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Abstract  

Angiogenesis is the growth of new blood vessels from pre-existing vessels, necessary for the 

growth and maintenance of homeostasis. Duchenne muscular dystrophy (DMD) is a 

debilitating disease of the musculoskeletal system. Altered vascularisation has been reported 

as a contributing factor in the disease pathology of DMD.  

In this study, rarefaction in capillary density and capillary to fiber ratio was reported in mdx 

mice. Similarly, significant reductions in vascular endothelial growth factor (VEGF) protein 

level and a blunting in transcript levels of VEGF receptors 1 and 2 were observed, indicating 

disruption to the VEGF/VEGFR pathway. VEGF-A is a potent angiogenic and myogenic 

factor, which has been shown to be a potential therapeutic to ameliorate symptoms of DMD. 

VEGF-A overexpression has been associated with the production of aberrant, leaky 

vascularisation, therefore co-delivery with another growth factor such as fibroblast growth 

factor (FGF) may remedy this. 

We developed stable transfected myoblast cell lines which expressed both VEGF-A alone and 

co-expressed VEGF-A/FGF-4, named Myo-VEGF-GFP and Myo-FGF4-VEGF. ELISA and 

RT-qPCR reported potent VEGF-A secretion from both cell lines. In vitro, the myogenic and 

angiogenic activity of these cells were examined using immunostaining and endothelial cell 

angiogenic assays. Myo-FGF4-VEGF cells exhibited increased rates of differentiation 

compared to control cell lines, while conditioned media from VEGF-A secreting cells resulted 

in increased migration, proliferation, and tube formation capabilities of C166 endothelial cells. 

In vivo, we investigated the angiogenic potential of these VEGF-A secreting myoblasts using 

the chick chorioallantoic membrane (CAM) assay. Conditioned media from VEGF-A secreting 

cells, as well as the cells themselves, resulted in a significant increase in angiogenic response 

in the CAM assay. Finally, using intravital fluorescent microscopy (IVFM) and Hoechst-

labelled erythrocytes we established a novel method to measure haemodynamic parameters in 

the CAM microcirculation. Conditioned media from VEGF-A secreting myoblasts resulted in 

a significant increase in erythrocyte velocity, functional capillary density and capillary 

perfusion in the CAM.  

The stable transfected myoblast established herein, provide sustained VEGF-A and FGF-4 

release over a continuous period of time. The findings revealed in this study potentially provide 

broad implications in the field of therapeutic angiogenesis. Furthermore, the manipulation of 

these cells in higher-level animals may prove highly beneficial in the amelioration of vascular 

abnormalities and disease pathology in muscle diseases such as DMD.  
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1.1. Duchenne muscular dystrophy 

1.1.1. Overview 

Duchenne Muscular Dystrophy (DMD) is the most common genetic disease to affect children 

with an occurrence of 1 in 3,500 live male births per year (Swiderski and Lynch 2021). DMD 

is a degenerative progressive myogenic disease which leads to gradual muscle weakness, 

muscle-wasting and even necrosis (Duan et al. 2021; Kaplan and Morgan 2022). DMD is an 

X-linked recessive trait disorder, meaning it is associated with the X chromosome. This results 

in XY males being more commonly affected as they do not have a second copy of the X 

chromosome to compensate for the defect, as seen in XX female DMD carriers (Pray 2008). It 

is caused by a mutation in the DMD gene, which is responsible for the synthesis of the structural 

protein dystrophin (Nakamura and Takeda 2011; Verhaart and Aartsma-Rus 2019). The DMD 

gene is the largest known gene in the entire human genome. As a result of this large size, it is 

prone to mutation such as deletions (60-70%), duplications (5-15%) or translocations, point 

mutations and small deletions or insertions (~20%) (Duan et al. 2021; Elangkovan and Dickson 

2021). These mutations disrupt the reading frame of the dystrophin gene and result in nonsense-

mediated RNA decay, leading to the absence of the dystrophin protein. For some mutations, a 

truncated dystrophin can form which is partially functional, resulting in milder symptoms, such 

as in Becker muscular dystrophy (BMD) (Podkalicka et al. 2019; Elangkovan and Dickson 

2021; Takeda et al. 2021). BMD is less common and severe than DMD, with patients having 

10% - 40% the normal amount of dystrophin present. As a result, symptoms begin later in  

BMD and have slower progression, with patients remaining ambulant until the age of 16, and 

a life expectancy of between 40 and 50 years (Emery 2002). 

Sufferers of DMD exhibit shorter life expectancies with death occurring at ages as young as 20 

ï 30 years (Fig. 1.1) (Bosco et al. 2021). With the normal age for diagnosis between age 3 and 

5, children usually show symptoms from a young age with the lower body muscles first affected 

(Ciafaloni and Moxley 2008; Bushby et al. 2010). During early adolescence, the use of a 

wheelchair is often required due to loss of mobility, while assistance with ventilation is 

necessary from the age of 20 (Isaac et al. 2013; Elangkovan and Dickson 2021). In addition to 

mobility issues and respiratory insufficiency, cardiomyopathy contributes significantly to the 

shortened lifespan of sufferers (Bucher et al. 2019; Elangkovan and Dickson 2021). While 

several breakthroughs involving the use of corticosteroids in conjunction with physiotherapy 
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have aided in improving patient quality of life, the achievement of a direct cure remains elusive 

(Abdul-Razak et al. 2016).  

Many therapeutic approaches are in development for a direct cure for DMD, the most 

promising of these include CRISPR/Cas9 technology (Erkut and Yokota 2022), exon skipping 

(Takeda et al. 2021) and the delivery of a truncated form of dystrophin called mini/micro-

dystrophin (Shimizu-Motohashi et al. 2019; Elangkovan and Dickson 2021) . With these gene-

based therapies, systemic delivery of the treatment to the entire body will be essential, therefore 

adequate vascularisation will be required to maximise the therapeutic benefit.  

 

 

Figure 1.1. Progression of DMD in human sufferers. 

The lifespan of a male with DMD is significantly reduced to that of a healthy individual, 

with mobility issues, respiratory insufficiency and cardiomyopathy experienced. Adapted 

from (Asher et al. 2020). 

Dystrophin is essential for the structural integrity of muscle. It is widely expressed in skeletal, 

cardiac and smooth muscle, therefore there may be a more wider body effect with the absence 

of dystrophin (Podkalicka et al. 2019; Kaplan and Morgan 2022). Located on the intracellular 

surface of the sarcolemma, dystrophin is made up of four structural domains, each with their 

own function (Duan et al. 2021). Dystrophin is the central component of the dystrophin-

associated protein complex (DAPC), which functions to link the sarcolemma, extracellular 

matrix and the cytoskeleton with the aim of protecting the myofibers from damage during 

contraction (Bahri et al. 2019; Elangkovan and Dickson 2021). In healthy muscle, sarcolemma 

integrity is maintained by this linkage. However, in DMD, disassembly of this DAPC results 
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in a weakened sarcolemma, which is very susceptible to damage due to mechanical stress 

(Podkalicka et al. 2021). 

 

1.1.2. Degeneration and Regeneration in DMD 

Skeletal muscle makes up 35-40% of the total body mass in humans, and functions to allow 

respiration, posture and movement (Khodabukus et al. 2018). In DMD, the absence of 

dystrophin leads to reduced structural integrity and mechanical instability resulting in 

increasingly fragile muscle fibers which degenerate and regenerate more often than normal 

(Madaro et al. 2019). Regeneration is a complex process which allows for the restoration of 

skeletal muscle and maintenance of homeostasis following injury as a result of exercise or 

disease (Yang and Hu 2018). It is a two-phase process involving tissue degeneration followed 

by regeneration (Chargé and Rudnicki 2004; Archacka et al. 2021).  

Muscle degeneration occurs when the structure and integrity of the sarcolemma of the muscle 

fibers are damaged or disrupted, such as in DMD (Archacka et al. 2021). Following 

degeneration, the myofiber undergoes necrosis, releasing several growth factors, 

chemoattractants and cytokines. This leads to the arrival of circulating inflammatory cells 

which infiltrate the site of injury and phagocytose the damaged myofibers (Chargé and 

Rudnicki 2004; Archacka et al. 2021). The repair and regeneration process then begins, where 

muscle stem cells, called satellite cells (SCs) undergo several stages to proliferate and 

differentiate, forming muscle fibers (Fig. 1.2) (McCullagh and Perlingeiro 2015; Isesele and 

Mazurak 2021). Muscle regeneration occurs as a result of SCs and is delicately controlled by 

myogenic regulatory factor proteins (MRFs) including myoblast determination protein 1 

(MyoD), myogenic factor 5 (Myf5), myogenin (Myog) and myogenic regulatory factor 4 

(MRF4) (Zammit 2017; Archacka et al. 2021; Soriano Arroquia et al. 2021). 

SCs are muscle specific stem cells which are identified by their main transcription factor, paired 

box protein Pax-7 (Pax7) (Bahri et al. 2019; Verma et al. 2019a). SCs are positioned just under 

the basal lamina of muscle fibers (Feng et al. 2018). Normally, in healthy tissue the SCs are 

quiescent but in injury, they become activated (Nguyen et al. 2021). Following activation, SCs 

can self-renew to repopulate the regenerative pool, or through upregulation of Pax7, MyoD and 

Myf5 begin to undergo proliferation and differentiation to form myoblasts (McCullagh and 
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Perlingeiro 2015; Scully et al. 2019). Expression of Myog and MRF4 leads to the fusion of 

myoblasts to form myocytes, which fuse to form multinucleated myotubes which express adult 

specific proteins such as myosin and actin (McCullagh and Perlingeiro 2015; Schmidt et al. 

2019). 

In DMD, sarcolemma instability results in continued cycles of fiber degeneration and 

regeneration. Eventually, this can lead to the exhaustion of the SCs, where they lose their 

capacity to regenerate (Abou-Khalil et al. 2014; Duan et al. 2021). This is counter to the normal 

characteristics of a stem cell, indicating that the reason for SC exhaustion has to be resultant of 

the absence of dystrophin. This implies that DMD could be described fundamentally as a stem 

cell disease. This SC exhaustion can lead to the failed regeneration of muscle fibers (Meregalli 

et al. 2010). As a result, necrosis occurs, involving infiltrations of inflammatory cells, and the 

replacement of muscle fibers with collagen and fatty connective tissue (Kornegay et al. 2012; 

Ennen et al. 2013). 

 

 

Figure 1.2. Overview of skeletal muscle regeneration. 

(A) In healthy muscle, SCs are quiescent, however, in injury, or disease they become 

activated and proliferate to form myofibers. (B) Regeneration is tightly regulated through 

the mechanism of myogenic regulatory factor proteins. Image adapted from (Schmidt et 

al. 2019). 
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1.1.2. Animal models of DMD 

Due to the nature of DMD disease, muscle biopsies from human DMD patients are not easily 

obtainable for the study of the condition (Podkalicka et al. 2019). Therefore, both naturally 

occurring, and laboratory generated animal models are used for studies involving dystrophin 

deficiency in order to replicate the disease symptoms of DMD. Presently, there are nearly 60 

different animal models which fit this description, both non-mammalian (such as 

Caenorhabditis elegans and zebrafish) and mammalian (such as murine, porcine, canine and 

feline) animals (Collins and Morgan 2003; McGreevy et al. 2015).  

A canine X-linked DMD model (GRMD) in the form of a golden retriever, discovered in 1988 

is seen as the most suitable animal model for the study of DMD as it is similar to human 

sufferers in both size and symptom progression (Collins and Morgan 2003). However, it is 

accompanied by difficulties such as inconvenience in high throughput experiments, adversity 

in carrying affected dogs, and high management costs (Gaina 2021). Given what has been said, 

the use of mouse models is still seen as a preferential option for research into DMD presently 

(Nakamura and Takeda 2011). 

The C57BL/ 10ScSn mdx (mdx) mouse is the most widely used model of DMD (Collins and 

Morgan 2003; Podkalicka et al. 2019). Discovered in 1984, this mouse model is genetically 

and biochemically similar to the human condition and is widely used in laboratories due to its 

ease of breeding, convenience and uniformity in genetics (Grounds et al. 2008; van Putten et 

al. 2020). However, these mice show a milder phenotype than their human counterparts 

(Collins and Morgan 2003; Gaina 2021). This has been suggested to be due to compensatory 

upregulation of utrophin (a paralogue of dystrophin), longer telomeres and/or the presence of 

a sialic acid enzyme (Collins and Morgan 2003; McGreevy et al. 2015). The presence of 

utrophin in the mdx mouse results in less severe clinical symptoms, with a reduction of only 

25%, compared to the 75% reduction in human sufferers (Fig. 1.3) (McGreevy et al. 2015; 

Swiderski and Lynch 2021).  
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Figure 1.3. Comparison of lifespans of various models of DMD. 

The life expectancy of human, canine and mouse models of DMD. Adapted from 

(McGreevy et al. 2015). 

More severe phenotypes of mouse models of DMD have been developed in recent years 

through crossbreeding mdx mice with additional genetic mutations to create double knockout 

(dko) models. These animals exhibit a more severe phenotype and therefore increased 

similarity to the human condition (Gaina 2021). Examples of these include the mdx/utrnï/ï 

(utrophin null), and mTR/mdx (telomerase deficient) mice which show much more severe 

disease pathology compared to their single-gene null parents (McGreevy et al. 2015). The 

D2.mdx mouse model was generated by crossing the mdx mutation onto the DBA/2J genetic 

background (Hammers et al. 2020). While genetically similar to DMD, D2.mdx mice exhibit 

much more severe muscle degeneration and failed regeneration, along with extensive fibrosis 

(Swiderski and Lynch 2021). Nevertheless, there are limitations with these increased severity 

models, they can be difficult to breed and are often susceptible to premature death (McGreevy 

et al. 2015).  
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1.1.3. Vascularisation in DMD 

Skeletal muscle is highly vascularised with a vast network of microvessels functioning for its 

adaptive nature (Olfert et al. 2016). Maintenance of adequate vascularisation is essential for 

the delivery of oxygen and nutrients while also removing waste (Jones et al. 2001). The impact 

of altered vascularisation in DMD is debated. The current consensus proposes that alterations 

in vascularisation may be contributing largely to disease progression (Podkalicka et al. 2019). 

Initially, vascular abnormalities were proposed as the primary contributing factor in DMD 

before the discovery of dystrophin. However, following the discovery of the dystrophin 

mutation, this was quickly dismissed (Mendell et al. 1971; Jerusalem et al. 1974; Musch et al. 

1975; Engel and Hawley 1977). 

Present in smooth muscle cells, SCs and endothelial cells (ECs), disruptions in dystrophin 

expression can lead to major repercussions in muscle function, regeneration and vascularisation 

(Harricane et al. 1994; Dumont et al. 2015; Podkalicka et al. 2019). Dystrophin plays an 

important role in SC division, by maintaining cell polarity (Yin et al. 2013; Pietraszek-

Gremplewicz et al. 2018). SCs are juxtaposed with capillaries, with crosstalk signalling with 

ECs reported (Christov et al. 2007). Rhoads et al. 2013 reported a reduced ability to promote 

regeneration and angiogenesis in dystrophic SCs compared to those from healthy mice (Rhoads 

et al. 2013) Therefore, the absence of dystrophin can lead to repercussions not only in 

myogenic capacity, but also in angiogenesis (Rhoads et al. 2013). Along with its structural and 

regenerative roles, dystrophin also functions in maintaining molecular signalling, including 

nitric oxide (NO) synthesis, which stimulates vasodilation during muscle contraction (Ito et al. 

2006; Wallace and McNally 2009). 

Dystrophin plays a crucial role in maintaining the stability of the DAPC, linking the 

sarcolemma, extracellular matrix and the cytoskeleton (Fig. 1.4). Neuronal nitric oxide 

synthase (nNOS) forms an important part of this DAPC complex, producing NO which acts in 

a paracrine manner to enhance blood flow through decreasing sympathetic vasoconstriction in 

a process called functional sympatholysis (Nelson et al. 2014). In DMD, the absence of 

dystrophin results in the mislocalization of nNOS from the DAPC making fibers more 

susceptible to ischaemia (Ennen et al. 2013; Nguyen et al. 2021). As a result, a lack of 

dystrophin leads to both mechanical instability and increased susceptibility to ischaemia, 
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leading to increasingly fragile muscle fibers that are more prone to degeneration, contributing 

further to the disease pathology over time (Saito et al. 2009). 

 

 

Figure 1.4. A schematic representation of dystrophin-associated protein complex 

(DAPC). 

Dystrophin localises nNOS, releasing NO to allow vasorelaxation during muscle 

contractions. Taken from (Kaplan and Morgan 2022). 

 

Several studies have been carried out to investigate blood flow in dystrophy. However, there 

still remains no clear consensus on the precise role or impact poor vascularisation may have on 

DMD progression (Podkalicka et al. 2021). In human DMD, irregular blood vessel structure 

has been reported, with capillary size in these patients largely increased. However, in many 

cases these vessels have narrow, mainly occluded vessels compared to healthy individuals 

(Miike et al. 1987; Kobayashi et al. 2008). Palladino et al., 2013 report altered angiogenic 

properties in ECs taken from mdx mice. These cells fail to undergo normal proliferation, 

migration or tube formation, and undergo apoptosis more readily than wild-type derived cells 

(Mariangela Palladino et al. 2013). 
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Dysregulation of mRNA and protein values of various angiogenic targets in muscle 

homogenates have also been observed. A reduction in vascular endothelial growth factor 

(VEGF) along with one of its receptors, VEGFR-1 has been reported in the gastrocnemius 

muscle of mdx mice (Latroche et al. 2015b). While a reduction in VEGF and CD31 expression 

was also reported in the tibialis anterior (TA), gastrocnemius and diaphragm muscles of mdx 

mice (Pietraszek-Gremplewicz et al. 2018; Bronisz-BudzyŒska et al. 2020; Podkalicka et al. 

2021). 

Vascular organisation has been investigated histologically in several studies involving mouse 

and canine models of DMD. Decreased microvessel density and increased intercapillary 

distance have been reported in GRMD dogs. However, in the same study increased microvessel 

diameter and normal capillary to fiber ratio were also reported (Nguyen et al. 2005). Significant 

reductions in arteriole and capillary density have been reported in soleus, extensor digitorum 

longus (EDL), gracilis and cardiac muscles in mdx mice (Loufrani et al. 2004; Landisch et al. 

2008). Similarly, reduced oxidative capacity and vascularisation in tibialis anterior (TA) 

muscle has also been observed (Matsakas et al. 2013). Likewise, Podkalicka et al., 2021 also 

reported an increase in mdx capillary density in the TA muscle of 6- and 12-week-old mdx 

mice. However, hampered recovery from hindlimb ischaemia and impeded inflammatory 

responses were also reported in 12-week-old animals (Podkalicka et al. 2021). Contrary to 

other reports, Straino et al., 2004 observed similar vascularisation and even improved blood 

flow in young mdx mice (Straino et al. 2004). However, age may be influential in these 

experiments, where in younger mdx mice (2 -3 months) the regenerative capacity is still strong. 

Therefore vascular defects may not be as well pronounced (Podkalicka et al. 2021). 

 It is apparent that age may have an important role in the decline of vascularisation in DMD. 

Studies report unchanged or even improved microvessel organisation in young mdx mice, while 

older mice experience significant vascular alterations and reductions in perfusion (Latroche et 

al. 2015b; Podkalicka et al. 2021). Similarly, Ben Larbi et al., 2021 studied the vascularisation 

of DMD mice from 1 ï 24 months, indicating an increased capillary-fiber ratio in comparison 

to healthy mice up to the age of 12 months, where a significant blunting is reported in 

dystrophic animals (Ben Larbi et al. 2021).  

Alterations in vascularisation are evident in DMD, in terms of both quality and quantity of 

vascularisation and as a result, muscles are experiencing ischaemia (Shimizu-Motohashi and 
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Asakura 2014). This is likely contributing to disease pathology. Nevertheless, the precise 

nature of how this occurs is not clear, therefore further study is required. 

 

1.2. Angiogenesis 

1.2.1. Angiogenesis overview 

Adequate oxygen transport, delivery of metabolites, and waste removal are essential to 

maintain tissue homeostasis. For this to occur, a vast network of well-connected blood vessels 

is crucial, with ischaemia occurring in its absence leading to tissue deprivation and death 

(Grace 1994; Giaccia et al. 2004). Angiogenesis is the process by which new blood vessels 

form from pre-existing vessels, and which occurs both in health and disease (Baum et al. 2010). 

Alterations in angiogenesis are observed in several muscle diseases and can be an indicator of 

a poorer prognosis. The two main types of angiogenesis are sprouting and intussusceptive 

angiogenesis. Sprouting angiogenesis is where new blood vessels form as a result of sprouts of 

ECs from a pre-existing vessel (Ausprunk et al. 1975; Ribatti and Crivellato 2012). 

Intussusceptive angiogenesis involves a pre-existing blood vessel ñsplittingò down the middle 

to form two new branching fully functional blood vessels (Djonov et al. 2000).  

 

1.2.2. Role of VEGF-A in angiogenesis 

Angiogenesis is an organised cascade of events, regulated by several pro- and anti-angiogenic 

growth factors (Lin et al. 2007). Among all these growth factors, VEGFs are considered to be the 

most-well studied angiogenic factors due to their significant contribution in the angiogenic cascade 

(Dikici  et al. 2019). VEGFs are potent mitogens which have been proven to be essential in many 

roles including vasodilation, increasing membrane permeability, destabilization of vessels and 

degradation of extracellular matrix (ECM) and vessel stabilization (Olfert et al. 2009; Dikici et al. 

2019).  

VEGFs are a family of secreted polypeptides with eight conserved receptor-binding cysteine 

residues at fixed positions (Holmes and Zachary 2005; Shibuya 2011). The family consists of 

five members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, and PGF (Shibuya 2011). VEGF-A 
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(often simply referred to as VEGF) is the single most important regulator of vascular growth 

in both health and disease (Holmes and Zachary 2005; Shibuya 2011; Wang et al. 2015). 

VEGF-B plays a less pronounced role in vascular development, while VEGF-C and VEGF-D 

are mainly involved in lymphogenesis (Shibuya 2011; Laddha et al. 2021). Within VEGF-A, 

different isoforms occur as a result of alternative splicing of the VEGF gene, resulting in at 

least 3 transcript variants, named after the number of amino acid residues: human VEGF-189, 

-165, and -121 (VEGF-188, VEGF 164, and VEGF-120 in mice) (Shibuya 2011; Guzmán-

Hernández et al. 2014). 

Conventionally, VEGF isoforms have been described generally as pro-angiogenic growth 

factors; however it should be noted that a sister family of inhibitory splice variants has also 

been reported (Woolard et al. 2004). The most studied of these is VEGF-165b, with other 

isoforms also identified at both mRNA and protein levels (Manetti et al. 2011).VEGF-165b is 

not pro-angiogenic, it binds to VEGF receptors with the same affinity as VEGF-165, however 

it does not stimulate the downstream signalling pathways. This means it can mediate and reduce 

VEGF receptor phosphorylation and signalling, inhibiting angiogenesis.  

VEGFs bind to and activate their receptors to trigger angiogenesis or lymphogenesis (Hsieh et 

al. 2017). The VEGF receptor family consists of 3 members, VEGFR-1 (also called FLT-1), 

VEGFR-2 (also called KDR/FLK-1) and VEGFR-3. VEGF also binds with low affinity to two 

co-receptors neuropilin-1 (NRP1) and neuropilin-2 (NRP2) (Thapa et al. 2023). VEGFR-3 is 

involved in the binding of VEGF-C and VEGF-D to regulate lymphogenesis. VEGF-A along 

with VEGFR-1 and VEGFR-2 play major roles in physiological and pathological angiogenesis 

(Shibuya 2011). The binding of VEGF-A to the VEGFR-2 is seen as the most important for pro-

angiogenic activity, while VEGFR-1 is an anti-angiogenic receptor (Shibuya 2006). Although 

VEGF-A binds to VEGFR-1 with greater affinity than VEGFR-2, its tyrosine kinase activity is 

significantly weaker (Verma et al. 2010; Shibuya 2011). Therefore, it is seen as a VEGF ñsinkò or 

decoy receptor, which sequesters VEGF-A away from VEGFR-2, negatively regulating 

angiogenesis (Ferrara et al. 2003; Shibuya 2011; Bosco et al. 2021). Following the binding of 

VEGF-A to the VEGFR-2 receptor, a range of signal transduction events occur, including the 

PI3K-Akt pathway, the MAPK signalling pathway and the focal adhesion pathway. Overall, this 

modulates the proliferation, survival, migration, and permeability of vascular ECs (Abhinand et al. 

2016; Dikici et al. 2019).  
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Despite this, the benefits of VEGF as a therapeutic are delicately balanced, and with a remarkably 

narrow dosage limit (Dikici  et al. 2019). Originally named vascular permeability factor (VPF) 

(Dvorak et al. 1995; Ferrara et al. 2005; Wagner et al. 2019), uncontrolled VEGF secretions can 

lead to the development of leaky, permeable, aberrant blood vessels, similar to those found in 

tumorigenesis (Ozawa et al. 2004; Dikici et al. 2019). This has proved problematic in the delivery 

of VEGF, with the formation of these vascular abnormalities challenging its therapeutic benefit 

(Ozawa et al. 2004). It has been shown that excessive uncontrolled delivery of VEGF to both 

ischaemic and healthy tissue, resulted in the formation of excessively permeable blood vessels 

(Gianni-Barrera et al. 2016). However, the balance between healthy and aberrant blood vessels is 

not specifically dependent on the total VEGF dose, but instead the balance of VEGF along with 

other growth factors and pericyte recruitment (Banfi et al. 2012; Gianni-Barrera et al. 2016). With 

this in mind, the delivery of VEGF alone can only be beneficial when its dose is tightly regulated. 

However, the co-delivery of VEGF along with another growth factor such as platelet derived 

growth factor (PDGF), Angiopoietin-1 (Ang1) or FGF may overcome this by deriving healthier, 

non-leaky vessels (Jazwa et al. 2010; Banfi et al. 2012; Gutpell et al. 2017). As angiogenesis is a 

cascade of several sequential events, the delivery of various growth factors and cells are required 

to form fully functional vessels (Jazwa et al. 2010). 

Overall, our understanding of VEGF and its signalling pathways are still being investigated 

and more studies are required to fully explore the understanding of the basic mechanisms, and 

subsequent translation of this into potential therapeutic use. Accordingly, the development and 

standardisation of angiogenic assays, both in vitro and in vivo are vitally important in 

facilitating this research. 

 

1.2.3. In vivo and in vitro models of angiogenesis 

In order to study angiogenesis, several in vivo and in vitro angiogenic assays have been developed, 

both in vivo and in vitro. In vitro assays include EC angiogenic assays (migration, proliferation, 

survival and morphogenesis assays), the rat and mouse aortic ring assays, the embryoid body assay 

and the mouse metatarsal assay (Wartenberg et al. 1998; Deckers et al. 2001; Masson et al. 2002; 

DeCicco-Skinner et al. 2014). While angiogenic in vivo assays include the corneal micro pocket, 



Chapter 1: General Introduction 

 

14 

 

 

the rodent mesentery assay, the dorsal skin fold procedure and the chick chorioallantoic membrane 

(CAM) assay (Gimbrone Jr et al. 1974; Norrby et al. 1986; Lehr et al. 1993; Brown et al. 2010).  

In vivo experimentation is often considered to be more informative than in vitro as it accounts 

for the interaction of several physiological pathways that cannot be mimicked using cell culture 

or in vitro assays. The CAM assay is quick, low-cost and does not require the ethical approval 

required for rodent studies (Ribatti et al. 1996; Kue et al. 2015). The CAM assay links cell 

based in vitro studies with in vivo animal experimentation, providing a method to study 

complex biological procedures without the requirement for ethical approval (Ribatti 2016). In 

recent years, adherence to the ñThree Rsò including the reduction in animal suffering has 

become prominent in experimental design (Russell and Burch 1959; Dragostin et al. 2020). 

With this in mind, the CAM assay can be used as a preliminary screening tool to test the 

efficacy of a treatment, before it is investigated in a higher-level pain-perceiving animal, such 

as rodents (Kue et al. 2015; Dragostin et al. 2020). The use of the CAM assay as a model of 

angiogenesis is described in further detail in Chapter 2. 

 

1.3. VEGF targeted angiogenic therapies for DMD 

In general, the prognosis is poor for sufferers of DMD. Current treatment options involve 

physiotherapy and corticosteroid use to ameliorate symptoms and improve quality of life (Duan 

et al. 2021). However, no breakthrough has been made with regard to a direct cure. In the quest 

to treat this condition, much focus has involved the use of gene therapy options to replace the 

missing dystrophin gene (Elangkovan and Dickson 2021). Unfortunately, due to the large size 

of the gene, incorporation into a suitable vector has proven to be quite difficult (Duan et al. 

2021; Elangkovan and Dickson 2021). Some success in recent years has been achieved through 

the use of mini/micro-dystrophin genes, which are truncated genes produced with the aim of 

maintaining protein function. However, this has proved problematic. (Le Guiner et al. 2017; 

Ğoboda and Dulak 2020). Adeno associated viruses (AAV s) rarely integrate into the host 

genome, as there is a risk of the expression being lost due to muscle turnover, while an immune 

response can also occur due to the presence of the new gene delivered (Ğoboda and Dulak 

2020; Thapa et al. 2023).  
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As discussed previously, disruptions to normal vascularisation are evident in DMD. Therefore, 

ameliorating treatments involving the use of pro-angiogenic factors has in recent years revealed 

much potential in the area of therapeutics in DMD (Thapa et al. 2023). Currently, the most 

researched method of improving angiogenesis is via a pro-angiogenic therapy, involving the 

targeting of the VEGF/VEGFR pathways. VEGF is paramount in the induction of 

angiogenesis, but it may also dually promote myogenesis in vivo (Arsic et al. 2004; Frey et al. 

2012).  

Direct delivery of VEGF-A to diseased muscle has proved therapeutic and has displayed the 

potential to ameliorate disease pathology. This is promising as a therapeutic strategy for DMD. 

AAV delivery of VEGF-165 has resulted in both improved vascularisation, and improved 

muscle function in skeletal muscle tissue (Arsic et al. 2004; Tang et al. 2004), while similar 

effects, including improved muscle regeneration, were observed in mdx mice (Messina et al. 

2007). It should be considered that VEGF delivery by such means as AAV, may result in short 

lived impacts, and as a result, frequent delivery would be required to sustain efficacy. Deasy et 

al., 2009 used Myeloid-derived suppressor cells to deliver VEGF to mdx mice. This treatment 

resulted in significant increases in angiogenesis in the mice, with reduced fibrosis also reported 

(Deasy et al. 2009). However, Gutpell and Hoffman, 2015 report an increase in fibrotic markers 

in fibroblasts isolated from mdx mice following treatment with VEGF. Therefore caution 

should be taken with this therapeutic option as VEGF-A may lead to fibrotic effects (Gutpell 

and Hoffman 2015). 

The angiogenic potential of VEGF-A alone, while promising, is susceptible to negative effects 

with regard to the formation of aberrant leaky blood vessels. Co-delivery of VEGF-A with 

other growth factors is hypothesised to potentially alleviate this. Delivery of VEGF along with 

the growth factor FGF has been proven to increase levels of vascularisation and reduce necrosis 

(Spanholtz et al. 2011; Jazwa et al. 2013). The angiogenic factor, Ang1 has also shown 

potential to improve perfusion in dystrophic muscle, when delivered along with VEGF, with 

reduced progression of fibrosis also reported (Gutpell et al. 2017). Similarly, sustained delivery 

of VEGF along with insulin-like growth factor-1 (IGF-1) improved both vascularisation and 

myogenesis in a model of ischaemic muscle injury (Borselli et al. 2010). 

Xin et al., 2021, have exhibited success through the use of VEGF and mini-dystrophin gene 

co-delivery using a recombinant adeno-associated virus (rAAV) to treat symptoms in 
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dystrophin/utrophin double-knockout (mdx/utrn+/ī) mice. This has proven successful through 

the improvement of muscle function and pathology, while also reducing inflammatory cell 

infiltration, central nucleation and fibrosis (Xin et al. 2021). 

While direct delivery of VEGF is promising, other treatments to increase angiogenesis in DMD 

indirectly are also demonstrating efficacy. One method of this is through the manipulation of 

the VEGF receptors, which play an imperative role in muscle angiogenesis and myogenesis 

(Shimizu-Motohashi and Asakura 2014). Liu et al., 2007 delivered adipose-derived 

mesenchymal stem cells (AD-MSCs) overexpressing the pro-angiogenic VEGFR-2 to 

dystrophic mouse muscle tissue. In vivo, these cells repaired damaged muscle tissue, and 

differentiated into ECs which induced angiogenesis, potentially improving disease pathology 

(Liu et al. 2007). Alternatively, downregulation of the anti-angiogenic VEGF decoy receptor 

VEGFR-1 has also been explored. Mdx mice crossed with heterozygous VEGFR-1 (FLT-1+/-) 

gene background exhibit increased vascularisation and force production as well as reduced 

fibrosis compared to mdx mice (Verma et al. 2010; Verma et al. 2019b). Bosco et al., 2021 

reported an increase in circulating VEGF, as well as increased grip strength and blood flow in 

mdx mice following inhibition of the soluble VEGFR-1 (Bosco et al. 2021).  

In contrast, targeting of the HIF-1 pathway has also shown benefit as a therapeutic option to 

increase angiogenesis in skeletal muscle. HIF-1  his an important regulator of hypoxia induced 

angiogenesis through the upregulation of VEGF. Delivery of stabilized HIF1h  has produced a 

marked increase in capillary proliferation, with the authors reporting this response to be 

superior to that of the delivery of VEGF alone. However, the effect of this in muscular 

dystrophy was not examined (Pajusola et al. 2005).  

There is a growing body of research which suggests that vascular abnormalities present in 

DMD and likely contribute to the disease pathology. Several vascular focused treatment 

options which are currently under investigation may have the potential to ameliorate symptoms, 

or even lead to a cure for this disease. Alterations and modulations of the VEGF/ VEGF 

receptor pathways appear as the most popular and promising strategy to achieve this, however 

further investigation is required. 
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1.4. Hypothesis and Aims of the Studies 

Angiogenesis is essential for normal growth and development. In Duchenne muscular 

dystrophy (DMD), dysregulation in angiogenic growth factors leads to alterations in the 

vasculature of muscle. This may contribute to the disease pathology, although there is some 

debate on the specific defects, the level of contribution to the disease, and the most effective 

means of therapeutically targeting any vascular defects. VEGF-A is a potent angiogenic and 

myogenic factor which may have the potential to improve angiogenesis and ameliorate disease 

pathology in conditions such as DMD.  

The current doctoral thesis focuses on four main studies to investigate vascular plasticity and 

possible therapeutics in the treatment of DMD. The first study addresses the vascular 

alterations and angiogenic deficiencies present in a limb muscle of a DMD mouse model. The 

second study develops VEGF-A secreting myoblasts which may have the potential to improve 

vascularisation and pathology in muscle diseases such as DMD. The third study uses in vitro 

and in vivo angiogenic assays to investigate the angiogenic efficacy of the VEGF-A secreting 

myoblasts. Finally, the fourth study uses a novel method of intravital fluorescent microscopy 

(IVFM) and the chick chorioallantoic membrane (CAM) assay to investigate changes in 

microcirculatory parameters as a result of treatment with VEGF-A secreting myoblasts. 

 

Main Hypotheses: The vasculature and angiogenic pathways are altered in dystrophic 

muscles. VEGF-A secreting stable transfected cells can induce angiogenesis and improve 

blood flow in the CAM assay and have the potential to improve vascularisation and ameliorate 

disease pathology in DMD.  

 

Research objectives 

Study 1 ñAge-dependent capillary rarefaction and associated alterations in VEGF/VEGFR 

pro-angiogenic pathway in the mdx model of Duchenne Muscular Dystrophyò. 

Background: Previous studies have reported alterations in vascularisation in DMD. Similarly, 

disruptions in several angiogenic pathways have also been observed. Nevertheless, there is still 
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no clear consensus as to how vascular abnormalities may be contributing to disease pathology 

in DMD. 

Hypothesis: We hypothesised that an age-related rarefaction in capillary density, and a 

dysregulation in angiogenic pathways would be observed in the tibialis anterior muscle of mdx 

mice, and that this dysregulation would be exacerbated as a result of aging. 

Aims: The aims of this study were to investigate the vascularisation in wild-type and mdx mice 

between the ages of 4 and 16 months, observing both the regenerative capacity and 

capillarisation. In addition, the angiogenic activity of several myogenic and angiogenic markers 

in wild-type and mdx mice were also investigated at these ages, through the use of RT-qPCR, 

immunoblotting and ELISA. 

 

Study 2 ñEstablishment of VEGF-A secreting stable transfected C2C12 mouse myoblast cell 

lines.ò 

Background: VEGF-A is paramount in the induction of angiogenesis and has been reported 

to have myogenic properties. VEGF-A delivery alone can result in aberrant, leaky blood 

vessels, therefore co-delivery with another growth factor such as FGF may prove beneficial. 

Sustained, long term delivery of VEGF-A is superior for therapeutic efficacy over transient 

delivery, therefore a myo-cell-based VEGF-A delivery may have greater potential. 

Hypothesis: We hypothesised that hVEGF-A secreting stable transfected C2C12 myoblasts 

could be developed as an ex-vivo strategy, which may have therapeutic benefit for muscle 

diseases.  

Aims: The main aims of this study were to establish stable myoblast cell lines expressing 

hVEGF-A alone and in combination with hFGF4 respectively. The VEGF-A secretions from 

these cells were investigated using ELISA and RT-qPCR. The myogenic potential of these 

stable transfected cell lines was investigated through in vitro studies and RT-qPCR. 
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Study 3 ñUsing in vitro and in vivo angiogenic models to study the angiogenic effect of VEGF-

A secreting stable transfected C2C12 mouse myoblast cell lines.ò 

Background: Stable transfected myoblast cell lines were established, which secreted elevated 

levels of the pro-angiogenic growth factor VEGF-A. Several angiogenic assays have been 

developed to model angiogenesis in vitro and in vivo, these include endothelial cell angiogenic 

assays and the chick CAM assay. 

Hypothesis: We hypothesise that VEGF-A stable transfected myoblasts could be used as a 

delivery tool to promote angiogenesis, with the potential to be used as a pro-angiogenic factor 

in the treatment of conditions which experience decreased neovascularisation. 

Aims: The aims of this chapter were to use endothelial cell assays to investigate the in vitro 

angiogenic potential of conditioned media taken from VEGF-A secreting stable transfected cell 

lines. While, in vivo, to use the CAM assay to investigate the angiogenic potential of 

conditioned media taken from these stable transfected cell lines, and the cells themselves. 

 

Study 4 ñNovel method to measure haemodynamics in the CAM microcirculation using 

Hoechst labelled erythrocytesò. 

Background: The CAM assay is a versatile tool used to measure angiogenic response in vivo. 

VEGF-A secreting stable transfected myoblasts have been proven to be pro-angiogenic in the 

CAM assay. However, microcirculatory effects have not yet been studied. IVFM is a well-

established method used to visualise microvasculature and haemodynamics in vivo. 

Hypothesis: We hypothesise that through the use of the fluorescent dyes, Hoechst-33342 and 

FITC-dextran in conjunction with intravital fluorescent microscopy, the chick CAM assay can 

be used as a haemodynamic model to measure blood flow parameters such as erythrocyte 

velocity, functional capillary density (FCD) and capillary perfusion index (CI). Furthermore, 

treatment with VEGF-A secreting stable transfected cells will result in increases in one or more 

of these haemodynamic parameters. 

Aims: The aims of this study were to confirm the presence of the nucleus in chick erythrocytes 

and develop an IVFM procedure using Hoechst 33342 labelled erythrocytes and FITC-dextran 

to visualise CAM microcirculation and blood flow. We also aimed to use this procedure to 
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investigate the effect of VEGF-A expressing myoblasts on haemodynamic parameters such as 

erythrocyte velocity, FCD and CI. 
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Abstract 

The chick chorioallantoic membrane (CAM) assay model of angiogenesis has been highlighted 

as a relatively quick, low cost and effective model for the study of pro-angiogenic and anti-

angiogenic factors. The chick CAM is a highly vascularised extraembryonic membrane which 

functions for gas exchange, nutrient exchange and waste removal for the growing chick 

embryo. It is beneficial as it can function as a treatment screening tool, which bridges the gap 

between cell based in vitro studies and in vivo animal experimentation. In this review, we 

explore the benefits and drawbacks of the CAM assay to study microcirculation, by the 

investigation of each distinct stage of the CAM assay procedure, including cultivation 

techniques, treatment applications and methods of determining an angiogenic response using 

this assay. We detail the angiogenic effect of treatments, including drugs, metabolites, genes 

and cells used in conjunction with the CAM assay, while also highlighting the testing of 

genetically modified cells. We also present a detailed exploration of the advantages and 

limitations of different CAM analysis techniques, including visual assessment, histological and 

molecular analysis along with vascular casting methods and live blood flow observations.  
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2.1. Introduction 

The appropriate delivery of metabolites and removal of waste products is essential in 

maintaining tissue homeostasis in the body. For this to occur, the presence of a vast well-

connected microvascular blood vessel network is crucial. In the absence of this system, 

negative effects such as oxygen deprivation and tissue death can occur (Grace 1994; Giaccia 

et al. 2004). The microvasculature is also essential for an array of physiological responses 

including hormone, injury and inflammatory responses as well as inter-organ communication. 

Angiogenesis is the process by which new blood vessels form from pre-existing vessels, a 

phenomenon required in normal physiology, development, growth injury and disease (AS et 

al. 2018). There are two types of angiogenesis, sprouting and intussusceptive angiogenesis. 

Sprouting angiogenesis is where blood vessels form as a result of sprouts of endothelial cells 

(ECs) (Ausprunk et al. 1975; Ribatti and Crivellato 2012). Intussusceptive angiogenesis was 

more recently discovered and entails pre-existing blood vessels ñsplittingò down the middle to 

form two new branching blood vessels (Djonov et al. 2000).  

Angiogenesis is an organised cascade of events, regulated by several pro- and anti-angiogenic 

growth factors. Pro-angiogenic growth factors include fibroblast growth factor (FGF) 

(Montesano et al. 1986), vascular endothelial growth factor (VEGF) (Baum et al. 2010), 

transforming growth factor-Ŭ (TGF-Ŭ) (Leker et al. 2009), TGF-ɓ (Yang and Moses 1990), 

hepatocyte growth factor (Bussolino et al. 1992), and tumour necrosis factor-Ŭ (TNFŬ) (Wang 

et al. 2011). However, thrombospondins (TSP) (Volpert et al. 1995), angiostatin (O'Reilly et 

al. 1994) and endostatin (O'Reilly et al. 1997) can lead to anti-angiogenic effects. The growth of 

new blood vessels is induced by the delicate balance between pro-angiogenic and anti-angiogenic 

factors (Watanabe et al. 2004). The release of these factors activates proteolytic enzymes to 

remodel the extracellular matrix (ECM) of blood vessels, leading to sprouting and reorganisation 

of new blood vessels (Deryugina and Quigley 2008). 

Cancer therapeutic research and the targeting of VEGF have been major impetuses in 

expanding interest in angiogenesis in more recent times. Nonetheless, our understanding of 

these angiogenic factors and signalling pathways are still being investigated and more studies 

are required to fully explore the understanding of the basic mechanisms, and subsequent 

translation of this to potential therapeutic use. As a result, the development and standardisation 

of angiogenic assays, both in vitro and in vivo are vitally important in facilitating this research. 
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Several angiogenic assays have shown particular benefit in the study of microvascularisation, both 

in vitro and in vivo. These include in vitro assays such as the use of endothelial cells (ECs) in culture 

(migration, proliferation, survival and morphogenesis assays), the rat and mouse aortic ring assays, 

the embryoid body assay and the mouse metatarsal assay (Wartenberg et al. 1998; Deckers et al. 

2001; Masson et al. 2002; DeCicco-Skinner et al. 2014). Angiogenic in vivo assays include the 

corneal micro pocket, the rodent mesentery assay, the dorsal skin fold procedure and the use of 

subcutaneous sponge/matrix plugs in conjunction with rodent models and the chick chorioallantoic 

membrane (CAM) assay (Gimbrone Jr et al. 1974; Norrby et al. 1986; Lehr et al. 1993; Brown et 

al. 2010). 

In vivo investigation is often considered to be more informative than in vitro as it accounts for 

the interaction of several physiological pathways that cannot be mimicked using cell culture. 

However, issues such as high-cost, ethical approval and animal sacrifice are drawbacks for 

most in vivo assays. The CAM assay is an underutilised in vivo angiogenic assay, as it is not 

subject to these aforementioned drawbacks (Ribatti et al. 1996; Kue et al. 2015). The CAM is 

a highly vascularised membrane found in fertilized chicken eggs, with a vast vascular network 

of capillaries, veins and arteries, which can be easily manipulated and observed for 

experimental study of angiogenesis (Fig. 2.1) (Blacher et al. 2005; Dohle et al. 2009; Makanya 

et al. 2016). The CAM assay can be seen as a bridge which links cell based in vitro studies 

with in vivo animal experimentation, providing a method to study complex biological 

procedures while adhering to the ñThree R strategyò established by Russell and Burch to reduce 

animal suffering (Russell and Burch 1959). 
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Figure 2.1. Image of 7-day-old chick embryo with associated CAM.  

A vast vascular network of capillaries, veins and arteries visible. Image taken at 25× 

magnification. 

2.2. CAM and Chick Development 

The CAM is a highly vascularised membrane used for nourishment, gaseous exchange and 

excretion found in the fertilized eggs of amniotes such as birds and reptiles, analogous to the 

placenta in mammals (Kue et al. 2015; Makanya et al. 2016). The CAM consists of three layers, 

chorionic epithelium, the mesenchyme epithelium and the allantoic epithelium, each of which 

carry out their own specific function (Makanya et al. 2016). The allantoic membrane, derived 

from the mesoderm is where the primitive blood vessels and vascularisation develop from day 

3, with the fusion of the chorionic epithelium and allantoic epithelium occurring at day 4 to 

produce the double layered chorioallantoic membrane (Ribatti et al. 2006). The CAM consists of 

several ECM proteins such as laminin, collagen type IV and fibronectin, which allow for the 

mimicking of the normal physiological microenvironment of warm blooded animals, including 

humans (Lokman et al. 2012). 

Hamburger and Hamilton in 1951 characterised the development of the growing chick embryo, 

carried out by dividing the 21 days of chick development into forty-six distinctive stages 

(Hamburger and Hamilton 1951). The CAM grows for the latter 15ï16 days of development, 
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expanding alongside the chick embryo until day 21 when the embryo cracks the shell and the 

egg hatches (Makanya et al. 2016). Until approximately day 12 the growth of the chick embryo 

and the CAM vascularisation is undergoing accelerated development. Therefore, the efficacy 

of any pro-angiogenic or anti-angiogenic factor applied up until this time will be heightened 

(Deryugina and Quigley 2008). Consequently, it is recommended to carry out angiogenic 

assays in the days following day 11, where any new blood vessel generation is more likely 

resulting from the treatment and not the naturally growing chorioallantoic membrane (Ribatti 

et al. 1996; Chu et al. 2021). 

In the absence of a fully developed immune system until development day 18, the CAM is 

capable of hosting allogeneic or immune-incompetent acellular matrix or tissue graft until this 

point. Therefore, the CAM is best employed within a limited window of time in order to accurately 

assess an angiogenic response and avoid immune reactions (Deryugina and Quigley 2008; 

Makanya et al. 2016; Ribatti 2016). 

The understanding of chick and CAM development is essential for its application as an 

experimental model. The CAM angiogenic assay procedure follows a basic four-stage process: 

activation, cultivation, treatment and harvest (Fig. 2.2).
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Figure 2.2. Schematic of four-stage CAM assay process, along with approximate 

embryonic development days where this stage typically takes place.  

Stage 1: Activation is where eggs are put in a rotating incubator at 50% humidity to allow 

for preliminary development. The rotation improves embryo survival by reducing the 

risk of the CAM adhering to the eggshell, recapitulating the egg rotation by the mother 

hen in nature (Cutchin et al. 2009). Stage 2: Cultivation allows for visualisation of the 

embryo and CAM through either ex ovo cultivation where the eggshell is cracked with 

contents then transferred into a sterile petri dish, or in ovo cultivation where a saw tool 

is used to excise a window in the surface of the eggshell. Stage 3: Treatments such as cells, 

drugs or growth factors are applied. This can be through a variety of methods such as 

application of on-plants, pipetting directly onto the CAM surface or injection into the 

CAM vasculature. Finally, upon completion of the experiment, the chick embryo is 

sacrificed, and the CAM is removed for analysis. Analysis can include visual observations 

of angiogenesis, histological examination, or molecular investigation.
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Makanya et al. used light microscopy, ultrastructural analysis and immunohistochemistry to 

identify and characterise the three specific phases of the 21 day CAM development; phase I 

(day 8ï13, stage 34ï39), phase II (day 13ï18, stage 39ï44) and phase III (day 18ï20, stage 

44ï45) with most rapid growth seen in phase I, less in phase II and even regression observed 

in phase III (Makanya et al. 2016). This study reinforces ideas previously expressed by Baum 

et al. where VEGF-A expression in the CAM peaked during various times in these phases 

triggering intussusceptive angiogenesis (Baum et al. 2010). The understanding of these phases 

of development has to be considered in the design of a CAM angiogenic assay, with 

inconsistency possibly leading to hyperinflated interpretation of results in relation to the 

angiogenic responses observed. 

 

2.3. CAM Assay Procedures 

In the CAM experimental method, there are two basic processes: In ovo cultivation and ex ovo 

cultivation, based on the Latin for ñin the eggò and ñoutside the eggò respectively (Fig. 2.3). 

Initially for both methods, eggs are kept in a humidified incubator at a constant humidity and 

at a temperature of 37 °C for the initial days of development before extraction of the shell from 

the embryo for visualisation (Barnhill and Ryan 1983). 

 

 

Figure 2.3. 4-day old chick embryo and associated chorioallantoic membrane (CAM) 

following (A) In ovo and (B) Ex ovo cultivation. 

The CAM expands as the embryo grows. Ex ovo cultivation is beneficial through the 

larger surface area available for experimentation, however embryo survival is impacted. 
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In ovo cultivation is where a small hole is created at the apex of the egg and 2ï3 mL of albumin 

is removed to lower the embryo and CAM away from the eggshell. A mini-saw tool is used to 

excise a window in the surface of the eggshell. The created window is covered with a sterile 

laboratory wrap or plastic cover to ensure sterility and maintain humidity (Beckers et al. 1997; 

Ribatti et al. 2002; Yar et al. 2017). The eggs are then returned to a 50ï80% humidified 

incubator for several days before experimentation can begin. This method of cultivation is 

minimally invasive on the growing chick embryo, providing a relatively unchanged 

environment for its growth, and generally improves the survival rate for the experiment. 

Alternatively, ex-ovo (also referred to as shell-less cultivation) is where the eggshell is cracked 

or sawed and the embryo, yolk sac and contents of the egg are transferred to a petri dish, cell 

culture dish or sterile weigh boat and allowed to develop (Dohle et al. 2009; OôDwyer et al. 

2021). There are few reports of survival rates of embryos during either in ovo or ex ovo 

cultivation method. However, Dohle et al. have produced a specialised protocol for optimum 

survival with ex ovo cultivation, indicating survival rates of 50% over 14 days (Dohle et al. 

2009). Lokman et al. report survival with in ovo cultivated embryos of 70% at day 14 (Lokman 

et al. 2012). It can be inferred that in ovo shows improved survival compared to shell-less 

cultivation as it involves less displacement of the embryo, with sterility and humidity issues 

also reduced. Nonetheless, a limitation with in ovo cultivation is that there is reduced visibility 

and surface area for experimentation compared to the fully exposed embryo on a petri dish 

(Ribatti 2016). 

Naik et al. 2018 suggest an alternative, outlining a detailed protocol where instead of a petri 

dish or weigh boat, the contents of the eggshell are transferred to a cling film pocket suspended 

in a plastic cup; this method has shown success, with survivability of >70% reported while still 

providing the benefit of larger surface accessibility for experimentation (Naik et al. 2018). 

However, despite this apparent success, no other research group has reported use of this method 

of cultivation to date. 
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2.4. CAM Experimental Treatments 

The CAM has also proven successful with focus on specific areas of research not limited to 

angiogenic investigation. Successful assays using the CAM have been developed, including 

but not limited to metastasis, inflammation and propagation, and the grafting of tumour cells 

(Dohle et al. 2009). The application of cells in an engraftment onto a CAM was first 

successfully carried out in 1913, using sarcoma cells to develop tumour growth (Murphy 1913). 

Subsequently, the CAM has been subjected to a myriad of treatments, including modified and 

un-modified cells, tumours, peptides, proteins, plasmids, micro-RNA (miRNA) and 

pharmacological agents, drugs, metabolites, biomaterials nanoparticles, plant extracts, and 

growth factors. These treatments were also applied to the CAM by diverse means involving 

several different scaffolding techniques (Nowak-Sliwinska et al. 2014; Ribatti et al. 2020). 

 

2.4.1. Scaffolds and Delivery Methods 

CAM assay experiments have been adapted to incorporate a wide variety of scaffolding and 

treatment methods. Outlined in Table 2.1 are examples of the various scaffolds used in 

conjunction with the CAM assay, with both biological and non-biological approaches used. 

Although the test substance in experimentation is important, consideration should also be taken 

when choosing a suitable scaffold to support the delivery of the treatment. In 2001, Zwadlo-

Klarwasser et al. investigated the angiogenic and inflammatory responses of the various 

biomaterials often used as scaffolds or supports in conjunction with the CAM assay. This 

research observed increased angiogenesis and cell infiltration due to an inflammatory response 

when rougher materials such as collagen or filter paper were applied, compared to smoother 

substances such as PVC or Tecoflex (Zwadlo-Klarwasser et al. 2001). Considering this, 

thought should be given when choosing a scaffold, as confounding or skewed results can occur 

due to the scaffold used or the mechanical influences such as shear stress or stretch, as well as 

other forces of certain on-plants themselves can trigger an angiogenic response (Tomanek and 

Schatteman 2000; Belle et al. 2014). A solution to this issue is the comparison of different 

scaffolds for the same treatment, as seen in the work by Mangir et al., 2019, where estradiol 

treatment is applied both by direct pipetting onto the CAM surface and also by encapsulation 

in a hydrogel scaffold (Mangēr et al. 2019). However, direct application to the surface may not 

be feasible with certain treatments, such as non-clustering cells, which may require adequate 
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support for survival, and a suitable scaffold to allow containment of cells to within a localised 

treatment area (Sys et al. 2013). The basement membrane matrix Matrigel has been used 

frequently to fulfil this role. Matrigel, is a basement-membrane matrix taken from Engelbrethï

HolmïSwarm mouse sarcomas, consisting of several ECM proteins such as laminin, collagen, 

heparan sulfate proteoglycans, entactin/nidogen, and a number of growth factors to support cell 

survival (Kleinman and Martin 2005; Hughes et al. 2010). The Matrigel is liquid below 10 °C, 

therefore it is pre-cooled to mix with cells, and then applied to the warmer CAM surface where 

it polymerises encapsulating the cells (Sys et al. 2013). However, due to the biologically 

sourced nature of Matrigel, inconsistencies in composition and mechanical properties can occur 

both between batches and even within batches. This can lead to issues in experimental 

reproducibility, therefore it has been suggested a move to synthetic polymer scaffold could be 

a possible resolution (Aisenbrey and Murphy 2020) 
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Table 2.1. Examples of various forms of scaffolds and delivery techniques for a variety of 

pro angiogenic and anti-angiogenic treatments used on the CAM assay. 

Scaffold/Delivery 

Method 
Reference 

Collagen 
(Subauste et al. 2009; Hagenbuchner et al. 2016; Kavaliauskaitǟ et al. 

2017; Valiulytǟ et al. 2019) 

Filter disc 

(Hood et al. 2003; Da Costa et al. 2015; Boyineni et al. 2016; Lemmens 

et al. 2017; Torres et al. 2017; Michaeli et al. 2018; Santos et al. 2018; 

Vimalraj et al. 2018) 

Gelatin sponge 
(Ribatti et al. 2003; Desantis et al. 2018; Dewangan et al. 2018; 

Lamanuzzi et al. 2018; Shah et al. 2018; Manjunathan et al. 2021) 

Glass discs (Gacche et al. 2015; Kamble et al. 2016) 

Hydrogel 
(Eke et al. 2017; Campbell et al. 2018; Mangir et al. 2018; Shahzad et 

al. 2019; OôDwyer et al. 2021) 

Injected 

(Papoutsi et al. 2001; Deryugina et al. 2005; Nkembo et al. 2016; 

Kumari et al. 2017; Iranmanesh et al. 2018; Tan and Onur 2018; Nik et 

al. 2019) 

Matrigel 
(Watanabe et al. 2004; Weiss et al. 2014; L.-Z. Liu et al. 2015; Yang et 

al. 2016; Su et al. 2017; Steinle et al. 2018; Li et al. 2020) 

Methylcellulose disc 
(O'Reilly et al. 1997; Adar et al. 2012; Berndsen et al. 2019; Carrillo et 

al. 2019; Dragostin et al. 2020) 

Microspheres (Del Gaudio et al. 2017; Paterson et al. 2018) 

Pipetted onto surface 
(Fergelot et al. 2013; Yang et al. 2015; Doganci et al. 2016; Hsieh et al. 

2017; Soares et al. 2017; Seifaddinipour et al. 2018; Chen et al. 2020) 

Plastic ring 

(Bae et al. 2016; Kim and Ahn 2016; He et al. 2017; Hirsch et al. 2018; 

Mangir et al. 2018; Winter et al. 2018; Dikici et al. 2019; Oliveira et al. 

2019; Gião et al. 2021) 

Scaffold 

(Strassburg et al. 2016; Zavala et al. 2017; Hirsch et al. 2018; Shafaat 

et al. 2018; Dikici et al. 2020; Gagliardi et al. 2020; Watchararot et al. 

2021) 

Thermanox coverslip 
(Klagsbrun et al. 1976; Rabhi et al. 2015; Ahmad et al. 2016; Choi et 

al. 2016; Lim et al. 2018) 

Tumour 
(Ausprunk et al. 1975; Auerbach et al. 1976; Knighton et al. 1977; Pink 

et al. 2012; Uloza et al. 2017) 

Pellet 
(Murray and Wilson 2001; Samad et al. 2017; Gurel-Gurevin et al. 

2018) 

.
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2.4.2. Drugs, Metabolites, miRNAs and Other Treatments 

A wide array of both biological and non-biological treatment options has been developed, 

optimised and applied successfully to the CAM assay. The term biological can apply to both 

cell and tissue on-plants, or other factors which come from a living source such as hormones, 

growth factors, metabolites, miRNA and antibodies, with non-biological treatments usually 

involving drugs, chemicals or nanoparticles. 

Outlined in Table 2.2 are examples of both biological and non-biological substances which 

have been applied to the CAM assay and have provided a positive angiogenic response, through 

increased vasculogenesis and neoangiogenesis. In the case of these pro-angiogenic treatments, 

examples of biological substances are seen much more abundantly, with growth factors such 

as FGF, transforming growth factor (TGF) and the known pro-angiogenic VEGF in several 

isoforms most commonly described.



Chapter 2: Literature Review 

34 

 

 

Table 2.2. Examples of non-cellular treatments applied to the CAM which elicited a pro-angiogenic response. 

Treatment Delivery Method Angiogenic Outcome Ref 

Connective tissue growth 

factor (CTGF) 

Scaffold 
Significant increase in blood vessel number and diameter following 

software quantification 
(Augustine et al. 2019) 

Thermanox Coverslips 
A dose dependent increase seen by appearance of spoke wheel pattern of 

blood vessels radiating from on-plants 
(Lee et al. 2015) 

Platelet-derived growth 

factor (PDGF) 

Thermanox Coverslips 
Macroscopic observations indicated thickening of CAM, but no vascular 

response 
(Wilting et al. 1992) 

Scaffold An increased blood vessel density converging towards on-plant observed 

along with thickening of CAM membrane 
(Bai et al. 2018) 

Basic Fibroblast Growth 

Factor (bFGF/FGF-2) 

Scaffold 

Plastic ring 
Significant increase in number of blood vessels converging towards on-

plant 
(Gião et al. 2021) 

Filter disc 

Significant increase in mean fluorescent vascular density, measured by 

pixel intensity 
(Miller  et al. 2004) 

Increased number of branch points in a region around on-plants (Li  et al. 2019) 

Transforming growth 

factor-ɓ (TGF-ɓ) 
Filter disc Radial formation of new vessels seen in area around on-plants (Ma et al. 2007) 

TNFŬ Filter disc 
Significant increase in tube length and size as measured by angiogenic 

software 

(Shanmuganathan and 

Angayarkanni 2018) 

VEGF-165 

Filter disc A dose responsive increase in blood vessels in defined area observed 
(Taktak-Benamar et al. 

2017) 

Hydrogel 
A time-dependent increase in blood vessel diameter and branching points, 

measured using angiogenic software 
(Hlushchuk et al. 2011) 

Thermanox Coverslips Macroscopic observations saw a dose dependent increase in angiogenesis (Wilting et al. 1992) 

VEGF-121 

Thermanox Coverslips 
Macroscopic observations noticed a change in vascular pattern under the 

treatment area 
(Wilting et al. 1996) 

Filter disc 
Software quantified a dose responsive increase in total blood vessel 

network length 
(Abraham et al. 2020) 

VEGF-A 
Filter disc Significant increase in sprouting blood vessels within a defined area (Yum et al. 2018) 

Scaffold Increased blood vessel density observed within a defined area (Bai et al. 2018) 
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Treatment Delivery Method Angiogenic Outcome Ref 

VEGF-A 

Matrigel 
Microvascular mapping of the blood vessel network following FITC 

injection resulted in increased blood vessel density 
(Vázquez et al. 1999) 

Glass fibre filter disc 
Significant increase in vessels number quantified in a random square areas 

of CAM surface 

(Fernandez and 

Bonkovsky 2003) 

Plastic ring 
Angiogenic software indicated a significant increase in number of 

branchpoints and average vessel length 
(Dikici  et al. 2019) 

Hydrogel 
Significant increase in vessel length, number and vasculogenic index (Eke et al. 2017) 

Significant increase in vessel number in a region around on-plant (Campbell et al. 2017) 

VEGF-C 
Hydrogel Significant increase in vessel number in a region around on-plant (Campbell et al. 2017) 

Methylcellulose disc Increase in sprouting blood vessels present within a defined area (Cao et al. 1998) 

Thyroxine Hydrogel Significant increase in vascular penetration of on-plants (Malik et al. 2020) 

Heparin Hydrogel Significant increase in vessel number in a region around on-plant (Yar et al. 2017) 

VEGF-D Hydrogel 
Significant increase in sprouting blood vessels present within a defined 

area 
(Campbell et al. 2017) 

Estradiol 

Plastic ring 

Calculation of percentage of CAM surface covered by ECs resulted in a 

significant increase in the mean vessels count 
(Mangēr et al. 2019) 

Angiogenic software quantified a significant increase in number of 

branchpoints and average vessel length 
(Dikici  et al. 2019) 

Scaffold 
Increase in angiogenic response seen by measurement of vasculogenic 

index 
(Shafaat et al. 2018) 

Estradiol Filter disc Increased vascular branching observed within a defined area (Nikhil  et al. 2016) 

L-Arginine Filter disc 
The number of primary, secondary, tertiary, and quaternary blood vessels 

counted with a significant increase in number of quaternary blood vessels 
(AS et al. 2018) 

TGF-ɓ induced miR-29a 

upregulation 
Pipetted Significant increase in number of blood vessels around on-plant observed (Wang et al. 2013) 

Fibroblast growth factor-1 

expression plasmid 
Pipetted 

Significant increase in number of blood vessels in a region around on-

plant observed 
(Forough et al. 2003) 

VEGF-GFP LV Microgels Increased blood vessel development quantified (Madrigal et al. 2018) 

MSCs-exomes Not mentioned Significant promotion of new blood vessel formation (C. Huang et al. 2021) 
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Wang et al., investigated the precise mechanism growth factor TGF-ɓ employs to trigger 

angiogenesis. In this research, the integral role miRNA-29a has in TGF-ɓ induced angiogenesis 

is explored (Wang et al. 2013). MicroRNAs, also known as miRs, are small, non-coding RNA 

which play a pivotal role in gene regulation (Bushati and Cohen 2007). In recent years, it has 

become evident that miRs play an important role in many cellular processes, including 

angiogenesis (Anand 2013). However, the role miRs have in angiogenic induction or inhibition 

in the CAM assay has been sparsely investigated. Huan et al., through their research on 

ameliorating ischaemia in the diabetic foot, have presented and validated a pro-angiogenic miR 

(miR-21-5p), delivered through exomes (C. Huang et al. 2021). MiR-21-5p induces an increase 

in vascularisation through upregulation of several angiogenic pathways (C. Huang et al. 2021). 

Similarly, exomes derived from chronic myeloid leukaemia cells (Roma-Rodrigues et al. 2019) 

and mesenchymal stem cells (C. Huang et al. 2021) also result in stimulating angiogenesis in 

the CAM. 

Direct genetic modification of the CAM is an area also not yet fully explored, with few studies 

applying gene vectors such as plasmids or recombinant viruses. Transfection of an FGF-1 

expression plasmid into the CAM induced significant blood vessel growth (Forough et al. 

2003), and the application of a microgel releasing VEGF-GFP lentivirus vector releasing 

microgels (Madrigal et al. 2018), elicited similar effects, as seen in Table 2.2. 

Although the study of pro-angiogenic treatments focus on the amelioration of vascular 

conditions such as ischaemia, much of the research involving the CAM assay and anti-

angiogenic treatments are oncological, through the reduction in vascularisation of a malignant 

(growing) tumour (Carmeliet and Jain 2000; Nishida et al. 2006). Table 2.3 summarises the 

application of anti-angiogenic treatments on the CAM assay, which resulted in a range of 

negative effects in the development of new blood vessels. The success of these anti-angiogenic 

substances may prove useful in the development of cancer treatments. 

Interestingly, anti-angiogenic treatments frequently seen in literature involve the use of 

chemical substances, such as the chemotherapy drug doxorubicin (Gunasekaran et al. 2018; 

Gurel-Gurevin et al. 2018) as well as thalidomide derivatives (Da Costa et al. 2015). The 

application of nanoparticles such as gold (Tan and Onur 2018; Vimalraj et al. 2018), green 

(Homayouni-Tabrizi et al. 2019), zinc tungstate (Santos et al. 2018) and chitosan derived 
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nanoparticles (Dragostin et al. 2020) have high efficacy in the inhibition of blood vessel 

development, with significant reductions in blood vessel number, length and density reported. 

A method of anti-angiogenic activity with proven potential is the inhibition of various 

angiogenic growth factors via treatment with targeted antibodies. A WHO approved 

chemotherapy drug, Avastin ® (bevacizumab) is used globally in the treatment of several forms 

of cancer (Ferrara et al. 2005). Bevacizumab is an anti-VEGF antibody which has shown potent 

results by reducing blood vessel density in the CAM assay in several studies (AS et al. 2018; Nik 

et al. 2019), and other anti-VEGF antibodies have elicited similar effects (Vitaliti  et al. 2000; Feflea 

et al. 2012). Equally, the use of anti-human placental growth factor (PGF) (Arezumand et al. 2016) 

and anti-laminin (Sanz et al. 2002) antibodies has led to a significant inhibition of angiogenesis 

and a delay in blood vessel network development respectively. 

The use of the CAM assay for such a variety of both pro-angiogenic and anti-angiogenic 

factors: drugs, metabolites and biological substances really enforces the efficiency and 

applicability of the CAM as a screening tool to model the microcirculation and angiogenic 

effects of various substances.
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Table 2.3 Examples of protein, viral, micro-RNA and pharmacological treatments applied to the CAM which elicited an anti-angiogenic 

response. 

Treatment Delivery Method Angiogenic Outcome Ref 

Nicotinamide adenine 

dinucleotide (NAD) 
10% EVA copolymer Pellet 

No spoke wheel pattern was observed radiating from on-

plants 
(Murray and Wilson 2001) 

Pyruvate 

Succinate Fumarate citrate 

Avastin (Bevacizumab) 

Injected 

Significantly less vascular nodes and branches were 

quantified within a defined area 
(Nik et al. 2019) 

EG-VEGF Antibodies 
No significant differences in vessel density observed, but 

dilated medium and large vessels observed 
(Feflea et al. 2012) 

Methyl blue Microspheres 
No spoke wheel pattern was observed radiating from on-

plants 
(Del Gaudio et al. 2017) 

Chloroquine & 

Doxorubicin 
Agarose pellet 

Combination of doxorubicin and chloroquine resulted in 

strong anti-angiogenic effect on capillaries near on-plants 
(Gurel-Gurevin et al. 2018) 

Avastin (Bevacizumab) Pipetted 
Significant decrease in percentage of surface area 

occupied by microvessels 
(Gunasekaran et al. 2018) 

Vitamin C Pipetted 

The number of primary, secondary, tertiary, and 

quaternary blood vessels was counted, with decrease in 

quaternary blood vessels quantified 

(AS et al. 2018) 

MART-10 (Vitamin D 

analog) 
Pipetted 

Reduced vessel branch point numbers observed within a 

defined area 
(Chiang et al. 2016) 

Green nanoparticles Gelatin sponge 
Decrease in vessels length and branch number within a 

defined area 

(Homayouni-Tabrizi et al. 

2019) 

Rhaponticin Filter disc 
Software determined a significant reduction in total 

blood vessel length 
(Kim and Ma 2018) 

Thalidomide derivatives Filter disc 
Reduction in vessel number, branch points, 

neovascularization and total length of vessels 
(Da Costa et al. 2015) 

High affinity PGF-specific 

Nanobody 
Filter disc 

Significant inhibition of angiogenesis within a defined 

area 
(Arezumand et al. 2016) 
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Treatment Delivery Method Angiogenic Outcome Ref 

Zinc tungstate 

nanoparticles 
Filter disc 

A dose dependent reduction in percentage of surface area 

occupied by blood vessels was calculated 
(Santos et al. 2018) 

Antithrombin Filter disc Potent antiangiogenic activity in blood vessel tubules, 

networks and branching points 

(Azhar et al. 2016) 

Gold nanoparticles 

Filter disc 
Software determined a dose dependent reduction in 

blood vessel size, length and branch points 
(Vimalraj et al. 2018) 

Injected 
Software determined a significant reduction in vessel 

length and number of junctions and complexes 
(Tan and Onur 2018) 

miR-7 mimics Nitrocellulose rings 
A reduction in vascular density within a defined area was 

visible 
(Babae et al. 2014) 

Sunitinib (receptor tyrosine 

kinase inhibitor) 
Nitrocellulose rings 

A reduction in vascular density within a defined area was 

visible 
(Babae et al. 2014) 

Vasohibin Adenovirus Matrigel 
Macroscopic observations saw inhibition of blood vessel 

growth 
(Watanabe et al. 2004) 

Chitosan derivatives 

nanoparticles 
Methylcellulose disc 

Reduction in number of blood vessels in contact with on-

plants observed 
(Dragostin et al. 2020) 

Anti-VEGF Antibody Methylcellulose disc 
Visible anti-angiogenic activity observed through semi-

quantitative evaluation 
(Vitaliti  et al. 2000) 

Anti-laminin antibody Methylcellulose disc 
Macroscopic observations saw a delay in capillary 

network development 
(Sanz et al. 2002) 

Anginex Plastic ring 
Significant decrease in intersections of blood vessels 

with concentric rings projected onto images 

(Griffioen et al. 2001; 

Brandwijk et al. 2005) 

Angiotensinogen Plastic ring 

First and second order centripetal blood vessels around 

on-plants were counted, with inhibition of smaller blood 

vessels observed 

(Célérier et al. 2002) 

Following FITC injection, blood vessel density, length 

and number of branch points were quantified 

highlighting inhibition of smaller blood vessels 

(Blacher et al. 2005) 

Obtustatin (Ŭ1ɓ1 inhibitor)  
Decrease in the number of small new vessels growing 

towards on-plants 
(Ghazaryan et al. 2019) 
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2.4.3. Cell and Gene Modified Cell On-Plants 

In order to ensure successful tumour cell growth, an array of physiological mechanisms such 

as vessel co-option, intussusceptive microvascular growth, glomeruloid angiogenesis, 

postnatal vasculogenesis, vasculogenic mimicry and most famously the ñangiogenic switchò 

work together to establish a successful and vast angiogenic network. However, the precise 

details of many of these mechanisms remain elusive (Murray and Wilson 2001; Loizzi et al. 

2017). When first applied to the chorioallantoic membrane, tumours undergo a 72 hr avascular 

period before blood vessel infiltration occurs (Ribatti et al. 1996). 

The use of cell/tumour on-plants in conjunction with the CAM assay has had widespread use. 

The CAM microenvironment provides all the growth factors and nutrients required for 

successful cell growth, and the occurrence of the angiogenic switch allows the secretion of 

Tumour Angiogenic Factors (TAFs) (Chaplain 1995) which in turn, induce angiogenesis and 

allow the penetration of host blood vessels into the applied grafts (Hanahan and Weinberg 

2011). 

Through the injection of cancer cell lines or application of cells with other scaffolds such as 

Matrigel or collagen encapsulation, or topically through the pipetting or placing of fully formed 

tumours onto the membrane, the CAM can be used to monitor and investigate the mechanisms 

of tumour growth, metastasis, and angiogenesis. Based on the current understanding of the 

angiogenic switch, it is usually expected that following the application of cancer cells or tumour 

masses onto the CAM, a pro-angiogenic response occurs. 

Table 2.4 outlines examples of un-treated cells, both from cancerous and healthy cell lines, 

which have been applied to the CAM assay with the aim of observing their angiogenic effect. 

In the case of most cancer and tumour cell lines, an increase in angiogenic response can be 

seen, with only some exceptions, such as in the case of SW480 colon carcinoma (Fernandez 

and Bonkovsky 2003) and Burkittôs Lymphoma cell lines (BL2) (Becker et al. 2012) which 

fail to elicit the anticipated increased vascularisation. Interestingly, the application of non-

cancerous cells such as skin grafts and human ovarian tissue can also induce a significant 

angiogenic response, indicating suitability of the CAM in supporting cell survival.
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Table 2.4 Examples of cellular treatments/ tumours applied to CAM which affected angiogenesis. 

Response Treatment Delivery Method Angiogenic Outcome Ref 
P

ro
-a

n
g

io
g

e
n

ic 

Glioblastoma cancer stem 

cells 
Alginate scaffold Increased blood vessel number converging towards on-plants 

(Gagliardi et al. 

2020) 

Human umbilical vein 

ECs (HUVECs) 

Cylindrical 

scaffold 

Increased number of blood vessels and blood vessel penetration 

into on-plant 

(Strassburg et al. 

2016) 

Adipose derived stem 

cells 

Cylindrical 

scaffold 

Increased number of blood vessels and blood vessel penetration 

into on-plant 

(Strassburg et al. 

2016) 

Hydrogel 
Significant increase in vessel number, vessel length and 

vasculogenic index 
(Eke et al. 2017) 

Seeded on a 

scaffold 
Increased number of blood vessels converging towards on-plants (Hirsch et al. 2018) 

Matrigel 
Following von Willebrand factor staining and semi quantitative 

scoring, a significant increase in angiogenesis 

(Vilahur et al. 

2017) 

Burkittôs Lymphoma cell 

lines (BL2B95 and 

BL74) 

Matrigel 
Following tissue sectioning increase in blood vessel diameter 

determined 
(Becker et al. 2012) 

Human Liver Cancer 

(HepG2) cells 
Matrigel Increased number of blood vessels converging towards on-plants (Yang et al. 2016) 

Prostate Cancer Cells 

(LNCaP) 
Matrigel A change in blood vessel number within a defined area observed (Reuter et al. 2019) 

Colon carcinoma 

(SW620) 
Matrigel Increase in angiogenic index was observed 

(Subauste et al. 

2009) 

Neuroblastoma 

(NB15/FOXO3 cells) 
Matrigel 

Following desmin staining, increased micro-vessel formation was 

observed 

(Hagenbuchner et 

al. 2016) 

Glioblastoma (U87 MG) 

Cell lines 
Matrigel 

Increased observation of spoke wheel pattern of blood vessels 

radiating from on-plants 

(Valiulytǟ et al. 

2019) 

Human Cardiopoietic 

Stem Cells 
Scaffold Blood vessel density within a defined area was increased (Wolint et al. 2019) 

Multiple myeloma 

plasma cells 
Gelatin sponge Induction of an increased vasculogenic index was calculated (Ribatti et al. 2003) 
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Response Treatment Delivery Method Angiogenic Outcome Ref 

P
ro

-a
n

g
io

g
e

n
ic 

Mouse Melanoma (B-16) Plastic ring 
Development of visible spoke wheel pattern of blood vessels 

converging towards on-plants 
(Ribatti et al. 2013) 

Human Melanoma 

(C8161) 

Plastic ring 

Significant increase in area occupied by ECs observed within a 

defined area 

(Mangir et al. 

2018) 
Hydrogel 

Human Prostate Cancer 

(PC3) Plastic ring 

Skin graft Plastic ring 
Photobiomodulation along with cell application resulted in 

increased number of vascular junctions within a defined area 
(Winter et al. 2018) 

Human Ovarian Tissue Plastic ring 

Visual estimation of area occupied by blood vessels compared to 

total surface area resulted increased angiogenesis and 

neovascularisation 

(Isachenko et al. 

2012) 

Melanoma Tumour Tissue Tumour 
Spoke wheel pattern of capillaries converging towards on-plants 

observed 

(Kunzi-Rapp et al. 

2001) 

Recurrent respiratory 

papilloma tissue (RRP) 
Tumour Increase in blood vessel number within a defined area observed (Uloza et al. 2017) 

Hepatocellular Carcinoma 

Tumour tissue 
Tumour Increased micro vessel density within a defined area observed 

(Marzullo et al. 

1998) 

Human Malignant 

Ovarian tumours 
Tumour 

Increase in the pattern, density, and size of the CAM blood 

vessels near the tumour implants visible 
(Ismail et al. 1999) 

Adenocarcinoma Tumour 

Tissue 
Tumour 

Increase in the pattern, density, and size of the CAM blood 

vessels near the tumour implants visible 
(Ismail et al. 1999) 

Glioma cells (C6) Injected 
Macroscopic observations indicated tumours became 

vascularised by CAM blood vessels 

(Papoutsi et al. 

2001) 

Pancreatic carcinoma 

(10AS) 
Injected 

Macroscopic observations indicated tumours became 

vascularised by CAM blood vessels 

(Papoutsi et al. 

2001) 

Anti-

angiogenic 

Colon carcinoma 

(SW480) 
Collagen No Induction of angiogenesis or increased angiogenic index 

(Subauste et al. 

2009) 

Burkittôs Lymphoma cell 

lines (BL2) 
Matrigel 

Following tissue sectioning reduced blood vessel diameter 

observed 
(Becker et al. 2012) 
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Angiogenesis is a hallmark of cancer (Hanahan and Weinberg 2011), therefore from an 

oncology aspect, the angiogenic activity of cells is often an area of particular interest, and a 

potential target area in the development of possible therapeutics or drugs which could hinder 

this effect. Consequently, the use of the CAM assay as an efficient biological screening tool on 

the focus of cell induced angiogenesis could prove paramount. Following genetic or other 

forms of modifications of cells, the changes in cell behaviour or the surrounding media 

(conditioned media) taken from cells can be an exciting area of focus. Table 2.5 outlines 

examples of various cell lines which have been treated or genetically modified to elicit a 

different angiogenic behaviour compared to their un-modified counterparts  

Once cells are modified to inhibit their pro-angiogenic ability, the CAM assay can be employed 

as a confirmation tool in order to highlight the efficacy and mechanism of action of the 

modification. Alternatively, cells can be altered to increase their angiogenic potential, through 

inhibition or overexpression of certain genes. The efficacy of these cells at inducing a pro-

angiogenic response can be measured using the CAM assay (Liu et al. 2011; Zhang et al. 2016; 

Xu et al. 2019). 

It must also be noted that in the case of certain cell lines, the pro-angiogenic modification to 

cells may elicit benefits, especially in areas such as cell therapy, where overexpression of 

vascular factors could provide a treatment option in therapeutic angiogenesis, to improve the 

vascularisation of previously ischaemic tissue (Forough et al. 2003).  

Methods of adjusting the angiogenic potential of cells can vary from pre-treating cells with 

drugs or inflammatory factors such as sphingosine-1-phosphate (C.-C. Huang et al. 2021), 

interferon or tumour necrosis factor (Liu et al. 2011), to more complex methods of genetically 

modifying the angiogenic behaviour of a cell. 

.
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Table 2.5. Examples of treated and gene modified cells or conditioned media (CM) applied to CAM assay. 

Response Gene modification Cell Type 
Delivery 

Method 
Angiogenic Response Ref 

P
ro

-a
n

g
io

g
e

n
ic 

FGF-1 expression plasmid Bovine ECs Gelatin sponge 

Following tissue sectioning, and staining for 

von Willebrand Factor, a twofold increase in 

capillary number was quantified 

(Forough et al. 2003) 

LV miR-205 inhibition 
Endothelial colony-

forming cell CM 
Not mentioned 

Software quantified significant increase in 

blood vessel density within a defined area 
(Jiang et al. 2021) 

Sphingosine-1-phosphate 

treated 

Osteoblast cell (MG-63) 

CM 

Increase in blood vessel number within a 

defined area was quantified 
(C.-C. Huang et al. 2021) 

miR-338-3p inhibition 

plasmid 

Hepatocellular 

carcinoma (HCC) CM 
Filter disc 

Visual inspection of second and third order 

blood vessels inferred increased blood vessel 

formation 

(Zhang et al. 2016) 

AGO2 expression plasmid Myeloma cell CM 
Significant increase in on-plant infiltrating 

blood vessels observed 
(Wu et al. 2014) 

IFN-ɔ treated 

Mesenchymal stem cell 

CM 
Pipetted 

A significant increase in number of small 

blood vessels (diameter less than 1 mm) 
(Liu et al. 2011) 

TNF-Ŭ treated 

IFN-ɔ and TNF-Ŭ treated 
A significant increase in both small and 

large blood vessels 

A
n

ti
-a

n
g

io
g

e
n

ic 

AAV -Timp1- transduced 
Chinese hamster ovary 

cells 
Gelatin sponge 

No spoke wheel pattern of blood vessels 

radiating from on-plants 
(Zacchigna et al. 2004) 

LV mediated Angiopoietin-2 

shRNA 

Pancreatic carcinoma 

cells 
Pipetted 

Decrease in number of blood vessel branch 

points 
(Zhou et al. 2011) 

Connective tissue growth 

factor (CTGF)-shRNA 
OASF cell CM Pipetted Significant reduction in blood vessel count (S.-C. Liu et al. 2014) 

Endostatin expression plasmid COS-1 cell CM Pipetted 
Significant reduction in blood vessel branch 

points 
(Li  et al. 2008) 

LV VEGF shRNA 
Hypertriploid renal cell 

carcinoma CM 
Pipetted 

Significant decrease in blood vessel counts 

and total blood vessel length 
(Gu et al. 2015) 

CCL5-shRNA 
Chondrosarcoma cells 

(JJ012) 
Matrigel 

Significant decrease in blood vessel 

branches 
(G.-T. Liu et al. 2015) 
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Response Gene modification Cell Type Delivery 

Method 

Angiogenic Response Ref 

A
n

ti
-a

n
g

io
g

e
n

ic 

Sema3C transfected 
Glioblastoma cell line 

(U87 MG) 
Collagen 

Diminished observation of a spoke wheel 

pattern of blood vessels radiating from on-

plants 

(Valiulytǟ et al. 2019) 

AGO2-shRNA Myeloma cell CM Filter disc 
Lower blood vessel densities infiltrating the 

on-plants observed 
(Wu et al. 2014) 

Vascular endothelial cell 

growth inhibitor (VEGI) 

expression plasmid 

HeLa cell CM Filter disc Significant inhibition of neovascularization (Xiao et al. 2010) 

Novel immunotoxin 

(VEGF165-PE38) expression 

plasmid 

HEK293 cell CM 

Not mentioned 

Inhibition in growth of capillary-like 

structures 
(Hu et al. 2010) 

LV miR-205 OE 
Endothelial colony-

forming cell CM 

Visual inspection saw reduced blood vessel 

formation 
(Jiang et al. 2021) 

miR-181a-5p expression 

plasmid 

Fibrosarcoma (HT1080) 

cell CM 
Gelatin sponge 

Impairment of new blood vessel formation 

observed 
(Li  et al. 2015) 

Nuclear Factor-Erythroid 2 

(NRF2) shRNA 

Human colon cancer cell 

CM 
Matrigel 

Significant reduction in blood vessel branch 

points in circular region around on-plants 
(Kim et al. 2011) 

P53 Isoform (ȹ133p53) 

deletion 

Human Glioblastoma 

(U87) cell CM 
Silicon ring 

Following tissue sectioning and staining, 

reduced blood vessels quantified 
(Bernard et al. 2013) 

LV miR-542-5p 
Non-small cell lung 

cancer CM 
Silicon ring 

Significant reduction in percentage vascular 

density 
(He et al. 2017) 
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Studies have used gene expression plasmids to stably transfect cell lines, establishing cells 

which overexpress various angiogenic or anti-angiogenic factors. The gene modified cells, or 

the conditioned media of these cells is applied onto the CAM assay respectively. 

Examples of angiogenic expression plasmids transfected into cells include FGF plasmid 

transfection into bovine ECs (Forough et al. 2003) and argonaute-2 transfected into myeloma 

cells (Wu et al. 2014), both of which lead to significant increases in capillary and infiltrating 

blood vessel numbers following cell-mediated delivery onto the CAM assay. Conversely, the 

cell-mediated inhibition of blood vessel formation can be seen with transfected anti-angiogenic 

expression plasmids such as vascular endothelial cell growth inhibitor (VEGI) (Xiao et al. 

2010), endostatin (Li  et al. 2008), or the novel immunotoxin (pVEGF165PE38-IRES2EGFP) 

(Hu et al. 2010). 

In recent years, gene modifying agents including miRNAs (miRs) have become very popular 

therapeutic targets. Overexpression or inhibition of various miRs can impact on angiogenic 

potential of cells through a variety of means, including through the alteration of Ago2. Zhang 

et al. used an expression plasmid to inhibit the anti-angiogenic function of miR-338 in 

hepatocellular carcinoma, leading to a significant increase in small blood vessel formation in 

the CAM assay (Zhang et al. 2016). Conversely, Li et al. overexpressed miR-181a-5p in 

fibrosarcoma (HT1080) cells leading to a reduction in CAM blood vessel formation (Li  et al. 

2015). 

Interestingly, Jiang et al. focused their research on how the overexpression or inhibition of 

miR-181a-5p could both attenuate and increase the angiogenic potential of endothelial colony-

forming cells (ECFCs) in conjunction with the CAM assay. In this study, lentiviral vector inhibition 

of miRNA-205 in ECFCs led to an increase in blood vessel density. However overexpression of 

miRNA-205 resulted in visibly reduced blood vessel formation (Jiang et al. 2021). 

Short Hairpin RNAs (shRNAs) are small, manufactured RNA molecules with a sharp hairpin 

turn used to silence or knockdown gene expression through RNA interference (RNAi) (Rao et 

al. 2009). ShRNAs have been used to inhibit several angiogenic genes and miRNAs in cells 

applied to the CAM assay, with delivery seen both as direct shRNA delivery, or lentiviral 

mediated delivery into cells. ShRNA inhibition of potent pro-angiogenic genes is seen 

throughout the literature, through the knockdown of VEGF (Gu et al. 2015), connective tissue 
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growth factor (S.-C. Liu et al. 2014) and angiopoietin-2 (Zhou et al. 2011) resulting in 

significant reductions in angiogenic effects in the CAM assay, as outlined in Table 2.5. 

The study of cell application onto the CAM assay monitoring angiogenic response is one with 

much potential. The applicability and ease of use of the CAM assay is proven by the ease at 

which grafts can be applied and their survival supported. Use of the CAM assay can provide a 

screening tool for the inherent angiogenic nature of the cells and the effect of gene / chemical 

modifications on this inherent ability. However, this is an area which still needs much further 

exploration. 

 

2.5. CAM Analyses 

Considering the success of on-plant treatments using the CAM assay, emphasis has focused on 

the method of analysis chosen to quantify an angiogenic effect. Assessment of the angiogenesis 

occurring due to stimuli can be carried out by a variety of different methods. Some studies 

choose to use arbitrary quantification methods, such as visual or macroscopic evaluation or 

observation of an angiogenic effect between experimental groups (Wil ting et al. 1996; 

Watanabe et al. 2004; Rabhi et al. 2015) and define the results simply as positive or negative 

(Balke et al. 2010). While other studies indicate a positive or negative angiogenic effect due to 

the presence or absence of a ñspoke-wheel patternò of blood vessels approaching an on-plant 

(Murray and Wilson 2001; Valiulytǟ et al. 2019). In the majority of studies such as these, 

assessments are carried out in a blinded manner in order to prevent bias affecting the results 

(Lemmens et al. 2017; Winter et al. 2018; Li et al. 2020). The use of adequate positive, 

negative, and internal controls for comparison using the CAM assay is essential. Generally, 

neutral phosphate buffered saline (PBS) treated vehicles or scaffolds are used as an internal 

control, while known angiogenic agonists (such as VEGF) and antagonists (bevacizumab) can 

be used as a positive and negative controls respectively (Nik et al. 2019). 

Some studies have chosen to compare treated areas of the CAM with non-treated areas 

(Marzullo et al. 1998), others compare the angiogenic effect of an internal control against the 

treatment; an internal control usually is found in the form of an empty scaffold or a scaffold 

treated with an angiogenic neutral substance, such as PBS or the solvent used for the delivery 

of the treatment. Comparison of a treated area to an internal control is preferable and more 
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accurate as it results in less variation between test and control, while also considering the 

angiogenic response that the vehicle alone can induce. 

As individual scoring or assessment methods of CAM treatments can result in conscious or 

unconscious bias in either direction, a multiprong approach of using different imaging, scoring and 

assessment techniques is recommended, with the cross-referencing and correlation of results 

obtained essential to create an overall profile of the angiogenic effects. 

 

2.5.1. Sectioning and Staining Techniques 

Following the sacrificing of the chick embryos, the CAM tissue can be fixed using 

paraformaldehyde or other fixative solutions, excised from the embryo, embedded in paraffin 

and then undergo sectioning or ultra-sectioning in preparation for histochemical staining for 

various indicators of angiogenesis such as endothelial and smooth muscle cell markers (Jilani 

et al. 2003). Blood proteins such as haemoglobin (Shereema et al. 2015), von Willebrand factor 

(Isachenko et al. 2013; Vilahur et al. 2017) or the filament protein desmin (Hagenbuchner et 

al. 2016) have been studied as a measure of blood vessel density and consequently, the 

vascularisation present (Becker et al. 2012). Histological staining of ECs with biotin or 

fluorescent tagged lectins has also been successfully achieved to visualise vascularisation 

present in CAM tissue (Larger et al. 2004; Bernard et al. 2013), while immunohistochemical 

staining of ECs using anti-CD31 antibodies has also been employed (Fergelot et al. 2013; Jiang 

et al. 2015; Kleibeuker et al. 2015). 

While the quantity of newly formed blood vessels is often the focus of many studies, the quality 

should also be considered. An issue with some pro-angiogenic factors dependent on dosage 

levels can be the development of aberrant and leaky blood vessels, inferior to those formed 

from natural angiogenesis. To investigate this, Pink et al., developed a modified version of a 

Miles Assay, a commonly used technique which measures vascular leakage, allowing both the 

quantity and quality of angiogenesis to be assessed (Pink et al. 2012; Brash et al. 2018; Gião 

et al. 2021). In this study, the leakiness of the newly formed blood vessels was quantified by 

spectrophotometrically measuring the amount of leaked Evanôs blue dye following a single 

bolus injection. Alternatively, the injection of fluorescent dyes such as various FITC-dextrans 

of different molecular weights (Rizzo et al. 1995; Rizzo and DeFouw 1996a; Rizzo and De 
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Fouw 1997) or FITC and rhodamine conjugated lectins into CAM tissue can prove useful for 

measurements of vascular leakiness (Jilani et al. 2003). In this process, fluorescent dyes are 

injected into the vitelline vein (Fig. 2.4), given time for the dye to circulate, and then observed 

under fluorescent light, also highlighting smaller capillaries which would otherwise be 

unquantifiable. 

 

 

Figure 2.4. A 5-day-old chick embryo highlight CAM vasculature.  

The white stars represent anterior and posterior vitelline veins, while the black arrows 

indicate vitelline arteries and veins. The non-branching nature of the vitelline veins make 

it an ideal location for injections. 

 

2.5.2. Image Quantification Techniques 

Automated, semi-automated and manual serological methods can be used to quantify 

neovascularisation and angiogenesis. For automated methods, many software packages exist 

which can be adapted to identify tubules, vessel branch points and network junctions. Such 

software packages include: Angiotool (Saleh et al. 2018), AngioQuant (Kamble et al. 2016; 
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Vimalraj et al. 2018; Augustine et al. 2019), Wimasis (Yang et al. 2015; Steinle et al. 2018), 

HetCAM (Aanhane et al. 2018), Photoshop CS4 (Borjan et al. 2015) and Synedra view 

(Heuberger et al. 2019). Image analysis software such as Image J can be used for both manual 

and semi-automated quantification methods. In a semi-automated manner, pixel intensity, or 

percentage of binary images containing blood vessels can be used to measure blood vessel 

density (Melkonian et al. 2002; Miller et al. 2004; Magalhães et al. 2017). While manually 

counting tools can be used to quantify the number of blood vessels, junctions or branching 

points visible within a defined area (de Castro et al. 2017; Prieto et al. 2017; Nik et al. 2019). 

Various parameters can be chosen to assess an angiogenic effect; basic approaches can involve 

simply counting the blood vessels or quantifying blood vessel length within a circle or square 

area around an on-plant (Kleibeuker et al. 2015) or converging towards it. More complex 

methods can involve the scoring of blood vessels based on a centripetal ordering method (Fig. 

2.5 A), where a blood vessel is order-1, continuous with the capillary network, or order-2, 

formed from the convergence of two order-1 vessels (Rizzo and Defouw 1996b; Célérier et al. 

2002). An alternative method is where an array of concentric circles is projected onto a CAM 

image with a vascular score then assigned based on the intersection of these circles with blood 

vessels, without discrimination between arterial or venous vessels (Fig. 2.5 B) (Barnhill and 

Ryan 1983; Griffioen et al. 2001; Brandwijk et al. 2005; Lemmens et al. 2017; Burggren and 

Rojas Antich 2020). 

Ribatti et al., 2007 describes a method where an angiogenic score is assigned to a blood vessel 

entering an on-plant at a specific angle (Fig. 2.5 C) (Barnhill and Ryan 1983; Ribatti et al. 

2006). Although, this is a widely used scoring method, issues can arise. Without discrimination 

of blood flow direction in vessels, determination whether a blood vessel is growing towards or 

away from an on-plant cannot be fully discerned. Another consideration is that due to the vague 

nature of branching, scoring and angles as described in this method, individual interpretations 

and differences in scores can result between analysts studying the same images, leading to 

erroneous experimental outcomes. 

Many image techniques and scoring systems fail to fully explore the changes in 

microcirculation in response to a treatment. In many studies, the macroscopic observations of 

larger blood vessels are the main focus, with little attention drawn towards the minute 

microvessels and capillaries present. This seems to be a major oversight when the study and 
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investigation of pro angiogenic or anti-angiogenic treatments are considered, where even the 

smallest modifications to vascularisation should be scrutinized. 

 

 

Figure 2.5. Examples of CAM analysis techniques to quantify angiogenic score following 

treatment. 

In the case of each of these methods, each blood vessel which fits specific criteria is given 

a score, with the accumulative score then determined for each on-plant/treatment. (A) 

Centripetal ordering method of angiogenic scoring, where vessels are assigned a score 

based on the order of their branching, with higher order vessels getting a higher score as 

described in DeFouw et al. (DeFouw et al. 1989). (B) A range of concentric circles 

projected onto an image of a CAM where the total vascular index quantified based on the 

intersection of blood vessels with each of the circle, as described in Burggren et al. 

(Burggren and Rojas Antich 2020). (C) Evaluation of a angiogenic response by scoring 
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vessel branching as described by Ribatti et al. (Ribatti  et al. 2006), this method involves 

the assigning of an angiogenic score ranging from 0ï2 based on branching and angle of 

approach. 

2.5.3. Vascular Casting 

A negative aspect of image quantification and study is that only sporadic random areas of 

microvascularisation in the CAM are usually observed. However, the development of a three-

dimensional microvascular corrosion casting (vascular casting) method could provide an 

overall thorough study of the vascular changes occurring in the CAM (Dimitropoulou et al. 

1998). Corrosion casting is an anatomical method where a solid faithful replica of a biological 

sample is produced from a hollow anatomical structure or space. In this process, following 

perfusion to flush out the area, a flexible substance (such as rubber, resin or polyurethane) in 

liquid form is injected into the space, allowed to solidify and then the surrounding tissue is 

removed by enzymatic or chemical degradation (Cornillie  et al. 2019). 

This method is particularly useful in the study of vasculature in conjunction with angiogenic 

assays, where vascularisation and blood vessels distribution and organisation can be measured 

(Hossler and Douglas 2001). Following the production of a vascular cast, examination of the 

normal or abnormal blood vessel network can be carried out by scanning electron microscopy 

(SEM), micro computed tomographic (ɛCT) imaging, or synchrotron radiation-based micro 

computed tomographic (SRɛCT) imaging (Ackermann and Konerding 2015). 

In the case of the CAM assay, the chorioallantoic membrane is carefully incised at the central 

vein, flushed with a sodium chloride (NaCl) and heparin solution to clear the blood, and then 

perfused with a cast material such as Polyurethane, Clear Flex 95 or Mercox ® (Krucker et al. 

2006). Following this, the cast substance is given time to polymerise and then the CAM tissue 

is dissolved over several days or weeks in 5ï20% potassium hydroxide (KOH) or 20% sodium 

hydroxide (NaOH) followed by rinsing in distilled water or formic acid (Hossler and Douglas 

2001). Following cast formation, a sputter-coating of gold, silver, platinum, or chromium from 

10 nm to 25 nm in thickness may also be required in conjunction with scanning electron 

microscopy in order to improve image quality (Djonov et al. 2002; Belle et al. 2014; 

Ackermann and Konerding 2015). 
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This method of CAM examination has proven advantageous as it allows for a three-

dimensional representation of the vascular network, allowing visualisation of branch points, 

and indicators of sprouting and intussusceptive angiogenesis (Baum et al. 2010; Hlushchuk et 

al. 2011; Belle et al. 2014), often also being used as a validation method when investigating 

the efficacy of different imaging techniques (Siamblis et al. 1996; Nikiforidis et al. 1999). As 

a detailed representation of the CAM vasculature is produced, with the use of the correct casting 

material, orientation, distribution and frequency of ECs and aberrations in blood vessels can be 

resolved (Hossler and Douglas 2001). 

 

2.5.4. Live Blood-Flow Observation 

Many of the approaches mentioned previously involve the use of non-viable excised and fixed 

dead tissue, with observation of morphological characteristics. Several approaches have been 

developed for the observation of real-time in vivo blood flow and circulation in the CAM. The 

observation of microcirculation in real-time is advantageous as it can monitor for vascular 

leaks, variations in vessel quality and density, while also indicating the delivery and efficacy 

of a treatment. Real-time blood flow can be observed by a wide array of means, including the 

use of nanoparticles or fluorescently labelled erythrocytes injected into the CAM, or the use of 

fluorescent dyes or dextrans which are then viewed using intra-vital fluorescent microscopy 

(IVFM) (Blacher et al. 2005), or alternatively the use of photodynamic therapy (PDT) (Ismail 

et al. 1999; Weiss et al. 2014). 

 

2.5.5. Molecular Analysis 

Although it is useful to observe a visual effect following treatment, molecular analysis of the 

CAM assay can also prove useful in the understanding of the biochemical mechanisms behind 

the changes in vascularisation which are observed. To this end, molecular approaches such as 

quantitative PCR, in situ hybridisation (mRNA), whole mount immunostaining and 

immunoblotting (protein) can be employed (Ribatti et al. 2002). 

Quantitative PCR is an essential form of molecular analysis which can prove useful in 

measurement of changes in gene expression in CAM tissue following various treatments, cells 
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or tumour applications. In some cases, measurement of precise areas around the treatment 

location are required, therefore laser dissection of CAM tissue can be utilised (Rovithi et al. 

2017). Trizol or mRNA isolation kits are often used to extract total RNA from dissected CAM 

tissue, with qPCR or semi-quantitative PCR then carried out to measure expression of various 

genes, including those related to angiogenic pathways. In the case of semi-quantitative PCR, 

following gene amplification, the PCR products are electrophoresed on a polyacrylamide or 

agarose gel with the band intensities then measured (Larger et al. 2004; Baum et al. 2010; 

Zhang et al. 2018; Manjunathan et al. 2021). The use of a suitable chicken specific primer for 

housekeeping gene expression is paramount in qPCR to ensure accurate, quantifiable results to 

compare with genes of interest. It also can be used to measure the quality and integrity of the 

RNA isolated, with ɓ-actin and GAPDH most commonly used in the case of CAM tissue 

(Vimalraj et al. 2018; Roma-Rodrigues et al. 2019; Manjunathan et al. 2021). 

In the use of the CAM assay as a model of tumour growth and metastasis, the quantity of human 

cells present within tissues extracted from chick embryos can be determined by qPCR 

amplification of the Alu repeat sequences repeats (Alu-qPCR) (Subauste et al. 2009; Maacha 

and Saule 2018). Alu elements are non-autonomous retrotransposons, which are uniquely 

present in a primate genome and absent in chicken DNA. Alu PCR can be used a DNA 

fingerprinting technique to calculate the quantity of human DNA present in CAM tissue 

(Cardelli 2011). 

This method has been used in several studies to examine the engraftment and migration of 

cancer cells from a tumour placed on the CAM surface through the CAM and even into the 

chick embryo itself, travelling via the vast vascular network present. In summary, to quantify 

human tumour cell intravasation into the chick CAM, semi-quantitative real time PCR is 

carried out to amplify Alu sequences in order to calculate the amount of human DNA present 

in each CAM sample. A standard curve generated by serial dilution of human tumour cells is 

then used to quantify the actual number of tumour cells present in each CAM sample (Kim et 

al. 1998; Mira et al. 2002; Deryugina and Quigley 2008). In addition to this analysis, 

quantification of chick DNA present should be carried out through amplification of a chick 

house-keeping gene, such as the chick GAPDH genomic DNA sequence (Zijlstra et al. 2002). 

Horst et al. optimised this process, establishing a TaqMan ® based quantification method to 

measure human Alu sequence amplification in genomic DNA from CAM tissue showing 

improved success compared to the SYBR ® Green methods used previously (Horst et al. 2004). 
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While study of gene expression can provide insights into the changes occurring in CAM tissue, 

several studies have instead chosen to quantify the protein expression present by means of 

Western blotting (immunoblotting). In this process, CAM tissue is crushed or minced, lysed 

with a suitable lysis buffer such as radioimmunoprecipitation assay (RIPA) buffer. Then the 

samples are denatured in a suitable loading buffer, such as Laemmli buffer and electrophoresed 

on an SDS Polyacrylamide gel (SDS-PAGE). Following this, lysates are then transferred to a 

membrane and probed using various primary antibodies (Ribatti et al. 2002; Zijlstra et al. 

2006). In immunoblotting, use of a suitable protein loading control is imperative, chicken 

specific Ŭ-tubulin and ɓ-actin antibodies have been used in several CAM tissue immunoblots 

(Fernandez and Bonkovsky 2003; Mangieri et al. 2008; Manjunathan et al. 2021). 

Purification of protein extracted from CAM tissue prior to denaturing and SDS-PAGE may be 

necessary to ensure success. After protein isolation from CAM tissue, immunoprecipitation of 

samples can be carried out by various means to enrich for the specific protein of interest. Ribatti 

et al. used Heparin-Sepharose columns to purify protein extracted from CAM tissue prior to 

immunoblotting and probing for bFGF (Ribatti et al. 1995). Similarly, protein AïSepharose 

beads bound with suitable antibodies have also been used with much success (Eliceiri et al. 

1998; Hood et al. 2003) 

Some studies use a two-pronged approach for molecular analysis, using both methods to 

measure gene, and protein expression. Mangieri et al. used RT-PCR, Western blotting and a 

visual scoring method to assess increased angiogenesis in the CAM following multiple 

myeloma EC treatments. In this investigation, the mRNA expression level of various 

angiogenic genes, including endostatin, in CAM tissue was measured by qPCR, while Western 

blotting examined for the altered protein expression of endostatin (Mangieri et al. 2008). Using 

both methods allowed for correlation of results obtained, where both reduced gene expression 

and protein secretion of endostatin was observed. 

Molecular analysis used in conjunction with other methods of analysis can be extremely useful 

in investigating the overall effects certain treatments or cell applications can have on the growth 

and development of the CAM membrane. Immunoblotting can investigate protein secretions, 

while qPCR examines gene up-regulation or down-regulation. Alternative methods of 

molecular analysis can include transcriptome analysis of RNA isolated from CAM tissue 

following treatments (Fergelot et al. 2013). Gelatin Zymography is another molecular process, 
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where samples are electrophoresed on a polyacrylamide gel containing gelatin, then incubated 

in collagenase buffer with gelatinolytic activity and finally visualised using 0.5% Coomassie 

blue (Brooks et al. 1998). The aforementioned methods are useful in identifying the signalling 

pathways which result from the application of pro-angiogenic or anti-angiogenic factors. 

2.6. Advantages and Limitations of the CAM to Study Microcirculation 

Generally, it can be seen that the CAM assay offers many advantages for quantifying 

angiogenesis over other in vitro and other in vivo methods. Predominantly, the low cost, 

accessibility, rapid growth and enclosed mechanism of survival make it a clear choice to be 

used as a research tool (Dohle et al. 2009; Lokman et al. 2012). The CAM assay is flexible, 

with a wide variety of treatment methods and delivery options available, with the resulting 

changes in vasculature assessed by a variety of means. The outputs of a CAM assay can be 

seen in real time, with the general growth period of the angiogenic window restricted to around 

developmental day 12. As with all animal models, the CAM has some limitations. Many 

molecular assessment methods require the acquisition of less widely available chick-specific 

reagents, antibodies, and probes, as well as specialised equipment and incubators for the 

experimental process. The developing chick does not have a functioning immune system until 

development day 18. Therefore, the application of test treatments does not illicit an immune 

response. However, this can also lead to negative repercussions, the absence of an immune 

response in the chick can be advantageous, however this lack of protection can hinder the 

survivability of the chick following invasive techniques such as cultivation (in ovo versus ex ovo). 

This along with the individual differences between eggs, leads to the requirement of larger sample 

sizes (n number) of chicks in order to obtain statistical power. 

In CAM image analysis, there is large flexibility in the variety of methods for assessment of 

angiogenic responses. However, this can be misleading as there can be a lack of clarity between 

different studies as to what determines a significant effect of change in vascularisation. Flexible 

forms of assessment and arbitrary quantification may not consider natural morphological 

changes due to the growing embryo alone rather than the treatment applied. 
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2.7. Concluding Remarks 

In the scientific study of microcirculation and angiogenesis, an in vivo approach is very 

advantageous over in vitro methods. The CAM assay has proven itself to be an invaluable tool 

in this regard. Presently, the CAM assay is used as a research method in the fields of biology, 

bioengineering, and chemistry for a wide variety of applications. Although individual 

laboratory methods, treatment techniques and assessment methods hinder the standardisation 

of this assay, it does have great potential to be used as an invaluable preliminary and/or 

complimentary screening tool before examination in higher order animals or a more specific in 

vivo experimental approach. Overall, the CAM assay is an excellent tool for research, with a 

low cost, high flexibility, accessibility, with a clear experimental approach. It should be 

considered greatly for vascular studies before any experimentation using rodents or larger level 

pre-clinical animal models are commenced. In this regard, the CAM is very much supporting a 

reduced reliance on pure animal research and following the 3Rs (replacement, reduction, 

refinement) approach to animal research. 
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3.1. Introduction  

Duchenne muscular dystrophy (DMD) is a rare degenerative progressive myopathy which is 

one of the most frequent fatal genetic diseases affecting children (Duan et al. 2021). DMD is 

caused by a mutation in the gene responsible for the synthesis of the large structural protein 

dystrophin in muscle (Nakamura and Takeda 2011; Abdul-Razak et al. 2016; Ben Larbi et al. 

2021). DMD is an X-linked disorder which leads to gradual muscle weakness, muscle-wasting 

and necrosis (Duan et al. 2021; Kaplan and Morgan 2022). In DMD, lack of dystrophin results 

in progressive cycles of continued degeneration and regeneration, which leads to the eventual 

exhaustion of muscle progenitor stem cells called satellite cells (SCs) (Chargé and Rudnicki 

2004). 

Dystrophin is expressed in all muscle lineages including smooth muscles, and also endothelial 

and SCs (Harricane et al. 1994; Dumont et al. 2015; Shen et al. 2023). Therefore, dystrophin 

defects may not be exclusively attributed to muscle structure but could also be involved in 

vascular defects and regeneration issues. There have been reports of potential modifications 

and disruptions to hypoxia-inducible factor (HIF) signalling in muscular dystrophies, as a result 

of both hypoxia related respiratory failure or blood vessel abnormalities (Nguyen et al. 2021).  

Dystrophin clearly has a structural role, maintaining muscle integrity. It also plays an important 

role in molecular signalling, and synthesis of nitric oxide (NO) which allows for vasodilation, 

when the need arises (Lin 2021). Neuronal nitric oxide synthase (nNOS) produces NO, which 

enhances blood flow through vasorelaxation of the muscle arterioles. Dystrophin secures nNOS 

to the sarcolemma. In DMD, nNOS dissociates resulting in less available NO resulting in 

minimal vasorelaxation, rendering fibers more susceptible to reduced perfusion and ischaemia 

(Ennen et al. 2013; Nguyen et al. 2021). Therefore, a lack of dystrophin leads to both 

mechanical instability and increased susceptibility to ischaemia. However, how much the 

contribution of vascular defects has on the pathology is DMD is unknown. 

The mdx mouse is the most widely used model of DMD (Podkalicka et al. 2019). This mouse 

model is genetically and biochemically similar to the human condition, however, these mice 

show a milder phenotype than their human counterparts which has been suggested to be due to 

compensatory factors (Collins and Morgan 2003; McGreevy et al. 2015). The presence of a 

compensatory protein, utrophin, in mdx mice allows them to experience a normal lifespan 

compared to the 75% reduction which is often noted in human sufferers (Gregorevic et al. 
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2006; McGreevy et al. 2015). Nevertheless, the mdx mouse is widely used in laboratories due 

to its ease of breeding, convenience and uniformity in genetics (van Putten et al. 2020), and in 

this study was chosen to characterize the role of vascularisation in DMD. 

The contribution of altered vascularisation in DMD is debated. Recent research proposes that 

in DMD, alterations in blood flow and vascularisation may be contributory to disease 

progression (Podkalicka et al. 2019). Prior to the discovery of dystrophin and further 

characterisation of DMD, it was hypothesised that the disease pathology of DMD was primarily 

due to impaired capillary blood flow (Mendell et al. 1971; Engel and Hawley 1977). However, 

several studies refuted this idea which was soon dismissed (Jerusalem et al. 1974; Musch et al. 

1975). 

Several previous reports have investigated vascularisation in DMD, through the use of both 

mouse and canine models of muscular dystrophy (Nguyen et al. 2005; Landisch et al. 2008; 

Latroche et al. 2015b). Vascular organisation has been investigated histologically (Loufrani et 

al. 2004; Landisch et al. 2008), while mRNA and protein levels of several angiogenic markers 

have been reported as altered in DMD (Latroche et al. 2015b; Podkalicka et al. 2021). Several 

studies have been carried out to investigate perfusion, vascularisation and angiogenesis in 

muscular dystrophy. Podkalicka et al., 2021 reported an impeded recovery from hind limb 

ischaemia in 12-week-old mdx mice, with hampered both inflammatory and regenerative 

responses observed (Podkalicka et al. 2021). Matsakas et al., 2013 observed reduced oxidative 

capacity in regions of the tibialis anterior (TA) muscle of mdx mice, combined with reduced 

expression of vascular endothelial growth factor (VEGF) (Matsakas et al. 2013). 

Nevertheless, there still remains no clear consensus as to the precise role or impact poor 

vascularisation may have on DMD progression (Podkalicka et al. 2021). It is apparent that age 

may have an important role in the decline of vascularisation in DMD, with a significant collapse 

in vascularisation reported at 12 months in dystrophic mice (Fig. 3.1) (Latroche et al. 2015b; 

Ben Larbi et al. 2021) . However, given the aforementioned point, it is surprising what few 

studies have investigated microcirculation in dystrophic animals.  
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Figure 3.1. Disease progression in mdx mouse. 

In mdx mouse model, clinical symptoms begin from two weeks, with rapid cycles of 

degeneration and regeneration occurring from 3 ï 6 weeks. Cardiomyopathy results in a 

shortened lifespan with death usually occurring around 22 months (Latroche et al. 2015b; 

Pinto et al. 2018; Ben Larbi et al. 2021). 

In this study, we chose to investigate the vascularisation, both molecularly and histologically 

in mdx and wild-type (WT) mice at 4, 8, 12 and 16 months. The maintenance of adequate 

vascularisation is dependent on the delicate balance of several pro-angiogenic and anti-

angiogenic factors. Therefore, we investigated the mRNA and protein levels of several pro-

angiogenic and anti-angiogenic markers including angiopoietin 1 (Ang1), angiopoietin 2 

(Ang2), hypoxia inducible factor 1Ŭ (HIF1Ŭ) and vascular endothelial growth factor-A (VEGF-

A) along with its membrane bound and soluble receptors, VEGF receptor 1 (VEGFR-1) and 

VEGF receptor 2 (VEGFR-2). To our knowledge, this is the first study to investigate the age-

related alterations of VEGF receptors (both membrane-bound and soluble) in mdx mice at 4, 8, 

12 and 16 months. 
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Hypothesis: We hypothesised that an alteration in vasculature and dysregulation in angiogenic 

markers would be observed in the tibialis anterior muscle of mdx mice, and that this 

dysregulation would be exacerbated as a result of aging. 

 

Therefore, the aims of this chapter were to: 

1. Histologically investigate the vascularisation in WT and mdx mice between the ages of 

4 and 16 months, observing regenerative capacity and capillarisation. 

2. Investigate the activity of several myogenic and angiogenic markers in WT and mdx 

mice at these ages, through the use of RT-qPCR, immunoblotting and ELISA.  
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3.2. Materials and Methods  

3.2.1. Experimental animals and tissue harvesting 

Tibialis anterior (TA) muscle tissue from control (C57BL/10ScSn) and mdx (C57BL/10ScSn-

Dmdmdx/J) mice were received from Professor Ken OôHalloran Lab, University College Cork, 

Ireland. 

3.2.2. Tissue preparation 

Histological frozen muscle sections were prepared as described previously (Bahri et al. 2019). 

TA muscles (Fig. 3.2) were harvested from mice following euthanization. Samples were 

embedded in Optimal Cutting Temperature compound (Tissue-Tek O.C.T. Compound, 

Sakura® Finetek) and then frozen in liquid-nitrogen-cooled isopentane (Merck, Ireland). 

Following this, samples were then stored at ī80 ÁC until required for cryosectioning. Frozen 

tissues (10 ɛm thick) were transversely cryosectioned at ī21 ÁC using a Leica CM3050 S 

cryostat (Leica, Wetzlar, Germany). Sections were placed on polarized glass slides (EprediaÊ 

SuperFrost PlusÊ Adhesion slides, Thermo Fisher Scientific, Ireland) and stored at ī20 ÁC 

until required for staining. 

 

Figure 3.2. Tibialis anterior muscle extracted from control and mdx mice.  

Created with Biorender. 
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3.2.3. Morphometric analysis.  

Haematoxylin-Eosin (H&E) is a charged based staining procedure used for the morphological 

observation of samples (Latroche et al. 2015b). Frozen sections were stained with H&E 

following a standard approved protocol SOP ID number MDC1A_M.1.2.004, version 1: 

ñHistopathology in Haematoxylin & Eosin-stained muscle sectionsò. WT and mdx muscle 

sections at each age were imaged under bright-field microscopy at 20x magnification using an 

EVOS M7000 Imaging System (Thermo Fisher Scientific, Ireland). Tissue sections which 

exhibited signs of widespread cryo-damage were eliminated from further staining and analysis 

(Fig. 3.3). 

 

Figure 3.3. Significant cryo-damage was observed in muscle tissue following H&E 

staining. 

Representative images of (A) Severely cryo-damaged and (B) Healthy TA muscle from 8-

month-old mdx mice. Image taken at 10x magnification. Scale bar = 100 µm. 

A 

B 
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3.2.4. Muscle fiber  capillarization  

Isolectin GS-IB4 (IB4-lectin) is a glycoprotein used to label endothelial cells (ECs) (Benton et 

al. 2008). Lectins require metal divalent cations (Ca2+ and Mn2+) to bind. Therefore, a lectin 

buffer (Appendix Table 1-6) was prepared and used for washes and dilutions. Frozen cross-

sections were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, Ireland) for 10 minutes 

(min), permeabilized in 0.1% Triton/lectin buffer for 5 min, blocked in 10% goat serum/10% 

fetal bovine serum/80% lectin buffer for 1 hour (hr) followed by o/n incubation in Isolectin 

GS-IB4 From Griffonia simplicifolia, Alexa FluorÊ 488 Conjugate (2 µg/mL; Thermo Fisher 

Scientific, Ireland) diluted in lectin buffer at 4 °C. Sections were carefully washed and 

counterstained using wheat germ agglutinin (WGA) conjugated to Alexa Fluor-594 (W11262; 

10 µg/mL; Thermo Fisher Scientific, Ireland) for 2 hr. Sections were finally stained with DAPI 

(0.1 µg/mL; Thermo Fisher Scientific, Ireland), carefully covered with coverslips and allowed 

to dry o/n before visualisation under the EVOS M7000 Imaging System. Sections were 

visualised and imaged under GFP, RFP and DAPI channels, to visualise capillaries, muscle 

fibers and fiber nuclei respectively. Microscopic images were taken at 20x magnification of 5 

non-overlapping fields from each muscle section. Number of capillaries, total number of fibers 

and number of centrally nucleated fibers were quantified manually using Image J software (Fig. 

3.4). 
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Figure 3.4. ImageJ quantification of fluorescent lectin-stained muscle sections. 

Representative image of quantification of centrally nucleated fibers, total muscle fibers 

and capillary number following lectin staining. Image taken at 20x magnification. Scale 

bar = 50 µm. 

3.2.5. Quantitative PCR (RT-qPCR) 

3.2.5.1. Total RNA extraction 

Gene expression of muscle tissue was examined at the mRNA level using RT-qPCR analysis 

and gene specific primers similar to those described previously (Bahri et al. 2019; Podkalicka 

et al. 2021). TA muscles were harvested from WT and mdx mice at 4, 8, 12 and 16 months, 

snap frozen in liquid nitrogen and stored at -80°C until RNA analysis was carried out. Total 

RNA was extracted from each sample using the mirVanaÊ PARISÊ mirVanaÊ Protein And 

RNA Isolation system (Thermo Fisher Scientific, Ireland) according to the manufacturerôs 

instructions.  
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3.2.5.2. Quantification and qualification of isolated RNA 

RNA quantity and quality was determined using the NanoDropTM 2000 spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA, USA). RNA samples were measured by pipetting 

1µl of each sample directly onto the measurement pedestal with the RNA quantified by 

measuring the optical density (O.D.) at 260nm (1.0 O.D. unit being equivalent to 40 µg/ml of 

RNA). The quality of the isolated RNA was then calculated by measuring the 

O.D.260/O.D.280 ratio (A260/280), with a ratio of ~1.8-2.2 indicating pure RNA. Samples 

which provided a ratio < 1.8 were not used for reverse transcription. 

 

3.2.5.3. Reverse transcription 

A SuperScriptÊ IV First-Strand Synthesis System kit (Invitrogen, ThermoFisher Scientific, 

Ireland) was used to reverse transcribe RNA samples into cDNA. Each kit contained random 

primers and the components to make a master mix consisting of 1 µL dNTP mix (10 mM), 4 

Õl 5Ĭ RT Buffer, 1 ɛL RNAaseOUTTM Recombinant Ribonuclease Inhibitor (40 U/ɛL), 2 Õl 

DTT (0.1 M) and 1µl Superscript IV Reverse Transcriptase (200 U/ɛL). 500 ng of RNA in a 

10µl volume along with 1 uL of random primers were pipetted into a 0.25 ml RNase-free tube. 

The tubes were then placed into a 3Prime thermocycler (3Prime, VWR, Ireland) and incubated 

at 65°C for 10 min. Samples were immediately placed on ice and 9 ɛL master mix was added. 

Samples were returned to the thermocycler and incubated at 42°C for 60 min, followed by 

maintaining the resultant cDNA at 4oC. The cDNA was then frozen at -80°C until quantitative 

real time-polymerase chain reaction (RT-qPCR) was carried out. 

 

3.2.5.4. RT-qPCR 

Gene expression of targets was assessed using commercially available FAST SYBRTM Green 

Master Mix compatible forward and reverse target primers (Sigma-Aldrich, Ireland; Appendix 

Table 1-2). Ribosomal Protein S29 (S29) was used as an endogenous control to normalize gene 

expression between samples. 

Previously stored cDNA samples were diluted at 1:10 with RNAse-free H2O and 5 µl of each 

of the diluted samples was added in triplicate to a MicroAmpTM optical 96 well plate (Applied 

Biosystems, California, USA). A master mix was prepared for each target gene and stored on 
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ice, consisting of the following per sample: 0.5 µL 10 µM forward primer, 0.5 µL 10 µM 

reverse primer and 5 µL 2x FAST SYBRTM Green Master Mix (ThermoFisher Scientific, 

Ireland). 6 µl of the master mix was then added to each well giving a total reaction volume of 

11 µl. Non template controls (NTC) containing the master mix and RNase-free H2O instead of 

cDNA was included for each target gene. Plates were then carefully covered with optical 

adhesive plate covers (Applied Biosystems, California, USA) and centrifuged at 1000 RPM for 

30 seconds to ensure complete mixing of the master mix and cDNA and to eliminate bubbles. 

The plate was then placed in the StepOnePlusÊ real time PCR thermocycler (Applied 

Biosystems, California, USA) set to run the following Relative Quantification protocol: step 1: 

95°C for 10 min, step 2: 95°C for 30 seconds, step 3: 60°C for 15 seconds, followed by 72°C 

for 15 seconds. Step 1-3 was repeated 40 times and the fluorescence read during the annealing 

and extension phase (60°C) for the duration of the programme.  

Validation of PCR amplification was verified through observation of a single peak during 

melting curve analyses (55°C to 95°C in 0.5°C increments). Threshold cycle (CT) was defined 

as the fractional cycle number at which fluorescence passed a fixed threshold. CT values were 

exported to Microsoft Excel file for further calculations, with relative expression calculated by 

the comparative CT method.  

 

3.2.6. Protein analysis 

3.2.6.1. Protein extraction 

TA muscles were harvested from WT and mdx mice at 4, 8, 12 and 16 months, snap frozen in 

liquid nitrogen and stored at -80°C until protein extraction was carried out. Protein was 

extracted from each sample using Cell disruption buffer from the mirVanaÊ PARISÊ 

mirVanaÊ Protein And RNA Isolation system (ThermoFisher Scientific, Ireland) according to 

the manufacturerôs instructions. All health and safety precautions for handling hazardous 

reagents were considered and strictly followed. 

Frozen tissue was powdered using a pre-chilled pestle and mortar and scraped into a 

microcentrifuge tube using a metal spatula. Protease inhibitor cocktail (Sigma-Aldrich, Ireland) 

was added to each sample at a concentration of 1:100. The tissue mixture was homogenised for 

30 seconds using a pestle homogeniser, samples were then incubated on ice for 30 min before 
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being spun at 15000 RPM for 5 min at 4°C. The supernatant was then transferred to a new 

microcentrifuge tube and stored at -20°C until use.  

3.2.6.2. Bradford protein assay  

Standard protein solutions (0-1000 ɛg/ml) were prepared from a stock (1 mg/ml) solution of 

bovine serum albumin (BSA) (Appendix 2.1). Tissue lysates were diluted 1:1000. 100ɛl of 

samples or standards were pipetted into designated wells on a 96 well plate followed by 100ɛl 

of Bradford reagent. The plate was placed on a shaker for 30 seconds, and then left at room 

temperature (RT) for 10 min to allow for colour development to occur and absorbance was then 

read at 595nm. The protein content of samples was interpolated from standard linear regression 

plots of protein concentration ɛg/mL versus optical density (O.D.) at 595nm. 

 

3.2.6.3. Immunoblotting 

Following lysis and protein concentration determination samples were then diluted in ice-cold 

lysis buffer to give equal protein concentrations, followed by the addition of 2x laemelli buffer 

containing 20% 2-mercaptoethanol. Following heating at 95°C for 5 min, proteins were then 

separated by SDS-PAGE electrophoresis using a 7% polyacrylamide gel. The separated 

proteins were then electroblotted onto a nitrocellulose membrane using a semi-dry transfer 

method for 2 hr at 10 Volts (V) (Appendix 2.2). 

Following semi-dry transfer, membranes were stained for total protein present using Ponceau 

stain. Briefly, membranes were incubated in Ponceau stain for 1-2 min, rinsed in deionised 

H2O (DI H2O) and images taken. Membranes were then rocked in blocking solution for 1 hr at 

RT. Individual membranes were then incubated in primary antibody o/n at 4°C. Following four 

5 min washes in wash buffer, membranes were then rocked for 1 hr in secondary antibody 

solution. Following washing, membranes were placed in DI H2O and then imaged using the 

fluorescence O.D.YESSY CLx scanner (LI-COR Biosciences UK).  
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3.2.7. Enzyme-linked immunosorbent assay (ELISA) 

Tissue lysates from TA muscle which were previously isolated with concentration determined 

using Bradford assay were used to determine protein levels in homogenates using an ELISA 

according to the manufacturerôs instructions (R&D Systems, Ireland). Protein levels of VEGF-

A were measured using 100 µg of protein lysate for each sample. 

Due to alternative mRNA splicing several isoforms of VEGF receptors can arise, including 

membrane bound and soluble variants (Nakamura et al. 2022). sVEGFR-1 and sVEGFR-2 

function differently to the membrane bound VEGF receptors. Protein levels of sVEGFR-1 and 

sVEGFR-1 in TA muscle were determined using 200 µg of protein lysate per sample. 

 

3.2.8. Statistical analyses 

All statistical analyses were carried out using Excel and GraphPad Prism software. A one-way 

analysis of variance (ANOVA) and Tukeyôs post hoc test was applied to determine statistical 

significance between groups. A two-way analysis of variance (ANOVA) was applied where 

two factors were present in an experiment (animal genotype vs. age), followed by a Tukeyôs or 

Ġid§k post hoc test where appropriate to determine statistical significance between groups. 

Tukeyôs post hoc was used to investigate age related differences within disease states, while 

Ġid§k post hoc test was used to investigate disease related differences within each age group. 

Data are expressed as mean ± SEM, with data considered statistically significant at *p < 0.05; 

**p < 0.01; ***p < 0.001 and ****p < 0.0001. 
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3.3. Results 

3.3.1. Haematoxylin and Eosin staining of TA muscle indicate increased disease pathology 

in mdx mice 

Haematoxylin and Eosin (H&E) is a charge-based stain, which is useful to determine the 

integrity of a tissue. Therefore, it is suitable for the investigation of the skeletal muscle 

pathology in dystrophic muscle tissue. H&E staining allowed for the observation and 

assessment of both the health and quality of the tissue sections. In this study, we used H&E 

staining to observe the disease pathology of mdx TA muscle, while also using this staining 

method to investigate tissue quality, eliminating those which showed significant cryodamage. 

Visually, increased fibrotic and fatty connective tissue was observed in mdx mice compared to 

WT at all ages (Fig. 3.5). Secondary inflammation is also observed in mdx muscle, where 

infiltration of inflammatory cells which are intruding damaged muscle fibers, as can be seen 

by the black arrow in Figure 3.5. Much heterogenicity is also observed with regard to muscle 

fiber size, including many large fibers with centrally located nuclei. 

Overall, it is observed that at all ages, the dystrophic muscle tissue shows many unhealthy 

characteristics of disease pathology which are not evident in WT muscle samples. 
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Figure 3.5. Haematoxylin & Eosin staining of tibialis anterior muscle for morphometric analysis.  

Histological representative of cryogenically cross-sectioned TA muscle tissue from 4-, 8-, 12- and 16-month-old WT and mdx mice. H&E-

staining allows for the visualisation of muscle fibers and morphological features of muscle. Stained sections were visually inspected for 

cryodamage, those with severe damage were eliminated from further analysis. Black arrows indicate area of infiltration of inflammatory 

cells. Image taken at 20x magnification. Scale bar = 100 ɛm.
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3.3.2. Muscle regeneration is increased in mdx mice at all ages 

Central nucleation is an index of cycles of degeneration and regeneration which begin 

occurring 2 -3 weeks after birth in mdx mice (Fig. 2.1). We examined this in TA muscle samples 

at four time points, 4, 8, 12 and 16 months in both WT and mdx disease states.  

Muscle sections were histologically triple stained using fluorescently tagged wheat germ 

agglutinin (WGA) and Isolectin (IB4) lectins, which highlighted the muscle fiber membranes 

and capillary walls respectively, while DAPI was used to highlight cell nuclei. Representative 

images of WT and mdx muscle tissue triple stained at each age can be seen in Figures 3.6 & 

3.7, where muscle fiber walls (red), capillaries (green) and nuclei (blue) are highlighted. 

Central nucleation is an index of the degeneration-regeneration cycle undergone in a muscle 

fiber, therefore the percentage of centrally nucleated fibers (%CNF), can be used as an 

indication of regenerative capacity. To investigate this, merged images were generated of the 

muscle fiber membrane and nuclei-stained sections for each animal (Fig. 3.8). Analysis was 

carried out on five non-overlapping images for each animal. From each image, total fiber 

number, and number of centrally nucleated fibers were quantified, with %CNF then calculated. 

A two-way ANOVA indicates a significant increase in the percentage CNF in mdx mice 

compared to WT mice at all ages (Fig. 3.9; p<0.0001). In WT mice, mean %CNF was ~1.2%. 

However, in dystrophic animals, this rose to ~63%, indicating an almost 50-fold increase in 

dystrophic mice. No significant differences in %CNF were observed between ages within 

disease states; therefore, muscle fiber regeneration is independent of age. 
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Figure 3.6. Fluorescent lectin and DAPI staining of nuclei, capillaries and muscle fibers in tibialis anterior  muscle from WT mice. 

Representative merged images of cryogenically cross-sectioned TA muscle tissue from 4, 8, 12 and 16-month-old WT mice triple stained 

to highlight nuclei (blue), capillaries (green) and muscle fibers (red), followed by a merged image of the individual three channels. Image 

taken at 20x magnification. Scale bar = 100 ɛm.  
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Figure 3.7.  Fluorescent lectin and DAPI staining of nuclei, capillaries and muscle fibers in tibialis anterior muscle from mdx mice. 

Representative merged images of cryogenically cross-sectioned TA muscle tissue from 4, 8, 12 and 16-month-old mdx mice triple stained 

to highlight nuclei (blue), capillaries (green) and muscle fibers (red), followed by a merged image of the three individual channels. Image 

taken at 20x magnification. Scale bar = 100 ɛm.  
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Figure 3.8. Wheat germ agglutinin and DAPI staining of muscle fiber  sarcolemma and 

nuclei for quantification  of centrally nucleated fibers in tibialis anterior muscle. 

Histological representative of merged images of cryogenically cross-sectioned TA muscle 

tissue from 4, 8, 12 and 16-month-old WT and mdx mice stained to highlight nuclei (blue) 

and muscle fiber  walls (red) used for quantification of percentage centrally nucleated 

fibers, to calculate %CNF. Taken from Fig 2.5 & 2.6. Images taken at 20x magnification. 

Scale bar= 200 ɛm.  
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Figure 3.9. Centrally nucleated fibers in TA muscle of WT versus mdx mice. 

Quantitative comparison of the percentage of TA muscle fibers with central nuclei in WT 

and mdx mice at 4, 8, 12 and 16-month-old. Data is presented as mean ± SEM; 

****p < 0.0001. n= 4-10, shown inside bars.  



Chapter 3: Vascularisation in DMD 

78 

 

3.3.3. Capillary rarefaction in mdx mice 

Fluorescently conjugated lectins wheat germ agglutinin (WGA) and IB4 were used to highlight 

the boundaries of muscle fibers and capillaries respectively (Fig. 3.10). Capillarisation was 

then quantified in both WT and mdx mice at each age, by counting the number of capillaries 

per myofiber (capillary to fiber ratio), and also the number of capillaries per area (per mm2) of 

each muscle sample (capillary density). A similar visual trend is observed for both capillary to 

fiber ratio and capillary density, with both parameters increased in younger (4 - 8 month) mdx 

mice compared to WT and decreased in older mdx mice when compared to WT animals. At 16 

months, a 30% reduction in capillary density (Fig. 3.11 A), and a 20% reduction in the capillary 

to fiber ratio (Fig. 3.11 B) is observed in mdx mice compared to WT animals, however a two-

way ANOVA indicates that this is not statistically significant. 

Despite capillary to fiber ratio and capillary density remaining relatively unchanged between 

disease states, when an age interaction is investigated a significant decline in both capillary to 

fiber ratio and capillary density is observed in mdx mice at 16 months compared to all younger 

diseased animals. Interestingly, this age decline is not observed in WT mice, with both capillary 

to fiber ratio and capillary density remaining relatively static.  
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Figure 3.10. Isolectin IB4 and wheat germ agglutinin and staining of capillaries and 

muscle fibers for quantification  of capillarisation in the tibialis anterior muscle of WT 

versus mdx mice. 

Histological representative of merged images of cryogenically cross-sectioned TA muscle 

tissue from 4, 8, 12 and 16-month-old WT and mdx mice highlighting capillaries (green) 

and muscle fiber  walls (red) used for quantification of capillary to fiber  ratio and 

capillary density. Taken from Fig 2.5 & 2.6.  Images taken at 20x magnification. Scale 

bar= 200 ɛm. 
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Figure 3.11. Capillarisation in TA muscle of WT and mdx mice at 4, 8, 12 and 16-month-

old. 

Quantitative comparison of (A) Capillary density and (B) Capillary to fiber  ratio in TA 

muscle of WT and mdx mice at each age. Data is presented as mean Ñ SEM; *p < 0.05; 

**p < 0.01; ***p < 0.001. n= 4-10, shown inside bars.  

A 

B 
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3.3.4. Myogenic markers are altered in mdx mice independent of age 

Myogenesis is delicately regulated by myogenic regulatory factor proteins (MRFs) including 

Pax7, MyoD, Myf5 myogenin (Myog) and MRF4. In order to investigate the disease related 

differences in muscle regeneration between WT and mdx mice, we chose to study the 

expression of the pertinent myogenic markers Myog and Pax7. 

To investigate myogenesis, mRNA levels of myogenic markers myogenin (Myog), a marker of 

myoblast fusion, and Pax7, a marker of SC activation were quantified from the TA muscle of 

WT and mdx mice at each age. Myog is observed to be upregulated in mdx mice compared to 

WT, while Pax7 expression appears relatively unchanged (Fig. 3.12). A two-way ANOVA 

with Tukeyôs post hoc test indicates a significantly enhanced mRNA levels of Myog in mdx 

mice compared to WT at 4, 8 and 16 months, while at 12 months this was not significant (Fig. 

3.12). No significant difference in Pax7 expression is observed between WT and mdx mice at 

any age (Fig. 3.12 C). When age interaction was investigated individually for each disease 

state, no significant age-related difference in Pax7 or Myog mRNA expression in both WT and 

mdx mice (Fig. 3.12 B & D).  
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Figure 3.12. Relative expression of myogenic markers in tibialis anterior muscles. 

Real-time quantitative PCR (RT-qPCR) of myogenic markers (A-B) Myogenin and (C-

D) Pax 7 in TA muscles from 4, 8, 12 and 16-month-old WT and mdx mice. Data are 

presented as relative expression ± SEM relative to the housekeeping gene Ribosomal 

Protein S29 (S29); n=3-5. *p<0.05, **p<0.01. 
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3.3.5. Dysregulation in several angiogenic markers are observed in mdx mice compared 

to wild-type 

In order to gain a greater insight into the mechanisms behind these age-related differences in 

capillarisation in WT and mdx mice, we chose to study the expression of several important 

genes which have a role in angiogenesis. Herein, we chose to investigate the regulation of 

HIF1Ŭ, Angiopoietin 1 (Ang1) and Angiopoietin 2 (Ang2), and VEGF-A in the TA muscle in 

WT and mdx mice from 4 to 16 months. 

An upregulation in HIF1  hexpression is observed in mdx mice compared to WT animals at all 

ages, however this is only significant at 4 and 16 months (Fig. 3.13 A). As WT animals age, a 

general downregulation in HIF1Ŭ expression is seen, however, in mdx mice, levels fluctuate, 

with similar levels observed at 4 and 16 months, and a plunge seen at 8 and 12 months (Fig. 

3.13 B).  

Regulation of Ang1 mRNA appears at a similar level in WT and mdx mice at all ages, both 

when disease and age interactions are investigated (Fig. 3.13 C & D). Visually, Ang2 

expression appears increased in mdx mice compared to WT animals. A two-way ANOVA 

indicates that this is significant in 16-month-old mice (Fig 3.13 E; p<0.01). When age 

interaction is investigated, a significant decline in Ang2 expression is observed in WT mice as 

the animal ages. Interestingly, this age-related effect is different in mdx mice, where a gradual 

downregulation in Ang2 transcript levels is observed as the animals age from 4 to 12 months, 

with a significant upregulation at 16 months (Fig. 3.13 F).   
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Figure 3.13. Relative expression of angiogenic markers upregulated in tibialis anterior 

muscles in mdx mice. 

Real-time quantitative PCR (RT-qPCR) of angiogenic markers (A-B) HIF1Ŭ, (C-D) Ang1 

and (E-F) Ang2 in TA muscles from 4, 8, 12 and 16-month-old WT and mdx mice. Data 

are presented as relative expression ± SEM relative to the housekeeping gene S29; n=3-5. 

*p<0.05, **p<0.01, ***p<0.001. * Indicate WT and mdx group differences; $ indicates 

WT age differences; # indicates mdx age differences.   
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VEGF-A is a potent mitogen which acts on ECs to promote angiogenesis (Leung et al. 1989). 

In order to investigate the effects that dystrophy may have on VEGF-A, transcript levels in the 

TA muscle of WT and mdx mice were investigated. To gain a greater insight into the activity 

of VEGF-A protein, a mouse VEGF-A ELISA was used to quantify the VEGF-A protein level 

in TA muscle lysates. 

A trend of increased VEGF-A gene expression is seen in mdx mice compared to their WT 

counterparts. However, similarly to the case of other angiogenic markers, this increase is only 

significant at 16 months (Fig. 3.14 A; p<0.001). When an age interaction is investigated, as 

mdx animals grow older, VEGF-A expression increases, with significance noted between 8 and 

16 months (p<0.05). Interestingly, this age effect is not seen in WT mice, where in opposition, 

VEGF-A gene expression remains relatively stationary (Fig. 3.14 B).  

Conversely to RT-qPCR results, a significant reduction in VEGF-A protein level is observed 

in mdx mice when measured using an ELISA. In WT mice an age-related decline in VEGF-A 

protein is observed, while levels remain stationary in mdx animals at all ages (Fig. 3.14 C). A 

reduction in VEGF-A protein is seen between WT and mdx mice at 4, 8 and 12 months, 

however this is only statistically significant at 4 and 12 months (Fig. 3.14 C; p<0.01). 
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Figure 3.14. Relative expression of VEGF-A in tibialis anterior muscles of mdx mice 

measured by RT-qPCR and ELISA. 

Real-time quantitative PCR (RT-qPCR) of (A-B) VEGF-A in TA muscles from 4, 8, 12 

and 16-month-old WT and mdx mice. Data are presented as relative expression ± SEM 

relative to the housekeeping gene S29 (C) VEGF-A protein level in TA muscles tissue 

lysates from 4, 8, 12 and 16-month-old WT and mdx mice measured using ELISA. n=3-5; 

*p<0.05; **p<0.01; *** p<0.001. * Indicates WT and mdx group differences; $ indicates 

WT age differences; # indicates mdx age differences.   
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3.3.6. Alterations in VEGF receptors are observed in mdx mice compared to wild-type 

VEGF receptors are found on ECs, bind to VEGF and play an important role in the regulation 

and maintenance of angiogenesis and lymphogenesis. Found in both soluble and membrane 

bound variants, the membrane bound VEGFR-1 and VEGFR-2 and sVEGFR-1 variants are 

mainly involved in angiogenesis, while VEGFR-3 and sVEGFR-2 regulate lymphogenesis 

(Harris et al. 2016). VEGFR-1, both in membrane bound and soluble variants are negative 

regulators of angiogenesis, referred to as decoy receptors (Fong et al. 1995; Latroche et al. 

2015b). VEGFR-1 binds with VEGF with higher affinity than VEGFR-2, however with a lower 

kinase activity, it acts as a VEGF ñsinkò resulting in reduced efficacy (Bosco et al. 2021).  

From initial viewing, it can be seen that there is a pronounced downregulation of mRNA levels 

of VEGFR-1 in mdx mice compared to their WT counterparts (Fig. 3.15 A). A two-way 

ANOVA indicates that this downregulation is only significant at 8 and 12 months (p<0.001). 

When age differences are investigated, it can be seen that as WT animals grow older, 

substantial alterations in VEGFR-1 expression are observed, while in mdx mice expression 

remains relatively static, with a slight non-significant increase seen only at 16 months (Fig. 

3.15 B). 

VEGFR-2 mediates most cellular responses to VEGF (Shibuya 2006). Therefore, is reported 

to be the more functional pro-angiogenic VEGF receptor. VEGFR-2 is significantly 

downregulated in mdx mice compared to WT animals in the same age group (Fig. 3.15 C). 

Equally, these reductions are only statistically significant at 8 and 12 months. VEGFR-1 and 

VEGFR-2 show a comparable age-related profile, where significant fluctuations in VEGFR-2 

expression are observed in WT mice as they age, with little difference observed in the low 

levels reported in aging mdx mice (Fig. 3.15 D). 

As VEGF receptors are found only on ECs (Shibuya 2006), an investigation was required to 

see if this disease related reduction was related to a reduction in EC or blood vessel numbers. 

CD31 is a cell adhesion protein normally found on ECs and often used as a marker to indicate 

the presence of ECs. In this study, CD31 expression is enhanced in mdx mice compared to WT 

mice at all ages, with a two-way ANOVA indicating a significant increase at 8 months (Fig. 

3.15 E; p<0.05). No significant change in CD31 transcript levels is observed in either disease 

group as the animals grow older (Fig. 3.15 F). Overall, the mRNA expression of CD31 is the 

converse of VEGFR-1 and VEGFR-2 expression, this infers that the alterations of these VEGF 

receptors are not specifically due to EC numbers, but instead can be explained by the disease 
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state of the animals themselves. However, it should be noted that CD31 is expressed on both 

immune cells as well as ECs, therefore due to the pronounced inflammation in dystrophy, this 

could be confounding reports in the current study. 
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Figure 3.15. Relative expression of VEGF receptor 1, receptor 2 and endothelial cell 

marker CD31 in tibialis anterior muscles of mdx mice. 

Real-time quantitative PCR (RT-qPCR) of (A-B) VEGF receptor 1 (VEGFR-1), (C-D) 

VEGF receptor 2 (VEGFR-2) and (E-F) Endothelial cell marker CD31 in TA muscles 

from 4, 8, 12 and 16-month-old WT and mdx mice. Data are presented as relative 

expression ± SEM relative to the housekeeping gene Ribosomal Protein S29 (S29); n=3-

5. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. * Indicates WT and mdx group 

differences; $ indicates WT age differences; # indicates mdx age differences. 
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Protein expression levels of CD31, VEGFR-1 and VEGFR-2 in TA muscle tissue lysates were 

too low to visualise any alterations in expression using immunoblotting when 60 µg protein 

was loaded, however successful visualisation was achieved for C166 ECs which were used as 

a positive control (Fig. 3.16 A-C). 

 

 

Figure 3.16. Protein level of angiogenic targets in tibialis anterior muscle cell lysates 

measured by immunoblotting. 

Immunoblot  of angiogenic markers (A) VEGFR-1 (B) VEGFR-2 and (C) CD31 in TA 

muscles from 4, 8, 12 and 16-month-old WT and mdx mice with C166 endothelial cell 

lysate used as a positive control. VEGFR-1, VEGFR-2 and CD31 expression in muscle 

lysate were too low to visualise protein expression, however a band could be seen for C166 

endothelial cell lysates in the case of each target.  
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There are several splice variants of each VEGF receptor, with the membrane bound and soluble 

forms of each VEGF receptor examples of this. In order to verify the stark difference in 

VEGFR-1 and VEGFR-2 transcript levels observed by RT-qPCR, ELISA was used to measure 

the protein levels of sVEGFR-1 and sVEGFR-2. Visually, a trend of increased sVEGFR-1 is 

seen in mdx mice compared to WT animals. However, this is not statistically significant (Fig. 

3.17 A). Similarly, no significant alterations in protein levels of sVEGFR-2 are seen in WT or 

mdx mice at any age (Fig. 3.17 B). 

 

 

Figure 3.17. Protein level of soluble VEGFR-1 and soluble VEGFR-2 in tibialis anterior 

muscle cell lysates measured by ELISA.  

Protein concentration of (A) sVEGFR-1 and (B) sVEGFR-2 in TA muscles from 4, 8, 12 

and 16-month-old WT and mdx mice. Data is presented as mean ± SEM; n= 4-5.  

A 

B 
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3.4. Discussion 

3.4.1. Discussion 

Duchenne muscular dystrophy (DMD) is a chronic debilitating disease of the musculoskeletal 

system. While primarily resulting from the absence of the structural protein dystrophin, 

alterations in vascularisation, perfusion and angiogenesis may play a role in disease pathology 

and progression (Ennen et al. 2013; Podkalicka et al. 2019; Thapa et al. 2023). Skeletal muscle 

is one of the most vascular enriched tissues in the body (Olfert et al. 2016). Microcirculation 

plays a vital role in the delivery of oxygen and other substances such as nutrients, hormones, 

and metabolites to tissues in the body. An adequate supply of oxygen to skeletal muscle is 

crucial in order to facilitate the muscle contractions required for vital functions.  

Many studies in the past have attempted to investigate the precise role of vascularisation, or 

alterations of such, which may have an effect on the disease pathology associated with DMD. 

Several studies present contradicting and conflicting outcomes, many of which could not detect 

specific alterations in blood vasculature (Straino et al. 2004; Podkalicka et al. 2021). The 

present study investigates vascularisation in WT and mdx mice at various ages in their life span. 

Herein, an age-related decline in capillary density and capillary to fiber ratio is observed in 

mdx mice, with a similar effect not observed in healthy animals. Similarly, the regulation of 

several angiogenic related genes is altered at both an mRNA and protein level in mdx mice, an 

effect not seen in healthy animals. 

In human DMD patients, aberrations have been observed with regard to blood vessel structure, 

with capillary and EC area in these patients much increased. However, the lumens of these 

vessels were smaller and mainly occluded compared to patients in the control group (Miike et 

al. 1987; Kobayashi et al. 2008). ECs derived from Mdx mice showed impaired angiogenic 

properties with regard to their proliferation, migration and tube formation abilities, while also 

undergoing increased apoptosis compared to wild-type derived ECs and increased senescence 

associated ɓ-galactosidase activity (M. Palladino et al. 2013). 

Following histological observations, pronounced morphological alterations are observed in TA 

muscle from mdx animals. The presence of necrosis, fatty deposits, infiltrations of 

inflammatory cells and large heterogeneity in muscle fiber size is observed in the present study 

(data not shown). This pathology appears to be unaffected by the age of the animals, with 

necrosis appearing visually uniform across all age groups. This is similar to as reported in Ben 
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Larbi et al., 2021, where despite a significant difference in pathology between WT and 

dystrophic animals, no significant change in necrosis or inflammation was observed in 

DMDmdx4Cv between 1 and 24 months (Ben Larbi et al. 2021).  

Normally, nuclei in myofibers are evenly distributed, often located in the periphery, below the 

plasma membrane. The presence of centrally nucleated fibers is a marker of a regenerating 

myofiber and is a hallmark of several muscle diseases including DMD (Liu et al. 2020). 

Disruption in the positioning of muscle nuclei can result in hindered muscle contractions, 

contributing to disease pathology (Roman and Gomes 2018). In the present study, the 

occurrence of centrally nucleated fibers in WT mice is approximately 1-2%, while in mdx mice 

this increases significantly to 59 ï 67% but was not exacerbated with age, consistent with other 

literature (Ben Larbi et al. 2021). 

In this study, a trend of an age-related decline in both capillary density and capillary to fiber 

ratio is observed in the TA muscle of mdx mice. No significant differences in capillarisation 

are reported between WT and mdx mice at any age. However, 16-month-old mdx mice are seen 

to have a 20 ï 30% decline in both capillary density and capillary to fiber ratio compared to 

age matched WT animals. Meanwhile, a significant decline in both parameters is also seen in 

mdx mice as they age to 16 months, an effect not seen in healthy animals. This age-related 

decline is similar to as reported in other studies, where a drop in vascularisation is observed 

around 1 year old. Latroche et al. observed relatively unchanged microvessel organisation in 

young mdx mice (3 months) with functional improvement in muscle perfusion and 

mitochondrial oxidative phosphorylation observed. Meanwhile, older mice (12 months) 

showed significant vascular alterations, and associated reductions in muscle perfusion 

(Latroche et al. 2015b). Similarly, Ben Larbi et al. reported an increase in capillary-fiber ratio 

in dystrophic animals until the age of 12 months, where a significant decline is then observed 

(Ben Larbi et al. 2021).  

Vascular organisation has been investigated histologically in several studies involving both 

mouse and canine models of DMD. In soleus and EDL muscles of mdx mice, a significant 

reduction in capillaries per cross sectional area is reported (Landisch et al. 2008), while 

similarly, arteriolar density in gracilis and cardiac muscles was lower in mdx than in control 

mice (Loufrani et al. 2004). In the hindlimb of a golden retriever model of DMD, decreased 

microvessel density, increased intercapillary distance and microvessel diameter, but normal 

capillary to fiber ratio and total vascular area was reported (Nguyen et al. 2005). Matsakas et 
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al. observed a reduction in vascularisation in the TA muscle of 8 week old mdx mice compared 

to WT, while contradictorily, another study reported an increase in mdx capillary density in the 

same muscle at 6 and 12 weeks of age (Podkalicka et al. 2021).  

Conversely, Straino et al. reports that similar angiogenesis and improved angiogenesis were 

observed in 2 month-old mdx mice compared to WT counterparts (Straino et al. 2004). 

Similarly, Podkalicka et al. described no difference in blood vessel number between WT and 

mdx mice at 6-week-old while interestingly, an increase was reported in mdx mice at 12-weeks 

old. However, these studies were carried out in younger (6 -12 week ) mdx mice, which still 

have a potent regenerative capacity therefore vascular defects may not be as well pronounced 

(Podkalicka et al. 2019). The reasons for these contradictory results may be due to several 

factors, including the age, percentage muscle fiber distribution, genetic makeup and 

methodological approach used to identify blood vessels. Different muscles are composed of 

different muscle fibre types, with each fibre type reported to have different levels of 

vascularisation. As a result, vascular disruptions may be more pronounced in some muscles 

than others, resulting in contradictory findings. 

Myogenesis and angiogenesis require the delicate balance of several genes. In order to gain 

insight into the role of these genes in their function, a comprehensive analysis of mRNA levels 

of Myog, Pax7, HIF1Ŭ, Ang1, Ang2, VEGF-A, VEGFR-1, VEGFR-2 and CD31 was carried out 

in this study, while protein levels of VEGF-A, sVEGFR-1 and sVEGFR-2 are also investigated. 

Muscle repair requires the activation of muscle SCs which proliferate and form myofibers. 

Differentiation of these SCs is supported by the coordinated expression of myogenic regulatory 

factors such as MyoD, Myogenin (Myog), MyF-5, and MRF4 (McCullagh and Perlingeiro 

2015). In this study, to gain an overview of the myogenic activity in the TA muscle of WT and 

mdx mice, the transcript level of Myog and SC marker, Pax7 was investigated. Myog transcript 

levels were upregulated in mdx mice compared to WT animals at all ages, indicating a 

pronounced disease effect on regeneration. This is to be expected due to the rapid muscle 

regeneration and repair occurring as a result of dystrophy (Abou-Khalil et al. 2010), and 

correlates with findings from Podkalicka et al. where a significant increase in Myog is observed 

in 12-week old mdx mice (Podkalicka et al. 2021). In DMD, SC number is hypothesised to be 

reduced in dystrophy, due to exhaustion of the stem-cell pool due to the ongoing degeneration 

and regeneration as a result of the disease. No reported alterations in Pax7 expression were 

observed as a result of age or disease. As a result, this may contradict the theory that SC 
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exhaustion is the primary cause of the failed regeneration in DMD (Kottlors and Kirschner 

2010).  

Ang1 and Ang2, although not part of the VEGF family, work to potentiate the activity of 

VEGF-A (Polin and Abman 2011). Binding to the Tie2 receptor, Ang1 provides powerful 

vasoprotective effects, inducing maturation of new blood vessels, preventing plasma leakage 

and inhibiting inflammation (Brindle et al. 2006; Youn et al. 2018). In this study, Ang1 

transcript levels are seen to be similar across all animals, irrespective of age or disease state. 

Gutpell et al. reported a significant reduction in Ang1 protein expression in diaphragm and 

gastrocnemius muscles in dystrophic mice at 10 weeks (Gutpell et al. 2017). Ang2 is an 

antagonist to Ang 1 (Polin and Abman 2011). In the current investigation, Ang2 is consistently 

upregulated in mdx mice compared to WT animals, with a stark increase seen at 16 months. 

Described as an anti-angiogenic agent with vascular disrupting capabilities, Ang2 is believed 

to have a role in the regression of angiogenesis (Akwii  et al. 2019). This is in agreement with 

the results seen in this study, where reduced capillarisation, although modest, is seen in mdx 

mice at 16 months. 

HIF1Ŭ is a transcription factor which coordinates the adaptive response of a tissue to hypoxia 

(Nguyen et al. 2021). Regardless of normoxia or hypoxia, HIF1Ŭ is expressed continuously in 

cells, however in normoxia, it is constantly degraded by prolyl hydroxylases domain-

containing enzymes (PHD). In hypoxia, lack of oxygen inhibits PHD, meaning HIF1 h

stabilization can occur (Valle-Tenney et al. 2020a). The HIF1 pathway has been proposed to 

be activated in muscular dystrophy both due to respiratory complications of the disease, and 

the muscle ischaemia experienced due to the dysfunctional angiogenesis (Nguyen et al. 2021). 

In this investigation, HIF1  htranscript levels are upregulated in mdx animals, compared to WT 

animals, however this is only significant at 4 and 16 months. This compares with other studies 

where an increase in HIF1Ŭ transcripts and protein is measured in dystrophic mice compared 

to WT (Nico et al. 2007; Valle-Tenney et al. 2020b). HIF1Ŭ is constitutively expressed, with 

degradation dependent on levels of hypoxia. With this in mind, measurement of the protein 

level of HIF1Ŭ may be more insightful in investigating the role of HIF1Ŭ in the disease 

pathology of muscular dystrophy. Herein, a suggestion for future work would be the use of 

immunoblotting or ELISA to measure HIF1Ŭ levels in muscle tissue homogenates from wild-

type and dystrophic mice. 
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HIF1  hhas a proangiogenic function, it triggers VEGF expression, promoting angiogenesis 

(Elson et al. 2001; Pajusola et al. 2005). In the current investigation, HIF1  hand VEGF-A 

showed a very similar trend in transcript levels. In this study, VEGF-A transcript levels are 

continuously elevated in mdx mice compared to WT in each age group, however conversely 

VEGF-A protein levels are decreased. This dichotomy is possibly due to the fact that gene 

expression has been reported to not always reflect protein levels in eukaryotic cells (Liu et al. 

2016; Perl et al. 2017), or translation of VEGF-A is altered. A potential hypothesis for this is 

that translated VEGF-A protein may be being sequestered by the VEGF decoy receptor 

sVEGFR-1 and carried away due to the soluble nature of the receptor. This may explain the 

increased VEGF-A gene expression combined with reduced protein levels observed in mdx 

mice. 

In WT animals, a gradual decline in VEGF-A is reported as the animals age, this is consistent 

with other literature, where impaired angiogenesis, as a result of alterations in the signalling of 

growth factors such as VEGF has been observed (Hodges et al. 2018; Pourheydar et al. 2020). 

However, in mdx animals VEGF-A protein levels remain stationary at a much lower 

concentration irrespective of age. This correlates with literature, where a reduction in VEGF 

protein and CD31 transcript expression was reported in gastrocnemius and diaphragm muscles 

of mdx mice (Bronisz-BudzyŒska et al. 2020; Podkalicka et al. 2020; Mucha et al. 2021). 

Latroche et al. reports a significant downregulation in VEGF at an mRNA level in the 

gastrocnemius muscle of mdx mice, while an inconsistent dysregulation independent of age or 

muscle type has also been reported (Latroche et al. 2015b; Podkalicka et al. 2021).  

Binding of VEGF to its pro-angiogenic receptors typically results in the proliferation, migration 

and organisation of ECs for blood vessel formation (Ferrara et al. 2003). The VEGF family 

consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placental growth factor 

(PlGF) with VEGF-A the most potent and predominant in physiological angiogenesis 

(Pavlakovic et al. 2010; Shibuya 2011). The VEGF receptor family consists of membrane 

bound VEGFR-1, VEGFR-2, VEGFR-3, sVEGFR-1 and sVEGFR-2 which form as a result of 

mRNA splicing (Shibuya 2011; W. Liu et al. 2014). Despite similar homology across each of 

these splice variants, they function very differently. Figure 3.18 depicts the pathways in which 

each member of the VEGF family bind to their receptors to trigger angiogenesis or 

lymphogenesis. The distinct function of sVEGFR-2 in angiogenesis is unclear, and it appears 

to be more involved in lymphangiogenesis, along with VEGFR-3 binding of VEGF-C and 

VEGF-D (Pavlakovic et al. 2010).  
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Figure 3.18. VEGF pathways involved in angiogenesis and lymphogenesis. * Identifies 

targets which may be dysregulated in muscular dystrophy. 

Adapted from (Olsson et al. 2006; Bae et al. 2015; Lange et al. 2016; Masğowska et al. 

2021). 

VEGFR-1, both in its membrane bound and soluble forms are seen as a negative regulator of 

angiogenesis, described as ñdecoy receptorsò (Pavlakovic et al. 2010). VEGFR-1 and 

sVEGFR-1 binds to VEGF-A with increased affinity than that of VEGFR-2, but with weaker 

tyrosine kinase domain activity. They are seen as ñsinksò which sequesters free VEGF-A, 

leading to reduced angiogenesis. VEGFR-1 is believed to act in a regulatory role, primarily 

functioning as a modulator of the VEGF availability to bind to VEGFR-2 (Verma et al. 2010; 

Stevens and Oltean 2019). In the current investigation, a collapse in transcript levels of 

membrane bound VEGFR-1 is observed in mdx mice compared to WT animals despite no 

significant change in EC number, as indicated by CD31 levels. This is consistent with other 

literature where Latroche et al. reports a significant downregulation in VEGFR-1 at an mRNA 

level in the gastrocnemius muscle of mdx mice (Latroche et al. 2015b). Meanwhile, sVEGFR-

1 protein secretions are increased in mdx animals, however this is not statistically significant. 

The current investigation is the first study to our knowledge which examines the protein levels 
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of soluble VEGF receptors. We hypothesise that this increased sVEGFR-1 may be sequestering 

much of the VEGF-A produced which may be contributing to alterations in vascularisation.  

VEGFR-2 is the predominant receptor involved in VEGF-A induced angiogenesis (Ferrara et 

al. 2003). In this study, VEGFR-2 mRNA levels are suppressed in mdx mice at all ages, despite 

no change in CD31 expression. In Latroche et al. a non-significant downregulation in VEGFR-

2 mRNA is reported in 12-month-old mdx mice. Significant downregulations in VEGFR-2 in 

young mdx mice at 6 and 12 weeks have also been reported (Latroche et al. 2015b; Bronisz-

BudzyŒska et al. 2020; Mucha et al. 2021; Podkalicka et al. 2021). Shen et al., 2023, using 

RNA sequencing analysis, have observed a significant downregulation in both VEGFR-1 and 

VEGFR-2 in dystrophic ECs.  

Herein, significant alterations in angiogenic gene and protein levels are observed in mdx mice. 

This is the first study to suggest a significant blunting of the VEGF signalling angiogenic 

pathway may be occurring in DMD. 

At the moment there is no direct cure for DMD, with the only real treatment option being the 

use of corticosteroids acting as anti-inflammatory drugs to improve symptoms (Ciafaloni and 

Moxley 2008; Nelson et al. 2014). In recent times, much focus has been placed upon the 

investigation of gene and cell therapy techniques to ameliorate the condition (Skuk and 

Tremblay 2015). However the large size of the dystrophin gene prevents its successful 

incorporation into a suitable vector (Nakamura and Takeda 2011). Ameliorating treatments 

involving the use of pro-angiogenic treatments have in recent years showed much potential in 

the area of therapeutics in DMD. Despite the reduced expression of VEGFR-2 reported in the 

current study, the targeting of VEGF-A related pathways to improve vascularisation and 

disease pathology in mdx mice have shown some success.  

VEGF has been proven to promote both myogenesis and angiogenesis, while SCs are located 

in close proximity to capillaries, with numerous reports indicating crosstalk (Christov et al. 

2007; Rhoads et al. 2013; Verma et al. 2018). Therefore VEGF may play an important role in 

the regenerative process in DMD (Shimizu-Motohashi and Asakura 2014). Treatment of mdx 

mice with a combination of mini-dystrophin along with VEGF resulted in a significant 

improvement in disease pathology compared to mini-dystrophin alone (Xin et al. 2021). 

Similarly, in other studies, delivery of increased VEGF has also resulted in improved disease 

pathology (Messina et al. 2007; Deasy et al. 2009). Meanwhile, inhibition of the VEGF decoy 

receptor VEGFR-1 (Fong et al. 1995) has resulted in increased circulating VEGF levels, 
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improving muscle function in mdx mice (Bosco et al. 2021). Similarly, activation of the HIF1Ŭ 

pathway has shown superior success at inducing increased angiogenesis without oedema, 

inflammation, and vascular leakage experienced with VEGF-A delivery alone (Pajusola et al. 

2005). 

 

3.4.2. Conclusion 

Overall, it is clear that abnormalities in vascularisation and angiogenic pathways are occurring 

as a result of DMD. Herein, we see age related alterations in capillary density and capillary to 

fiber ratio in mdx mice, an effect not seen in WT animals. When angiogenic markers are 

investigated we report several alterations at both gene and protein levels which could 

potentially be leading to this reduced vascularisation. As a result, treatments involving the 

delivery of VEGF-A or prevention of the sequestering of VEGF-A may have the potential as a 

therapeutic approach in the amelioration of the disease pathology experienced in DMD.
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4.1 Introduction 

Adequate oxygen transport and waste removal is essential for tissue homeostasis (Grace 1994; 

Giaccia et al. 2004). Angiogenesis is the process by which new blood vessels form from pre-

existing vessels, and which occurs both physiologically and in malignancy (Baum et al. 2010). 

Alterations in angiogenesis are observed in primary and secondary muscle diseases which can 

be indicative of a poorer prognosis in conditions such as critical limb ischaemia (CLI), 

peripheral artery disease (PAD), diabetes, cachexia, chronic obstructive pulmonary disease 

(COPD) (Olfert et al. 2016; Marsico et al. 2021) and has been proposed as a contributory factor 

in the progression and pathology of Duchenne Muscular dystrophy (DMD) (Podkalicka et al. 

2019). 

Vascular endothelial growth factor (VEGF) is paramount in the induction of angiogenesis, but 

it may also dually promote myogenesis in vivo (Arsic et al. 2004; Frey et al. 2012). In vitro 

studies have shown the presence of VEGF receptor -1 (VEGFR-1) and -2 (VEGFR-2) on the 

surface of both C2C12 and primary mouse myoblasts, with the expression of these receptors 

further increased following cell differentiation (Arsic et al. 2004). Increased levels of VEGF-

A present in myoblast cell cultures have also resulted in increased numbers of multinucleated 

myosin heavy chain positive cells, increased cell migration, reduced cell proliferation and 

reduced levels of apoptotic cells compared to untreated myoblasts (Germani et al. 2003; Arsic 

et al. 2004; Mercatelli et al. 2010).  

With several approaches possible for the delivery of VEGF into muscle tissue, AAV Type 2 

(AAV2) delivery of VEGF directly into muscle has proven efficacious (Messina et al. 2007). 

The delivery of VEGF-producing muscle cells as an ex vivo approach is advantageous, as 

VEGF has the potential to both induce angiogenesis and trigger the propagation of muscle cells, 

thus restoring damage caused by disease. VEGF has been shown to be effective in increasing 

myoblast differentiation (Arsic et al. 2004; Scully et al. 2019) and migration (Germani et al. 

2003), while also preventing cell apoptosis (Germani et al. 2003; Arsic et al. 2004; Mercatelli 

et al. 2010). However, reports on the effect of VEGF on myoblast proliferation are inconsistent 

(Arsic et al. 2004; Mercatelli et al. 2010; Zimna et al. 2014). 

VEGF-A is a key factor in vascular development and is the single most important regulator of 

blood vessel formation (Holmes and Zachary 2005). VEGF exists in several isoforms, which 

developed from alternative mRNA splicing (Guzmán-Hernández et al. 2014), VEGF-165 being 

the predominant isoform, showing a significant potency and consequently, the strongest 
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therapeutic potential (McCOLL et al. 2004; Shibuya 2011; Guzmán-Hernández et al. 2014). 

Despite its potent angiogenic potential, studies have indicated that the beneficial dosage for 

VEGF has a narrow window, with overproduction leading to the development of aberrant blood 

vessels (Ozawa et al. 2004). VEGF-A and fibroblast growth factor (FGF) are the most 

commonly described angiogenic growth factors (Cartland et al. 2016). FGF works in a 

synergistic manner with VEGF-A, both through autocrine and paracrine functions (Seghezzi et 

al. 1998). VEGF-A is an important downstream mediator of the mitogenic activity of FGF 

(Presta et al. 2005; Jia et al. 2021). FGF regulates several endothelial cellular functions, such 

as proliferation, survival, migration and motility, while also maintaining endothelial cell (EC) 

barrier integrity through the activation of tight junctions (Jia et al. 2021). Therefore, it has been 

suggested that the co-delivery of VEGF with other growth factors such as FGF, may counteract 

this inadequate vascularisation and promote healthier less leaky, mature blood vessels (Bialas 

et al. 2011; Jazwa et al. 2013; Zimna et al. 2014).  

The C2C12 immortal muscle cell line has a rapid proliferative and differentiation ability 

making it an ideal in vitro approach to study myogenesis (Yaffe and Saxel 1977). VEGF-A has 

been stably transfected into C2C12 muscle cells, with its expression investigated through 

molecular analyses including ELISA and RT-qPCR (Chang et al. 2008; Bialas et al. 2011). 

VEGF has also been shown to be effective in increasing myoblast differentiation (Arsic et al. 

2004; Scully et al. 2019) and migration (Germani et al. 2003), while also preventing cell 

apoptosis (Germani et al. 2003; Arsic et al. 2004; Mercatelli et al. 2010). However, reports on 

the effect of VEGF on myoblast proliferation are inconsistent (Arsic et al. 2004; Mercatelli et 

al. 2010; Zimna et al. 2014). 

Plasmid DNA is one of the simplest gene vectors which can be used for gene transfection into 

eukaryotic cells, often using cationic lipid-DNA complexes such as lipofectamine. Studies 

involving transfection using VEGF into eukaryotic cells have been proven efficacious in 

disease amelioration, resulting in increased blood flow, however poor transfection efficiency 

in these studies is seen as a limiting factor (Chang et al. 2008). The incorporation of reporter 

genes, such as green fluorescent protein (GFP) (Payne et al. 2005) into the DNA plasmid 

construct (Messina et al. 2007) have been used in pharmacological and biomedical research to 

determine the success of transfection and to indicate the expression of the gene of interest.  
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In this study, two VEGF-A secreting cell lines are established, expressing VEGF-A alone, and 

dual expression of VEGF-A with FGF-4. This study demonstrates the ability to generate an ex-

vivo strategy to deliver specific growth factors which may prove useful in disease amelioration. 

 

 

 

Hypothesis: We hypothesised that stable transfected C2C12 muscle cell lines could be 

developed as an ex-vivo strategy to deliver the angiogenic factor hVEGF, both alone and as 

part of a dual plasmid co-expressing hFGF4 and hVEGF and may have a therapeutic potential 

in the treatment of muscle diseases.  

 

Therefore, the aims of this chapter were to: 

1. Establish a stable C2C12 muscle cell line expressing hVEGF-A protein, both alone and 

as part of a dual plasmid co-expressing hFGF4 and hVEGF.  

2. Confirm elevated hVEGF expression through ELISA and RT-qPCR. 

3. Investigate the myogenic potential of these stable transfected cell lines through in vitro 

studies and RT-qPCR.  
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4.2 Materials and Methods 

4.2.1. C2C12 myoblast cell culture 

C2C12 (#CRL-1772, ATCC, USA) mouse myoblast cells were cultured using high glucose 

Dulbecco's Modified Eagle Medium (DMEM) with sodium pyruvate (Sigma-Aldrich, Ireland). 

This was supplemented with a penicillin-streptomycin solution (100 units/mL penicillin and 

100 µg/mL streptomycin, Gibco, Thermo Fisher Scientific, Ireland) and 10% foetal calf serum 

(FCS) (Sigma-Aldrich, Ireland). Cells were maintained in the standard cell culture conditions 

(5% CO2 and 37°C) and sub-cultured when necessary, using trypsin/EDTA solution (Sigma-

Aldrich, Ireland).  

For cell counting, cells were trypsinised as mentioned previously, resuspended in a suitable 

volume of medium. Cells were gently mixed before transferring into a microcentrifuge tube 

with an equal volume of trypan blue (Gibco, Thermo Fisher Scientific, Ireland). The cell-trypan 

blue solution was gently mixed, and 10 µL was applied to a haemocytometer via capillary 

action. The cultured cells were counted using the CountessÊ II FL Automated Cell Counter 

(Invitrogen, Thermo Fisher Scientific, Ireland) (Fig. 4.1).  

 

Figure 4.1. Cell counting using CountessÊ II FL Automated Cell Counter . 

C2C12 mouse myoblast cells counted using CountessÊ II FL Automated Cell Counter  

showing total cell concentration, and number of live and dead cells.  
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Flasks of cells were trypsinised and counted as described above. The total number of cells in 

the sample was divided by the seeding density and multiplied by the dilution factor to calculate 

the number of cells per mL. Cells were seeded at an appropriate seeding density for the plate 

or flask used. Cells were resuspended in 1 mL of DMEM, topped up to the suitable total growth 

medium volume if necessary and then returned to the incubator. 

 

4.2.2. G418 antibiotic kill curve 

A kill curve is established to measure the optimal antibiotic concentration to select for a stable 

cell colony. C2C12 cells were seeded in a 6-well plate at concentrations of 0.1 x106 and 0.2 

x106 cells per well and left o/n. The media was then replaced with Geneticin (G418) (Gibco, 

Thermo Fisher Scientific, Ireland) spiked media at concentrations outlined in Table 4.1. The 

media was replenished every 3 days, and cells were inspected daily with the confluency 

recorded. Following 7 days, cells were trypsinised and counted using the CountessÊ II FL 

Automated Cell Counter (Thermo Fisher Scientific, Ireland), and a kill curve was produced.  

 

Table 4.1. Serial dilution of G418 spiked media. An initial working stock of G418 spiked 

media was made at a concentration of 1000 µg/mL. 

Concentration (µg/mL) Working stock (µL) Media (µL) Total (µL) 

900 28800 3200 32000 

800 25600 6400 32000 

700 22400 9600 32000 

600 19200 12800 32000 

0 0 32000 32000 
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4.2.3. Expression plasmid production 

Stable transfection is a method where, unlike transient transfection, DNA is introduced into 

cells long-term. Stably transfected cells have the ability to pass this introduced DNA onto their 

progeny. Herein, four stable C2C12 mouse myoblast cell lines were established expressing: 

GFP, VEGF-GFP, FGF4-VEGF and PDGF-VEGF.  

4.2.3.1. Antibiotic LB plate preparation 

Ampicillin stocks (Sigma-Aldrich, Ireland) were made up at a concentration of 100 µg/mL, 

aliquoted and frozen at -20°C. Luria Broth (Sigma-Aldrich, Ireland) and Luria Broth with agar 

(Sigma-Aldrich, Ireland) were made up according to the manufacturerôs guidelines and then 

autoclaved. Following autoclaving, the ampicillin stock was added to the cooled LB broth to 

make a working concentration of 0.1 µg/mL. The solution was mixed, and 40 mL was slowly 

poured into a labelled sterile agar plate, swirled slightly and left to cool and solidify. Plates 

were then stored at 4°C and used as needed. 

 

4.2.3.2. Plasmid bacterial transformation 

The four plasmids were kindly donated as outlined in Table 4.2, with plasmid maps outlined in 

Appendix 3.2. The pVEGF-GFPN1 plasmid was constructed by inserting VEGF into the 

pEGFPN1 multiple cloning site (MCS) using restriction enzymes. Tests carried out by the 

manufacturer of this plasmid proved that the VEGF produced was functional and in a 

biologically active form (Guzmán-Hernández et al. 2014). The pTR-UF-22-FGF4-ires-VEGF 

plasmid is a bicistronic expression vector; it allows the simultaneous translation of two genes 

from a single mRNA transcript. In the case of this plasmid, hVEGF falls under IRES-dependent 

second gene expression, as a result, expression of hVEGF would be expected to be lower 

compared to the single VEGF expression plasmid (Mizuguchi et al. 2000). Plasmids which 

were absorbed onto filter papers were eluted using 10 mM Tris-HCl, 1 mM disodium EDTA 

(TE buffer) (Sigma-Aldrich, Ireland). The DNA concentration was then measured for each 

using the Nanodrop 2000 spectrophotometer which was blanked using TE buffer. Bacterial 

transformations were carried out through heat shocking. Four microcentrifuge tubes of DH5Ŭ 

competent E. coli cells (Thermo Fisher Scientific, Ireland) were thawed and equilibrated on 

ice, 1 µL plasmid DNA was then added to each and mixed gently. The solution was then left 

on ice for a further 30 min. Heat shocking was carried out by placing the tubes in a water bath 
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at 42°C for 45 seconds and then returned to the ice for a further two min. 250 µL of LB broth 

was then added to each vial which were then moved to a bacterial shaker at 37°C and 220 RPM 

for 1 hr. Each vial was then streaked onto the previously made LB agar plates and left o/n at 

37°C. 

 

Table 4.2. List of plasmids kindly donated and used in the stable transfection of C2C12 

mouse myoblast cells. 

Plasmid 
Expected 

expression 
Antibiotic resistance Source 

pEGFPN1 GFP Ampicillin  (Guzmán-Hernández 

et al. 2014) pVEGF-EGFPN1 VEGF-GFP Ampicillin  

pTR-UF-22-

FGF4-ires-VEGF 
FGF4 & VEGF Ampicillin  (Jazwa et al. 2013) 

CD8-VIP PDGF & VEGF Ampicillin  (Banfi et al. 2012) 

 

4.2.3.3. Overnight cultures 

Plates were removed from the incubator and inspected for colony growth. LB broth containing 

ampicillin at a concentration of 0.1 µg/mL was warmed to 37°C. A single isolated colony was 

taken for each plasmid using a sterile cocktail stick which was dropped into prepared tubes 

containing 5 mL of the LB broth. The tubes were then left in the bacterial shaker (MaxQÊ 

4000 Benchtop Orbital Shaker, Thermo Fisher Scientific, Ireland) at 37°C and 220 RPM o/n. 

 

4.2.3.4. Isolation of plasmid DNA 

For each plasmid, 4 mL of LB broth containing bacteria was centrifuged at 6800 x g for 10 

min. 800 µL of the remaining 1 mL was frozen as a bacterial stock in 80% glycerol (Sigma-

Aldrich, Ireland) at -80ǓC. The supernatant was removed from the centrifuged bacteria. 

Miniprep DNA elution was carried out using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, 

Germany) according to the standard manufacturerôs instructions (Appendix 3.4). The 

concentration of DNA eluted was then quantified using the Nanodrop 2000 spectrophotometer, 
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using distilled water to clean the machine between samples, and elution buffer from the kit was 

used as a blank. 

 

4.2.3.5. Plasmid restriction digests 

The NEBcutter tool (Version 2, New England Biolabs, Massachusetts, USA) was used to 

determine suitable restriction enzymes for each plasmid (Table 4.3). Restriction enzymes and 

buffers were supplied from New England Biolabs, Massachusetts, USA. Mixtures for 

restriction digests were made up as follows: 500 µg DNA, 0.5 µL restriction enzyme, 1 µL 

restriction buffer, and then made up to 10 µL total with Nuclease Free water (Sigma-Aldrich, 

Ireland). The mixtures were incubated in a water bath at 37°C for 1 hr, and then 2 µL loading 

dye (New England Biolabs, Massachusetts, USA) was added to halt the enzymatic reaction. A 

1% gel was made up by mixing 0.75 g agarose (Sigma-Aldrich, Ireland) with 70 mL of 1X 

TAE buffer (Appendix Table 1-6), the mixture was heated gently in a microwave until the 

agarose had dissolved. 4 µL of SYBRSafe (Invitrogen, Thermo Fisher Scientific, Ireland) was 

added and the mixture was then poured into a gel tray with a comb added, this was then allowed 

to solidify. 10 µL of sample was added into each well, with a 1 KB ladder (New England 

Biolabs, Massachusetts, USA) also loaded. The gel was run at 80 volts for 1.5 hr, the gel was 

then removed and imaged under UV light. 

 

Table 4.3. Restriction enzymes and fragment sizes for each plasmid. 

Plasmid 
Digestion 

enzyme 

Expected number 

of fragments 
Fragment size 

pEGFPN1 Bamh I 1 4.7 Kb 

pVEGF-EGFPN1 Bamh I 1 5.2 Kb 

pTR-UF-22-FGF4-ires-

VEGF 
Hind III 2 1.9 Kb, 5.8 Kb 

CD8-VIP Hind III 3 5.8 Kb, 2.5 Kb, 300 bp 
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4.2.4. Establishment of stable transfected cell line 

4.2.4.1 Transient cell transfection 

Plasmids pEGFPN1, pVEGF-EGFPN1 and pTR-UF-22-FGF4-ires-VEGF all contained 

antibiotic resistance to G418 antibiotic allowing for selection, however the CD8-VIP plasmid 

did not. As a result, direct lipofectamine stable transfection of CD8-VIP plasmid could not be 

carried out, instead it was co-transfected along with pEGFPN1, which would carry resistance. 

C2C12 cells were grown to 90% confluency in 100 mm dishes. Eight microcentrifuge tubes 

were prepared by adding 250 µl of Optimem media (Gibco, Thermo Fisher Scientific, Ireland). 

Added to four of these were 8 µg of DNA for each plasmid. In the other four tubes, 20 µl of 

Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, Ireland) was added and left to 

incubate for 5 min. The contents of the first group of tubes were added to the second group to 

give a DNA: lipofectamine ratio of 1:2.5. These were left to incubate at RT for 30 min. DNA 

and Lipofectamine mixture was then slowly added to corresponding labelled plates dropwise 

and incubated at 37°C o/n.  

The next day, pEGFPN1, pVEGF-EGFPN1, and pEGFPN1/ CD8-VIP cells were inspected 

using the EVOS M7000 Imaging System (ThermoFisher Scientific, Ireland) under GFP and 

bright field channels to observe transfection efficiency, while this was not possible for pTR-

UF-22-FGF4-ires-VEGF as it did not contain a GFP tag.  

Transfected cells were trypsinised as described in Section 3.2.1, serially diluted and seeded in 

G418 selective media. Four plates with serially decreasing concentrations of transfected cells 

were prepared for each plasmid. Transfected cells were then returned to the 37°C incubator and 

left to be monitored until isolated single colonies could be observed. 

 

4.2.4.2. Screening of isolated colonies 

The media was replenished every three days, with plates monitored closely until isolated 

colonies could be observed with the naked eye. Media was removed from plates, cloning discs 

(Sigma-Aldrich, Ireland) were dipped in trypsin and then individually placed on a single colony 

and left to incubate for 5 min. Forty-eight isolated colonies were isolated for each plasmid. 

Following this, discs were then removed from the plate and placed into individual wells of a 

24-well plate with G418 selective media, following 24 hr, discs were removed from each well, 
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with each well inspected for continued cell survival and the presence of GFP positive cells in 

the case of those transfected with GFP tagged plasmids. Each well was screened for continued 

antibiotic resistance indicating efficient transfection, then expanded until conditioned media 

taken from each well could be investigated to confirm gene expression.  

 

4.2.4.3. Stable transfection 

pEGFPN1 and pVEGF-EGFPN1 transfected cell lines contained a GFP tag, allowing them to 

be inspected visually under FITC light to observe for continued gene expression. In a T-75 

flask, two cell lines of each which showed continued expression and antibiotic resistance were 

expanded gradually until they reached confluency. The GFP expression in pEGFPN1/ CD8-

VIP co-transfected cell lines could not confirm successful transfection of both plasmids, and 

no visualisation of pTR-UF-22-FGF4-ires-VEGF positively transfected cells could take place. 

As a result, cell lines transfected with these plasmids, which showed continued survival and 

antibiotic resistance were expanded into 6-well plates where ELISA measurements of 

conditioned media could indicate successful stable transfection. 

When each cell line reached a suitable confluency, conditioned media was collected from each 

flask, centrifuged at 1000 RPM for 10 min to remove cell debris and frozen in aliquots at -80 

°C until an ELISA was carried out. Protein levels of VEGF-A were determined using a VEGF-

A ELISA kit (Invitrogen, Thermo Fisher Scientific, Ireland) according to the manufacturerôs 

instructions (Appendix 3.4).  

 

4.2.5. Myogenic activity of stable transfected cells 

4.2.5.1. Differentiation of C2C12 cells 

Stable transfected cell lines Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-GFP 

were seeded in 6 well plates and allowed to grow to 80% confluency. Culture media was 

changed to differentiation media consisting of high glucose DMEM complemented with 2% 

horse serum (Sigma-Aldrich, Ireland) and 1% Penicillin/Streptomycin. Media was replenished 

every 3 days. RNA was isolated from differentiating cells after 24 hr, 3 days and 5 days. 

Immunostaining (MF 20) was performed after 3 and 5 days. 
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4.2.5.2. Cell immunofluorescent staining 

At the desired time point, media was removed from differentiated cells which were then washed 

with PBS. Cells were fixed in ice-cold 100% methanol (Sigma-Aldrich, Ireland) for 10 min on 

a rocker at RT, and then further washed in PBS again to remove the fixative. Cells were then 

blocked in 10% horse serum diluted in PBS for 1 hr. Primary antibody (MF 20, 1:1000, DSHB, 

Iowa, USA) was diluted in 10% horse serum and applied to cells at 4°C o/n. Primary antibodies 

were then revealed using the appropriate secondary antibody (Goat anti-Mouse IgG Alexa 

FluorÊ 488; 1:2000; Invitrogen, Thermo Fisher Scientific, Ireland). Nuclei were highlighted 

using DAPI (1:10,000; Thermo Fisher Scientific, Ireland). Cells were visualised on the EVOS 

M7000 Imaging System under GFP and DAPI channels, with individual and merged images 

taken for each channel. Microscopic images were taken at 20x magnification of five non-

overlapping fields from each well. 

 

4.2.5.3 Myogenic activity quantification 

To assess the myogenic activity of MF20 immunofluorescently stained cells, myotube area, 

myotube diameter and myogenic fusion index were quantified using NIH Image J software. 

To quantify myotube area, images of differentiated cells taken using the GFP channel 

were converted to 8-bit images. Using the threshold tool on image J, the percentage area 

occupied by MF20 positive myotubes was calculated for each image. Five non-overlapping 

images were quantified for each well, with 6-wells studied for each cell line. 

In order to quantify myotube diameter, a grid consisting of 30 boxes was superimposed 

on each GFP channel image using the Image J ñgridò tool. A single multi-nucleated myotube 

was randomly selected from each box, with the cross-sectional diameter quantified using the 

ñlineò tool, allowing for quantification of 30 randomly selected myofibers distributed equally 

across each image. Five non-overlapping images were quantified for each well, with 6-wells 

studied for each cell line. 

Fusion index is described as the number of nuclei inside myotubes as a percentage of 

the total number of nuclei in a region of interest (ROI). In order to quantify this, the number of 

nuclei in MF20 positive myotubes was counted along with the total number of nuclei present 

in each image. Fusion index was calculated using the following equation: 
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Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὲόὧὰὩὭ Ὥὲ ὓὊςπ ὴέίὭὸὭὺὩ άώέὸόὦὩί

Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὲόὧὰὩὭ
ρππ 

5 non-overlapping images were quantified for each well, with 6-wells studied for each cell line. 

 

4.2.6. Gene expression assessments 

Total RNA was extracted and purified from confluent proliferating and differentiating cells 

and then stored at -80°C until used. RNA isolation was carried out using a TRIzolTM double 

isolation method, following the manufacturerôs instructions using RNase free tools, reagents, 

and buffers in sterile conditions. Media was removed from confluent cell monolayers and 250 

ɛL TRIzol (Invitrogen, Thermo Fisher Scientific, Ireland) was added to each well. A cell 

scraper was used to scrape the cell contents to one side of the well and the lysate was then 

pipetted into an RNase free microcentrifuge tube and vortexed briefly. 

Lysates were then allowed to rest on ice for 5 min, following this, 200 µL of chloroform 

isoamyl alcohol (Thermo Fisher Scientific, Ireland) was added to each sample, which was then 

shaken vigorously for 15 seconds, to ensure the mixture was fully mixed. Samples were then 

incubated on ice for 5 min to allow layer separation, and then centrifuged at 4°C for 15 min at 

15000 g, where the contents separated into three separate phases: Aqueous phase, interphase 

and red organic layer.  

The clear aqueous phase of each sample which contains the genetic material was carefully 

removed, with caution taken not to disturb the interphase or organic layers. 100 ɛL TRIzol was 

then added to each sample, followed by 20 ɛL chloroform isoamyl alcohol, with the layer 

separation method repeated as previously described. 

RNA was then precipitated using 125 ɛL isopropanol (Sigma-Aldrich, Ireland) was added to 

the aqueous phase of each sample, which was then inverted to mix. Samples were then 

incubated at RT for 15 min, and then centrifuged at 4°C for 15 min at 15000 g, where a white 

gel-like pellet then formed at the bottom of each tube. The supernatant was then carefully 

discarded, with caution taken to not disturb the pellet. The pellet was then carefully washed 

using 200 ɛL of 80% ethanol (Sigma-Aldrich, Ireland), then centrifuged at 15000 g for 2 min 

with as much of the supernatant as possible carefully removed. Each tube was then allowed to 

air-dry briefly before the RNA pellet was then resuspended in 20 ɛL Nuclease Free H2O. 
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RNA quantification, cDNA synthesis and RT-qPCR were carried out as described previously 

in Chapter 3 Section 3.2.5. Gene expression of targets was assessed using commercially 

available FAST SYBRTM Green Master Mix compatible forward and reverse target primers 

(Appendix Table 1-2). Ribosomal Protein S29 (S29) or 2̡ Microglobulin (B2M) were used as 

a endogenous control to normalize gene expression between samples 

4.2.7. Statistical analysis 

All statistical analyses were carried out using Excel and GraphPad Prism software. A studentôs 

t-test was used to determine the statistical significance between two groups. A one-way 

analysis of variance (ANOVA) and Tukeyôs post hoc test was applied to determine statistical 

significance between groups, while a two-way analysis of variance (ANOVA) was applied 

where two factors were present in an experiment (cell line vs. time). All graphs were produced 

using GraphPad Prism 9.0 software, with data expressed as a scatter plot ± SEM. Data was 

considered statistically significant at *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001. 
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4.3 Results 

4.3.1. Plasmid verification. 

The pEGFPN1, pVEGF-EGFPN1, pTR-UF-22-FGF4-ires-VEGF (denoted as FGF4/VEGF) 

and pAMFG.CMV.CD8-VIP (denoted as PDGF/VEGF) were received, prepared and 

quantified to ensure adequate DNA yield. Following appropriate plasmid preparation, DNA 

digests of plasmids were carried out using appropriate digestive enzymes. Following this 

reaction, digested DNA was then electrophoresed on an agarose gel and visualised under UV 

light.  

All four plasmids received were as expected with regard to size following appropriate 

digestions (Fig. 4.2 A & B). With the insertion of VEGF into the pEGFPN1 plasmid, the 

pVEGFEGFPN1 plasmid is larger, interpreted as it has travelled less distance compared to 

pEGFPN1. Both fragments of expected size are also visible for both FGF4/VEGF, and 

PDGF/VEGF plasmids. Confirmation of each plasmid allowed for its use in transfections. 
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Figure 4.2. DNA restriction digests of plasmids. 

UV images of digested (D) and undigested (UD) DNA fragments following restriction 

digestions and electrophoresis to confirm (A) pEGFPN1 and pVEGF-EGFPN1 and 

(B)FGF4-VEGF and PDGF/VEGF plasmids.  

  

A 

B 
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4.3.2. A G418 antibiotic kill curve was generated for C2C12 mouse myoblast cells 

The primary aim of the study was to establish a stable muscle cell line to express VEGF-A. To 

this aim, an antibiotic kill curve was established to determine the minimum concentration of 

antibiotic required to select positively transfected C2C12 cells. Three plasmids (pEGFPN1, 

pVEGF-EGFPN1 and FGF4-VEGF) used in this study contained a Geneticin (G418) resistance 

gene. The kill curve experiment involved a dose response where non transfected C2C12 cells 

were seeded at low (0.1x106) and high (0.2x106) densities per well and subjected to increasing 

concentrations (0- 1000 ɛg/mL) of G418 to determine the minimum antibiotic concentration 

needed to kill all cells over the course of 3- 7 days. Cell confluency was assessed by visual 

inspection, while cell numbers were counted using a cell counter following 7 days of exposure. 

At 1000 µg/mL of G418, there was a visible reduction in confluency and increased cell toxicity 

in those seeded at both low and high concentrations (Fig. 4.3 A). Above a G418 concentration 

of 800 µg/mL, less than 10% of cells seeded at both low and high densities survived for the 

entirety of the experiment. However, a high dose effect of toxicity and reduced viability was 

apparent earlier at a concentration of 1000 µg/mL, with most cells dead by day 4 (Fig. 4.3 B-

E). As a result, 1000 µg/mL G418 antibiotic was determined as the most appropriate 

concentration for the screening of resistant stable transfected C2C12 cells. 
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Figure 4.3. Kill curve of C2C12 cells at day 1, day 3 and day 7 following treatment with 

various concentrations of G418 antibiotic.  

(A) Representative images of cells seeded both at low (0.1x106) and high (0.2x106) 

concentrations in 6-well plates taken at day 1, day 3 and day 7 following treatment with 

various concentrations of G418 antibiotic. Scale bar=200 µm. (B-C) C2C12 cell 

confluency measured daily during treatment with various concentrations of G418 for 7 

days. (D-E) Percentage cell viability calculated by counting the number of live and dead 

cells following 7 days of treatment. Data is presented as mean percentage of total cells. n= 

2. 

B

 

C 

D E 
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4.3.3. hVEGF stable transfected C2C12 cells exhibit continued G418 resistance compared 

to non-transfected cells 

C2C12 muscle cells were transfected with pEGFPN1, pVEGF-EGFPN1 and FGF4/VEGF 

plasmids. Over the course of four weeks following transfection, G418 antibiotic selection was 

carried out. Two clones of each pEGFPN1 and pVEGF-EGFPN1, ten clones of PDGF/VEGF 

and eleven clones of FGF4/VEGF transfected cell colonies, which showed continued antibiotic 

resistance were selected and expanded to larger numbers. Based on the brightness of their GFP 

activity, pEGFPN1 and pVEGF-EGFPN1 clones were referred to as low and high expression 

pEGFPN1 and p-VEGF-EGFPN1 (Fig. 4.4). Once established, these clones were monitored 

closely as it was imperative that antibiotic resistance continued to be observed to ensure 

successful stable transfection. 

 

 

Figure 4.4. Stable transfection of C2C12 myoblast cells with p-VEGF-EGFPN1, 

pEGFPN1 visualised under FITC.  

Representative images of selected pEGFPN1 and pVEGF-EGFPN1 stable transfected cell 

lines following stable transfection and antibiotic selection under FITC and Brightfield 

light. FGF4/VEGF and PDGF/VEGF plasmids did not contain a GFP tag, therefore could 

not be visualised. Images captured under 10x magnification, scale bar=300 µm. 
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4.3.4. hVEGF stable transfected cells express significantly increased hVEGF-A protein 

compared to GFP transfected and non-transfected C2C12 cells 

A human VEGF-A ELISA was used to validate increased hVEGF-A protein expression in 

stable transfected cells, and to screen cells to identify those with the most potency. To achieve 

this, the level of hVEGF-A protein released from the stable transfected cell lines into the cell 

media was measured. Non-transfected C2C12 and pEGFPN1 transfected cells served as 

controls, where no VEGF-A expression was expected. High expression pVEGF-EGFN1 

transfected cell lines showed a high hVEGF-A secretion compared to pEGFPN1 and non-

transfected C2C12 cell lines (Fig. 4.5 A; p<0.0001). While clones 3, 5 and 11 of FGF4/VEGF 

transfected cell lines also showed a high level of hVEGF-A protein expression (Fig. 4.5 B; 

p<0.0001). All PDGF/VEGF transfected colonies showed a significant increase in VEGF-A 

secretion compared to non-transfected cell lines (Fig. 4.5 C; p<0.0001). However, when 

compared to other VEGF-A secreting cell lines, this VEGF-A concentration was not as potent. 

Therefore, no PDGF/VEGF transfected cell lines were chosen for further study. 
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Figure 4.5. VEGF-A secretion from stable transfected cell lines into cell media. 

Human VEGF ELISA carried out on supernatant media from confluent stable 

transfected cells. (A) VEGF secretion measured in (A) high and low expression GFP and 

VEGF-GFP, (B) PDGF-VEGF and (C) FGF-4/VEGF transfected cell lines. Data 

presented at mean ± SEM with n=2-3; ****p<0.001. 

A B 
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4.3.5. hVEGF-A and hFGF4 mRNA expression is upregulated in stable transfected cell 

lines 

Based on their hVEGF-A secretion, specific stable transfected cell lines were selected and 

established for GFP, VEGF-GFP and FGF4/VEGF plasmid to be used for further investigation 

into their angiogenic and myogenic potential: pEGFPN1 low expression named Myo-GFP, 

pVEGF-EGFN1 high expression named Myo-VEGF-GFP and FGF4/VEGF clone 3 named 

Myo-FGF4/VEGF (Fig. 4.6 A). Myo-FGF4/VEGF cell line exhibited a potent VEGF-A 

secretion, secreting a 5000-50,000-fold surplus in VEGF-A production compared to Myo 

(control) and Myo-GFP cell lines, and an almost 50-fold increase compared to Myo-VEGF-

GFP cell lines (Fig. 4.6 B). 

Additionally, a RT-qPCR was performed to analyse hVEGF and hFGF4 expression in the Myo 

(control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines to confirm altered 

gene expression. RT-qPCR indicated a significant upregulation of hVEGF expression in Myo-

VEGF-GFP and Myo-FGF4-VEGF cell lines compared to non-transfected and Myo-GFP cell 

lines which resulted in undetermined products (P<0.0001). A modest increase of hVEGF was 

seen in the Myo-VEGF-GFP cell line. Meanwhile, a much more apparent increase was seen 

with the Myo-FGF4-VEGF cell line compared to Myo (control) and Myo-GFP cell lines (Fig. 

4.6 C; p<0.0001). hFGF4 expression in the Myo-FGF4-VEGF cell line was also highly 

detected compared to Myo (control), Myo-GFP and Myo-VEGF-GFP cells (Fig 3.6 d; 

p<0.0001), confirming the dual expression of both hFGF4 and hVEGF-A in this cell line. These 

data further confirmed the initial ELISA results, supporting the findings that stable transfected 

cell lines express significant levels of hVEGF-A alone, or in combination with hFGF4, 

respectively. 
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Figure 4.6. VEGF-A and FGF4 expression in transfected C2C12 myoblast cells.  

(A) Stable transfected cell lines; Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-

FGF4-VEGF, taken at 10x magnification. Scale bar =200 ɛm (B) VEGF-A secretion of 

stable cells into cell media (DMEM). Data was Log2 transformed and is presented as 

mean ± SEM with n=2-3. Relative gene expression of (C) VEGF-A and (D) FGF4 in RNA 

extracted from confluent stable cell lines. Data presented as mean ± SEM relative to the 

housekeeping gene Ribosomal protein S29 (S29); n=2-3. **p<0.01, ***p<0.001, 

****p<0. 0001. 
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4.3.6. VEGF-A secreting stable transfected cell lines can be successfully differentiated in 

vitro 

Following confirmation that the stable transfected cell lines were secreting elevated levels of 

VEGF-A, the next step was to investigate the myogenic activity this VEGF-A secretion may 

have on the muscle cells themselves. To achieve this in vitro, transfected cell lines underwent 

withdrawal from the cell cycle to induce differentiation. After 3 and 5 days of differentiation, 

cells were fixed and underwent MF20 immunostaining to highlight the myosin heavy chain of 

mature myocytes and myotubes. Visually, differentiation was successful in the case of all cell 

lines, with elongated multinucleated myotubes positive for myosin heavy chain observed, at 

both day 3 and day 5 (Fig. 4.7). 
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Figure 4.7. Representative image of elongated multinucleated myosin heavy chain (MF20) 

positive myotubes. 

Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines following 3- 

and 5-days differentiation, followed by MF20 immunostaining indicate successful 

differentiation with elongated, multinucleated myotubes observed. Images taken at 20x 

magnification. Scale bar = 200 ˃m. 
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4.3.7. VEGF-A and FGF4-VEGF secreting stable cell lines display increased myogenic 

activity compared to control cell lines following 3 days differentiation 

Following 3 days of differentiation, muscle cells were fixed and immunostained with MF 20 

to highlight mature myotubes. Myotube diameter, myotube area, number of nuclei in myotubes 

and the total number of myotubes was then quantified for each cell line. Analysis was carried 

out on five non-overlapping images of six replicates of each cell group. From the quantified 

measurements, myogenic fusion (percentage of total nuclei in myotubes) was then calculated.  

Abnormally thick myotubes with centrally positioned nuclei are observed in the case of Myo-

VEGF-GFP cells, indicating rapid differentiation. A one-way-ANOVA with Tukeyôs multiple 

comparison post-hoc test indicated a significant increase in myotube area, myotube diameter 

and myogenic fusion in Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines compared to Myo 

(control) and Myo-GFP (Fig. 4.8 A-C). Overall, this indicates increased differentiation and 

myogenic activity in VEGF-A secreting cells compared to controls.  
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Figure 4.8. Differentiation parameters of established stable cell lines following 3 days 

differentiation . 

(A) Myotube area (B) Myotube diameter and (C) Myogenic fusion of Myo (control), Myo-

GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cells following 3 days differentiation. Data 

presented as mean ± SEM; n=6. *p<0.05, ****p<0.0001. 
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4.3.8. VEGF-A and FGF4-VEGF secreting stable cell lines display increased myogenic 

activity compared to control cell lines following 5 days differentiation 

As described above, myotube diameter, myotube area, number of nuclei in myotubes and total 

number of myotubes were again quantified for each cell line following 5 days differentiation. 

This again allowed calculation of myogenic fusion. 

Myotube area remained at a similar level in Myo (control), Myo-GFP and Myo-VEGF-GFP 

cell lines, with no significant difference observed. However, a one-way-ANOVA with Tukeyôs 

multiple comparison post-hoc test indicated a significant increase in both myotube area and 

myotube diameter in Myo-FGF4-VEGF cell lines compared to control cell lines (Fig. 4.9 A-B; 

p<0.0001). 

Myotube diameter is significantly increased in Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-

VEGF cell lines compared to Myo (control) cells (Fig. 4.9 B; p<0.001). Myogenic fusion is 

significantly increased in Myo-VEGF-GFP cell lines compared to all other cell lines (Fig. 4.9 

C; p<0.0001). However, this may be a hyperinflation due to the significantly reduced total 

nuclei number observed in this cell line (Fig. 4.9 D). 
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Figure 4.9. Differentiation parameters of established stable cell lines following 5 days 

differentiation . 

(A) Myotube area (B) Myotube diameter (C) Myogenic fusion and (D) Total number of 

nuclei in Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cells 

following 5 days differentiation. Data presented as mean ± SEM; n=5-6. *p<0.05, 

***p<0.001, ****p<0.0001. 
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4.3.9. Between 3- and 5-days differentiation, VEGF-A secreting stable cell lines display 

altered rates of differentiation 

Analysis of each cell line, at each time point indicate that VEGF-A secreting cells behave 

differently in terms of differentiation activity. In order, to get an overall picture of the activity 

of each cell line over both times, herein data from both time points are combined.  

A two-way ANOVA with Tukeyôs multiple comparison post-hoc test indicated a significant 

increase in myotube area and myotube diameter between day 3 and day 5 in the case of Myo 

(control) and Myo-GFP cell lines (Fig. 4.10 A-B; p<0.0001). A significant increase in myotube 

area is also observed between Myo-FGF4-VEGF cells at both time points (Fig. 4.10 A). 

However, myotube diameter remains similar (Fig. 4.10 B)  

Myogenic fusion is increased significantly in Myo (control), Myo-GFP and Myo-VEGF-GFP 

cells between day 3 and day 5, however the increase is not significant in Myo-FGF4-VEGF 

cells between time points (Fig. 4.10 C; p=0.9880). A significant reduction in total number of 

nuclei is observed between day 3 and day 5 in Myo (control) and Myo-VEGF-GFP cells, 

p<0.0001, while a significant increase is seen in Myo-GFP and Myo-FGF4-VEGF cell lines 

(Fig. 4.10 D).  

The loss of total cell nuclei observed in Myo-VEGF-GFP cell lines between both time points 

causes hyperinflation of the myogenic fusion values in this cell line. As a result, the total 

number of nuclei in myotubes may prove a more accurate representation of the myogenic 

activity of these cell lines. In Myo (control) and Myo-GFP cell lines, there is a significant 

increase in the number of nuclei in myotubes, while a non-significant increase is observed in 

Myo-FGF4-VEGF cells (Fig. 4.10 E; p=0.0838;). A significant reduction in the total number 

of nuclei in myotubes is observed in Myo-VEGF cells, overall indicating reduced myogenic 

activity in this cell line after 5 days. 

Overall, from the parameters quantified, the Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines 

may reach their maximum rate of differentiation at day 3, while control cells continue to 

increase their differentiation rate until day 5.  
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Figure 4.10. Myogenic activity is disrupted in stable cell lines between 3- and 5-days 

differentiation.  

(A) Myotube area (B) Myotube diameter (C) Myogenic fusion (D) Total number of nuclei 

and (E) Number of nuclei in myotubes in Myo (control), Myo-GFP, Myo-VEGF-GFP and 

Myo-FGF4-VEGF cells at 3- and 5-days differentiation. Data presented as mean ± SEM; 

n=5-6. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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4.3.10. Myogenic genetic activity is altered in stable transfected cell lines 

Following confirmation of altered differentiation of stable transfected cell lines after 3- and 5-

days differentiation, the myogenic activity of cell lines was investigated using RT-qPCR. 

Herein, the expression of standard myogenic gene markers including myogenin, myosin heavy 

chain IIB (MyHC-IIb) and MRF4 were investigated. 

Statistical analysis was carried out using a two-way ANOVA with Tukeyôs multiple 

comparison post-hoc test. In the case of the Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-

VEGF cells, a general trend of increase in myogenin is observed, however this is only 

significantly increased in Myo-VEGF-GFP cell lines between Day 1 and Day 5. A fluctuation 

in myogenin expression is observed in Myo (control) cell lines between days 1, 3 and 5 (Fig. 

4.11 A). 

For both MyHC-IIB and MRF4, expression is generally increased in each cell line as 

differentiation progresses (Fig. 4.11 B-C). However, similar to myogenin expression, both 

MyHC-IIB and MRF4 upregulation is only significant in Myo-VEGF-GFP cell lines, with a 

huge increase observed at day 3 compared to day 1 and day 5. 
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Figure 4.11. Relative expression of mRNA levels of genes encoding myogenic factors in 

stable transfected cell lines at 1, 3 and 5-days differentiation. 

Relative expression of (A) Myogenin (B) Myosin heavy chain IIb (MyHC-IIb)  and (C) 

MRF4/MYF6 in Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cells 

following 1, 3- and 5-days differentiation. Data is presented as relative expression ± SEM 

relative to the housekeeping gene ɓ2-microglobulin  (B2M); n=3. *p<0.05, **p<0.01. 
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4.4 Discussion 

4.4.1. Discussion 

In this chapter, we conducted a number of studies in order to establish stable hVEGF-A 

secreting C2C12 mouse myoblast cell lines, and measured the myogenic potential of these 

cells, which may prove dually beneficial (by promoting both angiogenesis and myogenesis) in 

the amelioration of the muscle ischaemia associated with diseases including CLI, PAD, 

diabetes, cachexia, COPD and muscular dystrophy (Olfert et al. 2016; Podkalicka et al. 2019). 

In this study, we successfully established two stable muscle cell lines with increased expression 

of human VEGF-A protein; Myo-VEGF-GFP as a GFP tagged fusion protein and Myo-FGF4-

VEGF as cells dually expressing human FGF4 and hVEGF. We confirmed elevated VEGF-A 

secretion from these cells using ELISA and RT-qPCR. The myogenic potential of these cells 

was then explored using cell immunofluorescent staining and the RT-qPCR investigation of 

myogenic markers.  

The efficacy of myoblast-mediated VEGF gene delivery to mouse and rat muscle has been 

investigated in the past, with varying levels of success. Despite the potent angiogenic potential 

of VEGF, studies have indicated that the optimum dosage for VEGF is within a narrow limit, 

with overproduction leading to the formation of disorganized, malformed vessels with 

irregularly sized lumens and weakened wall permeability (Springer et al. 1998; Lee et al. 2000; 

Blau and Banfi 2001; Ozawa et al. 2004). Angiogenesis is a complex process requiring the 

delicate balance of several growth factors along with pericytes. Co-delivery of VEGF-A with 

another growth factor, such as FGF or placental derived growth factor (PDGF) may counteract 

these aforementioned issues, allowing for the development of healthy mature non-leaky blood 

vessels (Bialas et al. 2011; Banfi et al. 2012; Jazwa et al. 2013; Zimna et al. 2014). FGF has 

been demonstrated to have a synergistic effect with VEGF-A (Deroanne et al. 1997; Seghezzi 

et al. 1998). FGF has been proven to increase EC mitogenic activity and induce therapeutic 

angiogenesis in the rabbit hind-limb ischemia model (Rissanen et al. 2003). Therefore, in this 

study, we chose to establish cell lines expressing hVEGF-A alone and in combination with 

hFGF4.  

Previous studies have generated hVEGF-A and hFGF4/VEGFA overexpressing C2C12 mouse 

myoblast cells, both in the form of stable and transient transfections (Bialas et al. 2011; Zimna 

et al. 2014). In the present study, the concentrations of hVEGF-A secretions in the dual 
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expression cell line are much higher than in previous reports, confirmed by both ELISA and 

RT-qPCR (Jazwa et al. 2010; Bialas et al. 2011; Spanholtz et al. 2011; Jazwa et al. 2013; 

Zimna et al. 2014). Following several weeks of G418 antibiotic selection, measurement by 

both ELISA and RT-qPCR, reported elevated hVEGF-A protein secretion and mRNA from 

both cell lines, while RT-qPCR alone confirmed the dual expression of FGF4 and VEGF in the 

Myo-FGF4-VEGF cell line. Myo-FGF4-VEGF cells secreted a significantly higher amount of 

hVEGF-A protein compared to non-transfected and Myo-GFP cell lines, while in comparison 

to the Myo-VEGF-GFP cell line, Myo-FGF4-VEGF cells exhibited an almost 50-fold increase 

in hVEGF-A protein secretion.  

Research to date has examined the expression and therapeutic benefits of both VEGF and FGF 

secretions separately (Bai et al. 2018). The dual FGF4/VEGF plasmid used in this study has 

been successfully transfected into myoblast cells in previous reports (Jazwa et al. 2010; Bialas 

et al. 2011; Jazwa et al. 2013). However, the level of hVEGF-A protein secretion in these 

studies was observed to be much less potent. In previously published reports, transient 

transfection with this dual FGF4/VEGF plasmid reported hVEGF-A secretions of 

approximately 6 ng/mL in human primary myoblasts (Zimna et al. 2014) and 2,800 pg/mL in 

C2C12 cells (Bialas et al. 2011). An AAV gene vector of this dual FGF4/VEGF plasmid has 

also been used to transduce cells. In Jazwa et al., Hela cells transduced with AAV-FGF4-ires-

VEGF reported hVEGF secretions of around 5500 pg/mL. Additionally, this was used to 

ameliorate wound healing and post-ischemic blood flow recovery in the hindlimb ischemic 

mouse model (Jazwa et al. 2010; Jazwa et al. 2013).  

With the aim of therapeutic angiogenesis, VEGF-165 alone has been transfected into several 

different cell types including fibroblasts (Spanholtz et al. 2011), ECs (Wang et al. 2015), rat 

myoblasts, and various stem cells (Sun et al. 2011; Zhang et al. 2012). Herein, ELISA data 

reports elevated levels of hVEGF-A protein secreted from Myo-VEGF-GFP cells compared to 

Myo (control) or Myo-GFP transfected cell lines. However, this expression is not as potent as 

concentrations seen in the Myo-FGF4-VEGF cell lines in the present study. Sun et al., through 

lentiviral transfection, developed a stable VEGF-165 expressing ADSCs which secreted 

approximately 920 pg/mL of VEGF (Sun et al. 2011). In addition, Wang et. al. transduced 

proliferating cells with an adenovirus harbouring the VEGF-165 gene, eliciting VEGF 

secretions of around 5000 pg/mL, 14 days post transduction (Wang et al. 2015). This reinforces 

the variations which can occur in transfections/transductions, while also highlighting the 
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importance of choosing the optimum conditions and delivery methods for successful 

transfection. 

Following on from the successful confirmation of hVEGF and hFGF4/VEGF protein 

expression from Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines, we moved our focus to 

investigate the myogenic effects of these cells.  

Successful differentiation can be seen in the case of all cell lines following 3 days of 

differentiation, with MF20 staining indicating elongated multinucleated myotubes positive for 

Myosin Heavy chain. Increased differentiation can be seen in all cell lines between Day 3 and 

Day 5 both visually as a result of the MF20 immunostaining, and molecularly through the 

upregulation of myogenic genes. Both angiogenic cell lines exhibit an increased rate of 

differentiation compared to the control cell lines, with Myo-VEGF-GFP and Myo-FGF4-

VEGF cell lines reaching maximum differentiation quicker than control cells.  

However, Myo-VEGF-GFP cells appear to undergo abnormal differentiation. Several myosacs 

are observed in Myo-VEGF-GFP cells following 3 days of differentiation. Myosacs are 

abnormally thick ñsac-likeò myotubes with centrally positioned nuclei, and disorganised 

contractile materials which can occur when differentiation occurs too rapidly (McGrath et al. 

2006; Lehka and Rňdowicz 2020). We hypothesise the possibility that the VEGF-A secreted 

from these cells may be too potent, leading initially to negative effects. A possible solution, 

and suggestion for future work would be to examine the myogenic activity of other VEGF-

GFP transfected myoblast cell lines identified in Fig 5.4 a. This could confirm if the potent 

VEGF-A secretions are responsible for the unusual myogenic activity reported in this study. 

Similarly, in this cell line, a massive loss in nuclei is observed between day 3 and day 5 

differentiation, this may potentially be due to myoblast death, or more likely the over-

proliferative effects of VEGF-A, which leads to cells becoming over-confluent and detaching. 

Overall, due to the massive cell death between day 3 and day 5, the measurement of myogenic 

fusion in this cell line is hyperinflated compared to the other cell lines, therefore at day 5, 

myogenic fusion is not a suitable measurement of myogenic fusion in this study. 

The beneficial role of FGF4 in myogenic differentiation remains unclear. FGFs play an 

essential role in skeletal muscle self-renewal and maintenance (Pawlikowski et al. 2017). 

Receptors to FGF4 are abundantly present on muscle stem cells (satellite cells), however 

downregulation is reported in confluent muscle cells (Olwin and Hauschka 1988). Sweetman 

et al. have reported that both FGF-4 and FGF-8 have been shown to significantly delay C2C12 
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differentiation (Sweetman et al. 2008), while Yu et al. report that the presence of FGF sustains 

myoblast proliferation, delaying differentiation (Yu et al. 2004). Herein, the Myo-FGF4-VEGF 

cell line exhibits healthy, increased healthy differentiation compared to control cell lines, 

indicating a potentially beneficial myogenic effect. Interestingly, the negative effects observed 

in Myo-VEGF-GFP, hypothesised to be due to VEGF-A overexpression are not observed in 

the dual expression cell line, indicating this dual expressing FGF-VEGF cell line may have 

increased potential as a myogenic therapeutic in vivo.  

In order to investigate the potential myogenic improvements possible as a result of these VEGF 

secreting myoblasts, muscle functionality and performance could be investigated by a variety 

of means, both ex vivo and in situ. Grip force analysis and chronic treadmill exercise have been 

used in several studies to measure functional improvement in muscles following treatment 

(Capogrosso et al. 2017; Bronisz-BudzyŒska et al. 2020). Similarly, Aurora ScientificTM have 

developed complete systems designed to measure force-length-velocity characteristics of 

several muscle types, with analysis of the contractile profile of a single intact limb muscle 

possible (Podkalicka et al. 2020; Bosco et al. 2021). All of the above could be employed in 

future in vivo experiments to investigate if the VEGF-A secreting myoblasts produced may 

provide a therapeutic myogenic effect. 

The present findings are promising, herein. Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines 

which secrete elevated levels of hVEGF were established with the potential to induce both 

myogenesis and angiogenesis in vivo.  

 

4.4.2. Conclusion 

This study demonstrates the potential ability to use C2C12 mouse myoblast cells to deliver 

growth factors such as hVEGF-A and hFGF4. These reveal several important findings which 

could potentially provide broad implications in the field of therapeutic angiogenesis and 

myogenesis in muscle diseases. We have successfully established two potentially pro-

angiogenic mouse myoblast cell lines which secrete hVEGF-A alone or in combination with 

hFGF4, with the latter cell line showing great efficacy. Investigation of the differentiation rate 

of these cell lines in vitro also proves a potentially increased myogenic effect, with the Myo-

FGF4-VEGF cell line again showing the most efficacy. Furthermore, the manipulation and 
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application of these cells in higher-level in vivo studies may prove highly beneficial in the 

amelioration of vascular abnormalities in muscle disease.
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5.1 Introduction 

Angiogenesis is the formation of new blood vessels and is integral in both health and numerous 

pathologies. (Baum et al. 2010; Shi and Wang 2010). It is essential for all tissue function, 

providing the nutrients and oxygen required for cell growth, function and homeostasis (Bai et 

al. 2018).  

The role of VEGF in angiogenesis has been well characterised and is considered to be 

fundamental in blood vessel growth. Angiogenesis is a coordinated organised cascade of events 

which involves extra cellular matrix degradation, endothelial cell (EC) proliferation and 

migration, mural cell assembly to form the new vessel, and mural cell layer construction with 

pericytes and smooth muscle cells. This process is triggered by the binding of VEGF-A to the 

VEGF receptor 2 (VEGFR-2/FLK-1/KDR) on endothelial cells (ECs), leading to receptor 

dimerization and phosphorylation, promoting downstream signalling cascades leading to cell 

proliferation (Goodwin 2007; Boyineni et al. 2016). 

Therapeutic angiogenesis is the coordinated delivery of vascular growth factors with the aim 

of promoting blood vessel growth, leading to the revascularisation of previously under-

perfused tissues (Banfi et al. 2012; Chu and Wang 2012). Previous studies have reported the 

implantation of VEGF-expressing muscle-derived stem cells improves vascularisation and 

reduces fibrosis in dystrophic muscle (Payne et al. 2005; Deasy et al. 2009) and improves 

capillary density in skeletal and cardiac muscle defects (Becker et al. 2006; Zhou et al. 2015). 

In Chapter 4 Section 4.2.4, two pro-angiogenic VEGF-A secreting cell lines were established 

which secreted elevated levels of both VEGF-A and FGF4, confirmed through ELISA and RT-

qPCR. Herein, we investigate the potential angiogenic effect of both cell lines by both in vitro 

and in vivo angiogenic assays. 

Several angiogenic assays, both in vitro and in vivo have been used in the past to study 

angiogenesis. These include in vitro assays such as the use of mouse and human EC lines 

(migration, proliferation, survival and morphogenesis assays) (Goodwin 2007) and in vivo 

assays including the mouse dorsal skin fold (Schreiter et al. 2017; Naldaiz Gastesi et al. 2018) 

and the chick chorioallantoic membrane (CAM) assay (Chen et al. 2021).  

In this chapter we focus on using the CAM assay and an EC line to adequately assess the 

angiogenic potential of the hVEGF-A secreting stable cells.  
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The chick CAM is a highly vascularised membrane used for nourishment and gaseous 

exchange in fertilized chicken eggs (Kue et al. 2015; Makanya et al. 2016). With a vast vascular 

network of capillaries, veins and arteries, the chick CAM can be easily manipulated and 

observed for experimental study (Blacher et al. 2005; Dohle et al. 2009). The 21 day 

development of the growing chick embryo was first characterised in 1951 (Hamburger and 

Hamilton 1951), with this development then applied to the angiogenic assay procedure. Most 

studies involving the CAM assay take place during the first two thirds of development, within 

the window which does not require ethical approval (Zijlstra and Lewis 2012). The developing 

chick does not have a fully matured immune system until development day 18, therefore up 

until this point, the CAM can host a cellular matrix or tissue graft without the risk of rejection 

or immune response (Deryugina and Quigley 2008; Makanya et al. 2016; Ribatti 2016).  

The engraftment of cells onto the CAM assay was first established in 1913 using sarcoma cells 

to develop tumour growth (Murphy 1913) and has since been modified to include several 

different graft materials (Nowak-Sliwinska et al. 2014), including filter discs (Barnhill and 

Ryan 1983), cells suspended in a ring (Blacher et al. 2005), a gelatin sponge (Ribatti et al. 

2006), collagen (Zijlstra et al. 2006) and Matrigel on-plants (Watanabe et al. 2004), proving it 

to be a versatile and useful model in research. Analysis and quantification of the angiogenic 

effects of treatments and on-plants can be carried out by an array of methods, both manual and 

automated. Manually, blood vessels can be counted, or vessel spatial pattern and distribution 

can be analysed based on images taken under microscopic bright light (Blacher et al. 2005; 

Makanya et al. 2016), while specialist software and imaging techniques such as Angiotool or 

HetCAM can be used in an automated or semi-automated manner to assess angiogenic effect. 

Several studies have looked at the incorporation of cells into Matrigel scaffolds using the CAM 

assay (Watanabe et al. 2004; Lokman et al. 2012) with observations of migration and 

angiogenic effect carried out. Matrigel is an extracellular matrix (ECM) gel formed from mouse 

sarcoma, a liquid when cooled, but polymerizes above 10°C to form a stable gel-like scaffold 

(Sys et al. 2013). The combination of this gel scaffold with a nylon mesh base allows for the 

intertwining of blood vessels aiding in adherence of the on-plant, while the Matrigel provides 

the support for the suspension and survival of cells. For studies focused on angiogenesis, 

growth factor reduced Matrigel is used for cell support to prevent confounding due to the 

presence of growth factors such as FGF, TGF-Ŭ, and PDGF endogenous in the Matrigel 

(Kleinman and Martin 2005; Hughes et al. 2010). 
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This investigation combines elements of several previous studies, VEGF-A has been stably 

transfected into C2C12 muscle cells, with its expression analysed through molecular analysis, 

however to our knowledge, the angiogenic effects of these cells has not yet been fully explored 

in vivo (Chang et al. 2008; Bialas et al. 2011). This study will provide an insight into the 

angiogenic potential of these cells in vivo, and whether VEGF-A producing cells can be used 

as a pro-angiogenic factor with the potential to be a therapeutic approach in the treatment of 

ischaemic diseases. 

 

 

 

Hypothesis: We hypothesise that stable transfected C2C12 muscle cell lines which secrete 

elevated levels of both VEGF-A alone and along with FGF-4 could be used as a delivery tool 

to promote angiogenesis, with the potential to be used as a pro-angiogenic factor with a 

therapeutic potential in the treatment of conditions which experience decreased 

neovascularisation. 

 

Therefore, the aims of this chapter were to: 

1. Use endothelial cell assays to investigate the in vitro angiogenic potential of 

conditioned media taken from these stable transfected cell lines. 

2. Use the CAM assay to investigate the in vivo angiogenic potential of conditioned 

media taken from these stable transfected cell lines, and the cells themselves.  
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5.2 Materials and Methods 

5.2.1. Cell Culture 

5.2.1.1. VEGF-A secreting stable cell lines 

VEGF-A Secreting stable transfected C2C12 mouse myoblast cell lines Myo (control), Myo-

GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF were established and maintained as described 

in Chapter 4 Section 4.2.1.  

 

5.2.1.2. Endothelial cell angiogenic assay 

C166 (#CRL-2581, ATCC, USA) mouse yolk sac ECs were cultured using high glucose 

DMEM with sodium pyruvate supplemented with 1% penicillin-streptomycin and 10% FCS. 

C166 cells were defrosted, passaged, counted and seeded as described in Chapter 4 Section 

4.2.1.  

 

5.2.1.3. Endothelial cell migration (scratch) assay 

EC migration (Scratch) assay was carried out as described previously (Liang et al. 2007; Pinto 

et al. 2019). C166 cells were seeded in a 12-well plate at a density of 0.2 x 106 cells/well and 

left o/n. A P200 pipette tip was used to scratch horizontally across each well, followed by a 

wash with PBS to remove cell debris, and conditioned media from Myo (control) or Myo-GFP, 

Myo-VEGF-GFP and Myo-FGF4-VEGF cells were applied. Scratches were imaged using 

EVOS M7000 imaging system at 10 x magnification and then returned to the incubator at 37°C 

for 8 hr before being imaged again. Cell migration was quantified by the change in the width 

of the scratch between experimental time points, with the distance measured using Image J 

software.  

 

5.2.1.4. Endothelial cell proliferation assay 

EC proliferation was measured using a mitochondrial metabolic (MTT) activity assay, similar 

to as described previously (Van Meerloo et al. 2011; Abraham et al. 2020). C166 cells were 

seeded in 96 well plates (2000 cells/well) and allowed to attach o/n. DMEM was then removed 
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and replaced with fresh DMEM, or conditioned media taken from confluent Myo (control), 

Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cells. After 72 hr, media was removed 

from each well and replaced with 100 ɛL MTT solution (5 mg/mL) (Thermo Fisher Scientific, 

Ireland). The plate was then incubated at 37°C for 4 hr, the media was carefully removed and 

100 ɛL of a DMSO/Isopropanol 1:1 mix (Sigma-Aldrich, Ireland) was added to each well. The 

plate was then shaken for 10 min, and the absorbance measured at 590 nm using a Hidex Sense 

microplate reader (Hidex, Turku, Finland). Data were averaged from measurements of 8-10 

replicates of each treatment, with cell proliferation normalised to fresh DMEM. 

 

5.2.1.5. Endothelial cell tube formation assay 

EC tube formation assay was carried out as described previously (DeCicco-Skinner et al. 2014; 

McCollum et al. 2017). 96-well plates were prepared through the addition of 50 ɛL of 10 

mg/mL Matrigel® Matrix Basement Membrane (High Concentration, Corning, NY, USA) per 

well. C166 cells were seeded at a density of 2.5x104 in triplicate in 100 ɛL of conditioned 

media taken from Myo (control), Myo-GFP, Myo-VEGF-GFP or Myo-FGF4-VEGF cells. 

After 18 hr, tube-like structures were observed. Each well was imaged at four non-overlapping 

locations, and the number of tubes, nodes and total tube length were measured using Image J 

software (Fig. 5.1). 
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Figure 5.1. The well-defined network of tubes formed from endothelial cells following 

seeding on Matrigel. 

Representation of tubes formed in tube formation assay. The red arrows indicate the 

location of tubes, while the red star indicates a node. Image taken at 10x magnification, 

scale bar= 200 ɛm. 
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5.2.2. Chick chorioallantoic membrane (CAM) preparation 

5.2.2.1. Ethical considerations 

In accordance with HPRA guidelines and Directive 2010/63/EU of the European Parliament, 

ethical approval is not required for the use of foetal forms of mammals during the first two 

thirds of their normal development. In compliance of this, chicken embryos used as part of the 

CAM assay were sacrificed before reaching egg experimental day 14 (EDD14). 

 

5.2.2.2. Activation 

The CAM assay was carried out similarly to those described by others (Ribatti et al. 2003; 

Zijlstra and Lewis 2012; Caunii et al. 2017; Augustine et al. 2019). Fertilized white leghorn 

chicken eggs were obtained from Shannon Vale Foods and St Davidôs Poultry Team Ireland, 

Co. Limerick, Ireland and incubated at 10°C until activation. Eggs were then wiped clean with 

Milton and then transferred to the Ova-easy advanced series II incubator (Brinsea, Weston-

super-Mare, UK) for 72 hr. The incubator allowed for the turning of the eggs every 30 min, 

while the temperature was kept constant at 37°C and a humidity of 44%. The day which 

activation took place was described as EDD1. 

 

5.2.2.3. CAM in ovo cultivation 

Three days following egg activation, on EDD4, eggshells need to be opened to allow for 

visualisation of the CAM and growing embryo. Eggs were levelled and allowed to settle in the 

incubator for 30 min, this ensured the correct placement of the CAM before windowing. The 

windowing process took place in a Microflow class II laminar flow cabinet. An acetate sheet 

was used to sketch a square on the top of the eggshell in pencil. The blade of a handheld rotator 

tool (RS PRO Mini Drill, RS Group, Ireland) was used to shave down a small area at the 

rounded end of the egg without breaking through the shell. A needle with a syringe attached 

was inserted into the egg at this area at a 45Ǔ angle, and approximately 3 mL of albumin was 

removed. The rotator tool was then used to carefully cut out the square window stencilled on 

the top of the egg. Caution was used to ensure the blade of the rotator tool did not go through 

the entire eggshell or penetrate the egg membrane. The egg was then wiped with Milton to 
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remove any eggshell dust created, and then forceps were used to gently lift off the square of 

eggshell. Eggs which were fertilized were identified by the observation of developing 

vasculature and the presence of a small developing embryo and heartbeat. Following 

windowing, eggs were capped with a plastic cover and then transferred to a Memmert HPP260 

Climate Incubator (Memmert, Schwabach, Germany), with a constant temperature and 

humidity. These eggs were then left undisturbed until EDD8 when they were on-planted. 

 

5.2.2.4. CAM Ex-ovo cultivation 

Similarly, to the in ovo approach, eggs were allowed to settle for 30 min to allow correct 

placement of CAM. The cracking process took place in a Microflow class II laminar flow 

cabinet. The egg was held horizontally and then cracked on the edge of an 80 mm triangular 

magnetic stirrer bar. Pressure was gently applied to the crack formed, and the contents of the 

egg was transferred into an ultraviolet (UV) sterilized weigh boat (VWR, Ireland). Inspection 

was then carried out to ensure the egg yolk was not ruptured and that the vascularisation of a 

living embryo was present. The weigh boats were then covered with a petri dish and returned 

to the incubator, with the temperature set at 37°C and a constant humidity. These eggs were 

then left undisturbed until EDD8 when they were on-planted. 

 

5.2.3. CAM Survival assessment 

Eggs were activated as described above, and then split into two groups of 20. Group A 

underwent in ovo (windowing) cultivation, while group B underwent ex ovo (cracking) 

cultivation. The eggs were then returned to the returned to the incubator set at a constant 

temperature and humidity, with egg mortality monitored. These eggs were then left undisturbed 

until EDD11 where survival was then observed. This procedure was carried out at 50, 60, 70 

and 80% humidity, with three experiments completed at each humidity level.  

 

 

 



Chapter 5: Angiogenic Potential of VEGF Myoblasts 

 

148 

 

5.2.4. CAM angiogenic assays 

5.2.4.1. Conditioned Media CAM Filter disc assay 

The CAM filter disc assay was carried out as previously described with minor modifications 

(Hofmann et al. 2015; Wang et al. 2017). Whatman filter paper (Sigma-Aldrich, Ireland) was 

cut into 6 mm diameter filter discs using a hole punch and sterilized in a UV box for 1 hr. 

Conditioned media was taken from confluent Myo (control), Myo-GFP, Myo-VEGF-GFP and 

Myo-FGF4-VEGF cells. The media was centrifuged at 1000 RPM for 10 min and 20 µL was 

then applied to the filter disc and allowed to dry. Using UV sterilized forceps, the discs were 

then applied to the CAM, and an additional 20 ɛL of media was then applied, to create a double-

dose effect. Two on-plants of the same treatment group were applied to each CAM (Eke et al. 

2017; Shafaat et al. 2018). The eggs were then returned to the incubator until EDD11 where 

they were sacrificed by placing on ice for 30 min in preparation for imaging and analysis. 

Surgical scissors and forceps were used to gently lift the CAM and cut it from the rest of the 

egg. The CAM was then rinsed off in PBS, turned over to view the underside of the on-plant 

and imaged immediately at 16x magnification using the Leica M651 surgical stereomicroscope 

and DFC290 camera (Leica Mikroskopie &System GmbH, Wetzlar, Germany) (Xiao et al. 

2010). Each experiment was repeated twice, with results combined to ensure enough data 

points for a reliable statistical analysis (Deryugina and Quigley 2008). 

 

5.2.4.2. Matrigel-Cell CAM assay 

The Matrigel-cell CAM assay was carried out similarly to previously described with minor 

modifications (Vázquez et al. 1999; Deryugina and Quigley 2008). Nylon mesh was cut into 4 

x 4 mm squares and sterilized in a UV box for 1 hr. A Matrigel-cell mixture was formed by 

mixing the Matrigel® Matrix Basement Membrane (Growth factor-reduced phenol red-free, 

Corning, NY, USA) with transfected cells diluted in PBS in a 1:1 ratio. Using forceps, a nylon 

mesh was gently placed on the surface of the CAM and 50 µL of the Matrigel-cell mixture was 

pipetted directly onto the meshes, with two on-plants of the same treatment placed on each egg. 

The eggs were then returned to the incubator until EDD 11 where they were sacrificed by 

placing on ice for 30 min. Surgical scissors and forceps were used to gently lift the CAM and 

cut it from the rest of the egg. The CAM was then rinsed off in PBS, turned over to view the 

underside of the on-plant and imaged immediately at 25x magnification using the Leica M651 
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surgical stereomicroscope and DFC290 camera. Each experiment was carried out in duplicate, 

with results combined to ensure enough data points for a reliable statistical analysis (Deryugina 

and Quigley 2008). 

 

5.2.5. Quantification of angiogenesis 

5.2.5.1. CAM Harvesting and Imaging 

Any chicks which had perished during the course of the experiment were excluded from the 

analysis. Eggs were removed from the incubator, sacrificed dissected and imaged. Following 

imaging, scissors were used to carefully cut around each on-plant and then the on-plant was 

pulled away from the CAM using forceps, the remaining CAM was then placed in a precooled 

cryotube (Thermo Fisher Scientific, Ireland) suspended in dry ice so the sample could be 

immediately snap-frozen. These samples were then stored for future use in molecular analysis. 

 

5.2.5.2. CAM Scoring and Analysis 

With the analyst blinded to the treatment used for each on-plant, angiogenesis as a result was 

scored by determining the vascular index of blood vessels which grew towards the on-plant, 

similarly to described previously (Barnhill and Ryan 1983; Ribatti et al. 2006). In the case of 

the CAM filter disc assay, scores of 0, 1 or 2 were assigned to each blood vessel if the angle at 

which it approached the on-plant (  6 mm, A= 28.27 mm2) was greater than 45°, and whether 

it branched within a ring ( 12 mm) encircling each filter disc (Fig. 5.2 A). Similarly, in the 

case of the Matrigel-cell experiments, all blood vessels which approached the on-plant (A= 16 

mm2) at an angle greater than 45° were assigned a score of 0, 1 or 2 based on whether it 

branched within the focal plane of the on-plant (Fig. 5.2 B). In the case of both experiments, 

the total score for each on-plant was then determined by the sum of each of these individual 

scores.  
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Figure 5.2. CAM angiogenic scoring. 

Methods of angiogenic scoring following treatment application, where blood vessels are 

given a score based on their angle of approach to the on-plant as well as branching. (A) 

Method for quantifying an angiogenic score of (A) a circular 6 mm filter disc on-plant. 

(B) a 4 mm square Matrigel-mesh on-plant. 
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5.2.6. Statistical analysis 

All statistical analyses were carried out using Excel and GraphPad Prism software. A studentôs 

t-test was used to determine the statistical significance between two groups. A one-way 

analysis of variance (ANOVA) and Tukeyôs post hoc test was applied to determine statistical 

significance between groups, while a two-way analysis of variance (ANOVA) was applied 

where two factors were present in an experiment (humidity vs. time). All graphs were produced 

using GraphPad Prism 9.0 software, with data expressed as mean ± SEM. Data was considered 

statistically significant at *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001. 
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5.3 Results 

5.3.1. Optimal Humidity is required to ensure embryo survival 

In order to ensure success of the CAM assay as a suitable model in this study, optimisation was 

required to understand the best conditions required in order to ensure embryo survival. In order 

to achieve this, embryos were incubated with varying humidity concentrations over the course 

of 11 days following in ovo or ex ovo cultivation. In general, in ovo cultivation tended to show 

improved embryo survival at all humidity concentrations compared to ex ovo cultivation. 

However, this was not significant when analysed by a two-way ANOVA with Tukeyôs post 

hoc test (Fig. 5.3). It was also observed that increased survival was seen as a result of increased 

humidity concentrations (80% humidity), however again this was not statistically significant. 

As a result, with its potential for improved success, eggs underwent in ovo cultivation, followed 

by incubation at 37°C and 80% humidity. 

 

 

Figure 5.3. Survival of chick embryos until EDD11.  

Chick embryos underwent in ovo and ex ovo cultivation with their survival monitored 

until 11 days development. Data is presented as mean percentage chick survival ± SEM; 

n= 3.  
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5.3.2. Myo-VEGF-GFP and Myo-FGF4-VEGF conditioned media increase proliferation, 

migration and tube formation in endothelial cells 

Following confirmation of hVEGF-A expression and secretion by Myo-VEGF-GFP and Myo-

FGF4-VEGF cells in Chapter 4, our next aim was to investigate the angiogenic potential of the 

conditioned media from these different cell lines. Both hVEGF-A and hFGF play important 

roles in mediating EC growth and promoting angiogenesis, as a result, EC angiogenic assays 

were employed. This involved monitoring the behaviour of C166 endothelial mouse yolk-sac 

cells, following treatment with conditioned DMEM taken from each cell line. 

In a scratch assay, the migration of ECs can be observed following the formation of a scratch 

in the cell monolayer, with increased or decreased rates of migration seen because of various 

treatments. In Fig. 5.4 A, visually this migration of cells into the scratch formed can be seen 

over the 8 hr of observation, with increased migration seen as a result of conditioned media 

taken from stable transfected cell lines. Measurement of this scratch before and 8 hr after 

treatment, indicated a significant increase in the % change in scratch width as a result of Myo-

VEGF-GFP and Myo-FGF4-VEGF conditioned media compared to media from Myo (control) 

or Myo-GFP cell lines, with p<0.05 (Fig. 5.4 B). Complimentary to this, as measured using an 

MTT assay, conditioned media taken from Myo-FGF4-VEGF cell lines induces a significant 

increase in the proliferation of ECs compared to media from Myo (control) (p<0.0001) or Myo-

GFP (p<0.0051) cell lines. Myo-VEGF-GFP cell conditioned media elicited a significant 

increase in cell proliferation compared to non-transfected cell conditioned media (Fig. 5.4 C; 

p<0.05). Interestingly, no significant increase in proliferation or migration was observed as a 

result of Myo-FGF4-VEGF conditioned media compared to Myo-VEGF-GFP, despite the stark 

(50-fold) increase in VEGF-A protein levels. 
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Figure 5.4 Conditioned media from stable transfected myoblasts stimulates endothelial 

cell migration and proliferation.  

(A) Representative images of in vitro scratch assay to analyse C166 EC migration 

following treatment with stable cell conditioned media. Images taken at 10X 

magnification. Dotted lines indicate the margins of each scratch. Scale bar = 200 ɛm. (B) 

EC migration after 8 hr  treatment. Results are expressed as the percentage of scratch 

closure following each treatment; n=3. (C) EC proliferation  following 72 hr  treatment 

with stable cell conditioned media; n=8-10. All data presented as mean ± SEM; *p<0.05; 

**p<0.01; ****p<0.0001.  

A 

C B 
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When seeded on a basement membrane matrix with the correct angiogenic factors present, ECs 

can begin to form a well-defined tubular network. Following the application of C166 mouse 

ECs suspended in conditioned media taken from stable cell lines was applied to a Matrigel base 

in 96 well plates, formation of this well-defined network was observed (Fig. 5.5 A). Four 

images were obtained at non-overlapping locations following treatment with conditioned 

media from each cell line. Quantification of these images indicated a significant increase in the 

number of tubes, nodes and total tube length following treatment with Myo-VEGF-GFP and 

Myo-FGF4-VEGF conditioned media compared to media from Myo (control) and Myo-GFP 

cells (Fig. 5.5 B-D; p<0.05). However, despite the potent VEGF-A secretion of the Myo-FGF4-

VEGF cell line compared to Myo-VEGF-GFP, little difference is seen in the parameters of the 

number of tubes, nodes and overall tube length. 

These results indicated that through migration, proliferation and tube formation assays, 

conditioned media taken from these hVEGF-A and hFGF4 secreting cells elicited angiogenic-

like behaviours in ECs, indicating the pro-angiogenic potential of these cell lines. 
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Figure 5.5. Conditioned media from stable transfected myoblasts stimulates endothelial 

cell tube formation.  

(A) Representative images of EC tube formation assay following treatment with stable 

cell CM. C166 Cells were suspended in CM on Matrigel and observed for 18 hr  until tube-

like structures formed. Images taken at 10x magnification. Scale bar=200 ɛm. Four 

images were obtained at non-overlapping locations with (B) number of tubes (C) number 

of nodes and (D) total tube length quantified using Image J software; n=3. All data 

presented as mean ± SEM. *p<0.05; **p<0.01. 

A 

B D C 
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5.3.3. Conditioned media from Myo-VEGF-GFP and Myo-FGF4-VEGF cells leads to 

increased angiogenesis in the CAM 

The CAM filter disc assay was employed to further validate our findings of the angiogenic 

potential of hVEGF-A producing stable transfected cell lines. Conditioned media from each of 

the confluent stable transfected cell lines were applied to the CAM assay, delivered via a 

saturated filter paper disc, with the angiogenic response observed. An increased level of 

angiogenesis was observed with conditioned media from hVEGF-A secreting cell lines 

compared to non-transfected or control transfected cell lines (Fig. 5.6 A). Following 

quantification of angiogenic scores of each treatment group, Myo-VEGF-GFP and Myo-FGF4-

VEGF cell lines elicited a 1.5-fold increase in the angiogenic score compared to Myo (control) 

and Myo-GFP cell lines (Fig. 5.6 B). This data further demonstrates the pro-angiogenic 

potential of conditioned media taken from these stable transfected cells. 

 

 

Figure 5.6. Angiogenic response of CAM following treatment with conditioned media 

from stable transfected C2C12 cells. 

 (A) Representative images of CAM following 72-hr treatment with filter paper discs 

saturated with CM taken from confluent Myo (control), Myo-GFP, Myo-VEGF-GFP and 

Myo-FGF4-VEGF cells. Images taken at 16x magnification. Scale bar=2 mm (B) 

Angiogenic score of filter discs. Data presented as mean ± SEM with n=13-20. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001.  

A B 



Chapter 5: Angiogenic Potential of VEGF Myoblasts 

 

158 

 

5.3.4. Myo-VEGF-GFP and Myo-FGF4-VEGF cells directly elicit increased angiogenesis 

in the CAM 

Following confirmation that conditioned media from these stable transfected cells elicited pro-

angiogenic effects in both EC angiogenic assays and the CAM filter disc assay, the focus of 

this study then moved to the investigation of the angiogenic response of the gene-modified 

cells directly. To examine this, Matrigel-cell mixtures were applied to the CAM. To begin, a 

dose-dependent curve using the CAM assay was carried out, with increasing quantities of Myo-

VEGF-GFP and Myo-FGF4-VEGF cell lines respectively applied to the CAM for 72 hr to 

establish the optimum cell number required (Fig. 5.7 A & Fig. 5.8 A). For both Myo-VEGF-

GFP and Myo-FGF4-VEGF cells, 1.5x106 cells/on-plant was seen as the optimum 

concentration of cells to elicit a significant angiogenic effect (Fig. 5.7 B & Fig. 5.8 B; p<0.05). 

However, in the case of Myo-FGF4-VEGF, increased concentrations of over 1.5x106 cells 

appear to have elicited a negative response on angiogenesis in the CAM, with a significant 

decline in angiogenic score observed (Fig. 5.8 B). Based on this, the angiogenic effects of on-

plants consisting of 1.5x106 cells/on-plant for Myo (control), Myo-GFP Myo-VEGF-GFP and 

Myo-FGF4-VEGF were investigated through application on developmental day 8 (EDD8) for 

72 hr.  
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Figure 5.7. Dose dependent angiogenic response of Myo-VEGF-GFP secreting cells on 

CAM assay.  

(A) Representative images of dose dependent angiogenic dose response of on-plants 

containing increasing amounts of Myo-VEGF-GFP cells applied to the CAM assay on 

EDD8 for 72 hr. Images taken at 25x magnification. Scale bar= 2 mm. (B) Angiogenic 

score quantified following application Myo-VEGF-GFP cells. Data presented as mean ± 

SEM with n=2-6. *p<0.05; **p<0.01. 
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Figure 5.8. Dose dependent angiogenic response of Myo-FGF4-VEGF secreting cells on 

CAM assay.  

(A) Representative images of dose dependent angiogenic dose response of on-plants 

containing increasing amounts of Myo-FGF4-VEGF cells applied to the CAM assay on 

EDD8 for 72 hr. Images taken at 25x magnification. Scale bar= 2 mm. (B) Angiogenic 

score quantified following application Myo-FGF4-VEGF cells. Data presented as mean ± 

SEM with n=2-6. *p<0.05; **p<0.01. 

Following the application of Matrigel encapsulated cell on-plants, visually increased 

angiogenesis was seen as a result of both Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines 

compared to Myo (control) and Myo-GFP encapsulated on-plants respectively (Fig. 5.9 B). An 

angiogenic score was calculated for each on-plant based on the number, branching and angle 

of blood vessels approaching a square drawn around the on-plant. Application of Myo-VEGF-

GFP cells to the CAM assay resulted in a significant increase in angiogenic response compared 

to Myo (control) (p<0.001) and Myo-GFP cells (p<0.0001). Meanwhile, Myo-FGF4-VEGF 

cells elicited a similar response, resulting in a significant increase in angiogenic response 

observed compared to on-plants containing Myo (control) and Myo-GFP cells, with p<0.001 

(Fig. 5.9 B).  






































































































































































































































































































































