2011). The nature of the procedures dictates that explant cultures will 

result in cultures in which, to a certain degree, the cells have been positively 

selected, because only cells capable of escaping from the explant (for whatever 

reason) will migrate and attach to the culture vessel plastic, to be used in future 

experiments. In comparison, digestion isolation procedures, whereby the 

connective tissue and proteins within a biopsy are broken down by the use of 
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enzymes, will result in the release of most, if not all of the mononuclear cells 

from the tissue. As such, it is likely that the characteristics of MDCs isolated from 

explant and digestion procedures will differ in characteristics.  

3.4.2 Myogenic Purity 

In the present work, the cytoskeletal intermediate filament protein desmin was 

used as a marker of myogenic cells. Desmin is expressed in both proliferating 

mononuclear MPCs and terminally differentiated myotubes (Allen, Rankin et al. 

1991, Kaufman, Foster 1988, Kaufman, George-Weinstein et al. 1991) and as 

such can be used to visualise MPCs in various stages of lineage progression by 

immunostaining. MDCs derived from explant cultures were found to contain 

between 9 and 73% desmin positive cells at an early time point in culture, which 

clearly displays the high degree of variability between biopsy donors. Other 

authors have reported myogenic purity of human MDCs in excess of 70% 

(Alessandri, Pagano et al. 2004, Renault, Piron-Hamelin et al. 2000, Decary, 

Mouly et al. 1997, Chirieleison, Feduska et al. 2011) which have been derived 

from both explant (Renault, Piron-Hamelin et al. 2000, Decary, Mouly et al. 1997) 

and digestion (Alessandri, Pagano et al. 2004, Chirieleison, Feduska et al. 2011, 

Barjot, Cotten et al. 1995, Eberli, Soker et al. 2009) isolations. Previous work 

from our group however, in both rat digestion derived cultures (Smith, Passey et 

al. 2011) and human explant derived cultures (Brady, Lewis et al. 2008) has 

found that MDC cultures are a consistent mixture of myogenic and non-

myogenic cells, which is in agreement with the results from this chapter of work, 

and vary considerably between donors, similar to the findings of Pietrangelo et al. 

(2009). 

3.4.3 Myogenic Purity and Differentiation Capabilities through Replicative 

Cycles 

Expanding a population of MDCs through serial passaging is essential when cell 

number is critical for subsequent experimentation. Indeed, typically tissue 

engineering skeletal muscle requires high cell numbers in order to recapitulate 
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the skeletal muscle structure in vivo (Bian, Bursac 2008). In the present work, 

MDCs were serially passaged and counted in order to determine the growth 

characteristics of the cultures. As can be seen in figure 3.5, all MDC isolates were 

successfully expanded in culture, and underwent between 13 and 20 population 

doublings over a time frame of between 60 and 120 days, consistent with 

previous findings (Renault, Piron-Hamelin et al. 2000, Decary, Mouly et al. 1997). 

However, whilst cell number is critical per se, the number of MPCs as a 

proportion of the cell number is also of great importance if the end goal is MPC 

differentiation. As such, as the MDC populations were expanded through serial 

passaging, immunostaining for desmin was performed in order to determine if 

precursor cell number was maintained throughout the expansion. In all cases i.e. 

for all MDC populations isolated, there was a drastic reduction in the proportion 

of desmin positive MPCs as the cells proliferated in culture as shown in figure 3.3 

and quantified in table 3.1. For example, the M-24-VL MDCs, isolated from the 

vastus lateralis muscle of a 24 year old male showed a reduction in desmin 

positivity from 21.9% at passage 3 (5 population doublings), to 5.8% at passage 9 

(18 population doublings), a reduction of 73.5% over 13 proliferative cycles. Such 

stark reductions in myogenic potential of human skeletal muscle cells have not 

previously been shown. Renault et al. (2000) reported that MDCs isolated from a 

52 year old donor declined in desmin positivity from 80% after 3.5 population 

doublings to 75% after 16 population doublings, and similar reductions were 

seen in a 79 year old donor, however, these reductions are mild in comparison to 

those reported herein. MDCs isolated from rodents have been described to 

exhibit reductions in desmin positivity similar in magnitude to that reported here, 

with desmin positivity reducing from 92% upon isolation to 55% after three 

passages (Machida, Spangenburg et al. 2004). The above authors attributed this 

reduction in myogenic fraction as the cell population expands to the non-uniform 

rates of proliferation between the two distinct cell types (myogenic and non-

myogenic); that is, the non-myogenic cells proliferate at a faster rate than the 

myogenic cells and as such ‘overgrow’ them in culture.  Whilst this may be the 
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case in the present work, it has previously been observed that both the 

myogenic and non-myogenic cell components in MDC cultures proliferate at 

similar rates (Foulstone, Huser et al. 2004). Furthermore, figure 3.5a, shows 

either linear growth curves or signs of overall reduced growth (plateauing of the 

growth curve) over time, which would suggest consistent rates or reductions in 

growth rates of the cultures. If the non-myogenic cells (fibroblasts) were 

‘overgrowing’ the culture, a hyperbolic growth curve would be expected as the 

proliferation rates of the MDC cultures begin to increase. Whilst the potential 

reasons for the reduction in desmin positivity over time were out of the scope of 

the current chapter, one intriguing possibility is that the explant technique 

results in the release of a sub-population of MPCs which have previously been 

shown to express Pax 3 and 7, but fail to commit to the myogenic lineage or 

withdraw from the myogenic lineage (Rossi, Pozzobon et al. 2010, Zammit, 

Golding et al. 2004). These cells have been shown to proliferate faster than the 

second sub-population of MPCs which maintain MyoD expression and readily 

differentiate (Schultz 1996, Rossi, Pozzobon et al. 2010) and therefore it is 

perhaps overgrowth of these cells which results in the reduction in desmin 

positivity when the MDC culture is expanded. By whatever mechanism this 

phenomenon occurs, the implications for this finding is that for applications 

where cell numbers are critical, such as tissue engineering, there will be fewer 

MPCs present with the potential to fuse with one another and form myotubes 

when cells are expanded in large quantities. Thus, it is likely that the density of 

myotubes and indeed the size of each myotube will be sacrificed if large cell 

numbers are increased by serially passaging the MDC cultures. 

To determine if this was in fact true, at every second passage, MDCs were 

allowed to reach confluence before being switched into a culture medium 

designed to promote cell cycle exit and MPC fusion. Representative images of 

myotube formation through serial passages and thus population doublings are 

shown in figure 3.4 and quantified in table 3.2. As hypothesised from the 

reduction in desmin positivity, myogenicity (the ability of MDCs to form 
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myotubes) was reduced as the cell population was expanded, as has been 

reported previously (Machida, Spangenburg et al. 2004, Fligger, Malven et al. 

1998). For example, the M-22-VL culture obtained from the vastus lateralis 

muscle of a 22 year old male, exhibited a 90% reduction in myogenicity over 12 

population doublings, from 24.7% at passage 3 (4 PD’s) to 2.4% at passage 9 (16 

PD’s). To investigate this further, linear regression was performed to determine 

to what degree myogenicity was determined by desmin positivity. Interestingly, 

desmin positivity accounted for only 20.8% of the myogenicity in early passaged 

cells and 10.9% in late passaged cells, illustrating that other factors must play a 

significant role in determining myogenicity of a cell population. This is 

particularly apparent in the F-38-VL culture where at passage 9 (13 PD’s) the 

desmin positivity was approximately 31%, but when the media was switched to 

induce differentiation, no myotubes formed. This finding agrees with previous 

literature where human MDCs isolated from abdominal biopsies through 

enzymatic digestion showed no correlation between the desmin positivity of 

single cells and the percentage of subsequent myotube formation (Foulstone, 

Huser et al. 2004). Factors which could influence the MPCs ability to differentiate 

include expression of myogenic regulatory factors such as MyoD and Myogenin, 

which are particularly implicated in MPC fusion (Cornelison, Wold 1997). Indeed, 

Bigot (2008) found that although senescent human MPCs were able to fuse, their 

capability was inhibited compared to ‘younger’ cells which was found to coincide 

with delayed and reduced expression of myogenin (Bigot, Jacquemin et al. 2008), 

and in C2C12 myoblasts, it has been shown that after multiple replicative cycles, 

the cells are less able to fuse and express starkly reduced levels of MRFs and IGF-

I (Sharples, Al-Shanti et al. 2011). These findings further confirm the notion of 

Machida and colleagues (2004), in that prior to experimentation it is entirely 

necessary to characterise the fusion characteristics of the cells to be used in 

order to fully appreciate the findings of subsequent experiments. 
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3.4.4 Donor Age and Cellular Characteristics 

Finally, it was of interest to determine if the age of the donor from which muscle 

was biopsied had any bearing on the cellular characteristics of the population 

since there is a discrepancy in the literature regarding the characteristics of 

satellite cells from young and older individuals, whereby it has been shown that 

old cells express similar numbers of MPCs in vitro (Alsharidah, Lazarus et al. 2013) 

but fail to differentiate adequately (Beccafico, Riuzzi et al. 2011, Corbu, 

Scaramozza et al. 2010, Pietrangelo, Puglielli et al. 2009), whilst in vivo both 

numbers and regeneration are reduced with age (Petrella, Kim et al. 2006, 

Carlson, Dedkov et al. 2001, Kosek, Kim et al. 2006, Kadi, Charifi et al. 2004). 

Furthermore, if MDCs from elderly individuals behave similarly to those of 

younger individuals, this provides a wider pool of individuals from whom biopsies 

can be collected for subsequent MDC isolation for use in tissue engineering. 

Firstly, the growth characteristics of the MDCs obtained from young and old 

biopsies were compared, and are displayed in figure 3.5a. By eye, it seems that 

two distinct populations are evident, those that proliferate quickly (to the left of 

the graph) and those that proliferate more slowly (to the right of the graph). 

Indeed, when the fast proliferating MDCs were analysed the average age of the 

donors was 24.7 ± 3.1 years compared to the slow proliferating cells where the 

average donor age was 59.8 ± 16.5 years. As such, it appeared that cells from 

younger donors proliferated faster than cells from older donors, and initial 

regression analysis confirmed this observation, determining that for every 

increase in age of 1 year there was a reduction in proliferation of 0.003 

population doublings per day. Moreover, the growth curve for the MDCs from 

older donors appears to display signs of plateauing in some cultures, which is 

indicative of cellular senescence, whereas the MDCs from younger donors show 

no such plateau. However, figure 3.5b appears to show that the rate of 

proliferation is maintained in those individuals of older age (59.8 ± 16.5 years), 

and fitting two distinct lines to these ‘old’ and ‘young’ groups, and subsequently 

running separate regression analysis reveals no relationships when these groups 
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are separated. As such, it would appear that the rate of MDC proliferation is 

reduced with age to a set point, after which it is maintained throughout life (up 

to the eldest MDC donor tested here, 74 years). These data are similar although 

distinct from the data of the Butler-Browne laboratory, which has shown that 

whilst MDCs from children and infants have an improved proliferative capacity 

over that of adult muscle, once adulthood is reached, there is little or no 

difference in the proliferative capacity into old age (Renault, Piron-Hamelin et al. 

2000, Decary, Mouly et al. 1997). In our hands however, MDCs from young adults 

(24.7 ± 3.1 years) had improved proliferation rates over older adults (59.8 ± 16.5 

years), although the relationship was not necessarily linear. This discrepancy 

could be due to issues such as gender, biopsied muscle and culture conditions- 

which have not been considered in this chapter of work. However, another likely 

reason for the discrepancy is that in the present work, non-myogenic cells made 

up a large proportion of the MDC population, whilst in the work of Butler-

Browne and colleagues the MPC number was generally higher and more stable 

over multiple population doublings. Overall, this data implies that MDCs from 

older donors proliferate more slowly and senescence sooner, which in turn will 

reduce the total number of MDCs which can be successfully cultured, rendering 

MDCs from older donors less applicable for use when high cell numbers are 

necessary; as is the case in tissue engineering. 

When the desmin positivity and myogenicity were examined with regards to the 

donor age (figure 3.6) no relationship was found, indicating that the myogenic 

potential and fusion ability of MDCs from young and old donors is comparable. It 

was hypothesised a priori that the MDCs from younger donors would provide 

higher proportions of desmin positive cells based on the in vivo observations that 

satellite cell numbers are reduced with increasing age (Charifi, Kadi et al. 2003, 

Roth, Martel et al. 2001, Sajko, Kubinova et al. 2004), however results of this 

chapter do not support these data, and are consistent with the reports of 

Petrella et al. (2006) and Dreyer et al. (2006) showing no effect of age on satellite 

cell number. In addition, it has previously been determined in vitro, that MDCs 
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from elderly individual’s exhibit reduced ability to differentiate into 

multinucleate myotubes, a finding which is not supported by the present data, 

where it was found that myogenicity was not related to the age of the muscle 

donor. It is of note however that the explant isolation method employed in the 

present work, which as previously eluded to may perhaps not support the 

release of all MPCs, may have masked any differences between donors, as it is 

possible that more MPCs/different populations of MPCs were released from 

older compared to younger explanted muscle . 

3.4.5 Consideration of Fibre Type and Gender on MDC Characteristics 

It should be noted that whilst the donor age has been taken into account in this 

chapter of work, the fact that donor biopsies were obtained in some cases from 

different muscles and from different genders has not been investigated. Indeed, 

satellite cell numbers, from which MPCs are derived has been previously shown 

to be similar between genders (Kadi, Charifi et al. 2004, Roth, Martel et al. 2000) 

and similarly, no differences in the number of satellite cells between fibre types 

in humans has been observed (Kadi, Charifi et al. 2006, Snijders, Verdijk et al. 

2012, Verdijk, Koopman et al. 2007). Furthermore, the phenotype of MDCs from 

muscles isolated from different locations appears similar in vitro (Edom, Mouly et 

al. 1994). Additionally, while there is evidence for MPCs from muscle of different 

fibre types maintaining their phenotype in culture (Feldman, Stockdale 1991), in 

the present work the muscles from which MDCs were obtained tended to be 

mixed fibre type in nature (Dingboom, van Oudheusden et al. 2002, Staron, 

Hagerman et al. 2000, Travnik, Pernus et al. 1995).  

3.4.6 Chapter Summary 

In summary, this chapter of work has shown that human MDCs can be isolated 

via explant culture of skeletal muscle biopsies from a range of biopsy sites. 

Furthermore, these MDCs contain considerable proportions of desmin positive 

MPCs, and these cells have the ability to differentiate and form multinucleate 

myotubes. However, over serial rounds of replication, the MDC populations in all 
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cases altered, and the numbers of desmin positive MPCs reduced as the cell 

population grew larger. This was coupled with a reduced capacity for these cells 

to differentiate. Interestingly, the number of desmin positive cells was only 

found to account for approximately 21% of the cultures ability to form myotubes, 

which indicates that intrinsic mechanisms also regulate precursor cells ability to 

differentiate, although this chapter did not seek to further elucidate these 

mechanisms. This data is particularly significant for tissue engineering purposes, 

where high cell yields are typically required to seed within scaffolds and fabricate 

a tissue which is biologically comparable. High cell numbers are achieved through 

continued sub-culture, however the data herein suggests that with such methods 

the cell characteristics would be unsuitable for the engineering of skeletal muscle. 

Thus, a model which requires low cell yields would be the ideal candidate for use 

with such cell populations. 

Additionally in this chapter of work, the effect of muscle biopsy donor age on 

cellular characteristics was investigated. It was found that donor age had no 

relationship with the proportion of MPCs within a culture or the cultures ability 

to differentiate. However, MDC cultures from older individuals were found to 

proliferate at a slower rate than those from younger individuals in a manner than 

gave rise to two distinct sets of data. These novel findings give interesting insight 

in to muscle precursor cell biology in young and old individuals.  
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4 Human Skeletal Muscle Derived Cells in Tissue 

Engineered Self-Assembling Fibrin Constructs 

 

4.1 Introduction 

Tissue engineered skeletal muscle has been proposed as a potential therapy for 

severe muscle damage or loss such as may occur with denervation or various 

myopathies (Bian, Bursac 2008), particularly in light of the fact that myoblast 

transfer into injured muscle has been met with relatively poor results (Mouly, 

Aamiri et al. 2005). Whilst transplantation for clinical purposes remains the 

ultimate aim of skeletal muscle tissue engineering, achieving this goal remains 

elusive as constructs have not been engineered to a suitable size, and currently 

fail to produce active force to the correct magnitude as in vivo tissue (Bian, 

Bursac 2009).  

Tissue engineered skeletal muscle constructs may have other important uses 

however besides transplantation. Indeed, Vandenburgh  (2010) identified the 

use of such constructs for medicinal screening whereby in vitro skeletal muscle 

constructs can be exposed to drugs, and their effects monitored by various 

functional, cellular and molecular outputs (Vandenburgh 2010). Such an 

application has the potential to reduce the use of animals in drug screening. 

However, at present in vitro models are limited due to a lack of innervation and 

vascularisation, and thus although may provide a useful test-bed for drug 

screening, cannot be a complete substitute for in vivo testing.  Perhaps a more 

feasible role for tissue engineered skeletal muscle constructs is in the 

investigation of skeletal muscle physiology (Khodabukus, Paxton et al. 2007). In 

this respect, skeletal muscle constructs provide an excellent model which allows 

experimenters to perform invasive experiments which would perhaps be 

unethical in living beings. Furthermore, in this instance the lack of neural input or 

blood supply allows mechanisms involved in skeletal muscle development, 
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growth/atrophy and phenotype regulation to be investigated without the 

complication of other systems (Baar 2005). 

In vivo, skeletal muscle consists of parallel arrays of uniaxially orientated 

myofibres which are surrounded in three-dimensions by connective tissue (Smith, 

Shah et al. 2010).  This structure drives skeletal muscle function in performing 

work in a single plane. It is therefore essential for in vitro tissue engineered 

skeletal muscle to promote uniaxial muscle precursor cell fusion in order to 

generate the correct cellular architecture, and thus closely recapitulate the in 

vivo characteristics of skeletal muscle. 

4.1.1 Synthetic Scaffolds 

Synthetic scaffolds can be precision engineered in order to provide the correct 

topography for uniaxial cell alignment. This factor, along with their highly 

reproducible and large scale manufacture, renders them somewhat useful for 

skeletal muscle tissue engineering.   A summary table is displayed below, 

detailing a range of studies which have used synthetic scaffolds for skeletal 

muscle tissue engineering applications (table 4.1).  

Whilst myotube structure and alignment appears accurate when grown on 

electrospun polymer scaffolds, such matrices are very stiff in comparison to in 

vivo skeletal muscle. Stiffness of a tissue can be quantified by defining its 

Youngs/elastic Modulus which defines how much a substrate deforms for the 

amount of stress applied to it. Synthetic polymer scaffolds have been quantified 

as having elastic moduli of approximately 100MPa (Aviss, Gough et al. 2010, 

McKeon-Fischer, Freeman 2011) compared to 12KPa measured in the extensor 

digitorum longus muscle of mice (Engler, Griffin et al. 2004).  Muscle precursor 

cells have been shown to differentiate optimally on matrices with stiffness akin 

to that of skeletal muscle (Engler, Griffin et al. 2004) and may indeed progress 

down a different lineage on matrices of higher stiffness (Engler, Sen et al. 2006); 

factors which preclude synthetic polymers of this kind as ideal substrates for 

skeletal muscle tissue engineering.   
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Table  4.1. A Summary of a Selection of Studies which have used Synthetic Scaffolds for Tissue Engineering of Skeletal Muscle and 
Subsequent Applications 

Substrate and 
topography 

Cell Type Key Findings Reference 

Electrospun PLGA 
fibres 

C2C12 • Uniaxial cellular alignment compared with random alignment on glass 
coverslips 

• Improved fusion index versus glass coverslips 
• Sarcomeric protein organisation comparable with glass coverslips 

(Aviss, Gough et al. 
2010) 

Electrospun PLLA fibres 
(randomly aligned 
fibres used as controls) 

C2C12 • Uniaxial cellular alignment 
• Improved myotube length compared with randomly orientated PLLA fibres 
• Cross-striations displaying sarcomeric protein organisation 

(Huang, Patel et al. 
2006) 

Electrospun PLLA fibres  
and gold nanoparticles 

Primary rat 
MDCs 

• Improved cellular proliferation over PLLA alone. However proliferation was at 
best equal to that on conventional tissue culture plastic 

(McKeon-Fischer, 
Freeman 2011) 

Polyacrylamide films 
micro-patterned with 
adhesion proteins to 
form specific lanes 

C2C12 and 
primary human 
MDCs 

• Cells adhere only to the patterned areas 
• Lane width effects proliferation and differentiation (narrow lanes =↑ 

proliferation, wide lanes =↑ differentiation) 

(Zatti, Zoso et al. 
2012) 

PLGA fibre mesh Primary rat 
MDCs 

3 hours post-cell seeding, constructs implanted into Fisher mice for 4-6 weeks. 
• Implanted cells survive and form muscular networks on the constructs 
• Some evidence of host vascularisation 

(Saxena, Marler et 
al. 1999, Saxena, 
Willital et al. 2001) 

PLLA and PLGA 
sponges 

Primary mouse 
MDCs and 
HUVECs 

• In vitro, myotubes were observed alongside vessel like structures 
• Addition of embryonic fibroblasts improved vascularisation 
• When implanted in vivo to nude mice, cells survived, differentiated further and 

host vessels invaded the constructs 

(Levenberg, 
Rouwkema et al. 
2005) 

PLGA microspheres Primary human 
MDCs 

• In vitro, myotubes developed which expressed tropomyosin 
• When implanted in vivo to nude mice, cell survival was poor. 

(Thorrez, Shansky et 
al. 2008) 

PLGA= Poly-lactide co-glycolide, PLLA= Poly(L-lactide), HUVECs= Human umbilical vein endothelial cells 
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Bian et al. (2009) highlighted further inherent limitations of synthetic scaffolds in 

skeletal muscle tissue engineering; thin electrospun sheets fail to properly 

recapitulate a three-dimensional environment and thus lack biomimicity (Bian, 

Bursac 2009) and as previously eluded to, the stiffness of the scaffolds may 

impair muscle precursor cell differentiation (Engler, Griffin et al. 2004) and 

poorly facilitate contractions. In addition, the polymer presents itself as an 

obstacle to cellular growth, and the degradation of the polymer may negatively 

affect the cellular architecture and survival (Bian, Liau et al. 2009). To highlight 

the latter issue, Thorrez et al. (2008) discovered a transparent crystalline 

material covering PLGA scaffolds when implanted in vivo, which was likely a 

degradation product of the scaffold.  

In comparison to synthetic scaffolds, biopolymer hydrogels composed of either 

fibrin or collagen, allow spatially uniform cell seeding and abundant cell 

attachment sites which facilitate cell spreading and proliferation (Bian, Liau et al. 

2009), and exhibit stiffness akin to that of skeletal muscle in vivo (Hinds, Bian et 

al. 2011). These factors make hydrogels an ideal scaffold for tissue engineering 

skeletal muscle, and as the constructs are engineered from biologically occurring 

substrates, they may also be more appropriate for implantation. 

4.1.2 Biopolymer Matrices 

4.1.2.1 Collagen Based Constructs 

The first description of tissue engineered collagen skeletal muscle constructs 

came from Vandenburgh et al. (1988) who cultured differentiated avian skeletal 

muscle derived cells in collagen gels. Compared to standard monolayer culture, 

where cells pulled off the substratum after 6 days, myotubes within collagen gels 

could be cultured for up to 21 days, and exhibited improved maturation as 

evidenced by myosin heavy chain accumulation and peripherally located nuclei 

(Vandenburgh, Karlisch et al. 1988).  

Experiments examining mechanical strain of fibroblast seeded collagen 

constructs, in which a collagen gel is set between two fixed points (Eastwood, 
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Mudera et al. 1998, Eastwood, McGrouther et al. 1994) have provided a model 

whereby skeletal muscle collagen constructs can be engineered to provide 

muscle precursor cells with directional cues, and guide uniaxial cellular alignment 

and fusion (Smith, Passey et al. 2011, Cheema, Yang et al. 2003, Gawlitta, 

Boonen et al. 2008, Sato, Ito et al. 2011, Hinds, Bian et al. 2011, Powell, Shansky 

et al. 1999, Vandenburgh, Del Tatto et al. 1996)leading to longitudinally 

orientated parallel arrays of myotubes which closely mimic the cellular 

architecture of in vivo skeletal muscle. Indeed this phenomenon has been 

reported using cell lines (Cheema, Yang et al. 2003, Gawlitta, Boonen et al. 2008, 

Sato, Ito et al. 2011, Vandenburgh, Del Tatto et al. 1996), rodent (Smith, Passey 

et al. 2011, Hinds, Bian et al. 2011) and human (Powell, Shansky et al. 1999) 

muscle precursor cells. 

Cheema et al. (2003) seeded C2C12 muscle precursor cells within a collagen 

matrix which was held between two fixed points and observed endogenous IGF-I 

splice variant expression; important signals for skeletal muscle differentiation 

and growth (Adams 2002). Further work from this group has shown that a high 

muscle precursor cell seeding density is vital in terms of generating adequate 

cell-cell contact in order to allow differentiation within collagen constructs 

(Mudera, Smith et al. 2010), as measured using bespoke apparatus which 

measures the force produced by a construct in real-time as the cells attach to the 

matrix/neighbouring cells, and myosin heavy chain mRNA expression (Brady, 

Lewis et al. 2008, Mudera, Smith et al. 2010). Whilst the majority of literature 

using collagen hydrogels has focussed on cellular architecture and molecular 

maturation, recent work has also displayed that myotubes within this matrix 

exhibit calcium transients and contractile properties which closely resemble 

those observed in vivo (Sato, Ito et al. 2011, Hinds, Bian et al. 2011) . In addition, 

collagen constructs are highly amenable to mechanical stimulation (stretch), 

which is an in vitro method of mimicking exercise or activity, and causes 

responses similar to those seen in vivo (Passey, Martin et al. 2011), thus enabling 
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complex physiological muscular responses to increased work to be further 

researched. 

4.1.2.2 Fibrin Based Constructs 

Fibrin based hydrogels provide another matrix onto which tissue engineered 

skeletal muscle can be formed. Whilst some systems employ a method similar to 

that of collagen gel fabrication, whereby a gel is cast directly between two fixed 

points (Boonen, Langelaan et al. 2010, Hinds, Bian et al. 2011, Chiron, Tomczak 

et al. 2012, Matsumoto, Sasaki et al. 2007), the most thoroughly characterised 

and perhaps novel method of tissue engineering skeletal muscle in fibrin 

hydrogels is based upon the method of Strohman et al. (1990). In this work, 

Strohman and colleagues pinned saran wrap to a sylgard coated 35mm dish, and 

in turn coated the saran with type 1 rat tail collagen before plating avian muscle 

derived cells onto the membrane. The authors observed that as myotubes 

developed and matured over the ensuing weeks post cell seeding, the saran 

began to detach from the edges of the dish, and was held in place only by the 

pins, causing alignment of myotubes between these pins and advanced 

maturation determined by immunostaining for myosin heavy chain (Strohman, 

Bayne et al. 1990). 

Dennis and Kosnik (2000) developed the method of Strohman further by 

replacing the saran wrap membrane with laminin, and using two pinned sutures 

as anchors as opposed to the 7 pins used previously. These adjustments dictated 

that as the laminin sheet began to detach from the sylgard coated plate it 

formed a cylindrical shape held only between the two anchor points (Dennis, 

Kosnik 2000). In turn this led to uniaxial alignment of the myotubes between the 

two fixed points as the cells align along the lines of principal strain, and cross-

sectional histology showed that after up to 50 days in culture, a three-

dimensional construct closely resembling in vivo muscle architecture was formed. 

The major focus of work on self-assembling skeletal muscle constructs has been 

in investigating their contractile properties. Data has demonstrated that 
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constructs fabricated using primary rodent and C2C12 muscle precursor cells 

exhibit length-tension and force velocity relationships similar to those displayed 

by in vivo skeletal muscle, as well as twitch and fused tetanic force resembling in 

vivo responses (Dennis, Kosnik 2000, Dennis, Kosnik et al. 2001, Dennis, Dow 

2007); although it should be noted that whilst contractile characteristics follow 

normal in vivo patterns, these constructs are both less excitable and produce less 

gross force than true skeletal muscle (Dennis, Kosnik 2000, Dennis, Dow 2007) 

although recent work has shown that maximum tetanic force can be improved 

three times with the addition of TGFβ-1 to the culture medium (Weist, 

Wellington et al. 2012), and also following a 7 day period of transplantation into 

the biceps femoris muscle of rodents (Williams, Kostrominova et al. 2012). 

Recently, self-assembling skeletal muscle constructs have been engineered from 

both primary rat and C2C12 cells using a fibrin matrix (Huang, Dennis et al. 2005, 

Khodabukus, Baar 2009). In comparison to laminin based constructs, fibrin 

hydrogels are easier to fabricate, form faster (7-10 days compared with 35) and 

produce more specific force (Huang, Dennis et al. 2005). Furthermore, fibrin-

Matrigel™ hybrid engineered constructs exhibit stiffness in a physiological range 

and lower than that of constructs with collagen based matrices, which leads to 

improved contractile properties (Hinds, Bian et al. 2011) and enhanced 

maturation (Engler, Griffin et al. 2004).  Together these data suggest that fibrin 

based constructs are an excellent model for understanding muscle physiology. 

4.1.3 Human Skeletal MDCs in Tissue Engineered Constructs 

Little data exists regarding the behaviour of human skeletal MDCs in tissue 

biopolymer hydrogels. Powell et al. (1999) showed that human MDCs can 

differentiate and be cultured for up to four weeks in collagen constructs, 

however other studies of human MDCs in collagen constructs have only been 

performed acutely, concerned with cell-matrix and cell-cell attachment and early 

differentiation (Brady, Lewis et al. 2008, Mudera, Smith et al. 2010). Very 

recently, it has been shown that human MDCs can be cultured in fibrin based 
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constructs (in a manner akin to that of collagen based constructs), and myotubes 

form over a 10 day culture period, whilst expression of various myogenic genes 

and proteins were shown to be comparable with conventional monolayer 

experiments on tissue culture plastic (Chiron, Tomczak et al. 2012). 

4.1.4 Aims and Objectives 

Little information currently exists regarding the characteristics, behaviour and 

maturation of tissue engineered human skeletal muscle constructs in vitro; 

information that is essential if findings using such platforms are to be made 

applicable to human populations. The aims of this chapter were to tissue 

engineer skeletal muscle from human MDCs using self-assembling fibrin based 

constructs. To this end, it was necessary to determine a suitable cell seeding 

density and explore the general and molecular construct characteristics, and 

finally to compare the structure and maturation of MDCs in these fibrin 

constructs to conventional monolayer culture. It was hypothesised before 

undertaking experimentation that human MDCs would require a greater cell 

seeding density in order to achieve high levels of differentiation, in comparison 

to previously published work using cell lines or primary rodent MDCs (Huang, 

Dennis et al. 2005, Khodabukus, Baar 2009). It was further hoped that these 

constructs would express all myosin heavy chain isoforms, and in line with 

previous findings using collagen based hydrogel constructs, express adult 

isoforms as evidence of mature skeletal muscle (Mudera, Smith et al. 2010). 

When compared to conventional monolayer cultures, it is expected that MDCs in 

engineered constructs will morphologically be more akin to native skeletal 

muscle, and show higher expression of myosin heavy chains as a measure of 

improved maturation. 
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4.2 Methodology 

4.2.1 Cell Culture 

In this chapter of work, cultures M-28-RF, F-38-VL and M-71-S were used to 

conduct all experiments at passages 4 to 6. These cultures were shown in 

chapter 3 to contain 27 to 64% desmin positive cells, and successfully 

differentiated in monolayer experiments. The experiments conducted in this 

chapter did not require sufficient cell numbers deemed to lead to cellular 

senescence, and therefore these MDC cultures were deemed satisfactory for use.  

MDCs were resuscitated from cryogenic storage and plated into 80cm2 gelatin 

coated tissue culture flasks with 20 ml GM. Media was changed every 2-3 days 

until MDCs reached seventy-eighty per cent confluency, at which point MDCs 

were routinely counted (2.2.3) and plated directly on to fibrin gels. 

4.2.2 Experimentation with Fibrin Constructs 

Fibrin constructs were engineered as described in section 2.3 at 1, 2 and 4 × 105 

cells for initial experiments, and solely at 4 × 105 thereafter as required. 

Constructs were maintained in GM until cells reached confluency at which point 

they were switched to DM for the remainder of the experiment. Upon the 

cessation of these experiments, constructs were either fixed for 

immunohistochemistry (2.4.3) or homogenised in TRIzol to extract RNA (2.5.2). 

Corresponding monolayer cultures were seeded with 4 × 105 MDCs and 

maintained in GM until confluent at which point they were switched to DM for 

the remainder of the experiment, at which point the RNA was extracted using 

the TRIzol method (2.5.2). 

4.2.3 Immunohistochemistry 

Immunostaining was conducted as described in 2.4.3 and imaged using confocal 

microscopy. Constructs were stained for the cytoskeletal intermediate filament 

protein desmin and nuclei were visualised using 7-Aminoactinomycin D (7-AAD) 
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in order to assess if myotubes had formed and the general characteristics of the 

MDCs within the constructs. 

4.2.4 One Step Reverse Transcription, Real Time Polymerase Chain Reaction 

(qPCR) 

qPCR was conducted using Qiagen instrumentation and chemistries as described 

in 2.5.4. The primer sequences of the genes of interest are shown in table 2.3 

and exhibited specififcity according to 2.5.3. Data was analysed using the 2(-∆∆CT) 

method. When analysing expression of myosin heavy chain mRNA in tissue 

engineered constructs, data was made relative to the MYH3 gene for each time 

point as this is the most immature isoform. When examining differences 

between monolayer and engineered constructs, all genes were made relative to 

MYH3 in the monolayer culture at 7 days. In all cases data was normalised to 

POLR2B.  Raw CT values for all qPCR conducted in this chapter of work can be 

found in Appendix 2 (tables 9.2 and 9.3). 

4.2.5 Statistical Analysis 

Shapiro-Wilk and Levenes tests were used to test for normality of distribution 

and homogeneity of variation respectively. Thereafter, one way ANOVA was 

used to determine differences between groups for construct width, time to 

confluency and total time in culture as well as all histological measures. 

Differences within constructs in MYH isoform mRNA expression was analysed at 

7, 14 and 21 days in isolation using one way ANOVA with repeated measures. 

Differences in the expression of each MYH mRNA in monolayer and tissue 

engineered constructs were determined using a two-way independent ANOVA. 

Where significant main effects were found, pairwise comparisons using a 

bonferroni post-hoc test were carried out. Significance was taken at an alpha 

value of p<.05. 
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4.3 Results 

In this chapter human muscle derived cells isolated and characterised in chapter 

3 were seeded into tissue engineered fibrin gels. The effect of different seeding 

densities was examined on the formation of myotubes and thereafter myosin 

heavy chain isoform transcripts were temporally examined. Finally, tissue 

engineered human skeletal muscle fibrin constructs were compared to 

conventional 2D culture of human skeletal MDCs. 

4.3.1 Skeletal MDC Seeding Density Effects the Culture of Tissue Engineered 

Human Skeletal Muscle Constructs 

Three seeding densities were chosen based upon previous literature using fibrin 

cast gels seeded with either C2C12 cells or primary adult rat MDCs, and higher 

densities based upon the confluency of cells upon the substratum area. Thus 

MDCs were seeded onto fibrin matrices at densities of 100,000 (1 × 105), 200,000 

(2 × 105) and 400,000 (4 × 105) cells per plate.  

There was a significant main effect for seeding density on the time to confluency 

(F(2,20)=25.488, p=.00, see table 4.2) whereby there was a stepwise reduction in 

the time taken for cells to become confluent as the seeding density was raised. In 

the 1 × 105 culture, cells were confluent after 7.4 ± 1.1 days which was 

significantly longer than MDCs seeded at 2 × 105 which took 5.0 ± 1.3 days 

(p=.003) and the 4 × 105 MDCs which took 3.0 ± 0.8 days (p=.000). MDCs seeded 

at 2 × 105 on to fibrin matrices also took significantly longer to become confluent 

than 4 × 105 MDCs (p=.005). 

As the MDCs attached and contracted against the fibrin matrix, the gel 

substratum began to self-assemble into a cylindrical 3D tissue held in place by 

either suture. During these experiments, the culture period was determined by 

the extent of this formation, so that when the fibrin gel matrix had ceased 

assembling for 5 consecutive days, the experiment was ended. There was no 

effect of seeding density on the total number of days in culture (F(2,20)=.268, 

p=.768), constructs seeded with 1, 2 and 4 × 105 MDCs were maintained in  
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Table  4.2. Time to Confluency and Total Time In Culture For Skeletal MDCs 
Seeded on to a Fibrin Based Matrix. 

  100,000 MDCs 200,000 MDCs 400,000 MDCs 

Days to 
confluency 

M-28-RF 9, 8 (n=2) 4, 7, 6 (n=3) 4, 4, 2 (n=3) 

F-38-VL 6 (n=1) 3, 6 (n=2) 2, 3 (n=2) 

M-71-S 7, 7 (n=2) 5, 5, 4 (n=3) 3, 3, 3 (n=3) 

Mean ± SD 7.4 ± 1.1 5.0 ± 1.3 * 3.0 ± 0.8 †# 

Total days 
in culture 

M-28-RF 24, 18 (n=2) 35, 22, 14 (n=3) 33, 19, 12 (n=3) 

F-38-VL 20 (n=1) 17, 26 (n=2) 16, 22 (n=2) 

M-71-S 20, 20 (n=2) 22, 18, 18 (n=3) 16, 16, 21 (n=3) 

Mean ± SD 20.4 ± 2.1 21.5 ± 6.6 19.4 ± 6.3 

The time taken for MDCs to reach confluence was reduced as seeding density 
increased. Constructs were cultured until they failed to self-assemble for 5 
consecutive days at which point the constructs were sampled for further analysis. 
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Figure  4.1. Construct Width at the end of Experimentation in Constructs 
Initially Seeded with Varying Amounts of Total MDCs. (A.) 1 × 105 cells, (B.) 2 × 
105 cells, (C.) 4 × 105 cells, and the quantification of construct widths (D.) A trend 
existed towards a narrower final construct width in constructs seeded with 4 × 
105 MDCs. Data displayed as means ± SD. n=5 for constructs seeded with 1 × 105 

MDCs and n=8 for constructs seeded with 2 and 4 ×105 MDCs. Scale bar = 1cm. 
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culture for 20.4 ± 2.2 days, 21.5 ± 6.6 days and 19.4 ± 6.4 days respectively (see 

table 4.2). Thus constructs continued to assemble for equal amounts of time 

regardless of the number of total cells seeded upon the matrix initially. 

The final construct width in the constructs seeded with 1 × 105 MDCs was 4.34 ± 

0.95mm, compared with 4.63 ± 1.41mm for constructs seeded with 2 × 105 

MDCs and 3.23 ± 0.83mm for constructs seeded with 4 × 105 MDCs. These 

differences manifested themselves in a non-significant trend towards a narrower 

final constructs width in the 4 × 105 constructs compared with the 2 × 105 and 1 

× 105 (F(2,20)=3.401, p=.056, see figure 4.1). 

4.3.2 MDC Seeding Density is Important for Development of Structurally 

Accurate Tissue Engineered Skeletal Muscle 

Constructs seeded at 1, 2 and 4 × 105 MDCs were fixed at the end of their culture 

period and subsequently stained for the cytoskeletal intermediate filament 

protein desmin in order to observe the architecture of the MDCs within the 

constructs (figure 4.2). 

There was a significant main effect for seeding density on fusion index 

(F(2,19)=4.781, p=.023), which is taken as the number of muscle precursor cells 

(desmin positive) that are incorporated into myotubes. At a seeding density of 1 

× 105 the fusion index was 50.9 ± 9.5% compared to 64.1 ± 18.8% in the 2 × 105 

constructs and 78.3 ± 12.1% in the 4 × 105 constructs. Post-hoc analysis revealed 

that there was a statistical difference in fusion index between the 1 × 105 

constructs and the 4 × 105  constructs (p=.024) with no difference between the 1 

and 2 × 105 constructs (p=.502) or the 2 and 4 × 105 constructs (p=.220).  

The number of myotubes per 40x microscope field of view was also quantified in 

these constructs to give an indication of how densely packed the constructs were 

with immature muscle fibres . In constructs seeded with 1 × 105 MDCs there was 

an average of 1.3 ± 0.3 myotubes per field of view compared with 1.7 ± 0.8 

myotubes per microscope field in the 2 × 105 constructs and 2.9 ± 1.0 myotubes 

C. 
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Figure  4.2. Whole Mount Immunostaining of Tissue Engineered Human 
Skeletal Muscle Constructs Seeded with 1 × 105 (A, B), 2 × 105 (C, D) and 4 × 
105 MDCs (E, F). A, C and E are representative images from M-28-RF MDCs and 
B, D and F are from F-38-VL MDCs.  Myotube formation improves as seeding 
density is increased. MDCs are immunostainied for the cytoskeletal 
intermediate filament, desmin (green) and nuclei are visualised using 7-AAD 
(red). Scale bar = 20µm. 

A. 

D. C. 

B. 

E. F. 



Chapter 4: Human Skeletal Muscle Derived Cells in  
Tissue Engineered Self-Assembling Fibrin Constructs 

 

105 | P a g e  
 

 

 

 

 

Figure  4.3. The Effect of Seeding Density on the Muscular Architecture of Tissue 
Engineered Human Skeletal Muscle Constructs. (A.) Fusion index exhibits a 
stepwise augmentation as seeding density is increased; constructs seeded with 4 
× 105 MDCs display significantly higher fusion index versus constructs seeded at 1 
× 105 MDCs. (B.) constructs seeded with 4 × 105 MDCs have significantly more 
myotubes per microscope field of view versus the 105 and 2 × 105 constructs at 
the end of the culture period. Data displayed as means ± SD. n=4 constructs for 1 
× 105 and n=8 constructs for 2 and 4 × 105 constructs. †=p<.05. 
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Figure  4.4. The Effect of Seeding Density on the Growth/Hypertrophy of Tissue 
Engineered Human Skeletal Muscle Constructs. No statistically significant 
effects were observed for either the number of nuclei per myotube (A) or the 
width of the myotubes in the constructs (B).Data displayed as means ± SD. 
Nuclei/myotube/field of view data generated from n=4 repeats (1 × 105), and n=8 
repeats (2 and 4 × 105 conditions). Myotube width data generated from n=4 
repeats (1 × 105), n=7 repeats (2 × 105) and n=6 repeats (4 × 105). 
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per field of view in the constructs seeded with 4 × 105 MDCs. There was a 

significant main effect of seeding density on the number of myotubes per 

microscope field of view (F(2,19)=6.319, p=.009). The 4 × 105 constructs had a 

significantly higher density of myotubes than the 1 × 105 (p=.022) and 2 × 105 

(p=.029) constructs, whilst no difference existed between the constructs seeded 

with 1 and 2 × 105 MDCs (p=1.0). 

The extent of growth and hypertrophy of the myotubes within the constructs 

was quantified by measuring the number of nuclei per myotube and the 

myotube width. The number of nuclei per myotube was found to be non-

significant between groups (F(2,19)=2.057, p=.158) with the mean number of 

nuclei per myotube being 4.2 ± 0.6, 5.0 ± 1.0 and 5.8 ± 1.8 in the 1, 2 and 4 × 105 

groups respectively. Similarly there was no significant main effect of seeding 

density on myotube width (F(2,16)=.897, p=.430), which was measured at 12.1 ± 

2.6µm in the constructs seeded with 1 × 105 MDCs, 14.3 ± 4.9µm in constructs 

seeded with 2 × 105 MDCs and 15.6 ± 3.4µm in constructs seeded with 4 × 105 

MDCs. 

4.3.3 Why Histological Differences are Observed When Constructs are cast 

with Different Seeding Densities. 

Since MDCs within engineered constructs were dropped to differentiation 

medium only when confluent, the time of which differed according to the 

number of MDCs initially seeded on to fibrin gel matrix, cells were fixed when 

confluent and immunostained to examine the cell characteristics at this point. 

The hypothesis was that in constructs seeded at lower densities, MDCs would 

have to undergo more PD’s before becoming confluent and as such have a 

reduced number of muscle precursor (desmin positive) cells when changed to 

differentiation medium. 

Interestingly, when confluent in the 21 fields examined per construct (n=1 for 

each seeding density only) the desmin positivity was higher in the construct 

seeded with 1 × 105 MDCs (20.1%) compared to the 2 × 105 construct (7.9%) and  
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Figure  4.5. Whole Mount Immunostaining of Tissue Engineered Constructs when MDCs were Confluent Prior to Switching to 
Differentiation Medium. Constructs seeded with 1 × 105 (A), 2 × 105 (B) and 4 × 105 (C) MDCs contained different numbers of MDCs 
when confluent, and MDCs appeared larger when seeding densities were lower, suggesting that cells were more spread out in 
constructs seeded with fewer MDCs compared to those seeded with higher numbers. Scale bar= 20µm. 

B. C. A. 
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the 4 × 105 construct (8.9%). However, the total number of nuclei was different 

between constructs and increased in a linear fashion with seeding density (105= 

30 nuclei, 205= 61 nuclei, 405= 80 nuclei) despite the MDCs proliferating to 

confluency in all constructs. This suggests that in constructs seeded with less 

MDCs the cells ‘spread’ more extensively, and thus become confluent in 

appearance despite having fewer total cells in the culture. Measurements of 

nuclear area (as a crude measure of cell size) confirm this hypothesis, with 

nuclear area measured at an average of 22 µm2 in the construct seeded with 1 × 

105 MDCs, 12.6 µm2 when seeded with 2 × 105 MDCs and 11.2 µm2 when seeded 

with 4 × 105 MDCs. 

4.3.4 Myosin Heavy Chain mRNA Expression in Tissue Engineered Human 

Skeletal Muscle 

The primary contractile proteins in skeletal muscle are the myosin heavy chains 

which are synthesised during development. The mRNA expression of myosin 

heavy chains chiefly expressed in developing and adult skeletal muscle were 

therefore examined over a 21 day culture period in constructs seeded at 405 

MDCs. 

After 7 days in culture, there was a fairly ubiquitous expression of MYH mRNA’s 

in the tissue engineered constructs, with the exception of MYH 2 which encodes 

for the type IIa MHC protein (MYH 3; 1.19 ± 0.33, MYH 8; 2.56 ± 1.13, MYH 1; 

1.40 ± 1.06, MYH 2; 0.04 ± 0.03, MYH 7; 2.10 ± 1.21). A significant main effect of 

MYH isoform was thus evident at 7 days in culture (F(4,20)=13.313, p=.000), driven 

by differences between MYH 3 and MYH 2 (p=.003) and MYH 8 and MYH 2 

(p=.026). 

At 14 days in culture there was a statistically significant main effect for MYH 

isoform in the tissue engineered constructs (F(4,20)=15.675, p=.000). MYH 3 

expression was 1.02 ± 0.12 compared to 2.13 ± 0.35 for MYH 8, 1.06 ± 0.39 for 

MYH 1, 0.05 ± 0.01 for MYH 2 and 4.04 ± 2.08 for MYH 7. Significant differences  

 



Chapter 4: Human Skeletal Muscle Derived Cells in  
Tissue Engineered Self-Assembling Fibrin Constructs 

 

110 | P a g e  
 

 

 

 

 

Figure  4.6. Myosin Heavy Chain mRNA Expression in Engineered Human 
Skeletal Muscle Constructs at 7 (a), 14 (b) and 21 Days (c) in Culture. Data 
displayed as mean ± SD. n=6 at each time point. *=p<.001, #=p<.01, †=p<.05. 
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were found between MYH 3 and 8 (p=.002), MYH 3 and 2 (p=.000), MYH 8 and 2 

(p=.000) and MYH 1 and 2 (p=.013). 

At 21 days in culture, the expression pattern between the MYH mRNA’s was 

similar to 7 and 14 days, with the MYH mRNA’s predominately expressed being 

MYH 8 and MYH 7, however by 21 days in culture there was a noticeable 

reduction in the expression of the fast MYH 1 mRNA (MYH 3; 0.96 ± 0.09, MYH 8; 

2.30 ± 0.63, MYH 1; 0.29 ± 0.08, MYH 2; 0.03 ± 0.02, MYH 7; 4.74 ± 2.56). 

A significant main effect was apparent in MYH mRNA expression (F(4,16)=15.024, 

p=.000), with MYH 3 expressed more highly than MYH 1 (p=.002) and MYH 2 

(p=.000), MYH 8 expressed more highly than MYH 1 and 2 (p=.013) and MYH 1 

expressed more highly than MYH 2 (p=.012). 

4.3.5 Morphological Differences Between Myotubes in Conventional 

Monolayer Culture and Tissue Engineered Constructs 

The differences in morphology of myotubes in conventional monolayer culture 

and in tissue engineered constructs were examined, in order to assess if, 

structurally, myotubes in constructs were more akin to in vivo structure than 

monolayer culture. 

In monolayer, 52% of myotubes exhibited branching compared with a complete 

lack of branching in tissue engineered constructs. Furthermore, there was a 

significant difference in myotube width between monolayer culture and 

engineered constructs; with mean myotube widths in monolayer at 45.21 ± 

23.62 µm compared to 23.41 ± 4.81 µm in engineered constructs (F(22)=24.14, 

p=.000, see figure 4.7). The variability in myotube widths in monolayer was 

highly variable, with widths ranging from 10.88 µm to 101.89 µm compared to 

much more consistent width in tissue engineered constructs of between 15.06 

µm and 34.01 µm. 
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4.3.6 Differences in Myosin Heavy Chain mRNA Expression Between 

Monolayer Culture and Tissue Engineered Constructs 

Human MDCs were cultured in monolayer and in engineered fibrin based 

constructs in order to compare myosin heavy chain mRNA expression between 

conditions and over time. These comparisons are presented in figure 4.8. 

Constructs were sampled for RNA at 7 and 14 days, which was the longest period 

for which MDCs in monolayer could be cultured before large amounts of debris 

and necrotic material appeared in the culture media. 

When MYH 3 mRNA expression was examined, there was no statistical difference 

between conditions (monolayer vs. engineered constructs, F(1,20)=1.231, p=.280). 

A significant effect was however apparent for time, with MYH 3 mRNA 

expression reducing from 0.75 ± 0.62 at 7 days to 0.32 ± 0.14 at 14 days (p=.03). 

No interaction between condition and time was found however (F(1,20)=0.564, 

p=.461). No statistically significant main effect was found for MYH 8 mRNA 

expression between MDCs cultured in monolayer (1.21 ± 0.59) or in engineered 

constructs (0.70 ± 0.79: F(1,20)= 3.907, p=.062), and there was also no significant 

effect for time on MYH 8 mRNA expression (F(1,20)=4.246, p=.053) with the mean 

expression at 7 days 1.22 ± 0.95, and 0.69 ± 0.25 at 14 days. Furthermore, no 

interaction effect was seen between the condition in which MDCs were cultured 

and time (F(1,20)=2.091, p=.164). Similarly for MYH 1 mRNA expression, there was 

no statistically significant effect between monolayer and engineered constructs 

(F(1,20)=1.992, p=.173, 0.34 ± 0.13 in monolayer, 0.24 ± 0.20 in constructs), or for 

time (F(1,20)=2.680, p=.117, 0.23 ± 0.20 at 7 days 0.34 ± 0.12 at 14 days), or any 

interaction between condition and time (F(1,20)=.375, p=.547). For the MYH 2 

mRNA however, which codes the type IIa protein, there was a significant effect 

for condition (F(1,20)=10.879, p=.004) whereby there was a higher expression in 

monolayer cultures compared to that in engineered fibrin based constructs 

(0.143 ± 0.004 vs. 0.009 ± 0.007 respectively). In addition, there was a significant 

effect of time on MYH 2 mRNA expression (F(1,20)=18.494, p=.000), where 

increases were observed from 0.008 ± 0.006 at 7 days to 0.015 ± 0.005 at 14 days 
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in culture. No interaction between condition and time were present for MYH 2 

expression (F(1,20)=2.882, p=.105). A statistically significant effect was apparent 

for MYH 7 mRNA expression between monolayer cultures and engineered 

constructs (F(1,20)=45.300, p=.000) with MYH 7 expression in monolayer higher 

than that in engineered constructs (2.03 ± 0.73 vs. 0.70 ± 0.58 respectively). 

There was no effect of time on MYH 7 expression however (F(1,20)=0.984, p=.333) 

with expression levels at 7 days (1.46 ± 1.25) and 14 days (1.27 ± 0.51) being 

similar. A strong interaction effect was observed however (F(1,20)=19.016, p=.000) 

stemming from reductions in MYH 7 expression over time in monolayer cultures 

(2.56 ± 0.49 at 7 days, and 1.50 ± 0.49 at 14 days) compared to an increase over 

time in engineered constructs (0.36 ± 0.50 at 7 days, and 1.03 ± 0.45 at 14 days). 
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Figure  4.7. Morphological Differences Between Human MDCs Grown in 
Conventional Monolayer Culture and Tissue Engineered Constructs. (A.) Phase 
contrast image of human myotubes in monolayer compared to (B) human 
myotubes in engineered constructs. (C.) Myotube width is significantly greater in 
monolayer versus engineered constructs (* = p<.001) but also exhibits a much 
higher degree of variability. n=minimum of 6 in each condition and at least 20 
myotubes counted in each condition. Data displayed as mean ± SD. 
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Figure  4.8. Myosin Heavy Chain mRNA Expression In Conventional Monolayer Culture and Tissue Engineered 
Constructs at 7 and 14 Days in Culture. n=6 in each condition. Data are presented as mean ± SD. *=p<.001, #=p<.01, 
†=p<.05. 
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4.4 Discussion 

Tissue engineered skeletal muscle models are of great use to biologists and 

physiologists, due to the fact that they strongly mimic the in vivo environment, 

architecture and functionality. As such, in vitro models of skeletal muscle can be 

used to further understand mechanisms governing skeletal muscle formation, 

function and adaptation (Baar 2005), and are ideal test beds for screening of 

drugs/ergogenic aids (Vandenburgh 2010) and of course exercise related 

plasticity (Khodabukus, Paxton et al. 2007). As tissue engineered models become 

better characterised and more complex, it is possible that they may be 

successfully transplanted in vivo, and prove beneficial to those suffering from 

muscle wasting diseases (Bian, Bursac 2008). Until now however, there has been 

a paucity of research utilising primary human skeletal MDCs in tissue engineered 

constructs, which must been seen as the ultimate goal if findings are to be truly 

applicable to man. Here human MDCs were successfully cultured in fibrin based, 

self-assembling hydrogels and characterised using immunohistochemical and 

qPCR techniques. 

4.4.1 Effect of MDC Seeding Density on Engineered Skeletal Muscle Structure 

Previous work using self-assembling engineered skeletal muscle has been 

undertaken using a seeding density of 1 × 105 MDCs per construct (Huang, 

Dennis et al. 2005, Khodabukus, Baar 2009, Khodabukus, Baar 2011), and 

originally, cells were plated onto the matrix without being counted due to the 

large degree of debris from digestion MDC isolations (Dennis, Kosnik 2000, 

Dennis, Kosnik et al. 2001, Larkin, Calve et al. 2006, Larkin, Van der Meulen et al. 

2006). In light of the findings of chapter 3; that the MPC number diminishes as 

the population as a whole expands, it was important to plate at a density at 

which the cells were confluent soon after seeding, but at the same time minimise 

cell number. As no work has previously been undertaken using human MDCs in 

this model, MDCs were plated at 1 × 105 (in line with previous literature), 2 × 105 

and 4 × 105 MDCs per prepared plate. Unsurprisingly, when the seeding density 

was raised, the time for cells to become confluent was significantly reduced 
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(table 4.1), so that plates seeded with 4 × 105 MDCs were confluent after just 3.0 

± 0.8 days in culture. This is advantageous because it allows minimum time for 

the non-myogenic cells to overgrow the MPCs and reduce the myogenicity of the 

population. Furthermore, cells seeded with 4 × 105 MDCs assembled to a 

diameter of <4mm (3.23 ± 0.83mm), which has been highlighted previously as a 

construct diameter at which the engineered muscle is ‘fully formed’ (Khodabukus, 

Baar 2009), and whilst some constructs seeded with lower MDC numbers 

assemble to <4mm, this was not consistent. Thus in general characteristics, the 

constructs seeded with 4 × 105 MDCs appeared more suitable for future use; 

however it was necessary to evaluate the structure of the MDCs within the 

constructs at the end of the culture period in order to fully determine if a skeletal 

muscle construct had been formed i.e. analyse the myotube formation. 

Immunostaining for desmin, which is a protein expressed in both mononuclear 

MPCs and multinuclear myotubes, allowed for the determination of fusion index 

at different seeding densities. Fusion index increased in a step-wise manner from 

1-4 × 105 constructs. Indeed, constructs seeded with 1 × 105 MDCs had a fusion 

index of only 50.9%, indicating that nearly half of the cells with potential to 

differentiate were in fact incorporated into myotubes. This number was 

increased to near 80% in the 4 × 105 constructs (figure 4.2), thus more closely 

recapitulating the in vivo skeletal muscle environment, where approximately 95% 

of MPCs are fused into muscle fibres (Kadi, Charifi et al. 2005). Examination of 

the number of myotubes per microscope frame further confirmed that the 

constructs seeded with 4 × 105 cells developed into a more accurate model of in 

vivo muscle, as 2.9 ± 1.0 myotubes were observed per 40x microscope frame in 

these constructs, compared to only 1.7 ± 0.8 in the 2 × 105 constructs and 1.3 ± 

0.3 in the constructs seeded with 1 × 105 MDCs.  Skeletal muscle in the body is 

densely packed with muscle fibres in parallel (Lieber, Friden 2000), and thus the 

higher the number of myotubes observed in these constructs, the more 

representative a model it becomes. The width of the myotubes within these 

constructs and the number of nuclei within the myotubes at each seeding 
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density was quantified as a means of determining the extent of hypertrophy and 

growth within the myotubes. No differences were found for either the number of 

nuclei per myotube or the myotubes width across seeding densities, suggesting 

that increasing the seeding density influences the number of myotubes formed 

(hyperplasia) rather than their hypertrophy. These findings are important, as 

resistance exercise in humans has been shown to cause increases in skeletal 

muscle hypertrophy in the absence of hyperplasia (McCall, Byrnes et al. 1996), as 

opposed to overload exercise in animal models, where both hypertrophy and 

hyperplasia are apparent (McCarthy, Mula et al. 2011, Lepper, Partridge et al. 

2011). In the present work, the finding that seeding muscle constructs with 4 × 

105 MDCs leads to high levels of fusion and multiple myotubes, without 

seemingly increasing the size of these structures compared to lower seeding 

densities is beneficial for the use of this model subsequently. Indeed, there are 

very few remaining MPCs to differentiate in these models, and therefore if these 

constructs were exposed to an anabolic stimulus e.g. mechanical overload or 

pharmaceutical intervention, it would be anticipated that the myotubes would 

respond by means of hypertrophy (through increased protein accretion) rather 

than hyperplasia; thus recapitulating a true in vivo response. 

It was hypothesised that the differences seen between seeding densities was a 

result of increased proliferation of the non-myogenic cells at lower seeding 

densities, so that when confluent, the MPC population was diluted, resulting in 

fewer cell-cell contacts between these cells, which are critical for differentiation 

to occur (Krauss, Cole et al. 2005). To test this, cells were seeded onto fibrin 

matrices, and when confluent, were fixed for desmin immunostaining. 

Interestingly, the proportion of desmin positive cells was actually higher in the 

constructs seeded at 1 × 105 MDCs versus 2 × 105 and 4 × 105 (n=1) and as such 

cannot account for the poorer levels of fusion in these constructs. Instead, it was 

evident that cells were sparser in lower densities and were morphologically 

larger. Thus, it appears that at lower seeding densities, there is an element of cell 

‘spreading’ which results in the MDCs becoming confluent, despite there being 
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fewer total cells present. This therefore reduces the number of cell-cell contacts 

that are made between precursor cells, and in turn seemingly reduces the 

differentiation capabilities (Krauss, Cole et al. 2005).  

As such, it was concluded that the highest seeding density tested, 4 × 105 MDCs 

per prepared fibrin plate, would be suitable for future use in this thesis based on 

the fact that cells become quickly confluent, and form structurally biomimetic 

muscle, and macroscopically, the construct assembles to a diameter of <4mm. 

Whilst it is disappointing that the highest seeding density was used, as this 

necessitates a degree of sub-culturing, thus potentially compromising desmin 

positivity and myogenicity, the number Is far reduced compared to many 

reported densities in the literature. Indeed, tissue engineered skeletal muscle 

constructs are commonly seeded with MDCs at a density in excess of 1 × 106 cells 

(Brady, Lewis et al. 2008, Bian, Bursac 2009, Boonen, Langelaan et al. 2010, Bian, 

Bursac 2012), and have been reported to produce the most biomimetic muscle 

construct at densities as high as 4 × 106 cells (Mudera, Smith et al. 2010) in 

collagen based constructs; the present density is thus 10 times lower than this, 

and so comparatively can perhaps be judged as a low seeding density. 

4.4.2 Myosin Heavy Chain Expression Patterns in Self-Assembling Fibrin Based 

Human Skeletal Muscle Constructs 

Myosin heavy chain proteins (MHC) expressed in skeletal muscle are the main 

protein involved in skeletal muscle force development, and are indeed the 

primary protein expressed in skeletal muscle (Baldwin, Haddad 2001). Alterations 

in specific MHCs expressed by a muscle occur during development from the 

foetus to the adult (Weiss, Leinwand 1996). Furthermore, specific isoforms of 

MHC afford muscle fibres a degree of functional heterogeneity, in that MHC 

isoforms regulate (at least in part) contraction velocities and maximal power 

output (Bottinelli, Canepari et al. 1996), and thus skeletal muscle fibre type. 

MHC mRNA expression (MYH) in human skeletal muscle tissue engineered 

constructs was examined as a means of determining the levels of maturation and 
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indeed the ‘type’ of muscle which was developing. At 7 days in culture, typically 

when early myotubes were developing (DM added at day 3-4) there was fairly 

ubiquitous expression of MYH isoforms 3 (Embryonic), 8 (Perinatal), 1 (Adult type 

IIx) and 7 (Slow type I). MYH2, coding for IIa protein was expressed at very low 

levels and indeed was statistically lower in expression levels than MYH 3 and 8; 

the developmental isoforms. As such, it seems that at this stage in culture, the 

constructs were developmental in nature, which reasons with literature 

identifying early myotubes in the developing muscle as expressing 

developmental MHC isoforms (Butler-Browne, Barbet et al. 1990, Agbulut, Noirez 

et al. 2003).  

At 14 days in culture there were noticeable drops in MYH1 expression, with a 

concomitant rise in MYH7 expression, suggesting that the myotubes within the 

constructs are committing to a slow phenotype, and at 21 days in culture further 

reductions in MYH1 expression along with continued low expression of MYH2 

and rises in MYH7 certainly support this notion. However it is of note that the 

degree of variability in MYH7 expression precluded significant differences 

between this isoform and others, while MYH3 and 8 were expressed to higher 

levels than MYH1 and 2. 

Primary myotubes, which develop in the absence of innervation as in the present 

work, have been proposed to develop in adulthood to slow muscle fibres 

(Buckingham, Bajard et al. 2003), and thus the high MYH7 expression and 

conversely low fast MYH expression matches this notion. In addition, in collagen 

hydrogels, it has previously been reported that static cultures predominantly 

express slow myosin heavy chain mRNA (Mudera, Smith et al. 2010), which is 

perhaps not surprising since myotubes in these cultures are under constant 

tension developed by the pinned suture anchors, somewhat analogous to the 

constant low levels of tension which postural muscles in vivo are required to 

produce. Furthermore, whilst MYH7 mRNA exhibited the highest mean 

expression, all other mRNAs were expressed in these constructs at 21 days in 
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culture; evidence that no one isoform is completely dominant, akin to skeletal 

muscle in vivo (Agbulut, Noirez et al. 2003).  

4.4.3 Comparisons Between MDCs Cultured in Engineered Fibrin Constructs 

and Conventional Monolayer Culture 

4.4.3.1 Morphological Differences 

In order to be architecturally accurate, skeletal muscle fibres or immature 

myotubes should be orientated in parallel to one another regardless of the angle 

of orientation, and should also exhibit extremely consistent fibre diameters 

within a muscle (Lieber, Friden 2000). In order to determine if the myotubes 

which developed within engineered constructs better recreated skeletal muscle 

architecture than conventional culture techniques, MDCs were cultured in 

parallel in 6-well dishes and on fibrin matrices. It was found that in conventional 

monolayer culture, 52% of myotubes were branched and thus multidirectional in 

nature, whereas in engineered constructs no branching existed. This difference is 

likely a result of the alignment of MDCs and subsequently the myotubes through 

the directional cues generated by the anchor points, which were missing from 

the cultures on tissue culture plastic. Furthermore, myotube widths were 

quantified between conditions and found to be significantly greater in monolayer 

culture, although highly variable (~11-102µm). Whilst the mean fibre widths 

measured here in monolayer are closer to those reported in vivo (Trappe, Trappe 

et al. 2004), the large variability in these widths and branched nature of the 

myotubes in comparison to the myotubes in engineered constructs renders them 

less biomimetic. 

4.4.3.2 Differences in MYH mRNA Expression 

To compare maturation of myotubes in conventional monolayer cultures and 

engineered constructs, RNA was extracted from cells in both conditions at 7 and 

14 days in culture. Whilst previously in this chapter human MDCs in engineered 

constructs have been cultured for 21 days, in these experiments, it was not 

possible to culture cells for more than 14 days on tissue culture plastic before 
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there was obvious necrotic material in the culture medium. This in itself presents 

itself as a significant disadvantage, as it prevents the long term culture of 

myotubes on this surface and limits the experiments which can be undertaken. 

The Perinatal (MYH 8) and fastest (MYH 1) myosin heavy chain isoforms did not 

differ in transcript levels between monolayer and engineered conditions or 

change over time. Whereas the embryonic isoform, MYH 3, decreased over time 

in both conditions, indicative of myotube maturation from 7 to 14 days in culture. 

Interestingly, MYH 7 and MYH 2, the genes coding for slow MHC and type IIa 

MHC respectively, were both expressed higher in monolayer cultures compared 

to the engineered constructs. As both MYH 2 and 7 are adult MYH isoforms, this 

finding alone suggests that culture in monolayer actually leads to an increase in 

myotube maturation compared to culture in engineered constructs. However, a 

significant interaction effect for MYH 7 stems from a reduction in transcript 

levels in monolayer over time and concomitant increase over time in engineered 

constructs. This data appears to indicate, that differentiation and thus 

maturation of MDCs is delayed in tissue engineered fibrin constructs compared 

to conventional in vitro culture techniques, and is not necessarily impaired. 

This is somewhat different to the reports of Engler et al. (2004) who reported 

that myotubes differentiate optimally on substrates with tissue like stiffness. 

Since the stiffness of skeletal muscle tissue from mice has been measures at 

approximately 12kPa (Engler, Griffin et al. 2004), and fibrin based hydrogels 

fabricated in a similar manner to that reported here have a Youngs Modulus of 

approximately 12-15kPa (Hinds, Bian et al. 2011), one would assume that MYH 

mRNA levels may be higher in the myotubes cultured in fibrin gels.  The 

discrepancies in the work from Engler (2004) and the present data may be 

accounted for by the fact that differences were examined after 2 and 4 weeks of 

culture in the cited work, compared to 7 and 14 days in the present work. Indeed, 

by 14 days in culture for all MYH genes examined there were no differences 

between expression levels. In addition, Engler et al. (2004) used MHC 
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immunocytochemistry to evaluate differentiation and maturation by means of 

observing striations, whereas presently qPCR for different MYH isoforms was 

used, which is a more precise and quantifiable method for evaluating myosin 

heavy chain expression. It is possible, and perhaps likely, that had it been 

possible to culture MDCs on the plastic substratum for longer periods, the data 

may have appeared to support the notion of Engler and colleagues. The use of 

different cell types (C2C12 myoblasts compared to primary human MDCs) may 

also account for some degree of the discrepancy between the present findings 

and those of the aforementioned work. Nevertheless, the generally similar and 

often improved mRNA levels of myosin heavy chains in monolayer culture 

compared to engineered fibrin constructs lends a degree of support for the 

continuation of studies using conventional cell culture techniques. Indeed, such 

techniques are generally cheaper and easier to conduct, and whilst the data here 

shows that they are indeed limited by the amount of time which cells remain 

viable on tissue culture plastic and the morphology of the myotubes, in instances 

where time and structural biomimicity are not critical, studies in monolayer may 

be wholly valid. 

4.4.4 Chapter Summary 

In this chapter of work, MDCs from human skeletal muscle have been cultured in 

fibrin based self-assembling hydrogels for the first time. A higher seeding density 

(4 × 105) than those previously reported (1 × 105) with other myoblast sources in 

this model was found to produce muscle constructs structurally akin to that of 

native skeletal muscle. Further experiments using 4 × 105 showed that all myosin 

heavy chain mRNA isoforms are expressed by engineered constructs, but that 

over time, the isoform profile altered so that by 21 days in culture, MYH 7, the 

gene coding for the slow MHC protein was predominantly expressed. When MYH 

levels in engineered constructs were compared to those in conventional 

monolayer constructs, higher expressions of MYH 2 and 7 were found in 

monolayer. However whilst expression of MYH 7 in monolayer reduced over time, 

it increased in engineered constructs; suggesting that maturation is perhaps 
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delayed in engineered constructs compared to conventional cultures. Thus, long 

term culture of biomimetic skeletal muscle tissue engineered constructs has 

been successful, however closer consideration to the cellular components of 

these constructs may further improve their biomimicity. 
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5 Varying the Number of Desmin Positive Muscle Derived 

Cells in Order to Advance Biomimicity and Maturation 

of Tissue Engineered Skeletal Muscle 

5.1 Introduction 

Skeletal muscle and connective tissue fibroblasts are closely associated both in 

skeletal muscle development and in mature muscle tissue. During development, 

fibroblasts are derived from the somatic mesoderm and subsequently proliferate 

and take up a position in close proximity to the developing musculature in the 

limb bud (MacIntosh, Gardiner et al. 2006). Thereafter connective tissue and 

muscle development is closely linked until the musculature is fully formed 

(Kardon, Harfe et al. 2003), when fibroblasts are found in small numbers in the 

epi-, peri- and endomysium (Webb 1972)  and play a vital role in laying down and 

maintaining many of the connective tissue components e.g. collagen and laminin 

(Grounds 2008). 

5.1.1 Connective Tissue Proteins and Skeletal Muscle Development In Vitro 

The importance of connective tissue proteins in muscle development and 

maturation has been demonstrated in cell culture studies. Indeed, Hauschka and 

Konigsberg (1966) observed increases in myotube formation on collagen coated 

dishes compared to un-coated dishes; which they considered a result of 

improved muscle precursor cell proliferation, and potentially fusion potential 

(Hauschka, Konigsberg 1966). More recently, increased proliferation of the 

myogenic MM14Dy cell line with laminin over fibronectin has further illustrated 

the importance of extracellular matrix components in optimising cell kinetics 

(Ocalan, Goodman et al. 1988). Indeed, the use of Matrigel™ (a reagent derived 

from mouse sarcoma which is rich in basement membrane proteins such as 

laminin and collagen as well as a multitude of growth factors) has been shown to 

improve muscle precursor cells ability to differentiate (Maley, Davies et al. 1995), 
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and more recently, its addition to 3D tissue engineered constructs has been 

shown to result in increased force production as a result of myotube 

hypertrophy in a dose dependent manner (Hinds, Bian et al. 2011). 

5.1.2 Effect of Fibroblasts/Non-Myogenic Cells on Skeletal Muscle 

Development, Regeneration and Maturation 

Whilst artificially delivering connective tissue proteins to muscle precursor cells 

may enhance skeletal muscle development, co-culturing fibroblasts with MPCs 

allows for fabrication of additional extracellular matrix in a more bio-mimetic 

nature. Indeed, seminal work by Lipton (1977) showed using microscopy and 

collagen deposition assays, that when quail MPCs were cultured alone there 

were little or no collagen fibres deposited in the cultures. However, when 

fibroblasts were cultured there was extensive collagen fibre formation and when 

the muscle precursors were cultured alongside fibroblasts the collagenous fibres 

appeared to surround the developing myotubes, structurally resembling a basal 

lamina (Lipton 1977). These data were further developed by Sanderson et al. 

(1986) who found using immunostaining that in quail MPC cultures there was 

little or no detection of ECM proteins compared with the heterogeneous parent 

(MPC and fibroblast) cultures. In addition, when MPCs and fibroblasts were co-

cultured on a collagen gel surface, the fibroblasts could migrate freely 

throughout the collagen matrix and lay down extensive ECM proteins which 

resulted in an extensive and continuous basal lamina around the myotubes- a 

finding which was not repeatable when MPCs were cultured alone in collagen 

gels (Sanderson, Fitch et al. 1986). These data show that heterogeneous MDC 

cultures result in structurally more biomimetic skeletal muscle as evidence by the 

development of the connective tissue sheaths which compartmentalise skeletal 

muscle in vivo. 

Further evidence for the positive effect of fibroblasts on in vitro muscle 

development and maturation may be exhibited by the fact that the C2C12 cell 

line, which is purely myogenic in nature, generally yields poor levels of fusion 
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with respect to the total number of cells which are capable of differentiating 

(Deldicque, Theisen et al. 2007, Iezzi, Di Padova et al. 2004, Park, Chen 2005) 

compared to primary heterogeneous cell populations (Smith, Passey et al. 2011, 

Kandalla, Goldspink et al. 2011). This phenomenon is further supported by data 

presented by Cooper et al. (2004). In these experiments the authors cultured 

C2C12 MPCs on a human dermal or cartilage derived fibroblasts feeder layer, and 

showed firstly that this improved the time that the cells could be maintained in 

culture versus C2C12’s alone and secondly that the maturity of the myotubes 

was improved. Indeed, in co-culture myotubes expressed fast myosin heavy 

chains (IIa/b/x) after 14 days in differentiation medium, and exhibited re-

organisation of the cytoskeletal network in addition to appearances of 

peripherally located myonuclei (Cooper, Maxwell et al. 2004), which are key 

structural signs of mature myofibres. Functionally, these myotubes cultured on 

fibroblast feeder layers also displayed mature calcium transients as evidenced by 

rapid increases in intracellular calcium concentrations when electrically 

stimulated followed concurrently by slower decreases back to resting levels 

(Cooper, Maxwell et al. 2004). 

Recent reports from Gabrielle Kardon’s laboratory have further delineated the 

necessity of fibroblasts in regulating muscle development, maturation and 

indeed regeneration.  By genetically ablating Tcf4, a transcription factor 

expressed by muscle connective tissue fibroblasts, Mathew and colleagues (2011) 

initially showed lethality 24 hours after birth, with severe defects in the 

musculature such as muscle truncation and reduced slow (MYH 7) and fast (MYH 

4) expression with reciprocal increases in embryonic myosin heavy chain (MYH3).  

To confirm that this was an effect of Tcf4 in the fibroblasts and not muscle fibres 

(in which Tcf4 is lowly expressed), the authors generated a breed of mice in 

which Tcf4 ablation was specific to the fibroblasts. These experiments and 

further experiments (whereby fibroblasts specifically were ablated) yielded 

similar results suggesting that fibroblasts are crucial promoters of slow MHC 

expression (Mathew, Hansen et al. 2011). Finally these authors showed in vitro, 
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that culture of MPCs with Tcf4 positive fibroblasts led to increases in myonuclear 

number and slow MHC expression (Mathew, Hansen et al. 2011). Further studies 

aimed to elicit muscle damage in adult mice using Barium chloride injection and 

explore the influence of connective tissue fibroblasts on the skeletal muscle 

regenerative response. Using Tcf4 as a marker of fibroblasts, Sirius red to 

examine collagen deposition and Pax7/MyoD as markers of satellite cell 

activation, the authors displayed for the first time that in response to Barium 

chloride injection, satellite cells and fibroblasts proliferate extensively at the 

sight of injury while collagen deposition is increased, and then reduce in 

numbers again simultaneously and concomitantly with a reduction in collagen 

fibres in the muscle connective tissue (Murphy, Lawson et al. 2011). These 

authors went on to demonstrate that genetic ablation of fibroblasts prior to 

muscle injury caused premature and abnormal activation and differentiation of 

satellite cells, which eventually caused impaired myofibre regeneration (Murphy, 

Lawson et al. 2011).  

5.1.3 The Role of Non-Myogenic Cells in Tissue Engineered Constructs 

It is therefore clear from both in vitro and in vivo experiments that fibroblasts 

play an important role in regulating development, maturation and regeneration, 

and as such should be considered a vital component of any tissue engineered 

skeletal muscle model; however little attention has been paid to this cell type. 

Indeed, as many investigations have been carried out with engineered muscle 

using C2C12 MPCs (Cheema, Yang et al. 2003, Boonen, Langelaan et al. 2010, 

Khodabukus, Baar 2009, Aviss, Gough et al. 2010, Bian, Liau et al. 2009, van der 

Schaft, van Spreeuwel et al. 2011), enriched primary MPC cultures (Huang, 

Dennis et al. 2005, Bian, Liau et al. 2009, Hinds, Bian et al. 2011, Huang, Dennis 

et al. 2006, Pacak, Cowan 2009) or the parent heterogeneous mixture of 

myogenic and non-myogenic cellular fractions (Smith, Passey et al. 2011, Mudera, 

Smith et al. 2010, Dennis, Kosnik 2000, Beier, Klumpp et al. 2009, Boonen, 

Rosaria-Chak et al. 2009) the influence of the non-myogenic component is often 

largely overlooked (although in many cases these studies represent mechanistic 
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experiments in which using pure MPC cultures may be beneficial), and it is 

therefore unsurprising that discrepancies have been reported between pure 

myogenic cell lines and primary heterogeneous MDC cultures with regards their 

ability to produce force and respond to stimulation (Dennis, Kosnik et al. 2001, 

Dennis, Dow 2007, Langelaan, Boonen et al. 2010). 

Brady et al. (2008) used a novel means of separating the MPCs from the 

fibroblasts via immunomagnetic techniques, and subsequently seeded the MPCs 

only, fibroblasts only or the original parent cell population into 3-D tissue 

engineered collagen constructs and measured the amount of force produced in 

real-time as the cells attached to the matrix and one another. The results 

demonstrated that peak force was generated by heterogeneous cultures, 

followed by the fibroblastic/non-myogenic culture and very little force was 

developed by the myogenic cells (Brady, Lewis et al. 2008). These data coupled 

with the finding that the heterogeneous cultures had the highest Myogenin and 

MMP-2 expression suggest further that the non-myogenic cells are essential for 

optimising tissue engineered models. Recently, Li et al. (2011) used self-

assembling fibrin gels similar to those described in chapter 4 of this thesis to 

investigate the importance of fibroblasts in optimising tissue engineered muscle. 

They summarised that the optimal MPC-fibroblast ratio was 1:1 (that is the same 

number of MPCs and fibroblasts seeded onto a fibrin gel matrix) ascertained via 

immunostaining for MHC proteins and the formation of the constructs. The 

authors proceeded to demonstrate that mRNA expression of adult MHCs was 

elevated versus developmental MHCs at 14 days in culture and MHC proteins 

were present (Li, Dickinson et al. 2011). However, the experiments conducted by 

Li and Colleagues failed to maintain a constant cell number when culturing 

varying ratios of MPCs and fibroblasts, thus not controlling for this factor which 

has been previously shown to influence muscle development (Mudera et al. 2010 

and Chapter 4 of the present thesis). Furthermore, the MPCs and fibroblasts 

were from separate strains of mice cultured separately, which may influence 

cellular behaviour. 
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5.1.4 Aims and Objectives 

Thus, the aims of this chapter were to tissue engineer human skeletal muscle in 

fibrin gels as described in chapter 4 with varying proportions of myogenic and 

non-myogenic cells, whilst keeping the total cell number constant. It was also 

deemed important to use both MPCs and non-myogenic cells from the same 

parent population, and therefore it would be necessary to develop a technique 

whereby the heterogeneous mixture of MDCs could be separated. In light of in 

vivo findings, and previous data from a tissue engineering perspective it was 

hypothesised that a synergistic effect would be apparent between the non-

myogenic and myogenic cells whereby both very low and very high ratios of 

myogenic to non-myogenic cells would yield a less mature construct than those 

fabricated with more equal contributions of both cell types. To this end, it is 

important to define what outcome measures are most important in defining an 

‘optimal’ or ‘best’ myogenic proportion. Real time force generation and mRNA 

levels have previously been the focus of investigations (Brady, Lewis et al. 2008), 

whilst Li et al. (2011) have used immunostaining patterns and construct 

formation. In this chapter construct formation, skeletal muscle structure via 

immunostaining, MYH mRNA expression and MHC staining patterns will be 

considered and an overall conclusion will be forged upon analysis of all data.  
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5.2 Methodology 

5.2.1 Cell Culture 

MDCs were resuscitated from cryogenic storage and plated into 80cm2 gelatin 

coated tissue culture flasks with 20 ml GM. Media was changed every 2-3 days 

until MDCs reached seventy to eighty per cent confluency, at which point MDCs 

were enzymatically detached from the substratum and either pre-plated or 

separated via immunomagnetic techniques prior to further experimentation. It 

was deemed important to use MDCs which were similar in characteristics for this 

section of work, therefore in this chapter; M-28-RF, M-22-VL and M-24-VL MDCs 

at passage 4-6 were used for all experiments. Thus these parental MDC 

populations were between 20 and 30% desmin positive prior to any further 

separation (see chapter 3), were from individuals of the same sex, from the same 

muscle group and from donors of similar age.  

5.2.2 Differential Plating 

After enzymatic detachment and counting, 1 × 105 MDCs were plated on to 

either un-coated or gelatin coated glass coverslips and kept in standard culture 

conditions for 20, 40 or 60 minutes to allow early adherent cells to attach to the 

substratum. At each set time point, the supernatant from each well (containing 

non-adherent cells) was aspirated and plated onto gelatin coated coverslips in a 

6-well plate and maintained in culture for 24 hours before being fixed. To 

determine myogenic purity of early and late adherent MDCs, desmin staining 

was performed as described previously (2.4.2). 

5.2.3 Immunomagnetic Separation of Myogenic and Non-Myogenic Cells 

Human MDCs were separated using MACS® technology as described in 2.2.6.2. 

Briefly, following enzymatic cell detachment the MDCs were centrifuged and re-

suspended in 80µl running buffer and 20µl CD56 microbeads and incubated at 

4°C in the dark for 15 minutes. The MDCs were subsequently washed in running 

buffer and centrifuged before being passed down a separation column attached 
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to a strong magnet. The initial effluent represented the CD56- fraction. After 

thorough washing, the column was removed from the magnetic field and 

plunged with 5ml of running buffer to release the CD56+ MDCs. Both cell 

fractions were counted using a haemocytometer as per section 2.2.3 before 

being plated at 105 MDCs per well in a 6-well plate. After 24 hours in culture, 

MDCs were fixed and stained for desmin as per 2.4.2 to ascertain myogenic 

purity. 

5.2.4 Preparation of Fibrin Constructs 

Plates for fibrin gels were prepared as described in 2.3.2 and were cast as 

described in 2.3.3. After counting the CD56 positive and negative cell fractions 

following immunomagnetic separation, 4 × 105 MDCs were plated onto the fibrin 

gels at proportions which yielded 10, 50 and 75% desmin positive cells as a 

proportion of the total cell number. Fibrin constructs were cultured in GM until 

confluent at which point they were switched to DM (2% FBS/10ng.ml-1 IGF-I) and 

cultured for a total of 21 days before being sampled for immunohistochemistry 

and RNA. 

5.2.5 Immunohistochemistry 

In order to assess if myotubes had formed and the general characteristics of the 

MDCs within the constructs, immunostaining for desmin was conducted as 

described in 2.4.3 and nuclei were visualised using 7-Aminoactinomycin D (7-AAD) 

and imaged using confocal microscopy..  

Myosin heavy chain immunostaining was conducted similarly to that described 

for desmin in section 2.4.3.  Blocking and permeabilisation of the tissue was 

conducted using 5% goat serum and 0.2% triton x-100 diluted in TBS for 3 hours. 

The tissue was then washed three times with TBS, before being incubated 

overnight at 4°C with a mouse monoclonal anti-human slow MHC antibody 

(ab11083, Abcam, Cambridge, UK) diluted to 1 in 100 in TBS containing 2% goat 

serum and 0.2% triton x-100. Secondary antibody and nuclear staining was 

conducted as described in section 2.4.3. 
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5.2.6 One Step Reverse Transcription, Real Time Polymerase Chain Reaction 

(qPCR) 

Due to changes in the location of the laboratory, qPCR was conducted using 

Agilent MX3000P instrumentation and Qiagen chemistries as described in 2.5.4. 

Reaction preparation was conducted manually for this work. The primer 

sequences of the genes of interest are shown in table 2.2 and exhibited 

specificity according to 2.5.3. Data was analysed using the 2(-∆∆CT) method. 

Samples were made relative to MYH 3 in the 10% constructs and normalised to 

POLR2B. Raw CT values for all qPCR conducted in this chapter of work can be 

found in appendix 2 (table 9.4). 

5.2.7 Statistical Analysis 

Shapiro-Wilk tests were conducted in order to determine if data was normally 

distributed, and homogeneity of variation was determined using a Levenes test 

Two way ANOVA for a between measures design was used to test for statistical 

differences in desmin positivity with pre-plating. An independent samples t-test 

was used to test for a statistical difference in desmin positivity in CD56+ and 

CD56- fractions after MACS separation. Construct widths and histology measures 

(fusion index, myotubes per field of view, myotube width and nuclei per 

myotube) were analysed using one way ANOVA. MYH mRNA expression was 

analysed using a three way ANOVA for a mixed measures design. All analyses 

were conducted using SPSS version 19 with an alpha value of .05. 
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5.3 Results 

In this chapter, the importance of myogenic and non-myogenic cellular fractions 

in tissue engineering skeletal muscle was examined. Means of separating muscle 

precursor cells from non-myogenic cells in mixed MDC cultures was examined 

and analysed by ICC. Thereafter, mature constructs were examined using IHC to 

ascertain levels of structural biomimicity, and qPCR was used to examine mRNA 

expression of myosin heavy chain isoforms. 

5.3.1 Effect of Pre-Plating on the Myogenic Enrichment of Cultures 

Pre-plating was carried out for 20, 40 and 60 minutes on both gelatin coated and 

un-coated tissue culture plastic plates in order to determine if this method would 

separate myogenic and non-myogenic cell fractions as determined by desmin 

immunostaining. As displayed in figure 5.1, on un-coated tissue culture plastic, 

there was no effect for pre-plating (F(1,12) =.06, p=.810), or for time (F(2,12) =.075, 

p=.925) with no interaction effect (F(2,12) =.093. p =.913; desmin positivity 

typically 15-20%). Similarly,  on tissue culture plastic which had been coated with 

0.2% bovine gelatin solution, no effects were found for pre-plating (F(1,12) =.689, 

p=.423), time (F(2,12) =.742, p=.742) or for the interaction between the two (F(2,12) 

=.217, p=.808; desmin positivity typically 15-25%) 

5.3.2 Effect of MACS on the Myogenic Enrichment of Cultures 

Due to the failure of pre-plating techniques to successfully separate muscle 

precursor cells from the non-myogenic cells, magnetic cell sorting (MACS®) was 

used with an antibody against CD56 (Neural cell adhesion molecule-NCAM) 

which is specific to myogenic cells. Using this method, two separate cell sub-

populations were generated from the original parent population; a CD56+ 

fraction and CD56- fraction. Using ICC for desmin, it was established that the 

CD56+ fraction was 73.1 ± 4.6 % desmin positive, whereas the CD56- fraction 

only expressed desmin in 1.9 ± 3.8 % of the cells (F(6)=.138, p=.000) (see figure 

5.2). The viability of cells after undertaking MACS separation was 86.7 ± 10.0 % 

as determined by the trypan blue method. 
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Figure  5.1. The Effect of Pre-Plating on the Number of Desmin Positive 
Cells in the Pre- and Re-Plated Cell Fractions. (A). Cells Pre-plated on an 
un-coated tissue culture plastic substratum, (B). Cells pre-plated on a 
gelatin coated substratum. Data is displayed as Mean ± SD from 3 
experimental repeats in all conditions. No significant effects were found. 
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Figure. 5.2. Magnetic Cell Sorting Using MACS® Technology Successfully 
Separated MDCs in to Two Distinct Sub Populations with High and Low Desmin 
Positivity Respectively. (A.) CD56+ fraction exhibits high desmin positivity, (B.) 
CD56- fraction exhibits extremely low desmin positivity, (C.) Data presented 
represent mean ± SD from 4 experimental repeats. The difference in desmin 
positivity between CD56+ and CD56- fractions is statistically significant (p=.000).  
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5.3.3 Macroscopic Construct Observations 

Figure 5.3 illustrates the differences in macroscopic gel width at the end of the 

21 day culture period between constructs seeded with 10, 50 and 75% desmin 

positive cells as well as the MDCs from ‘parent’ populations described in chapter 

4, which comprised between 20 and 40% desmin positive cells. There is a 

significant main effect for width (F(3,19) = 15.713, p=.000), which is due to 

differences in construct width between the 10% (6.6 ± 0.8mm) and 50% (4.7 ± 

0.2mm, p=.029), and 10% and 75% constructs (4.2 ± 0.8mm, p=.004), whilst no 

difference in width exists between the 50% and 75% constructs (p=1.0). The 

constructs seeded with the ‘parent’ cell populations ended the culture period 

with significantly narrower widths (3.2 ± 0.8mm) than the 10% constructs 

(p=.000) and the 50% constructs (p=.049), with no differences between the 

‘parent’ and 75% constructs (p=.379). 

5.3.4 Effect of Varying Ratios of Myogenic to Non-Myogenic Cells on the 

Cellular Structure of Tissue Engineered Constructs 

The effect of varying ratios of myogenic to non-myogenic cells on the formation 

of skeletal muscle and plasia per se was determined via examining the fusion 

index and the number of myotubes per microscope field of view via 

immunohistochemistry. There was a significant effect for the proportion of 

desmin positive cells on fusion index (F(3,28)=18.423, p=.000) with the 10% desmin 

positive constructs exhibiting lower fusion index than all other groups (42.8 ± 

20.75% versus 86.97 ± 3.89% in the 50% group, 85.79 ± 8.36% in the 75% group 

and 78.28 ± 12.10% in the parent population respectively, p=.000). There was 

also a significant main effect for group on the number of myotubes per 

microscope field of view (F(3,28)=22.658, p=.000). The 10% constructs had 1.20 ± 

0.82 myotubes per field of view which was significantly fewer than the 50% (4.87 

± 0.98, p=.000), 75% (5.13 ± 1.23, p=.000) and parent population constructs (2.90 

± 1.03, p=.022). In figure 5.7 a montage image spanning approximately one sixth 

of a construct seeded with 75% desmin positive cells clearly illustrates the 

biomimetic structure of these constructs. 
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Figure  5.3. Width of Tissue Engineered Human Skeletal Muscle Constructs at 
the End of the Culture Period. Construct width decreased as more desmin 
positive cells were seeded on to the fibrin matrix, producing a more fascicular like 
structure. Data are presented as mean ± SD. 10, 50 and 75% groups are derived 
from n=4 repeats and ‘parent’ data from n=8. † p<.05, # p<.01, * p<.001. 
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Figure  5.4. Myotube Structure and Organisation in Tissue Engineered Human 
Skeletal Muscle Constructs with Varying Proportions of Desmin Positive Cells 
After 21 Days in Culture. Images show constructs seeded with 10% desmin 
positive cells (A), 50% (B), 75% (C) and with the parent population of cells (D, and 
chapter 4.)Muscle precursor cells and myotubes stained for desmin (green) and 
nuclei visualised with 7-AAD (red). Scale bar=20µm. 
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Figure  5.5. The Effect of the Proportion of Desmin Positive Cells on the 
Muscular Architecture of Tissue Engineered Constructs. Data presented as 
mean ± SD. n=7 repeats for 10, 50 and 75% groups and n=8 for ‘parent’ group. (A.) 
Fusion index is significantly improved in ‘parent’, 50 and 75% constructs versus 
the 10% construct, (B.). The number of myotubes per microscope field is 
significantly improved in 50 and 75% constructs versus the ‘parent’ and 10% 
constructs. † p<.05, # p<.01, * p<.001 
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The extent of the growth and hypertrophy of the myotubes within the constructs 

was examined via measuring the number of nuclei per myotube and the 

myotube width. There was a significant main effect for group on the number of 

nuclei per myotube (F(3,28)=3.541, p=.029). The least nuclei per myotube were 

found in the 10% constructs where there were 4.63 ± 1.08 which was not 

different to the 50% constructs (6.20 ± 1.34, p=.235) or the parent population 

constructs (5.82 ± 1.84, p=.597) but was significantly lower than the 75% 

constructs (6.93 ± 0.85, p=.023). No other differences were observed between 

groups. Myotube width in the 10% desmin positive constructs was 18.30 ± 2.02 

µm, 22.11 ± 2.93 µm in the 50% constructs, 22.44 ± 0.67 µm in the 75% 

constructs and 15.58 ± 3.44 µm in the parent population constructs which 

manifested in a significant main effect (F(3,26)=11.635, p=.000). Post-hoc analysis 

revealed that the 10% constructs had a significantly smaller myotube width than 

the 50% (p=.047) and 75% constructs (p=.026) and the parent population 

similarly had smaller myotube widths than the 50% and 75% groups (p=.000). No 

statistically significant differences in myotube width lay between the parent 

population and 10% groups (p=.344) or the 50% and 75% constructs (p=1.000). 

5.3.5 Myosin Heavy Chain mRNA Expression in Tissue Engineered Constructs 

with Varying Ratios of Myogenic to Non-Myogenic Cells 

Mixed measures ANOVA was used to examine statistical differences in MYH 

expression between and within constructs with varying ratios of myogenic to 

non-myogenic cells.  

When the total amount of MYH was examined in each group, there was no 

statistically significant difference (F(2,13)=3.103, p=.079). The 10% constructs 

expressed 0.524 ± 0.275 when the MYH gene expression was pooled, compared 

with 0.495 ± 0.275 in the 50% constructs and 1.301 ± 0.251 in the 75% constructs. 

Thus a trend existed whereby the 75% constructs expressed more total MYH 

mRNA compared to the constructs seeded with fewer desmin positive cells. 
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Figure  5.6. The Effect of Varying Proportions of Desmin Positive Cells on the 
Growth/Hypertrophy of Human Skeletal Muscle Tissue Engineered Constructs. 
Data presented as mean ± SD. n=7 repeats for 10, 50 and 75% groups and n=8 for 
‘parent’ group. (A.) The number of nuclei per myotube is greatest in the 75% 
desmin positive group and significantly greater than the 10% desmin positive 
constructs, (B.) myotube width is significantly greater in the 50% and 75% 
constructs compared to the ‘parent’ and 10% groups. † p<.05, # p<.01, * p<.001 
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Figure  5.7. A Montage of Images Taken at 40x Magnification Along the Length of a Construct Seeded With 75% Desmin Positive Cells. 
Myotubes are elongated, unbranched structures that run in parallel to one another in a uniaxial fashion. Also note the appearance of 
peripherally located nuclei in some myotubes as indicated by white arrows. Scale bar = 100µm. 
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When groups were pooled and differences were sought between MYH isoforms, 

there was a significant effect (F(4,52)=15.402, p=.000). Expression was highest in 

the perinatal MYH8 isoform (1.738 ± 0.402) and the slow adult isoform MYH7 

(1.169 ± 0.216). MYH3, the embryonic isoform was expressed 0.798 ± 0.208, 

whilst the fast adult isoforms were not highly expressed in general, with the IIx 

(MYH1) isoform expressed 0.136 ± 0.043 and the IIa (MYH2) isoform expressed 

0.024 ± 0.005. 

The significant interaction between group and MYH expression (F(8,52)=2.956, 

p=.008) suggests that MYH isoforms were expressed to different extents 

between the three group examined. This can be seen in figure 5.8. Indeed, 

expression of MYH 3 was 0.62 ± 0.43 in the 10% constructs compared to 0.42 ± 

0.22 in the 50% and 1.30 ± 1.26 in the 75% constructs. A similar expression 

pattern existed between groups for MYH8, with the 10% constructs expressing 

1.07 ± 1.30, the 50% constructs expressing 0.81 ± 0.48 and the 75% constructs 

expressing 3.23 ± 2.20. For MYH1, the mRNA coding for the fastest MHC isoform, 

and MYH7, the mRNA coding for the slowest adult MHC isoform, the expression 

pattern was stepwise in nature. For MYH1, the 10% constructs had an expression 

level of 0.05 ± 0.03, the 50% constructs 0.10 ± 0.06 and the 75% constructs 0.25 

± 0.27, whilst for MYH7 the 10% constructs expressed 0.70 ± 0.34, the 50% 

constructs expressed 1.13 ± 0.70 and the constructs seeded with 75% desmin 

positive cells expressed 1.68 ± 1.19. The expression of MYH2 was fairly 

ubiquitously expressed between groups, with constructs seeded with 10% 

desmin positive cells expressing 0.02 ± 0.01 and 50% constructs expressing 0.04 ± 

0.05 whilst 75% constructs similarly expressed MYH2 at a level of 0.04 ± 0.03. 

Therefore MYH expression of the adult isoforms appears to increase in a 

stepwise fashion according to number of desmin positive cells seeded within the 

constructs. 
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Figure  5.8. Myosin Heavy Chain mRNA Expression in Constructs Seeded with 
10%, 50% and 75% Desmin Positive Cells. Data are presented as mean ± SD from 
n=5/6 experimental repeats in each condition. (A).More total MYH is expressed in 
constructs seeded with 75% desmin positive cells, which express more of all MYH 
isoforms compared with constructs seeded with 10% and 50% desmin positive 
cells. In all constructs, the perinatal (MYH8) and adult slow (MYH7) isoform 
expressions predominated. (B, C). Enlarged graphs of MYH1 and MYH2 mRNA 
expression. 
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To clearly examine how the myosin heavy chain mRNA isoforms are distributed 

within constructs seeded with varying numbers of desmin positive cells, the data 

was plotted in pie chart format (see figure 5.9) in order to assess the myosin 

heavy chain ‘make-up’ within each group. For this analysis, data from the 

parental samples generated in chapter 4 has also been included (in this case the 

use of a different PCR machine bears little/no relevance). When the data is 

presented in this manner, it re-emphasises that the predominant isoforms 

expressed in all constructs are MYH8 (Perinatal) and MYH7 (Slow). Furthermore 

however, it shows that constructs seeded with 50% desmin positive cells and the 

‘parental’ MDCs from chapter 4 predominantly express MYH 7 (45%), whilst the 

75% constructs and 10% constructs predominantly express the perinantal MYH8 

isoform (50 and 45% respectively). Therefore, whilst differences exist in terms of 

overall expression levels between groups as evidenced above, here it is shown 

that irrespective of the total expression levels, within groups, the 50% and 

‘parental’ constructs appear to transcribe proportionally more adult mRNA at 21 

days in culture.  

5.3.6 Myosin Heavy Chain Immunostaining 

In order to gain more insight in to how the maturation of the constructs seeded 

with varying proportions of desmin positive cells may differ, myosin heavy chain 

immunostaining was conducted on single constructs from each condition. At the 

mRNA level slow type I myosin heavy chain appears to predominate over the fast 

adult isoforms, therefore an antibody against this protein was used to stain 

constructs seeded with 10, 50 and 75% desmin positive cells. In all constructs, 

myotubes stained positive for slow MHC, however the characteristic and 

expected striated pattern of staining was absent from the majority of myotubes. 

Indeed, only in myotubes in constructs seeded with 75% desmin positive cells 

was there any evidence of striations (see figure 5.10).  
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Figure  5.9. Proportional Contribution of Myosin Heavy Chain mRNA in Constructs Seeded with Parental MDCs and 10%, 50%, and 75% 
Desmin Positive Cells. Charts represent the mean levels of transcription of each MYH mRNA as a percentage of the total MYH mRNA 
levels within each individual group. Graphs represent constructs seeded with 10% (A), 50% (B) and 75% (C) desmin positive cells.(D) 
represents parental data from chapter 4. 
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Figure  5.10. Slow (Type 1) Myosin Heavy Chain in Tissue Engineered Human 
Skeletal Muscle Constructs. (A) 10% desmin positive construct, (B) 50% desmin 
positive construct, (C) 75% desmin positive construct, (D) zoom in on boxed 
section in C highlights the sarcomeric striations. Green = slow MHC, blue= nuclei 
(pseudo coloured). Scale bar= 20µm.
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5.4 Discussion 

Isolation of skeletal muscle derived cells by either explant culture or digestion 

yields cells that are myogenic in nature (muscle precursor cells; MPCs) and those 

which are non-myogenic, of which the primary constituent is typically connective 

tissue fibroblasts. Connective tissue fibroblasts exist in vivo in close proximity to 

muscle fibres and satellite cells (Webb 1972), and have been shown to play a 

vital role in skeletal muscle development, differentiation and maturation 

(Mathew, Hansen et al. 2011, Murphy, Lawson et al. 2011). However, as yet, 

little attention has been paid to this cell types influence on the development of 

tissue engineered skeletal muscle constructs, and as such this was the focus of 

the present chapter. 

5.4.1 Separation of Myogenic and Non-Myogenic Cells from Heterogeneous 

Parent Populations 

In order to assess the role of non-myogenic cells in optimising tissue engineered 

human skeletal muscle, it was first necessary to isolate the two cell types from 

the mixed parent population. A number of authors have reported the use of 

differential plating (pre-plating) as a means of purifying the myogenic cell 

number (Machida, Spangenburg et al. 2004, Yaffe 1968, Chirieleison, Feduska et 

al. 2011, Trenerry, Della Gatta et al. 2011, Huang, Dennis et al. 2006, Gharaibeh, 

Lu et al. 2008), and thus this method was tested firstly to see if in the MDCs 

isolated in this thesis could be separated in this manner. As shown in figure 5.1, 

pre plating for 20, 40 or 60 minutes, on either gelatin coated tissue culture 

plastic or tissue culture plastic itself, had no effect on the purity of the myogenic 

population. That is, the early adherent and late adherent MDC populations did 

not differ from one another in their expression of desmin. The majority of work 

that has examined pre-plating in human MDC cultures has done so immediately 

following MDC isolation from digestion cultures (Chirieleison, Feduska et al. 2011, 

Trenerry, Della Gatta et al. 2011), whereas in the present experiment, cells were 

isolated via explant culture and as such immediately adhere to the culture 
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substratum, dictating that in order to attempt the subsequent differential plating, 

it must be performed after enzymatic detachment from the substratum. It is 

likely that over time in culture, the cells adhesion properties are altered, and as 

such this method proved unsuccessful in separating myogenic and non-myogenic 

cell types. Previously MDCs have been separated using immunomagnetic 

techniques, whereby an antibody specific to myogenic cells is conjugated to a 

metal micro-bead. When MDCs are incubated with this antibody and 

subsequently passed through a strong magnet, the cells which have bound the 

antibody are attracted and remain in the separation column, and the cells which 

have not bound the antibody readily pass through (Sinanan, Hunt et al. 2004). 

Using this method and an antibody specific to CD56 (Neural cell adhesion 

molecule) it was possible to generate two distinct cell populations; one which 

contained 73.1 ± 4.6 % desmin positive cells, and another which was 1.9 ± 3.8 % 

desmin positive. These data are similar to those of Sinanan et al. (2004) and 

Brady et al. (2008) who reported desmin positivity of 95 and 85 % respectively in 

the positively selected (myogenic) cells, and 1% desmin positivity in the 

negatively selected (non-myogenic) cells. 

 It is of note and interesting however, that NCAM is regarded as specific for 

myogenic cells in MDC cultures, and as such one might expect a purer positively 

selected fraction as opposed to the approximately 75% desmin positive fraction 

obtained here. One possibility is that the desmin negative cells in the ‘myogenic’ 

fraction may in fact express NCAM and be myogenic in nature, but has lost 

expression of markers of myogenic commitment such as desmin. Indeed, Zammit 

et al. (2004) reported such a subpopulation or MPCs which lost or failed to 

express MyoD in culture and perhaps represents the self-renewing progeny of 

MPCs which fail to differentiate to form myotubes. This possibility seems unlikely 

as CD56 is expressed even in quiescent satellite cells in vivo, and thus it seems 

most likely that that the positively selected fraction of cells has a small degree of 

contamination of non-myogenic cells which are phenotypically the same cell 

population that constitutes the negative (non-myogenic) cell fraction. 
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5.4.2 Macroscopic Self-Assembly of Fibrin Constructs 

Separated MDCs were subsequently recombined to form three distinct groups; 

constructs containing ~10% desmin positive cells, ~50% desmin positive cells and 

~75% desmin positive cells (the highest possible number obtainable using this 

method). After 21 days in culture, distinct differences were seen between 

constructs seeded with different amounts of desmin positive cells. Indeed, the 10% 

constructs, in which the fewest myogenic cells were seeded, assembled the least, 

whilst the mean gel width for the 50 and 75% constructs approached 4mm, and 

thus the ‘fully formed’ benchmark. These findings suggest that the self-assembly 

of fibrin hydrogels is dependent upon the number of myogenic cells which are 

seeded initially, and that seeding more myogenic desmin positive cells leads to a 

more formed construct. This supports the notion of Huang and colleagues, who 

deemed the contraction of the fibrin gel to its cylindrical morphology a product 

of the onset of myotube formation and their subsequent force generation 

(Huang, Dennis et al. 2005). However, constructs seeded with the parent 

population of MDCs as described in chapter 4, which were typically between 20 

and 40% desmin positive, exhibited further formation as evidenced by a 

narrower final width (although not significantly narrower than the 75% 

constructs), perhaps indicating a synergistic effect of the non-myogenic cells and 

myotubes on the formation of these constructs. Of course the MDCs used in 

chapters 4 and 5 were not entirely from the same donors, and this may also be 

an important aspect to consider in this regard. 

5.4.3 The Proportion of Desmin Positive Cells is Important for Structural 

Biomimicity 

The fusion index and the number of myotubes per microscope field were 

measures used to determine structural biomimicity of the constructs. Constructs 

seeded with 10% desmin positive cells exhibited a fusion index of less than 50%, 

signifying that over half of the cells with potential to differentiate remained 

mononuclear in nature after 21 days in culture. This is likely a result of the 

community effect, whereby MPCs must be in contact with one another in 
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suitable numbers in order to differentiate to form multinuclear myotubes (Krauss, 

Cole et al. 2005), and in the constructs seeded with few desmin positive 

precursor cells, these contacts will be sparse. The fusion index in constructs 

seeded with 50 and 75% desmin positive cells was comparable and not different 

from the parent population, signifying suitable cell-cell interactions to sustain 

high levels of fusion.  

As illustrated in figure 5.4 and 5.5b, the number of myotubes present in 

constructs seeded with different myogenic to non-myogenic proportions was 

different. As low levels of fusion were exhibited when constructs were seeded 

with 10% desmin positive cells, it is not surprising that only slightly over 1 

myotube was observed per field of view in these constructs. 

The parent population described in chapter 4, yielded an average of nearly 3 

myotubes per 40x microscope frame, which was significantly lower than the 

number observed in both the 50% constructs (4.87 ±0.98) and 75% constructs 

(5.13 ± 1.23). This therefore illustrates, that adding more desmin positive cells to 

fibrin constructs, whilst not necessarily improving the levels of fusion per se, 

increases the number of myotubes formed due to increased availability of 

precursor cells. This notion does not support that of Li et al. (2011) who found 

higher numbers of myotubes in constructs seeded with 33 and 50% desmin 

positive cells compared to constructs seeded with 67% desmin positive cells. 

However, in this work, total cell number was altered in each condition, such that 

differences found between groups may have in fact been a result of differences 

in cell numbers as opposed to myogenic: non-myogenic cell ratios.  

The myotube width and the number of nuclei per myotube give an indication of 

the myotube sizes and capacity to synthesise new proteins, as the nuclei are 

responsible for mRNA synthesis from nuclear DNA, which is subsequently 

translated to protein on the ribosome in the sarcoplasm (Allen, Roy et al. 1999), 

and contributes to the myotube size. When the number of nuclei per myotube 

per microscope field was analysed, it was found that the most nuclei were 
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present in myotubes in constructs seeded with 75% desmin positive cells (6.93 

±0.85), followed by the 50% constructs (6.20 ±1.34), the parent population(5.82 

± 1.84) and the 10% desmin positive constructs (4.63 ± 1.08). No differences 

were found between the 75%, 50% and parent population constructs, indicating 

that the capacity to synthesise new proteins was equivalent between constructs, 

whilst lower in the constructs seeded with 10% desmin positive cells. 

Interestingly, myotube widths were significantly higher in the constructs seeded 

with 50% and 75% desmin positive cells compared to the 10% and parent 

constructs. As a result of this, it is expected that the myonuclear domain i.e. the 

area of sarcoplasm over which a single nucleus transcriptionally governs (Kadi, 

Thornell 2000, Petrella, Kim et al. 2006), is larger in the 50 and 75% constructs 

than in the parent population, as the number of nuclei per myotube is similar, 

but the myotube widths are higher. As such, the constructs seeded with 50 and 

75% desmin positive cells may have a smaller capacity to grow further, as once 

the proposed myonuclear domain ‘ceiling size’ is attained, further growth cannot 

be accomplished (Petrella, Kim et al. 2006). Indeed, further growth past this set 

point may only be attainable through addition of new nuclei to 

myofibres/myotubes (Petrella, Kim et al. 2008, Petrella, Kim et al. 2006), which 

can theoretically come from the reserve of MPCs which remain undifferentiated 

within the constructs. 

As a final note regarding structural biomimicity within tissue engineered 

constructs seeded with human MDCs, mature muscle fibres contain myonuclei 

which are located at the peripheries, as the central core is densely packed with 

contractile machinery (Charge, Rudnicki 2004), whilst in newly formed or 

regenerating fibres, the nuclei are often centrally located (Charge, Rudnicki 2004, 

Cooper, Tajbakhsh et al. 1999). As shown in figure 5.7, which is an image 

spanning approximately one sixth of a fibrin construct seeded with 75% desmin 

positive cells, in some instances, nuclei appear to be pushed to the periphery of 

myotubes, which is an indication of maturation of skeletal muscle. 
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5.4.4 Myosin Heavy Chain mRNA Expression is Dependent Upon the 

Proportion of Desmin Positive Precursor Cells Seeded in Tissue 

Engineered Constructs 

Myosin heavy chain mRNA expression was used as a means of determining the 

extent of maturation within these constructs. When MYH isoforms were pooled, 

and group differences in total MYH were examined, although no significant 

differences were observed within groups, a trend (p=.079) existed, whereby the 

highest mean MYH expression was present in constructs seeded with 75% 

desmin positive cells, which expressed over twice as much MYH mRNA than the 

constructs seeded with either 10% or 50% desmin positive cells. This is perhaps 

unsurprising, since seeding more precursor cells should raise the potential for 

myosin heavy chain synthesis. However, structurally, as discussed above, there 

were no differences in either the number of myotubes or number of nuclei per 

myotube between constructs seeded with either 50% or 75% desmin positive 

cells, which gives an indication of the actual potential of the myotubes to 

synthesise MHC. As such, this strongly indicates that the levels of total MYH 

transcription are greatest in the constructs seeded with 75% desmin positive 

cells compared with constructs seeded with lower proportions. 

When groups were pooled and the predominant MYH isoforms expressed in all 

constructs was analysed, it was found that in a similar vein to the data in chapter 

4, constructs expressed the MYH8 perinatal and MYH7 type I isoforms to the 

greatest degree. As discussed earlier in this thesis, this finding supports the 

notion of Buckingham et al. (2003) in that primary myotubes, as are cultured 

here tend to adopt a slow phenotype (as indicated by the levels of MYH7 mRNA) 

and are somewhat developmental in origin (as indicated by the levels of MYH8 

mRNA).  

It is of course important to draw conclusions regarding maturation and 

phenotype from observing the specific expression patterns of MYH between 

groups and thus the interaction between group and MYH isoform. Interestingly, 
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it was found that all MYH mRNA’s were expressed to the highest extent by 

constructs seeded with 75% desmin positive cells, and the overall pattern of 

expression was similar between constructs, with the perinatal (MYH8), 

embryonic (MYH3) and slow (MYH7) isoforms being expressed more highly than 

the fast isoforms (MYH1 and 2). However, in order to more easily observe the 

interaction and proportional distribution of MYH mRNA expression within groups, 

pie charts (figure 5.9) displaying the MYH expression as a percentage of the total 

MYH for each group were constructed. Interestingly, these charts show that 

whilst constructs seeded with 10 and 75% desmin positive cells express 

predominantly MYH 8 at 21 days in culture, the 50% group predominantly 

express MYH7, the adult slow isoform. Furthermore, in this analysis parental 

constructs formed in chapter 4 were included, and showed even more starkly 

than in 50% constructs a proportionally greater MYH7 transcription than the 75% 

constructs. The interpretation of this data is that whilst constructs seeded with 

75% desmin positive cells express more total MYH than other groups, and more 

of each specific MYH isoform, the constructs seeded with 50% desmin positive 

cells express a more adult expression profile, and constructs seeded with 

‘parental’ MDCs express an even more mature MYH profile than 50% constructs. 

Thus a hierarchy based on MYH maturity relative to total MYH can be created in 

the order 10%<75%<50%<’Parental’. It is however important to recognise that in 

chapter 4 of this thesis (where the ‘parental’ data was generated) different MDC 

cultures were used, and it is perhaps somewhat unfair to make such comparisons. 

It is however intriguing to observe that in spite of the ‘parental’ constructs 

yielding fewer myotubes per microscope frame and narrower myotube widths, 

they might still transcribe greater levels of mature MYH. 

5.4.5 Myosin Heavy Chain Immunostaining in Tissue Engineered Constructs 

Seeded with Varying Proportions of Desmin Positive Cells 

Of course, changes in MYH mRNA expression are likely transient in nature, and 

so immunostaining for type I (slow) MHC was conducted to give more insight 

into the maturation of the constructs. Whilst there was an abundance of slow 
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MHC staining in all cultures (see figure 5.10) the protein appeared to lack its 

characteristic striated appearance, and only in the 75% desmin positive construct 

was there any evidence of this striated pattern. This suggests that the contractile 

machinery are poorly organised in the constructs seeded with 10 and 50% 

desmin positive cells at 21 days in culture in tissue engineered fibrin constructs in 

comparison with the 75% construct. This finding is corroborated by that of 

Askanas et al. (1987) who cultured human myotubes for over one month, and 

failed to see cross striations.  

5.4.6 Chapter Summary 

The results obtained in this chapter of work indicate that when fibrin constructs 

are seeded with 75% desmin positive cells (whilst keeping total cell number 

constant) the structure and maturation of the skeletal muscle formed within 

them is improved. This conclusion is based on the following findings; constructs 

seeded with 75% desmin positive cells assembled to the same extent as those 

seeded with ‘parental’ MDCs (which themselves displayed the narrowest mean 

widths observed). Furthermore when observing the skeletal muscle structure; 

fusion index, the number of myotubes per miscroscope field, myotube width and 

number of nuclei per myotube was highest in the 75% desmin positive constructs. 

There was also evidence of peripherally located nuclei in these constructs and 75% 

desmin positive constructs were the only constructs of those analysed to exhibit 

cross striations and therefore mature sarcomeric assembly. Finally, when 

investigating MYH mRNA expression, total MYH was highest in 75% desmin 

positive constructs compared to other groups. 

As such it suggests that only a small non-myogenic component is required in 

these constructs to achieve optimal biomimicity and maturation. The possibility 

exists that the highest desmin positive proportion of cells used in these 

experiments i.e. 75%, is a near optimum number of myogenic to non-myogenic 

cells, and that higher proportions may hinder the structure and maturation of 

the skeletal muscle formed within the engineered constructs. However testing 
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this hypothesis was not possible in this work as the ‘purest’ myogenic fraction 

obtainable was approximately 75% desmin positive. 

Furthermore, it should be noted that in these culture conditions, an extracellular 

matrix in the form of a fibrin hydrogel was provided for the MPCs. In comparison, 

monolayer cultures on a hard, plastic substratum have noted that the addition of 

fibroblasts improve the longevity and maturation of the myotubes (Lipton 1977, 

Sanderson, Fitch et al. 1986, Cooper, Maxwell et al. 2004, Mathew, Hansen et al. 

2011) as they secrete ECM proteins. As such, perhaps it is the case that the 

extracellular matrix, and not necessarily the fibroblasts themselves that improve 

the maturation and structure of in vitro skeletal muscle. Certainly, evidence from 

Hinds et al. (2011) supports this notion, as the addition of Matrigel™, (a 

formulation of numerous ECM proteins and growth factors) to biopolymer 

matrices improved the maturation and contractile properties of the myotubes. 

Furthermore, human MDCs may be less proteolytic than MDCs from other 

animals and particularly younger animals. Indeed, it has been noted that C2C12 

myotubes in fibrin cast gels are highly proteolytic and thus require plasmin 

inhibition and/or addition of agents to strengthen the hydrogel (Khodabukus, 

Baar 2009), and P1 rat MDCs also degrade the fibrin matrix within 7 days of 

seeding (S.L.Passey, unpublished observations), whilst no such degradation was 

apparent in the present work. As such, perhaps it is the case that 

fibroblasts/non-myogenic cells may be more important for in vitro myogenesis 

when an ECM is not provided, when the cells are more proteolytic in nature or 

even when the culture conditions are longer.  

Based on the evidence from this chapter of work, it should be concluded that the 

addition of higher proportions of desmin positive MPCs enhanced the structure 

and maturation of tissue engineered human skeletal muscle. Indeed, the 

structure of the skeletal muscle constructs reported in this chapter of work is 

akin to that of skeletal muscle in vivo. As such, the next avenue of work should 
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be to determine if the engineered constructs are functional, and indeed if they 

exhibit plasticity akin to that seen in vivo. 
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6 Towards a Functional Human Tissue Engineered Muscle 

6.1 Introduction 

The primary function of skeletal muscle is to produce force which in turn allows 

movement to occur (Lieber 2002).  Single human skeletal muscle fibres from the 

vastus lateralis have been shown to produce approximately 700µN (Szentesi, 

Zaremba et al. 2001), whilst in vivo peak isometric force production from whole 

vastus lateralis muscle is between 1000 and 2000 N (Häkkinen, Newton et al. 

1998). Whilst it is unlikely that tissue engineered muscle will ever be able to 

produce high forces such as this (Bian, Bursac 2008), it is important that active 

contraction can be elicited, and that functional relationships such as force-

frequency are apparent if such models are truly to be used to advance the study 

of exercise physiology at a cell and molecular level. 

6.1.1 In Vivo Induction of Skeletal Muscle Contraction 

In vivo force is produced via excitation contraction coupling, whereby an action 

potential is passed from the CNS through a motoneuron to the muscle, which in 

turn causes depolarisation and a force production (Lieber 2002). The force of 

voluntary contractions can be measured in man using dynamometers, which can 

be used to measure concentric, isometric or eccentric contractions (Winter, 

Wells et al. 1981). Furthermore, using this apparatus, a nerve can be directly 

stimulated in order to achieve contractions in an involuntary manner (Merton 

1954), or indirectly stimulated by means of stimulating the musculature through 

transcutaneous electrodes, which stimulate the terminal branches of motor 

axons (Maffiuletti 2010). Using in vivo neuromuscular electrical stimulation 

however is limited due to the fact that it causes discomfort to participants as it 

activates pain afferents (Hainaut, Duchateau 1992), and typically activates only 

peripherally located and therefore the fast musculature (Maffiuletti 2010), and 

also requires a motor neuron (Maffiuletti 2010), thus preventing analysis of 

muscle only contractile properties. 
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6.1.2 Ex-Vivo Induction of Skeletal Muscle Contraction 

Much of what we understand today about skeletal muscle contraction has been 

derived from ex-vivo preparations, whereby the experimenter is endowed with 

greater experimental control and manipulation. Contraction can be elicited ex-

vivo in skinned skeletal muscle fibres, whereby single muscle fibres are dissected 

out of whole muscle, and the sarcolemma chemically removed, exposing the 

muscle to the outside environment (Stienen 2000). When such a muscle is 

exposed to specific ionic solutions, calcium release from the SR can be stimulated, 

causing contraction of skeletal muscle (Cooke, Bialek 1979, Godt, Maughan 1977, 

Natori 1954). This method has been used extensively in allowing scientists to 

elucidate the contractile properties which skeletal muscle possesses (Lamb 2002). 

For example, classic work from the laboratory of Stefano Schiaffino and Carlo 

Reggiani using skinned rat skeletal muscle fibres to determine that maximal 

velocity of shortening was strongly related to MHC isoforms (Bottinelli, Schiaffino 

et al. 1991), and that myosin ATPase activity was dependent upon MHC 

composition (Bottinelli, Canepari et al. 1994). 

More recently, electrical field stimulation has been used to evoke contractions in 

skinned skeletal muscle fibres skeletal muscle fibres (Posterino, Lamb et al. 2000). 

In this work, electrodes were positioned longitudinally either side of the EDL 

muscle, and field electrical stimulation was delivered to the muscle at 50V/mm 

(20V). Using this method it was possible to elicit twitch and tetanic responses 

akin to those seen with in vivo experimentation. The ability to ethically perform 

invasive procedures and manipulate multiple variables using ex-vivo preparations 

allowed the authors to determine that action potentials travel longitudinally 

along the T-tubule system within a muscle fibre, causing muscle activation 

(Posterino, Lamb et al. 2000). 

6.1.3 In Vitro Induction of Skeletal Muscle Contraction 

For over four decades it has been apparent that applying an electrical impulse to 

myotubes cultured in vitro elicited synchronous contractions (Fischbach, 
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Nameroff et al. 1971). Since this work, electrical stimulation of muscle cells in 

vitro has provided a means of investigating the response and adaptation of 

muscle to neural activity or exercise (Bayol, Brownson et al. 2005, Brevet, Pinto 

et al. 1976, Nedachi, Fujita et al. 2008, Wehrle, Düsterhöft et al. 1994), however, 

although it has proved a novel means of investigating biochemical, cell and 

molecular changes in muscle, the nature of conventional cell culture techniques, 

whereby cells are adhered in two dimensions to a stiff substratum has precluded 

the ability to measure force production in these cultures. 

The recent popular ascent of tissue engineering however, has allowed for such 

physiological measures to be accomplished. The ability to generate models 

whereby myotubes are uniaxially aligned (Cheema, Yang et al. 2003, Dennis, 

Kosnik 2000) , dictates that, when activated, force will be generated in a single 

plane. In addition, where engineered models are tethered between two fixed 

anchors such anchors can be attached to sensitive force transducers conferring 

the ability to measure either passive (Brady, Lewis et al. 2008, Cheema, Yang et 

al. 2003, Mudera, Smith et al. 2010) or active force generation (Sato, Ito et al. 

2011, Dennis, Kosnik et al. 2001, Huang, Dennis et al. 2005, Khodabukus, Baar 

2009).  Peak isometric tetanic force of between 200 and 800µN has been 

reported in tissue engineered models using either cell lines or primary rodent 

MDCs when electrically stimulated to contract at between 10 and 30 V at up to 

150Hz (Dennis, Kosnik 2000, Dennis, Kosnik et al. 2001, Larkin, Calve et al. 2006, 

Williams, Kostrominova et al. 2012, Weist, Wellington et al. 2012, Huang, Dennis 

et al. 2005, Larkin, Van der Meulen et al. 2006).  

In vitro, spontaneous myotube contractions of are often reported in the 

literature both under conventional culture conditions (Fischbach, Nameroff et al. 

1971, Bandman, Strohman 1982, Flucher, Andrews 1993) and in tissue 

engineered constructs (Dennis, Kosnik 2000, Dennis, Kosnik et al. 2001, 

Khodabukus, Baar 2009). Fischbach (1971) determined that in myogenic chick 

cultures, spontaneous and electrically induced twitch contractions occurred 
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when the resting membrane potential was -60-70mV, similar to the resting 

membrane potential seen in vivo of approximately -85mV (MacIntosh, Gardiner 

et al. 2006). Furthermore, in myotubes that had higher membrane potential and 

thus did not twitch either spontaneously or when stimulated, hyperpolarisation 

of the membrane prior to electrical stimulation resulted in twitches (Fischbach, 

Nameroff et al. 1971). Flucher and Andrews (1993) further characterised the 

nature of in vitro spontaneous and electrically stimulated twitches in rat, chick 

and C2C12 myotubes, and noted that calcium release from the SR was 

responsible for these contractions, thus revealing normal excitation-contraction 

coupling. 

 It is of note however, that spontaneous contractions have never been 

documented in human myotubes cultured alone in vitro (Askanas, Kwan et al. 

1987, Bandi, Jevsek et al. 2008, Guettier-Sigrist, Coupin et al. 2000, Tanaka, 

Furuya et al. 2000). Indeed, human myotubes cultured using conventional 

methods rarely exhibit characteristic cross –striations (Askanas, Kwan et al. 1987), 

suggesting a lack of organisation of the contractile machinery, and even fail to 

twitch or release intracellular calcium when stimulated either with caffeine or 

high potassium solutions (Bandi, Jevsek et al. 2008, Tanaka, Furuya et al. 2000). 

Indeed, it appears that full maturation of the contractile machinery and 

excitation-contraction coupling in human myotubes is dependent upon 

innervation. Co-culture experiments where human MDCs have been cultured 

with rat spinal cord explant, revealed that spontaneous contractions, induced 

contractions and maturation of the contractile machinery occurs in co-culture 

versus anneurally cultured human myotubes (Askanas, Kwan et al. 1987, Bandi, 

Jevsek et al. 2008, Guettier-Sigrist, Coupin et al. 2000, Tanaka, Furuya et al. 2000). 

The improved excitability and development of excitation-coupling apparatus in 

co-culture may be a result of direct electrical innervation of myotubes, as 

suggested by Guo et al. (2011) who found that addition of tubocurarine (which 

antagonises the acetyl choline receptor) led to the cessation of spontaneous 

contractions of human myotubes in co-culture with human spinal cord derived 
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stem cells (Guo, Gonzalez et al. 2011). This is further supported by recent work 

which utilised electrical stimulation of human myotubes in conventional culture 

to mimic exercise in vitro, and witnessed myotube contractions when stimulated 

(Nikolić, Bakke et al. 2012), and in rat myotubes electrical stimulation improved 

the appearance of striations, whereas treatment with tubocurarine reverse the 

development of the contractile machinery. Alternatively however, neurotrophic 

factors have been implicated in the development of functional myotubes, and in 

particular neuron derived agrin (Bandi, Jevsek et al. 2008). 

6.1.4 Aims and Objectives 

There is a paucity of literature regarding the functional properties of human 

skeletal muscle in vitro, and thus future work should be to attempt to  

characterise the functional properties of human skeletal myotubes in a 

biomimetic engineered system as describes in chapters 4 and 5. To this end, the 

aims of the present chapter were to fabricate a system capable of generating 

precise electrical impulses capable of stimulating engineered constructs, and 

subsequently measuring the amount of force and the excitability characteristics 

of the myotubes in these constructs. Specifically, it was hypothesised that 

constructs seeded with 75% desmin positive cells would produce force when 

electrically stimulated as they appear to have the correct sarcomeric 

organisation. However, constructs seeded with lower proportions of desmin 

positive cells would produce no or little force, as few cross-striations were 

observed in these constructs in the previous chapter. 
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6.2 Results 

In this chapter of work, a system was built and customised to allow for 

contractile force generation by tissue engineered skeletal muscle constructs to 

be quantified. Unfortunately however, due to time constraints, it was not 

possible to test the force generating ability of the engineered human skeletal 

muscle constructs described in the previous chapters. 

6.2.1 Fabrication of an Electrical Stimulation System 

LabVIEW development system 2011 (National instruments, Berkshire, UK) was 

used to generate a programme capable of producing an electrical current. The 

circuit diagram is illustrated in figure 6.1a (below). The programme was created 

in collaboration with Dr Samantha Passey, and with assistance from the technical 

support team at National Instruments. The programme is divided into two 

distinct loops; an output loop which generates an electrical impulse, and an input 

loop which captures and stores data from the force transducer (see below). 

The output loop was created in a manner which allowed for the manipulation of 

the following variables; the number of pulses, the frequency of pulses, the 

amplitude of the pulses, duty cycle (pulse width) and the delay time between 

pulse trains. These variables were then fed into a DAQ assistant USB-6211 

(National instruments) which converted this output into a functional electrical 

signal which was in turn sent to a custom built amplifier (kindly built by Dr David 

Miller). This amplifier enhanced the electrical signal which was sent to stainless 

steel electrodes. 

The pulse generation was confirmed by attaching an oscilloscope (Picoscope 

6.4.64, Pico Technology, Cambridgeshire, UK) to the stainless steel electrodes 

and observing the wave forms generated (see figure 6.1b). 

The electrodes were designed to deliver the electrical impulse/s generated by 

the system to engineered skeletal muscle, which can in turn be connected to a 

force transducer. The force transducer was highly sensitive (model 403A, Aurora 
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Scientific, Dublin, Ireland), and the displacement of the transducer head is 

converted to a voltage by the processing unit (Aurora Scientific). Output from 

this processing unit was wired back into the DAQ assistant, and relayed back to 

the computer software. The input loop of the LabVIEW programme was designed 

to write data acquired from the force transducer via the DAQ to a txt. File at a 

rate of 200Hz, which could latterly be analysed. 

6.2.2 Characterisation and Calibration of Electrical Stimulation and Force 

Recording Apparatus 

The bespoke stimulation system was programmed at various amplitudes, and an 

oscilloscope attached to the electrodes whilst submerged in standard GM in 

order to determine how amplitude related to final voltage at the electrodes, 

which would in turn reach the engineered constructs. 5 pulses were generated at 

20Hz in order to determine the voltage attained at each given amplitude. As 

shown in figure 6.2a, the maximal voltage which this system could generate was 

approximately 37 V, and the minimal voltage was less than 5 V. When the 

voltage was tested with an engineered construct between the electrodes, there 

was no detrimental effect (data not shown). 

In a similar manner, pulse width was determined at the electrodes when the 

duty cycle was set at on the stimulation programme. Pulse width was measured 

at 10, 20, 40 and 100Hz and was dependent upon the frequency. At lower 

frequencies the pulse widths attainable were greater than at high frequencies. 

For example, at 10Hz a duty cycle of 10% was equivalent to a pulse width of 

20ms, whereas at 100Hz a 10% duty cycle elicited a pulse width of 2ms. As duty 

cycle was decreased at all frequencies pulse width was reduced, and the minimal 

pulse width obtainable using this system was approximately 1ms, which did not 

differ between frequencies (figure 6.2b).  
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Figure  6.1. The Stimulation Circuit for Quantifying Active Force Generation by 
Engineered Skeletal Muscle Constructs. (A).In the upper loop, inputs were 
created which allow for the manipulation of multiple variables when generating 
an electrical impulse which are sent to the DAQ unit. In the lower loop, the DAQ 
feeds back the voltage from the force transducer. (B).An oscilloscope was used to 
observe the pulses generated by the software. 

A. 

B. 
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Figure  6.2. Determination of Voltage and Pulse Width Using the Electrical 
Stimulation System. (A.) Amplitude was set using the Labview software and 
voltage at the electrodes was measured, (B.) Duty cycle was set using the 
Labview software at four different frequencies and the pulse width was measured. 
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The force transducer itself required calibration before being viable for use in this 

system, and the calibration curve for this instrument is shown in figure 6.3c. A 

known weight was placed on the transducer and the transducer set to 1.0 V. 

Thereafter a number of known weights were placed on the transducer in order 

to generate a calibration curve. The equation of the line allows for the voltage 

recorded by the transducer to be converted in to a force reading following 

functional testing. 

6.2.3 Adaptation of the Electrical Stimulation Software for Long Term 

Electrical Stimulation of Engineered Constructs 

Because the contractile machinery was poorly organised in 10 and 50% desmin 

positive constructs analysed in the previous chapter, a new programme was 

devised which allowed for long term electrical stimulation of these constructs in 

an attempt to recapitulate neural activity, and thus advance maturation. The 

programme was unique from that used to elicit acute contractions in that there 

was an extra option to adjust the phase of the impulses, which, when set to 180 

degrees, produced bipolar square pulses (see figure 6.4b). Bipolar pulses prevent 

the build-up of excess ions at the electrodes, and prevent degradation of the 

metal electrodes (Dennis 1998), which can in turn cause damage to the tissue if it 

occurs chronically (Scheiner, Mortimer et al. 1990). Such a programme which can 

deliver long term electrical stimulation of skeletal muscle in a specific manner 

can also be used to investigate changes in skeletal muscle following exercise, as 

the stimulation variables can be customised to mimic specific exercise patterns 

seen in vivo. 

This programme was used to successfully stimulate tissue engineered constructs 

seeded with C2C12 myoblasts, but unfortunately time restraints prevented its 

use in stimulating human skeletal muscle constructs. 
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Figure  6.3. Force Transducer Calibration. Known masses were hung from the 
transducer which elicited a voltage response from the transducer (A,B). The 
masses were converted to force and plotted against the voltage output (A,C) and 
the equation of the line gives the calibration factor for subsequent tests (C). 

 
R² = 1 

0

10

20

30

40

50

60

70

80

0 0.5 1 1.5 2

M
as

s (
m

g)
 

Output (Volts) 

y = 476.2x 
r = 0.99 

0

100

200

300

400

500

600

700

800

0 0.5 1 1.5 2

Fr
oc

e 
(µ

N
) 

Output (Volts) 

Mass (mg) Force (N) Force (µN) Voltage output 
0 0 0 0.008 

25 0.000245 245.25 0.518 
32.5 0.000319 318.825 0.672 
50 0.000491 490.5 1.025 

62.1 0.000609 609.201 1.282 
75 0.000736 735.75 1.544 

A. 

B. 

C. 



Chapter 6: Towards a Functional Human Tissue Engineered Muscle 
 

 

170 | P a g e  
 

 

 

 

Figure  6.4. Adaptation of the Programme Used to Elicit Force Responses was 
Adapted for Long Term Electrical Stimulation of Engineered Constructs. (A) 
Block diagram of the stimulation circuit showing the inserted of a ‘phase’ option 
which allowed for bipolar pulse generation and, (B) an oscilloscope trace from the 
electrodes shows that bipolar pulses of even amplitude and pulse width can be 
generated with this programme. 
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6.3 Discussion 

Quantification of the amount of force produced by skeletal muscle has long been 

used in vivo to determine the effect of interventions aimed at skeletal muscle 

adaptation (Häkkinen, Kraemer et al. 2001). Meanwhile, in vitro skeletal muscle 

culture has proved a useful means of investigating the cellular and molecular 

mechanisms underpinning functional adaptation in a controlled environment 

(Stitt, Drujan et al. 2004). The recent advances in tissue engineering however 

have advanced the biomimicity of in vitro cultures (Bian, Bursac 2008), and thus 

it is now possible at least in part, to use engineered skeletal muscle models to 

give a more complete picture of skeletal muscle adaptation to a number of 

possible interventions (Huang, Dennis et al. 2006). In the present chapter, it was 

sought to develop a system capable of electrically stimulating engineered 

skeletal muscle constructs. 

6.3.1 Fabrication of a System Capable of Generating an Electrical Impulse and 

Measuring Force 

Skeletal muscle is an electrically excitable tissue, therefore a system was 

fabricated which could generate an electrical impulse capable of stimulating 

engineered constructs and measure the amount of force produced in response 

to this electrical stimulus. The system allowed for the alterations of pulse 

amplitude, width and frequency of stimulation, in an effort to manipulate 

variables which are specific to motor units and/or exercise types. The maximal 

voltage that could be attained with this equipment was 30 V and pulse width 

could be reduced to 1ms (the frequency could be altered accordingly). In vivo, 

motor units fire at frequencies of 20-100Hz depending on the fibre type 

(Schiaffino, Reggiani 2011), whereby slow motor units achieve maximal fused 

contractions at around 100Hz  and fast units at 200Hz in rat skeletal muscle 

(Hennig, Lømo 1985). Pulse widths typically do not exceed 1ms, and pulse 

amplitudes are approximately 1mV in rats (Hennig, Lømo 1985). Thus, the 

system was capable of stimulating skeletal muscle constructs in a manner akin to 

that seen in vivo. 
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6.3.2 Potential Results 

Due to time constraints, it was not possible in this work to utilise the custom 

built system and measure the functional characteristics of the human skeletal 

muscle constructs described in this thesis. It is therefore worth contemplating 

potential results in the context of previous literature. Similar systems to those 

fabricated in this chapter have been used to stimulate skeletal muscle 

engineered from cell lines and primary rat MDCs (Dennis, Kosnik 2000, Dennis, 

Kosnik et al. 2001, Kosnik, Faulkner et al. 2001, Huang, Dennis et al. 2005, 

Khodabukus, Baar 2009, Larkin, Van der Meulen et al. 2006), and have in all cases 

witnessed excitability of the myotubes and therefore force production. Indeed, 

primary rat myotubes in laminin based constructs have been shown to produce 

maximal tetanic force of approximately 300 µN (Williams, Kostrominova et al. 

2012, Weist, Wellington et al. 2012), and in fibrin based constructs produce up to 

800 µN (Huang, Dennis et al. 2005). No data exists however regarding the 

functional characteristics of human skeletal MDCs in engineered constructs. 

However, from the literature it appears evident that human myotubes cultured 

alone in vitro generally fail to fully mature and produce force either 

spontaneously or when stimulated to do so (Askanas, Kwan et al. 1987, Bandi, 

Jevsek et al. 2008, Guettier-Sigrist, Coupin et al. 2000, Tanaka, Furuya et al. 2000). 

Indeed, skeletal muscle is characterised by its striated appearance which is 

brought about by the actin-myosin organisation (Hanson, Huxley 1953). The 

interactions between these proteins is in turn responsible for force production in 

skeletal muscle (Huxley, Hanson 1954, Huxley, Niedergerke 1954), and it 

therefore follows that if the structural organisation is not in place, then active 

force will not be produced (Lieber, Friden 2000). In chapter 5 of this thesis it was 

evident that some striations were evident in human tissue engineered constructs 

fabricated with 75% desmin positive cells, and thus one may expect to witness a 

degree of excitability in such constructs. However, whilst muscle force is 

produced through actin-myosin interactions, a pre-requisite to this is calcium 

release which in turn comes about through membrane excitability. The 
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sarcolemma must have an adequately low membrane potential in order to be 

excited by electrical stimulation (Fischbach, Nameroff et al. 1971), and thereafter 

must possess adequate proteins implicated in calcium release from the SR. These 

properties have previously been found lacking in human myotubes (Bandi, Jevsek 

et al. 2008), which perhaps suggests that even if the sarcomeric proteins are 

organised (as in the 75% constructs in chapter 5) excitation-contraction coupling 

and force production may be limited in these engineered skeletal muscle 

constructs.  

6.3.3 Means of Advancing Maturation and Achieving a Functional Tissue 

Engineered Human Skeletal Muscle Construct 

Full maturation and development of human myotubes in vitro has been shown to 

be advanced by co-culture with neural cells either in the form of spinal cord 

explant (Askanas, Kwan et al. 1987, Bandi, Jevsek et al. 2008), or primary neural 

cells (Guettier-Sigrist, Coupin et al. 2000, Guo, Gonzalez et al. 2011). Data from 

Guettier-Sigrist et al. (2000) displayed that spontaneous contractions of human 

myotubes in culture were only evident when cultured with motoneurons, 

schwann cells and sensory neurones, highlighting the complexity involved in full 

maturation. Interestingly, adding neurally derived trophic factors may also 

bestow a degree of increased maturation and function upon human myotubes, 

as Bandi et al. (2008) showed that adding conditioned media from nerve-muscle 

co-cultures, and latterly neural derived agrin, advanced maturation of the 

excitation-contraction coupling mechanism. Further work from this group has 

detailed that agrin hyperpolarises the membrane potential of the myotubes 

(Jurdana, Fumagalli et al. 2009), which has previously been shown to be essential 

in order to achieve functionality in human myotubes (Fischbach, Nameroff et al. 

1971). It is therefore likely that neurally derived trophic factors such as agrin, 

along with the electrical activity of the motoneurons themselves (Guo, Gonzalez 

et al. 2011) are implicated in advancing maturation of the myotubes and thus 

endowing them with the ability to produce force when stimulated to do so. 
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6.3.4 Electrical Stimulation as a Means of Advancing Maturation in Tissue 

Engineered Skeletal Muscle Constructs 

Long term electrical stimulation of tissue engineered constructs would provide a 

potential means of firstly advancing maturation so as to create a functional 

tissue, and latterly stimulating the muscle constructs in a manner akin to 

activity/exercise in vivo. Indeed, electrical stimulation of MDCs/myotubes in 

conventional culture conditions has been a popular method for mimicking 

exercise/neural activity (Nikolić, Bakke et al. 2012, Bayol, Brownson et al. 2005, 

Brevet, Pinto et al. 1976, Nedachi, Fujita et al. 2008, Wehrle, Düsterhöft et al. 

1994) and has been shown to increase the appearance of striations in rat 

myotubes (De Deyne 2000). Bespoke systems have been fabricated previously 

(Donnelly, Khodabukus et al. 2010) which can provide accurate electrical 

stimulation to engineered fibrin constructs (Khodabukus, Baar 2011, Huang, 

Dennis et al. 2006) over a chronic period of time. In the present work, the 

stimulation circuit used to functionally test engineered constructs was altered so 

that pulses were applied in a bipolar fashion in order to avoid ionic build-up at 

the electrodes which is potentially toxic to the tissue (Scheiner, Mortimer et al. 

1990). Although this system was not utilised to stimulate human skeletal muscle 

constructs in the present thesis, this will be an interesting future direction to 

explore as a means of recapitulating neural activity and achieving maturation and 

function in these cultures. 

6.3.5 Chapter Summary 

The work presented in this chapter has detailed the production of a system 

capable of electrically stimulating tissue engineered skeletal muscle constructs 

either for functional testing i.e. measuring force and excitability, or for chronic 

stimulation to help advance maturation of the muscle or replicate 

exercise/activity paradigms. Whilst it was not possible to test this system on the 

human skeletal muscle constructs described previously in this thesis, it is 

anticipated that functional properties of these constructs would be poor, in 

accordance with previous literature and in spite of the cross-striations found in 
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constructs fabricated in chapter 5. This therefore provides an exciting 

opportunity for future research to systematically test these constructs, as well as 

to experiment with various interventions aimed at improving the maturation and 

functional properties of these constructs. If these efforts prove successful, and 

deem the constructs functional, future studies could utilise this model in exercise 

physiology. 
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7 General Discussion 

The data collected and presented in this thesis represent an attempt to develop, 

characterise and optimise a tissue engineered model seeded with primary 

human MDCs which is akin to the structure and function of in vivo skeletal 

muscle. The ultimate goal of this work is to attain a model which can be used in 

future studies to investigate skeletal muscle adaptation to a variety of stimuli, 

and would be particularly pertinent in the field of exercise physiology. The work 

undertaken here has characterised primary skeletal MDCs under conventional 

conditions and subsequently utilised these cells to develop and define a human 

tissue engineered skeletal muscle model.  

Traditionally work in exercise sciences is conducted using human participants. 

Whilst this remains the only true clinical test of physiology and function in 

response to interventions, there is a very obvious limit to these experiments due 

to ethical implications associated with invasive procedures and the lack of 

experimental control, as well as the inability to distinguish between correlation 

and causation in terms of data. Much work in this area has also been conducted 

in animals, and whilst this provides a more invasive means of experimentation, 

the sacrifice of multiple animals is viewed poorly, and systems and pathways are 

often dissimilar between species, bringing into question the validity of the results. 

In vitro cell culture is therefore becoming a more popular method for exploring 

cellular and molecular adaptations in skeletal muscle. However, conventional 

conditions often fail to accurately mimic the in vivo skeletal muscle niche, and as 

such tissue engineering of skeletal muscle models has moved to the fore in 

recent years; however as yet, there has been a paucity of literature with regards 

the culture of human skeletal muscle cells in a biomimetic tissue engineered 

model. The development of such a model would allow for skeletal muscle 

adaptation to be studied in the human species in controlled conditions which 

accurately mimic the skeletal muscle in vivo niche, and present no ethical 

implications to experimentation. 
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7.1 Key Findings 

A plethora of literature exists examining the behaviour of primary rodent (Smith, 

Passey et al. 2011, Dennis, Kosnik 2000, Bian, Bursac 2009) and myogenic cell 

lines (Cheema, Yang et al. 2003, Boonen, Langelaan et al. 2010, Khodabukus, 

Baar 2009, Bian, Liau et al. 2009, Vandenburgh, Del Tatto et al. 1996) in tissue 

engineered constructs. However, there is a paucity of work examining the 

behaviour and biomimicity of human MDCs in such constructs. To this end, 

human MDCs were isolated from explanted human skeletal muscle biopsies and 

characterised in order to ascertain the potential and ability of the cells to form 

muscle fibres in vitro (myotubes). The data collated indicated that human MDCs 

lose myogenic potential and myogenicity (myogenic ability) when sub cultured in 

vitro, which precluded the growth of large myogenic cell numbers; a common 

pre-requisite for tissue engineering using many well characterised models 

(Mudera, Smith et al. 2010, Bian, Bursac 2008).  

In order to evaluate human MDC behaviour in tissue engineered constructs, a 

fibrin based model which has been previously published when seeded with 

rodent (Huang, Dennis et al. 2005, Huang, Dennis et al. 2006) and C2C12 

myoblasts (Khodabukus, Baar 2009, Khodabukus, Baar 2011) was adapted for 

purpose. Growth and differentiation of MPCs in this model was shown to be 

dependent on the number of MDCs initially plated on to the fibrin matrix in 

order to achieve a tightly contracted fascicular like structure with extensive 

myotube formation. Over 21 days in culture, the skeletal muscle constructs 

matured to a point where perinatal and adult type I myosin heavy chain mRNA 

predominated over other isoforms, which is an expression pattern previously 

noted in vivo during development (Condon, Silberstein et al. 1990a). When 

compared to conventional monolayer culture conditions on a plastic substratum, 

myotube structure was more biologically relevant, and mRNA expression of 

myosin heavy chains was similar, although appeared to exhibit a slight lag. This 

work emphasises the flexibility of this fibrin based model for use with MDCs from 

different donor types, and highlights its role in improving biomimicity over 
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conventional culture conditions. However, it also underlines the need to pay 

attention to cell seeding density, as this can have substantial effects on the 

nature of the pseudo-tissue fabricated. 

The successful culture of human MDCs in this model allowed for a further set of 

experiments to manipulate the cellular fractions within the constructs and test 

the importance of the non-myogenic (fibroblast) cells in engineering skeletal 

muscle. In order to achieve this, magnetic cell separation of human MDCs was 

achieved using MACS technology, and the proportions of myogenic and non-

myogenic cells were altered when plated on to fibrin matrices. The data here 

determined that the highest ratio of myogenic –to-non-myogenic cells tested, 

yielded the most biologically accurate and developed tissue, as determined by 

cellular and molecular analysis. This suggests that when seeding human MDCs in 

constructs with existing ECM, a high myogenic: non-myogenic cell ratio is 

beneficial and improves maturation. However, it is of note that in cell types 

which exhibit more ECM degradation (Khodabukus, Baar 2009) metabolic activity 

and contractility (Dennis, Kosnik et al. 2001) in culture, these non-myogenic cells 

may be more important and greater numbers may be required. 

Since the long term goal of engineering human skeletal muscle in vitro is for its 

use in exercise physiology in advancing understanding of skeletal muscle 

adaptation, it was sought to determine if the engineered muscle so far described 

was indeed functional. To this end, a system capable of electrically stimulating 

these constructs was developed. Such systems have been built previously and 

used to stimulate models similar to that described here (Donnelly, Khodabukus 

et al. 2010). However, in the work conducted in this thesis, time constraints 

prevented measurements of force and excitability of these constructs. However, 

immunostaining of the contractile machinery indicated that its organisation was 

somewhat poor, which may in turn have resulted in limited force generation. 

Advancing the maturation of the contractile machinery and excitation-

contraction coupling mechanisms in these models therefore confers the next 
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stages in developing a model suitable for investigations in human muscle 

physiology and function. 

7.2 Limitations to the present work 

In chapter 3 of this thesis, conclusions were drawn with regards the apparent 

effect of chronological age on MDC characteristics. However, it is of note that the 

MDCs obtained from older donors and utilised in this thesis were also from those 

individuals undergoing orthopaedic surgery. As such, it is likely that the area 

from which muscle was obtained was injured in some manner (likely affecting 

the musculature). Injury or damage to skeletal muscle results in the activation 

and proliferation of satellite cells (Bruusgaard, Johansen et al. 2010, Hill, Wernig 

et al. 2003, Cermak, Snijders et al. 2013), and therefore the extent to which the 

satellite cell pool had been enhanced prior to obtaining the biopsied muscle 

cannot be controlled for. Indeed, if those individuals undergoing surgery had 

recently enhanced the satellite cell pool, and these cells were subsequently 

isolated as MDCs, this may have somewhat masked any true effect of age on 

satellite cell characteristics. However, it is likely that donors undergoing surgery 

would have received anti-inflammatory drugs in the days/weeks preceding 

surgery, and it has been reported that such medication in fact blunts the 

activation and proliferation of satellite cells following damage (Mackey, Kjaer et 

al. 2007, Mikkelsen, Langberg et al. 2009). As such, the satellite cells population 

may have remained quiescent (at least in part) as a result of the probable 

damage to the muscle tissue local to the area of injury.  

In chapters 4 and 5, myosin heavy chain mRNA expression was analysed as a 

means of determining the state of maturation/adaptation of the skeletal muscle 

constructs. It would have been favourable to measure myosin heavy chain at the 

protein level, to compliment the qPCR data obtained throughout this thesis. 

Whilst it has been shown that MHC levels follow that of MYH expression 

(DeNardi, Ausoni et al. 1993), it would have been interesting to measure these 

proteins as this has not previously been determined in this model. Previous work 
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utilising similar connotations of this fibrin based model have successfully 

extracted protein and carried out western blotting for MHC proteins 

(Khodabukus, Baar 2009), and so this should be achievable in future studies of 

engineered human skeletal muscle. 

Finally, the lack of functional data obtained from the human skeletal muscle 

tissue engineered constructs in the present work represents the largest 

limitation to the model itself. Of course, without functional outputs from such 

models, their utility is limited although not obsolete. Indeed, it may still be 

possible to use such models to test the effects of nutritional interventions, 

pharmacological agents, growth factors etc. on cellular and molecular outputs 

such as myotube size, protein and gene expression. However, whilst this would 

still mark advancement over conventional culture conditions, it would not satisfy 

the overall aim of using such a model as somewhat of a surrogate for human 

and/or animal experimentation. As such, it should be made a priority in future 

studies to work towards a functional human tissue engineered skeletal muscle 

model. 

7.3 Future Directions 

This thesis has gone some way in characterising and optimising the culture of 

human MDCs in a fibrin based tissue engineered construct, however there is still 

a substantial amount of work to be undertaken in order to meet the aim of using 

such a model in exercise sciences as a proxy for animal and, in some degree 

human testing. 

Firstly, the logical progression from this thesis is to determine if human tissue 

engineered skeletal muscle models are functional. To this end, the system 

described in chapter 6 should be utilised to determine the excitability of 

constructs seeded with 75% desmin positive cells (those which exhibit striations). 

Measures such as peak force, time to peak twitch and relaxation time would 

bestow valuable information from which further experiments/studies could be 

designed. 
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As the literature suggests that full maturation of the excitation-contraction 

coupling machinery and force generation in human myotubes is dependent on 

neural co-culture, it will be of interest to determine if chronic electrical 

stimulation of these engineered constructs achieves this, and renders them 

functional. This would allow for more thorough experimentation to occur using 

these constructs, without interference from contaminating cell types. In addition, 

it would also be valuable, to add neurally derived trophic factors to the culture 

media in which the tissue engineered constructs are bathed, in order to confer 

some functionality in this manner. In particular, the neural protein, Agrin, has 

been highly implicated in muscle maturation at the post-synaptic membrane, 

and as such may contribute to the development of a functional model. 

Whilst functional testing is an important measure of muscle adaptation, our 

understanding of the behaviour of human MDCs within these constructs may be 

advanced by conducting electrophysiological experiments with patch clamping, 

or investigating calcium transients via fluorescent calcium imaging techniques. 

Gaining insights into the excitation-contraction coupling mechanism in this way 

may help to understand how electrical stimulation, and/or culture with neurally 

derived proteins advance the maturation of the myotubes within the constructs. 

Whilst either subjecting the constructs to chronic electrical stimulation or adding 

neurally derived proteins to the culture media may provide a means of improving 

myotube maturation and functionality in the absence of neural innervation, 

adding motoneurons to the developing myotubes may be a means to achieve 

this goal in a less systematic manner. Whilst the majority of co-culture literature 

has utilised spinal cord explant to generate nerve-muscle contacts (Larkin, Van 

der Meulen et al. 2006, Askanas, Kwan et al. 1987, Bandi, Jevsek et al. 2008, 

Mars, King et al. 2003), isolation of motoneurones from the spinal cord of rodent 

embryos, or the use of embryonic stem cell derived motoneurons, would allow 

for such potential interactions to occur in a much more precise way. 

Furthermore, if a neuromuscular junction could be formed using this method, it 
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would potentially provide a test-bed, not only for exercise physiology studies, 

but also for research in to neuromuscular disease and pharmaceuticals, and may 

considerably reduce the number of animals used in this type of research. 

Finally, even in the absence of functional outputs, it should be sought to 

determine if the myotubes in human engineered constructs here described, 

respond in a known manner to a variety of stimuli. For example, 

activation/inhibitor studies of known proteins implicated in the hypertrophy 

process could be carried out to determine if the size of the myotubes and indeed 

the protein/gene expression is sensitive in a similar manner to that known to 

occur in vivo. Positive results would help to validate this model for further use. 

7.4 Conclusions 

The work described in this thesis has detailed the in vitro culture of human MDCs 

in a self-organising fibrin based matrix. These methods promote high levels of 

fusion and the organisation of human myotubes into a parallel fascicular like 

arrangement, akin to that of in vivo skeletal muscle. This culture method is an 

improvement over conventional culture on stiff plastic substrates, and may 

provide an ideal basis for further research into human skeletal muscle cell and 

molecular adaptation, and an ideal translational model from classical in vivo 

physiology to in vitro mechanistic studies. Such constructs may also provide an 

invaluable test-bed for high throughput screening studies, and reduce the 

reliance on animals in scientific research. 
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9 Appendices 

9.1 Appendix 1 

Table  9.1. Raw quantification of the growth characteristics of each MDC culture 
isolated from separate skeletal muscle biopsies 

Culture Passage Cells 

Seeded 

Cells at 

Passage 

Population 

Doublings 

Days in 

Culture 

M-28-RF 1 

2 

3 

4 

5 

6 

7 

8 

9 

N/A 

100000 

100000 

200000 

250000 

250000 

250000 

200000 

200000 

100000 

400000 

510000 

2000000 

1100000 

1680000 

1000000 

775000 

143000 

1 

3 

5.35 

8.67 

10.81 

13.56 

15.56 

17.51 

20.35 

10 

18 

29 

41 

45 

52 

56 

63 

70 

F-74-VM 1 

2 

3 

4 

5 

6 

N/A 

200000 

200000 

200000 

200000 

200000 

200000 

1580000 

1440000 

1590000 

910000 

1000000 

1 

3.98 

6.83 

9.82 

12.01 

14.33 

14 

36 

44 

54 

62 

75 
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7 

8 

9 

200000 

200000 

200000 

750000 

612500 

280000 

16.23 

17.85 

18.34 

93 

104 

116 

F-56-GM 1 

2 

3 

4 

5 

6 

7 

8 

9 

N/A 

150000 

250000 

250000 

250000 

250000 

250000 

250000 

250000 

150000 

600000 

1045000 

1030000 

1120000 

1310000 

1520000 

865000 

740000 

1 

3 

5.06 

7.10 

9.26 

11.65 

14.26 

16.05 

17.61 

20 

41 

54 

61 

73 

78 

85 

93 

106 

F-38-VL 1 

2 

3 

4 

5 

6 

7 

8 

N/A 

75000 

225000 

225000 

225000 

225000 

225000 

200000 

75000 

250000 

1205000 

900000 

760000 

700000 

400000 

495000 

1 

2.74 

5.15 

7.15 

8.91 

10.55 

11.38 

12.69 

14 

30 

49 

56 

61 

71 

78 

84 
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9 200000 315000 13.34 98 

M-71-S 1 

2 

3 

4 

5 

6 

7 

8 

9 

N/A 

75000 

177500 

225000 

225000 

200000 

200000 

200000 

200000 

150000 

355000 

755000 

890000 

700000 

590000 

445000 

607500 

625000 

1 

3.24 

5.33 

7.31 

8.95 

10.51 

11.66 

13.27 

14.91 

14 

37 

45 

50 

59 

66 

72 

80 

92 

M-22-VL 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

N/A 

174000 

782500 

161818 

166250 

96666 

164083 

187500 

187500 

187500 

174000 

782500 

1780000 

665000 

290000 

192250 

927500 

540000 

897500 

1105000 

1 

3.17 

4.35 

6.39 

7.20 

9.54 

12.04 

16.57 

15.82 

18.39 

12 

19 

23 

27 

31 

36 

43 

48 

55 

62 
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11 187500 880000 20.62 69 

M-24-VL 1 

2 

3 

4 

5 

6 

7 

8 

9 

N/A 

150000 

750000 

150000 

88750 

187500 

150000 

187500 

187500 

150000 

750000 

1802000 

426000 

460000 

710000 

875000 

970000 

745000 

1 

3.32 

5.22 

6.73 

9.10 

11.02 

13.57 

15.94 

17.93 

10 

17 

21 

26 

32 

38 

45 

52 

59 
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9.2 Appendix 2 

Table  9.2. Raw CT values obtained for all genes examined in engineered constructs. These data were used to construct figure 4.6. 

 
Sample MYH 3 mean CT MYH 8 mean CT MYH 1 mean CT MYH 2 mean CT MYH 7 mean CT RP2 mean CT 

7 days M-28-RF a 23.01 21.98 22.24 27.3 21.75 24.61 

 
M-28-RF b 23.16 21.87 22.33 27.11 21.79 24.96 

 
M-28-RF c 22.98 21.99 22.27 27.53 22.05 25.47 

 
M-71-S a 16.87 16.48 18.53 24.51 17.71 24 

 
M-71-S b 16.66 16.27 18.18 24.16 17.36 24 

 
F-38-VL a 22.5 20.49 22.63 27.55 21.21 24.62 

        
        
14 days M-28-RF a 18.2 17.26 18.48 22.34 15.61 23.8 

 
M-28-RF b 18.71 17.83 19.25 23.04 16.05 24.16 

 
M-28-RF c 18.83 17.79 19.27 23.11 16.73 24.76 

 
M-71-S a 19.21 18.2 19.11 23.16 18.66 24.17 

 
M-71-S b 18.83 17.69 19.14 23.4 18.23 23.75 

 
F-38-VL a 17.71 16.4 19.24 22.81 15.64 24.29 

        
        
21 days M-28-RF a 19.15 17.65 20.64 24.24 16.25 28.45 

 
M-28-RF b 17.85 16.25 19.4 28.88 14.98 26.82 

 
M-28-RF c 18.28 16.74 19.81 23.25 15.69 27.6 

 
M-71-S a 19.3 18.48 no data 23.69 19.19 27.1 

 
F-38-VL a 16.56 15.94 19.14 22.44 14.87 29.02 
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Table  9.3. Raw CT values obtained for all genes examined in comparisons between engineered constructs and monolayer cultures. 
These data were used to construct figure 4.8. 

 
Sample MYH 3 mean CT MYH 8 mean CT MYH 1 mean CT MYH 2 mean CT MYH 7 mean CT RP2 mean CT 

Engineered 7 days M-28-RF a 23.01 21.98 22.24 27.3 21.75 24.61 

 
M-28-RF b 23.16 21.87 22.33 27.11 21.79 24.96 

 
M-28-RF c 22.98 21.99 22.27 27.53 22.05 25.47 

 
M-71-S a 16.87 16.48 18.53 24.51 17.71 24 

 
M-71-S b 16.66 16.27 18.18 24.16 17.36 24 

 
F-38-VL a 22.5 20.49 22.63 27.55 21.21 24.62 

        
        
Engineered 14 
days M-28-RF a 18.2 17.26 18.48 22.34 15.61 23.8 

 
M-28-RF b 18.71 17.83 19.25 23.04 16.05 24.16 

 
M-28-RF c 18.83 17.79 19.27 23.11 16.73 24.76 

 
M-71-S a 19.21 18.2 19.11 23.16 18.66 24.17 

 
M-71-S b 18.83 17.69 19.14 23.4 18.23 23.75 

 
F-38-VL a 17.71 16.4 19.24 22.81 15.64 24.29 

        
        

Monolayer 7 days M-28-RF 1 a 16.59 15.9 18.77 23 14.87 24.5 

 
M-28-RF b 16.49 15.93 18.43 23.08 14.87 24.36 

 
M-28-RF c 16.55 15.88 18.58 23.01 14.83 24.09 

 
M-71-S a 18.01 17.6 19.39 24.11 16.99 24.47 

 
F-38-VL a 16.22 15.01 18 22.13 14.97 24.1 
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F-38-VL b 17.12 15.77 18.97 23.4 15.73 24.72 

        
        
Engineered 14 
days M-28-RF a 18.02 16.8 18.09 22.26 15.33 24.04 

 
M-28-RF b 18.1 16.74 18.07 22.21 15.21 23.86 

 
M-28-RF c 18.41 16.87 18.24 22.23 15.62 24.05 

 
M-71-S a 19.23 18.17 18.86 23.03 17.9 23.86 

 
M-71-S b 18.55 17.56 18.5 23.05 17.28 24.11 

 
F-38-VL c 16.71 15.9 18.01 22.26 14.9 23.9 
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Table  9.4. Raw CT values obtained for all genes examined in comparisons between engineered constructs and monolayer cultures. 
These data were used to construct figures 5.8 and 5.9. 

 
Sample MYH 3 mean CT MYH 8 mean CT MYH 1 mean CT MYH 2 mean CT MYH 7 mean CT RP2 mean CT 

10% constructs  M-22-VL a 18.85 19.37 23.45 25.04 19.69 19.96 

 
M-22-VL b 22.33 20.21 23.99 25.64 20.17 19.93 

 
M-24-VL a 22.98 21.1 26.29 27.6 22.81 20.53 

 
 M-22-VL c 19.67 19.73 22.58 24.39 18.94 18.81 

 
 M-28-RF a 18.83 19.04 22.32 24.94 18.83 18.85 

 
 M-28-RF b 21.5 20.81 24.96 26.97 no data 20.04 

        
        50% constructs M-22-VL a 19.79 18.16 20.51 23.72 18.34 18.74 

 
M-28-RF a 20.47 17.57 20.68 23.33 17.07 18.29 

 
M-22-VL b 19.34 20.22 23.22 25.31 19.4 19.81 

 
M-28-RF b 22.67 21.7 25.21 27.72 21.44 21.28 

 
M-22-VL c 20.72 20.78 23.99 26.18 19.81 21.22 

 
M-24-VL a no data no data no data 27.04 no data no data 

        
        75% constructs M-22-VL a 20.3 18.66 22.91 25.14 19.83 20.18 

 
M-22-VL b 21.76 19.93 23.55 26.09 20.95 21.2 

 
M-24-VL a 22.54 21.77 24.84 27.94 23.39 21.99 

 
M-22-VL c 18.58 17.42 20.45 23.15 18 19.93 

 
M-28-RF a 20.36 18.31 23.45 25.51 18.86 20.8 

 
M-28-RF b 20.61 19.07 23.83 26.12 19.94 20.36 
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