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Abstract 

 

Background: The neuromuscular junction (NMJ) is a unique chemical synaptic connection 
between muscle fibre and motor neurons. NMJ is a complex structure that serves to 
efficiently communicate the electrical impulse from the motor neuron to the skeletal muscle 
to signal contraction making it difficult to isolate and dissect to enable the understanding of 
the underlying mechanisms and factors affecting neurodegeneration and muscle wasting 
associated with ageing and diseases (i.e. cancer and diabetes).   Despite several decades 
of NMJs research, the prospect of in vivo NMJ studies is limited and these studies are 
challenging to implement. Thus, new sophisticated models are required to more efficiently 
trial novel drugs and compounds designed to enhance muscle growth and regeneration.  
Objective: The aim of this project is to establish a novel functional human NMJs platform, 
which is serum and neural complex media/neural growth factor-free, using human 
immortalised myoblasts and human embryonic stem cells (hESCs)-derived  neural progenitor 
cells (NPCs) which could be used as disease model to study diseases associated with NMJ 
dysfunction. Methods:  immobilised human myoblasts were co-cultured with hESCs for 7 
days in serum and neural growth factors free differentiation media. In this co-culture model, 
functional NMJs form, myotubes exhibit advanced differentiation into muscle tissue and they 
undergo nerve-evoked contractions. The model fully characterised using different antibodies 
against specific markers for NMJ formation and for motor neurons and myoblast 
differentiation.  The functionality of the NMJ  was assessed using different pharmacological 
drugs. Finally, the model was evaluated as diabetic specific model using advanced glycation 
end products and cross-talk between muscle and motor neurons and endogenously secreted 
neural growth factors were investigated.  
Results: It was confirmed that the NPCs had matured into cholinergic motor neurons using 
choline acetyltransferase and βIII-tubulin immunostaining. Multiple NMJ innervation sites 
were formed from neuronal axon sprouting branched along the myotubes resulting in 
extensive, spontaneous contractile activity shown in the myotubes. Postsynaptic site of NMJs 
was further characterised by staining dihydropyridine receptors, ryanodine receptors, and 
acetylcholine receptors by α-bungarotoxin (α-BTX). The functional assessments using 
different agonists and antagonists pharmacological drugs (L-glutamic acid, α-BTX and 
Tubocurarine) showed that this system behaved physiologically and muscle contraction was 
motor neurons-driven. The model was successfully applied as diabetic platform in which the 
bi-directional communications between myotubes and motor neurons were impaired and 
consequently essential neural growth factor levels were detrimentally affected.    
Conclusion: A functional entirely human motor unit serum and neural growth factors free 
platform was successfully established and characterised for in vitro investigations and 
validated as a diabetic platform that replicate the diabetes in human.  
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Chapter 1 Introduction 
 

 

1.0 Skeletal muscle myogenesis 

Skeletal muscle is an extremely specialised tissue which consists of multi-nucleated, post-

mitotic, non-dividing muscle fibres (Shadrach & Wagers, 2011). The contractions of the 

skeletal muscle fibres are controlled by the somatic nervous system, and they play the role of 

regulating the body’s voluntary movement, locomotion, breathing, and sustaining posture 

(Reece et al., 2011).  

The skeletal muscle cells development (also referred to as myocytes) happens inside in uterus 

during embryonic myogenesis (Bentzinger et al., 2012). Myoblasts are formed from myogenic 

antecedents produced from the mesoderm and arise in the somites. Myoblasts are 

sometimes called skeletal muscle stem cells satellite cells (SCs) (Chen & Goldhamer, 2003).  In 

the embryonic myogenesis’ initial stages, satellite cells go through widespread propagation 

up to a time when the myofibrillar protein synthesis threshold is reached (Bentzinger et al., 

2012). At this point, the myoblasts leave the cell proliferation loop and fuse together to create 

elongated tubular multi-nucleated fibres. These eventually produce myofibres, the skeletal 

muscle’s contractile unit (Mizuno et al., 2010; Le Grand & Rudnicki., 2007). Once the 

myogenesis is complete, the myofibres are no longer able to proliferate. Thus, the number of 

myofibres an individual has been determined before that individual is born. After birth, the 

growth of muscle happens through adaptation and remodelling of fibres that already exist 

(Tedesco et al., 2010). In maturity, skeletal muscle is heterogeneous and is made up of Type 

1 and Type 2 myofibers, which can be divided further into specific physiological subtypes, 
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which include fatigue-resistant fibres, slow contracting, fatigable fibres, and fast contracting 

fatigue-resistant fibres (Pette & Staron, 2000).  

After birth, satellite cells still exist and can be found in the basal lamina. In typical physiological 

settings, satellite cells are in dormancy, neither differentiating nor dividing (Kuang et al., 

2007). In the event of muscle trauma, the dormant cells are activated, and the dedicated 

satellite cells migrate out of the basal lamina and start proliferating by re-entering the cells 

recycle (Tedesco et al., 2010). This process produces a population of myoblasts, which move 

to the damaged site and either amalgamate with the existing injured myofibres to deliver 

more nuclei for muscle hypertrophy or join together and produce de novo myofibers, which 

supplant the myofibres that have been destroyed during muscle hyperplasia (Siegal et al., 

2011; Adams, 2006). Added to injury of, extrinsic mechanical stretch to fibres of the muscle 

resulting from resistance training has been shown to trigger skeletal muscle hypertrophy, 

resulting in an escalation of satellite cell activity and the accumulation of myonuclei to the 

myofibers undergoing the process of hypertrophy (Hawke & Garry, 2001; Aagaard et al., 2002; 

Le Grand & Rudnicki, 2007).  

1.0.1 Anatomy 
 

SkM is the largest metabolically active tissue in the human body accounting for approximately 

50% of the mass in healthy adult human males (Yin et al., 2013) and comprising over 650 

designated muscles, different from both muscle types (cardiac and smooth); SkM is governed 

through the somatic nervous system, paving the way foe individualised functional commands. 

Preparation, regulation and implementation of voluntary movement of the body is governed 

in the motor cortex region of the brain (Biswal et al., 1995). Upper motor neurons relay signals 

from the motor cortex of the brain via the spinal cord to peripheral motor neurons. Even 

though the chief function of SkM is to command physical movement, it is also responsible for 
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regulation of metabolism through macronutrient storage and substrate oxidation to replenish 

used-up adenosine triphosphate (ATP) stores (Leto and Saltiel, 2012). It is also responsible for 

effecting critical respiratory and endocrine functions (Pedersen and Febbraio, 2008). Local 

and systematic environments in the body are also influenced by growth factors, cytokines, 

and myokines produced by SkM fibres into the Extra cellular matrix (ECM) (Pedersen, 2011). 

Formation of SkM involves the merging of myoblasts to multinucleated fibres known as 

myotubes, eventually developing into myofibres. These singular contractile cells of SkM are 

innervated by a motor neuron (MN). A single MN can innervate hundreds of muscle fibres, 

but just one MN innervates each fully developed muscle individually. This system of an MN 

and all of the muscle fibres being innervated by that neuron is called a functional motor unit 

(Stifani, 2014). Individual myofibres are unsheathed by endomysium and stacked in bundles. 

Muscle fascicle, bundles of myofibres, are bound by perimysium. Subsequently are bound and 

held together by the fibrous outer connective tissue called epimysium to produce a whole 

muscle as shown in Figure 1.0, with several motor units located around it (Light and 

Champion, 1984; McComas et al., 1971).  
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1.0.2 Skeletal Muscle Fibres 

 

Fully formed myofibres are made up of sequences of myofibrils, which contain the thick 

filament protein, and titin and thin filaments protein, actin (Rayment et al., 1993), reinforced 

by the protein titin. The repeated system of these proteins in the myofibrils are called 

sarcomeres, which are single contractile units within myofibres (Figure 1.1), showing as 

striations on the myofibres. Actin molecules at the edges of a sarcomere are held to a position 

called the Z-discs, which are the distinct borders between each sarcomere. Actin bound to Z-
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discs at one edge of the sarcomere projects toward the M-line at the centre. Myosin 

filaments, which intermingle with the fixed actin filaments, are situated centred over the M-

line, with the myosin filament edges precisely connected to the Z-discs by titin. When 

stimulated through nervous input, a cross-bridge is formed and the actin filaments are drawn 

and move along the myosin filaments, shortening the sarcomere to cause contraction of the 

myofibre (Denoth et al., 2002). 

1.0.3 Embryonic Myogenesis 
 

The creation of skeletal muscle cells (SkMCs) is triggered during the development of the 

embryo. The embryonic germ layers of the early embryo pave the way for the paraxial 



   

 

 6 

mesoderm, which in turn causes the formation of somites (Aulehla and Pourquié, 2010). The 

formation of somites are triggered by factors emanating from neural tube, dorsal ectoderm,  

and notochord to differentiate further (Buckingham et al., 2003; Pourquie, 2001). During the 

transformation of the somite, the dorsal region makes dermomyotome, which has the 

precursors of the SkM progenitor cells.  

 

1.0.4 Adult Myogenesis 
 

The ability of SkM to mend and regenerate is strictly controlled process involving 4 precisely 

predetermined phases. They are: deterioration, inflammation, repair-restoration, and 

remodelling (Carosio et al., 2011). Injury of SkM triggers instant necrosis of SkMCs, which 

results in gradual infiltration of SkM by inflammatory cells, producing an inflammatory 

reaction in the injured region (Tidball, 2005). Upon inflammation, a renewing phase is caused 

by the activation of latent SCs. Under normal physiological circumstances, upstream 

embryonic myogenesis produces Px7 manifesting cells within the dermomyotome, which 

form the SC population of SkM stem cells that are present after birth and are needed for 

subsequent SkM regeneration. The specialised latent SCs are found amongst the basal lamina 

and sarcolemma of SkM fibres and are regulated by the same genetic order as embryonic 

myogenesis. Thusly, SkM renewal can only occur when the mitotically quiescent SCs are 

stimulated and mature into myoblasts (Siegel et al., 2011). Upon stimulation, the SCs turn 

into proliferative myoblasts and rapidly re-enter the cell cycle and begin proliferation (Sousa-

Victor et al., 2015). As the proliferative limit for myofibrillar protein is attained, a population 

of SCs experiences self-regeneration and replenishment of the SkM stem cell pool. This 

population of SCs return to the margins of the muscle fibres and remain in a state of latency 

as they await to respond to future muscle injures following subsequent activation (Relaix and 
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Zammit, 2012). After numerous rounds of proliferation the dedicated myoblasts leave the cell 

cycle, they relocate to the area of injury and start fusing into myocytes and then myotubes. 

As the myotubes develop, they merge with pre-existing undamaged myofibres as a scafolding 

and replenish the damaged region to complete the muscular repair and regeneration process 

(Simionescu and Pavlath, 2011).  Finally, the restored myofibres continue to develop, 

renovation of other extracellular matrix (ECM) occurs, and function is restored (Carosio et al., 

2011). There are several parallels between embryonic myogenesis and SkM restoration, 

which are both governed by genetic and myogenic transcription features. In the process of 

SkM renewal, SCs manifest the myogenic regulator Pax7 in the early stages of activation 

(Seale et al., 2000).  
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1.0.5 Skeletal muscle growth and maintenance  
 

The growth and maintenance of skeletal muscle depend on the activation of satellite cells, 

which itself is influenced by such hormones as IGF-1. With a structure that is the same as 

insulin, IGF-1 is a polypeptide protein hormone. It is primarily expressed the skeletal muscle 

regulating autocrine and the liver or paracrine properties (Schiaffino & Mammucari, 2011). 

The regulation and preservation of IGF-1 levels in circulation is the responsibility of the growth 

hormone (GH)-dependent hepatic synthesis (Arvat et al., 2000).  

IGF-1 is able to prompt both the differentiation and proliferation of skeletal muscle. It 

connects to the IGF-1 receptor (IGF-1R) on the surface of the myocyte, in the process 

triggering the insulin receptor substrate protein 1 (IRS-1) and their succeeding tyrosine 

phosphorylation (Singleton & Feldman, 2001). Thus, it is noted that IGF-1 triggers a torrent of 

intercellular signalling conduits, which include the mitogen-activated protein kinase (MAPK), 

resulting in the activation of satellite cells, the proliferation of myoblasts, and the 

phosphatidylinositol 3-kinase (PI3K) flow, resulting in differentiation and fusion of myotubes 

(Glass, 2005) (figure 1.3).   Both in vitro and in vivo studies has illustrated that IGF-1 boosts 

protein synthesis conduits resulting in the regeneration and hypertrophy of skeletal muscle 

(Barton et al., 2002). 
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IGF-1 and -2 bioavailability is controlled by insulin-like growth factor-binding proteins 

(IGFBPs). Both IGF-1 and 2 can bind to the IGF-IR, in the process promoting tyrosine 

phosphorylation, and binding of insulin receptor substrate (IRS) proteins-1 and proteins-2. In 

IRS-1 are found docking sites for Src homology-2 (SH2). Then the adaptor protein growth 

factor receptor-bound protein 2 (Grb2) binds to SH2, prompting the MARK FLOW. This is 

followed by the Grb2 binding to Son of Sevenless (SoS), in the process triggering Raf-1, 

resulting in the prompting of MAPK’s, ERK1 and ERK2.  MAPK is responsible for the regulation 

of the proliferation induced by IGF. A docking station for 85-kDa regulatory subunit of P13K, 

100kDa subunit catalyses inositol conversion, 100kDa subunit catalyses inositol conversion, 

can also be found in IRS-1. Akt is activated and phosphorylated by P13K, resulting in the 

prompting of caspase-9 and Bad (both pro-apoptotic proteins), prompting differentiation 

(Zha & Lackner, 2010; Singleton & Feldman, 2001).  
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1.0.6 Activation and proliferation of satellite cells  

When responding to injury, skeletal muscle has an outstanding ability to repair, duplicating 

the formation of muscle during embryogenesis (Hawke & Garry, 2001). This potential to 

regenerate is credited to satellite cells as the dormant satellite cells are prompted and 

proliferate fast (Partridge, 2002). This creates a population of myoblasts. Estimates indicate 

that about a fifth of the satellite cells restock the dormant cell store for future regeneration, 

whilst the other four-fifths move to the damaged area and start differentiating into myocytes, 

contributing to the repair of muscle (Kuang et al., 2007). Pax7 is activated by both the 

dormant and activated cells. Nonetheless, the expression of Pax7 is down-regulated during 

myogenic differentiation. It was observed that Pax7 -/- mice have a total absence of satellite 

cells. Postnatally, their skeletal muscle does not grow, a situation that results in a huge 

reduction in the mass of muscle and eventually to death within the first 14 days after birth 

(Holterman & Rudnicki, 2005). In Pax7 mutant mice, flawed reformative myogenesis has been 

noted (Wen et al., 2012), indicating the crucial role played by the expression of Pax7 in the 

specification, maintenance, and survival of satellite cells. A close Pax7 homology is Pax3, 

which is expressed during satellite cell activation and proliferation. Pax3 prompts the c-Met 

a tyrosine kinase receptor expression, which is vital for myoblast migration, sustenance, and 

proliferation. Research has indicated that the skeletal muscle formation of the diaphragm and 

limb of c-Met null mice failed, as a result of the failure of migration of myoblast (Bladt et al., 

1995; Boutet et al., 2007). 

Responding to muscle trauma and damage, it is thought that injured skeletal muscle cells 

discharge soluble factors including fibroblast growth factor (FGF); hepatocyte growth factor 

(HGF), and platelet-derived growth factor (PDGF), attracting the inflammatory cells in 
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circulation to the site of injury with the aim of clearing the dead or damaged fibres and 

prompting the satellite cells to start the proliferation process (Siegal et al., 2011). Through its 

tyrosine kinase receptor c-Met, HGF fills the vital role of activating cells following injury,   

prompting their proliferation while hindering their differentiation (Allen et al., 1995). It was 

observed that the activating factor in the damaged muscle extract was HGF (Holterman & 

Rudnicki, 2005). It is also thought that PDGF and FGF are effective mitogens for satellite cells 

as they have illustrated their ability to intercede the myogenic proliferation and deter 

differentiation (Tatsumi et al., 1998; Sheehan & Allen, 1999). On the other hand, both 

myogenic differentiation and proliferation have been shown to be depressed by transforming 

growth factor-beta (TGF-β) (Allen & Boxhorn, 1989). 

During postnatal myogenesis, Notch-1 signalling controls myogenic cell fate. It has been 

shown in vivo studies that Notch 1 facilitates the proliferation of satellite cells expressing the 

myoblast marker Pax3 while deterring differentiation until an adequate amount of cells 

becomes available for the repair of muscle (Conboy & Rando, 2002). It was noted that in vitro 

differentiation of the murine C2C12 cell line is deterred by cells that express the Notch ligands 

(Luo at al., 2005). It has been concluded from in vitro research that the myogenic precursor 

cell proliferation is promoted by Foxo1 expression of the forkhead transcription factors. This 

is accomplished through the repression of Foxo4, which results in the down-regulation of the 

cell cycle inhibitor, p21 (Hribal et al., 2003). Cell proliferation and differentiation will be 

examined during the study in different conditions such as in diabetes condition.   
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1.0.7 Maintenance of skeletal muscle, disease, and ageing 

Skeletal muscle can be about two-fifths of an average human being’s mass. Thus, it is vital 

that muscle is maintained and repaired for an individual to remain healthy. Skeletal muscle 

has the ability to respond and adapt to an array of physiological strains and stimuli. However, 

it also has the ability to respond to pathological conditions, which could be credited to age, 

muscular dystrophies, injury, cancer, and cachexia (Thomas, 2007; Shadrach & Wagers, 2011). 

Such pathological conditions can result in muscle loss or wasting, a situation that can have a 

detrimental effect on the strength of the individual and loss of functional skeletal muscle, 

something that could even lead to death (Reece et al., 2011).   

The degeneration of muscle mass as a result of ageing is called sarcopenia. The condition is 

accompanied by a decrease in functional features like power, endurance, and strength 

(Rolland et al., 2008). Sarcopenia is a normal condition as human beings age, usually resulting 

in disability, frailty, and reduction in the ability to deal with severe illness and mortality for 

the elderly (Roubenoff, 2000). It has been concluded that both extrinsic and intrinsic factors 

are changed in ages muscle and could be a factor resulting in age-related decline in muscle 

mass because it has a reduced ability to regenerate (Lang et al., 2010; Marcell, 2003). It has 

also been noted that an physical delays increases at the beginning of sarcopenia (Morley et 

al., 2001). The exponential increase in the number of elderly people across the world the 

wasting of muscle is turning into a big health challenge, which is resulting in an increase in 

the cost of healthcare. It is on this basis that the development of a new approach to both 

treatment and prevention of sarcopenia is needed. Thus, the development of a novel 

treatment for skeletal muscle using nanotechnology as the system of delivery is an attractive 

proposal with regards to assisting in improving the lifestyle and health of the elderly.                 
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1.1 Muscle Contraction 

Excitation-contraction coupling is the programmed molecular interaction and exchange that 

occurs during SkM contraction. Nervous stimulation results in depolarisation of the muscle 

fibre membrane called sarcolemma (Figure 1.4), the resultant action potential (AP) journeys 

down the invaginated transverse tubule (T-tubule) of the sarcolemma into the cells. As the 

AP moved down the T-Tubule and into the sarcoplasm of the muscle fibre, it initiates the 

opening of voltage-gated L-type calcium channels, leading to the depolarisation of the interior 

of the muscle fibre. The inner depolarisation of the muscle cell causes the opening of calcium 

channels in the terminal cisternae of the sarcoplasmic reticulum (SR). Given calcium ions 

(Ca2+) are highly concentrated in it the SR than in the cell sarcoplasm, they quickly diffuse into 

the sarcoplasm. The Ca2+ then wrap with the protein troponin, which is situated on the actin 

filaments. The Ca2+ wrapped troponin results in the conformational change of the troponin-

tropomyosin-complex, thus exposing active binding sites for the myosin filament heads along 

the body of the actin filament, to facilitate cross-bridge formation and cycling (Figure 1.5). 
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A cross-bridge cycle can only form after the myosin head has been initiated. An ATP molecule 

wrapping with the myosin head, which is hydrolysed to adenosine diphosphate (ADP) and 

inorganic phosphate (IP), initiates activation via the energy releasing action potential of ATP 

hydrolysis, which sets the myosin head in a ‘cocked’ formation. A cross-bridge emerges 

between the activated myosin head and actin; the IP is then released causing the binding 

capacity of the myosin head to and actin filament to increase. The ADP is then released 

resulting in the pivoting of the myosin head. The Actin filament then slides toward the middle 

of the sarcomere, a movement called the ‘power stroke.’ Another ATP then binds with the 
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myosin head, the cross-bridge is destabilised and the myosin head disengages from the 

binding site, before being activated again for subsequent cross-bridge formation (Figure 1.6). 

Cross-bridge cycling will last to re-engage while the binding sites on the actin filament remain 

free. Repeated cycling brings the actin filaments together and the sarcomere shortens, 

causing muscle contraction. The ending of cross-bridge cycling occurs when Ca2+ ions are 

actively returned to the SR. The troponin-tropomyosin-complex returns to its initial 

configuration, blocking the myosin binding sites on the actin filaments, resulting in muscle 

contraction (ter Keurs et al., 2003). Muscle contraction will be examined in this study in terms 

of frequency and in diabetic condition.  
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1.1.1 Motor Neurons  

Motor neurons (MNs) are neural cells that stem from the central nervous system (CNS) and 

project axons into the periphery to form synapses with their target tissues. Critical for all 

vertebrates, optimal and accurate MN function and signal relay with target tissues in the 

periphery, such as SkM, is needed for essential behaviours such movement and breathing. 

While typically regarded as a distinct cell type, MNs have vast diversity with different 

manifestation of genes, target muscles, and molecular profiles. This varied nature of MNs 

facilitates separate innervation of the vast individual SkM groups in the vertebrate body 

(Kanning et al., 2010). For instance, in humans there are over 600 SkM throughout the body 

with most muscles making up one part of the bilateral pair (Frontera and Ochala, 2015). 

Thusly, strict control of the CNS signal relay to MN and MN outputs to the target SKM is 

essential for the sophisticated, organised motor control observed in complex motor 

behaviours. Some studies have suggested that MN subtype identity governs the MNs 

innervation sequence and connection with the target SkM (Milner and Landmesser, 1999; 

Landmesser, 2001). Ergo, MN subtype range ought to be understood to appreciate the 

function of MNs and their motor units. 
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1.1.2 Specific markers for motor neuron characterisation  

The synthesis and transmission of ACh in MNs depends on the choline acetyltransferase 

(ChAT) and vesicular acetylcholine transporter (VAChT) to deliver the needed 

neurotransmitter for release into the synaptic divide (Brandon et al., 2003; Maeda et al., 

2004). Analysis of synaptic vesicle proteins such as Synaptotagmin 1 (Syt1) can lead to the 

detecting of presynaptic MNT activity. This is an example protein is a Ca2+ sensor that 

stimulates amalgamation of the vesicles containing acetylcholine (ACh) and MNT membrane 

(Brose et al., 1992; Yu et al., 2013). NMJ models, previously developed in vitro, generally tend 

to overlook the features of innervated myotubes for advanced markers of differentiation. 
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These kinds of markers involve transversal triad development, nuclei found on the fringes, 

and striated myotubes. Moreover, the structures of the post-synaptic apparatus beyond 

AChRs are not usually described in-depth. For example, the post-synaptic elements 

stimulated by agrins such as 43 kDa receptor-associated protein of the synapse (Rapsyn) and 

muscle-specific tyrosine kinase (MuSK), are vital for the formation of AChRs. These markers 

will be used in this project to detect motor neuron and neuromuscular junction existence.   

 

1.2 The Neuromuscular junction  

To appreciate the essential role of neuromuscular junctions (NMJs) and the cellular 

differentiation they exhibit, the intricate regulation of NMJ formation, growth, and 

maturation ought to be understood within the context of essential cellular and molecular 

mechanisms. The CNS regulates SkM contractions. MNs relay communications from the CNS 

through nerve impulses to SkM fibres to initiate contractile activity in the muscle. The merging 

of a MNT with the MEP of an SkM fibre creates a highly differentiated chemical synapse where 

signal relay occurs (Figure 1.8). 
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Figure 1.8: Neuromuscular junction signal transmission. 1) The action potential (AP) spreads 

down the motor neuron (MN) to the axon terminal. 2) Calcium channels are opened upon the 

arrival of the AP at the axon terminal, including inflow of calcium ions (Ca2+) into the 

presynaptic terminal. 3) Elevated intracellular calcium presence at the axon terminal triggers 

synaptic vesicle merging with the membrane of the axon terminal. 4) Following the merging, 

the vesicle secrets acetylcholine (ACh) into the synaptic cleft. 5) ACh traverses the synaptic 

cleft to bind with acetylcholine receptors (AChRS), opening sodium ion (Na+) channels on the 

motor end plate (MEP). 6) An AP generating muscle contraction is formed. 7) Termination of 

synaptic relay happens following the degradation of ACh through acetylcholinesterase and 

presynaptic reuptake. The highlighted diseases are NMJ disorders which can be examined by 

applying  the model in this project (Barker & Cicchetti, 2012). 

 

 

This synapse is one of the initial ones to emerge during embryonic development and is 

referred to as neuromuscular junction (NMJ). While initial NMJ formation happens early, 

complete maturation takes several weeks of molecular and structural configuration (Sanes 

and Lichtman, 2001). The NMJ maturation process is markedly longer than that witnessed in 
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CNS synapses formations, which occurs in just hours and exhibit a rapid turnover rate. Upon 

NMJ maturation, the synapse persists throughout life for optimum signal relay (Sanes and 

Lichtman, 1999). As a result, flawed formation, growth, or impaired sustenance through 

ageing could cause muscle weakness, paralysis, or manifest as various neurodegenerative 

(ND) or neuromuscular (NM) diseases. Conditions that directly affect the NMJs function are 

typically autoimmune (e.g. myasthenia gravis Lambert-Eaton myasthenic syndrome), genetic 

(e.g. congenital myasthenia), or neurotoxic (e.g. botulism). Furthermore, certain conditions 

of the NM system target MNs directly, resulting in presynaptic signal relay impairment, such 

as amyotrophic lateral sclerosis, (ALS) or spinal muscular atrophy (SMA). There are also 9 

major types of muscular dystrophy (i.e. Becker, myotonic, limb-girdle, Duchenne,  

facioscapulohumeral, Emery-Dreifuss, oculopharyngeal, distal, , congenital) that attack the 

postsynaptic SkM MEP. The peripheral nerve is also susceptible to MN disorders that impair 

myelination (e.g. Charcot-Marie-Tooth disease). NMJ disorders can be examined by applying  

the model in this project.  

The NMJ shares essential similarities with chemical synapses found throughout the central 

and marginal nervous system. The presynaptic MNT of the NMJ hosts vesicles containing the 

neurotransmitter acetylcholine (ACh). The synaptic cleft, whose width is approximately ~50-

80 nm, acts as a border between presynaptic terminal and postsynaptic SkMC sarcolemma. 

The MEP has deep indentations known as junctional folds that are saturated with AChRs; the 

binding of ACh with AChRs opens sodium channels. The flow of sodium ions (Na+) into the 

sarcoplasm causes the depolarisation of the MEP at the junctional folds, initiating an AP on 

the flanking sarcolemma, extents outward from the NMJ (Flucher and Daniels, 1989). 
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The basal lamina and ECM coating SkM fibres have a specialised muscle-specific composition, 

made up of molecules drawn from the SkMCs. Accordingly, the ECM constituents at the 

synaptic cleft have their own specialised molecular components, as secreted molecules at the 

cleft are drawn from the SkMCs and MNs (Patton et al., 1997). Together with SkMCs and MNs, 

the composition of NMJ in vivo is comprised of two other fundamental cell types, kranocytes 

and the terminal Schwann cells. Schwann cells originating from the NMJ are unique non-

myellinating neuroglia that engulfs the MNT, producing their own unique basal lamina, which 

interacts with the ECM of SkMCs in close proximity to the NMJ. Finally, the inadequately 

comprehended kranocytes engulf the Schwann cells, enclosing the entire NMJ (Figure 1.9). 

both the kranocytes and the Schwann cells are involved in the maintenance of NMJ stability 

and reconstruction following injury (Son et al., 1996; Court et al., 2008). For seamless relay of 

nervous input at the NMJ, an AP induces Ca2+ influx in the MNT. The Ca2+ inflow stimulates 

synaptic vesicles to merge with the MNT membrane at certain locations called the ‘active 

zones’. The ACh secreted into the synaptic cleft by the membrane-bound vesicles rapidly flow 

across and binds with AChRs on the SkMC. As highlighted, AChRS open sodium channels, but 

are also porous to Ca2+ as well as potassium ions (K+) to some extent. The fusion and secretion 

of ACh from a single presynaptic vesicle, known as quantal release of ACh is referred to as 

miniature endplate current, which is the lowest stimulation that can be relayed between 

neurons. The fusion and secretion of ACh from a group of membrane-bound vesicles 

simultaneously produces what is referred to as the endplate potential (EPP). The EPP is 

produced when a presynaptic AP prompts vesicles are released to produce a current that is 

hundreds of nanoamperes and causes SkMCs to depolarise by approximately ~30–40 mV. The 

EPP generated is substantially larger than required to produce an AP in SkMCs. This greater 
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than needed EPP is known as the ‘safety factor’ and enables NM relay to remain operational 

through varying physiological conditions and stressors (Wood and Slater, 2001). 

The scale of the safety factor is dictated by the morphology and physiology of the NMJ. Firstly, 

the number of active zones at the MNT and the scale of calcium channels, dictated by the size 

of the MNT. The density of synaptic vesicle fusion following stimulation of an AP and the 

quantity of ACh secreted also determine safety factor. The intensity of AChRs in the 

postsynaptic SkMC also governs the quantal current amplitude via a non-sequential fashion, 

as the concentration of AChRs is typically greater than needed for optimal recruitment of ACh 

from the synaptic cleft. In addition, sodium channels and AChRs on the junctional folds of 

MEPs arrange in a unique manner, with AChRs positioned at the peak of the fold and sodium 

channels in the trenches (Flucher and Daniels, 1998). This formation guarantees seamless 

relay and steadfast initiation of the AP in the sarcolemma (Slater, 2008). Muscle contraction 

will be examined in this project.  
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1.3 Molecules involved in NMJ stabilisation 

1.3.0 Agrin 

The early stage of NMJ formation, groups of acetylcholine receptors (AChRs) form centrally 

on myofibres in advance of nervous input in a process known as intrinsic pre-patterning of 

muscle (Lin et al., 2001). While this preliminary pre-patterning happens without nervous 

input, the differentiation of postsynaptic configurations can only happen following the 
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formation of synapse and presynaptic input. One of the essential components responsible for 

the regulation of postsynaptic differentiation is agrin. It is an essential heparin sulphate 

proteoglycan required for NMJ formation and is produced and secreted by motor neuron 

terminals (MNTs) (Bezakova and Ruegg, 2003). The necessity of agrin has been captured in 

agrin-deficient mice, which manifests as failed NMJ formation and death (Gautam et al., 

1996). Mice devoid of agrin also fail to undergo presynaptic differentiation and have 

persistent MN growth. Studies have suggested that a lack of regressive termination signallling 

from postsynaptic configurations and the lack of intrinsic agrin termination signals result in 

the failure of presynaptic differentiation and exessive axon growth (Campagna et al., 1995; 

Campagna et al., 1997). Even so, when agrin deficient exhibit a diminished form of agrin from 

their developing SkMCs, which have muscle-specific tyrosine kinase activating domains 

needed for AChR clustering, rejuvenation of NMJ formation is observed (Lin et al., 2008). 

Similarly, the involuntary overexpression of agrin in non-synaptic areas of SkMCs results in 

the formation of postsynaptic configurations usually only observed at the NMJ, such as 

mature junctional folds (Bezakova et al., 2001). There is also genetic manifestation of AChR 

genes typically only observeed at the synapse (Jones et al., 1997). These research works 

support the hypothesis that secretion of agrin from MNs to agrin-receptive SkMCs prompts 

the initial formation of NMJs. Formation and matuarion of the NMJ is enabled by agrin via the 

binding of the dystrophin-glycoprotein complex, which is dystrophin-associated 

transmembrane glycoproteins, namely dystroglycan (Bowe et al., 1994; Gee et al., 1994). 

Other studies have also suggested that the downregulation of agrin, enabled by proteolytic 

cleavage, governs maturation of the NMJ by modifying AChR clusters and the topology of 

junctional fold (Bolliger et al., 2010). 
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1.3.1 43 kDa Receptor-Associated Protein of the Synapse 

Rapsyn, which is manifested in SkMCs throughout the initial development of NMJs in mature 

SkM, is a cytoplasmic support protein underlying the postsynaptic cytoskeleton, with 

manifestation chiefly limited to the synapse. A high-density protein construct is made by the 

inflexible binding of rapsyn with dystroglycan and AChRs (Unwin, 2013; Bartoli et al., 2001). 

This intricate formation is thought to sustain cytoskeletal-anchoring of AChRs. However, the 

AChR-rapsyn clustering caused by MuSK activation is yet to be understood from the molecular 

signalling pathways standpoint. Both in vivo and in vitro research works have established 

rapsyn as a compulsory protein in the development of AChR clusters. Therefore, notable 

failure of postsynaptic specialisation of the NMJ in mice devoid of rapsyn is observed (Gautam 

et al., 1995). Unlike the stark phenotypes exhibited in LRP4-, MuSK- and Dok7-deficient mice, 

mice devoid of rapsyn have some respiratory function and laboured breathing, thus 

sustaining life only for a few hours. Examination of the failed MEP revealed a lack of 

cytoskeletal differentiation and inappropriate AChR clusterisation. Nonetheless, aggregations 

of synaptic basal lamina components such as acetylcholinesterase and laminin-β2 are still 

availed in abundance. Interestingly, a gathering of MuSK below the MNT and overexpression 

of AChR genes by the synaptic myonuclei are exhibited (Apel et al., 1995). These findings 

revealed that rapsyn does not take part in the synaptic gene transcription but is essential for 

the affixation of AChRs at the MEP apparatus. They also suggest that the miniature muscle 

contractions are possible at underdeveloped NMJs prior to complete anchoring of AChRs by 

rapsyn. 
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1.3.2 Acetylcholine Receptors 

In addition to the essential functions AChRs are involved in during signal relay, they are also 

responsible for MEP creation during NMJ development. Rapsyn has been found to form 

create clusters in non-myogenic cells when forced elevated expression is induced. However, 

SkMCs need AChRs to activate clusterisation. For example, a loss of associated rapsyn clusters 

happens when AChRs are eliminated from in vitro myotube cell membranes using laser of 

antibodies to initiate AChR depletion (Bruneau et al., 2008; Marangi et al., 2001). Studies have 

also demonstrated that AChRs are joined with and accompanied by rapsyn initially in the 

exocytotic route (Marchand et al., 2002; Moransard et al., 2003). Other findings reinforce the 

idea that AChRs are essential for the creation of the MEP, given deletion of the AChR γ-subunit 

gene, which is responsible for fabrication of physiological AChRs during embryogenesis, 

causes rampant MN growth (Liu et al., 2008). Worth noting is that mice in these studies still 

exhibited clustering of MuSK at the diaphragm, whereas clustering of rapsyn was 

undetectable.  Ultimately, AChRs are seen to take part in the differentiation of MEP, as well 

as facilitation of rapsyn distribution to the MEP apparatus. The synthesis and transmission of 

ACh in MNs depends on the choline acetyltransferase (ChAT) and vesicular acetylcholine 

transporter (VAChT) to deliver the needed neurotransmitter for release into the synaptic 

divide (Brandon et al., 2003; Maeda et al., 2004).  These markers will be used in this project 

to detect motor neuron and neuromuscular junction existence.   

Analysis of synaptic vesicle proteins such as Synaptotagmin 1 (Syt1) can lead to the detection 

of presynaptic MNT activity. This example protein is a Ca2+ sensor that stimulates 

amalgamation of the vesicles containing acetylcholine (ACh) and MNT membrane (Brose et 

al., 1992; Yu et al., 2013). NMJ models, previously developed in vitro, generally tend to 

overlook the features of innervated myotubes for advanced markers of differentiation. These 
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kinds of markers involve transversal triad development, nuclei found on the fringes, and 

striated myotubes. Moreover, the structures of the post-synaptic apparatus beyond AChRs 

are not usually described in-depth. For example, the post-synaptic elements stimulated by 

agrins such as 43 kDa receptor-associated protein of the synapse (Rapsyn) and muscle-specific 

tyrosine kinase (MuSK), are vital for the formation of AChRs. These markers will be used in 

this project to detect motor neuron and neuromuscular junction existence.   

1.4 Bi-directional communications between muscle and motor neurons in formation of 

NMJ 

The bi-directional relay between MNs and SkMCs (which are interdependent tissues) plays a 

critical role in the regulation of voluntary muscle movements in the human motor system. 

Ergo, muscle composition and function change significantly via muscle innervation and re-

innervation (Cisterna et al., 2014). Conversely, NMJs are made and maintained by muscle-

dependent trophic, axon pathfinding signals, and cell adhesion, suggesting that the addition 

of exogenous GNFs in other nerve-muscle co-culture models can affect and alter the 

treatment and development of DMY and DN (Das et al., 2007; Guo et al., 2011; Guo et al., 

2014; Rumsey et al., 2010; Puttonen et al., 2015). Nonetheless, GNFs produced endogenously 

are universally known to govern muscle differentiation, flexibility, neural survival, and 

expansion in vivo (Oppenheim, 1991; Reichardt, 2006). Ergo, numerous experiments have 

suggested that these factors play pivotal roles in cell populations of myriad of tissues. SkM 

populations have hence provoked much curiosity, as they exhibit receptors for severla growth 

factors, cytokines, and neurotrophins, suggesting that neurotropic signalling takes place in 

SkMCs via productio, expansion and innervation (Griesbeck et al., 1995; Chevrel et al., 2006; 

Gonzalez et al., 1999). An experiment performed on mice gastrocnemius muscles with and 

without a local supply of neurotrophin-3 (NT-3) revealed that NT-3-induced axonal 



   

 

 31 

rejuvenation through stimulation of differentiation of muscle fibre, preventing muscle 

atrophy in NMJs (Sterne et al., 1997).   

There are two types of IGF ligands— IGF-I and IGF-II—both which play an important role in 

the growth and development of human beings (Duan et al., 2010). A 30% drop in body weight 

has been observed when rats lack both types of IGF ligands (Liu et al., 1993; Baker et al., 

1993). Whereas IGFs were initially thought to be necessaty for SkM growth, subsequent 

studies have shown that they are also vital for the survical of MNs, funcitonal development 

of the CNS, and the stabilisation of NMJs (Dobrowolny et al., 2005). Absence of IGF-I is 

associated with mental impairments, hypertrophic muscle tissue, and growth deficiencies 

(Wood et al., 1996): Duan et al., 2010). Additionally, IGFBPs are a group of proteins specifically 

produced to bind to IGF-I and IGF-II, playing the role of carrier proteins that synchronise IGF 

turnover, transport, and the half-lives of circulating IGFs (Jones and Clemmons, 1995). The 

IGF-IGFBP complexes can control blood glucose level through inhibition of cross-binding of 

circulating IGF to the insulin receptor (Rajaram et al., 1997). Several studies have noted that 

lack of one of these IGFBPs (not all) does no result in severe effects on total body mass owing 

to efficient compensation by other IGFBPs. An experiment with IGFBP-2 null mice revealed 

elevated IGFBP-1, -3, -5, and -4 concentrations (Wood et al., 2000; DeMambro et al., 2008).  

1.4.0 Impact of diabetes on cross-talk between muscle and motor neurons  

The manifestation pattern of GNFs in diabetes has been observed in both humans and 

animals. Evidence from subsequent studies suggest that down-regulation of NT-3 is linked to 

muscle impairment in the diabetic group (Middlemas et al., 2003; Andreassen et al., 2009). 

Moreover, nerve cells are significantly imparied by the reduction of NT-3, which suffers from 

diminisedh communication within NMJs (Dey et al., 2013),), whilst irregular increase in 

growth hormone (GH) levels was observed in diabetes.  This increase has been linked to the 
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diminished levels of IGF-I and IGFBP-3 (Hanaire-Broutin., 1996), while IGFBP-1 is increased in 

diabetes, resulting in a reduction in IGF-I bioavailability. As a result, IGF-I function is hampered 

in diabetes (Thrailkill, 2000). Additionally, a significant drop in serum levels of IGF-I has been 

observed at around 86% in Streptozotocin-induced diabetic mice, which was linked to a drop 

in IGF-I mRNA transcripts and alterations to the components of IGF system (Leinninger et al., 

2004). One experiment demonstrated that a drop in IGF-I levels is due to DN (both sensory 

and motor) (Chu et al., 2008). Surprisingly, overexpression of GDNFRα and GDNF has been 

detected in denervated SkMs and marginal neuropathies (Lie and Weis, 1998; Yamamoto et 

al., 1998). Therefore, the chief concern is how out innovative co-culture system produced free 

of serum and GNFs, as my approach had not included them artificially. This development 

suggest that they were produced endogeneously by MNs and SKMCs, which are needed to 

initiate nerve axonal sprouting and production of NMJs with myotubes.  Cross-talk between 

motor neurons and skeletal muscle will be examined in this project to investigate the 

relationship between them in neuromuscular junction.  

 

1.5 Human NMJ model versus Animal model  

Animal model and cell culture are limited models in their capacity to reflect human ageing, 

physiology, carcinogenesis and progressive wasting disorders nevertheless, they remain a 

core part of clinical research due to ethical and practical concerns related to human models 

(Mak et al., 2014).  Animal investigation gives limited results in predictions of human clinical 

trials and most of the animal research is not re-tested in human trials (Ledford, 2011). In 

addition, negative results are not published in relation to animal studies (Mak et al., 2014). 

The most common animal used in pre-clinical and research tools are mice however, mice are 

poor models for most human diseases, this is due to critical cellular, genetic, molecular and 
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immunologic differences between rodents and humans (Seok et al., 2013). Mouse models 

duplicate parts of a disease progression or exact process of the physiological performance 

however, they do not demonstrate the whole variety of physiological changes occurring in 

human disease.  

Animal models can serve as an important source of in vivo information, but alternative 

translational approaches have emerged that may eventually replace the link between in vitro 

studies and clinical applications. In vitro human cell and tissue cultures are more relevant to 

humans, faster and more cost effective in comparison to animal cell and tissue cultures. 

Human cell cultures have showed significant progression in research for multitude purposes 

as it has improved knowledge of human disease (Mak et al., 2014: Ledford, 2011). The main 

benefit of in vitro research is that it allows generalisation of the process of the disease, 

permitting focusing on a small number of components (Ledford, 2011). Tissues or cells 

obtained from volunteers’ patients, surgical operations, post-mortem specimens and biopsies 

are used for in vitro studies and offers an in vitro model of the tissue in a clear environment 

for analysis. Non-commercial human cell lines are very useful within laboratories for example 

Henrietta’s cells have become standard laboratory techniques. It is essential to take benefit 

of human models without resulting in harm to patients or volunteers. Many patients with 

different diseases are willing to volunteer for treatment development and discovering new 

drugs therefore human clinical researches shows that there is no shortage of volunteers. 

Ethical standards are highly concerned when working with human tissues or human cell lines. 

However, a lack of human model for skeletal muscle research is still an issue (Mak et al., 

2014).  

All drugs must be tested on animal by law, before released onto the pharmaceutical market. 

However, despite animal testing one of the key causes of death is reactions and side effects 



   

 

 34 

in developed countries.  Therefore, it is essential to address the concern that high numbers 

of drugs that work on animals, subsequently fail when outcomes are tested in human patients 

(neavs, 2017).   

Co-culture models that use primary human SkM SCs (i.e. primary myoblasts), which are 

obtained from muscle biopsy present certain weaknesses. They tend to suffer from restricted 

proliferative capacity, low purity of cells, and display cellular senescence as a result of the 

expansion of the cells (Mouly et al., 2005; Webster & Blau, 1990). These limitations could 

potentially be mitigated by progress in the use of cells obtained from MNs (Stockmann et al., 

2013) and hiPSCs, and hESCs to produce myoblasts (Tanaka et al., 2013). However, apart from 

the ethical considerations that come with the use of hESCs, monocultures of stem cell 

obtained from MNs tend to be extremely delicate in culture and need manifold culture media 

constructions with compulsory growth and neurotrophic factors. As a result, in the event that 

they are co-cultured with myoblasts, these trophic elements have a negative effect on the 

differentiation of SkMC. Added to this, myoblasts co-cultures with stem cell-derived MNs 

create inferior NMJs which are not suitable for long-term studies of both the evolution and 

preservation of NMJ (Li et al., 2005). It is for this reason that it be suggested that employing 

immortalised human myoblasts in a co-culture model presents a number of benefits. 

Examples of such advantages include being less expensive, they are easy to use, and deliver 

a limitless source of material with the least amount of ethical considerations linked with using 

human tissue. A population of pure cells is also provided by cell lines, a desirable scenario 

since it delivers a reliable sample and its results are reproducible (Kaur and Dufour, 2012). For 

these reasons it was decided that the model established in the project will be human based.   
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1.6 NMJ Serum free media platform 

Researchers usually add animal serum to culture media as a nutrients source, foetal calf 

serum or foetal bovine serum (FBS) are most common serum used in culture media as it 

contains low y-globulin and strong growth promoting driver (Ferruzza et al., 2012). Despite 

serious ethical and scientific concerns, serum is an essential supplement in cell culture media 

(Brunner et al., 2010). Serum used in culture media has technical disadvantages as it is not 

fully known what molecules are resident which increases risk of contamination (Hadwe, 

2009). Moreover, ethical issues are concerned as serum collection can make the animal suffer 

therefore it is highly important to avoid using serum in culture media (Riebelinng et al., 2011). 

Many serum free media use chemical components as a replacement for serum in mammalian 

cell lines and primary cultures. However, manufacturer search is needed to determine 

appropriate formulation of medium and it is time consuming (Brunner et al., 2010). 

Additionally, when serum is used in nerve-muscle co-culture systems that are 

characteristically established (Daniels et al., 2000; Dutton et al., 1995; Giller et al., 1973, Li et 

al., 2001; Nelson et al., 1993) it presents unspecified variables as a result of the variances in 

the composition of serum which decreases the investigational reproducibility and could also 

disrupt the impact of the experimental treatments on the system. Hence, adding a serum into 

a co-culture system makes it unfeasible to describe the minimum factors needed for 

generating in vitro NMJs. Evidence has shown that lagging MN myelination in vitro could be 

the reason why there is serum in the culture system (Rumsey et al., 2009).  

Inclusion of serum complicates the reproducibility/ interpretation of the experiments in 

particular drug screening as serum contains tens of proteins that may interfere with drug 

discovery experiments in addition to many factors that cannot be controlled (Dutton et al., 
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1995). Serum in cell culture may alter the experimental outcomes in a direct or indirect way 

hence, it does not represents physiological conditions of the cells therefore, in many cases, 

serum may not be appropriate buffer to use in cell culture (Li et al., 2001). The serum obtained 

from cows contains different factors for each cow furthermore the serum for each cow are 

different during the year due to different factors such as diet etc. therefore, the probability 

to obtain similar lot for an entire project or experiment is very low due to the genetic 

variability and environmental changes (Dutton et al., 1995). A research by Ham in 1960s tried 

to re-move the serum from cell cultures however, using a serum free media has been difficult 

(Li et al., 2001). Therefore, there are a limited number of serum-free media designed for a 

specific cell line. Development of a specific media requires a selection of serial clonal for each 

cell line (Sargent., 2015). 

1.7 The impacts of diabetes on skeletal muscle, motor neuron and NMJ 

Skeletal muscle is responsible for coordination of body movement through the generation of 

contractile forces. They govern the body’s metabolism by storing up to 80% of total glycogen 

and aiding in insulin absorption and catabolism of amino acids (Jensen et al., 2011). The 

lengthy and sustained functioning of skeletal muscle fibres and their subsequent exposure to 

different biochemical and physical stimulants results in substantial muscle changes (Shadrach 

and Wagers, 2011). In a healthy human being, 70-80% of ingested glucose is absorbed by 

skeletal muscles aided by an insulin-controlled mechanism (Deshmukh, 2016). Type 2 

diabetes mellitus (T2DM) is a metabolic illness that causes elevated levels of glucose in blood 

or hyperglycaemia, and the absence of glucose within tissues (Shadrach and Wagers, 2011). 

Diabetes mellitus markedly reduces the myogenic functionality of satellite cells within the 

skeletal muscle (Abdul-Ghani and DeFronzo, 2010). Studies have highlighted a host of 
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mechanisms that can trigger damage to the health of the skeletal muscle. They include 

dangerously low-grade inflammation profile (CLIP), oxidative stress (shown in Figure 1.12), 

and impaired extracellular matrix modelling (D'Souza et al., 2013). In diabetes mellitus, this 

functionality is compromised owing to insulin resistance (Abdul-Ghani and DeFreonzo, 2010). 

Additionally, it hampers muscle metabolism resulting in reduction in intermyofibrillar 

mitochondrial content and function as well as elevated levels of abnormal lipid deposition. 

Subsequently, this hampers switching between fat and carbohydrate oxidation in response to 

insulin. These changes render muscles metabolically inflexible, a state which has far-reaching 

implications for the maintenance of an active and healthy lifestyle (Kelley and Mandarino, 

2000). 
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A prevalent, often neglected complication of diabetes mellitus is the diminishing healthy 

skeletal muscle content and functions, a condition referred to as diabetic myopathy (D'Souza 

et al., 2013). Additionally, hyperglycaemia can result in damages to the neurons and alter 

neuromuscular relay causing muscle atrophy and weakness in persons with diabetes, a 

complication referred to as diabetic neuropathy (could take the form of motor or sensory 

neuropathy) (Callaghan et al., 2012). Notably, myriad of factors have been shown to result in 

muscle and neural wasting in T2DM. Such factors include: hyperinsulinemia, hyperglycaemia, 

and hormonal fluctuations like glucocorticoids (Kalyani et al., 2014). In healthy and young 

SkMC advanced differentiation are observed where the nuclei position are located at the 

periphery of the myofiber beneath the plasma membrane. Nevertheless, the nuclei stop 

being evenly distributed during formation of the NMJ and in formation of myotendinous 

junction. However, the periphery position of the nuclei are lost in old SkMC and abnormal 

cells. Muscle contractions are delayed or stops completely in multiple muscle disorders 

caused by interruption of the nuclear position, hence, the signalling between the cells are 

interrupted due to the nuclei being relocated in the centre of the cells leading to hindering of 

the signal (Roman and Gomes., 2018).  

 

1.7.0 Diabetic myopathy and neuropathy  

Persons with diabetic myopathy typically present with alternative extended-term symptoms 

of diabetes, such as cardiovascular conditions, peripheral vascular disease as well as 

neuropathy (Delaney-Sathy et al., 2000; Ahmad et al., 2014). The link between motor 

neurons and skeletal muscle is called neuromuscular junction (NMJ), which is an essential 

link in the human motor system governing voluntary muscular movement (Gonzalez-Freire 

et al., 2014). Muscle denervation, re-innervation or inhibited NMJ severely alter muscle 
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physiology (Cadot et al., 2015). The morphological and operational changes to NMJ in 

diabetes is linked to muscle inferiority (diabetic myopathy) (which is a muscle originated 

from the inferior part of the tendinous ring, with nerve supply from the oculomotor nerve 

to input the sclera of the eye, and whose action directs the pupil downward and 

medialward) as well as neural weakening or peripheral neuropathy (diabetic neuropathy) 

(which is a result of damage to the nerves outside of the brain and spinal cord, often causes 

weakness, pain and numbness). In association with muscle weakness diabetic neuropathy is 

linked with functional and morphological changes of NMJ (Gonzalez-Freire et al., 2014). 

Differences of NMJ relay would facilitate the progressing weakness of flexor and extensor 

muscles within diabetes (Andersen, 2009). 

The unique mechanisms underlying the progress of diabetic peripheral neuropathy (DPN) 

have yet to be understood. Even so, DPN is likely a consequence of diabetes-related muscular 

or metabolic inhibitions which are not mutually exclusive and could be related or synergistic 

(Zochodne, 2008). Such mechanisms lead to axonal loss through dying-back or retrograde 

deprivation, in addition to peripheral nerve demyelination (Zochodne, 2008). Notably, T2DM 

leads to long-term deficiency and malfunctioning of various tissues (Calcutt et al., 2009). 

Particularly, neural deficiency resulting from diabetes (motor as well as sensory nerve) 

comprises a major type of neuropathy (Andersen, 2009). Moreover, mitochondrial 

malfunction linked to oxidative stress caused by hyperglycaemia or hyperlipidaemia are 

hypothesised to have a huge impact in DPN (Figure 1.12) (Picard et al., 2013). 

Diabetes mellitus comprises a prevalent reason for motor myopathy (impairment of the 

motor nerve) leading to muscle atrophy and weakness (Andersen, 2009). A lack of muscle 

strength, which is linked to wasting of the distal portions of the lower body owing to 

denervation caused by the loss of motor axons and insufficient re-innervation has been 
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attributed to motor neuropathy (Ramji et al., 2007). The ability of the body to coordinate 

motion may be affected by motor neuropathy, especially during walking. The foot condition 

known as Charcot foot may advance owing to walking while suffering from neuropathy (Said, 

2007). Therefore, persons with diabetes are more likely to experiences greater loss of muscle 

content, strength and eminence with time, compared to the diabetes free ones (Kalyani et 

al., 2010). The most prevalent type of diabetic neuropathy is the length-dependent 

symmetrical neuropathy with significant involvement of sensory fibres (said, 2007) and motor 

fibres in the severe forms (Dyck et al., 2011). These effects of diabetes on muscle on muscle 

could explain why persons with diabetes are at a greater risk of developing exhibiting 

functional impairment and movement restrictions (Kalyani et al., 2014). Additionally, the 

cause of this deterioration of in muscle function in persons with diabetes has yet to be 

understood. The model established in this study can be used as a diabetic platform to 

understand disorders in diabetes patients.  

Among humans, loss of motor axon or motor unit (MU) (illustrated in Figure 1.7) has been 

investigated by employing the extensor digitorum brevis (EDB) (Power et al., 2010; Wang et 

al., 2014). Even so, within intrinsic foot muscles like the EDB, it can be difficult to differentiate 

axonal loss stemming from physical trauma from impairment caused by biochemical factors 

linked to diabetes (Wang et al., 2014). Also, examination of MU loss within muscles with more 

functions such as tibialis anterior facilitates the assessment if alternative related physiological 

and clinical factors including strength and fatigability (Wilson and Wright, 2014). It is thought 

that hyperglycaemia, which is a preliminary sign of progress in diabetes, weakens nerves and 

causes muscle weakness and the loss of mass and strength (Gumy et al., 2008). Notably, 

muscular wastage and weakness associated with T2DM could be partly result from motor unit 

as well as motor axon loss (Allen et al., 2016).  
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1.7.1 The Effect of AGEs in inducing diabetic myopathy and neuropathy 

Advanced glycation end products (AGEs), a vast group of compounds formed through a non-

enzymatic glycation process called the Maillard reaction (figure 1.14), have a huge impact on 

the aetiology of diabetic complications (Chiu et al., 2015). However, hyperglycaemia leads to 

glycation of enzymes and proteins needed for various cellular processes (Ashraf et al., 2014; 

Ashraf et al., 2015). Also, the endogenous metabolites, methylglyoxal (MG), glyoxal, as well 

as 3-deosyglucosone (3DG) are reactive glycating agents secreted via auto-oxidation of 

glucose, which further converts sugars to AGEs (Ashraf et al., 2016; Beisswenger et al., 2005). 

Non-enzymatic glycation commences with the formation of Schiff bases that are further 

converted into amadori products and then to AGEs (Ahmed and Thornalley, 2007), and steady 

accumulation of AGEs within organs and muscle promotes the formation of reactive oxygen 

species (ROS) causing oxidative stress, which is mostly a consequence of NF-κB signalling 

pathway resulting in mitochondrial malfunction (Vlassara and Palace, 2002; de M. Bandeira 

et al., 2013). 
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Figure 1.14 Millard reaction. Enzymatic glycation process called the Maillard reaction 

https://line.17qq.com/articles/shhahcucx.html. 

 
AGE-altered proteins bind to RAGE (AGE-receptors on the outside of the cell) and elevated 

expression to RAGE has been observed on the cardiac myocytes, endothelial cells and skeletal 

muscle cells in persons with diabetes (Ramasamy et al 2005). AGEs and RAGE have also been 

observed to arouse prompt genetic expression, intracellular signalling and generation of free 

radicals as well as pro-inflammatory cytokine. Ergo, this interaction is believed to play a 

significant role in the development and progress of diabetes (Kim et al., 2005). The 

accumulation of AGE takes place or is enhanced under oxidative stress (Snow et al., 2007). 

Overall, the AGEs accumulation is tissue specific, changes the configuration features of 
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protein, while decreasing their tendency to breakdown (Singh et al., 2014). Beside their role 

within the pathogenesis of diabetic impediments, current research suggest that AGEs could 

hamper insulin activity through various cellular pathways; they intrude in the intricate insulin 

pathway, modify the insulin molecule and diminish secreted insulin (Cassese et al., 2008). The 

skeletal muscle cells comprise a significant portion of the insulin stimulated glucose utilisation 

(Uribarri et al., 2011). Consequently, a faction of studies, which have hypothesised that the 

myofibrillar protein glycosylation involves a feasible mechanism reinforcing the reduction in 

muscle functioning linked to age, have also observed the accumulation of AGEs within the 

skeletal muscle of ageing mice (Ramamurthy and Larsson, 2013). Additionally, various studies 

have observed deposits of AGEs within the myofibres of the extensor digitorum longus of 

ageing mice (Snow et al., 2007) as well as the soleus muscles of mice with diabetes (Snow and 

Thompson, 2009). Accumulation of AGES within the skeletal muscles has also been observed 

among ageing human subjects, coupled with diminished muscle strength (Dalal et al., 2009). 

A further investigation revealed that rats with streptozotocin-induces diabetes with extensive 

aggregation of AGEs in muscles of hind limbs exhibited significant diminished muscle mass, 

endurance of muscles as well as regenerative ability, suggesting that AGEs have an important 

link with the damage in mass and force of muscles, which supported findings of a previous 

study (Chiu et al., 2016). 

Studies on rats with diabetes have revealed that myelin structure in the central as well as 

marginal nervous system undergoes non-enzymatic glycation (Ramasamy et al., 2005). It has 

also been suggested that AGE-associated marginal nerve myelin is susceptible to phagocytosis 

from macrophages, and this triggers macrophages to secrete protease, which could aid 

demyelination within diabetic neuropathy (Sango et al., 2017). Main axonal cytoskeletal 

proteins such as tubulin and actin, in addition to neurofilament, also undergo glycation. Such 
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axonal proteins are necessary for the maintenance of axonal functioning and arrangement, 

meaning their alteration via glycation could interfere with the structural as well as functional 

features of the axon, thus facilitating wastage and degeneration of the axon, in addition to 

the deterioration of axon signalling (Sugimoto et al., 2008). However, studies on the 

implications of AGEs for the function of skeletal muscle within diabetic rodents as well as 

humans are limited (Semba et al., 2010; Sugimoto et al., 2008). Therefore, AGEs will be used 

in this study to establish diabetes-specific NMJ model.  

 

1.8 Aim and objectives  

The primary aim of this project is to engineer and characterise entirely human in vitro nerve-
muscle co-cultures that generate functional NMJs, thus providing a viable NMJ platform for 
e.g. diabetes studies.  
 
The main objectives are:  
 
1- Establishing media and generating neural progenitor cells (NPCs) 
 
2-Establishment of in vitro NMJ between NPCs and immortalised human myoblasts. 
 
3-Characterisation of in vitro NMJs using immunofluorescence and confocal microscopy to 
confirm SkMC innervation and NMJ formation via staining of pre- and post-synaptic proteins.  
 
 
4-Functional Assessment of in vitro NMJs between neural progenitor cells and immortalised 
human myoblasts using agonist and antagonist drugs. 
 
5-Investigating the cross communications between motor neurons and muscle co-culture 
model using ELISA-based microarray (identifying the concentrations of endogenously 
secreted growth and neurotrophic factors). 
 
6-Establishing physiologically diabetes-specific NMJ platform. 
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Chapter 2: Materials and Methods 
 

2.0 Materials  

 

2.0.0 Cell Lines  

A major element of this study is the utilisation of immortalised human skeletal muscle 

myoblasts (HSMM), (access made possible by Professor Browne Paris) (Mamchaoui et al., 

2011). The Institute of Myology (Paris, France) provided the two immortalised human skeletal 

muscle cell (SkMC) lines used in this project. Young SkMC lines were produced with young 

myoblasts gathered anonymously from Myobank. The Myobank is a store of tissues 

associated with Eurobiobank and is accredited by the Ministry of Research in France 

(authorisation # AC-2013-1868). The primary myoblasts were obtained from a man aged 25 

with no disease of genetic defects. Telomerase-expressing kinase 4-expressing vector 

transduction and cyclin-dependent (Mamchaoui et al., 2011) were used for myoblast 

immortalisation. Our group, in this project, was the first to make use of these cells, implying 

that these cell lines have not been established in the past in our laboratory. Consequently, 

the Institute of Myology provided training of cell culture methods for the two cell lines to my 

supervisor Dr. Al-Shanti. Dr. Al-Shanti trained me and provided me with one tube of cells 

containing 100 000cells. I expanded the number of cells myself and managed to do a stock (of 

passage 2) for myself which I used throughout the project.  
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2.1. Methods  

2.1.0 Human Skeletal Muscle Cell Culture 

The Class II, Type A2 biosafety cabinet provided the setting for all cell culture work. Aseptic 

practices and techniques were strictly adhered to. From liquid nitrogen storage, two cryovials 

were obtained, with 1x106 25-year-old immortalised human myoblasts (C25) in each. In 10% 

Dimethyl sulfoxide (DMSO) and 1 mL suspension of 90% fetal bovine serum (FBS), the cells 

were cryopreserved. Before being quickly thawed in two minutes, the frozen vials were put 

in a water bath set at 37oC for 1min. Following this, the thawed myoblasts were moved into 

separate 15 mL tubes. The next task involved adding 9 mL of pre-prepared complete growth 

media (GM) (Table 2.0) into each tube to prompt the process of the proliferation of myoblasts.  

 

Table 2.0: Complete growth media for skeletal muscle cell proliferation.    

 

The separate 10 mL suspensions of C25 were moved into separate T175 flasks. After placing 

the flasks in a levelling plate, they were incubated at 37oC with a 5 % CO2 atmosphere (ATM). 

The incubation continued until a cell growth density was at a confluence of 80%, as 

determined by the area percentage that cells covered in the entire field using the microscope 
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locator measurement to make sure that same field was not counted more than 1 time.  

microscopic field of view. The difference in the confluence percentage between the two cells 

lines at intervals of 24, 48, 72, and 96 hours was determined using contrast microscopy 

analysis with DMI6000B and Axiovert 40 C inverted microscopes. ImageJ, a processing 

application based on Java and developed at the  National Institutes of Health and the 

Laboratory for Optical and Computational Instrumentation (Madison, WI, USA) (Schneider et 

al., 2012; Collins, 2007) provided the means to enumerate the confluence at the intervals 

stated earlier by computing the aggregate myoblast area. The formula used for the calculation 

is < [(total area of myoblasts in a field)/ (total area of the field)] (100) > (Ricotti et al., 2011; 

Ren et al., 2008).  A   DMI6000B inverted microscope with the N Plan 10x/0.25na Ph1 objective 

was used for visualising the entire field using the microscope locator measurement to make 

sure that same field was not counted more than 1 time.  

.  

 

2.1.1 Cell Count 

Once the confluence of the flasks was at 80%, the GM was aspirated before the cells were 

washed two times using 10 mL of Dulbecco's phosphate-buffered saline 1X (DPBS). This was 

done to get rid of any GM components which could restrict the disassociation enzymes’ 

functioning. Then, the cells’ monolayers were disassociated from the flasks. This was 

accomplished through the use of 2 mL of extremely filtered, recombinant cell-dissociation 

TrypLE express enzyme 1X and five minutes of incubation at ATM. Once the 2 mL cell 

suspensions had been dissociated, they were pipetted from the flask and placed in separate 

15 ml tubes. Following this, each flask was washed separately with 8 mL of GM. This was done 

with the aim of capturing any remaining cells that may still be in the flask following the 
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disassociation. From each flask, the 8 mL of GM was gathered and added to a matching 15 mL 

tube of C25, which had 2 mL of cells already collected. The 8 mL GM, 2 mL TrypPLE cell 

suspensions of both C25 were mixed separately by pipetting the cell suspension in the 15 mL 

tube up and down for between five and ten times before the sample was divided for cell 

counting. Traditional cell count procedures (Phelan & Lawler, 2001) were used for comparing 

the viable aggregate cells in C25.   

The mixing of Trypan Blue and cell suspension (50 µL) using a ratio of 1:1 was used as the 

technique for counting the cells. The Trypan Blue helps identify cells that are non-viable by 

getting into the membrane and colouring the cell blue, while the viable cells stay transparent 

with the area around the membrane having a characteristic white halo. Counting the viable 

cells was accomplished through the use of traditional methods with a haemocytometer 

(Phelan & Lawler, 2001), observed with an A-Plan 10x / .25 Ph1 objective on the Axiovert 40C 

inverted microscope. The formula, [(Average number of live cells in eight large corner square) 

(dilution factor) (104)] was used to determine the number of viable cells/mL of cell 

suspension. For instance, (50)(2)(10000) = 1x106 cell/mL of suspension. On this bases, it can 

be that 10 mL suspension of gathered cells would produce 1x107 cells. Depending on the 

demands of the experiment, the cell suspension counted was either cryopreserved, sub-

cultured, or seeded on tissue culture surfaces as needed.  

2.2.2 Subculture  

Once the cell counting was done, divisions of cells suspensions with 1x106 cell were moved 

into new 15 mL tubes from the tubes of counted cells. Into the new 15 mL tubes of cells, a 

volume of GM required to get the aggregate volume of the suspensions to 10mL was added. 

Therefore, the new cells suspensions of both C25 had 1x105 cells/mL as their concentrations. 

In their separate tubes, the suspensions of cells were homogenised, before they were 
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pipetted into separate T175 flasks. This was followed by incubation at ATM until a confluence 

of 80% was reached.  

2.2.3. Cryopreservation 

Huge stores of cells were produced for storage and retrieval for use in experiments when 

needed. For generating the cells, C25 was expanded and sub-cultured on an ongoing basis as 

described above. Thus, to make sure that fidelity was maintained right across this project, the 

myoblasts retained a low number of passages. After disassociation and counting of cells (as 

described in 2.2.1), the 10 mL cell suspensions of C25 were moved to separate new 50 mL 

tubes. Into the 50 mL tubes, the same volume of DPBS was added, in the process diluting and 

washing the cells in the suspension. Then, at 300 x g, the 50 mL tubes were centrifuged at 

23oC for 10 minutes.  

Once the cells had been centrifuged, the aspiration of the supernatants into the tubes 

followed, making sure that the pelleted cells did not get disturbed. The volume of FBS needed 

was supplemented into the 50 mL tube so that the cells’ concentration came to 1x106 cell/mL, 

depending on the quantity of the cells before centrifugation. Then, the cell pellet was fully 

distributed and homogenised in the FBS through up and down pipetting of the solution in the 

tube ~ ten 20 times. Into each of the cryovials, 900 µL of the FBS cell suspension was pipetted 

before adding 100 µL of DMSO into each vial. Consequently, in each vial, there was ~1x106 

cells suspended, 90% FBS, and 10% DMSO. A Mr Frosty freezing container was them used to 

store the vials at -80°C for 24 hours. From there, the vials were moved from the -80°C storage 

freezer into a liquid nitrogen tank for extended storage at -200oC.  

2.1.4 Differentiation Parameters  

Once the process of counting the cells was complete, the cells were moved into new 50 mL 

tubes, from 15 mL tubes. The needs of the experiment determined the number of cells placed 
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in the 50 mL tubes. The GM volume required for diluting the cells to a 1.5x105 cells/mL 

concentration was supplemented to the 50 mL tubes in preparation for seeding in tissue 

culture plates. Before the cells were plated, a 1% Gelatin solution was used to pre-coat the 6-

well plates, which were then dried for 60 minutes. This was followed by the separated 

pipetting of the 2 mL of the GM cell suspension of C25 in 6-well plates. As a result, in each 

well of the 6-well plate, the cells’ concentration was 3x105 cells, which could also be 

articulated as a density of 315 cells/mm2. Once the cells had been seeded, the 6-well plates 

were put on a levelling plate before they were incubated at ATM for 24 hours. The confluence 

reached by the cells at this point was ~90-100%. After the incubation and the GM was 

aspirated from the wells, the cells were washed two times using 1 mL of DPBS. Before the 

cells were incubated for 96 hours at ATM, 2 mL of a simplified complete differentiation media 

(DM) (Table 2.1) was supplemented into each well.  

 

Table 2.1: Complete differentiation media for immortalized human skeletal muscle cell.   

 

To determine the proportional reduction in cell proliferation, Immunofluorescence 

microscopy was employed. The same technique was used to assess the phenotypic 

differentiation (elongation, alignment, and fusion) of C25 cell lines as they were 

differentiating over 96 hours. The comparison of differentiation parameters (Bullwinkel et al., 

2006; Schonk et al., 1989) were measured at intervals of 24, 48, 72, and 96 hours. For each 

interval, from the wells, DM was aspirated before the cells were washed two times using 1 



   

 

 53 

mL of DPBS. The cells were then incubated for 10 minutes at 23oC in a 500 µL 4% 

paraformaldehyde solution to accomplish cell fixation. Then, the paraformaldehyde was 

aspirated before the cells were washed three times using DPBS. Then a 1X concentration of 

Prem/Wash buffer (PWB) was used for cell permeabilisation.  Into each well, 1 mL of PWB 

was supplemented before 1 mL of DPBS was used to wash the cells. This was followed by the 

use of 1 mL of pre-prepared blocking solution with 10% goat serum (GS) and 0.2% Triton X-

100 (TX100) was supplemented to each well before incubation of the cells at 23oC for an hour. 

Then, the blocking solution was removed in creating conditions for antibody labelling.  

A 250-µL antibody diluent solution with DPBS, 0.05% TWEEN 20, 3% GS, anti-antibody at a 

proportion of 1:100 was applied to the cells. This was followed by the removal of the primary 

antibody solution from the wells before washing the cells three times using DPBS. 

Fluorescent-labelled secondary antibody conjugates were then added. The volume of the 

secondary antibody diluent was applied into the cells before incubation at 23°C for 30 minutes 

was 250 µL. It contained DPBS and 4′, 6-Diamidine-2′-phenylindole dihydrochloride (DAPI) at 

a proportion of 1:10000, phalloidin at a ratio 1:500, anti-myosin heavy chain (MHC) Alexa 

Fluor 488 at a ratio 1:500, and anti-rabbit Alexa Fluor 568 at a ratio 1:500.  

Twice more, the stained cells were washed using DPBS. They were then kept in the DPBS for 

subsequent analysis. Fluorescence microscopy was used for the visualisation of the stained 

cells. The measuring and comparison of the differentiating parameters were accomplished 

with the use of ImageJ (Table 2.2).  

Table 2.2: Differentiation parameters (Ren et al., 2008; Ricotti et al., 2011; Grubisic et al., 
2014).  
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2.1.5 Co-culture  

A dearth of nerve component imposes limitations on in vitro research that uses aneurally 

cultured SkMCs to explore muscular dysfunction. This is a situation that leads to restricted 

differentiation and non-contractile myotubes (Delaporte et al., 1986). If the reflection of the 

physiological conditions existing in vivo is to be obtained, SkMCs are needed for MN 

stimulation. Thus, to deal with the restrictions of aneurally cultured SkMCs, a novel co-culture 

model was established successfully by me. In this model, functional innervation of myotubes 

was attained through the use of NPCs (Figure, 2.1).   

 

2.2 Generating neural progenitor cells (NPCs)  

The lack of nerve element (NMJ) results in restrictions when it comes to studies on muscular 

dysfunction employing aneurally cultured SkMC. The consequence of this is restricted 

differentiation and myotubes that fail to contract (Delaporte et al., 1986). The replication of 

motor neuron is a requirement for the specific replication of the physiological settings 

established in vivo. To deal with the limitations of aneurally cultured SkMC, a novel co-culture 

model was established by me. In the new model, operational innervations of myotubes were 

obtained through the employment of NPC cells differentiation from neural stem cells. 

2.2.0 Maintenance of MEFs and mitotic inactivation  

Within complete medium (table 2.3), mouse embryonic fibroblasts (MEF, Cell Biolabs, UK) 

were cultured. This was followed by the passaging of cells using a ratio of 1:4. Using0.1μg/ml 

Mitomycin C within regular culture medium, MEFs were mitotically inactivated before they 

were incubated at 37°C for three hours. Following this, was four rinses using 10ml phosphate-

buffered saline (PBS). Using 150μl/cm2 TrypLE, the cells were enzymatically dissociated. They 

were then kept in FBS 10% (v/v) dimethyl sulfoxide (DMSO) at a temperature of -80°C and a 
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density of ~5 x106 cells/ml before the embryonic stem cells were cultured at a density 

consisting of 5x104 cells/cm2 on 0.1% (w/v) Gelatin-covered tissue culture dishes.  

Table 2.3: Mouse embryonic fibroblasts growth media 

 

2.2.1 Maintaining Shef3 hEs cells   

Professor McKay provided the Human Embryonic stem cell line, which was sustained in hEs 

cell medium on MEFs (table 2.4). Subject to such settings, cells were kept in a pluripotent 

condition. The colonies passaging was attained through the use of flame-drawn glass pipette 

and also the dissecting microscope after a period of between five and seven days. Each colony 

was divided into numerous sub-divisions and re-plated on new MEFs. With the aim of 

adjusting hEs cells that rely on MEF to feeder-free conditions, cultures were plated and 

trypsinised at a high density (1:1) on human fibronectin (20 μg/ml) that was purified and 

covered in mTESR. Any polluting MEFs that got trapped to the flasks were lost. The passaging 

of feeder-free cultures was done using TrypLE after a period of between three and five days. 

Ahead of neural initiation, ES colonies sustain by the feeder were attuned to feeder-free 

circumstances with the aim of avoiding the carry-over of MEF.  

Table 2.4: Human embryonic stem (hEs) media for cells on MEFs. 
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2.2.2 Feeder-free Shef3 hEs cells neural induction  

Seventy-two hours before the commencement of differentiation, neural induction medium 

(NIM), which included Poly Vinyl Alcohol (PVA) was established. The inclusion of PVA was 

done at a concentration of 4mg/ml to DMEM/F12 and shaken energetically for over 60 

minutes. At a temperature of 4°C, the medium was kept for more than 72 hours on a roller so 

that the PVA could dissolve completely. Following this, it was heated to a temperature of 37°C 

and filtered with a 0.22 μm syringe constrained filter to sterilise. Once the filtration was done, 

the medium was amplified using the factors catalogued in table 2.5. The hEs feeder-free cells 

were enzymatically disturbed to obtain a sole cell suspension before being spun down for five 

minutes at 1080 xg. The suspension of the pellets was done once more in NIM and at a density 

of 1x104 cells/well in Nunc 96 V bottom well plates. To a top intensity of 300ng/ml, the rock 

inhibitor was included over a time of 24 hours to facilitate the establishment of spheroids. In 

the 24 hours, neuroepithelial clusters were formed in the suspension. Over a time of five days, 

the medium was changed every day (to feed the cells with fresh media). On Day 6, the NIM 

on laminin (20μg/ml) covered dishes were used to re-plate the aggregates with the aim of 

allowing for the formation of neural rosettes (two-three days). Once formed, the rosette 

clusters were gathered using a 21-gauge sterile needle, centrifuged over three minutes and 

200x g before re-suspension in NEM  (neural expansion medium), (Table 2.6). This was done 

with the aim of facilitating neural stem cells (NSCs) propagation in ultra-low attachment 

plates. Constantly, cells were cultured as neurospheres, which can be described as groups of 

hollow spheroids that can be passaged through disruption that used p200 Gilson pipette. 

Neural stem/progenitor cells, on the other hand, were extended on tissue culture dishes 

treated with a monolayer culture of laminin. For a short period, cells were rinsed with PBS, 

trypsinised for three minutes, and resuspended with 10 ml of PBS and spun for eight minutes 
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at speeds of 900 rpm. After removing the supernatant, the cells were resuspended using 

NEM. 

 

Table 2.5: Neural Induction Medium (NIM) 

 

 

Table 2.6: Neural Expansion Medium (NEM) 
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2.3 Co-culture fixation  

On the seventh day following co-culture, the co-culture cells were fixed in their dishes for 

characterisation and analysis. This was two days following the continuous spontaneous 

contractions of the myotubes, although the co-cultures could be maintained beyond 30 days 

as long as there were regular changes to the media as described in 2.1.8. From the dishes, the 

DM was aspirated before the cells were washed three times using 500 µL of DPBS. At a 

temperature of 23°C, a 4% paraformaldehyde solution was used for incubating the cells for 
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12 minutes. The paraformaldehyde was them eliminated from the dishes before 500 µL of 

DPBS was used to wash the cells three times. For up to seven days, the fixed cells were kept 

in DPS solution with a temperature of 4°C. For the co-culture model’s pre- and post-synaptic 

components of neuromuscular junction (NMJ) formation, the characterisation and evaluation 

was conducted through immunocytochemistry (ICC).  

2.3.1 Co-culture Immunocytochemistry  

Once the co-cultured cells had been fixed, under temperatures of 23°C and timelines of 30 

minutes, the cells were incubated with 500 µL of a 1X concentration of PWB. Following the 

permeabilisation, the PWB was eliminated from the dishes before 500 µL of DPBS was used 

to wash the cells two times. To the cells, 500-µL of blocking solution was applied before the 

cells were incubated at 23°C for an hour with the aim of clocking undefined antibodies 

binding. In the solution was 0.2% TX100 with 10% GS or donkey serum (DS). When the 

incubation was complete, the blocking solution was removed before 500 µL DPBS was used 

to wash the cells once. Before the cells were incubated at 4°C for between 18 and 24 hours, 

the primary bodies (Table 2.7) and 250 µL of primary antibody diluent consisting DPBS, 3% GS 

or DS, 0.05% TWEEN 20 were added. 

 

Table 2.7: Primary antibodies for co-culture. 
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After the incubation of the primary antibody, from the dishes, the diluent was aspirated 

before the cells were washed three times using 500 µL of DPBS before fluorescent-labelled 

secondary antibodies were added. Into each dish, a secondary antibody diluent with 250 µL 

DPBS supplemented with DAPI at a ratio of 1:10000 and a matching antibody (Table 2.8) was 

supplemented to each dish and incubated under dark conditions for half an hour. From the 

dishes, the secondary antibodies were aspirated, and 500 µL of DPBS was used to wash the 

cells twice for the last time. During analysis, the cells were kept in 1 mL of DPBS. Confocal and 

immunofluorescence microscopy was used for the confirmation of the innervation and 

characterisation of the formation of the NMJ. The microscopy employed Leica DMI6000 B 

inverted microscope with HCX PL FLUOTAR L 20X/0.40na CORR and N Plan 10x/0.25na Ph1 

objectives, and a Leica TCS SP5 confocal microscope with HCX PL APO 40x 1.25-0.75 Oil CS ∞ 

and HCX PL APO 63x 1.40-0.60 oil CS ∞ objectives.  

Table 2.8: Secondary antibodies for co-culture.    

 

2.3.2 Neuromuscular Junction Morphologies Quantification  

Parallel experiments were done with the aim of comparing the development of the co-

cultured cell's NMJ morphologies in comparisons to myotubes that were aneurally cultured. 

Aneural and innervated cultures were differentiated, fixed, and stained on the seventh day 

after they were co-cultured, using DAPI and α-bungarotoxin (α-BTX). The concentrations and 

methods used are described above. Distinct NMJ morphologies were enumerated into NMJ 
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morphology development categories already established (Valdez et al., 2010; Sahashi et al., 

2012; Kummer et al., 2004; Lee et al., 2013). The categories included mature, fragmented, 

faint, premature, and denervated. A Leica TCS SP5 confocal microscope with an HCX PL APO 

40x 1.25-0.75 Oil CS ∞ objective was used for the assessment of 20 random fields of view for 

each data set.  

2.3.3 Transversal Triad Formation Quantification 

The comparison of the development of transversal triads between natural and co-cultured 

myotubes was made using parallel experiments. Anural and innervated cultures were 

differentiated, fixed, and stained on the 7th day following co-culture for ryanodine receptors 

(RyR), dihydropyridine receptors (DHPR), and DAPI. The concentration and methods used are 

described in 2.3.1. Myotubes were said to have attained proper transversal triad formation, 

perceived to be an indication that differentiation is advanced when the RyR and DPHR staining 

was arranged in alternating order on at least half of the length of the myotubes. Twenty 

random fields of view were evaluated for triad formation. The visualisation was done using a 

TCS SP5 confocal microscope with a HCX PL APO 63x 1.40-0.60 oil CS ∞ objective.  

2.3.4 Peripheral Myonuclei Quantification  

In parallel experiments were done with the aim of comparing the myonuclei position in 

cultured myotubes in comparison to myotubes that were aneurally cultured. Any myonuclei 

located on the periphery is considered to be an indication of advanced differentiation. 

Aneural and innervated cultures were differentiated, fixed, and stained on the seventh day 

after the co-culture for DAPI and anti-MHC. The concentrations and techniques used are 

described in 2.3.1 Where myonuclei were detected to be protruding the membrane of the 

myotube, they were considered to be peripherally situated. The assessment and visualisation 
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of twenty random fields of view were done for peripherally located myonuclei using a Leica 

TCS SP5 confocal microscope with a HCX PL APO 40x 1.25-0.75 Oil CS ∞ objective.  

 2.3.5 Striation Formation Quantification  

In parallel experiments were done with the aim of comparing the aneurally cultured 

myotubes and the stained myotubes in co-culture, considering that striations indicate 

advanced differentiation. On the seventh day following the co-culture, aneural and 

innervated cultures were differentiated, fixed, and stained for DAPI and anti-MHC. The 

concentrations and methods used are discussed in 2.3.1 Myotubes were recorded as striated 

in the event that the expression of MHC was organised in an alternating binding arrangement 

for at least half of the length of the myotubes. A  Leica TCS SP5 confocal microscope with an 

HCX PL APO 40x 1.25-0.75 Oil CS ∞ objective was used to assess the striation formation of 

twenty random fields of view.  

2.3.6 Myotube Width Quantification 

In parallel experiments were done with the aim of comparing myotube thickness in aneurally 

cultured myotubes and myotubes in co-culture. Aneural and innervated cultures were 

differentiated, fixed, and stained on the seventh day after co-culture for DAPI and anti-MHC. 

The concentrations and methods used are described in 2.3.1 The quantification of myotube 

thickness was accomplished using phase-contrast microscopy with a Leica DMI6000 B 

inverted microscope and the ImageJ image processing software package.  The HCX PL 

FLUOTAR L 20X/0.40na CORR objective was used to assess the entire field using the 

microscope locator measurement to make sure that same field was not counted more than 1 

time.  
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2.4.  Neuromuscular Junction Formation Functional Assessment 

To confirm the NMJ formation, co-cultures were functionally evaluated. This was 

accomplished using live phase-contrast video analysis of myotube contraction frequency in 

reaction to agonist/antagonist treatments (table 2.9 and table 2.10). On the 7th day, the 

dishes with the co-cultured cells were placed in an inverted microscope stage, surrounded by 

an incubation chamber so that the conditions of the atmosphere could be maintained at 5% 

CO2 and temperatures of 37°C. After 5 minutes of live observation of the continuous 

contractile activity of the myotubes, cholinergic antagonists were used for treating the 

myotubes to block AChRs at the NMJ.  

Table 2.9: Treatments to boost or constrain myotube contraction frequency through NMJ 

signal transmission. 

 

Glutamatergic and γ-aminobutyric acid (GABA) was also used to treat the co-cultures with the 

aim of arousing glutamate and GABA receptors on the motor neurons (MNs). Previous studies 

were used as the basis for selecting the concentrations specified (Das et al., 2007; Borodinsky 

& Spitzer, 2007; Morimoto et al., 2013; Guo et al., 2011). The Hertz (Hz) is the unit measure 

for contraction frequency. The unit of frequency equals a single cycle per second, and for this 

project, it equals one contraction for each second.  

The CF (contraction frequency) of the myotube was measured 30 seconds before the 

treatments were applied to the cells, to determine the baseline spontaneous CF.  

Successively, agonist or antagonist treatments were supplemented to the dishes in the middle 
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of the field of view. As soon as the treatment of the cells was done, CF modulation was 

conducted. Live measurements of CF in reaction to treatment were done again after 15 

minutes, 20 minutes, 30 minutes, 45 minutes, 60 minutes and 90 minutes (observation was 

for 2 minutes). Ninety minutes following treatment, 500 µL of DPBS was used to wash the 

cells three times before new untreated DM was supplemented to the cells. The dished were 

put back in the microscope stage in the incubation chamber. Soon after, CF was measured at 

the two hours and 24-hour marks after the washout and DM resupply. Using phase-contrast 

microscopy that employs the DMI6000 B inverted microscope with an N Plan 10x/0.25na Ph1 

objective, live video analysis was recorded. The expression of myotube contraction frequency 

was done as a mean ± SD.  

Table 2.10 Agonist and antagonist drugs. Pharmacological drugs was used to assist 

pharmacological function as demonstrated in the table.  

Drug Pre or postsynaptic 

effect 

Mechanism of 

action 

Agonist or 

Antagonist 

α-bungarotoxin Postsynaptic Block ACh 

receptor in 

Muscle 

Antagonist 

Tubocurarine Presynaptic Nerve impulse is 
blocked by 
alkaloid (Muscle 
relaxant) 
 

Antagonist 

Bicuculline Presynaptic Blocking ACh 

receptor 

Antagonist 

L-glutamic acid Presynaptic Neurotransmitter 

L-Glut stimulator 

MN 

Agonist 

γ-aminobutyric acid Presynaptic Force ACh 

discharge 

Agonist 
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2.5. Human Growth Factor Array  

In parallel experiments were done with the aim of comparing the concentration of 40 human 

growth factors (Table 2.11) in aneural myotube cultures and co-cultured myotubes. The co-

cultured and aneural myotubes were prepared, seeded, and differentiated for seven days as 

has been described above. For assessment using a human growth factor array kit, supernatant 

samples were collected from both conditions. The assessment showed that spontaneous 

myotube contractions were initially observed contracting in harmony as a motor unit. The 

manufacturer guidelines were followed to do the preparation of reagents and standards in 

the array kit. Then, into each of the wells, 100 μl of sample diluent from the array kit was 

supplemented before 30 minutes of incubation at 23°C to block slides. Following this, the 

wells were decanted, and 100 μl of standards, controls and supernatant samples were 

supplemented to the individually allocated wells. After sealing, the slides were incubated at 

4°C on microplate shaker fixed to 500 rpm.  

After the incubation, the samples were removed from the wells. The following task involved 

washing the slides for five minutes, five times using 150 μl of 1X wash buffer 1. Then they 

were washed twice each for five minutes using 150 μl of 1X wash buffer 2. The activity that 

followed involved adding 80 μl of detection antibody cocktail into each well. The sides were 

then incubated at 23°C for 1.5 hours. After aspirating the antibody cocktail from the wells, 

the wash steps using buffer 1 and 2 were repeated one more time.   

When the slides had been washed, 80 μl of Cy3 equivalent dye-conjugated streptavidin was 

supplemented into each well before it was sealed and incubated at 23°C under dark 

conditions for one hour. After the incubation, the wash steps were iterated once more. Then, 

the slides were separated from the gaskets and put inside the washer/dryer tube provided. 

Then, 30 mL of 1X wash buffer 1 was used to fill the tube, so that the slides were covered 
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completely before each tube was gently shaken for 15 minutes. From the tube, the 1X wash 

buffer 1 was eliminated before 30 mL of 1X wash buffer 2 was supplemented to cover the 

slides before they were shaken for another 5 minutes. The slides were then taken out of the 

washer/dryer tube, and compressed air was used to dry them so that any remaining buffer 

solution could be removed. This was followed by the visualisation of the array using GenePix 

4000B laser scanner at 532nm wavelength.  GenePix Pro 4.1 Microarray Acquisition & Analysis 

Software was used for processing the raw data from the visualised array images. The 

RayBiotech Q-Analyzer® tool Software for QAH-GF-1 was used for further statistical analysis 

of the data.  
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Table 2.11: Descriptions of the neurotrophins and the human growth factors enumerated in 

aneural myotube cultures and co-cultured myotube supernatant. 

.  
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The multiplexed sandwich-based ELISA quantitative array platform is similar to the standard 

ELISA, which is sandwich-based, via the employment of few growth neurotrophic factors 

(GNF), precise antibodies for exposure. At first, the role of the capture antibody is for binding 
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to the glass slide. The incubation of the second biotin-labelled detection antibody has the role 

of helping identify the differing epitope of the same target GNF. The addition of the 

streptavidin-conjugated Cy3 equivalent dye makes it possible to use a laser scanner to 

visualise the GNF-antibody-biotin complex.  

2.6. Diabetes model, Co-culture procedure: Day 2  

Following step 2.1.5, the GM was aspirated after 24 hours of incubation, during which the 

complete adherence of the SkMCs to the wells and proliferation occurred. In the co-culture 

model AGE was used as a treatment, DM was used for diluting the AGEs in a concentration of 

150 mg/ml, in agreement with studies done in the past (Matou-Nasri et al., 2017;  Chiu et al., 

2016).   

On the other hand, the co-culture model treated with BSA had DM used for diluting BSA at 

the concentration of 150 mg/ml contingent on the AGE concentrations used in the precise 

trial. The AGEs was prepared using BSA as the glycation trials’ model protein. The protein had 

been incubated for 72 hours at a temperature of 37oC in methylglyoxal (MG, 0.1 M) in a 

sodium phosphate buffer (0.1 M, pH 7.4, with 0.1% sodium azide as a bacterial growth 

inhibitor). The NPCs were later added. From the flask with NPCs, Neural expansion medium 

(NEM) was extracted. Adding TrypLE™ to the flask was the method of dissociating the NPCs. 

Then, the solution was centrifuged (following dilution using DPBS) at 21°C for five minutes. 

The NPCs were then resuspended in NEM after the supernatant was removed. At a density of 

2.5x104 cells/ml, the NPCs were then moved into the 6-well plate. Figure 2.5 illustrates the 

procedure.  
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2.6.1 Procedure for immunofluorescence imaging  

After the third and fifth days of co-culture, the cells were made ready for immunofluorescent 

microscopy (with AGEs and BSA). First, the DM was removed before the DPBS was used for 

washing the cells two times. Then the cells were fixed with 4% paraformaldehyde. For ten 

minutes at a temperature of 21°C, the cells were then incubated. Before DPBS was used to 

wash the cells two more times, the paraformaldehyde was thrown away. This was followed 

by a permeabilising of the cells for 60 minutes at 21°C using 10% goat serum diluted in distilled 

water and a 10% perm/wash buffer (from Becton & Dickinson (BD) biosciences) (Oxford, UK). 

The solvent was thrown away before the cells were washed twice. To the wells, a blocking 

solution consisting of 0.05% Tween 20 and 3% goat serum, both obtained from Sigma Aldrich 

(Dorset, UK), diluted in DPBS was added. At the end of the incubation period, the added 

solution was thrown away, before the cells were washed two more times. The Leica DMI6000 

B inverted microscope, manufactured by Leica Microsystems was used for observing the 

immunofluorescent stains (Milton Keynes, UK).  
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2.6.2 Procedure for staining co-culture cells  

In the co-culture models (with BSA and AGEs), the dying of the actin filaments was 

accomplished using the Texas Red-X manufactured by Invitrogen (Paisley, UK). At a 

concentration of 1:200, Phalloidin stain was used. The dying of the nuclear objects was 

accomplished using Diamidino-2-phenylindole dihydrochloride (DAPI).  

2.6.3 Axonal Analysis 

Live- cell co-culture was analysed using Leica DMI6000 B inervated microscope (for both 

control co-culture and AGEs treated co-culture) at 24hours, 48hours, 72hours and 120hours. 

Co-culture in DM, 150 g/ml BSA and 50 g/ml, 100 g/ml, 150 g/ml of AGEs were analysed were 

images were obtained at random fields of view at each time point. Images of 20x 

magnification were exported as JPEG files for ImageJ analysis. In ImageJ, the scale was set as 

50 m = 100 pixels in distance (figure 2.6A.). The length of the axons were measured using 

the images, the axons extending from the differentiating GFP- tagged-NPCs. The line of 

measurement started at the axon initial segment (AIS), an area defined as the base of the 

axon at which action potentials are initiated, the line was measured by hand. The line of 

measurement continued through the AIS to the tip ends of the terminal as shown in figure 

2.6B. The lengths of the axons were recorded in mm for statistical analysis. The number under 

“length” was recorded as it corresponds to the axonal length in mm (figure 2.6C). 

Morphological features of cell cultures was analysed using Leica DMI6000 B inverted 

microscope and the ImageJ image processing software package.  Aspect ratio, fusion index 

and myotube area were measured manually using imageJ, and microscope locator 

measurement to make sure that same field was not counted more than 1 time.  
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2.7 Statistical Analysis  

The results that the outcomes of the experiments in this project present, represent at least 

three independent experiments. The GraphPad Prism v6.05 statistical analysis software was 

used for the analysis of the results. Data are expressed as a mean plus/minus standard 

deviation (± SD). The analysis of statistical variances was tested for parametricity first 

considering equal variance and normal distribution, one the data was confirmed to be 

parametric, the analysis of statistical variances was done using the unpaired t-test, one-way 

ANOVA, split plot ANOVA, MANOVA with Tukey correction for multiple comparison test 

depending on what was suitable. Bonferroni post hoc pairwise comparisons was also applied 

were required. Split plot ANOVA was applied when analysing two or three conditions where 

the conditions/treatments was considered as between elements and time being within 

element if applicable. Furthermore, repeated measures ANOVA or split plot ANOVA was 

applied with a series of single measurement was applied when group measurement was 

analysed. NS (not significant), represents p= >0.05, *represents p=0.05-0.01, **represents 

p=0.01-0.001, ***represents p=0.001-0.0001 and ****represents p<0.0001.             
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Chapter 3: Establishment of in vitro Neuromuscular Junction between 

Neural progenitor cells and Immortalised Human Myoblasts. 

 

3.0 Background  

3.0.0 Introduction 

Despite decades of intensive research to characterise the structure and function of NMJs by 

utilizing animals and ex vivo models (Wu et al., 2010), effective treatment of neuromuscular 

and neurodegenerative diseases remains a significant unmet clinical need. This is mainly due 

to the failure of experimental animal models to reflect complex processes of human aging 

and disease progression (van der Worp et al., 2010). In order to advance this field, novel, 

alternative, experimental models are needed. There has been recent progress toward the 

development of in vitro co-culture models using human induced pluripotent stem cells 

(iPSCs); (Thomson et al., 2012; Berry et al., 2015) mouse, (Umbach et al., 2012) rat, (Smith et 

al., 2013) and human primary myoblasts; (Demestre et al., 2015; Guo et al., 2017) and human 

embryonic stem cells (hESCs) (Guo et al., 2014; Santhanam et al., 2018; Happe et al., 2017) 

and cross-species models (Arnold et al., 2012; Vilmont et al., 2016). However, existing in vitro 

motor neuron and skeletal muscle co-culture systems typically require a complex neural 

growth medium that contains serum and cocktails of around 15 neural growth factors (some 

of which are derived from animals) (Guo et al., 2017; Guo et al., 2014; Guo et al., 2011). This 

further complicates drug discovery and toxicology studies due to possible cross-

communication of the novel compound with factors contained within the added media, 

possibly explaining why many promising therapies do not translate to clinics. Another issue 

with existing models is that muscle contraction is induced by applied electrical or chemical 



   

 

 75 

stimulation, which does not replicate the native physiological stimulation required for muscle 

contractions (Umbach et al., 2012; Guo et al., 2011; Miles et al., 2004; Guo et al., 2010). 

Recent innovation in the use of iPSCs offers the potential to derive myoblasts and motor 

neurons for use with in vitro NMJ models. However, cells derived from iPSCs may exhibit 

genetic inconsistency and genetic modification, which limit their use (Chin et al., 2009). 

Recent human iPSC-based studies have failed to recapitulate the severe neuronal loss 

observed in human neurodegenerative diseases (Chung et al., 2013; Kondo et al., 2013; 

Sareen et al., 2013). Human skeletal myoblasts which were used in some of the 

abovementioned models (Demestre et al., 2015; Guo et al., 2017) were obtained from 

primary cells (eg, muscle biopsy or surgical samples), but their life span is limited to just a few 

passages which restricts experimentation and necessitates repeated supply of the primary 

cells (Mouly et al., 2005; Webster and Blau., 1990). Furthermore, primary cells have varied 

cell purity (Kaur and Dufour., 2012) and experience phenotypic changes when expanded, 

rendering primary myoblasts a problematic choice for a consistently reproducible co-culture 

system (Mouly et al., 2005; Webster and Blau., 1990). Therefore, there is a clear need for a 

more relevant human experimental model to study motor units and NMJs to overcome the 

limitations of existing models.  

With the aim of addressing this challenge some nerve-muscle co-culture models produced 

from primary human myoblasts, rat, mice, cells from hiPSCs, and cross-species systems have 

been established (Arnold et al., 2012; Demestre et al., 2015; Guo et al., 2014; Harper et al., 

2004; Umbach et al., 2012). These types of co-culture models have the disadvantage of lacking 

when it comes to experimental reproducibility. This is because of the complicated character 

of the culture framework which calls for a range of neurotrophic and growth factors.  
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3.0.1 Aims 

The aim of this study was to establish a novel functional human NMJs platform, which is 

serum and neural complex media/neural growth factor-free, using human immortalized 

myoblasts and human embryonic stem cells (hESCs)- NPCs that can be used to understand 

the mechanisms of NMJ development and degeneration.  

3.1 Results 

3.1.0 Confirmation of neural induction of hES- Shef 3 cells  

To introduce differentiation of neural cells, human embryonic stem cells (hESc) were exposed 

to specific protocol  (Fitzpatrick et al., 2018) to limit exogenous growth factors to achieve 

default neurectoderm differentiation. Figure 3.0 demonstrates the neural specification 

procedure. At day 0 hES cells were maintained on feeder free or MEFs. Following 6 days in 

neural specification medium with high concentration of FGF2 (20ng/ml), clusters shaped 

neuro epithelial cells (NECs) were formed within 24hr, the cluster- like shape become larger 

over time. NECs were cultured on pre-coated laminin dishes on day 6. Aggregates and 

outgrowth were observed after 24 hr. After 48 to 72 hr small clusters within adherent 

aggregates were observed with neural rosette shape as illustrated in figure 3.1A. All cells did 

not form rosettes however, as there was a high rate of rosettes observed, using a 21 gauge 

needle the rosettes were manually isolated under a dissecting microscope (Figure 3.1B). Pre-

coated laminin dishes were used to culture isolated rosettes, neural stem cells (NSCs) in 

neural expansion medium (NEM) containing B27 (Figure 3.2A), cells were grow to 90-95% 

confluence. Figure 3.2A, 3.2B and 3.2C show cultured NSC on day 0, day 3 and day 7. Cells 

were neural progenitors cells (NPCs) after culture in NEM for several passages (figure 3.3A 

and 3.3B). Within 4 weeks of mature conditions, NPCs had the ability to terminally 

differentiate. To encourage terminal differentiation, low density of cells was placed on a thin 
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Matrigel layer with 1% horse serum replaced by FGF2. During early maturation (day 8), 

terminal differentiation neurons were distinguished morphologically as formation of axonal 

process was observed and cell bodies bundles were present at day 13 indicating formation of 

the neuronal network.    
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Figure 3.4 NPC marker nestin. (A) NPC stained with Nestin (green arrows) and DAPI (blue 

arrows) was observed at magnification of x10. Microscope Leica DMI6000B live.  
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3.1.1 Derivation of NPCs from hESCs and establishment of a functional human NMJ platform 

The present work describes a functional human motor unit platform established using 

immortalised skeletal myoblasts and hESCs-derived NPCs that develop into motor neurons in 

muscle differentiation media (co-culture media) devoid of any complex neural growth factors 

or serum. To validate the platform, two monoculture controls were included, one of NPCs and 

the other of immortalized human myoblasts (Mamchaoui et al., 2011) with co-culture media 

for 7 days. Cultured GFP- transfected NPCs did not show any morphological changes or motor 

neuron differentiation, but instead they deteriorated and died (Figure 3.5A). The human 

myoblasts stained with phalloidin-DAPI showed normal morphology and differentiation 

features with centrally and peripherally located nuclei, but the myotubes did not 

spontaneously contract (Figure 3.5B).  

 

Figure 3.5 Monoculture of NPCs and myoblasts. NPCs and myoblasts were separately 

cultured for 7 days. The same growth media was used for monocultures and co-cultures. (A) 

A representative image of GFP- transfected NPCs. The NPCs did not exhibit any morphological 

changes or motor neuron differentiation; instead, they deteriorated and died after 24h. (B) A 

representative image of phalloidin-DAPi-stained human myoblasts showed normal 
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morphology and differentiation features with centrally and peripherally located nuclei inside 

the myotubes. Scale bar: 50 μM.   

 

The NPCs were derived from hESCs, as described previously (Fitzpatrick et al., 2018). Neural 

differentiation of hESCs progressed through three stages of differentiation to NECs (Figure 

3.1A) and NRPCs (Figure 3.1B) which were stained with Nestin red colour. To confirm that 

differentiated NPCs were homogeneous committed neural lineage, cells were stained with 

DAPI, anti-GFAP (a specific marker for glial cells) and anti-Nestin. Double-positive staining 

(DAPI blue and Nestin red) confirmed the formation of NPCs while single DAPI staining was 

not observed, which confirmed that the differentiated cells were NPCs (Figure 3.6A).  

 

 

Figure 3.6 Formation of MN and NMJ in co-culture. (A) nestin-red colour for NPCs. Scale 

bars is 100 μM (B) A representative phase-contrast image of NMJ formation showing an 

axon extended to contact a myotube. White dotted circle indicates a rosette shape. Scale 

bars is 25 μM.  
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3.1.2 Spontaneous Myotube Contractions 

Exploration of physiological function motor units is essential for recognising 

pathophysiological systems of NMJ disorders associated with diseases or age. Therefore, 

subsequent to SkMC line characterisation, a co-culture structure proficient in NMJ creation 

and myotube innervations is important to determine. The NPCs were co-cultured with human 

immortalised myoblasts for 7 days in co-culture media. After myogenic differentiation was 

initiated, the characteristics of functional motor units began to develop. This included 

myotube formation and axonal sprouting from the NPCs which subsequently formed NMJs 

along the myotubes (Figure 3.6B). The myotubes showed spontaneous muscle contractions 

from approximately day 7 onwards in the absence of any exogenous electrical and chemical 

stimuli (Video 1). Due to the force of contractions, some myotubes were detached from the 

culture plate, causing large spaces within the co-culture. Since the myotubes cultured without 

NPCs did not contract, they did not detach from the culture plate and did not open up large 

spaces (Figure 3.5B). Implying that the construction of myotubes worked as a single motor 

unit getting rushes of stimulation from MNs. Nonetheless, numerous innervation points could 

still be observed in distinct myotubes during this time. Fascinatingly, the myotubes which 

where contracting were also observed to be taking the morphological features of the three-

dimensional tubes, while the aneural myotubes upheld  flat two-dimensional morphology, 

fixed firmly to the surface of the culture plate.  

 

 

 

 

https://youtu.be/F4FcB4fXzOY
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3.1.3 Co-culture with serum vs Co-culture without serum  

To determine if the first observable occurrences of myotube contractions (at 72 hours) in the 

co-culture system were due to neuron-induced morphological changes to myotubes with no 

effect by serum, the myotube differentiation parameters were measured (figure 3.7) for co-

culture with and without fatal bovine serum (FBS). Phase contrast microscopy was utilised to 

quantify any significant differences in the differentiation of aneurally cultured and co-

cultured myoblasts after 72 hours of incubation. Co-culture of SkMCs and NPCs with FBS 

where observed in (Figure 3.7a). Whereas co-cultured SkMCs and NPCs without FBS (Figure 

3.7b) display visually similar myotube differentiation and neural growth similar to co-culture 

with serum. The fusion index (FI) did not significantly differ between the co-culture with FBS 

and co-culture without FBS (P= 0.528, Figure 3.7c). Additionally, no difference was detected 

between the myotube area (MA) of both culture environments (P = 0.455, Figure 3.7d). 

Finally, myotube hypertrophy was determined by evaluating the aspect ratio (AR). Both 

culture conditions exhibited no difference in the AR of co-cultured cells with FBS P= 0.749, 

Figure 3.7e). 

 

 



   

 

 83 

 

 

Figure 3.7: Differentiation parameters of co-culture with FBS and without FBS co-cultured 

with skeletal muscle cells and NPCs at 72 hours. a) The image panel displays cultured C25 

with NPCs (marked with GFP) within FBS added to the media; neuronal axons (green arrows) 

making contact with myotubes (red arrows). b) A representative image of co-culture 

morphology of C25 and NPCs (marked with GFP); neuronal axons (green arrows) making 

contact with myotubes (red arrows) with no serum added. Nuclear are stained with DAPI and 

myotubes are stained with phalloidin. c) Comparison of the percentage of cellular fusion in 

co-cultured and aneurally-cultured myotubes at 72 hours. d) Comparison of the myotube area 

in co-cultured and aneurally-cultured myotubes at 72 hours. e) Comparison of the aspect ratio 

in co-cultured and aneurally-cultured myotubes at 72 hours. Data presented as a mean, error 

bars signify ± SD.  n = 5 independent experiments, entire field was examined. Bar = 75 µm.  
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3.1.4 Formation of Preliminary Neuromuscular Junction  

The findings to the effect that the SCEs, when cultured alone and in the co-culture system, 

secreted agrin, shows that the co-culture system had the compulsory agrin required for NMJ 

formation and AChR clustering  (Tintignac et al., 2015; Wu et al., 2010). Hence, the experiment 

that followed was done with the aim of determining whether the contractions of the 

myotubes which were seen in the co-culture system were really driven by the MN stimulation 

as a result of the formation of NMJ. On the seventh day, ICC of the co-cultures provided 

verification when it became apparent that myotubes were contracting as a single motor 

entity. β-III-tubulin was used to stain the co-cultures with the aim of showing the MN. The co-

cultures were also stained with α-bungarotoxin (α-BTX), which binds to nicotinic AChRs and 

shows the clustering of AChR on myotubes. The co-localisation of MNs produced from the 

SCEs with AChRs on the myotubes was by immunofluorescence microscopy and phase 

contrast. From the results, it could be concluded that numerous AChR clusters on myotubes 

that had differentiated combined with MNTs and MN axons (Figure 3.9).  Occurrences of AChR 

and MN co-localisation could be seen in 83.4% ± 12.6 of myotubes, a situation which shows 

the early development of NMJs in the system of co-culture.  
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Figure 3.9: Co-localisation of motor neuron axons derived from NPCs with acetylcholine 

receptor clusters on myotubes at day 7. The panel on the lower left is a phase contrast image 

of neuronal cells in the co-culture stained for β-III-tubulin (green). The lower middle panel is 

phase contrast image of differentiated myotubes in the co-culture stained for α-bungarotoxin 

(α-BTX) (red). The lower right panel is phase contrast image of differentiated myotubes in the 

co-culture stained for DAPI (blue). The panel on top is a combined immunofluorescence image 

showing the overlap of NPCs with acetylcholine receptor (AChR) clusters on the myotubes 

(white arrow). The enlarged inset shows a cluster of AChRs (red arrow) interacting with 

neuron axons (green arrow). Bar = 50 µm (Abd Al Samid et al., 2018). 

 

3.1.5 Contraction Frequency  

To examine the time point the co-culture presented its highest frequency of contraction, the 

contraction frequency was recorded for the NMJ. Contraction frequency was recorded for the 

days where contraction was observed which started at day 5 end started to end after day 10 

from co-culture. To ensure optimal innervation of co-cultured myotubes, the efficiency of co-

culture with FBS and co-culture without FBS to investigate the differences in contraction for 

50 µm

50 µm 50 µm 50 µm
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co-culture with and without serum. The co-culture of myoblasts with FBS was compared 

against serum free media due to serum media being an established alternative for most of 

the published NMJ co-cultures (Ferruzza et al., 2012). Optimal innervation of myotubes was 

quantified by analysing contraction frequency every 24 hours post co-culture for 5 days, using 

live phase contrast microscopy to assess 20 random fields of view at 10X magnification. The 

results revealed no observable myotube contractions in either serum or serum free co-

cultured with myoblast after the first 4 days. Following 6 days of co-culture, initiation of 

myotube contractions were observable in the co-cultures with FBS, contracting at a frequency 

of 0.48 Hz. Co-culture with no added serum had a contracting frequency of 0.50 Hz. On day 

6, the myotubes in the co-cultures with FBS increased contraction frequency to 0.67 Hz; co-

culture with no added serum had a contracting frequency of 0.69 Hz. Day 7 observed most 

frequency, hence the myotubes in the co-cultures with FBS increased contraction frequency 

to 0.73 Hz; co-culture with no added serum had a contracting frequency of 0.74 Hz. On day 8, 

the myotubes in the co-cultures with FBS decreased contraction frequency to 0.74 Hz; co-

culture with no added serum had a contracting frequency of 0.75 Hz. On day 9, the myotubes 

in the co-cultures with FBS decreased contraction frequency to 0.71 Hz; co-culture with no 

added serum had a contracting frequency of 0.72 Hz. On day 10, the myotubes in the co-

cultures with FBS showed contraction frequency of 0.66 Hz; co-culture with no added serum 

had a contracting frequency of 0.66 Hz. After performing a normalisation test the data 

showed to be parametric. Thereafter, a split plot ANOVA was performed with a within 

element being time (days 5-10) and a between element (with vs without serum). In addition, 

to Bonferroni post hoc pairwise comparisons. There was no significant differences between 

the co-cultured cells in media with and without serum hence P-value was less than 0.05. 

However, better contraction frequency was observed in co-culture with no FBS as observed 
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in figure 3.10. After confirming co-cultured without serum are more efficient than co-culture 

with serum inducing myotube contractions, subsequent co-culture experiments where 

conducted without serum.   

 

Figure 3.10: Contraction frequency in myotubes co-cultured with NPCs over 7 days. A line 

graph comparing the onset of myotube contractions and contraction frequency in young 

immortalised human myoblasts co-cultured with NPCs. Data presented as a mean, error bars 

signify ± SD.  P<0.05, n = 10 independent experiments.  

 

3.2 Discussion 

Exploration of physiological function motor units is essential for recognising 

pathophysiological systems of NMJ disorders associated with diseases or age. Therefore, 

subsequent to SkMC line characterization, a co-culture structure proficient in NMJ creation 

and myotube innervations is important to establish. As far as we know, this structure is new 

as it produces NMJs in vitro by means of the employment of explants of human neural cells 
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and immortalised skeletal muscle cells from humans. This specially created model permits the 

scrutiny of NMJ creation as well as growth systems, in addition to offering the foundations 

for scrutiny of differentiation of innervated myotubes, which more precisely mirrors in vivo 

circumstances in contrast to aneural myotube differentiation research (Zhang et al., 2015). 

Animal models can represent parts of physiological changes in a human disease (Mak et al., 

2014) however, In vitro human cell and tissue cultures are more relevant to humans with 

higher significantly, faster and more cost effective in comparison to animal cell and tissue 

cultures.  

This study’s findings provide details of the functional formation of a new minimalist in vitro 

nerve-muscle co-culture system that does not contain growth/neurotrophic factors and 

serum. The system facilitated the continued existence of the SCEs in simplified DM, boosted 

neuronal axons proliferation, produced contractile myotubes, and showed several 

occurrences of co-localisation between neuronal axons with AChRs, providing proof that 

there NMJ was developing. The innervation of C25 with NPCs was used to create the co-

culture model. There are certain benefits delivered by this co-culture model, beyond the 

standard myoblast monocultures as an implement of research for the investigation of muscle 

wasting and MN diseases. For instance, human myotubes cultured in aneural did not contract 

in culture. Nonetheless, as was observed in vivo, this co-culture system’s innervated 

myotubes showed endogenously stimulated contractile functionality (Feher, 2017).  

Research has been done on human-nerve/muscle co-cultures discharged proteins for the 

treatment of human myotubes that are aneurally cultured. The result was an increase in 

clustering of AChR, primarily as a result of exposure to agrin (Arnold et al., 2004; Bandi et al., 

2008). On the other hand, the use of protein obtained from co-cultures did not lead to any 

contractile function. What can be inferred from such a finding is that neuronal cell-secreted 
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factors like agrin, do not have the independent capability to prompt myotube contraction in 

vivo. Fascinatingly, the co-culture model which this study deals with showed the contraction 

of myotubes within 5 days of co-culture. This could easily be the first time contractile 

functionality has been noted at this stage of any nerve-muscle co-culture system’s 

development. Hence this model shows potential to be used in clinical field. A finding such as 

this one implies that the de novo formation of NMJ could be as a result of the need by 

myotubes of MNs’ nervous input to prompt contraction (Hong & Etherington, 2011). Added 

to the advantage which comes from the fact that this co-culture model is more comparable, 

physiologically, in vivo settings of SKM development than myotubes cultured in aneural, the 

system was also designed in a way that reproducibility would be easier. The media used to 

differentiate the NMJ did not have any neurotrophic factors, serum, and growth factors. This 

was the first model to produce contractile innervated myotubes through this streamlined 

culture media configuration, producing a radical decrease in experimental variability possible.   

In contrast, nerve-muscle culture system previously developed required the employment of 

serum or trophic factors to prompt the innervation of myotubes, formation of NMJ, and 

instinctive contraction of myotubes (Das et al., 2010; Guo et al., 2011; Demestre et al., 2015; 

Rumsey et al., 2010). Notably, the possible ease of reproducibility and experimental variability 

delivered by this simplified co-culture model is apparent when the culture media construction 

employed in the development of the co-culture model is compared with some of the leading 

modern substitute nerve-muscle co-culture systems that still need intricate tropical factors 

for them to successfully create their own system (Guo et al., 2017).    

Consequently, this co-culture model delivers the epitome environment for high-throughput 

study of the contrivances accredited for the creation and growth of NMJs and the 

sophisticated contractile myotube differentiation. The techniques employed across this study 
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are intended to reduce the time needed to prompt discernible spontaneous contraction of 

myotubes and yield a profusion of functional NMJs. NPCs was established from embryonic 

stem cells making it possible to culture millions of NPCs which made it possible for a huge 

array of time points and experimental conditions to be accessed.  The individual myotubes, 

in this co-culture model, started to contract on the fifth day. The cells that had contracted 

continued increasing contraction frequency could be observed by the seventh day (Video 1).  

Co-culture models that had been previously established involve a complex technique that 

needs numerous co-culture media constructions for distinct MN or myotube differentiation 

for a minimum of ten days ahead of co-culturing (Guo et al., 2011). Other research has 

presented the formation of NMJ in 21 days (Demestre et al., 2015). Such prolonged 

procedures can result in needless delays and potential accidental disparity in experimental 

processes.  

3.3 Conclusion  

It can be concluded that a novel physiological functional co-culture system was designed using 

motor neurons obtained from the NPCs for the inaugural innervation of C25, leading to the 

contractile myotubes with a host of possibly functional NMJs. The match to in vivo 

contractility observed in the mature myotubes in this co-culture arrangement advances 

research competencies into the physiology of SkM, making it possible to attain better 

pathophysiological interpretation, diagnosis, and cure. The simplified serum and trophic 

factor free culture media applied in this co-culture media make it possible to accurately 

manipulate the variability of the system, a situation that could result in better understanding 

of the formation and development of NMJ. This co-culture model makes available an 

appropriate method for high-throughput examination of human muscle physiology, NM 

pathology, and NMJ-linked disease such as diabetes.  
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Chapter 4: Characterisation of in vitro neuromuscular junctions 
between immortalised human myoblasts and hESCs-derived-NPCs 

 

4.0 Background 

The last chapter presented an outline of how a novel nerve-muscle co-culture system free 

from serum and trophic factors is established. Serum free media was able to prompt 

differentiated myotubes into contractile activity and show co-localisation within 

acetylcholine receptor (AChR), implying that neuromuscular junctions (NMJs) have been 

formed. The NMJ can be described as an extremely specialised outlying synapse regulating 

the contraction of skeletal muscle cells (SKM). It accomplishes this by facilitating the 

connection between SkMCs and lower motor neurons.  

The NMJ, which is formed in vivo in the stage of prenatal development, comprises a post-

synaptic motor endplate (MEP), synaptic cleft, and presynaptic motor neuron terminal (MNT). 

For numerous neurodegenerative (ND) and neuromuscular (NM) diseases, the target of the 

pathology is either the post-synaptic or presynaptic integrity of the NMJ, resulting in the 

deterioration of the SkM (Punga and Ruegg, 2012). Another impact of ageing is the weakening 

of the MEP’s AChRs, which could trigger denervation and succeeding age-related muscle 

dysfunction and loss (Gonzalez-Freire et al., 2014). Therefore, the SkMCs’ innervation is 

needed for the applicable SkM growth and functioning. 

 Studies have illustrated that there is myotube degeneration when there is no innervation of 

SkMCs during the development of the embryo (Ashby et al., 1993). In addition, when 

innervation is absent, evidence shows myotube size reduction and severe deficit in the 

development of secondary myotube (Condon et al., 1990; Wilson & Harris, 1993). Results 

from these studies deliver proof of the vital role that NMJs and motor neurons (MNs) play in 

the regulation of the development, maturation, and size of SKM fibre. To explore the 
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formation of NMJs and innervated myotubes’ physiological development, fewer in vitro 

models are cultured in MNs that contain SkMCs in an attempt to repeat the formation of NMJ 

(Das et al., 2007; Das et al., 2010). Other models use stem cell or primarily derived myoblasts 

(Chipman et al., 2014; Demestre et al., 2015; Puttonen et al., 2015).  Furthermore, the 

potential is presented by the establishment of more novel human induced pluripotent stem 

cell (hiPSC) NMJ models, for MN disease modelling which is specific to distinct patients or 

specialised drug screening ( Inoue et al., 2014; Faravelli et al., 2014).  

There are also possibilities presented by hiPSCs with regards to NMJ maturation and 

differentiation and development of SkMCs and MNs in these types of models (Siller et al., 

(2013). In addition, a number of these systems which have been previously established deliver 

proof of the development of NMJ. They do this through AChR clusters and neuronal axons co-

localisation even when there is no confirmation or analysis of crucial factors in MNs required 

for transmission at the NMJ. For example, the vesicular acetylcholine transporter (VAChT) and 

choline acetyltransferase (ChAT) is needed for the transmission and synthesis of ACh in MNs, 

delivering the required neurotransmitter for discharge into the synaptic divide (Maeda et al., 

2004; Brandon et al., 2003).  

Presynaptic MNT activity can also be observed through analysing the synaptic vesicle proteins 

like Synaptotagmin 1 (Syt1). This example of protein is a Ca2+ sensor that prompts blending of 

the MNT membrane and the vesicles that contain acetylcholine (ACh) (Yu et al., 2013; Brose 

et al., 1992). NMJ models that are previously developed in vitro also generally ignore the 

innervated myotubes characteristics for advanced differentiation markers. These types of 

markers include the development of striated myotubes, and nuclei located in the periphery. 

Furthermore, post-synaptic apparatus structures beyond AChRs have seldom been described 

in detail. For instance, the post-synaptic elements prompted by agrins like the 43 kDa 
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receptor-associated protein of the synapse (Rapsyn) and muscle-specific tyrosine kinase 

(MuSK) are crucial. Therefore, this study’s experiments were done with NPC co-cultures 

innervating immortalised human myoblasts (C25) aged 25 years to investigate the NMJ 

formation and explore the innervated myotubes’ advanced innervation.  

4.0.1 Aims 

The present study’s aim is to fully characterise the developed NMJ model in the previous 

chapter.. Consequently, the objectives are as follows.  

(i) Determine the best timing for the characterisation of co-culture.  

(ii) Characterise the NMJs formed in the co-culture system's pre- and post-synaptic 

elements. 

(iii) Investigate innervated myotubes maturation for advanced differentiation 

markers.  

4.1 Results 

4.1.0 Determine the optimal time for co-cultures characterisation 

To make sure the best innervation, formation of NMJ, and advanced differentiation of 

myotubes had taken place ahead of characterising of the co-cultured cells, the highest 

contraction frequency (CF) of the myotubes that were co-cultured was employed as a gauge 

of the vitality of co-culture. High contraction frequency shows that the NMJ formed are 

working frequently and mimic to human muscle contraction. The best co-culture 

characterisation conditions were determined through quantifying CF after every 24 hours 

following the co-culture of myotubes. From the results, it could be noted that there were no 

myotube contractions in the myotubes that were co-cultured within the initial four days. Five 

days after the co-culture, it became apparent that the myotube contraction had begun, and 
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the frequency was 0.30 Hz. Over the following day, it could be observed that the co-cultured 

myotubes were increasing gradually. On the 7th day, the frequency of myotube contractions 

went up to 0.73 Hz (Figure 4.0). Until the 8th day, the peak contraction frequency was 

maintained by the co-cultured myotubes, which was followed by a progressive reduction in 

innervated myotube contractile activity. Even though the contractile activity continued to be 

apparent until day 10 when the experiment was terminated, the contraction frequency had 

become lower. Moreover, contractile activity had become asynchronous. This is the reason 

why the decision to do the co-culture characterisation on day seven was made. 

 

Figure 4.0 Co-cultured myotube contraction activity between the 5th and 10th days. The 

line graph illustrated the beginning, increase, and decrease of the frequency of myotube 

contraction in 25-year-old immortalised human myoblasts co-cultured with NPCs. The data 

is shown as an average with the errors bars standing for ± SD.  n = 5 independent 

experiments. 
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4.1.1 NMJ formation characterisation 

Once the co-localisation between myotubes in the co-culture system validation and 

characterisation was complete, experiments were done to characterise and confirm the NMJs 

formation. To show that there is the development of NMJs, there has to be at least one AChRs 

aggregation on the membrane of the myotube in MN axon terminal apposition. It is on this 

basis that the execution of ICC on the co-cultures was necessary and the process of staining 

with MNs for β-III-tubulin was used to determine the axon terminals (Figure 4.1 and 4.2). For 

further validation of the formation of NMJ, neurofilament heavy (NFH) was used for further 

staining of MNs (Figure 4.3). The neurofilament is described by Lees et al. (1988) as an 

intermediary filament located in the neurons’ cytoplasm.  

The characterisation of the AChRs accumulation on the myotubes was characterised using 

fluorescently labelled α-bungarotoxin (α-BTX), which has been noted to specifically attach to 

AChR on the membrane of the myotube (Young et al., (2003). From the results, it could be 

noted that terminals covering AChR clusters and MN axons gathered on the surface of the 

myotubes. Analogous to observations in vivo, the clusters of AChR in co-culture showed the 

highest concentrations where there was an overlapping of the clusters of the MN axons and 

terminals, showing that there was the successful establishment of NMJs.  
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Figure 4.1 Day 7 neuromuscular junction formation characterisation. An image is 

representing the co-culture stained β-III-tubulin (green) and DAPI (blue). Image shows 

motor neuron (green arrow), nuclei (blue arrow), myotube (white arrow) and its believed 

that NMJ is were motor neuron interact with the myotube (red arrow). Scale bar = 25 µm.  

  

Figure 4.2 Day 7 neuromuscular junction formation characterisation of motor neuron 

axon. An image is representing the interaction between a single motor neuron axon 

terminal and a receptor cluster in culture. β-III-tubulin (green), alpha-bungarotoxin (α-BTX) 

(red), and DAPI (blue) were used for staining the co-cultures. Scale bar= 25 µm. 

 

25 µm 25 µm 25 µm
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Figure 4.3 Day 7 neuromuscular junction formation confirmation and observation of Ach 

clusters. The image represents the interaction between motor neuron axons (green arrow) 

and numerous acetylcholine receptor clusters (red arrow) on a differentiated myotube 

(purple arrow) in culture. The co-culture were stained for DAPI (blue), neurofilament heavy 

(NFH) (green), alpha-bungarotoxin (α-BTX) (red), and myosin heavy chain (MHC) (purple). 

Scale bar = 25 µm. 

 

 

4.1.2 Presynaptic Characterisation  

The use of immunocytochemistry (ICC) methods in the last chapter led to the initial 

observation that the SCEs had sprouted neurites that clearly conveyed β-III-tubulin (Figure 

4.1 and 4.2), showing that there was neuronal cells proliferation in the co-culture system. The 

proper establishment and development of NMJs are depicted by the cholinergic MNTs with 

MEPs convergence on SkMCs. Hence, the experiments that follow were done as a way of 

confirming that neuronal cells sprouting from SCEs actually included cholinergic MNs and as 

confirmation that there was localisation of SkM myotubes and cholinergic MNs in culture. The 

achievement of the confirmation of co-localisation was through confocal microscopy-
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visualised antibody staining. To show the cholinergic MNs in the co-cultures, a cytoplasmic 

transferase enzyme available in raised amounts in cholinergic neurons known as ChAT (Oda, 

1999) was stained to show cholinergic MNs in the co-cultures (Figure 4.4). The existence of 

the cholinergic MNs was validated by using VAChT, an mediator of ACh transport and storage 

by synaptic vesicles (Arvidsson et al., 1997) (Figure 4.5). 

The validation of the existence of cholinergic MNs was achieved by the use of additional 

staining. The ACh storage and transport by synaptic vesicles functional mediator was VAChT 

(Arvidsson et al., 1997) (Figure 4.5). To indicate differentiation of myotubes, the myotubes 

were stained for myosin heavy chain (MHC). When the co-cultured cells were stained, it was 

shown that VAChT+ and ChAT+ cholinergic MNs, with the termination of axons taking place at 

differentiated myotubes. It was also noted that exon terminals were creating numerous 

contact points with individual myotubes, an observation that was also noted in embryonic 

myogenesis. Splitting axons, originating from various MNs, are the areas where myotube 

innervation in vivo happens. The innervation process’s maturation results in axon pruning, a 

situation that leaves individual MNs to innervate many mature muscle fibres, creating a motor 

unit that is functional (Low & Cheng, 2006). Outstandingly, in this co-culture model, myotubes 

also showed numerous innervations (Figure 4.3), analogous to what is noted in vivo before 

the occurrence of axon pruning.  
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Figure 4.4 Day 7 cholinergic motor neurons co-localisation with myotubes.  An image 

representing the termination of a single cholinergic motor neuron axon (green arrow) 

terminating above one differentiated myotube. ACh clusters showing NMJ (red arrow). 

Green shows the co-culture stained for choline acetyltransferase (ChAT), red is α-BTX, blue 

is DAPI, and grey is myotube.  Bar = 75 µm.  
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Figure 4.5 Day 7 Validation of co-localising of myotubes and cholinergic motor neurons. 

The image shows cholinergic motor neuron axons co-localising with differentiated myotube. 

The co-cultures were stained for vesicular acetylcholine transporter (VAChT) (red arrow), 

myosin heavy chain (MHC) (green arrow), and DAPI (blue arrow). Bar = 75 µm.   

 

4.1.3 Presynaptic activity characterisation 

Once the NMJ formation had been confirmed, later experiments were done with the aim of 

assessing NMJ functionality via the characterisation and examination of the presynaptic 

apparatus. The exocytosis, which depends on calcium comprises the exact synaptic vesicles 

docking to the presynaptic membrane, which is partly controlled by the calcium sensor Syt1 

(Brose et al., 1992). For confirming presynaptic NMJ activity, NFH staining was employed for 

visualising MN axons while terminal activity was indicated by staining MN for Syt1 (Figure 

VaChT MHC DAPI

VaChT MHC

75 µm
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4.6). From the results, it is noted that there is a higher Syt1 collected at the MNT, 

demonstrating NMJ presynaptic.  

  

Figure 4.6 Day 7 presynaptic neuromuscular junction activity characterisation. The images 

show a single neuronal axon expressing activity at the axon terminal. The co-cultures were 

stained for DAPI (blue arrow), Synaptotagmin 1 (Syt1) (red arrow), and neurofilament heavy 

(NFH) (green arrow). Bar = 7.5 µm. 

 

4.1.4 Post-synaptic elements characterisation 

Once MNT was confirmed in co-cultured cells, the experiments that followed were done with 

the aim of identifying post-synaptic proteins recognised for co-localising with AChRs at the 

MEP. The clustering of AChR in the MEP depends on agrin, which is crucial for specific NMJ 

formation. When MNs presynaptically discharge agrin, the result is the initiation and growth 

Syt1 NFH DAPI

NFHSyt1
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of MuSK, which creates a preliminary scaffold for Rapsyn to facilitate other post-synaptic MEP 

elements recruitment (Apel et al., 1997; Apel et al., 1995). To validate that there were 

maturation and proper MEP development, α-BTX was used to stain the co-culture to show 

AChRs together with Rapsyn and MuSK antibodies. From the result, it could be seen that both 

MuSK and Rapsyn were specifically covering the AChR clusters structure on the post-synaptic 

membrane (Figure 4.7).  

 
Figure 4.7 Day 7 post-synaptic neuromuscular junction formation. (a) The image shows 

detailed conformation and interaction of Rapsyn (green arrow) and post-synaptic proteins 

MuSK (magenta) at the AChR stained with α-BTX (red arrow), DAPI (blue arrow). (b) Image 

shows co-culture stained for DAPI (blue arrow), MuSK (magenta), and alpha-bungarotoxin 

(α-BTX) (red arrow). (c) The image represents co-culture stained for Rapsyn (green arrow), 

alpha-bungarotoxin (α-BTX) (red arrow), and DAPI (blue arrow). Scale bar = 25 µm.    

 

4.1.5 Innervated myotubes characterisation 

There are several features displayed by myotubes in vivo, which could be seen as evidence of 

differentiation. For example, when myotubes are appropriately developed, they feature triad, 

organised in a transversal way. The structural arrangement of triads identified in myotubes 
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that have undergone differentiation at an advanced level if moulded on each side by a 

transverse tubule (T tubule) with a sarcoplasmic reticulum (SR) which is called the terminal 

cisterna (Marty et al., 1994). To conclude whether the co-culture system permitted 

innervated myotubes to go through advanced differentiation analogous to the developed 

myotubes noted in vivo, both aneurally cultured and co-cultured myotubes characterisation 

was done using antibody staining. The identification of T-tubules was achieved through 

staining for dihydropyridine receptor (DHPR). DHPR is a calcium conduit found in the T-tubule 

membrane (Rios & Brum, 1987). 

Identification of ryanodine receptor (RyR) was also achieved through the use of antibody 

marking. A comparison of differential co-culture myotubes to aneurally-cultured myotubes 

was made to determine if there were any variances in the proportions of myotubes showing 

advanced differentiation indicators. From the results, it could be noted that 32.6% ± 7.4 of 

innervated myotubes in the co-cultures had developed well and properly structured 

transversal treads (Figure 4.9). On the other hand, no was shown by the aneural myotubes. 

Together with the formation acting as a pointer of innervated myotubes developing advanced 

differentiation, nuclei located in the periphery were also employed for the purpose of 

showing advanced differentiation features.  

 For both aneurally cultured and co-cultured myotubes, characterisation was done using 

antibody staining with DAPI and MHC to determine if there were any variances in the 

proportion of myotubes with peripheral nuclei (Figure 4.10). In contrast, no peripheral nuclei 

were presented by the myotubes in the aneural cultures.  

The development of striations is another feature of advanced differentiation in myotubes. 

Thus, the staining of myotubes was done using DAPI and MHC to find out if there were any 

variances in the proportions of myotubes showing striations on aneural and co-cultured 
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conditions. From the results, it can be noted that 57.0% ± 7.4 of the myotubes in the co-

cultures had membranes with striations. The reduction (P < 0.0001) in the proportion of 

striated myotubes (18.0% ± 4.8) was significant when the aneural cultures were examined 

(Figure 4.11). Comparing the width of myotubes between co-cultured myotubes showing 

advanced differentiation features and myotubes cultured aneurally showed the innervation 

and the advanced differentiation that followed allowed for thicker myotubes to be formed.  

The myotubes with advanced differentiation's width were 20.0 µm ± 9.0. On the other hand, 

the myotubes cultured aneurally were substantially lower at (P < 0.0001) 12.0 µm ± 6.1 (Figure 

4.8).  

 
 

Figure 4.8 Day 7 width of myotubes: The bar graph compares myotube width showing 

elements of advanced differentiation in conditions of co-culture against myotubes that are 

aneurally cultured. The presentation of data is done as a mean. The ± SD signifies error bars. 

*** represents P= 0.001-0.0001. n = 4 independent experiments.  
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Figure 4.9 Staining of myotube with DHPR and RYR. (a) The image panel on the upper end 

shows a myotube that is innervated and co-cultured with NPCs explant exhibiting proper 

organisation of terminal cisterna and transverse tubules. The image panel, which is lower 

represents myotubes that are cultured aneurally showing a dearth of transversal triad's 

formation. Myotubes were stained for dihydropyridine receptor (DHPR) (red arrow) and 

ryanodine receptor (RyR) (green arrow). (b) An image presentation of a bar graph that 

compares the proportion of myotubes that have triad arrangement in conditions of co-

culture and aneural myotube conditions. Data are shown as a mean. The ± SD signifies error 

bars. n = 4 distinct experiments. *** signifies P= 0.001-0.0001. Scale bars for the first image: 

2.5 µm and scale bars for the second image: 7.5 µm. 
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Figure 4.10 Day 7 peripheral nuclei generation. (a) The image panel on the upper end 

represents an innervated myotube where NPC explant showing nuclei located in the 

periphery extending from the myotube is used for co-culture. The image on the lower panel 

represents myotubes cultured aneurally with nuclei that are located at the centre. Staining 

of myotubes was done for DAPI (blue arrow) and myosin heavy chain (MHC) (green arrow). 

(b) A comparison of proportions of myotubes with nuclei on the periphery in conditions of 

co-culture against aneural myotube conditions. Data are shown as a mean. The ± SD 

signifies error bars.  n =4 independent experiments. *** symbolises P= 0.001-0.0001. Bar = 

10 µm. 
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Figure 4.11 Day 7 myotube striations. (a) The image on the upper panel represents an 

innervated myotube co-cultured with NPCs explant displaying striations on the myotube 

membrane. The lower image panel represents myotubes that are cultured aneurally without 

striations. Myotubes were stained for DAPI (blue) and myosin heavy chain (MHC) (green). 

(b) The bar graph compares the proportion of striated myotubes in conditions of co-culture 

with aneural myotube conditions. The presentation of data is done as a mean. The ± SD 

shows error bars. *** signifies P= 0.001-0.0001. n = 4 independent experiments. Bar = 2 µm 
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4.2. Discussion  

The main outcome of this chapter is the presentation of the characterisation of the in vitro 

NMJ model developed in the previous chapter. The NPCs with C25 co-cultures validated the 

differentiated myotubes and cholinergic MNs and facilitated the interaction between 

myotubes and neurons. In addition, co-cultures created the establishment of mature NMJs 

with presynaptic and post-synaptic physical arrangement. It was also concluded that 

innervated myotubes in co-cultured settings demonstrated physical characteristics showing 

advanced differentiation development.  

When the initial experiments were done with the co-cultures with the aim of determining the 

best time to characterise the system, the standard for both formation and maturation of NMJ 

was CF. Observing that the peak of innervated myotubes was on the 7th day in the co-culture 

system delivered proof of effective NMJ development, which was shown following the 

completion of characterisation and the revelation that the NMJs, MNs, and myotubes had 

suitably differentiated. When compared, it was noted that some co-culture systems that were 

established previously need over 20 days before the formation of NMJ happens and also 

included extensive myotube and MN differentiation beforehand, a situation that increases 

the experimentation timeline (Das et al., 2010; Southam et al., 2013). Furthermore, when 

compared to the co-culture system that this study presents, the prior co-culture models 

showed that NMJ development happened prematurely, leading to myotubes that lacked 

advanced differentiation. Notwithstanding the fact that co-cultures were characterised on 

the 7th day, the initial experiments used when determining the best date for characterisation 

also showed the potential of long-term co-culture studies with this innovative and simpler 

framework, taking into account that the contractions of myotubes happened right up to the 

day when the experiment ended on Day 10, which could have been further maintained if 
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desired. The cholinergic MNs with ChAT and VAChT in the co-cultures characterisation lead 

to the observation that ACh, MNs, and myotubes took place within the system. The nerve 

ChAT-/- shows hyper-innervation of smaller MNTs, extreme presynaptic nerve branching, and 

an escalation of AChR aggregations quantities with less presynaptic contacts (Misgeld et al., 

2002; Brandon et al., 2003). Even though structural synaptic elements existed in the ChAT-/-, 

a collection of pre- and post-synaptic irregularities could be noted in the NMJ. What the 

results from this in vivo ChAT deficient NMJ research suggest is that neurotransmission is not 

ACh’s only function and that ACh and ChAT (its biosynthetic enzyme) are needed by 

synaptogenesis. Studies done using VAChT-/- in nerve come to the same conclusion that there 

are severe irregularities in the development of NMJ (de Castro et al., 2009). As was the case 

in ChAT-/-, research involving excessive MN growth, enlarged MEPs, necrotic SkM tissue, 

showing that VAChT is required for the discharge of ACH, at the normal and synapse NMJ 

development. Therefore, ChAT and VAChT characterisation in co-cultures delivered details 

indicating similar to in vitro NMJs created system were an accurate illustration of NMJ 

development noted in vivo.  

The correct NMJs formation needs the interaction between MEPs of myotubes, axon 

terminals of neurons, and terminal Schwann cells. In vivo research done using mutant mice 

with no Schwann cells shows the ability of MN axons to grow and spread in the direction of 

developing SkM. Nonetheless, substantial axonal defasciculation is noted. Such a result 

implies that Schwann cells are not needed for axonal projection in the direction of myotubes 

even though they are needed for nerve fasciculation. In addition, nerves lacking in Schwann 

had the ability to start initial NMJ formation but failed to sustain further synapse 

development (Morris et al., 1999; Lin et al., 2000; Riethmacher et al., 1997; Wolpowitz et al., 

2000; Woldeyesus et al., 1999). What is demonstrated by these studies is that Schwann cells 
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are not needed to start contact between axons and neurons in vivo, even though they are 

necessary for the consequent advancement and sustenance of the synapse in development. 

Thus, the validation of Schwann cells in the co-culture system and the succeeding interaction 

between Schwann cells and MNs implies the in vitro formation seen in the co-cultures were 

matured and sustained via communication between MN and Schwann cells.  

Significantly, presynaptic nerve terminals with antibodies for Syt1 characterisation happening 

in the co-cultured cells. Studies exploring Syt1 validate the work it accomplishes as a sensor 

of calcium, enabling the discharge of neurotransmitters from Ca2+-dependent vesicles, a 

requirement for vesicle exocytosis depending on calcium in invertebrates (Littleton et al., 

1993; Geppert et al., 1994). However, Syt1-/- investigations showed that Syt1 was only needed 

for the fast synchronous discharge of neurotransmitters from Ca2+-dependent vesicles since 

Synaptotagmin 2 has the capability to compensate for the asynchronous exocytosis absence 

in Syt1-/- (Geppert et al., 1994). Studies are done with spinal muscular atrophy (SMA) mouse 

model to investigate the reasons behind weakened neurotransmitter discharge also showed 

that during the MNTs development of the muscles that were severely affected, there was 

downregulation of Syt1. However, this was not the case in the less susceptible muscle (Lopez-

Manzaneda et al., 2016). Thus, identifying Syt1 in co-cultures provides proof that presynaptic 

activity at NMJs was an indication of the functionality of NMJ, as would be anticipated in 

proper NMJ formation and development.  

In the present co-culture system, the NMJs formation was characterised on MEP with α-BTX 

to reveal the arrangement of AChRs’ post-synaptic aggregation. Prior-established nerve-

muscle co-culture systems indicate the formation of NMJ as speckled or diffused AChR 

clusters co-localising with MNs, particularly in the groups of premature or faint formation 

(Das et al., 2007; Southam et al., 2013). Nonetheless, it is recognised that on its own, co-
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localisation is not a representation of NMJ formation in vivo (Thomson et al., 2012). NMJ 

research concludes that MN axons end at the MEP and overlap the AChR clusters exactly 

(Englander & Rubin, 1987; Sanes & Lichtman, 1999). The nuclei in the myotube are positioned 

regularly throughout the fiber length. While the SkMC differentiate the nuclei actively spread 

along the myotube at the periphery of the myofibers by microtubule motor protein (kinesin-

1 and cytoplasmic dynein) (Wilson et al., 2016). Nuclei position at the periphery of the 

myofiber underneath the plasma membrane are observed in advanced differentiation in 

healthy and young SkM cells. However, when NMJ are formed and in myotendinous junction 

formation the nuclei are not evenly distributed anymore. In addition, nuclei lose its periphery 

position in abnormal cells and old SkMC, hence, interruption of nuclear location 

consequences in multiple muscle disorders as it delays or stops muscle contractions. This 

is because of the interruption in the signalling in reaching the nuclei due to the nuclei being 

relocated in the centre of the cells (Roman and Gomes., 2018).  

 

Significantly, the formation of NMJ noted at the co-culture system that is presented in the 

current study showed MN ending on clusters of AChRs in the usual twisting knotted 

arrangement. What this finding does is that it signifies physiological in vitro NMJ formation, 

analogous to that which was noted in vivo. The confirmation that the co-cultures were 

capable of generating NMJs with features of AChR clusters that were maturely developed 

triggered the investigation of other post-synaptic NMJ elements. Required for the 

establishment and sustaining of the NMJ, the observation of Rapsyn and MuSK at the MEP 

was proof of the MuSK signalling pathways activated by the secretion of agrin from the MNT 

(Luo et al., 2003; Wu et al., 2010; Kim and Burden, 2008). This is a finding which is important 
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since it delivered a proof in the direction of successful post-synaptic differentiation at the 

NMJ through pre- and post-synaptic communication.  

Furthermore, the connection of Rapsyn with AChRs is needed for in vivo AChR clustering (Apel 

et al., 1997). Therefore, detecting the co-localisation between MuSK, Rapsyn, and AChRs 

showed that the post-synaptic development noted in the co-cultures had the ability to attain 

maturation levels that would permit the investigators of post-synaptic NMJ manipulation in 

the system. Myotubes that were co-cultured also showed the morphological features of 

advanced differentiation. Apart from the fact that transversal triads could be observed in the 

innervated myotubes, the co-cultured myotubes have nuclei located in the periphery and the 

standard actin-myosin striations expressed in mature differentiation, all features that were 

noted in vivo (Shadrin et al., 2016; Bruusgaard et al., 2003). This important characterisation 

of mature innervated myotube development is a further example of the co-culture system’s 

advantage when compared to the usual aneural in vitro myoblast cultures and previously 

established nerve-muscle co-culture models that are unable to attain advanced levels of 

development. This makes this co-culture system more desirable with regards to research and 

the accurate explanation of wasting of skeletal muscle and make the investigation of NM 

disorders better.  

4.3 Conclusion  

This report provides a characterisation of the novel in vitro system created from C25-co-

cultured NPCs. The de novo development of NMJs was confirmed by ascertaining pre- and 

post-synaptic structures of the junctional apparatus. Interactions with myotubes and MN 

were indicated to validate the advanced innervated myotubes differentiation.                
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5: Functional Assessment of in vitro neuromuscular junctions 
between neural progenitor cells and immortalised human myoblasts 
 

5.0 Background  

In the previous chapter, experiments provided details of the nature of NMJs and innervated 

myotubes in the NPC/ C25 co-culture system. The axon of MNs will often branch to enable a 

single MN to synapse with multiple skeletal muscle cells. However, each muscle cells is 

innervated by only one MN which release acetylcholine from synaptic vesicles to stimulate 

muscle contraction through NMJ. In this in vitro  NMJ model physiological muscle contraction 

was MN-driven distinctive from other established models by other researchers were some 

models used electrical pulse to stimulate muscle contraction, other models prompt 

contractions of the myotube through applying chemical solution to stimulate muscle 

contraction (Belluardo et al., 2001; Umbach et al., 2012; Guo et al., 2012;Miles et al., 2004; 

Guo et al., 2010). Establishment of NMJ with presynaptic cholinergic MN activity, maturation 

of post-synaptic motor endplate (ME P) components, together with the interaction of cells 

happening between SkMCs and MNs were confirmed across the co-cultures. The NMJ 

formation and innervated myotubes development made it possible to attain-sophisticated 

myotube differentiation in the co-culture system, distinguished through classification of 

peripheral nuclei, cross-striations on the myotubes. The heterologous co-culture model in this 

study indicate that antibiotics particular to humans can be employed when studying disorders 

which impact on the post-synaptic and/or presynaptic parts of the NMJ. 

Data gathered through the description of the co-culture model as presented in this study has 

indicated the system's possibility to imitate applicable in vivo structural NMJ development 

and also shown enduring steadiness in culture. Nonetheless, if the co-culture model is to be 
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an effective system, the contractile activity of the SkMCs will have to physiologically respond 

to the NMJ prior to and after manipulation via pharmacological interventions.  

Classic studies arrived at the conclusion that human SkMCs that are aneurally cultured, which 

form the leading method employed in vitro model in researching human SkM (Aas et al., 

2013), often do not typically form differentiated post-synaptic components of NMJs or 

contraction under normal settings un-like animal derived SKMCs, (Kobayashi & Askanas, 

1985; Delaporte et al., 1986). It is for this reason that it is generally accepted that human 

myotubes that are aneurally cultured do not show spontaneous contractile activity. So, if 

there is any evidence of contraction, it is considered to be a result of innervation (Mis et al., 

2017). Remarkably, the inaugural publishing of the spontaneous aneural myotube 

contractions observed in differentiated human SkMCs was in 2014 (Dixon et al., 2018). 

According to Guo et al. (2014) at that time, the authors advanced the claim that there was no 

spontaneous contraction recounted from aneural human SkMCs in vitro.  

Nonetheless, the myotubes differentiated from the C2C12 mouse myoblast cell line indicate 

a capability for contractile activity which is spontaneous when aneurally cultured (Manabe et 

al., 2012), showing that there is a potential for human myotubes that are aneurally cultured 

to spontaneously contract even though this may be rare. For purposes of demonstrating the 

functional NMJs formation, certain nerve-muscle co-culture models which were previously 

established have employed excitatory neurotransmitters like glutamate for the purpose of 

stimulating MNs, leading to an escalation in the contraction of myotubes. In a different way, 

the termination of myotube contraction has also been shown via the use of AChR inhibitors 

which are reversible of irreversible like bungarotoxin or tubocurarine (Bowman, 2006; Guo et 

al., 2011; Umbach et al., 2012; Miles et al., 2004).  
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It is interesting to note that studies which carried out recently identified glutamate 

decarboxylase, an enzyme that has a role in the synthesis of γ-aminobutyric acid (GABA) and 

a protein accredited for the GABA transportation across membranes known as GAT-2, in the 

vertebrate NMJ (Nurullin et al., 2018). The impact of GABA receptor antagonist like bicuculline 

has not been explored sufficiently. It is for this reason that this study's experiments were done 

with co-cultures of NPCs innervating C25 with the aim of exploring the effective reaction of 

NMJs to biochemical intervention. By trying different methods of stimulations. The 

contraction frequency was measured in hertz (Hz) in this experiment, hence the unit of 

frequency is equivalent to one cycle per second and in this project equal to one contraction 

per second. Therefore, 60 contractions/ minutes equal to 1 Hz.   
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5.0.1 Aims  

The main aim of this chapter is to determine the functional assessment of the NMJ model 

using different pharmacological drugs ( α-bungarotoxin, tubocurarine, bicuculline, L-glutamic 

acid and γ-aminobutyric acid) to confirm the extensive myotubes contractile activity is MN-

driven. The present study’s first aim was to confirm that spontaneous myotube contraction 

in the co-culture system where indeed a result of MN stimulation, as there is a likelihood that 

the spontaneous contractions may have been aneurally prompted. The second aim was to 

make sure that the NMJs produced in the co-culture arrangement respond to drug in a 

physiological way illustrative of in vivo NMJs. Hence, the objectives are as follows.  

i) Establish a co-culture model exhibiting spontaneous myotube contractions. 

ii) Use agonist and antagonist drugs (i.e. α-bungarotoxin, tubocurarine, bicuculline, 

L-glutamic acid and γ-aminobutyric acid) to treat the co-culture.  

iii) Determine the functionality of NMJs generated in the co-culture system by 

assessing the myotube contraction frequency in response to pre- and post-

synaptic NMJ manipulation via drug treatments.  

 

 

 

 

 

 

 



   

 

 118 

5.1 Results  

Pre or post synaptic effect was observed in co-culture exposed to different drugs. Some used 

drugs were agonist and some were antagonist. The different drugs had certain mechanism of 

action on the co-cultures such as blocking Ach receptor in muscle, blocking nerve impulse, 

force Ach discharge and neurotransmitter L-glutamic acid stimulator motor neuron.  

 

5.1.0 Functional Assessment of NMJs with α-Bungarotoxin 

α-BTX is a naturally occurring neurotoxic peptide which exists in the venom of a snake called 

Bungarus multicinctus. Exposure of NMJs to α-BTX results in an antagonistic binding between 

the AChRs and the neurotoxin on the NMJ’s post-synaptic MEP. Hence, to determine whether 

the muscle contraction is MN-driven, α-BTX was applied of the SkM detected in vivo 

(Santhanam et al., 2018) used to treat the co-culture as a way of prompting permanent 

blockade of the post-synaptic AChRs. On the seventh day, experiments were done, at the time 

when maximum spontaneous contraction frequency became apparent, as determined in 

chapter 3 (Figure 3.6D). Ahead of having the co-cultures exposed to α-BTX treatment, the 

culture dishes were placed on the microscope stage within an incubation chamber with the 

aim of upholding a suitable atmospheric environment for spontaneous myotube contractile 

activity. Uninterrupted spontaneous myotube contractions could be noted for no less than 

five minutes ahead of taking the baseline measurements. The inclusion of this step was to 

make sure that any variations in myotube contraction frequency as a result of environmental 

conditions or temperature fluctuations were alleviated, in the process getting rid of false-

positive results, considering the fact that the co-cultures are very sensitive to such instability.   

The measuring of baseline contraction frequency was done half a minute ahead of applying 

α-BTX (Figure 5.0). No differences (P = 0.51) were recorded in baseline contraction frequency 
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before the negative control and the positive controls ahead of treatment  as the media was 

same for both at this stage. When the treated and untreated diluent to the cultured cells was 

introduced, all the myotube contractions in the α-BTX treated co-cultures and controls 

contraction immediately terminated. After 15 minutes, at 0.42 Hz the myotube contraction 

frequency in the controls were measured, while there were no myotube contractions 

detected in the co-cultures treated with α-BTX. After 20 minutes, an increase to 0.45 Hz, in 

myotube contractions could be detected in the controls. The contractions of the control 

myotubes were recorded at 0.57 Hz after 30 minutes, with no contractions detected in the 

cells treated with α-BTX. In the next 45 minutes following the treatment, the controls 

contraction frequency went back to equivalent baseline levels of 0.71 Hz. After one hour, the 

controls were still showing contraction frequency similar to baseline and at one and a half 

hours, even though there were no contractions detected in the cells treated with α-BTX at 

these time points.  

The cells treated in α-BTX and the control were washed out before new untreated DM was 

introduced to the cells one and a half hours following measurement, resulting in the halting 

of contractions on both control and treated conditions. Measurements were done 30 minutes 

following the washout (2 hours following the inaugural application of treatment), it was noted 

that the controls were again contracting at equivalent baseline frequency of 0.63 Hz. The 

same observation was made 24 hours following the treatment, at which point the contraction 

frequency measured 0.61 Hz. Nonetheless, no contractile activity was noted in the co-cultures 

treated with α-BTX in either of the two last time points. After performing a normalisation test 

the data showed to be parametric. Thereafter, a split plot ANOVA was performed with a 

within element being time and a between element (control vs BTX treated culture). In 

addition, to Bonferroni post hoc pairwise comparisons. 
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5.1.1 Functional Assessment of NMJs with Tubocurarine 

Tubocurarine is a toxic mono-quaternary alkaloid which is extracted from a plant known as 

Chondrodendron tomentosum. This toxin works through a rescindable AChRs binding at the 

post-synaptic NMJ (Cooke & Grinnell, 1964). In a comparable manner to the impact of α-BTX, 

and adequate amount of tubocurarine results in the paralysis of SkM and death due to 

asphyxiation as a result of the diaphragm paralysis. With the aim of finding out if innervated 

myotubes produced in the co-culture system matches the paralysis of SkM as noted in vivo,  

8 µM tubocurarine (Guo et al., 2011; Santhanam et al., 2018) was used to treat the co-cultures 

to AChRs (Figure 5.1). No difference was noted in baseline contraction frequency between 

control cultured and treated myotubes recorded half a minute ahead of adding treatment 

solution to the cells.   
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Once untreated diluent was added to the control cells and tubocurarine to the treated cells, 

there was a termination to all notable contractions in both settings.  A split plot ANOVA was 

performed with a within element being time and a between element (control vs Tubocurarine 

treated culture) showing significant differences at 15min, 20min, 30min, 45min, 60min and 

90min P=<0.001. Bonferroni post hoc pairwise comparisons was also performed. 

Both treated and control conditions were washed out, and the new DM was introduced to 

the cells. This resulted in an immediate total stoppage of myotube contractions. No difference 

(P = > 0.05) was observed in as measured 30 minutes following the washout: the treated cells 

were contracting at 0.69 Hz and the controls at 70 Hz. In a similar manner, measuring the 

contraction frequency 24 hours following the first treatment showed the controls were 

contracting at 0.72 Hz and the treated cells were contracting at 0.705 Hz with no significant 

variance (P = >0.05).  
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5.1.2 Functional Assessment of NMJs with Bicuculline  

The phthalideisoquinoline alkaloid bicuculline is a competitive GABA receptor antagonist 

obtainable from various Fumarioideae subfamily species (Manske, 1932). Studies conducted 

in the past show that applying bicuculline in a homologous NMJ co-culture model has the 

effect of modulating contraction frequency (Mis et al., 2017). Hence, 10 µM bicuculline 

(Borodinsky and Spitzer., 2007) was applied to the current in vitro NMJ with the aim of finding 

out the effects it has on myotube contraction frequency in this heterologous co-culture 

system (Figure 5.2). Once the bicuculline or DM was introduced to both treated and untreated 

cells, there was an immediate halt in all contractions. A split plot ANOVA was performed with 

a within element being time and a between element (control vs Bicuculine treated culture) 
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showing significant  difference between the drugged co-culture and control at the timepoint 

15min, 20min, 30min, 45min 60min and 90min with P=<0.01. Bonferroni post hoc pairwise 

comparisons was also performed. 

When a washout and replacement of DM was done, all contractions came to a complete halt. 

Measurements taken 30 minutes after the washout showed that there was no difference 

when the control and treated conditions where compared. In the same manner, no 

differences were noted after 24 hours between the treated and control conditions P = >0.05). 

 

5.1.3 Functional Assessment of NMJs with L-Glutamic Acid  

Once it was found that myotube contractile activity in the co-culture system could be 

decreased or halted by applying antagonist drugs that influence AChRs at the NMJ MEP, the 

experiment that followed was designed to find out the effect of presynaptic agonist 
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stimulation of the NMJ at the MNs. Hence, the excitatory neurotransmitter glutamate (400 

µM L-glutamic acid (L-Glut)) (Smith et al., 2013), was applied to the co-cultures with the aim 

of assessing the impact of L-Glut on the co-cultured myotubes contraction frequency (Figure 

5.3).  Baseline measurements of contraction frequency were taken 30 seconds ahead of 

applying untreated diluent to the negative controls and L-Glut to the positive controls, which 

showed that there were no significant differences P = >0.05). Once the treatment solutions 

were introduced to the cultures, all contractions immediately stopped. A Split plot ANOVA 

was performed on the contraction frequency of controls and contractile activity of myotubes 

with a within element being time and a between element (control vs L-Glutamic treated 

culture) showing significant difference between the drugged co-culture and control at the 

timepoint 20min and  30min. P=<0.01.  Bonferroni post hoc pairwise comparisons was also 

performed. 

Both culture conditions were washed out, and the DM was replaced 90 minutes after the 

initial treatment, which resulted in a complete halt of all contractions in the cultures, 

measurements were taken 30 minutes following the washout, it could be noted that the rate 

of contraction of both the treated and control co-cultures was close when compared to the 

baseline P=<0.05. With regards to measurements taken 24 hours following the initial 

treatment, it was noted that there was no variance in contraction frequency (P= >0.05) 

between the L-Glut-treated cultures and controls. The spontaneous activity exhibited is the 

same as that of the baseline.  
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5.1.4 Functional Assessment of NMJs with γ-Amino butyric Acid  

According to Obata (2013), γ-Aminobutyric Acid, the GABA’s inhibitory neurotransmitter 

plays an important role in the manner in which the brain functions. It is mainly found in the 

synapses of the CNS. Previous research has indicated that GABA signalling could may occur in 

the periphery, with GABA transporters and receptors entangled in the process of GABA 

signalling being discovered in a tiny amount of exocrine and endocrine glands (Watanabe et 

al., 2002). Research involving molecules has come to the conclusion that GABAA receptor 

subunits α4 and β2/3 exist in cholinergic neurons (Park et al., 2006; Elinos et al., 2016). 

Notwithstanding the reality that GABA plays the role of reducing neuronal activity in the CNS, 

the consequence of an escalation of GABA concentration in the in vitro NMJ setting still needs 

to be clarified. It is for this reason that 1 mM GABA (Borodinsky and Spitzer., 2007) was used 
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to treat the co-cultures before a comparison of the contraction frequency against the control 

settings. A Split plot ANOVA was performed on the contraction frequency of controls and 

contractile activity of myotubes with a within element being time and a between element 

(control vs GABA treated culture) showing no significant difference between the drugged co-

culture and control at the timepoint 15min P=>0.05.  Significant variation was observed at 

20min (P= <0.001). Bonferroni post hoc pairwise comparisons was also performed. 

Observations after 30 minutes showed that the myotubes contraction frequency in cultures 

treated with GABA were substantially higher than that of the controls with significant 

difference  P= < 0.0001). Nonetheless, measurements taken after 45 minutes show that there 

were significant differences in the contraction frequency of myotubes between the GABA and 

non-treated controls  in addition to 60 min, 90 min and 120min (P=<0.001). Furthermore, 

slight variance was observed at  24 hours following the treatment (Figure 5.4) with P= <0.05.    
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 Tubocurarine, α-Bungarotoxin and Bicuculline had antagonist effect whereas  L-glutamic 

acid and GABA had agonist effect.  

 

5.2 Discussion  

From this chapter, it can be noted that the primary results demonstrate the functional 

capacity of NMJs produced in the nerve-muscle co-culture system, which was designed for 

this study. The experiments done are planned in such a way that they prove that the 

spontaneous myotube contractile activity is indeed mimicking the physiological contraction 

as consequence of MN signalling via the NMJ. It is for this reason that NMJs functionality was 

evaluated through analysing myotube contraction frequency modulation through the 

employment of agonist and antagonist (pre-and post) pharmacological interventions which 

act on presynaptic MNs or postsynaptically on AChRs at the NMJ. The result of introducing α-
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BTX to the co-cultures was an instant and permanent halting of spontaneous myotube 

contractions. Such a result shows that their AChRs bind with α-BTX at the NMJ MEP, a 

situation that stops ACh from forming a bond with the post-synaptic receptors and eventually 

there is paralysis in the co-cultured innervated myotubes. Even though the α-BTX-exposed 

co-cultures were washed out and brought back to the standard culture conditions with new 

DM, the spontaneous myotube contractile activity was stopped permanently. What this 

shows is that the NMJs produced in this in vitro co-culture arrangement reacted 

physiologically to an irrevocable competitive antagonist at the AChRs, in agreement with the 

observations made in the in vivo mammalian NMJ (Domet et al., 1995). Added to this, 

introducing tubocurarine to the co-cultures resulted in an instant, even though impermanent, 

stoppage of endogenously produced contractions of myotubes.  

Not like the α-BTX-treated cultures that failed to reinstate contractile activity, the myotubes 

in the co-cultures treated with tubocurarine were able to re-establish spontaneous activity, 

starting with low-frequency uneven spasms as opposed to the standard co-ordinated 

contractions seen in control conditions. Notwithstanding the fact that the reinstatement of 

the contractile activity was apparent (60 minutes) following tubocurarine application, the 

spontaneous myotube contractions failed to get back to the normal synchronous frequency 

until the stage where the co-cultures had been restored to the conditions that prevailed 

before the intervention. Research has proved that the ACh effects do not become eliminated 

as a result of the existence of tubocurarine, even though there is a reduction in the capacity 

of the ACh to open the receptor channels. This results in a situation similar to a reduction in 

the ACh concentration (Bowman, 2006).  

In a manner that is different from the permanent receptor antagonist α-BTX that effectively 

makes the AChRs inactive, the role of tubocurarine is achieved through the reduction of the 
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likelihood of the activating the receptor as opposed to completely inactivating it. The role of 

tubocurarine is accomplished through repeated association and dissociation with its binding 

sites, in the manner that is in keeping with the character of a reversible competitive receptor 

antagonist as opposed to maintaining a continuous connection with AChR such as α-BTX. The 

myotube contractile activity’s capability in the co-culture to recover from tubocurarine 

provides confirmation of the precise physiological character of the neurotransmission as 

observed in this in vitro NMJ arrangement.  

The results obtained from analysing bicuculline application to the co-cultures shows an initial 

termination of myotube activity. Notwithstanding the reality that the spontaneous contractile 

function recovered partially, the myotube contraction frequency was substantially 

attenuated ahead of the bicuculline removal from the cultured cells. Prior studies (Liu et al., 

1994) examining the classic GABA Type A receptor antagonist bicuculline effects on AChRs, 

demonstrates that bicuculline dose-dependently has a blocking effect on the whole-cell 

current's amplitude in the cultured NPC-skeletal muscle.  

Another insight that has been obtained from this study is the bicuculline’s capability to 

decrease the optimal inducible ACh current without changing the Kd value. Such a conclusion 

shows that the binding of ACh to AChRs was competitively non-competitively blocked by 

bicuculline.  Study by Liu et al (1994) concluded that bicuculline played the role of blocking 

embryonic nicotinic AChR channels. Added to this, experiments designed to explore the 

bicuculline effect on heteromeric mouse muscle αβγδ nicotinic AChRs show that the currents 

prompted by ACh were reduced by bicuculline, in a speedy but reversible way, showing that 

bicuculline inhibits the receptor (Liu et al., 1994).  

Other studies dealing with the analysis of the effect of bicuculline at varying membrane 

capacities prove that the inhibition of receptors depended on voltage, a situation which 
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shows that bicuculline blocks nicotinic AChRs non-competitively (Demuro et al., 2001). Such 

studies deliver evidence supporting the idea that bicuculline-induced modulation of myotube 

contractions, seen in the current co-culture arrangement, is a result of ACh being prevented 

from binding with MEP receptors, a situation which further shows that signalling at the NMJ 

was controlling the myotubes' contractile activity in this in vitro NMJ model.  

Jiang et al., 1990 defines Glutamic acid as a neuron-specific excitatory neurotransmitter which 

prompts APs in MNs. Notwithstanding the fact that glutamate receptors were detected in 

mammalian NMJs, there are some studies which show that such receptors have a role to play 

in regulating the potentials of muscle fibre membrane through the nitric oxide synthase 

system (Urazaev et al., 1995), as opposed to signalling at NMJ. The examination of the 

stimulation of linked neurons in co-cultures through neuron-specific excitatory 

neurotransmitter L-Glut implementation shows that the myotube contraction frequency 

within the system was substantially raised. Immediately, the manner in which myotube 

contraction frequency is influenced by MN stimulation with L-glut could be observed, 

resulting in an increase in myotube activity (1.25 Hz higher) over the control in 20 minutes 

and an escalation to 1.5 Hz higher than the control in 30 minutes.  Nonetheless, results show 

that myotube contraction frequency went back to levels equivalent to spontaneous activity 

within 45 minutes after MN stimulation with L-Glut.  

For mammals, it is recognised that the stimulation of SkMC membranes happens exclusively 

via AChRs, a reality which shows that the effective improvement of myotube contractions in 

the co-cultures through introducing L-glut into the system was possibly obtained through the 

augmented discharge of ACh from the cultured MNs into the MN’s synaptic cleft. GABA, as 

an inhibitory neurotransmitter in CNS synapses, plays roles in neuronal development and 

function through activating metabotropic and inotropic receptors  (i.e. GABAA and GABAB 
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respectively) ( Bowery et al., 2002; Obata, 2013; Olsen & Sieghart, 2008). Further studies 

looking into the GABA effects on quantal and non-quantal ACh discharge from MNT puts 

forward the view that GABA could decrease ACh discharge through activation of the GABAB 

receptors located in the NMJs of mammals, with phospholipase C taking the role of mediation 

(Malomouzhet al., 2015).    

Even though studies conducted more recently show mechanisms of GABA and synthesis at 

the mammalian NMJs’ AChRs, it could not be determined if GABA has a role to play in being 

a gliotransmitter at the NMJ or co-mediator of ACh (Nurullin et al., 2018). Nonetheless, the 

studies note that GABAB receptors’ activation has an impact on the force with which ACh is 

discharged. Remarkably, the introduction of GABA into the co-culture system resulted in an 

increase in the myotubes’ contractile activity. A temporary, even though substantial 

escalation of myotube contraction frequency was noted in the cultures treated with GABA in 

the initial 30 minutes after the treatment. A finding such as this shows that there was a 

discharge of ACh, and there was also an enhancement in the co-culture system, discrediting 

the conclusions in the studies mentioned above. Nonetheless, there are some studies that 

have come to the conclusion that GABAA receptors are in existence at the embryonic 

vertebrate SkMCs and there is also an existence of the expression of numerous transmitter 

receptor classes in the initial embryonic neuron and muscle development, including ACh, 

GABA, glutamate, and glycine (Borodinsky & Spitzer, 2007). Such a deeper analysis of the role 

and dynamic functions of GABA at the embryonic and mature mammalian NMJ is called for, 

for the contrivances of how NMJ is affected by GABA to be clearly understood.  

Finally, it can be noted that this chapter’s results deliver proof that this nerve-muscle co-

culture arrangement allows for real-time assessment of NMJ functionality. In doing so, it 

makes available a content podium from where the evaluation of ground-breaking therapies 
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and in vitro disease modelling, and also a framework for the refinement of the understanding 

of how NMJ is formed and works in both disordered and healthy settings can take place.  

5.3 Conclusion  

This chapter has done an evaluation of the simplified in vitro nerve-muscle co-culture system 

for NMJ functionality. Initially, it was confirmed that spontaneous myotube contractions in 

the co-cultures resulted from MN signalling through NMJs. Added to this, it has also been 

verified that the co-culture model did react in a physiologically suitable way for the drugs 

employed in this study. This was confirmed by revocable and irrevocable paralysis of myotube 

contractile activity with AChRs antagonists and also supplementing myotube contractions 

with MN agonists.          
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Chapter 6: Investigating The Cross Communications between Motor 
neurons and Muscle in NMJ co-culture Model. 

 

6.0 Background  

The previous chapter described experiments that were conducted to confirm the NMJ 

physiological functionality in the in vitro NMJ culture that consists of NPC-co-cultured human 

myoblasts. Right across the co-cultures, it was confirmed that the modulation of myotube 

contractile activity using the NMJs manipulation with presynaptic MN agonists and post-

synaptic AChR antagonists was successful. What this implies is that this in vitro NMJ 

arrangement physiologically replicates the function of NMJ in mammals as it responds to 

acknowledged toxins and drugs. For this reason, this novel co-culture system without growth, 

serum, and neurotrophic factors would be suitable in vitro NMJ model for selecting possible 

molecules and drugs used in studies related to ND and MN disorders like congenital 

myasthenic syndrome (CMS), spinal muscular atrophy (SMA), lambert eaton myasthenic 

syndrome (LEMS), amyotrophic lateral sclerosis (ALS), myasthenia gravis (MG), heart failure, 

diabetic neuropathy, cancer cachexia, sarcopenia, and myopathy. The streamlined character 

of the co-culture arrangement (i.e. free from serum and growth/neurotrophic factors), also 

makes it a reliable resource in drug screening procedures. Considering that introducing 

exogenous complex neural growth factors, as in alternate nerve-muscle co-culture models 

will affect the results and to understand which growth factors are truly expressed in the co-

culture (Guo et al., 2011; Das et al., 2007; Puttonen et al., 2015; Guo et al., 2014; Rumsey et 

al., 2010).  

Nonetheless, it needs to be noted that endogenously occurring neurotrophins and growth 

factors are crucial in the existence, growth, function, plasticity, and eventual demise of 

neurons in vivo (Reichardt, 2006; Oppenheim, 1991), and also in the maturation of myoblasts 
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(Syverud et al., 2016). On this basis, a substantial amount of studies have been done dealing 

with the neurotrophic/growth factors in the development of the nervous system and its 

function. Nevertheless, conclusions drawn from further studies show that such factors have 

a vital role in different populations of cells across numerous tissues. The SkMCs is one cell 

that has attracted a lot of attention. SkMCs express receptors for numerous cytokines, growth 

factors, and neurotrophins, implying that the signalling of neurotrophins happens inside 

SkMCs as they are being formed, develop, and in the innervation process (Chevrel et al., 2006; 

Griesbeck et al., 1995; Gonzalez et al., 1999).  

As far as I know, the co-culture system that this project establishes is the inaugural co-culture 

model contrived with no exogenous growth factors, implying the endogenous secretion of all 

the factors needed for the NMJ establishment and growth, SkMCs advanced differentiation, 

and MN maturation. From research using neurotrophin-5 (NT-5) and neurotrophin-4 (NT-4), 

it can be noted that there are clear flaws in the development and function, something that 

could be read to mean that there is an involvement of NT-4/5 in the fibre differentiation of 

SKM (Carrasco & English, 2003). Furthermore, it has been suggested that neurotrophin-3 (NT-

3) plays a role in muscle spindle formation (Ernfors et al., 1994) and altered nerve growth 

factor (NGF) has been associated with certain dystrophic muscle pathologies (Chevrel et al., 

2006). For instance, studies done with healthy people and individuals suffering from multiple 

sclerosis indicate that BDNF in circulation increases with physical exercise (Rojas Vega et al., 

2006; Ferris et al., 2007; Gold et al., 2003). In addition, research has shown that two hours of 

exercise with an ergometer bicycle has the capacity to spur the production of BDNF mRNA in 

SkM (Matthews et al., 2009). Furthermore, SkM neurotrophins concentrations are 

transformed in denervated muscle. Research using diabetic mice studying the same concept 

concludes that NGF mRNA and NTC decreases while BDNF mRNA expression increases in the 
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muscle (Ihara et al., 1996; Fernyhough et al., 1995; Fernyhough, et al., 1996, Fernyhough et 

al., 1998; Fernyhough  et al., 1995).  

The glial-cell-line-derived neurotrophic factor (GDNF), is recognised for playing a role in 

supporting CNS dopaminergic neurons (Lin et al., 1993). It has been concluded, from studies, 

that GDNF expression in SkM involves NMJs' hyper innervation as a result of escalation in the 

sprouting of MN (Nguyen et al., 1998). Suggestions have been made to the effect that GNF 

can play the role of maintaining cholinergic MNs right across the ageing process (Ulfhake et 

al., 2000) and a substantial yet fleeting GDNF expression at NMJs in the embryonic 

myogenesis process can also be seen in vivo.  Fascinatingly, it has also been noted that GDNF 

expression escalates in denervated human SkM (Lie & Wies, 1998). Functional and 

characterisation results from the co-culture systems described in the previous chapters of this 

report deliver proof that NMJs generated in the system physiologically emulate in vivo 

structural development and functionality.  

As was indicated in the previous chapters of this report, alternate established nerve-muscle 

co-culture models generally need intricate neural growth media containing serum or a 

mixture of neural growth factors (some that can be obtained from animals). This is a situation 

that makes toxicology studies and the drug discovery process even more complicated because 

of the potential cross-communication between the factors in the culture media and the novel 

compounds which are the subject of the study, providing a possible explanation why 

numerous potential treatments do not make it into clinics. Even the most contemporary 

systems need up to 18 trophic factors for their model to be successfully established. Added 

to this, numerous systems prompt contractions of the myotube through applying chemical or 

electrical stimulation, which fails to mirror the physiological stimulation needed for the 

contraction of muscles. Even though the effect of serum- free culture are not known the 
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hypothesis of this experiment was that it’s better to avoid using serum. However, a question 

remains to be answered with regards to the manner in which the prevailing co-culture model 

that this project engineers were able to generate physiological functional NMJs with no 

trophic factors and serum, implying that SkMCs and MNs in the system discharge all required 

factors to spur the MN axons sprouting and NMJs creation with myotubes. To provide the 

answer to this question regarding the ability of the streamlined co-culture systems capability 

to create robust NMJs without involving exogenous serum, neurotrophic, and growth factors, 

which prior nerve-muscle co-culture systems require, the following study conducts ELISA-

based microarray experiments with the aim of examining the concentration of endogenously 

secreted growth factors and neurotrophins in this in vitro NMJ system.  

6.0.1 Aims  

To my knowledge this is the first co-culture model engineered in the absence of serum and 

neural growth factors without any adverse effects, which suggests that nerve and muscle cells 

release all of the necessary factors needed to stimulate NPCs and myoblasts differentiation, 

nerve axonal sprouting and formation of NMJs with myotubes were secreted endogenously. 

Therefore, the aim of this chapter was to investigate the bi-directional communication 

between motor neuron and muscle to identify potential growth factors secreted as a result 

of this bi-directional communications 

This, the study objectives to:  

(i) Carry out ELISA-based microarray- technique to determine the neurotrophic and 

growth facts that occur endogenously in the co-cultures.  
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6.1 Results  

6.1.0 Quantifying neurotrophic and growth factors  

The process of determining whether there were any significant variances in the discharge of 

neurotrophic/growth factors in the supernatant of co-cultured, aneurally cultured NPCs, and 

human myoblasts that were aneurally cultured, a ELISA-based microanalysis analysis was 

conducted on neurotrophic/growth factor concentrations. A comparison was made between 

three settings. On Day 7, as is shown in Table 6.0, the quantification of the 40 

neurotrophic/growth factors was done. From the results obtained from MANOVA analysis, it 

can be noted that 8 of the analysed factors had significant variances (P < 0.05) between 

aneural myotube cultures, co-cultures, and cultured NPCs. Followed by a series of single 

factor split plot ANOVA and post-doc pairwise analyses.  

Below are some of the factors analysed and results show that they were significantly higher 

in the supernatant obtained from cultures when compared supernatant collected from 

cultured NPCs and aneurally-cultured myotubes. It was decided to focus on eight growth 

factors (listed below), seen as important factors to consider.  

• Brain-derived neurotrophic factor (BDNF) 

• Insulin-like growth factor-binding protein (IGFBP) -, -3, -4, -6  

• Neurotrophin (NT) -3 

• Growth differentiation factor -15 (GDF-15) 

• Glial cell-derived neurotrophic factor (GDNF) 
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Table 6.0 ELISA-based microarray analysis of growth and neurotrophic factor in supernatant 
collected from co-cultured and aneurally-cultured myotubes on Day 7. 

Growth 
factors 

NMJ Co-
culture 
(pg/mL) 

SkMC only 
(pg/mL) 

NPC only 
(pg/mL) 

Fold 
change 
NMJ vs 
SkMC 

Fold 
change 
NMJ vs 
NPCs 

P-value NMJ 
vs SkMC 

 
 

P-value NMJ 
vs NPCs 

Log-Log 
regression 
standard 
curve (r2) 

AR 0.0 ± 0.0 0.0 ± 0.0 1.3 ± 1.9 0.0 0.0 0.999 0.198 0.99 

BDNF 112.0 ± 54.5 8.5 ± 4.1 0.5 ± 0.1 13.12 233.98 0.002** 0.001** 0.98 

bFGF 36.5 ± 3.3 4.6 ± 2.1 6.0 ± 0.7 7.88 6.04 <0.0001**** <0.0001**** 0.94 

BMP-4 5.8 ± 4.7 5.8 ± 4.9 6.5 ± 2.9 1.00 0.89 0.999 0.962 0.96 

BMP-5 393.4 ± 285.6 481.6 ± 360.4 497.0 ± 278.1 0.82 0.79 0.891 0.854 1.00 

BMP-7 3.8 ± 5.5 9.1 ± 3.3 7.8 ± 5.5 0.42 0.48 0.264 0.437 0.99 

b-NGF 0.5 ± 0.4 0.2 ± 0.4 0.4 ± 0.3 2.80 1.23 0.393 0.942 0.99 

EGF R 29.4 ± 4.1 47.4 ± 18.9 4.2 ± 1.1 0.62 6.99 0.085 0.020 * 1.00 

EG-
VEGF 0.13 ± 0.27 0.7 ± 0.2 0.4 ± 0.4 0.20 0.36 0.046 

0.502 
0.99 

FGF-4 44.6 ± 31.2 30.8 ± 21.9 55.9 ± 45.7 1.45 0.80 0.798 0.858 1.00 

FGF-7 211.7 ± 47.5 0.0 ± 0.0 0.1 ± 0.1 0.00 3683.15 <0.0001**** <0.0001**** 1.00 

GDF-15 328.2 ± 65.6 360.0 ± 95.8 0.9 ± 0.4 0.91 370.33 0.734 0.0001 *** 1.00 

GDNF 25.5 ± 4.3 4.3 ± 1.7 1.4 ± 0.8 5.88 18.54 <0.0001*** <0.0001**** 1.00 

GH 2.6 ± 1.7 5.8 ± 2.9 4.9 ± 1.3 0.44 0.52 0.093 0.237 0.99 

HB-EGF 0.1 ± 0.2 1.6 ± 0.9 1.1 ± 0.7 0.06 0.08 0.027* 0.115 0.97 

HGF 6413.4 ± 93.1 33.9 ± 24.2 908.8 ± 93.1 189.14 7.06 <0.0001**** <0.0001**** 0.99 
IGFBP-

1 5.1 ± 0.9 2.3 ± 1.1 0.3 ± 0.3 2.20 16.44 0.0023** 
<0.0001**** 

1.00 

IGFBP-
2 7640.5 ± 517.8 34.5 ± 27.6 7908.9±1822.0 221.38 0.97 <0.0001**** 

0.917 
1.00 

IGFBP-
3 11315.9 ±1269 2306.1 ± 805.6 816.8 ± 371.6 4.91 13.85 <0.0001**** 

<0.0001**** 
0.99 

IGFBP-
4 2393.2 ± 361.1 249.5 ± 189.2 1168.0 ± 500.1 9.59 2.05 <0.0001**** 

0.002 ** 
1.00 

IGFBP-
6 3952.7 ± 674.4 29.3 ± 20.3 268.0 ± 196.6 135.01 14.75 <0.0001**** 

<0.0001**** 
0.99 

IGF-1 102.6 ± 57.0 77.5 ± 74.4 96.7 ± 61.7 1.32 1.06 0.810 0.988 0.98 

Insulin 10239.8 ±5950 9061.4±8143.4 7462.1±3198.6 1.13 1.37 0.947 0.752 0.99 
MCSF R 2.1 ± 2.5 7.5 ± 7.8 6.0 ± 4.2 0.29 0.36 0.306 0.513 0.99 

NGF R 184.0 ± 30.5 67.5 ± 38.5 2.0 ± 0.6 2.73 91.12 0.0005 *** <0.0001**** 0.99 

NT-3 18.9 ± 3.7 4.0 ± 4.4 4.0 ± 2.8 4.69 4.71 0.0005 *** 0.0005*** 1.00 

NT-4 2.7 ± 2.3 6.4 ± 3.1 2.1 ± 1.6 0.42 1.29 0.099 0.913 1.00 

OPG 864.5 ± 113.1 884.2 ± 277.0 4.9 ± 2.7 0.98 175.85 0.98 0.0001*** 1.00 

PDGF-
AA 260.7 ± 31.6 2065.3 ± 703.8 28.1 ± 18.7 0.13 9.27 0.0003 *** 

0.647 
1.00 

PIGF 270.0 ± 37.3 79.8 ± 33.5 3.1 ± 0.6 3.39 87.15 <0.0001**** <0.0001**** 0.99 

SCF 7.2 ± 2.0 1.2 ± 0.9 1.9 ± 0.5 6.19 3.80 0.0002*** 0.0005*** 1.00 

SCF R 4.6 ± 3.1 2.6 ± 2.4 9.0 ± 1.0 1.78 0.51 0.388 0.045* 1.00 

TGFa 0.1 ± 0.1 0.2 ± 0.2 0.2 ± 0.2 0.39 0.53 0.539 0.694 0.89 

TGFb1 
2525.0 ± 
1682.3 3191.2±2251.2 1520.5±1474.5 0.79 1.66 0.830 

0.668 
0.98 

TGFb3 6.6 ± 2.3 2.7 ± 2.0 9.8 ± 4.1 2.44 0.68 0.154 0.272 0.98 

VEGF 1131.6 ± 128.3 685.0 ± 215.5 3.6 ± 3.4 1.65 311.49 0.0034** <0.0001**** 0.96 

VEGF 
R2 6.5 ± 5.7 10.2 ± 6.2 15.7 ± 2.7 0.63 0.41 0.511 

0.056 
1.00 

VEGF 
R3 7.5 ± 4.3 9.5 ± 5.6 11.8 ± 1.3 0.78 0.63 0.712 

0.288 
0.99 

VEGF-D 0.9 ± 0.2 1.0 ± 0.5 0.7 ± 0.4 0.93 1.34 0.978 0.549 0.99 
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Figure 6.0 BDNF in supernatant collected from NMJ,  SkMC cultured alone and NPCs 

cultured alone on Day 7.The above figures illustrate comparisons in the levels of the trophic 

factors between monoculture and CC conditions. Data is presented as a mean concentration 

of the trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was collected. 

**Represents p=0.01-0.001. The red connectors indicate the comparisons between muscles 

only vs. co-culture conditions.  The green connectors indicate the comparisons between NPC 

only vs. co-culture conditions. 
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Figure 6.1 GDF-15 in supernatant collected from NMJ,  SkMC cultured alone and NPCs 

cultured alone on Day 7. The above figures illustrate comparisons in the levels of the trophic 

factors between monoculture and CC conditions. Data is presented as a mean concentration 

of the trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was collected. NS (not 

significant) and represents p= >0.05, ***represents p=0.001-0.0001. The red connectors 

indicate the comparisons between muscles only vs. co-culture conditions.  The green 

connectors indicate the comparisons between NPC only vs. co-culture conditions. 

 

 



   

 

 141 

 
Figure 6.2 GDNF in supernatant collected from NMJ,  SkMC cultured alone and NPCs 

cultured alone on Day 7. The above figures illustrate comparisons in the levels of the trophic 

factors between monoculture and CC conditions. Data is presented as a mean concentration 

of the trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was collected. 

****Represents p<0.0001. The red connectors indicate the comparisons between muscles 

only vs. co-culture conditions.  The green connectors indicate the comparisons between NPC 

only vs. co-culture conditions. 
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Figure 6.3 IGFBP-3 in supernatant collected from NMJ,  SkMC cultured alone and NPCs 

cultured alone on Day 7. The above figures illustrate comparisons in the levels of the trophic 

factors between monoculture and CC conditions. Data is presented as a mean concentration 

of the trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was collected. 

****Represents p<0.0001. The red connectors indicate the comparisons between muscles 

only vs. co-culture conditions.  The green connectors indicate the comparisons between NPC 

only vs. co-culture conditions. 
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Figure 6.4 IGFBP-4 in supernatant collected from NMJ,  SkMC cultured alone and NPCs 

cultured alone on Day 7. The above figures illustrate comparisons in the levels of the trophic 

factors between monoculture and CC conditions. Data is presented as a mean concentration 

of the trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was collected. 

**Represents p=0.01-0.001 and ****represents p<0.0001. The red connectors indicate the 

comparisons between muscles only vs. co-culture conditions.  The green connectors indicate 

the comparisons between NPC only vs. co-culture conditions. 
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Figure 6.5 IGFBP-6 in supernatant collected from NMJ,  SkMC cultured alone and NPCs 

cultured alone on Day 7. The above figures illustrate comparisons in the levels of the trophic 

factors between monoculture and CC conditions. Data is presented as a mean concentration 

of the trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was collected. 

****Represents p<0.0001. The red connectors indicate the comparisons between muscles 

only vs. co-culture conditions.  The green connectors indicate the comparisons between NPC 

only vs. co-culture conditions. 
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Figure 6.6 NGF R in supernatant collected from NMJ,  SkMC cultured alone and NPCs 

cultured alone on Day 7. The above figures illustrate comparisons in the levels of the trophic 

factors between monoculture and CC conditions. Data is presented as a mean concentration 

of the trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was 

collected.***Represents p=0.001-0.0001 and ****represents p<0.0001. The red connectors 

indicate the comparisons between muscles only vs. co-culture conditions.  The green 

connectors indicate the comparisons between NPC only vs. co-culture conditions. 
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Figure 6.7 NT-3 in supernatant collected from NMJ,  SkMC cultured alone and NPCs cultured 

alone on Day 7. The above figures illustrate comparisons in the levels of the trophic factors 

between monoculture and CC conditions. Data is presented as a mean concentration of the 

trophic factor in each condition with error bars signifying ± SD.  n=4 and represents the 

independent experiments/sample types from which the supernatant was collected. 

***Represents p=0.001-0.0001. The red connectors indicate the comparisons between 

muscles only vs. co-culture conditions.  The green connectors indicate the comparisons 

between NPC only vs. co-culture conditions. 
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The results in this chapter shows the cross-communication system between NPCs and SkMCs 

and the expressed trophic factors within NMJ. Brain-derived neurotrophic factor, Insulin-like 

growth factor-binding protein , -3, -4, -6 , Neurotrophin-3, Growth differentiation factor -15 

and Glial cell-derived neurotrophic factor were expressed which shows that there is a 

communication between NPCs and SkMCs hence, some of these factors didn’t exist when the 

cells were cultured alone. Some trophic factors were expressed in higher amounts in NMJ 

compered to annual culture showing that NPCs and SkMCs enhance certain growth/trophic 

factors when co-cultured.  

 

6.2 Discussion  

Skeletal muscle and motor neurons are tissues that depend on each other, each relying on 

the other for synaptic stimulation/transmission and support. As a result, the denervation and 

reinnervation of the muscle can dramatically modify the physiology of muscles and result in 

the wasting of muscle (Cisterna et al., 2014).  

 ELISA-based protein microarrays are used for the purpose of developing an understanding of 

how, without exogenous neural growth factors, this co-culture model was established. This 

study’s results deliver a numerical measurement of 40 neurotrophins and human growth 

factors which were created in the in vitro NMJ co-culture arrangement, compared with factors 

produced endogenously in aneurally-cultured myotubes and NPCs. The quantification of 

growth factors was achieved using microarray. The experiments showed in vitro NMJs in a co-

culture growth factor arrangement. These were supported by endogenous control of precise 

neurotrophic or growth factors. An examination of the results from Table 6.0, shows the 

concentrations of several factors in NMJ formation, MN preservation, and the development 
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of myotubes, which were shown to be higher in the co-culture compared to cultured NPCs 

and aneural myotube cultures.  

Research into the role played by BDNF in NMJs development proposes that the survival of 

MN and innervation of SkM are improved by BDNF derived from SkM. This experiment 

showed that BDNF were not expressed in NPCs cultured alone however a small amount were 

expressed in SkMCs cultured alone and more than 100pg/ml in NMJ.  However,  transmission 

at the NMJ is potentiated by BDNF (Yan et al., 1993; Zhang and Poo, 2002). Furthermore, 

conclusions indicate that high levels of BDNF are expressed by myoblasts during the in vivo 

development of an embryo, which downward regulates with the maturation of NMJ and SkM 

fibre (Griesbeck et al., 1995). Fascinatingly, studies focusing on chronic exposure to up-

regulated BDNF discharged in the current co-culture arrangement permitted the physiological 

creation and growth of NMJs, typical of NMJ in vivo formation. In contrast, nerve-muscle co-

culture systems established previously which need the involvement of exogenous BDNF (Das 

et al., 2010; Smith et al., 2013; Rumsey et al., 2010; Vilmont et al., 2016; Das et al., 2007; 

Puttonen et al., 2015; Guo et al., 2017;   Guo et al., 2014; Guo et al., 2011), might not produce 

the strong NMJ establishment seen in the NMJ in vitro arrangement produced in this project 

because of inappropriate exogenous BDNF concentrations hindering the maturation of NMJ 

(Song & Jin, 2015).  

Growth differentiation factors (GDFs) belong to a broader family of TGF‐β (transforming 

growth factor-beta) whose role is mostly the control of development. GDF15 (sometimes 

referred to as non-steroidal anti‐inflammatory drug‐activated gene (NAG‐1) or macrophage 

inhibitory cytokine 1 (MIC‐1), is recognised as having a role to play in the control of lipolysis 

and tissue injury. In addition, GDF15 plays a role in all‐cause mortality and mitochondrial 

diseases, anorexia linked to cancer, appetite regulation, and weight loss. In the skeletal 
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muscle, GDFs spur catabolic alterations. It is recognised that growth differentiation factors 

are connected to several diseases states. For instance, GDF15 has been shown to play a role 

as a mediator for muscle weakness acquired from an extended stay in the intensive care unit. 

It has also been shown to have a role in mitochondrial diseases.  Therefore, GDF15 are 

important to examine in this model hence, by showing its existence in the NMJ model this 

highlights the existing communication between the cells. Furthermore, the GDF15 expression 

has been linked with mortality. GDNF were indicated in small amounts in NPCs culture and 

SkMCs culture however, more than double the amount was observed in NMJ showing that 

the NPCs and SkMCs enhance the expression of GDNF when cultured together. Moreover, 

GDF15 controls the GFRAL and receptor TGF‐β receptor II in the central nervous system. In 

addition, it has been reported that GDF15 has an advantageous impact on the protection of 

the cardiac muscle and as an anti-inflammatory. The GDF15's catabolic effect in skeletal 

muscle could play a role via the GFRAL receptor, in the same way, it works in the central 

nervous systems, considering that GFRAL is also expressed in the skeletal muscle and the 

cultured myotubes. Moreover, there is a possibility that GDF15 has the capacity to regulate 

the catabolism of muscle through an intracellular contrivance which is not known, apart from 

the ligand-receptor interaction that is yet to be fully explained. Smad3 and FoxO1 maybe 

some of the GDFs‐induced catabolism and oxidative stress, considering that they have been 

reported to have a detrimental effect on the function of the mitochondria and also prompt 

apoptosis. When escalated GDFs and MOS, and prompted FoxO to induce catabolism, the 

result could be loss of muscle fibre. Previously, it has been reported that dysfunctional 

apoptosis and mitochondria happen to skeletal muscle that is ageing, leading to necrotic and 

apoptotic fibre loss.   
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It has been concluded that the GDNF expression is evident in numerous cells and tissues 

outside the CNS, including Schwann cells and skeletal muscle (Keller-Peck et al., 2001; Baudet 

et al., 2008). The reults in this chapter showed that GDNF were expressed at a level of more 

than 5pg/ml in SkMCs cultured alone. Studies done earlier have concluded that GDNF plays a 

crucial role in sustaining motoneurons in the myogenesis process and also controls the 

postnatal alteration to single innervation from multi-innervation. Generally, it looks like GDNF 

expression escalates during the early stages of myogenesis and becomes almost non-existent 

in skeletal muscle which is mature. A study done more recently has demonstrated with more 

clarity that the GDNF protein and mRNA exist in both fast-type EDL muscles and slow-type 

soleus, particularly the latter (Wang et al., 2002) .  

From the results obtained from the microarray, it can be seen that there is an elevation of 

GDNF in the co-cultures to myotube monocultures. GDNF has been noted as a crucial factor 

that is extremely effective for the survival of MN in vitro (Oppenheim et al., 1995). 

Interestingly GDNF is another illustration of a target-derived factor expressed by SkM with 

RET tyrosine kinase, it receptor expressed in MNs (Baudet et al., (2008). In the cranial MNs of 

mice, the conditional ablating of RET tyrosine kinase produces noticeable interruptions to the 

maturation of MNs and the size of MEP at NMJs is reduced (Baudet et al., 2008).  

From experiments using frogs that aimed to produce a nerve-muscle co-culture system, it was 

concluded that there was an increase in spontaneous synaptic amplitude and frequency in 

instances where GDNF was used to treat the co-cultures. This is a result that shows the 

potential role played by GDNF as a retrograde signalling factor (Wang et al., 2002). In addition, 

research conducted using transgenic mice overexpressing GDNF derived from SkM show a 

hyper innervation of NMJs (Nguyen et al., 1998). Another study by Keller-Peck et al. (2001) 

also came to the conclusion that there was motor unit amplification, NMJ hyperinnervation, 
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and slower eradication of synapse when mice were injected with GDNF in postnatal life. What 

these conclusions seem to imply is that GDNF derived from SkM has a vital role to play in 

controlling the maturation of MNT at the NMJ. For this reason, it can be said that the GDNF 

seen in the co-culture arrangement that this project describes is proof or interaction between 

pre- and post-synaptic elements of NMJs in the arrangement. 

Remarkably, the concentration of five insulin-like growth factor binding proteins (IGFBP -3, -

4, -6) that the microarray experiments examined were significantly higher in co-cultures. The 

main function done by IGFBPs is that of membrane transporter proteins for IGF-1, with nearly 

every IGF-1 being attached to at least of the seven members of the IGFBP superfamily (Hwa 

et al., 1999). The superfamily's most common protein is the IGFBP-3, which binds to IGF-1 at 

a ratio of 1:1. It binds at ~80% of circulating IGF-1 (Adachi et al., 2017). It can be noted that 

the existence of IGFBP was the leading IGF detected in the monocultures and co-cultures 

when a comparison was made to other IGFBPs measured during the array experiment. 

Research into how circulating IGFs are affected by IGFBPs conclude that the activity of the 

IGFBPs enhances IGF-1 bioavailability (Stewart at al. 1993). For this reason, it can be said that 

the detected IGFBP up-regulation in the co-culture arrangement backs the notion that the 

interface between SkMCs and nerve in the arrangement produces the factors required for 

MN maturation, advanced myofiber differentiation, and production of robust NMJ, 

illustrative of in vivo formation.  

The reason why SkM is of specific interest is that it plays the role of a copious source 

neurotrophic support right across growth (Carrasco & English, 2003). Moreover, there are 

several neurotrophin receptors expressed by skeletal muscle, making available a foundation 

for neurotrophin signalling in the muscle section (Chevrel et al., 2006). As can be expected, 

neurotrophin knockout mice usually show distinctive flaws in both the growth and function 
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of the muscle. It has also been concluded that neurotrophin- (NT-) 4/5 plays a role in the 

changes that occur in muscle fibre, the formation of NT-3 muscle spindle, NGF dystrophic 

muscle pathology.  As observed in this experiment NT-3 was expressed in both annually 

cultured NPCs and SkMCs however, reults indicated more than double the amount observed 

in NMJ co-culture.                

The expression of NT-4/5 depends on neuromuscular synapses activity. In skeletal muscle, 

the electrical prompting of motor nerves improved the expression of NT-4/5 (Belluardo et al., 

2001). Notwithstanding the fact that the expression of NT-4/5 seems to be comparatively 

robust in skeletal muscle of grown rates, numerous studies, including the present one 

propose that NT-4/5 expression depends on the type of fibre (Gonzalez et al., 1999; Woolley 

et al., 2005) In one study, it was concluded that NT-4/5 was evenly distributed in both types 

of muscle in humans (Mantilla et al., 2004). Yet, another study that used in situ hybridisation 

and immunohistochemistry came to the conclusion that NT-4/5 was expressed selectively in 

slow-twitch mice fibres. To the contrary, the Western blot analysis (Sheard et al.,2010) we 

conduct shows elevated NT-4/5 expression in fast type (tibialis anterior, extensor digitorum 

longus, gastrocnemius) as opposed to slow-type (soleus) muscles. From the 

immunohistochemical analysis, NT-4/5 protein in vesicle-type arrangements that are 

distributed diffusely in the muscle fibres cytosol in the inner tibialis muscle is revealed. On 

the fringes of the soleus muscle fibres, low degrees of NT-4/5 immunoreactivity were also 

noted. Furthermore, from a study using Fisher 344 rats, Carrasco and English (Sheard et 

al.,2010) came to the conclusion that the injection of 1.5g of NT-4/5 into the neonates soleus 

muscle resulted in the significant acceleration of the normal fast-to-slow myosin heavy chain 

(MHC) isoform change. This change was prevented from happening by the endogenous NT-
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4/5 appropriation using TrkB-IgG. Interestingly, administering an additional TrkB ligand had 

no impact on the standard process of change in this muscle.  

In their study (Sheard et al.,2010), the NT-4/5 mRNA developmental up-regulation in soleus 

muscle fibres of rats happened earlier in comparison to the MHCI mRNA expression up-

regulation linked to the transformation of muscle fibre. What this finding shows is that the 

expression of NT-4/5 protein is more abundant in the soleus muscle due to the slow-type 

features. Notwithstanding the reality that the expression pattern of NT-4/5 seems to vary 

based on animal species and with growth in the postnatal stage, NT-5/5 plays a vital role in 

sustaining numerous functions, such as the survival of motoneuron, conversion of type of 

fibre, and the NMJ formation, in skeletal muscle. 

It was also noted that NT-3 was elevated significantly in comparison to cultured NPCs and 

myotube cultures. It has been demonstrated from studies that NT-3 is a crucial synaptic 

development and function modulator, and is also needed for sustaining post-synaptic and 

presynaptic apparatus at the NMJ (Belluardo et al., 2001; Gonzalez et al., 1999). Research 

using NT-3 deficient mice to explore the NM system and NMJs development noted decreases 

in somal size, even though the αMNs number seemed to develop as expected (Woolley et al., 

1999). Supplementary studies revealed reductions in the innervation of MEPs by MNTs and a 

reduction in the quantities of SkM fibres in NT-3-deficient mice at birth, with a fatal loss of 

MNTs in the postnatal development Day 7 and total denervation hind limb muscles, and no 

NMJ was observed to remain in the all the zones of the SkM endplate (Woolley et al., 2005). 

Moreover, it was noted that mice with reduced NT-3 due to haplo-insufficiency show 

impairment in the maturation of MNT, lowered synaptic vesicles recycling, and reduction in 

the diameter of SkM fibre (Sheard et al., 2010). Based on these studies, it could be deduced 
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that significant elevation in NT-3 expression detected in the co-culture arrangement was as a 

result of NMJ formation, development, and synaptic activity.  

6.3 Conclusion  

This report has delivered an analysis of the concentration of 40 human neurotrophins and 

growth factors in the in vitro NMJ system produced from C25 co-cultured NPCs. Results show 

increased concentrations of 8 factors involved with the development of SkM, MN, and NMJ 

in the co-culture arrangement, delivering proof the NMJ produced in vitro in this project were 

characteristic of conditions in vivo. Finally, the results from the experiments described in this 

chapter deliver vital understandings regarding this streamlined co-culture arrangement's 

cellular signalling. In addition, the results show that the co-culture system has the capability 

to endogenously regulate the formation and development of NMJ, and also make available 

conditions that permit for the advanced in vitro immortalised human myotubes 

differentiation, through the specific expression of essential neurotrophins and growth 

factors.  
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Chapter 7: Establishing physiologically diabetes-specific NMJ platform 
 

7.0 Background  

To the best of my knowledge literature on the effect of diabetic myopathy and neuropathy 

on NMJ modelling as well as muscle function, solely utilising NMJ human co-culture model 

does not exist. Therefore, the present study seeks to contribute to current efforts to create a 

novel model that would have significant place within diabetes investigation research. 

7.0.0 Introduction   

In diabetes, persistent hyperglycaemia induces non-enzymatic reactions (glucose & proteins) 

forming AGEs which is the primary initiating signals that activates all other pathways of tissue 

damage associated with diabetes complications through the alteration of the bidirectional 

communications between muscle and nerve (Chiu et al., 2016). AGEs trigger diabetic 

impediments in three different processes. First, glycated proteins are rendered dysfunctional 

through disruption of molecular confirmation, and altering receptor functionality (Yonekura 

et al., 2005). Secondly, AGEs can form crosslinks intracellularly and extracellularly with various 

molecules other than proteins, such as nucleic acids and lipids, prompting the advancement 

of diabetic impairments. Disruption of axonal transmission is one of the characteristics of 

degenerative nerve fibres, which can be observed as a consequence of glycation alteration of 

neurofilament and tubulin (Williams et al., 1982). There is evidence suggesting that AGEs 

aggregation in muscles results in loss of muscle mass, muscle strength, and regenerative 

muscle abilities (Chiu et al., 2016). Third, the interaction of AGEs with certain receptors in the 

plasma membrane (known as RAGE) leads to activation of intracellular signalling (NF-κB), 

which promotes secretion of pro-inflammatory molecules, expression of genes, and eventual 

development of free radical acids (Singh et al., 2014). The chronic inflammation signals, 

applewebdata://49B039DC-763D-477E-A5BD-FE0ECC9FB406/#_ENREF_100
applewebdata://49B039DC-763D-477E-A5BD-FE0ECC9FB406/#_ENREF_100
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initiated by AGE/RAGE carry out the process of diabetes complications initiation, allowing the 

constitution of a microenvironment that initiates an inflammatory niche. My studies would 

do much to explore the role of AGEs on soluble factors secretion by motor neuron and muscle 

during NMJ formation. 

 
Despite decades of diabetes research using animal models and in vitro systems no single 

platform is able to accurately represent T2D, hence diabetic complications remain 

irreversible. This is mainly due to a failure of the in vivo and in vitro models (e.g. animal 

models) to reflect the extremely complex process of human diabetes and its (disease) 

progression. Therefore, there is a clear unmet need to develop a physiologically relevant in 

vitro NMJ platform to investigate  

 the specific pathological role of AGEs in cross-talk between muscle and motor neurons in 

diabetes.  

With this goal in mind, this project examines the impact of different concentrations of AGEs 

on skeletal muscle, specifically the impact on myogenic morphology and differentiation, by 

developing an operational in vitro human model. Additionally, sophisticated co-culture model 

developed in this project, which simulates in vivo human NMJ platform, will be employed (see 

Figure 1.15). Insofar as my knowledge, this is the pioneer study conducted that uses only 

wholly pertinent NMJs human model to examine diabetic myopathy and neuropathy. 

Therefore, this platform brings substantial opportunities for advancement of clinically 

relevant in vitro models of neuromuscular illnesses.  
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7.0.3 Aims and objectives 

To establish a preclinical proof of concept diabetes platform, the co-cultured cells were 

treated with AGEs to test if they evoked similar deficits to a patient in vivo. Therefore, the 

overall aim was to  validate the NMJ system as diabetic specific-model and map out the effects 

of AGEs on growth factors produced endogenously from the bi-directional communication of 

SkMCs and NPCs in the co-culture., In this chapter, the effects of a diabetic microenvironment 

on muscle function, neural progenitor cells differentiation, NMJ integrity and in vitro 

functionality were examined.  

The main objectives are:  

• Treatment of NMJ system with different concentrations of AGE (50-200 µg/ml). 

• Investigate the impact of AGEs on myoblast and NPCs differentiation 

• Investigate the effects of AGEs on growth factors produced endogenously from 

the crosstalk in NMJ platform between of SkMCs and NPCs  
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7.1 Results 

7.1.1 Effects of AGEs on morphological phenotypic of co-cultured cells  

NMJs co-culture model was subjected to 50-200µg/ml of AGEs and the control BSA over 7 

days of differentiation. starting at a concentration of 50 g/ml, consistent with previous 

research (Chiu et al., 2015; Matou-Nasri et al., 2017) and progressing to 100 g/ml, 150 g/ml 

and 200 g/ml. As a control, BSA was also diluted in DM at concentrations of 150 g/ml and 

200 g/ml (dependent on the highest concentration of AGEs used in the present experiment).  

AGEs was added with the differentiation media on the first day of co-culture. Subsequently, 

staining of the myotubes using Texas Red-X Palloidin and ADPI was performed. The 

fluorescence immunohistochemistry imaging revealed healthy myotubes formation with 

aligned nuclei in co-culture subjected to the control BSA, while significant myotubes 

morphological malformations with characteristic increase in myotube area and centrally 

aggregated nuclei was detected in all treated myotubes (50-200 µg/ml) as illustrated by the 

white arrows in Figure 7.0; image A1, B1, C1, & E1. Additionally, in treated NMJs system, 

minor differentiation of motor neurons with shorter axonal formation was detected as 

illustrated by the red arrows in Figure 7.0; image A2, B2, C2 & E2. In sum, these images portray 

substantial muscle morphological malformations, centrally clumped nuclei, shorter axonal 

formation, and diminished motor neurons differentiation compared with controls. 
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Figure 7.0 SkMC co-culture morphological characterisation at day 7 of differentiation 

following AGEs treatments with different AGEs concentrations and a control group. Image 

A1, B1, C1, D1 and E1 of overlay panel illustrates representative overlay of co-culture showing 

morphological differentiation treated with the control BSA (150 mg/ml), AGEs 50, 100, 150 

and 200 mg/ml respectively. Myotubes stained with Texas Red-X Phalloidin (red) and nucleus 

stained with DAPI (blue). Image A2, B2, C2, D2 and E2 of GFP-NPCs panel show GFP-NPCs 

(green) from the overlaid images. The fluorescence immunohistochemistry imaging showed 

normal myotubes formation with aligned nuclei in co-culture treated with BSA (A1), while 

significant myotubes morphological abnormalities with distinct increase in myotube area and 

centrally clustering nuclei (white arrow) was observed in AGEs treated myotubes (B1C1,D1 

and E1). Less differentiation of motoneurons with shorter axonal formation (red arrow) were 

observed (B2,C2,D2 and E2) compared to control (A2). Images were captured at x20 

magnification consisting of at least five random fields of view selected.    

 

 

7.1.2 Measurement of motor neuron axonal length in co-culture (nerve-muscle) 

The axonal length of differentiated motor neurons in vitro nerve-muscle co-culture subjected 

to AGEs were measured over 7 days, analysed with repeated measures ANOVA. The extent of 

differentiation of motor neurons with regards to AGEs (50-200 μg/ml) treatments or BSA (150 

μg/ml) and DM as controls was specified using the measure axonal length (µm) in every 24 

hours interval. Owing to inadequate data, 200 μg/ml AGEs treatment data was excluded for 

the first six days. 

In the first set of analysis, the axonal length obtained on the first day exhibited minor variance 

with decreased axonal length although no statistical significant overall was detected within 

24 hours of differentiation. Axonal length in AGE treated media was compared to Baseline 

treated co-culture. Conversely, the axonal length obtained on the seventh day exhibited 

significant difference with substantial decrease in axonal length as illustrated by the red 

arrows in panel (B) Figure 7.1. All concentrations of AGE treatments registered statistically 
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significant difference relative with Baseline. A split plot ANOVA was performed with 

Bonferroni post hoc pairwise comparisons showing P values <0.0001 (Figure 7.1).   
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Lastly, the axonal length of differentiated motor neurons was quantified at each time interval 

over the seven days of culture for all treatments (Figure 7.2). Additionally, cells subjected to 

AGE treatment exhibited significant variation in axonal length compared to controls DM and 

BSA. The axonal length decreased concentration of AGEs treatment over the 7 days culture 

period. Repeated measures ANOVA was performed for 7 days measurements in one cell 

culture type. A series of spANOVA with Bonferroni post hoc pairwise comparison was 

performed comparing each measurement from the different days with the start point (day 0). 

The obtained P value for 50, 100, 150 µg/ml was ≤ 0.013. 

 

Figure 7.2 Quantitative analysis of axonal length in SkMC co-culture over 7 days of 

differentiation. Four images taken from a representative co-culture and were analysed for 

axonal length (mm) on Y-axis vs the differentiation time (in days) on X-axis with respect to 

different concentrations of AGEs treatments in co-culture. The axonal length decresed with 

increased concentration of AGEs treatment compared to the controls DM and BSA over the 7 

days in vitro co-culture (p<0.013). Data presented as mean of each condition with error bars 

± SD. n= 10. P= .0.05.  
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7.1.3 Impacts of AGEs on the cross communication between motor neurons and myotubes and 

microenvironment constituents  

To understand how the phenotypic changes in the above figures (Figure 7.0-7.2) were 

induced, the cross-talk between MN and myotubes and endogenously secreted growth 

factors in the microenvironment were investigated. On the seventh day the supernatants of 

both co-culture models were collected to compare the levels of neural/growth factors (NGFs) 

produced endogenously (40 NGFs) using ELISA‐based quantitative microarray. The results 

revealed that eight of the growth factors studied experienced substantial change (P<0.05) 

between the AGE- and BSA (150 μg/ml)-subjected co-culture models (summarised in Table 

7.0). IGF-1 reduced significantly, accounting for 17.4 fewer folds in the co-culture model 

subjected to AGE treatment. The second-largest decrease was NT-3, which was about 6.8 

folds fewer in the co-culture subjected to AGE-treatment. GDNF registered a considerable 

reduction in folds (-5) in the co-culture subjected to AGE treatment. A substantial reduction 

in IGFBP-3  of up to 2 folds in the co-culture subjected to AGE treatment was observed. All 

detected growth factors were reduced (Table 7.0). 
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Table 7.0. QAH-GF-1 analysis of the GNFs in the supernatants of both co-culture models 
 

 

150μg/ml  

BSA treated  

co-culture  

150μg/ml  

AGEs treated  

co-culture 

Fold 

change P-value 

Standard 

curve (r2) 

AR 0.00 ± 0.00 0.25 ± 0.51 0.00 0.36 0.827 

BDNF 112.01 ± 54.50 29.78 ± 34.45 3.76 0.04 0.941 

bFGF 36.45 ± 3.28 18.56 ± 10.93 1.96 0.02 0.998 

BMP-4 5.80 ± 4.74 1.45 ± 1.02 3.99 0.12 0.999 

BMP-5 393.40 ± 285.57 2.80 ± 5.60 140.49 0.03 0.941 

BMP-7 3.77 ± 5.46 0.04 ± 0.07 106.03 0.22 0.967 

b-NGF 0.50 ± 0.43 0.12 ± 0.20 4.29 0.15 0.998 

EGF 0.05 ± 0.01 0.18 ± 0.26 0.29 0.37 0.965 

EGF R 29.36 ± 4.05 23.99 ± 13.40 1.22 0.47 0.956 

EG-VEGF 0.13 ± 0.27 0.01 ± 0.01 22.33 0.38 0.998 

FGF-4 44.64 ± 31.23 18.09 ± 12.18 2.47 0.16 0.997 

FGF-7 211.65 ± 47.54 41.58 ± 48.52 5.09 0.00 0.998 

GDF-15 328.23 ± 65.59 171.02 ± 92.13 1.92 0.03 0.97 

GDNF 25.48 ± 4.34 5.10 ± 5.79 4.99 0.00 0.87 

GH 2.58 ± 1.67 0.42 ± 0.74 6.17 0.06 0.996 

HB-EGF 0.09 ± 0.19 0.22 ± 0.30 0.43 0.51 0.999 

HGF 6413.35 ± 93.09 1968.96 ± 1939.54 3.26 0.00 0.981 

IGFBP-1 5.05 ± 0.92 1.78 ± 0.61 2.84 0.00 0.9997 

IGFBP-2 7640.45 ± 517.78 5587.73 ± 469.34 1.37 0.00 0.936 

IGFBP-3 11315.87 ± 1269.47 4334.02 ± 4663.60 2.61 0.03 0.999 

IGFBP-4 2393.25 ± 361.13 1160.80 ± 493.26 2.06 0.01 0.962 

IGFBP-6 3952.69 ± 674.41 1471.39 ± 1432.16 2.69 0.02 0.9995 

IGF-1 102.62 ± 57.04 5.87 ± 4.52 17.48 0.01 0.9898 

Insulin 10239.78 ± 5950.67 5292.31 ± 2264.28 1.93 0.17 0.993 

MCSF R 2.14 ± 2.48 0.48 ± 0.70 4.50 0.24 0.984 

NGF R 184.01 ± 30.51 57.96 ± 55.21 3.17 0.01 0.996 

NT-3 18.91 ± 3.74 2.76 ± 2.36 6.84 0.00 0.978 

NT-4 2.69 ± 2.26 1.32 ± 0.73 2.04 0.29 0.999 

OPG 864.46 ± 113.11 385.21 ± 141.23 2.24 0.00 0.93 

PDGF-AA 260.68 ± 31.63 220.20 ± 185.10 1.18 0.68 0.98 

PIGF 270.02 ± 37.28 81.18 ± 73.38 3.33 0.00 0.9998 

SCF 7.24 ± 2.01 2.28 ± 1.27 3.17 0.01 0.71 

SCF R 4.64 ± 3.06 1.87 ± 1.45 2.48 0.15 0.99 

TGFa 0.09 ± 0.06 0.00 ± 0.00 88.59 0.02 0.96 

TGFb1 2524.98 ± 1682.32 0.00 ± 0.00 #DIV/0! 0.02 0.92 

TGFb3 6.64 ± 2.30 2.01 ± 2.45 3.31 0.03 0.996 

VEGF 1131.60 ± 128.28 731.88 ± 102.40 1.55 0.00 0.995 
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VEGF R2 6.45 ± 5.73 1.38 ± 1.42 4.67 0.14 0.999 

VEGF R3 7.46 ± 4.33 2.38 ± 2.39 3.13 0.09 0.83 

VEGF-D 0.91 ± 0.20 0.14 ± 0.12 6.49 0.00 0.94 

 

 

 

It was decided to focus on eight growth factors (listed below), seen as important factors to 
consider. 
 

 

 
Figure 7.3 BDNF in supernatant collected from BSA treated co-culture and AGEs treated co-

culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. *Represents p=0.05-0.01. The connectors indicate the comparisons between 

AGE treated co-culture vs. co-culture conditions.  
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Figure 7.4 bFGF in supernatant collected from BSA treated co-culture and AGEs treated co-

culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. *Represents p=0.05-0.01. The connectors indicate the comparisons between 

AGE treated co-culture vs. co-culture conditions. 
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Figure 7.5 BMP-5 in supernatant collected from BSA treated co-culture and AGEs treated 

co-culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. *Represents p=0.05-0.01. The connectors indicate the comparisons between 

AGE treated co-culture vs. co-culture conditions. 
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Figure 7.6 GDF-15 in supernatant collected from BSA treated co-culture and AGEs treated 

co-culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. *Represents p=0.05-0.01. The connectors indicate the comparisons between 

AGE treated co-culture vs. co-culture conditions. 
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Figure 7.7 GDNF in supernatant collected from BSA treated co-culture and AGEs treated co-

culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. **Represents p=0.01-0.001. The connectors indicate the comparisons 

between AGE treated co-culture vs. co-culture conditions. 
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Figure 7.8 IGFBP-3 in supernatant collected from BSA treated co-culture and AGEs treated 

co-culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. *Represents p=0.05-0.01. The connectors indicate the comparisons between 

AGE treated co-culture vs. co-culture conditions. 
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Figure 7.9 IGF-1 in supernatant collected from BSA treated co-culture and AGEs treated co-

culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. **Represents p=0.01-0.001. The connectors indicate the comparisons 

between AGE treated co-culture vs. co-culture conditions. 
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Figure 7.10 NGF R in supernatant collected from BSA treated co-culture and AGEs treated 

co-culture on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  

n=4 and represents the independent experiments/sample types from which the supernatant 

was collected. **Represents p=0.01-0.001. The connectors indicate the comparisons 

between AGE treated co-culture vs. co-culture conditions. 
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Figure 7.11 NT-3 in supernatant collected from BSA treated co-culture and AGEs treated co-

culture  on day 7 of co-culture. The above figures illustrate comparisons in the levels of the 

trophic factors between BSA treated and AGEs treated co-culture.. Data is presented as a 

mean concentration of the trophic factor in each condition with error bars signifying ± SD.  n=4 

and represents the independent experiments/sample types from which the supernatant was 

collected. **Represents p=0.01-0.001. The connectors indicate the comparisons between AGE 

treated co-culture vs. co-culture conditions. 
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degeneration, and muscle weakness which results in reduction of NMJs transmission and fibre 

degradation which leads to development of DMN and DM.  Numerous studies have presented 

evidence of elevated levels of AGEs in diabetes, which hamper the growth and maintenance 

of human skeletal muscles and motor neurons (Sango et al., 2017; Hunt et al., 2015; Chiu et 

al., 2015; Nedachi et al., 2008). However, little is known about the mechanisms governing 

muscle cell growth under elevated AGEs treatment. Ergo, the present study sought to 

examine the impacts of AGEs on differentiation of skeletal muscle and motor neurons  and 

NMJ functioning in serum-free DM, as serum is not exogenously added and might contain 

several unknown biological factors which may influence assay reproducibility. The data 

demonstrated nerve-muscle co-culture model free from serum and neural growth factors in 

the media subjected to varying concentrations of AGEs, similar outcomes were observed in 

control co-culture used as control groups. Additionally, the absence of neural growth factors 

from the co-culture model implies that nerve and muscle cells produce the necessary factors 

needed to trigger nerve, axonal development and formation of NMJs with myotubes. Given 

MNs and skeletal muscles are tissues that rely on each other, the transmission and trophic 

stimulation that occur between them are critical for the development and formation of NMJ. 

In the present study, immunofluorescent imaging revealed that AGEs result in adverse 

morphological changes to both myotubes and MNs. Furthermore, it is  suggested that muscle 

contraction and fibre funcitonality are severly affected by these structural alteration in 

myotubes (Tasfaout et al., 2018; Jungbluth and Gautel, 2014). Typically, the marginal location 

of nuclei in the myotube axis are esential for the regulation of cellular functions within the 

muscle (Folker and Baylies, 2013). In the co-culture model subjected to AGEs treatment (the 

diabetic model), the nuclei centrally clump, resulting in a deficiency in transcriptional and 

translational by products needed for myofibre survival, which ultimately can affect NMJ 

applewebdata://49B039DC-763D-477E-A5BD-FE0ECC9FB406/#_ENREF_83
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(Cadot et al., 2015). Additionally, the presence of AGEs in the co-culture model (the diabetic 

model) suggests affected healthy MNs by diminishing their differentiation and their quantity 

compared to the BSA-treated co-culture model. In confirmation with the findings of our novel 

study, peer- reviewed  studies have reported that AGEs have toxic effects on MNs caused by 

AGE/RAGE binding, raising the secretion of free radicals and oxidative damage to 

mitochondria, ultimately resulting in cell death (Sango et al., 2017; Xing et al., 2013). One of 

the biomarkers of AGEs attack the neural cytoskeleton proteins, resluting in their glycation 

within in persons with diabetes (Ozturk et al., 2006). These modifications to axonal proteins 

lead to axonal degeneration. Experiments performed on diabetic mice revealed that they had 

thinner myelin sheaths and diminished MN differentiation, resulting in dysfunctional MNs 

and reduction in overall conduction velocity (Gonzalez-Freire et al., 2014). Ergo, these 

alterations to the structure hamper the function of both myotubes and MNs, ultimately 

compromising the functionality of the NMJ (such as in DMY and DN). This detrimental 

morphological changes described above could explain the changes in levels of neural/growth 

factors (NGFs) when the co-culture model is treated with AGEs. These NGFs could be secreted 

endogenously in our in-vitro NMJ co-culture models (with AGES and BSA), which were 

measured using ELISA-based microarray experiments. These experiments revealed that the 

construction and development of in-vitro NMJs within the co-culture system were actually 

strengthened by the endogenous control of certain neurotrophic or growth factors. A few 

factors involved with MN support, NMJ formation, and, myotube progress were detected to 

decrease in the co-culture subjected to AGE treatment compared to the one subjected to BSA 

treatment. A faction of research has reported that NT-3 is a critical regulator of synaptic 

operation and progression and is vital for the sustenance of presynaptic and postsynaptic 

frameworks at the NMJ (Gonzalez et al., 1999, Belluardo et al., 2001). Further experiemntal 

applewebdata://49B039DC-763D-477E-A5BD-FE0ECC9FB406/#_ENREF_11
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study has hypothesised that NT-3 functions as a temporary axon path-finding signal for 

proprioceptive axons both marginally and peripherally (Genç et al., 2004). Evidence has 

demonstrated that a reduction in somal size, while the quantity of MNs usually rose in the 

initial post-delivery growth of NMJs in mice devoid of NT-3 (Woolley et al., 1999). Mice devoid 

of NT-3 at birth have been performed and findings revealed that their innervtion of motor 

end plates by AT is diminished. Demonstrating that the quantity of SkM fibres droped 

accompanied by a severe postpartum depletion of ATs and also that there is a complete 

denervation of back limb muscles lacking NMJs in the whole SkM endplate region (Woolley 

et al., 2005). Additionally, disruption of AT development , decline in SkM fibre diameter, and 

diminished recovery of synaptic vesicles are all observed in down-regulated NT-3 mice 

(Sheard et al., 2010). These results perhaps indicate that a drop in NT-3 levels, which was 

observed in the co-culture model subjected to AGE treatment, results in impairment in NMJ 

establishment, progession and synaptic action. Our findigns  also show reduced levels of 

GDNF in the AGE-treated co-culture copared to the co-culture subjected to BSA treatment. 

Susrprisingly, GDNF offers another illustration for a target-derived factor which SkMs express, 

whie its receptor, Ret, is expressed in the MNs. In mice devoid of Ret, a maldevelopment of 

AT and decreased motor end plate size have been observed within NMJs (Baudet et al., 2008). 

Opposing my findings, past experimental studies have suggested that muscle-deprived GDNFs 

increase substantially at old age (Ulfhake et al., 2000), triggering muscle fibre sprouting and 

re-innervating as defensive mechanism of cell body size and the chollinergic phenotype of 

MNs (Edström et al., 2007). The GDNF is an important factor that is thought to be enormously 

effective when it comes to the survival of MNs in-vitro (Oppenheim et al., 1995). Experiment 

conducted on frogs have reported that GDNF treated co-culture models exhibited an increase 

in the AP-dependent synaptic current rate and size, suggesting the GDNF’s probalble role as 
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a retrograde-signalling factor ( Wang et al., 2002). Hyper-innervated NMJs may have also 

been detected when SkM-derived GDNF expresion is increasedin transgenic mice (Nguyen et 

al., 1998). The results suggest that the GDNF derived from SkM may serve as a regulator of 

AT maturation at the NMJ. Ergo, it is possible that a reduction in GDNF levels implies a 

diminished interference between pesynaptic and postsynaptic elements of NMJs in the co-

culture model subjected to AGE treatment compared to the BSA-treated one. The plausible 

explanation that the expression of GDNF was reduced but not elevated due to its defensive 

mechanism that can be activated (causing its increase) in chronic conditions such as marginal 

neuropathies and ageing. The activated defence mechanism increased the expected 

reduction therefore it was not recognisable (Lie and Weis, 1998; Yamamoto et al., 1998). 

The results of the QAH-GF-1 also revealed a drop in IGF-1 in the co-culture subjected to AGE 

treatment. IGF-1 is a multitask pleiotropic growth factor, like its neurotrophic counterpart, 

supporting MN presences and thus muscle size and power while preventing oxidative stress 

(Maggio et al., 2013; Maggio et al., 2006). Additionally, it has been reported that IGF-1 

contributes to healthy synaptic growth, collateral axonal sprouting, nerve terminal flexibility, 

and axonal rejuvenation (Ishii, 1995; Schmidt, 1996; Ishii et al., 1994). The deterioration of 

NMJs and MSs can be prevented by introducing IGF-1 into SKMs. In mice, this has been shown 

to inhibit the force deterioration related to age (Payne et al., 2006). In diabetes, IGFs prompt 

muscle proliferation instead of prompting muscle differentiation as a coping mechanism to 

various physiological and pathological conditions, inluding DM (Semenza, 2000; Hanaire-

Broutin., 1996). Typically, circulating IGF-1 is up-regulated following damage to the central or 

peripheral nerve, but in DN, the up-regulation is delayed at the damaged area and there is no 

increase of IGF-R, adversely diminishing nerve regeneration (Sullivan et al., 2008; Xu and 

Sima, 2001). Given IGF-1 is transported through binding to IGFBPs, the decrease in IGFBP 
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levels in this study had a noteworthy effect on IGF-1 (Hwa et al., 1999). Additionally, it has 

been indicated that IGF-1 bioavailability is bolstered via the activity of IGFBPs (Stewart et al., 

1993). These IGFBPs have an efficient compensation process for when there is a drop in levels 

of one of the IGFBPs, as a result, other IGFBPs are increased automatically, but this process 

cannot compensate for a drop in more than one of IGFBPs. Nonetheless, in our experiment 3 

out of 5 IGFBPs were decreased substantially, resulting in a compromised muscle 

development and a defective regeneration within our in-vitro NMJ model (Sullivan et al 2008;, 

Xu & Sima, 2001; Ning et al., 2006). Therefore, a further drop in IGF-1 level is linked to the 

drop in IGFBP levels (3 out of 5) (Hwa et al., 1999). Thusly, the observed down-regulation of 

IGFBPs and IGF-1 after introducing them to the AGE treated co-culture model supports the 

notion that the disruption of the interaction between MNs and SkMs by AGEs results in a lack 

of the GNFs needed for MN development, functional NMJ resemblance in the in-vivo 

foundation, and MC differentiation. In summary, these findings from existing body of 

knowledge offer key insights into the cellular signalling of our simplified co-culture models 

(both with AGEs and BSA). Additionally, the results derived from the healthy, BSA-subjected 

co-culture model exposed the co-culture system’s ability to endogenously regulate the 

formation and progression of NMJ ad also generate the conditions that facilitate progressive 

differentiation of immortalised human myotubes in –vitro occurring through the specific 

expression of vital GNFs. The results of the AGE-treated co-culture, on the other hand, 

demonstrated the ability of AGEs to endogenously create functional and structural defects in 

NMJs, as well as in SkMCs and NPCs in-vitro by severely affecting the expression of essential 

NGFs. 
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7.4 Conclusions 

In conclusion, the use of this new human-based NMJ platform to examine the potential 

involvement of AGEs in the progress of diabetic myopathy and neuropathy support the 

hypothesis of this study, as evidenced by the disruption of myotubes morphology and 

centralised nuclei bundling. Additionally, the findings also confirmed that AGE affected motor 

neural differentiation which could play a pivotal role in the development of diabetic 

neuropathy. Ergo, the use of NMJ platform in the present study contributed enormously to 

this new approach, and it raises the question as to where AGEs damage originate from? From 

muscle to nerve. With this in mind, further studies are need to answer this question, and the 

present study could be the first step on this path. This study has successfully established two 

approaches to co-culture (diabetic and normal) with the utilisation of iHSMMs with NPCs. No 

exogenous NGFs were introduced to either model, demonstrating that the cross-

communication produces simultaneously these NGFs endogenously without the need to add 

exogenous artificial GNFs, which could influence the outcome of the MN and DMY 

experiments. The quantitative approaches were used to measure several GNFs in both model 

to capture the roles they play in the proliferation and differentiation of muscles and nerves 

and in the functionality of NMJ. In the diabetic model, it became evident that the cross-

communication between iHSMMs and NPCs can be severely affected by a significant drop in 

the expression of these GNFs. These outcomes highlight the damaging role played by AGEs 

on NMJs, muscles, and nerves. Therefore, it can be concluded that this  in-vitro simulations 

of NMJ approaches are superior models for representing in-vivo conditions.  Successful 

validation of this model as a preclinical in vitro test platform that will replace animal use, 

provide a more direct bridge between in vitro and clinical studies, and serve as a screen for 

novel therapeutic strategies of diabetic motor neuropathy and diabetic myopathy. 
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Chapter 8: General discussion and conclusions 
 

8.0 Discussion  

This project's predominant aim was to establish and confirm a novel entirely human 

streamlined nerve-muscle co-culture system platform that has the ability to produce 

functional in vitro NMJs, with no serum, growth, and/or neurotrophic factors. Thus, it sought 

to make available a defined platform for the investigation of disease and disorders of the NM 

system through examining the functionality and formation of the NMJ. In this report, a 

physical human motor unit platform produced by immortalised skeletal myoblasts and NPCs 

obtained from hESCs is described. Several objectives are behind the establishment of this 

unique platform. One of them is the investigation the formation and maintenance of human 

NMJs and disease. It is also used for the analysis of research into the discovery and toxicity of 

drugs. The skeletal muscle and neuron co-cultures were with no serum or cocktails of neural 

growth factors being added. Within a period as short as six to seven days, the formation of 

myotube started being apparent, and the myotube contractions were documented. When 

compared to previous studies where the myotube contractions and NMJ formation took 14 

days (Vilmont et al., 2016), and sometimes as long as 20 to 25 days (Das et al., 2010) this can 

be considered quick.  

The shorter times indicate progress with regards to the study of the elements of development 

and for acknowledging the pathophysiological arrangements of disorders linked to NMJ 

disorders resulting from ageing or disease. What is vital is that this kind of work should be 

done using human cultures as this could assist in increasing the chances that this can be 

translated into clinical practice. The majority of cell culture models in the past studies make 

use of cross-species cell types (Guo et al., 2010; Arnold et al., 2012) and required growth 
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factors (Guo et al., 2011; Demestre et al., 2015; Das et al., 2010; Guo et al., 2010). In the 

present model, these were not included, and no adverse effects were noted. Such a 

conclusion implies that all the necessary factors needed to prompt nerve axonal spouting and 

NMJ formation with the myotubes were discharged by the nerve and muscle cells. In addition, 

the elimination of serum, which has anonymous factors that could impact reproducibility, 

make the toxicity and pharmacology studies’ interpretation simpler (Rumsey et al., 2009).  

Bidirectional communication between the muscle and nerves strongly supports the formation 

of NMJ (Zahavi et al., 2015). The process is also supported by neural growth factors (like 

neurotrophic factor and neurotrophin-3/4 derived from the glial cell line and the 

neurotrophic factor obtained from the brain), which are discharged by the muscle with the 

aim of supporting the formation of NMJ, its growth, and maturation (Henderson et al., 1993; 

Funakoshi et al., 1995). Investigations conducted in the future, making use of this model could 

detect the main factors discharged from the muscle and nerve to coordinate axonal sprouting, 

localisation, and maintenance of NMJ. Notwithstanding the reality that models from animals 

are able to stand for the important parts of human disease’s physiological changes (Jensen et 

al., 2009), there are several advantages offered by in vitro human cell cultures since they are 

created using relevant cell types. Added to this, they can be produced rapidly for high-

throughput screening, and when compared to animal models, they are most effective. In 

addition to the Home Office’s commitment to the 3R’s in animal research, in conduct to 

replacement, refinement and reduction (Guo et al., 2011; Demestre et al., 2015).  

Once the co-culture model had been established, this project’s next objective was to conduct 

the characterisation of the system with the aim of verifying the incidence of physiological NMJ 

formation. Before performing the co-culture characterisation, there were experiments done 

with the aim of determining the best time point, which would indicate that NMJ formation 
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has reached maturity. For purposes of determining the mature formation of NMJ, peak 

contraction frequency was employed. The peak was observed to be seven days following the 

co-culture. Using antibodies for VaChT and ChAT, the characterisation and identification, in 

the system, of Cholinergic MNs was done, revealing the interface between the systems 

myotubes and MNs. Such a significant finding is a reflection of NMJ noted in vivo, both VaChT 

and ChAT are needed for the correct development and function of MN (Misgeld et al., 2002; 

Brandon et al., 2003).  

Terminal Schwann cells are also needed together with SkMC and MN during the formation of 

NMJ in vivo. Research done using mice has concluded that the initial stages of NMJ formation 

can proceed without Schwann cells, even though for suitable synapse development to take 

place in vivo, there has to be an involvement of Schwann cells (Lin et al., 2000; Wolpowitz et 

al., 2000; Morris et al., 1999; Woldeyesus et al., 1999; Riethmacher et al., 1997). The staining 

of the co-cultures for Syt1 was done. The Syt1 is a presynaptic calcium sensor shows 

expression of that presynaptic MNT activity. It is also known for the crucial role it plays in the 

discharge of neurotransmitters from Ca2+ dependent vesicles (Littleton et al., 1993; Geppert 

et al., 1994). The ability to identify Syt1 at MNTs in the co-culture system made available more 

proof that the structural formation of NMJs in the system was successful, as would be 

anticipated in the in vivo signal transmission at NMJ. Then, the characterisation of NMJ was 

done with the aim of showing that there was a co-localisation of MNs and their terminals, and 

postsynaptic AChRs at the NMJ MEP (motor end plate). Consequently, this is a process that 

delivered proof that the physiological in vitro NMJ formation noted in vivo was obtained 

through the AChRs identified on the MEP by their characteristic twisting knotted arrangement 

covered by MNs. This validates the idea that NMJs were being generated by the co-cultures 

while also showing characteristics consistent with effective maturing.  
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With the aim of determining whether the NMJs within the system were showing proper 

structural organisation and postsynaptic development, postsynaptic characterisation of the 

co-cultures was done. Rapsyn and MuSK observation at MEP implied that the discharge of 

agrin from the MNT had the ability to prompt the MuSK signalling conduits. From this finding, 

it can be noted that synaptic communication at NMJ facilitated the effective postsynaptic 

differentiation, as was indicated by the MuSK, Rapsyn, and AChRs co-localisation. 

The co-cultured myotubes also showed morphological features of differentiation at an 

advanced level. In the co-culture system’s physiological sarcomeric development, as shown 

by the existence of striations on the membrane of the myotube, transversal triads, which can 

be described as specifically developed excitation-contraction coupling implements with 

characteristic tight RYRs opposition to DHPRs on the T-tubules and the SR membranes, and 

the peripheral nuclei were noted. All these are also noted in vivo when SkMCs differentiate 

at an advanced level (Shadrin et al., 2016; Bruusgaard et al., 2003). Therefore, it can be 

deduced that the advantage of this co-culture arrangement when compared with the usual 

in vitro myoblast cultures and nerve-muscle co-culture models created in the past seems 

obvious, as they do not show the degree of advanced differentiation of the myotube noted 

in this co-culture arrangement. So, it can be argued that the co-culture system is a better 

implement in studying the wasting of SkM as a result of disease (such as cancer cachexia), 

ageing (such as sarcopenia), and the investigation of disorders linked to MN. By characterising 

the co-culture system, evidence was made available indicating the interface between 

myotubes, neurons, and neuroglia, and also a validation of mature NMJs with postsynaptic 

structural arrangement and presynaptic activity, and advanced myotube differentiation.  

After the characterisation, the objective that followed was making sure that the NMJs 

functioned physiologically and confirmed that the contractions in the myotubes in the co-
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culture arrangement were spontaneous and also happening as a result of the NMJ signalling. 

Agonistic and antagonistic drug-response experiments were used to accomplish this. The 

experiments were made in such a way that drugs were applied to whole culture. MNs express 

receptors on soma and dendrites (Ach, GABA & Glutamic acids). They can possibly act on 

AChRs postsynaptically and on MNs presynaptically on the NMJ, as a result impacting on the 

frequency of the myotube contraction. However, it is important to consider that the drug can 

act on the entire surface. Exposure to α-BTX resulted in permanent termination of 

spontaneous contractions. What this shows is that NMJs within the co-culture reacted as 

expected to the irrevocable competitive antagonist at the AChRs, as was seen in the in vivo 

NMJ (Domet et al., 1995). In a similar manner, co-cultures treated using tubocurarine also 

resulted in the termination of myotube contractions. Nonetheless, a difference was noted in 

that, as opposed to the α-BTX treated cultures, the contractile activity resumed in the co-

cultures treated with tubocurarine, Thus, the resumption of contractile activity in the col-

cultures is tubocurarine and validates the exact neurotransmission noted in this in vitro NMJ 

arrangement.  

Fascinatingly, when bicuculline was used to treat co-cultures, the result was an initial 

termination of contractions of the myotube before spontaneous activity resumed. From 

studies involving mice, it has been noted that bicuculline has the capacity to non-

competitively block ACh from attaching to AChRs (Demuro et al., 2001; Liu et al., 1994). 

Therefore, conclusions drawn from this study can be used to propose that bicuculline had the 

ability to control the activity of NMJ, which was shown in the contraction of myotubes being 

reduced in the co-culture arrangement by averting ACh from binding with receptors at the 

postsynaptic NMJ, a situation that shows that signalling at NMJ was responsible for 

controlling the myotube contractile activity at the co-culture system.  
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To determine whether the MNs in the system was able to receive the excitatory 

neurotransmitter, the L-Glut was employed. Even though fleeting (15min), an intense 

escalation in the frequency of myotubes was detected when the co-cultures were exposed to 

L-Glut. Since it is generally accepted that the stimulation of SkMC membranes is attained 

through AChRs, the increase in contraction frequency detected following the applying of L-

Glut is an indication that the neurotransmitter stimulated the MNs to escalate the discharge 

of ACh into the NMJ’s synaptic cleft within the co-culture arrangement, in the process 

prompting the escalated myotube activity.  

The inhibitory CNS neurotransmitter GABA is the last treatment applied to the co-cultures. 

The aim was to find out whether GABA signalling was taking place in vitro NMJs in this 

arrangement. Fascinatingly, a fleeting escalation (10min) in myotube activity was detected 

after exposure to GABA. In contrast to this result, some research shows that there is a MN 

receptor expression of GABAB receptors in vivo at NMTs and when they are modulated 

through GABA, binding may have the effect of lowering the discharge of ACh at MNT 

(Malomouzh, Petrov, et al., 2015; Malomouzh, Nurullin, et al., 2015). Nonetheless, some 

questions regarding the full GABA function and the role it plays in the ACh modulation 

through GABAB receptors at the presynaptic NMJ still remain (Borodinsky & Spitzer, 2007). On 

the other hand, studies have concluded that there is an existence of a number of transmitter 

receptor categories in the initial stages of the embryonic cycle, where GABAA receptors are 

expressed on embryonic SkMCs (Borodinsky & Spitzer, 2007). On this basis, it can be said that 

the role played by GABA at both the mature and embryonic NMJ needs to be explored further 

before the functions of GABA at the NMJ can be completely appreciated. Eventually, via real-

time functional assessment of NMJs in the co-culture system, the proof has been advanced 

to show that this arrangement can be possibly used as a high-content platform for evaluating 
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pioneering treatments and modelling of diseases in vitro, and also for comprehending how 

NMJ is formed, develops, and works. 

Notwithstanding the fact that the establishment of this model that does not make use of 

exogenous growth factors and neurotrophins presents a momentous breakthrough in the 

modelling of NMJ in vitro, it comes as no surprise that SkM and MNs are tissues that depend 

on each other for synaptic transmission/stimulation and trophic support. Moreover, the back 

and forth communication between MNs and SkM is needed for the establishment of the 

development of MNs, SkM, and NMJs. The functional assessment of NMJs produced without 

neurotrophins and growth factors shows that all the factors needed to establish this system 

were discharged by the cells in the system.   

The last objective was to enumerate the co-culture’s neurotrophic and growth factor 

concentration when compared to myotubes that are aneurally-cultured. This was done with 

the objective of determining whether the endogenous up-regulation of precise tropic factors 

facilitated the establishment and growth of NMJs, which were produced in the co-culture 

system. To accomplish this, ELISA-based microarray experiments were used. The results of 

the experiments showed that there was an escalation in the expression of 22 growth factors. 

From studies, it has been concluded that BDNF, usually employed in vitro NMJ systems, is 

implicated in the innervation of SkM and survival of MN in vivo, together with potentiation of 

the transmission of signals at the NMJ (Yan et al., 1993; Zhang & Poo, 2002). Thus, it can be 

noted that the BDNF up-regulation in the co-cultures delivers proof that physiological 

formation and development of NMJs was allowed by the system through BDNF regulated 

endogenously, which shows in vivo NMJ formation.  

From the co-cultures, the up-regulation of FGF-7 was also observed. Notably, this is an 

organising molecule that can play the role of controlling presynaptic specialisation at the NMJ 
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(Fox et al., 2007; Umemori et al., 2004). Agrin has the capacity to control the expression of 

FGF in SkM to facilitate the presynaptic NMJ differentiation (An et al., 2010). Accordingly, high 

FGF-7 in the co-culture arrangement is an indication that there is an interface between 

innervated myotubes and MN-secreted agrin during the formation and development of NMJ, 

as is anticipated in vivo.  

GDNF is another factor that was up-regulated in the co-cultures. It has been shown that GDNF 

is vital for in vitro MN survival (Oppenheim et al., 1995). Previous research also concludes that 

GDNF has the capacity to play the role of a retrograde signalling factor (Wang et al., 2002). In 

addition, experiments involving the overexpression of GDNF in mouse models leads to 

irregular MN overgrowth (Nguyen et al., 1998; Keller-Peck et al., 2001). The conclusions from 

these studies show that GDNF is implicated in the maturation of MNT. For this reason, it can 

be said that the elevated GDNF/GDNf-15 noted in the co-culture system is an indication of 

the interaction between pre- and postsynaptic NMJs in the arrangement. When the IGFBPs 1, 

2, 3, 4, and 6 in the co-cultures were measured, it could be noted that all were substantially 

raised in the system.  

It is generally accepted that IGF-1 plays a fundamental role in the formation of MN, SKM, and 

NMJ, their development, and maintenance (Dobrowolny et al., 2005; Velloso, 2008).  Notably, 

the elevation of IGFBPs, which play the role of IGF-1 membrane transporter proteins, has also 

been shown to result in enhanced IGF-1 bioavailability (Stewart et al., 1993). It is on this basis 

that it could be concluded that the elevated IGFBPs and its binding proteins in the co-culture 

arrangement imply that there is an interaction between SkMC and SCE, prompted by the up-

regulation of these factors to facilitate the MN maturation, myofiber advanced 

differentiation, and the formation of strong NMJ, illustrative of in vivo formation. In the co-

cultures, NT-3 which is an essential element of in vitro modelling, was elevated. NT-3 and is 
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implicated in the synaptic function modulation and is needed for maintaining NMJs (Belluardo 

et al., 2001; Gonzalez et al., 1999).  

From animal studies, it has been concluded that NMJ development and maintenance can be 

disrupted by NT-3, which also results in the reduction in the size of SkM fibres (Woolley et al., 

1999; Woolley et al., 2005). Research into NT-3 expression shows its expression depends on 

the activity and functions of the synapse to regulate the transmission of NM. For this reason, 

it can be said that the elevated NT-3 recorded in the co-cultures was most likely a result of 

NMJ formation, development, and synaptic activity. 

EGF R, HB-EGF, HGF, OPG, PDGF-AA, PIGF, TGFb3 and VEGF are the last significantly elevated 

growth factors in the co-cultures. Both PIGF and VEGF belong to the VEGF category of growth 

factors and are famous for the role they play in vascular growth and development (Ferrara, 

2004). Notably, it has been demonstrated that these factors play significant roles in the 

growth, control, relocation, and survival of MN (Ruiz de Almodovar et al., 2009; Rosenstein 

et al., 2010). Such factors have also been associated with improvements in the SkM re-

innervation following injury. VEGF has been shown to have the capacity to up-regulate NGF 

and GDNF to facilitate the regeneration of MN axon (Shvartsman et al., 2014), showing that 

during NMJ formation, growth factors work in synergy. Thus, the recorded PIGF and VEGF up-

regulation in the co-cultures implies that these factors were required for the optimal 

development of MN and NMJ formation system.   

 

The evaluation of the results from the microarray experiments led to useful discernments 

with regards to cellular signalling of this streamlined co-culture system. Added to this, it was 

determined that the co-culture system is able to self-regulate the formation of NMJ and 
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facilitated advanced SkMCs differentiation through the precise essential growth and 

neurotrophic factors.  

The successful confirmation of this model as a preclinical in vitro test platform with the 

capacity to substitute animal use delivers a more explicit connection between clinical and in 

vitro studies. Furthermore, it plays the role of screening for novel treatment approaches for 

diabetic myopathy and diabetic motor neuropathy. It makes it possible to substitute the 

employment of diabetic animal models with a suitable human podium which complies with a 

high-throughput drug screening arrangement which will improve the conversion of preclinical 

results to human drug trials. The total failure of the ability to translate animal models into 

therapy that the FDA can approve creates doubt for the translational significance of existing 

experimental animal models for diabetic myopathy (DM) and diabetic motor neuropathy 

(DMN). It has been shown (King, 2012) that diabetes has the highest quantity of animals 

models, which have been extensively employed in diabetes studies. However, the human 

DMN and DM pathogenesis is still not clear, and therapy options are limited to relief of 

symptoms. As its performed poorly hence most maintaining patients in a state of dependence 

on pharmaceuticals. It is on this basis that the failures of the animal models have been 

brought to the fore in the last several decades by several anti-diabetic medicines. While these 

models showed promise in animal models, they fail to meet the primary objectives when used 

in human clinical trials (Colca, 2015; Hedrington & Davis, 2014).  The majority of models that 

have been trialled failed to become rolled out because of ethical considerations linked to 

extensive manipulation and that they cause pain and distress. They have also been noted to 

have several serious limitations and disadvantages. Some of these limitations are that it is a 

challenge to compare studies because different animals are used in the studies, and the 

tautology renders of diabetes strains are different (Sullivan, 2008).  
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Notwithstanding strong ethical rationale, very limited substitute in vitro models has been 

established for the study of DM and DMN pathogenesis (Hattangady & Rajadhyaksha, 2009). 

The leading in vitro models in use include primary myoblasts (Chiu et al., 2016) neuroblastoma 

cell line (Shindo et al., 1996), and dorsal root ganglia neurons (Schmeichel et al., 2003). 

However, it has been noted that all of these have many disadvantages. For example, muscles 

(Chiu et al., 2016) and mono cell cultures of neurons (Shindo et al., 1996) are mostly produced 

using cells derived from animal models. With regards to primary cells, they have been noted 

to be comparatively heterogeneous and have a restricted ability to expand and undergo 

phenotypic changes through the progressive expansion of the cells (Mouly et al., 2005).  

Added to the challenges noted in vitro models is the complicated character of these systems 

established in media that contains serum, which leads to inconsistency in the experiments. It 

is, for this reason, that including serum leads to unspecified variables to the arrangement as 

a result of the differences in the composition of serum between the samples Behringer et al., 

2017). This leads to lower experimental reproductively that could have an impact on the 

results of the experiments. Some evidence has been brought to the fore, showing that the 

serum used in such arrangements stunted the myelination of motor neurons in vitro (Rumsey 

et al., 2009). Finally, considering that the models discussed above are mono-culture 

arrangements, the lack of functional innervation and the resulting absence of NMJ formation 

in these models has a dearth of physiological similarities to humans (Suuronen et al., 2004).    

In diabetes, motor nerve and skeletal muscle are the main targets. In addition, the two are 

tissues that depend on each other for the trophic stimulation back and forth communication 

which provide a vital link in the human motor system that controls voluntary movements of 

the muscle. Accordingly, the denervation and re-innervation of muscle have a dramatic 

altering effect on the function and physiology of muscles (Cisterna et al., 2014).  On the other 
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hand, cell adhesion, muscle-dependent trophic, and axon-guidance signals have a vital role to 

play in the formation and survival of the NMJs (Steinbeck et al., 2016). This, it can be 

concluded that NMJ models which make it possible to modulate and analyse NMJs, motor 

neuron, and muscle concurrently could deliver a more effective and physiologically relevant 

translational model that will boost the comprehension of DM and DMN.  

8.1 Limitations and Future directions  

Limitations in this study includes maintaining the NMJ system functional and 

healthy for more than 10 days. Hence, the NMJ stopped to contract after 10 

days furthermore the cells started to lose it shape and die on day 12. This is 

mainly due to lack of any growth factors and serum to help them surviva for 

longer time. This issue consequence in limited time to study the cells and can 

limit the possibility to study a disorder effect on NMJ, SkMCs and Nerve over 

long periods. In addition, advanced live microscope was necessary to study 

drug effect on NMJ in order to record contraction frequency over longer 

periods.  Nevertheless, there were some constraints to the current study. 

Some of this constraints were due to the effect of AGEs on the mono-culture 

and co-culture, as it would have been beneficial to allow them to develop 

further if more time was permitted and if it was possibly more  applicable to in 

vivo. Hence, it would/could be appropriate to modify the procedures to allow 

for  DM replacement in order to maintain /keep the cells in the culture for 

longer. The insufficiency of the media replacement is crucial as it could result 
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in ultimate death of the cell (most prominently of the co-culture after 5 days of 

DM). Therefore, if addition time was allowed when sustaining the culture, it 

would have permitted further analysis. Although most research follow similar 

procedures in the development of AGEs from BSA, the exact configuration of 

AGE types inside the final mixture is unidentified. As a result, this could have 

had a significant effect on its replicability (Hui et al., 2001). Furthermore, both 

of the models parameters were physically analysed using ImageJ. The axonal 

analysis of the NPCs in co-culture and the differentiation parameters of the 

mono-culture was not measured using a definite automated method. The 

absence of automation due to the high risk of potential human errors and high 

subjectivity which may reduce the integrity of the results. However, proteomic 

analysis of myogenin, a marker of myotube differentiation, by western blot 

analysis, could be used instead to measure the level of myotube differentiation 

(Murphy et al., 2016). Recently, a plugin for the ImageJ software, known as 

AngleJ, allowed the automated measurement of axonal lengths and therefore 

reduced subjectivity (Günther et al., 2015). Moreover, the co-culture would 

have greatly benefited from the inclusion of differentiation parameters, to 

assess the effect of AGEs on myotube differentiation. Unfortunately, the 

immunofluorescent stain used within the co-culture, phalloidin, stains all 

filamentous actin and is not a specific marker for myotubes. Consequently, it 
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would have been impossible to analyse the myotube differentiation using 

ImageJ. Furthermore, the myotubes could be stained with MHC or, preferably, 

proteomic analysis used. Confocal microscope was not used for AGEs study 

due to sensitivity of AGE treated cells. Therefore, confocal microscope was 

only used for chapter 3 and 4.  

While there were some disadvantages to the current experiment, the research 

delivered many advantages. Although the diverse methodology may be 

considered to be a constraint, the quantity of immunofluorescence imaging for 

this study was enormous. The immunofluorescent images discovered different 

morphological changes between the controls and AGE treated cells. In order to 

further understand and support the cell’s functional capacity, mitochondrial 

analysis was introduced in conjunction with the images. The Seahorse XF 

Analyser is frequently used in research, as its measurement of oxygen 

consumption rate is considered to be extremely accurate (Gusakov et al., 2017; 

Yépez et al., 2018). In addition to this, the interpretations observed from the 

images were converted into quantitative data (differentiation parameters and 

axonal analysis), therefore, delivering statistical analysis for comparisons. In 

particular, axonal analysis of NPCs in co-culture stood out as is was based on a 

large data set of axons, with an average of 75 axons measured per day, for 

each treatment group.  
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The results which were obtained via the co-culture, appear to be significantly 

ensuring to deliver a platform for further development. However, the broader 

effects of AGEs need to be further investigated. Theoretically, the amplification 

of multiple targets could be treated at once by the use of a multiplex PCR. 

Some targets for the co-culture could include proteins related with the 

maintenance of the axonal structure. Furthermore, targets usually include 

general protein components of SM such as actin and myosin, and additional 

proteins linked with the migration and alignment of nuclei. Additionally, the 

relations between AGEs and RAGE (Ramasamy et al., 2005) could be 

significantly supported by solely evaluating the expression of cell-surface RAGE 

using flow cytometry (Yoshimaru et al., 2008). In order to provide more insight 

into the pathogenic mechanisms of AGEs (Uy, McGlashan & Shaikh, 2011), the 

measuring of glucose uptake (Yamamoto et al., 2011) and various ROS from 

live cells, would be significantly beneficial, however this can be quite difficult. 

The model also has the potential to become adapted under diabetic 

conditions, to test the effect of AGEs accumulatively with other factors 

associated with T2DM. The induction of insulin-resistance in cells is usually 

cultivated by culturing in high insulin and high glucose media, as seen in 

previous SM models (Gaster & Beck-Nielsen, 2004; Grabiec et al., 2014).  
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For example, new potential drugs and molecules of interest that are being 

developed for the treatment of NM and ND disorders such as CMS, LEMS, MG, 

ALS, SMA, diabetic neuropathy/myopathy, and sarcopenia can be tested on 

this NMJ model as single or multiple doses over a protracted time interval, 

mimicking real drug evaluation conditions, which can be used to quantify how 

the NM system responds to the intervention. The model delivers a realistic 

replica of live NMJs in vivo, approving a quick, accurate, and non-invasive drug 

testing. Animal testing is known to be an extremely inaccurate method, with 

many ethical concerns of using animal subjects for drug testing. Studies have 

shown that only one out of 50 drugs that are tested on animals in vivo are 

suitable for human use, as well as the approval process for drug use in humans 

based on animal testing being a complex and largely unsuccessful endeavour. 

In contrast, the functional data generated by this in vitro NMJ model can be 

directly compared to what clinicians may be observing in clinical human trials. 

Therefore, this model may provide a new guidance for the design of future 

clinical trials, and significantly decrease the time needed for drug 

development. Additionally, the delicacy of this model delivers an extremely 

precise screening tool for new drugs as the model has the competence to 

quantify the degree of loss-of-function caused by neuromuscular blocking 

agents with various modes of action. This model also allows for futher 
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examination into the behaviour of disease progression in the NM system, 

ensuing a better understanding of a treatment decisions for clinical patients. 

Moreover, a future version of the NMJ model could be further developed with 

diseased MNs or SkMCs, and can be additionally used to develop innovative 

therapies to treat neuromuscular diseases.  

However, there is a need for further studies to determine how motor neurons can be used to 

identify NMJs. The additional tests that can be done in this regard include 

immunohistochemic markers such as nestin and acetyltransferase or reverse transcriptase 

polymerase chain reaction (PCR) to identify motor-neuron specific markers (homebox) after 

RNA isolation (Alves et al., 2015; Yi et al., 2018). Innervated NMJs can be determined using 

immunohistochemical marker and α-Bungarotoxin- tetramethylrhodamine (Kim et al., 2008).       

 

8.2 Conclusion  

 

In the platform described in this thesis, neural progenitor cells that were derived from human 

embryonic stem cells (hESC), were added one day after the culture of myoblasts. Over the 

course of 7 days, a fully functional mature NMJ was formed. In this model, myoblasts 

differentiated into myotubes and NPCs differentiated spontaneously into cholinergic motor 

neurons sprouted axons that branched to form multiple NMJ innervation sites along 

myotubes which showed extensive spontaneous contractile activity. The obvious advantages 

of this described model are that it is a much simpler, serum and neural growth factors-free 

co-culture platform and therefore straightforward to manipulate the system variables, which 

will allow investigation into MN and NMJ associated diseases including sarcopenia and cancer. 
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Chapter 7 results establish proof-of-concept that this model could be used as preclinical in 

vitro for diabetes studies thus presents a promising tool to study diabetes mechanisms, and 

a platform to trial innovative therapies. 

This provides further evidence for the high level of functional maturation achieved by co-

cultured cells using the described platform. In the system described in this thesis, human 

immortalised myoblasts were co-cultured with NPCs derived from hESCs. In a period of seven 

days, myoblasts differentiated into myotubes while NPCs differentiated into motor neurons 

which sprouted axons that spread out to create several NMJ innervation sites along the 

myotubes, and the myotubes exhibited extensive contract activity. This is a cell culture 

platform that could be employed for studying human NMJ growth and disease and could 

result in a reduction of the use of the animal model in studies of the future. The co-culture 

model used shows that it can be applied in further diabetes studies. Although the study 

developed from a mono-culture to a co-culture model, it was never about comparing the two 

models. AGEs had significant effects on co-culture model based on the parameters measured, 

which supports the assumption that a co-culture of SkMCs and NPCs plays a significant model 

in supporting its viability and suitability. Some of the NPCs in the co-culture model 

differentiated into cells similar to motor neurons morphologically. The human derived and 

serum free co-culture model can be optimised to be used in many applications. The 

availability of myotubes and motor neurons enhanced innervation in the muscles, thereby 

leading to the development of a functional NMJ model. The model increases the number of 

applications that can be used for NMJ formation and spinal cord, muscle, and motor neurons 

diseases. Considering the findings of the study, it is evident that co-culture model can be 

optimised to analyse the development of DN in diabetic model as well as drug efficacy and 

toxicity tests.  
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Laboratory Equipment     

 

Table 1: Laboratory equipment 

 

Laboratory Plastic ware 
 

Table 2: Laboratory plastic ware  
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Appendix B 

 

 

ELISA- based microarray analysis of supernatant from  NPCs vs. supernatant from aneurally-

cultured 25-years old immortalised human myoblasts vs. supernatant from co-culture of 

NPCs cultured with 25-years old immortalised human myoblasts vs. supernatant from co-

culture of NPCs cultured with 25-years old immortalised human myoblasts treated with 

AGEs.  
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