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Thesis abstract 
 

Introduction: Meat yield and product quality are important to the Australian sheep 

meat production industry as the country faces more and more competition from 

overseas imports. The Callipyge genotype in sheep is a natural mutation in 

chromosome 18, the mode of inheritance has been termed polar over-dominance 

which leads to significantly greater muscle yield. Although this genetic polymorphism 

has been well studied, the biochemical mechanisms responsible for the muscle 

hypertrophy are still not fully understood.  

 

It has been shown in many systems, that insulin-like growth factor-1 (IGF-1) is one of 

the effectors of skeletal muscle hypertrophy. IGF-1 is involved in both the mitogen 

activated protein kinase (MAPK: RAS-RAP-MEK-ERK) pathway related to cell 

proliferation, and the phosphatidylinositol 3-kinase PI3K/Akt1/p70S6K pathway related 

to cell differentiation. IGF-1 causes changes in muscle protein accretion. Recent 

reviews describe how IGF-1 induces hypertrophy by stimulating, PI3K/Akt1/p70S6K 

signalling pathway, resulting in the downstream activation of protein synthesis and 

inhibition of protein degradation in muscle cells. Many studies have demonstrated that 

IGF-1 is necessary and sufficient to induce hypertrophic growth in human and mouse 

skeletal muscle. Thus the role of IGF-1 signalling was investigated in primary muscle 

cultures of Callipyge sheep. 

 

Research Plan: This study investigated the IGF-1, PI3K/Akt1/p70S6K signalling 

pathways in Callipyge and non-Callipyge ovine skeletal muscle cells. The specific 

genotype showing significant muscle hypertrophy linked to the clpg mutation is the 

paternal heterozygote. 
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Initial studies were based on the C2C12 myogenic cell line and establishing an in vitro 

model of skeletal muscle hypertrophy (stimulated with IGF-1) incorporating a structural 

(extracellular matrix) element. These initial in vitro studies extended to cultures derived 

from three Callipyge animals to directly examine the IGF-1, PI3K/Akt1/p70S6K pathway 

signalling network and its effect on muscle hypertrophy, and dexamethasone induced 

muscle atrophy. 

 

Knowledge of muscle development in mice and humans was used to understand 

muscle development in the sheep in vitro system, specifically through the use of the 

sheep muscle genetic mutation Callipyge. I examined expression (by PCR quantitation 

of mRNA) of the integral components of the IGF-1 signalling pathway, 

PI3K/Akt1/p70S6K, and found that they are associated with the hypertrophic growth 

observed in Callipyge. The activity of PI3K, Akt1, p70S6K and FOXO1 were also 

examined by Western Blot.  

 

            Results and Conclusions: I initially verified the procedures using the C2C12 

immortalized mouse muscle myogenic cell line. The data clearly showed that IGF-1 

treatment results in hypertrophy of myotubes in C2C12 and sheep (ovine) primary 

myoblast cell culture. Hypertrophy of myotubes in both cultures was apparent after 

desmin staining but was also reflected as an increase in the myotube size and increase 

in the number of myonuclei per myotube in both the C2C12 and ovine cells after IGF-1 

treatment. Callipyge cells showed the hypertrophy without or with IGF-1 treatment. This 

correlated with activation of the IGF-1/Akt1/p70S6K pathway as evidenced by 

increased phosphorylation of the proteins, Akt1 and p70S6K. However, activation of 

this pathway in the Callipyge cells could not resist muscle atrophy induced by 

dexamethosone treatment. 
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1  INTRODUCTION AND LITERATURE REVIEW 
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1.1 Meat Production 

The world’s population is rapidly expanding, focussing attention on global agriculture, 

economy, and the food industry (Andersen et al., 1999). Meat has long played a central 

role in the diet of humans with human evolution marked by changes in crania-dental 

features and the development of a larger brain balanced by a smaller and simpler 

gastrointestinal tract. These developments indicate a growing reliance on the 

consumption of meat as humans have evolved (Gale, 2008). The increased demand 

for meat products accompanies a growing interest in meat quality, nutritional aspects, 

animal and human health (Delgado et al., 1999). Meat quality has been an area for 

major developments, resulting from the increasing standards and expectations of 

consumers, producers and scientists (Butterfield and Berg, 1966, Robinson, 2001, 

Smith et al., 2008). Overall, there are six key aspects involved in the production of high 

quality meat; meat safety, taste, toughness, juiciness, appearance, and odour (Harper, 

1999). 

1.1.1 History of Australian sheep meat production 

Australia is amongst the world’s largest and most successful producers of commercial 

livestock. Expansive rangelands, a variety of climatic and environmental conditions and 

excellent animal health ensure that many breeds of livestock thrive in Australia. 

Australia’s livestock industries began with the arrival of European settlers. When the 

First Fleet landed at Sydney Cove in 1788 they carried a handful of sheep, cattle and 

goats as a source of wool, milk, and fresh meat for the new colony. The Australian 

environment was often hostile but as the livestock grew and spread, animals were 

selected for their resilience and ability to thrive under the difficult conditions (Meat and 

Livestock Australia., 2008a). 

Sheep meat production is of central importance to the Australian Red Meat Industry. 
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The Australian sheep industry is valued at approximately $1 billion, with a national 

sheep and lamb flock of about 116 million. Australia exports about 32% of total lamb 

production and 64% of total mutton production (Australian Bureau of Statistics., 2008). 

The Australian sheep meat industry has generally been a by-product of the Australian 

wool industry, however in the past two decades it has developed into a more 

concentrated lamb and sheep meat industry (Oddy et al., 2001). Due to climate and 

breed variations, peak lamb production varies from state to state, providing a year-

round supply of quality lamb carcases. Lamb production is usually confined to areas of 

good pastoral conditions and high rainfall. These include the slopes and tablelands of 

New South Wales and Victoria, South Australia and south-west Western Australia 

(Meat and Livestock Australia., 2008a). 

1.1.2 Current importance to Australia 

In Australia, the term ‘red meat’ refers to beef, veal, lamb, mutton, and goat meat. The 

production of quality red meat makes a significant contribution to the economy of the 

country, the national cuisine, and importantly, the national diet (Gale, 2008). The 

Australian red meat industry is currently valued at more than $15 billion per year. The 

industry includes processors, exporters, live exporters, and retailers, but relies on 

farmers to produce cattle and sheep (Meat and Livestock Australia., 2008b). 

Statistics show that Australia produced around 412,600 tonnes of lamb and 271,000 

tonnes of mutton in the financial year 2006/2007 (Figure 1.1). Of these amounts 

143,296 tonnes of lamb and 145,186 tonnes of mutton were exported with the value of 

total lamb exports equalling $779.2 million and mutton exports $474.2 million 

(Australian Bureau of Statistics., 2008). The gross value of Australian sheep, lamb, and 

live sheep production for this period was estimated at $1.98 billion, with domestic 

consumer expenditure on lamb estimated to have been $2-billion and $400 million for 

mutton. In 2008, statistics also revealed that around 54.5% of Australian fresh meat 

buyers purchased lamb (Livestock Products Australia, 2008). 
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Figure 1.1: Australian Lamb and Mutton Production 1997 – 2007 (Livestock Products 
Australia, 2008) and (Australian Bureau of Statistics., 2008). 

 

There was a steady increase in the production of lamb between 1997 and 2007, driven 

by a rise in demand for lamb meat (Figure 1.1)(Livestock Products Australia, 2008). 

The increase in production was a response to both increased domestic consumption 

and increased overseas demand in lamb meat (Livestock Products Australia, 2008). 

The decrease in mutton production can be interpreted as consumers favouring tender 

lamb over tougher mutton and it could also be attributed to the decline in numbers of 

sheep for wool production in Australia. Therefore incomes from meat production play a 

very important role in Australia’s economy, thus there is much interest in improving the 

quality and quantity of commercial meat production.  

1.1.3 Breeds 

Crossbreeding is commonly used in the sheep industry to exploit the differences in 

breeds and to improve the quality and quantity of sheep meat production. Selection of 

farm livestock can take place both within and between breeds. Selection between 
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breeds can lead to rapid improvements in animal performance (Casas et al., 2005, 

Leymaster et al., 2006).  

Sheep breeds in Australia are divided into three major groups; wool producers, meat 

producers, and those bred for dual purpose producing both wool and meat. More than 

80% of all Australian sheep are pure Merino - a breed that produces high quantities of 

fleece and fine quality wool. Merinos and their crosses are the most prominent breeds 

in the Australian sheep industry. While Merinos themselves are a suitable meat sheep 

(particularly for export markets in the Middle East), when crossed with meat and dual-

purpose breeds (predominantly British types), they produce large and lean lambs 

preferred by the domestic market and deemed high quality as exports (Meat and 

Livestock Australia., 2007). 

Merinos also tend to exhibit an increased meat pH, due to faster depletion of glycogen 

between the farm and the abattoir (Meat and Livestock Australia., 2008a). This can 

result in meat that is less tender and darker in colour. Also, Merinos are not as lean as 

commonly thought as they produce as much fat as their related crosses at the same 

weight, however it takes them much longer to do so. The Border Leicester breed tends 

to be inherently fatter, which is expressed in higher levels of intra-muscular fat and 

subcutaneous fat (French et al., 2006, Meat and Livestock Australia., 2007). 

Individual sires within each breed vary considerably in key characteristics that can 

affect meat yield. In particular, growth rate (measured as weaning weight (WWT)), 

carcase fatness (FAT), and eye muscle depth (EMD), are important and can be 

significantly improved upon using genetics. Sires can be selected using Australian 

Sheep Breeding Values (ASBVs) for these traits, with ASBVs relating to the post-

weaning age most commonly used (abbreviated as ‘P’). 

Selection for lower post-weaning weight fat depth (PFAT) ASBVs in terminal sires 

mated with Border Leicester x Merino ewes will be effective in reducing overall carcase 
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fatness. Selection for high muscling (PEMD) ASBVs in terminal sires will also 

contribute to reducing fatness in the prime lamb offspring, however selection for high 

muscling (PEMD > 2 mm), without sufficient growth (PWWT > 6 kg) increases the risk 

of toughness in the meat of the progeny (Sheep CRC, 2007). 

High genetic potential for muscle (high PEMD) or leanness (negative PFAT) may 

produce progeny with low levels of intramuscular fat (Sheep CRC, 2007) which can 

negatively impact on the overall appeal of lamb meat. Selection for sires with high 

growth rates will tend to result in increased fatness, whilst selection for eye muscle 

depth will increase lean meat yield, but may also lead to increased meat toughness. 

Therefore, production of lambs with high lean meat yield and meat quality requires a 

balance of these traits in the selection of sires (Sheep CRC, 2007, Meat and Livestock 

Australia., 2007). 

1.1.4 Modern breeding objectives 

Animal breeding generally aims to obtain a successive generation of animals that 

display desired traits more efficiently under future farm economic and social 

circumstances than the present generation of animals (Kahi et al., 1998, Jiang and 

Groen, 2000). Definition of the breeding objective is generally regarded as the primary 

step in the development of structured breeding programs (Bett et al., 2007, Gicheha et 

al., 2006). 

The breeding objective is a list of traits that are to be improved by selection, placed in 

order according to their relative economic values and aimed at improving farm income. 

The breeding objective depends on two major principles: 

• Traits must be heritable if the selection of parents is to result in improved 

progeny and; 

• Traits must have economic value if genetic improvement is to increase 



25 

 

breeders’ incomes (Lewer, 2005). 

Taken together, the main aim of modern sheep breeding is to maximise the output and 

economic value of sheep production whilst ensuring the quality of meat through 

selection and genetic improvement. 

1.1.5 Genetic selection 

As the world’s population rises and the global climate changes, the balance of global 

food production shifts leading to an increase in the production of food from marginal 

lands for all breeds of livestock, especially sheep in Australia (Meat and Livestock 

Australia., 2008b). Improvements in the quantity and quality of lamb meat production 

so as to increase the efficiency and competitiveness of the meat sheep industry require 

careful consideration (Conington et al., 2004, Kerth et al., 1999). Other livestock 

species, such as poultry, have also been considered. For example, in poultry meat 

production about 85-90% of increased body weight resulted from genetic selection 

(Havenstein et al., 1994). Over the last 26 years (1960-1996) genetic selection has 

contributed to a 3-6% annual increase in broiler chicken liveweight, with a 1.4% 

increase in breast meat production and a 1.2% increase in the feed conversion ratio 

(United States Department of Agriculture., 2002). The rate of genetic change 

increasing liveweight in turkeys is of the same magnitude as chicken, with estimates at 

about 3% per annum (Bentley, 2005). Genetic improvement rates in duck meat 

production are estimated as 1% in live weight, 2% in the feed conversion ratio and 1.3 

% in breast meat yield (McKay et al., 2000, Carlin and Martin, 2007). 

Genetic selection has increased production of livestock species considerably. 

However, apart from the favourable increase in production, animals selected for high 

production efficiency seem to be more at risk of undesirable recessive traits such as 

behavioural, physiological and immunological problems (Rauw et al., 2006) as 

evidenced by defects in leg function of broiler chickens (Kestin et al., 1992). 
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1.1.6 Transgenesis 

Eukaryotic transgenesis enables biological scientists to investigate the relationships 

between animal phenotypes and genes and gene products (Harper et al., 2003). The 

term “transgenesis” generally describes the production of genetically modified 

organisms that contain stably integrated copies of genes, derived from other species, in 

the host animal’s chromosomes (Gordon and Ruddle, 1981). One significant advantage 

of transgenesis is the rapid genetic improvement of animal traits of interest; for 

example the transgenic Coho salmon grows 11 times faster than non-transgenic fish 

(Harper et al., 2003, Devlin et al., 2001). Transgenesis was widely applied to other 

species such as mice, rats (Gordon and Ruddle, 1981, Kent et al., 2004) and later to 

cattle, sheep, goats, pigs and chicken, with the aim of benefiting agriculture, meat 

livestock industries (Harper et al., 2003), and the pharmaceutical industry (Houdebine, 

2002, Bailey, 2006). Animals grown and developed using this manipulated method 

have some safety concerns; the breeding programmes are very slow and results can 

be unpredictable between species. The complete picture of transgenesis falls beyond 

the scope of this study. However, the cellular pathways investigated in this study which 

lead to the muscle hypertrophy in Callipyge animals, may provide valuable information 

for improved animal growth using transgenesis. 

1.1.7 Promoters of muscle growth 

Intensive livestock production systems for poultry, pigs, cattle and sheep have become 

a recognised feature of the agricultural industries in many countries, especially the 

USA and Europe where there is an imbalance between the population, available land 

and consumer demand for meat products. One possible solution to this problem has 

been the widespread introduction of feed additives such as hormone “growth 

promoters” to increase the meat yield within an efficient time scale (National 

Registration Authority for Agricultural and Veterinary Chemicals., 2001). Hormonal 

growth promoters are typically delivered as a small pellet that is implanted under the 
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skin on the back of an animal’s ear, or directly mixed into animal food. The pellet 

releases a tiny amount of hormone and antibiotics to increase growth rates in healthy 

and nutritionally normal animals (National Registration Authority for Agricultural and 

Veterinary Chemicals., 2001). The use of growth promoters to increase meat yield and 

quality for the meat industry is limited by the demand of consumers for safe and 

healthy meat products - two of the six important factors of meat quality (Harper, 1999). 

Therefore a preferred approach is to identify natural mutations in animals that result in 

increased meat yield (e.g. in cattle and sheep as listed below) and benefits for the meat 

industry. 

1.1.8 Meat yield 

In an effort to increase the world’s meat production, suppliers place emphasis on 

increasing the yield of meat products while balancing price and profit. 

Meat yield, is the proportion of saleable meat products recovered from the animal after 

processing, and can be expressed as either weight yield or percentage yield (Allen, 

2005). Weight yield is the absolute number of kilograms of saleable meat from the 

carcase, whilst percentage yield is based on the proportion of carcase weight that can 

be sold and is calculated as follows: 

Percentage yield = (Saleable meat yield (SMY) / carcase weight) x 100% (Mcintyre, 

2007). However, SMY is sometimes difficult to specify or predict due to numerous 

market specifications, particularly in relation to the degree of fat trimming required. 

Overall, there are three methods to increase fresh meat yield in individual animals: 1) 

genetic selection; 2) growth promoters and 3) transgenesis. 

At the industry level, volume can be increased by the number of animals grown, the 

musculature of individual animals and the recovery of muscles from each carcass 

through the application of trimming technologies. 
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1.1.9 Meat eating quality 

Meat eating quality means different things to different people. Generally, consumers 

prefer meat with low levels of external fat. However some fat is needed for acceptable 

eating quality. There are several factors that affect meat quality. Nutrition, short-term 

pre-slaughter, and meat chilling, can impact upon meat colour by decreasing meat pH, 

whilst stress, and weather and environment changes, can lead to increased meat 

toughness (Macfarlane et al., 2006, Karamichou et al., 2006). 

The techniques used to measure meat eating quality include meat colour; measured by 

meat pH, and meat tenderness; measured by the Warner-Bratzler shear force, 

untrained taste panels or using X-ray (Hopkins and Fogarty, 1998). 

1.1.10 Meat toughness 

Meat toughness is one of the most important factors when considering consumer 

satisfaction and re-purchasing, deeming it a high priority for research in the meat 

industry (Koohmaraie et al., 2002). The toughness of meat has been shown to vary 

considerably between muscles in a carcass, and the higher the toughness the lower 

the value of the meat product (Harper, 1999). There are many different factors that 

contribute to meat toughness including genetic and environmental influences, and meat 

processing. The Callipyge sheep mutation is one example of a genetic characteristic of 

sheep that results in a higher meat yield accompanied by increased meat toughness 

(Koohmaraie et al., 2002, Koohmaraie et al., 1998, Koohmaraie et al., 1995, Duckett et 

al., 1998b, Duckett et al., 1998a). This phenotype provides the basis for this study and 

will be discussed in more detail in section 1.2.11.3.  

The term for meat in science is skeletal muscle. Muscle structure in the living animal is 

inextricably linked to the texture and eating quality of muscle as a food (Oddy et al., 

2001). Thus, the anatomical and microscopic structures of adult skeletal muscle fibres, 

muscle types and their functions will be discussed next. 
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1.2 Mammalian skeletal muscle 

Skeletal muscle tissue is comprised of myofibres, adipose and connective tissues, 

along with nerves and blood vessels. Skeletal muscle is a type of striated muscle that 

is usually attached to the skeleton or bone by tendons. Muscle accounts for 

approximately 40% of human body mass (Grounds, 1999a). Skeletal muscles can vary 

in size, shape, and arrangement, from a tiny muscle in the middle ear, to a 

considerably larger muscle such as that in the thigh. An individual skeletal muscle 

contains a bundle of hundreds to thousands of muscle fibres (myofibres)(Grounds et 

al., 2002). Many myofibres are grouped together and separated from other muscles by 

connective tissue called the epimysium (Figure 1.2). 

 

 

Figure 1.2: Structure of skeletal muscle fibres (U.S. National Cancer Institute.) 

 

 
Muscle fibres (or myofibres) are approximately 10 to 100 µm wide and range from a 

few millimetres to several centimetres long, sometimes containing thousands of nuclei. 

All skeletal myofibres have the same basic organisation. The connective tissue 
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between individual myofibres is called the endomysium (Figure 1.2). This connective 

tissue provides support and protection for the delicate myofibres allowing them to 

withstand the forces of contraction. The epimysium also transmits force from the 

myofibres to the tendons, providing a pathway for the passage of blood vessels and 

nerves that are in abundant supply in skeletal muscle. This is directly related to the 

primary function of skeletal muscle contraction. 

The functional properties of the muscle are dependent upon different types of muscle 

fibres. Fibre type is determined by the type of intrinsic energy use during muscle 

contraction. Most skeletal muscles contain a mixture of type I and type II myofibres. 

However a single motor unit, an α-motoneuron, always contains one type and never 

both. In humans the ratio of type I and type II myofibres can be changed by endurance 

training, leading to the production of more type I myofibres (te Pas et al., 2000b). 

1.2.1 Type I myofibres (red fibres)  

Type I myofibres are also called “slow-twitch” or slow-oxidative fibres. To support their 

highly oxidative metabolism, these myofibres typically contain large amounts of 

myoglobin and mitochondria that cause them to appear red in colour. Red muscle 

fibres are thin and contain an isoform of myosin with low ATPase activity. Their 

contraction is slow, hence Type I myofibres are found in muscles of animals that 

require endurance, such as chicken leg muscles or the wing muscles of migratory birds 

such as geese (Hughes, 1998). 

1.2.2 Type II myofibres (white fibres) 

Type II myofibres have relatively low numbers of mitochondria and are rich in glycogen. 

They are also known as "fast-twitch" fibres and are dominant in muscles used for rapid 

movement such as those in chicken breast muscle. These fibres appear white due to 

their low oxidative demand and low level of mitochondria, thus are often called “white 

meat”. There are two sub-classes of type II muscle fibres; Type II A myofibres are fast 
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oxidative-glycolytic appear relatively more red in colour due to their higher content of 

myoglobin and mitochondria, and in ruminants the predominant fast glycolytic fibre type 

is type 2X (Greenwood et al., 2009). There is very few if any type II B (fast-glycolytic) 

myofibres that present in ruminant skeletal muscles that are used for meat (Greenwood 

et al., 2009). In humans these Type II B myofibres are used in short bursts of strength, 

such as sprinting or weightlifting (Hughes, 1998) (Table 1-1). 

Table 1-1: Characteristics of the three main myofiber types adapted from (Karp, 
2009) 

Fiber Type
Slow Twitch
(ST) Fast Twitch A (FT-A) Fast Twitch B (FT-B)

Contraction time Slow Fast Very fast

Size of motor neuron Small Large Very large

Resistance to fatigue High Intermediate Low

Activity used for Aerobic Long term anaerobic Short term anaerobic

Force production Low High Very high

Mitochondrial density High High Low

Capillary density High Intermediate Low

Oxidative capacity High High Low

Glycolytic capacity Low High High

Major storage fuel Triglycerides CP, Glycogen CP, Glycogen  
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1.2.3 Satellite cells  

Mature skeletal muscle can be repaired after damage by the proliferation of 

mononucleated precursor cells (myoblasts) that subsequently differentiate and fuse to 

form young myofibres (myotubes). Myoblasts in adult skeletal muscle are largely 

derived from quiescent cells on the surface of myofibres called satellite cells (Perez-

Ruiz et al., 2008, Zammit et al., 2006). Satellite cells represent approximately 5% of all 

the myonuclei of myofibres (Schultz, 1989, Schultz and McCormick, 1994). These cells 

are located beneath the basal lamina in intimate contact with the surface of the plasma 

membrane (sarcolemma) of the mature myofibres (Morgan and Partridge, 2003). 

Satellite cells are responsible for post-natal adaptation, growth, maintenance, repair 

and regeneration after injury of muscle tissue (Mauro, 1961, Seale and Rudnicki, 2000, 

Miller et al., 2000). Of particular interest is the role of satellite cells in growth and 

hypertrophy of muscle fibres. Previous studies and literature reviews reveal that 

satellite cells may contribute to muscle fibre hypertrophy under normal conditions of 

differentiation through increased fusion of myoblasts into myofibres or myotubes 

(Lavulo et al., 2008) and (Shavlakadze and Grounds, 2006). Factors controlling the 

proliferation and fusion of myoblasts during development and in adult myogenesis are 

of central interest to research involving muscle formation, growth and hypertrophy, and 

to the meat industry. 

1.2.4 Desmin 

Desmin was purified from muscle in 1977 and is a protein that forms type III 

intermediate filaments found in the sarcomeres of skeletal and cardiac muscle. In the 

1990’s, studies with knock-out mice lacking desmin showed that mice developed 

normally but presented defects later in life (Li et al., 1997, O'Neill et al., 2002, Costa et 

al., 2004). Desmin is one of the protein markers for striated muscle and in 

embryogenesis is detected in the somites of myoblasts (Bar et al., 2004). Desmin is 

important in muscle cell architecture connecting many components of the cytoplasm (Li 
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et al., 1997, Paulin and Li, 2004). It is also thought to connect the sarcomere and the 

extracellular matrix (ECM), helping to facilitate signalling between the sarcomere and 

the ECM in the regulation of muscle contraction and movement (Shah et al., 2004). 

Desmin was used as a marker for muscle in this study. 

1.2.5 α-actin 

In this study, α-actin was used as an indicator of muscle tone and as a marker for 

Callipyge cells in comparison to wild-type cells. α-actin is an actin cross-link, a long rod 

shaped cytoskeletal protein that may be involved in the attachment of actin cytoskeletal 

framework to the plasma membrane (sarcolemma) in muscle (Blanchard et al., 1989, 

Luna and Hitt, 1992).  

1.2.6 Creatine kinase 

Creatine kinase (CK) also known as phosphocreatine kinase, is an enzyme expressed 

in the brain, and in cardiac, skeletal and smooth muscle (Alberts et al., 2002). The CK 

enzyme consists of two subunits, B (denotes brain) and M (denotes muscle), that 

combine to form three distinct CK isoenzymes; CK-1 (BB), CK-2 (MB) and CK-3 (MM) 

(Alberts et al., 2002). The highest level of total CK activity is found in skeletal muscle 

and is predominantly due to the CK-3 isoform (Oliver, 1955). CK activity is based on 

the following reaction: creatine + ATP ↔ creatine phosphate + ADP (Oliver, 1955). It is 

widely considered that CK activity correlates with muscle differentiation (Kislinger et al., 

2005, Hultman et al., 1996, Ingwall et al., 1972, Rommel et al., 2001, Wong and 

Tellam, 2008). In tissue culture studies, total CK activity is dependent upon both the 

total number of myotubes and their ultimate size (Foulstone et al., 2004). Thus CK 

activity was used to measure the differentiation of muscle cells in culture and should 

therefore correlate with the number and size of myotubes in culture. 

1.2.7 Myogenesis in the embryo 

Early embryonic development and myogenesis determine the number of adult 
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myofibres. Myogenesis involves the proliferation, differentiation, and fusion of 

myoblasts into multinucleated myotubes with subsequent growth, innervations, and 

maturation into myofibres (Figure 1.2 and Figure 1.3) (Grounds, 1999b) (Horsley and 

Pavlath, 2004).  

1.2.8 Postnatal growth and development 

Understanding the growth and development of skeletal muscle is one of the most 

important goals in animal science. Muscle fibres are the major component of a given 

muscle with muscle mass determined by the number and size of myofibres. The 

number of muscle fibres in mice after birth is determined during embryogenesis and 

does not increase during postnatal development (Luff and Goldspink, 1970, Rowe, 

1969, Rehfeldt et al., 1987). Similarly, there are no significant changes in the number of 

postnatal myofibres in cattle or rats from birth to 24 months of age (Wegner et al., 

2000, Brown, 1987). 

During postnatal growth the increase in skeletal muscle mass is mainly due to an 

increase in myofibre size, not an increase in the number of myofibres (hypertrophy) 

(Joyner, 2004). However the splitting of large myofibres can give the impression of an 

increase in myofibre number when a single cross section of tissue is examined. 

Hypertrophy is accompanied by the proliferation and fusion of satellite cells to form 

myofibres, increasing the number of myonuclei whilst maintaining a fairly constant 

nuclear to cytoplasmic ratio (Grounds, 1991, Grounds, 1999b) and also shown in 

Figure 1.3. 
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Figure 1.3: Basic anatomic events of myogenesis (Grounds, 1999b). 
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1.2.9 Muscle Hypertrophy 

Skeletal muscle hypertrophy is characterised in vivo by an increase in muscle mass. 

This is reflected either by an increase in the total number of myofibres (hyperplasia), or 

by an increase in the size of individual myofibres without an increase in the number of 

myofibres (hypertrophy) specifically measured by a cross-sectional area of individual 

myofibres at a constant length. 

In tissue culture (in vitro), hypertrophy is similarly characterised by an increase in the 

size of individual myotubes and this is usually reflected by an increased cross-sectional 

area and can be measured morphologically as the diameter at different points along 

the length of a myotube (Joyner, 2004) and (Figure 1.4). Hypertrophy is associated 

with an increase in protein content, resulting either from increased protein production, 

decreased protein degradation, or a combination of both (Tawa and Goldberg, 1992). 

Increased expression of myotube-specific proteins is also associated with hypertrophy. 

Expression of the sarcomeric protein myosin and the enzyme creatine kinase (section 

1.2.6), can be measured to determine muscle differentiation and hypertrophy. 

Hypertrophy is accompanied by an increase in protein content and an augmented 

contractile force leading to satellite cell activation and proliferation, increasing muscle 

mass by fusion of myoblasts into myotubes (Sartorelli and Fulco, 2004). Callipyge 

sheep are an example of myofibre hypertrophy with a genetic origin (Carpenter et al., 

1996). 
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Figure 1.4: Basic anatomic events of myofibre hypertrophy (Adams, 2002a). 

 

Biological factors such as age, nutrition, and exercise can affect muscle hypertrophy 

(Goldspink et al., 1983, Shavlakadze and Grounds, 2006). Of particular interest to the 

present study is the fact that hypertrophy (especially of growing or loaded muscle) can 

be increased by insulin and insulin-like growth factor 1 (IGF-1). IGF-1 is the primary 

mediator of many responses regulated by growth hormones in tissues throughout the 

body (Yarasheski, 1994, Butler and Le Roith, 2001) (Paul and Rosenthal, 2002). In 

vitro studies reveal that IGF-1 induces hypertrophy of skeletal muscle in chicken 

embryos (Vandenburgh et al., 1991), mouse C2C12 cells (Semsarian et al., 1999b, 

Foulstone et al., 2004), and human muscle cells (Foulstone et al., 2004). In vivo 

studies involving transgenic mice show that IGF-1 stimulates muscle differentiation and 
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hypertrophy (Musaro, 2005, Musaro et al., 2001, Musaro et al., 2004, Musaro and 

Rosenthal, 1999b, Coleman et al., 1995, Song et al., 2005). This has also been 

demonstrated in rats (Gollnick et al., 1981). Many studies have investigated the 

mechanisms responsible for the hypertrophic effect and have looked at activation of 

satellite cell regeneration (Barton-Davis et al., 1999b), activation of the 

PI3K/Akt1/mTOR pathway and induction of myotube hypertrophy in mice (Rommel et 

al., 2001), and induction of human myotube hypertrophy with respect to increased cell 

recruitment (Jacquemin et al., 2004, Jacquemin et al., 2007). 

However, the increase in muscle mass can also be associated with a developmental 

increase in the number of muscle fibres (hyperplasia). This appears to be the case in 

the ‘double muscling’ observed in Belgian Blue and Piedmontese cattle compared with 

other cattle such as Charolais and also in other species such as mice and dogs (see 

next section) which lack functional myostatin.  

1.2.10  Muscle hypertrophy caused by a lack of myostatin in 

skeletal muscle 

Myostatin (mstn) is a member of the transforming growth factor-beta (TGF-β) family, 

and normally inhibits myoblast proliferation and the size of skeletal muscle. The 

absence of myostatin increases myoblast proliferation and muscle mass (McPherron et 

al., 1997, McPherron and Lee, 1997) resulting in hypertrophy and hyperplasia 

throughout the body. The function of myostatin appears to have been conserved 

across species such as mice (Lee, 2007), dogs (Mosher et al., 2007), humans 

(Schuelke et al., 2004), cattle (Grobet et al., 1997, Kambadur et al., 1997, McPherron 

and Lee, 1997, Grobet et al., 1998, Holmes and Ashmore, 1972, Wegner et al., 2000), 

and sheep (Marcq et al., 1998). However, this mutation is often accompanied by a lack 

of muscle strength and increased cramping due to fast-twitch muscle fatiguing more 

easily in humans and animals (Schuelke et al., 2004, Lee and McPherron, 2001). 
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1.2.10.1   Muscle hypertrophy in mice 

Mice engineered to have a deletion (knock-out) of the mstn gene have increased 

skeletal muscle mass throughout the body compared to the normal mice phenotype 

(Figure 1.5). The increase in skeletal muscle mass results from a combination of 

muscle fibre hyperplasia and hypertrophy. As such, these mstn knock-out mice have 

been widely studied to assess the molecular impact of myostatin (McPherron et al., 

1997, Amthor et al., 2007, Lee, 2007).  

A

B C

 

Figure 1.5: Hypertrophy in myostatin deficient mice. (A) A normal mouse (right) and a 
hypertrophic mutation mouse (left). (B) Wild-type mouse muscle carcass. (C) Increased muscle 
mass in myostatin knock-out mouse muscle carcass (Wagner et al., 2002) and (Szabo et al., 
1998). 

 

1.2.10.2   Muscle hypertrophy in dogs 

Wendy the whippet is a myostatin mutation dog (Mosher et al., 2007) with a 

hypertrophic phenotype reminiscent of that reported in cattle with a myostatin mutation 

(Kambadur et al., 1997) (Figure 1.6 A and B). The whippet is a medium sized 

Greyhound-like dog. However Wendy, homozygous for a particular mutation in the 

myostatin gene, is a monster dog with increased muscular mass. 
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Figure 1.6: Muscle hypertrophy in dogs. (A) and (B) Hypertrophy in a three year old whippet 
dog (Wendy) with a myostatin mutation. (C) A normal whippet dog (Mosher et al., 2007, Szabo 
et al., 1998, McPherron and Lee, 1997, Grobet et al., 1997). 

 

1.2.10.3   Hypertrophic muscle in cattle 

Belgian Blue (Figure 1.7A) and Piedmontese (Figure 1.7B) cattle are interesting breeds 

in the meat industry. Belgian Blue cattle originate from central and upper Belgium and 

present striking hypertrophy. This hypertrophy increases the volume of red meat and 

reduces fat. Double muscling is a heritable condition in these cattle breeds that 

primarily results from an increase in the number of muscle fibres rather than the 

enlargement of individual muscle fibres. The increase in fibre number is observed early 

in pregnancy (Swatland and Kieffer, 1974) resulting in a calf born with more muscle 

fibres in affected muscles compared with other breeds at birth. The autosomal 
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recessive locus causing this double muscling effect is mapped to the end of the bovine 

chromosome 2 near the centromere of BTA2 (Charlier et al., 1995), close to the 

position of the α-collagen type III gene (COL3A1) (Sonstegard et al., 1997), within the 

same interval as myostatin. The Belgian cattle mutation is a homozygous 11bp deletion 

in the coding region that is not detected in the cDNA of other breeds such as Charolais 

and Limousine cattle which do carry myostatin mutations but the effects are not as 

extreme as the non-funtional mutations in Belgian and Piedmontese breeds  (Figure 

1.7C) (Kambadur et al., 1997). 

The Piedmontese cattle that originate in northwest Italy are similar to the Belgian Blue. 

Piedmontese cattle also lack functional myostatin, due a single nucleotide change 

(from A to G) that causes a translational change from cysteine to tyrosine (McPherron 

and Lee, 1997). 

Belgian Blue and Piedmontese cattle have increased efficiencies in feed conversion 

into lean muscle, producing higher percentages of quality meat, less bone, less fat, and 

20% more muscle yield on average (Shahin and Berg, 1985). 
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Figure 1.7: Hypertrophy due to myostatin mutations in cattle. (A) Belgian Blue and (B) 
Piedmontese cattle breed with giant muscles throughout the body. (C) Charolais cattle breed 
(Clop et al., 2006, Grobet et al., 1997, McPherron and Lee, 1997, Mosher et al., 2007, Szabo et 
al., 1998). 

 

1.2.11  Heritable muscle hypertrophy in sheep 

Carwell, Texel and Callipyge sheep breeds have greater muscling in their loins 

(longissimus dorsi, LD) (but not all muscle in their body are affected) when compared 
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to the Suffolk, wild-type sheep (Koohmaraie et al., 1995, Leymaster et al., 2006, Taylor 

and Koohmaraie, 1998, Jackson et al., 1997b, Jackson et al., 1997c). All of these 

breeds have genetic mutations, however the exact mechanisms of intracellular 

signalling that result in changes to tissue morphology are not well understood. The 

Callipyge phenotype is the main focus of this study. 

1.2.11.1   Carwell 

Australian Poll Dorset rams possessing unusually large LD areas were first identified at 

the Carwell Stud in Woolbrook (New South Wales, Australia) in 1989. Ultrasonic scan 

information showed that the Carwell LD muscle depth was increased by 10% when 

compared to normal sheep. This phenotype, due primarily to muscle hypertrophy, is 

mapped to the telomeric region of ovine chromosome 18 (CSSM18) termed the rib-eye 

muscling (REM) locus (Nicholl et al., 1998). It acts as a dominant gene, with no parent-

of-origin effects on expression (Banks, 1997). Researchers from New Zealand 

suggested that Carwell may be allelic with Callipyge; however the precise position of 

the gene that is mutated in Carwell remains undefined (Cockett et al., 2005). Recent 

evidence suggests that the inheritance pattern in Carwell animals is similar to that in 

Callipyge shee (personal communication with Tony Vuocolo, CSIRO, Brisbane, and 

Greenwood et al., 2006a). 

1.2.11.2   Texel 

Since the late 1930s, Texel sheep have been known for their carcass yield and the 

leanness of their loin muscle (Leymaster and Jenkins, 1993). Texel sheep belong to 

the ancient “Polder Sheep” group originating from Texel, an island off the North Sea 

coast of Holland (Duncan, 1994). Studies in Belgium and New Zealand suggest that 

the myostatin gene is involved. Other studies indicated that the presence of a gene 

located on chromosomes 2 and 18, was consistent with increased muscling in Texel 

sheep (in Australian, Belgian, British and New Zealand Texel sheep) having effects on 

muscle and fat depth (Marcq et al., 1998, Marshall et al., 1999, Nicholl et al., 1998, 
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Cockett et al., 2005). This mutation increases both LD cross-sectional area and weight 

of muscle at the twelfth rib (Nicholl et al., 1998, Walling et al., 2004). Texel rams 

produce lambs with approximately 6% greater muscle than Suffolk lambs (Leymaster 

and Jenkins, 1993). Recently, Texel sheep were shown to have a characteristic single 

(G to A) nucleotide polymorphism (SNP) in the 3' untranslated region (UTR) of growth 

differentiation factor 8 (GDF8 or myostatin). This polymorphism on chromosome 2 

creates an illegitimate target site for microRNA, mir-1 and mir-206 that are highly 

expressed in Texel muscle compared to Suffolk sheep. This inhibits translation of the 

myostatin gene contributing to muscle hypertrophy in Texel sheep (Clop et al., 2006, 

Cockett et al., 2005). 

1.2.11.3   Callipyge 

1.2.11.3.1  History 

In 1983 a ram that possessed extreme muscling in its hindquarters was identified in the 

commercial Dorset flock at Moffat Farms (Oklahoma, USA). This phenotype was 

inherited by some of his offspring and next generations. At the time it was suggested 

that the phenotype was a heritable neomutation. Callipyge is derived from the Greek 

words καλι (calli-, beautiful) and πιγε (-pyge, buttocks), to describe the extreme 

muscling phenotype observed in the affected sheep (Cockett et al., 1994) (Figure 1.8). 
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Figure 1.8: Appearance of Callipyge phenotype in sheep. Rambouillet normal (NN) sheep 
(two on the left), and Callipyge (CN) sheep (two on the right). Arrows denote distinctive 
hypertrophic hindquarter muscle (Sainz, 2001). 

 

Callipyge lambs are born without muscle hypertrophy (Jackson et al., 1997a). The 

muscle hypertrophy first occurs 3-6 weeks after birth (Koohmaraie et al., 1995) and at 

the time of slaughter (169 days of age) live-weights of Callipyge and normal 

Rambouillet sheep are similar. However the muscles, particularly those of the pelvic 

limbs (or thigh muscle) like the semimembranosus (SM) and semitendinosus (ST) 

muscles), are significantly heavier in Callipyge lambs with a 40% increase in total 

muscle weight when compared to normal sheep (Cockett et al., 1994, Koohmaraie et 

al., 1995, Jackson et al., 1997a, Jackson et al., 1997c, Georges et al., 2003) (Figure 

1.10). Callipyge sheep have an increased proportion and average diameter of fast-

twitch, glycolytic muscle fibres (type II B) in the hypertrophy-responsive muscles such 

as semitendinosus and longissimus dorsi (LD), correlating with an increase of 34% in 

the cross-sectional area of these muscles (Koohmaraie et al., 1995, Carpenter et al., 

1996). Muscle moisture content is similar between Callipyge and normal sheep, 

however there is more protein and 7% less fat in Callipyge lamb carcasses compared 

to normal lamb carcasses (Jackson, 1993). The Callipyge sheep display superior feed 
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efficiencies and a lower average daily feed intake, resulting in lower production 

expenses (Jackson et al., 1997b). Biochemical characterisation of the Callipyge lamb 

has been limited to muscle. Expression of m-calpain and calpastatin is 45% and 82% 

higher respectively in Callipyge lamb compared to Dorset lamb. The higher level of m-

calpain and calpastatin is linked to increased meat toughness in Callipyge lamb (as 

measured by Warner-Bratzler shear force test) (Duckett et al., 2000, Duckett et al., 

1998b, Duckett et al., 1998a). Overall, Callipyge sheep provide a great opportunity to 

study muscle development and the genes and cellular pathways that affect post-natal 

muscle hypertrophy. This information may possibly benefit the production of all 

livestock species. 

1.2.11.3.2  Model of inheritance 

In 1996 it was demonstrated that the Callipyge phenotype has a unique inheritance 

pattern. Dorset-Suffolk-Rambouillet cross-breed sheep were bred at Utah State 

University. Matings were used to produce the genotypes for transcript profiling 

comparisons, particularly the genotypes NpatNmat (NN) and CpatNmat (CN), where NN is 

the wild-type and CN is the paternal heterozygote. The hypertrophic phenotype was 

only apparent in the paternal heterozygote CN and this mode of inheritance was given 

the designation of “polar overdominance” (Cockett et al., 1996). The three remaining 

genotypes, normal wild-type (NN), maternal heterozygote (NC) and homozygote (CC), 

do not display the hypertrophic phenotype (Cockett et al., 1996, Cockett et al., 1994, 

Freking et al., 1998, Vuocolo et al., 2007) (Figure 1.9). 
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1.2.11.3.3  Polar Overdominance 

 

Figure 1.9: Inheritance of the hypertrophic Callipyge (CN) phenotype in Dorset-Suffolk-
Rambouillet sheep (by polar overdominance). Each of the four possible genotypes are 
denoted by a box within the Punnett square (adapted from (Cockett et al., 1999)). The genotype 
CN, that carries the paternal gene mutation, is the only genotype that exhibits the Callipyge. 
This phenotype is illustrated in the CN box (boxed in red). The non-Callipyge phenotype is 
represented by the same individual sheep in the NN, NC and CC boxes (Cockett et al., 1996, 
Freking et al., 1999). 

 

For example, mating experiments between a NN or CN ram with a CN ewe showed 

that all offspring from the first cross were not of the hypertrophic phenotype (Cockett et 

al., 1996). Mating of a CN ram with a NN ewe gave a 50% ratio of the Callipyge 

phenotype (Cockett et al., 1996). The latter result revealed the ‘polar’ nature of the 

inheritance of the Callipyge phenotype which is influenced by parental origin (Cockett 

et al., 1996). In the cross of a CN ram with a heterozygous ewe (NC), 29% of the 

offspring exhibited the Callipyge phenotype whilst 71% were normal (Cockett et al., 

1996). This differs significantly from the expected phenotypic ratio (75% Callipyge 

versus 25% normal) for a typical monohybrid cross assuming that the Callipyge 

mutation is dominant. Furthermore, the mating of phenotypically normal NC rams to 

NN 

CN CC 

NC 
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normal (wild-type) NN ewes further demonstrated the polar overdominant nature of 

Callipyge inheritance. This cross yielded a total of 56.5% Callipyge and 43.5% normal 

lambs. This indicated that the Callipyge allele was reactivated upon passage through 

the male germ-line. Moreover, the grandparental origin of the Callipyge and wild-type 

alleles did not appear to influence the phenotype of the offspring (Cockett et al., 1996).  

1.2.11.3.4  Callipyge meat quality and yield 

Callipyge sheep carcasses have higher dressing percentages, larger LD muscle areas, 

superior lean composition and higher leg scores (Koohmaraie et al., 1995, Jackson et 

al., 1997a). Skeletal muscle throughout the body of a Callipyge sheep exhibits differing 

degrees of enlargement depending on its location. Callipyge carcasses such as leg, 

loin, rack, and shoulder have greater yield by 11.8%, 4.7%, 2.5%, and 2.3% 

respectively, compared to normal muscled lambs (Busboom et al., 1999) (Figure 1.10). 
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Figure 1.10: Carcass appearance of wild-type and Callipyge Sheep. Callipyge carcass 
(right) has higher leanness and more meat yield compared to wild-type sheep (left). 
Longissimus dorsi (LD), semitendonosis (ST), semimembranosis (SM), and supraspinatus (SS) 
(Meat and Livestock Australia., 2006) and (Thanks to Vuocolo and White from Sheep 
Genomics). 

  

Callipyge carcasses also have a significantly lower fat content (marbling scores), with 

an approximate 7% decrease compared to normal sheep (Jackson et al., 1997b, 

Freking et al., 1999). This is a desirable quality for health conscious consumers. 

However Callipyge meat is reported to be tougher than normal sheep meat. Toughness 

has been rated as the most important characteristic of meat quality when it comes to 

consumer satisfaction (Oddy et al., 2001) rating it as one of the most important meat 

quality issues in meat industries. Toughness in meat relates to three main components; 

myofibres, connective tissue, and fat in the animal (Harper, 1999). Interestingly, 

literature generally states that muscle hypertrophy in animals, albeit artificial 

hypertrophy (manipulation by man) or hypertrophy by nature (natural mutation), almost 

always increases toughness (Harper, 1999). Higher meat yield is therefore always 
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accompanied by increased chewiness. This is not the case with meat from double 

muscled cattle (Greenwood et al., 2006a).  

Thus, the genetic basis of this inheritance and the molecular mechanisms responsible 

for hypertrophy in Callipyge sheep provide an exciting research opportunity to improve 

the basic knowledge of factors that are involved in muscle growth, carcass leanness, 

meat yields, and meat toughness. This information may help to improve meat yield, 

feed efficiency, and eating quality (tenderness), and may help to lower production 

costs, benefiting the Australian sheep meat industry. 

1.2.11.3.5 Callipyge mutation gene expression 

The causative Callipyge allele is a single nucleotide polymorphism that was mapped to 

the distal end of the sheep (ovine) chromosome 18 (OAR 18) (Cockett et al., 1994, 

Freking et al., 1998, Shay et al., 2001). The Callipyge mutation is located in an 

intergenic region of a cluster surrounding seven imprinted genes on chromosome 18 

(OAR 18 ): (1) GTL2 (Gene-Trap Locus 2), (2) DLK1 (Delta-like 1 homolog 

Drosophila), (3) DAT (DLK1 Associated Transcript) , (4) PEG11 (Paternally Expressed 

Gene 11), (5) PEG11as (Paternally Expressed Gene 11 antisense strand), (6) MEG8 

(Maternally Expressed Gene 8), and (7) Dio3 (homolog type 3 iodothyronine 

deiodinase) imprinted genes (Charlier et al., 2001b) (Figure 1.11) (Cockett et al., 1994, 

Segers et al., 2000, Fahrenkrug et al., 2000, Charlier et al., 2001a, Shay et al., 2001, 

Berghmans et al., 2001, Freking et al., 2002). 
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Figure 1.11: Callipyge mutation location. The Callipyge mutation has been mapped to sheep 
chromosome 18 (OAR18) and enhances the expression of a cluster of imprinted genes DLK1, 
DAT, GTL2, PEG11, PEG11as, MEG8 and Dio3 (based on a diagram by (Vuocolo et al., 
2007)). DLK1 and PEG11 expression is exclusively from the paternal allele in the LD muscle of 
8-week old CN lambs, while GTL2, antiPEG11 and MEG8 are maternally expressed in the same 
tissues (Charlier et al., 2001a, Bidwell et al., 2004, Perkins et al., 2006, Vuocolo et al., 2007). 

 

1.2.11.3.6 Delta-like 1 (Dlk1): 

Dlk1 is a transmembrane and secreted protein that is a member of an epidermal 

growth factor like family, homologous to Notch/Delta/Serrate. It is widely known that 

Dlk1 functions in the development of adipocytes (Smas and Sul, 1997, Garces et al., 

1999). 

In Callipyge, Dlk1 is a paternally imprinted transcript located upstream of the Callipyge 

locus (Charlier et al., 2001a) and is associated with Callipyge muscle hypertrophy 

(Davis et al., 2004, Murphy et al., 2005). The specific role of Dlk1 in muscle growth 

remains unclear. However, a study of Dlk1 knock-out mice showed an increase in 

adipocyte and skeletal abnormalities (Moon et al., 2002). Another study also showed 

that a Dlk1 mutation in pigs resulted in an increased lean muscle mass and decreased 

adiposity (Kim et al., 2003). Dlk1 also plays an important role in muscle hypertrophy of 

Callipyge sheep (White et al., 2008) and Callipyge satellite cells (Lavulo et al., 2008). 

1.2.11.3.7  Genotype to phenotype mechanisms 

Changes in proportions of myosin fibre types in Callipyge muscle appear to be one 

factor that contributes to hypertrophy in these sheep. Compared with wild-type sheep, 
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Callipyge (and Carwell) sheep have a lower proportion of slow-twitch type I oxidative 

and type IIa fibres compared to type IIb (Carpenter et al., 1996) and type IIX 

(Greenwood et al., 2009) fast-twitch glycolytic fibres in the hypertrophic LD and SM 

muscles. This suggests that the Callipyge sheep mutation results in more fast-twitch 

type IIb muscle fibres and an increased glycolytic metabolism. The study of glycolytic 

oxidation in the skeletal muscles of mice lacking thioredoxin interacting protein isoform 

2 (TXNIP), a protein important for maintaining and protecting the cell from oxidative 

damage, reported more glycolytic oxidation and higher levels of activated 

PI3K/Akt1/p70S6K in the IGF-1 pathway (Hui et al., 2008). Transgenic mice with 

activated PI3K/Akt1/p70S6K expression in muscle tissue showed increased muscle 

hypertrophy in the fast-twitch type II fibres and a decrease in adipose (fat) tissue in 

those muscles (Izumiya et al., 2008). Because of this relationship between fast-twitch 

hypertrophic myofibres and less fat in muscle fibres due to activation of the 

PI3K/Akt1/p70S6K pathway, combined with the fact that the IGF-1/PI3K/Akt1/p70S6K 

signalling pathway plays a central role in many examples of muscle hypertrophy (refer 

to section 1.2.9), it was hypothesised that this pathway may also be involved in the 

Callipyge stimulus of muscle hypertrophy. Thus the role of this pathway was 

investigated in vitro using a hypertrophic Callipyge sheep muscle model. 

1.2.12  The IGF-1 signalling pathway in muscle hypertrophy 

stimulated by exercise and growth. 

It is well established that skeletal muscle hypertrophy that increases the weight or 

cross-sectional area of muscle, can result from muscle overloading induced either by 

growth, surgical manipulation, or by training (including physical exercise and weight-

lifting) (Figure 1.12A) (Tesch and Larsson, 1982, Smith, 2000). This post-natal 

hypertrophy, or increase in muscle mass, results from the enlargement of individual 

muscle fibres (Goldberg et al., 1975) (Figure 1.12A and B) (Hoffman and Nader, 2004). 

Hypertrophy of skeletal muscle fibres can also occur in response to exogenous or 



53 

 

transgenic IGF-1 (Paul and Rosenthal, 2002). Administration of systemic or 

intramuscular IGF-1 in adult rat muscle resulted in muscle hypertrophy by eight weeks, 

due to increased muscle fibre diameter without an increase in the number of muscle 

fibres (hypertrophy) (Gollnick et al., 1981, Hoffman and Nader, 2004, Adams and 

Haddad, 1996, Adams and McCue, 1998, Sakuma et al., 2000, Adams et al., 1999, 

Keller et al., 1999, DeVol et al., 1990, Musaro, 2005, Musaro et al., 1999, Musaro et 

al., 2001, Musaro et al., 2004). Additional studies have been performed in mice 

(Coleman et al., 1995, Shavlakadze and Grounds, 2006, Shavlakadze et al., 2004a, 

Shavlakadze et al., 2004b, Ridgley et al., 2008), chicken embryos (Vandenburgh et al., 

1991),and in humans (Bamman et al., 2001). Addition of exogenous IGF-1 to induce 

muscle hypertrophy in tissue culture is the main in vitro model of muscle hypertrophy 

investigated in the present study. 

 

Figure 1.12: Increased muscle mass due to physical exercise/weight lifting. Exercise 
activates the IGF-1 pathway and PI3K/Akt1/p70S6K, resulting in muscle hypertrophy.  
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1.3  IGF-1 and its signalling pathways 

1.3.1 IGF-1 isoforms and their distribution in muscle 

Insulin-like growth factor-1 (IGF-1) is a polypeptide hormone similar in structure to 

insulin. It is found mainly in the liver as an endocrine hormone but is also produced by 

many other tissues including muscles where it targets tissues in a paracrine/autocrine 

fashion. IGF-1 consists of 70 amino acids in a single chain with three intramolecular 

disulfide bridges. It has a molecular weight of 7649 Daltons and has at least six binding 

proteins (IGF-BP)(Shavlakadze et al., 2005).  

The IGF-1 gene structure is complex with transcription regulated by multiple promoters 

capable of producing at least four different IGF-1 precursor protein isoforms 

(Shavlakadze et al., 2005). Variation in IGF-1 gene expression in muscle is based on 

site specific alternative splicing of the gene. The gene spans 70kb of genomic DNA and 

is divided into six exons (separated by five introns) (Shavlakadze et al., 2005). Exons 1 

and 2 termed as leader exons; exons 1 are called class I exons and exons 2 are called 

class II exons (Goldspink and Yang, 2004, Shavlakadze et al., 2005). Two isoforms 

relevant to hypertrophy have been reported; IGF-1Ea (termed muscle IGF-1) is 

produced by the liver; and IGF-1Eb (termed mechano-growth factor) is induced by 

damage or loss of skeletal muscle (Hameed et al., 2004, Hameed et al., 2003). A study 

investigating IGF-1 mRNA and protein, confirmed that the liver is not the only source of 

IGF-1 (Adams and Haddad, 1996). Genetically modified mice lacking IGF-1 or its 

receptor had reduced muscle cell mass from birth to 3 weeks of age, due to a delay in 

the proliferation and differentiation processes in skeletal muscle cells (Fernandez et al., 

2002). 

IGF-1 binds to at least two cell surface receptors: the IGF type-1 receptor (rIGF) and 

the insulin receptor. The IGF type-1 receptor is a transmembrane receptor and appears 

to be the "physiological" receptor, as IGF-1 binds to this receptor with a significantly 

higher affinity than to the insulin receptor (Ullrich et al., 1985). Both the rIGF and insulin 

http://en.wikipedia.org/wiki/Polypeptide�
http://en.wikipedia.org/wiki/Hormone�
http://en.wikipedia.org/wiki/Molecular_structure�
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receptor belong to the tyrosine kinase receptor family (Ullrich et al., 1985). This family 

of receptors mediate their activity by phosphorylating specific tyrosines within a target 

protein and inducing a cell signalling cascade. For instance, when IGF-1 binds to rIGF 

it causes phosphorylation of the receptor and in turn activates the IGF-1 signalling 

pathway as described in section 1.3.2. 

IGF-1 plays an important role during postnatal development. In young adults, 

maintenance of muscle mass is due to the anabolic effects of IGF-1, whilst the 

maintenance of articular bone and cartilage is through IGF-1 regulation of proteoglycan 

synthesis in the extracellular matrix (Bonassar et al., 2000). IGF-1 also plays an 

important role in the nervous system stimulating postnatal brain growth (Lee et al., 

1999, Gao et al., 1999) and promoting neuron survival (Dentremont et al., 1999). 

However in mature adults, growth hormone and circulating IGF-1 is decreased. Thus it 

seems unlikely that increased systemic IGF-1 results in muscle hypertrophy. Muscle 

hypertrophy in mature mammals instead possibly results from activation of the IGF-1 

signalling pathway (Oliver et al., 2005). 

1.3.2 IGF-1 signalling pathway 

Studies have shown that IGF-1 signalling is induced in response to local skeletal 

muscle hypertrophy and muscle regeneration in mice, rats and many other species 

both in vitro and in vivo through activation of the following pathways (Figure 1.13): the 

MAP kinase (Ras-Raf-MER-ERK, MAPK) pathway involving extracellular regulated 

kinase (ERK) and mitogen activated protein kinase (MER) (mainly involved in cell 

proliferation) (Figure 1.13A); the PI3K/AKT1/p70S6K (phosphatidylinositol 3-kinase) 

pathway (for cell differentiation and hypertrophy) (Figure 1.13B) and the protein 

degradation pathway (atrophy) (Figure 1.13 C) (Adams and McCue, 1998, Coleman et 

al., 1995, Florini et al., 1986, Glass, 2003a, Musaro and Rosenthal, 1999a, 

Shavlakadze and Grounds, 2006). 
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Figure 1.13: IGF-1 signalling pathways. The pathway that results in (A) muscle cell growth 
(proliferation), (B) cell differentiation and hypertrophy and (C) cell atrophy. The key molecules 
that will be investigated in the present study are indicated with an (*) and include PI3K, Akt1, 
p70S6K, FOXO1, MuRF1, MaFbx. Pathways (B) and (C) are the two main pathways relevant to 
the present study. Please note that (A) involves cell proliferation and will not be discussed 
further or investigated in this study. 

 

1.3.2.1 PI3K/Akt1/ p70S6K Kinase muscle hypertrophy pathway  

Phosphatidylinositol 3-kinase (PI3K) is a protein kinase that plays a crucial role in a 

broad range of cellular functions in response to extracellular signals. A key downstream 

effector of PI3K is the serine/threonine kinase Akt1 (Akt1), which in response to PI3K 

activation, phosphorylates and regulates the activity of a number of targets including 

kinases, transcription factors and other regulatory molecules (Paez and Sellers, 2003).  

The binding of IGF-1 to its cognate receptor (rIGF1) leads to receptor activation and 

autophosphorylation of tyrosine residues, leading to the recruitment of PI3K to the 

membrane and stimulation of PI3K activity. Once activated and localized to the 
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membrane, the PI3K catalyses the conversion of phosphatidylinositol-3,4-bisphosphate 

(Ptdns-4,5-P2) to phosphatidylinositol-3,4,5-triphosphate (Ptdns-3,4,5-P3). These 

specialized lipids serve to recruit the proteins Akt1 and phosphoinositide-dependent 

protein kinase (PDK) to the plasma membrane. After recruitment to the membrane, 

Akt1 is phosphorylated (p-Akt1) and consequently activated by PDK. Akt1 

phosphorylates multiple proteins (via serine and threonine residues) such as 

mammalian target of rapamycin (mTOR) and 70 kDa S6 kinase (p70S6K) carries out 

its role as a key regulator of a variety of critical cell functions including glucose 

metabolism, cell proliferation, differentiation, and survival (see Figure 1.13) (Glass, 

2003b). 

Activation of the PI3K/Akt1 signalling pathway induces protein synthesis (Bodine and 

Still, 2001, Rommel et al., 2001), myoblast fusion, differentiation, and myotube 

hypertrophy in both C2C12 and human muscle cells (Li et al., 2000, Kaliman et al., 

1996). In C2C12 cells, activated PI3K stimulates phosphorylation of the protein kinase 

Akt1, inducing protein synthesis and phosphorylation of PHAS-1/4E-BP1 

(Phosphorylated, Heat and Acid Stable regulated by Insulin), releasing it from the 

inhibitory factor eukaryotic translation initiation factor 4E (eIF4E). This allows eIF4E to 

bind to eIF4D and promote translation (Rommel et al., 2001). Further downstream of 

Akt1, IGF-1 directly activates mTOR subsequently activating p70S6K and protein 

synthesis as shown in studies involving the HEK293 cell line (Burnett et al., 1998). On 

the other hand, inhibition of this PI3K/Akt1/p70S6K pathway with rapamycin, a specific 

inhibitor of mTOR, completely inhibits the hypertrophic growth of C2C12 muscle cells 

(Bodine and Still, 2001) (Figure 1.13C). C2C12 muscle cell studies showed that over 

expression of IGF-1 induced muscle hypertrophy leading to increased activation of 

protein synthesis (Coleman et al., 1995). Also, mice that lack Akt1 are smaller than 

normal mice, thus supporting a role for Akt1 in body growth (Chen et al., 2001). 
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In addition, activated PI3K inhibits a protein synthesis inhibitor, glycogen synthase 

kinase 3β (GSK-3β), resulting in protein synthesis (Cross et al., 1995). Furthermore, 

C2C12 cell studies show that inhibition of GSK3β is able to induce hypertrophy in 

skeletal myotubes (Rommel et al., 2001). Conversely, atrophy in skeletal muscle is 

characterised by a decrease in Akt1 activity (Sugita et al., 2005). Activated Akt1 plays 

an important role in the inhibition of skeletal muscle atrophy by inactivating the FOXO 

transcription factors. (Sandri et al., 2004, Stitt et al., 2004, Shavlakadze and Grounds, 

2006). This excludes FOXO proteins from the nucleus and prevents transcription of 

mediator atrogin-1 (also called Muscle Atrophy F-box (MAFbx)), and of Muscle RING 

Finger 1 (MuRF1), that normally induces skeletal muscle cell atrophy in C2C12 

myotubes (Stitt et al., 2004). 

1.3.2.2 FOXO1/ MuRF1/ MaFbx muscle atrophy pathway  

Muscle atrophy or muscle wasting is the opposite of hypertrophy. Muscle atrophy is a 

major feature of many health problems related to aging, starvation, immobilisation, 

denervation, cancer, and diabetes. It is the process involving the loss of skeletal 

muscle mass and strength characterised by protein breakdown (e.g. by activating 

atrogin, the E3 ubiquintin ligase MuRF1 (muscle RING finger protein 1)) (Figure 

1.13C). Muscle atrophy results from the action of factors such as glucocorticoid 

(Thompson et al., 1999, te Pas et al., 2000a), thyroid hormones (Rooyackers and Nair, 

1997, Balagopal et al., 1997), and growth inhibitors (Ma et al., 2003). 

Muscle atrophy results primarily from accelerated protein degradation and is 

associated with increased expression of two muscle-specific ubiquitin-ligases, MuRF1 

(atrogin-1) and MaFbx (Bodine et al., 2001, Gomes et al., 2001, Shavlakadze and 

Grounds, 2006, Sandri, 2008). Glucocorticoid are essential for many types of muscle 

atrophy as shown in studies involving C2C12 myoblasts (Sacheck et al., 2004), and 

rats (Kayali et al., 1987). Dexamethasone (Dex) is a potential synthetic member of the 

glucocorticoid family. In myotubes, dexamethasone inhibits growth and enhances the 
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breakdown of long-lived cell proteins increasing the expression of MuRF1 and MaFbx 

leading to muscle atrophy (Wang et al., 1998, Gomes et al., 2001, Bodine et al., 2001). 

Conversely, IGF-1 suppressed protein degradation (Goldberg, 1969) and prevented the 

dexamethasone increase in proteolysis by reducing MuRF1 and MaFbx expression 

(Sandri et al., 2004, Bodine and Still, 2001, Stitt et al., 2004, Latres et al., 2004, Zhang 

et al., 2007). Activation of PI3K/Akt1/p70S6K pathway inactivates the FOXO 

transcription factor excluding FOXO proteins from the nucleus to the cytoplasm, 

preventing their MuRF1 and MaFbx transcriptional functions (Sandri et al., 2004, Stitt et 

al., 2004, Shavlakadze and Grounds, 2006, Sandri, 2008) and leads to muscle atrophy 

(Rommel et al., 2001, Zhang et al., 2007) as indicated by the detailed pathways in 

Figure 1.13. To date, very few aspects of the IGF-1 signalling pathways have been 

studied in ovine muscle cells. 

Callipyge ovine cells are characterized by hypertrophy of myotubes when compared to 

unaffected (wild-type) ovine cells (results of Chapters 4 and 5 in this thesis and (Lavulo 

et al., 2008)). Therefore, it is hypothesized that CN ovine cells will be less responsive 

to dexamethasone induced atrophy when compared to NN through the suppression of 

transcription factors MuRF1 and MaFbx expression, leading to loss of total protein 

content. These novel findings together might shed more light on the impact of the 

Callipyge mutation on the metabolic networks important for maintenance of muscle 

mass. 

1.4 Aims 

The aim of this study was to understand some of the molecular pathways involved in 

hypertrophy resulting from the Callipyge mutation by culturing ovine cells established 

from hypertrophy affected skeletal muscle (ST) of Callipyge (CN) and wild-type (NN, 

non hypertrophic phenotype which do not carry the Callipyge mutation, see section 

1.2.11.3.2) sheep. This approach was selected because muscle cells are very easy to 

manipulate and study in cell culture and there is a vast amount of literature available 
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about the molecular signalling in these cultured muscle cells. Also Callipyge sheep are 

not available within Australia thus tissue samples are very limited. Hypertrophy in 

Callipyge muscle may be the result of either increased protein synthesis or reduced 

protein degradation, or a mixture of both of these processes. Although many studies 

link IGF-1 and muscle hypertrophy; there is no comprehensive research involving IGF-

1 signalling pathways as mediating the muscle hypertrophy in Callipyge sheep models; 

thus this research is novel. It is hypothesized that Callipyge muscle hypertrophy 

involves activity of the classic IGF-1 signalling pathways. The present study therefore 

investigates protein synthesis related to PI3K/Akt1/mTOR/p70S6K (Figure 1.13B) and 

protein degradation related to FOXO1/MuRF1/MaFbx (Figure 1.13C). There are three 

specific Aims in this thesis: 

Aim 1: Establish cell culture methodology using C2C12 mouse myoblast cell line 

• Establish growth conditions for optimal cell differentiation and myoblast 

formation; 

• Determine appropriate IGF-1 concentration for cell treatment; 

• Establish creatine kinase (CK) activity assay and measure CK activity in 

myotube cultures; 

• Establish methodology to determine myotube size (width and total number of 

myonuclei per myotube); 

• Measure activation (phosphorylation) of the IGF-1 pathway, specifically Akt1 

and p70S6K; 

Aim 2: Characterise the primary muscle cultures derived from the sheep muscles 

• Confirm that the primary cell cultures are myogenic by staining for the muscle 

specific cytoskeletal protein desmin; 
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• Confirm the genotypes of the wild-type and Callipyge muscle cell cultures; 

• Quantitated the level of gene expression (mRNA) for desmin, α-actin and Dlk1 

(a marker of the Callipyge mutation) in the muscle cell cultures; 

• Count cell numbers (as an indication of myoblast proliferation); 

• Measure muscle creatine kinase activity (as a marker of differentiation) in the 

muscle cell cultures. 

Aim 3: Investigate endogenous protein synthesis via the IGF-1 pathway (B) (Figure 

1.13B) in the differentiated myotubes and the impact of exogenous IGF-1 on the CN 

and NN muscle cell cultures 

• Measure creatine kinase activity in myotube cultures; 

• Measure the size of myotubes (width and total number of myonuclei per 

myotube); 

• Measure activation (phosphorylation) of the IGF-1 pathway, specifically Akt1 

and p70S6K; 

• Quantitated the level of gene transcription for Dlk1 (associated with the 

Callipyge mutation) and hypertrophy genes such as PI3K, Akt1, mTOR, 

p70S6K, plus protein degradation genes such as MuRF1 and MaFbx. 

Aim 4: Investigate the endogenous protein degradation pathway (C) and the impact of 

adding dexamethasone to the myotubes in the CN and NN muscle cell cultures 

• Measure creatine kinase activity in the myotube cultures; 

• Measure the size of myotubes (width and total number of myonuclei per 

myotube); 
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• Measure activation of the protein degradation pathway and specifically the 

protein levels of FOXO1; 

• Measure the level of gene transcription of MuRF1 and MaFbx. 

Through all of these studies I hope to develop an understanding of muscle hypertrophy 

in sheep that can be useful to the Australian sheep industry. 
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2 GENERAL MATERIALS AND METHODS
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2.1 Materials 

2.1.1 C2C12 cell line 

C2C12 cells were obtained from the American Type Culture Collection (ATCC). The 

cells are an immortalised mouse myoblast cell line derived from the thigh muscle of a 

normal adult mouse of the C3H strain (product information sheet Cat # CRL-1772, 

ATCC) (Nakajima et al., 2006). C2C12 cells differentiate rapidly and produce extensive 

contractile myotubes expressing proteins that are characteristic of skeletal muscle. 

2.1.2 Primary muscle cells 

Wild-type and Callipyge primary sheep muscle cultures were from semitendinous 

muscle, and were investigated at passages 10 to 19 (P10-19). These primary cells 

were a generous gift from Prof Eleanor Mackie (University of Melbourne). Initial 

establishment of the cell cultures was kindly done by Dr Jason White, Dr Lopeti Lavulo 

and Dr Charles Pagel, with the support of Prof Noelle Cockett who provided access to 

three, 120 day-old male lamb foetuses, of each genotype (label as wild-type: NN 

#5001, #5003, #5007 and Callipyge: CN#5029, #5030, #5031 animals) at Utah State 

University (Lavulo et al., 2008). The NN genotype was achieved by mating 

homozygous wild-type sires and dams. The CN genotype was achieved by mating 

homozygous clpg sires with wild-type dams whereby all heterozygote offspring 

produced will present the Callipyge phenotype.  

Semitendinosus (ST) muscle was collected at this time point due to availability of the 

sample. The Callipyge phenotype does not present until 4-6 after birth, however it was 

assumed that myoblasts derived from this time point will provide a reliable model of 

myogenesis. This was confirmed by the successful differentiation of cells in culture as 

evidenced by the formation of myotubes and induction of creatine kinase activity. 
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2.1.3 Cell culture flasks and plates 

All cell culture flasks and plates were products of NUNC, USA. 

2.1.4  Cell culture reagents 

The following cell culture reagents were products of Gibco BRL (USA): Dulbecco’s 

modified Eagle’s Medium (DMEM), Foetal bovine serum, Penicillin/streptomycin 

antibiotic solution; sterile phosphate buffered saline; Trypsin/EDTA; L-glutamine; 

Amphotericin B; and Collagenase type 3. The CellTiter 96® Aqueous One cell 

Proliferation Kit was a product of Promega (USA). 

2.1.5 Chemicals 

All chemicals used were of analytical or HPLC grade, and were supplied by the 

following companies: 

Table 2-1: List of Antibodies: List of general reagents and suppliers 

Product name  Supplier Country 

40% Acrylamide/Bis Solution 37.5:1 Bio-Rad USA 

Acetic Acid Merck Pty Ltd USA 

Ammonium persulphate Bio-Rad USA 

Ampicillin  USB USA 

BCA Protein Assay Pierce USA 

Big Dye Terminator Sequencing Mix v3.1 Applied Biosystems  USA 

Brilliant blue R (Coomassive blue) Sigma-Aldrich USA 

Calcium Chloride Sigma-Aldrich USA 
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CK-NAC Reagent-IFCC Thermo Electron Australia 

Collagenase Type-1   CalBioChem USA 

Dexamethasone Sigma-Aldrich USA 

Dimethylsulphoxide (DMSO)  Ajax Chemicals Australia 

Dichloro-Diphenyl-Trichloroethane (DDT)  Sigma-Aldrich USA 

DNA marker (1kb plus DNA ladder) Invitrogen USA 

Ethylenediaminetetraacetic acid (EDTA) Ajax Chemicals Australia 

Ethanol Ajax Chemicals Australia 

Formaldehyde Ajax Chemicals Australia 

Gelatin (porcine skin) Sigma-Aldrich Australia 

Glycerol Sigma-Aldrich Australia 

Glycine BDH Chemicals Ltd Australia 

Hydrochloric acid Ajax Chemicals Australia 

Methanol Sigma-Aldrich Australia 

NE-PER® Nuclear Extraction Reagents Pierce USA 

N,N,N,N’-tetra-methylethylenediamine Bio-Rad USA 

Phosphate buffered saline Sigma-Aldrich USA 

QIAamp DNA mini Kit  Qiagen USA 
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RNeasy mini Kit Qiagen USA 

Sodium Dodecyl Sulphate (SDS) BDH Chemicals Ltd Australia 

Sodium acetate Ajax Chemicals Australia 

Sodium azide BDH Chemicals Ltd Australia 

Sodium chloride Sigma-Aldrich USA 

SYBR® Green PCR master mix Applied Biosystems  USA 

Triton X-100 ICN USA 

Tween 20 BDH Chemicals Ltd Australia 

Ultra- Tris Hydroxymethylaminomethane (Tris) ICN USA 

IGF-1 Recombinant murine  GroPep Australia 

IGF-1 Recombinant analog of human GroPep Australia 

IGF-1 Long R3 analog of human GroPep Australia 

 

2.1.6 Antibodies and Western blot reagents 

Table 2-2: List of Antibodies  

Antibody or 

reagent 

Supplier Catalogue / batch 

number 

Dilution in 

blocking 

solution 

Akt 1 Cell 

signalling/Danvers, 

# 9272 / 4, 10, 11 1:500 
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MA, USA 

Akt Control cell 

Extracts 

Cell 

signalling/Danvers, 

MA, USA 

#9273 / 2, 5 undiluted 

Phospho – Akt1 

(Ser 473) 

Cell 

signalling/Danvers, 

MA, USA 

# 9271 / 3, 5, 7 1:500 

mTOR Cell 

signalling/Danvers, 

MA, USA 

# 2983 / 1 1:500 

Phospho - mTOR Cell 

signalling/Danvers, 

MA, USA 

# 2974 / 2 1:500 

p70S6K  Cell 

signalling/Danvers, 

MA, USA 

# 9203 / 2, 5, 7, 1:500 

Phospho– 

p70S6K 

(Thr389) 

Cell 

signalling/Danvers, 

MA, USA 

# 9204 / 1, 4, 10 1:500 

Phospho-p70S6K 

(Thr421/Ser424) 

Cell 

signalling/Danvers, 

MA, USA 

#9204S 1:500 
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GAPDH Cell 

signalling/Danvers, 

MA, USA 

# 2118 / 1 1:1000 

IgG-HRP Cell 

signalling/Danvers, 

MA, USA 

# 7074 / 10, 16 1:2000 

Monoclonal anti-

Desmin antibody 

Sigma-

Aldrich/Missouri, USA 

#IMMH-5 1:200 

Pre-cast 4-20% 

gradient SDS-

PAGE gels 

IGel, USA #NH11420/ E7D152 not applicable 

Pre-stained SDS-

PAGE protein 

marker(6-130 

kDa) 

Bio-Rad, USA #161-0324 not applicable 

SuperSignal  Pierce/ Quantum  # 34080 / IC111195 not applicable 

 

2.1.7 Solutions 

SDS-PAGE running buffer: 10X stock, pH 7.8: 1.5% tris, 7.2% glycine, 0.5 % SDS 

TAE buffer – 50X stock: 2M tris, 1M acetic acid, 0.05 EDTA, pH 8.0 

TBS/Tween20 (TBST): 50mM Tris, 150mM NaCl, 0.1% Tween20, pH 7.8 

Transfer buffer: 20% methanol, 150mM NaCl, 7.2% Glycine 
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Blocking solution: 5% skim milk powder in TBST 

Cell lysate buffer: kit from Cell signalling 

RLT buffer: kit from RNeasy, Qiagen 

2.2 Methods 

All experiments were carried out in PC2 laboratory conditions. All pipette tips, 

glassware and consumables were sterilised before use. Centrifugation speeds were 

measured by relative centrifugal force (g). All experiments were conducted at room 

temperature unless stated otherwise. 

2.2.1  Cell culture 

All cell culture procedures were performed in a biohazard hood. To minimise 

contamination, all solutions and consumables were sterile. Unless otherwise stated, all 

cells were grown in a humidified chamber at 37ºC with 5% CO2.  

2.2.2 Cell culture media 

Growth media for C2C12: 

DMEM (Gibco-BRL, USA) supplemented with 10% FCS, 1% PSG (Gibco-BRL, USA). 

Growth media for primary cultures: 

DMEM (Gibco-BRL, USA) supplemented with 20% FCS, 1% PSG (Gibco-BRL, USA). 

Low serum media for cell differentiation (LSM): 

LSM is growth media containing 2% adult horse serum (HS, Gibco-BRL, USA) instead 

of 20% FCS. 

2.2.3  Gelatin coating 

To promote cell attachment and growth, culture flasks and plates (NUNC) were coated 
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with sterile 0.1% gelatin solution prepared using distilled RNase and DNase-free water. 

To coat the plastic, a layer of the gelatin solution was applied to the flasks and 

incubated at 37ºC for a minimum of 2 hours. The gelatin solution was removed and the 

flasks or plates were air-dried in the biohazard hood overnight. Prior to cell seeding, the 

flasks or plates were washed with phosphate buffered saline (PBS). 

2.2.4 Isolation of primary muscle cells  

This method was used to isolate primary muscle cells from three wild-type (NN) and 

three Callipyge (CN) sheep. This procedure was kindly performed by Dr Jason White 

(University of Melbourne) with the support of Prof Noelle Cockett who provided access 

to the NN and CN animals (Utah State University). Longissimus dorsi (LD) or 

semitendinosus (ST) muscles were collected from the carcass immediately after the 

animal was humanely slaughtered. Tissue samples were stored in 25mL of collection 

media: Hanks balanced salt solution (HBSS), 0.01% 1000U/mL 

penicillin/streptomycin/glutamine and 0.1% Amphotericin B and sat on ice for no longer 

than 2 hours. The muscle tissue was washed twice with HBSS and transferred to a 

35mm Petri dish, where any obvious fat, nerve and connective tissue were removed. 

The clean muscle tissues were then placed in 2mL of collagenase buffer: 0.1% 

collagenase type 3 in Dulbecco’s modified Eagle’s Medium (DMEM) and minced with 

sharp scissors until fine. The sample was then placed in 3mL of fresh collagenase 

buffer and incubated at 37ºC for 40 minutes, with stirring. The sample was centrifuged 

at 800g for 10 minutes to pellet and remove undigested tissue and cellular debris. 

Supernatants were decanted and pellets resuspended in 5mL 0.25% trypsin/EDTA and 

then incubated for 20 minutes at 37ºC, with agitation. The trypsin was inactivated by 

adding 5mL HBSS containing 20% fetal calf serum (FCS). After centrifugation at 800g 

for 10 minutes, the supernatant was decanted and cell pellet resuspended in growth 

medium: DMEM supplemented with 20% FCS, 1% PSG and 0.1% Amphotericin B. Cell 

suspensions were filtered through a 100µm cell strainer to remove undigested 
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connective tissue and larger cell clumps. Cells were then seeded into uncoated T25cm2 

flasks and incubated at 37°C for 1 hour. Cells remaining in suspension after the 

incubation were transferred to a 0.1% gelatin-coated T25cm2 flask. This step minimised 

the proportion of fibroblasts in these primary muscle cell cultures, which were now 

incubated for 24 hours. Finally, the cells were washed and fed with fresh growth 

medium and passaged for further studies. 

2.2.5  Cell growth and cryofreezing  

Both C2C12 cells and primary ovine muscle cells were grown in growth medium. Cells 

were grown until reaching approximately 50-60% confluence, as determined under a 

microscope. To passage, cells were incubated with 0.25% trypsin/EDTA for 5 minutes 

to detach the cells from the plastic surface. Trypsin was inactivated by the addition of 

growth media. Cells were centrifuged at 800g for 5 minutes and the cell pellet 

resuspended in growth medium for passage at 1:3 ratio. Alternatively, 1x106 cells were 

resuspended in 0.5mL growth media and added to 0.5mL 20% dimethyl-sulfoxide 

(DMSO) and 80% FCS for long term storage in liquid nitrogen. 

2.2.6 Cell culture and differentiation 

C2C12 or primary ovine cells were cultured in growth medium in T75 culture flasks or 6 

or 24 well plates until they were approximately 90-100% confluence. Once at this 

confluence, usually 3 days after seeding (proliferation day 3 (Pro D3)), the cells were 

differentiated to form multinucleated myotubes. Differentiation was induced by 

substituting growth medium with a low serum medium. Myotubes were cultured in LSM 

for 6-7 days after differentiation. 

2.2.7 IGF-1 treatment of cells 

Three days after differentiation (Diff D3) in LSM, C2C12 cells were treated with 50 

ng/ml of murine IGF-1 in LSM, whilst primary ovine cells received 10 ng/ml of human 

R3 long in LSM. Cells were fed daily with media containing IGF-1 for 3 additional days 
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until post-differentiation Day 6 (Diff D6). See section 2.2.9 for an overview flowchart. 

2.2.8  Dexamethasone treatment of cells 

Three days after differentiation (Diff D3) in LSM, cells were treated with 50, 100 and 

200 µM of dexamethasone (Dex) dissolved in LSM. Cells were fed daily with media 

containing Dex for 3 additional days until post-differentiation Day 5 (Diff D5). See 

section 2.2.9 for an overview flowchart. 

2.2.9 Flow chart of cell culture, treatments and sample 

collection 

 

 

 

90 - 100% confluent  
Myoblasts 
(Pro D3) 

Myotubes 
(Diff D3) 

Atrophy  
(Diff D5) Hypertrophy  

(Diff D6) 

Proliferation 
(3 days) 

Growth media 

Low serum media  Differentiation 
( 3 days ) 

IGF - 1  
added 

Low serum media  Low serum media  

Myotubes 
(Diff D5 or 6) 

Low serum media  

Dex 
added 

Myoblasts 
Proliferation 
(1, 2  days) Growth media 

Myoblasts 
Pro D1, 2) 

Figure 2.1: The flow chart of cell myogenesis, IGF-1 treatment and sample collection 
time points. Myoblasts were seeded onto culture plates in growth medium, called 
proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% 
confluent), low serum medium was used to induce the myoblasts to differentiation and fuse to 
form myotubes for 3 days (Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low 
serum medium ± IGF-1 was changed daily. Myotube cultures were collected after 3 days with 
± IGF-1 treatment (Diff D6) or 2 days with ± Dex treatment (Diff D5). 
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2.2.10 Determination of cell proliferation  

Cell proliferation was determined two ways. Firstly the CellTiter 96® AQueous (Promega, 

USA) assay is a colorimetric method for determining the number of viable cells. It is 

also known as the MTS assay based on the reagent tetrazolium. The assay was 

performed by adding 20µl/well of MTS/PMS solution to 96-well plates containing cells 

in 100µl media. Plates were then incubated at 37°c for 4-6 hours to allow assay colour 

development before absorbance was measured at 492nm in a Spectra Max Plus 384, 

Molecular Devices spectrophotometer. Plate blanks were included. 

2.2.11 Immunofluorescence 

C2C12 or primary ovine cells at 2 x104 were seeded on gelatine coated glass cover 

slips inserted into 24 well plates. Cells were washed with PBS, fixed in ice-cold 

methanol and stored at -20ºC until staining. Cover slips were washed with PBS to 

remove traces of methanol and re-hydrated for 1 hour at room temperature in cell 

blocking solution (30mg/ml bovine serum albumin and 0.01% Tween 20 in PBS). The 

primary antibody was diluted to its appropriate concentration in cell blocking solution 

and applied for 1 hour at room temperature. Cells were washed three times with 

washing buffer (PBS supplemented with 0.1% skim milk powder). Target proteins were 

visualised by incubation with a fluorescent-conjugated secondary antibody for 1 hour at 

room temperature. Cells were then washed three times with washing buffer and twice 

with PBS. Cover-slips were mounted onto microscope slides using Prolong Gold anti-

fade containing DAPI to counterstain the nuclei of the cells. Slides were stored at 4ºC. 

2.2.12 Cellular image analysis  

Cells were cultured at 2 x 104 on glass cover slips inserted into 24 well plates. Cellular 

treatments were applied in replicates of six. Myotubes at Diff D6 were fixed using ice 

cold methanol and stored at -20°C until image analysis. To visualise and measure the 

myotubes formed in culture, the fixed myotubes were stained with anti-desmin and 
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FITC (dilute 1:200) and counterstained with DAPI to visualise the nuclei. Three random 

images per slide were captured by the Axiophot microscope and the Axiovision 

software (Release 4.6) at 200x magnification. Per image, the widths of all myotubes 

were measured, the nuclei and the total number of cells counted. Per myotube, the 

widths were measured approximately every 5 mm (on screen) and perpendicular to the 

myotube wall (Figure 2.2). The average myotube width, the total number of cells 

(myotubes and myoblasts), and total number of myonuclei per myotube were 

determined in each culture. The data was then analysed as detailed in sub-section 

2.2.31. 

 

 

 

 

 

 

 

 

 

2.2.13 Creatine kinase assay 

The creatine kinase (CK) enzyme activity assay was used as one indicator of 

differentiation in muscle cells grown in culture. The CK assay was performed according 

to manufacturer’s instructions. Cells were seeded at 2 x 104 per well in 24 well plates 

(2.0 cm2 area per well) and treated with IGF-1 at Diff D3 (2.2.7). Following the IGF-1 

Figure 2.2: Images of muscle cells with Desmin (green) and DAPI (blue) stain in culture. (A) 
Representation of width (red lines) measurement per myotube (green). Please note, these lines were 
drawn by hand and therefore do not appear exactly perpendicular like those using the analytical 
software program. (B) Total number of myonuclei (blue) per culture. (C) Number of myonuclei per 
myotube. 50µm for each scale bar in image. Image captured at 200x magnification. 

A B 

C 

Myonuclei per 

myotube 
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treatment, cells were scraped off the plastic surface with a rubber cell scraper (Greiner 

Bio-One) and lysed in 50µL of 50mM Tris-MES-Triton X-100 buffer, pH7.8. Cells 

extract were homogenised by using the sonicator for 10 second per sample. Cell 

lysates were stored for up to two weeks at -80ºC. CK activity was measured by 

spectrophotometer following the Thermo Electron Corporation instruction and 

normalised using total protein concentration (as determined by the bicinchoninic acid 

(BCA) assay) (Foulstone et al., 2004). Total CK (U/ml) was converted to U per 1x106 

cells using a representative number of cells.  

2.2.14 BCA protein assay 

Cells were seeded at 2 x 104 per well in 24 well plate. Differentiation and IGF-1 

treatment was performed as described in sections 2.2.6 and 2.2.7. Protein samples 

were collected and kept at -80°C until analysis. Protein concentrations were 

determined using the BCA protein assay kit. Bovine serum albumin (BSA) was used to 

construct a standard curve. The assay was performed according to manufacturer’s 

instructions. Total protein content (mg/ml) was converted to mg of total protein content 

per 1x106 cells using a representative number of cells.  

2.2.15 Time course of C2C12 myogenesis. 

Cells were seeded at 2 x 104 in each of 24 well plates. The time course of myoblasts 

fused to form myotubes was monitored during C2C12 myoblast proliferation and 

myotube differentiation. Cells were grown in triplicate cultures, and sampling was 

carried out every day from day 1 (day 1=24 hours after cells were seeded and called 

Pro D1), to 6 days after cells were differentiated (called Diff D6). Samples were stored 

at -80°C until assayed. 

2.2.16  Preparation of cytosolic cell extracts 

C2C12 or primary ovine cells were collected from T150 cm2 culture flasks at Diff D6 

with and without IGF-1 treatment in 500 µl of lysis buffer, as described in sections 2.2.6 
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and 2.2.7. To prepare cytosolic extracts, cells were washed twice with PBS and 

harvested by scraping and homogenising the cells in 500µl of lysate buffer. The 

homogenates were centrifuged at 14,000g for 5 minutes at 4°C. The supernatant was 

collected and stored in aliquots of 100µl volumes and stored at -80ºC. The 

concentrations of the samples were determined using the BCA protein assay as 

described in section 2.2.14.  

2.2.17  SDS-PAGE 

Protein samples were denatured by addition of sample buffer under reducing 

conditions in NuPAGE LSD buffer with 150mM DTT and heating at 95°C for 5 min. Cell 

extracts were cooled in ice before loaded onto pre-cast 4-20% SDS-PAGE iGels along 

with a protein standard marker (MW range 204 to 6.6 kDa). Gels were electrophoresed 

in electrode buffer (25mM Tris-HCl, 250mM Glycine, 0.1% SDS, and pH8.6) in a mini-

protean 2 cell tank at 180V and at room temperature. 

2.2.18  Immunoblotting 

To detect specific proteins in the cellular samples, proteins were transferred from the 

SDS-PAGE gels onto PVDF membrane using a wet Western blot apparatus. The 

transfer was performed in transfer buffer (10 mM of Tris-HCL, 150 mM NaCl, 0.2% 

Tween 20, 40mM glycine, 20% methanol) at 220 mV for 70 minutes. After the transfer, 

the membrane was blocked for 30 minutes in blocking solution (50mM Tris–HCl, 

150mm NaCl, 0.1% Tween 20 (TBST) and 5% skim milk powder). The membrane was 

then washed in TBST for 3x5 minutes. After blocking and washing, the membrane was 

incubated with specific antibodies and dilutions targeting the following proteins: total 

Akt1 or phopho-Akt1 (1:500), mTOR or phospho - mTOR (1:500), p70S6K or phospho- 

p70S6K (1:500) and GAPDH (1:1000). All primary antibodies were diluted in TBST and 

applied to the membranes overnight at 4°C. Following the overnight application, 

membranes were incubated with a secondary antibody, goat anti-rabbit IgG HRP 

conjugated antibody diluted 1:2000 in blocking buffer for 1 hour at room temperature. 
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Further details of products and dilutions of antibodies are in (2.1.6). Target protein 

bands were visualized using the SuperSignal West Pico Chemiluminescent kit. The 

blots were exposed for 5 minutes to visualise total and p-Akt1, and total and p-p70S6K, 

and for 10 seconds to develop the protein loading markers α-tubulin and GAPDH. 

Immuno-reactive bands were quantified using ImageQuant TL. Intensity of the bands 

was determined by measuring pixels per unit area.  

2.2.19  Stripping membranes 

Membranes were stripped of bound antibody by incubating in stripping buffer (1M 

glycine, 1% SDS, pH2) for 15 minutes at room temperature. The stripping buffer was 

replaced and the membrane incubated again for 15 minutes. The stripped membrane 

was then washed three times for 5 minutes duration with TBST. Finally, the membrane 

was subjected to normal western blotting procedures starting from the membrane 

blocking step in section 2.2.18. 

2.2.20 Total RNA isolation 

C2C12 cells or ovine primary myoblasts were grown in T75 flasks. The cells 

proliferated, differentiated and two days following differentiation were treated with or 

without IGF-1 and collected at several different time points during this period. To isolate 

total RNA, all cells were washed twice briefly in PBS and collected using a cell scraper 

in 2 ml of RLT buffer containing 0.1mM 2-mercaptoethanol. The cells were further lysed 

by spinning through a Qiagen-shredder column to enhance RNA recovery. Total RNA 

was then isolated using the RNeasy mini Kit according to the manufacturer’s 

instructions. RNA was subjected to an on-column DNase treatment to remove co-

purified DNA during the RNA isolation procedure. RNA concentrations were 

determined using the Nanodrop spectrophotometer at absorbance A260nm/280nm. 

RNA was stored at -70ºC. 
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2.2.21  cDNA synthesis 

cDNA was synthesized using total RNA samples (2.2.3.1) and Superscript 111 reverse 

transcriptase. 5µg total RNA was reverse transcribed by the addition of 500ng of 

oligodT20, 500ng of random hexamer and 1µL of 10mM dNTP made up to a final 

volume of 13µL with RNase/DNAse free water. The reaction was incubated at 65°C for 

10 minutes to help prevent RNA secondary structure. The reaction was then placed on 

ice for 5 minutes and the following components added: 10µl of 5x First Strand buffer 

(RT), 5µL 0.1M DTT, 1µL RNase OUT Recombinant RNase inhibitor and 1µL 

Superscript III reverse transcriptase enzyme. The sample was incubated at 25°C for 5 

minutes, 50°C for 60 minutes followed by inactivation of the enzyme at 70°C for 15 

minutes. The cDNA was cooled on ice for 5 minutes and stored at -70ºC for further 

analysis. 

2.2.22  Quantitative Real-time reverse transcription PCR (qRT-

PCR) 

Real-time PCR was used to quantitate the mRNA level of target genes. Gene 

expression was assayed using the SYBR ® Green PCR kit (ABI) and reactions 

performed on an ABI 7900HT quantitative Real-Time PCR detection system. 

Procedures of a typical real-Time PCR reaction are detailed below: 

A constant amount of cDNA, corresponding to 10ng of reverse transcribed RNA 

derived from each cell culture sample was used for qRT-PCR measurements. 

Technical triplicates were performed for each gene investigated. Each qRT-PCR (5µL 

total volume) contained: 2.5µL of 2x Sybr Green Master Mix; 0.25µL of each primer 

giving a final concentration of 450 nM each; 1.0µL water; and 1.0µL of a 1/10 dilution of 

the stock cDNA template. The reaction was initiated by heating the reaction mix at 

95oC for 10 min to activate the AmpliTaq Gold DNA polymerase. The cycling conditions 

consisted of 40 cycles of 95oC for 15 s and 60oC for 1 min. At the completion of each 
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run, a dissociation melt curve analysis was performed. All melt curves for detectable 

amplicons showed a single peak and were consistent with the presence of a single 

specific amplicon (see Figure 2.2). Each qRT-PCR assay developed was validated by 

amplicon size and sequenced to authenticate the targeted gene. In this work all 

amplicon-specific values and the values for E (that ranged between 2.104 and 1.997) 

were prescribed by (White et al., 2008) and were used in conjunction with the REST 

gene quantification software.  

2.2.23   Primer design 

Primers for qRT-PCR assays were designed using the Primer 3 software 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3, www.cgi or http://ds-

gene.software.informer.com ) for the following genes: PI3K p85, PI3K p110, Akt1, IGF-

1, IGF-1R, p70S6K, IL6, mTOR, MaFbx, MuRF1, Clpg, Desmin, α-actin and Dlk1 (see 

details in Table 2-2). Primer design parameters were set at 18 - 23 bp in size, Tm 

annealing temperature at 58-61°C, amplicon size range between 180- 220 bp, GC 

content at 40 to 60%. Primers were then checked by Blast (NCBI) to ensure that the 

primers specifically amplified the target of interest. PCR products were also tested for 

specificity by analysis of their size using agarose gel electrophoresis and melt curve 

analysis. Amplicons from each primer set were sequenced to verify the product 

sequence at the Australian Genome Research Facility (AGRF) see Table 2-2. A single 

peak was observed in each dissociation curve for each reaction. This confirmed that a 

single PCR product was produced in each reaction see details at Figure 2.2 below.  

 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3�
http://www.cgi/�
http://ds-gene.software.informer.com/�
http://ds-gene.software.informer.com/�
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PI3K p85 PI3K p110 Akt1 IGF-1 IGF-1 R p70S6K

mTOR IL6 MAF bx MuR F1 Desmin

Dlk1RpP0

Alpha Actin

 

Figure 2.2:  qRT-PCR amplicon dissociation curves. A single peak was observed in each 
dissociation curve for each reaction. This confirmed that a single PCR product was produced in 
each reaction. 

2.2.24   1.5% agarose gel 

1.5 g of agarose was melted in 100 ml of 1x Tris-Acetate-EDTA (TAE) buffer by 

microwaving for 3 mins. Upon cooling to approximately 45°C on 5mg/ml of ethidium 

bromide was added. The percentage of agarose depended on the amplicon size. The 

gels were cast and set at room temperature before use. 

2.2.25   PCR product purification 

PCR amplicons for each gene assay were isolated from the agarose gel excision and 

purified using a gel cleanup kit. Procedures followed manufacturer’s instructions. 

2.2.26   Ligation of DNA fragments to pGEM T-easy vector. 

Purified PCR fragments were ligated into pGEM T-easy vector. Ligations were 

performed in a 10µl reaction including 50ng of pGEM T-easy vector in 5µl of X2 ligation 

buffer, 1µl ligation enzyme (T4 ligase) and 3.5µl of gel purified DNA (2.2.25). Ligation 
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was performed at 4°C overnight. These protocols followed the manufacturer’s 

instructions. 

2.2.27   Vector ligation  

Ligated vector and DNA fragment from (2.2.26) were then transformed into XL1-blue 

E.coli bacteria as follows; 10µl of ligated product was added to a 100µl aliquot of XL1-

Blue chemically competent cells gently thawed on ice from -70°C. The cells and DNA 

were incubated on ice for 30 min and then heat shocked at 42°C for 30 second and 

then added to 1 ml of SOC media and incubated on culture wheel for 2 hr at 37°C. 

2.2.28   Vector Ligation and Transformation 

The inoculated media from sections (2.2.27) was then plated out on LB agar Petri 

plates (1% tryptone (peptone), 0.5% yeast extract, 1%NaCl, 1.5% agar) containing 

150µg/ml of ampicillin, 80µg/ml of X-Gal and 1mM of IPTG. The plated agar was 

incubated overnight at 37°C. Following overnight growth, white colonies representing 

recombinant clones of ligated DNA were picked and used to inoculate 4ml of 2 X LB 

growths medium containing 100µg/ml of ampicillin in 15ml sterile culture tubes. The 

inoculated tubes were place on a culture wheel at 37°C overnight. 

2.2.29  Plasmid DNA purification 

Plasmid DNA was purified from 1.5 mL of overnight inoculum by centrifugation at 

14000g for 1 min. The pellet was retained lysed and DNA isolated using a plasmid 

DNA isolation kit, following the manufacture’s protocols. Approximately 5µg of plasmid 

DNA was recovered for each clone and 500ng used for sequence verification. 

2.2.30  Sequencing  

500ng of plasmid DNA for each qRT-PCR assay from (2.2.20), was transferred into 

0.2mL tubes with 1µl of Big Dye Terminator Mix (BDT v 3.1), 5x sequencing buffer and 

10pmols of M13 Fwd or M13 Reverse sequencing primer and incubated in a cycle 

sequencing reaction consisting of 96°C denaturation for 15 seconds, annealing at 50°C 
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for 15 seconds, and extension at 60°C for 4 min for a total of 30 cycles. The sequenced 

product was then precipitated by incubation at room temperature for 15 mins with 2.5 

volumes of 70% ethanol and 0.2mm MgSO4. The reaction was then spun in a 

microfuge at 14000 g for 15 min to recover the sequencing reaction pellet. The 

precipitation buffer was carefully removed and the DNA pellet dried under vacuum for 5 

min. The purified sequencing reaction was submitted to the Australian Genome 

Research Facility (AGRF) for capillary sequencing. Sequence read data was then 

retrieved from the AGRF and analysed to verify that each sequence obtained encoded 

the specific amplicon being tested. 

Table 2-3: Primer sequences list 

Gene Primer Primer sequence (5’ to 3’) GC 

content 

(%) 

Organism 

PI3K p85  Forward ACTGATGGAGGATGAGGATGA 47.6 Bos taurus 

Reverse AGATGACGCAGTGCTTGGTAT 
 

47.6 Bos taurus 

PI3K p110  Forward TTGGCCTGGGGAAATATAAAC 42.7 Bos taurus 

Reverse CACACTGCTGAACCAGTCAAA 47.6 Bos taurus 

Akt1  

 

Forward TCTCTGGGCTACTCAAGAAGGA 
 

50.0 Bos taurus 

Reverse CCGTGAACTCCTCATCAAAAT 42.9 Bos taurus 

IGF-1  

 

Forward TGCTGCTTTTGTGATTTCTTG 38.1 Ovis aries 

Reverse CGTGGGCTTGTTGAAATAAAA 38.1 Ovis aries 
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IGF-1R  

 

Forward TCTTCTACGTTCAGGCCAAGA 47.6 Bos taurus 

Reverse TGAAATACTCCGGGTTCACAG 
 

47.6 Bos taurus 

p70S6K  

 

Forward CCTGAAGCCGGAGAATATCAT 
 

47.6 Bos taurus 

Reverse CATTAATGCTCCCAAACTCCA 
 

42.7 Bos taurus 

mTOR  Forward GTTTGGACAGGTCGTCCCCAGC 

 

40.9 Bos taurus 

mTOR 

 

Reverse ACACACTGCACGCCCTCATCC 

 

38.1 Bos taurus 

IL6  

  

Forward TACCCTGCCTGAAGTTTCCAC 

 

47.6 Bos taurus 

Reverse CCCAGTTTCAGCCAGACTTTC 

 

47.6 Bos taurus 

MAFbx  

 

Forward TGCAGCCAAGAAGAGAAAGAA 
 

42.7 Bos taurus 

Reverse TTCCAACAGCCGTACAACATA 42.7 Bos taurus 

MuRF1  

 

Forward TTTGACACGTTGTATGCCATC 42.7 Bos taurus 

Reverse TTTGATGAGTTGCTTGGCAGT 42.7 Bos taurus 

Clpg 1  

 

Forward CCTGTGGATTGAAAGGACAGAG 50.0 Ovis aries 

Reverse CAGACCCTCACTCCTGGC 66.7 Ovis aries 
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Clpg 2 

 

Forward CGTGAACCCAGAAGCATCCG 60.0 Ovis aries 

Reverse CCCCAGCAGGATACTCCGTG 65.0 Ovis aries 

Desmin 

 

Forward TGACCCAGGCAGCCAACAAGAAC 56.0 Bos taurus 

Reverse GCCTCACTAGCAAAGCGGTCCTC 60.0 Bos taurus 

DLK1 

 

Forward TGCGTGGTGAATGGCTC 

 

70.0 Ovis aries 

Reverse GGCTGCAGGTCTTGTCCA 

 

61.0 Ovis aries 

Alpha actin Forward AGCACCATGAAGATCAAGATCAT 58.0 Bos taurus 

 Reverse CGCTGATGGTTGGAGAGC 61 Bos taurus 

 

2.2.31 Statistical analysis 

To determine statistical significance between more than two biological groups, a one-

way ANOVA with a post-hoc Tukey test was performed using the Graph Pad Prism 

(version 5) software program. Statistical significance was determined between two 

biological groups using un-paired t tests. Minimum sample size n=3. Differences 

between treatment groups were considered to be statistically significant if *p<0.05, 

**p<0.01 and ***p<0.001. 
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3 THE EFFECTS OF IGF-1 IN THE MOUSE 
SKELETAL MUSCLE CELL LINE, C2C12 
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3.1 Introduction 

3.1.1 C2C12 myogenesis 

There are an extensive number of studies to support the use of the C2C12 mouse 

skeletal muscle cell line as a model for the study of myogenesis in vitro (Berendse et 

al., 2003, Bains et al., 1984, Devlin and Emerson, 1978, Schevzov et al., 1992, Lloyd 

and Gunning, 1993). C2C12 myoblasts differentiate into myotubes when cultured in low 

serum medium (LSM) after an initial period of proliferation (Morgan et al., 1992, 

Khurana and Dey, 2002a, Khurana and Dey, 2002b, Foulstone et al., 2004). The entire 

process of proliferation and differentiation, as discussed in section 1.2.7, involves 

networks of signal transduction pathways where components of the pathway act to 

repress or stimulate cell proliferation and differentiation respectively. The Ras-ERK 

signalling cascade has been shown to control muscle cell proliferation while the 

PI3K/Akt1/p70S6K pathway is crucial for cell differentiation in vitro (Adams, 2002b) 

(Figure 1.13). 

In addition to providing an in vitro model of myogenesis, C2C12 cells have been widely 

used to study hypertrophy and atrophy in muscle. For example, exogenous treatment 

of C2C12 myotubes with IGF-1 leads to muscle cell hypertrophy through activation of 

the IGF-1 signalling pathway (Giorgino and Smith, 1995, Latres et al., 2005, Sartorelli 

and Fulco, 2004). Muscle hypertrophy is the main focus of this chapter. Muscle atrophy 

will be discussed in chapter 6. 

3.1.2 Muscle hypertrophy 

Skeletal muscle hypertrophy is defined as an increase in muscle mass. There are 

several biological factors such as age, nutrients, and exercise that can affect muscle 

hypertrophy (Goldspink et al., 1983). Hypertrophy is associated with increased protein 

content, resulting either from increased protein production, decreased protein 

degradation or a combination of both (Tawa and Goldberg, 1992, Shavlakadze et al., 
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2006, Shavlakadze and Grounds, 2006). Therefore, investigations regarding 

hypertrophy have focussed extensively on the mechanism of this cellular condition.  

Insulin like growth factor-1 (IGF-1) is known to be the primary mediator of many of the 

responses regulated by growth hormones in tissues throughout the body and leads to 

skeletal muscle hypertrophy (Yarasheski, 1994, Butler and Le Roith, 2001). In studies 

using transgenic mice, IGF-1 stimulated muscle fibres to undergo hypertrophy via 

activation of the PI3K/Akt1/p70S6K pathway (Coleman et al., 1995, Rommel et al., 

2001, Foulstone et al., 2001, Foulstone et al., 2004, Sandri, 2008, Kemi et al., 2008, 

Zanchi and Lancha, 2008). 

In the C2C12 in vitro model, hypertrophy is described as the process where many 

mononucleate myoblasts fuse to form a larger multinuclear myotube (Joyner, 2004). 

Additional studies using this model and primary human muscle cells culture have 

shown that IGF-1 is important to myoblast survival and differentiation by activation of 

the PI3K/Akt1/p70S6K pathway (Florini et al., 1991, Stewart and Rotwein, 1996, 

Foulstone et al., 2004). In this chapter, the C2C12 cell line was used to establish 

previously published techniques in our laboratory, in preparation for studies involving 

primary ovine cultures derived from sheep muscle (chapters 4, 5 and 6). 
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3.2 Materials and methods 

C2C12 (at passage six) myoblasts were cultured and differentiated as described in 

section 2.2.6. Cultures were treated with 50ng/ml of mouse IGF-1 after three days of 

differentiation (Diff D3). The experimental procedure (detailed in Chapter 2) used to 

establish the in vitro model of hypertrophy included the development of: 

• Time course of C2C12 muscle cell myogenesis of cell growth and differentiation 

(2.2.6). 

• Creatine kinase (CK) assay to indicate cell differentiation (2.2.13). 

• Protein assay to measure total protein for normalisation of CK assay (2.2.14). 

• Exogenous application of IGF-1 (50ng/ml of murine IGF-1 treatment) to 

stimulate cell hypertrophy (2.2.7). 

• Immunofluorescence to measure cell size (myotube width and nuclei number) 

(2.2.11 and 2.2.12). 

• Western blot and densitometry analysis to investigate the PI3K/Akt1/p70S6K 

pathway following IGF-1 treatment (2.2.17 and 2.2.18). 
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Figure 3.1 shows the steps of cell growth, differentiation, IGF-1 treatment and the days 

of sample collection. 

 

 

Figure 3.1: Flow chart of C2C12 myogenesis and IGF-1 treatment. At proliferation day 1 
(Pro D1) myoblasts were seeded onto culture plates in growth media. After 3 days of 
proliferation (Pro D3), the cells were approximately 90-100% confluent. Low serum media was 
then used to induce differentiation. The myoblasts fused and formed myotubes for 3 days (Diff 
D3) before IGF-1 was added to the cultures (Diff D3). Low serum media without and with IGF-1 
was changed daily. Myotube cultures were collected after 3 days without and with IGF-1 
treatment (Diff D6). 
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3.3 Results 

3.3.1 C2C12 myotube formation 

Time course results demonstrated that C2C12 myoblasts proliferated and differentiated 

to form myotubes under culture conditions (Figure 3.2). The rate at which the 

myoblasts became confluent depended upon the number of proliferating myoblasts. On 

average, C2C12 myoblasts reached 90-100% confluence 3 days after seeding (Diff D3) 

(Figure 3.2B). After 3 days of fusion the myoblasts formed multinucleated myotubes, 

visible in figure 3.1E. Images of myotubes at Diff D3 – D6 were captured at 100x 

magnification (Figure 3.2C - G).  

A B C D

E F G

 

Figure 3.2 : Appearance of C2C12 myogenic cells grown over a six day time course. (A) 
Proliferating myoblasts at day 1 (Pro D1), (B) Myoblasts confluent at day 3 (Pro D3), (C) 
Differentiation at day 1 (Diff D1), (D) Differentiation at day 2 (Diff D2), (E) Differentiation at day 3 
(Diff D3), (F) Differentiation at day 4 (Diff D4), (G) Differentiation at day 6 (Diff D6). All images 
were captured using 100 x magnification. 

 

3.3.2 Effects of IGF-1 on myotube size  

The appearance of C2C12 myotubes over time is illustrated in Figure 3.3. IGF-1 

significantly (***p<0.001) increased myotube width by 22% (Figure 3.4) and the number 

of nuclei per myotube increased by 40% by Diff D6 (Figure 3.5). Variation within 

cultures was markedly increased by addition of IGF-1 (Figure 3.4). 
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Figure 3.3: Appearance of cultured C2C12 myogenic cells showing increased myotube 
size with IGF-1 treatment. (A) Cells at 3 days after seeding (Pro D3 = time 0), (B) 3 days after 
fusion medium to form myotubes (Diff D3), (C) Diff D4, (D) Diff D5, (E) Diff D6 and (F) Diff D7 
without IGF-1. (G-L) IGF-1 increased C2C12 myotube size. After 3 days of differentiation in 
fusion medium (Diff D3), IGF-1 (50ng/ml) was added to the cultures and the myotubes are 
shown in (G) Diff D4, (H) Diff D5, (I) Diff D6, and (L) Diff D7. The medium was changed daily. 
Cultures were stained with Desmin (green) and DAPI (blue) to visualize the myotubes and 
nuclei respectively. Images were captured at 200x magnification. 
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Diff 
D4 

Diff D4 
IGF-1 

Diff 
D5 

Diff D5 
IGF-1 

Diff 
D6 

Diff D6 
IGF-1 

Diff 
D7 

Diff D7 
IGF-1 

Diff 
D8 

Diff D8 
IGF-1 

Number of 
myotube width 640 570 370 350 310 200 340 270 230 190 
Mean of width 
(um) 18.9 23.7 23.0 44.1 26.3 50.9 20.6 41.8 20.3 51.7 
Std. Deviation 9.5 11.0 12.5 31.5 16.9 40.9 10.8 19.6 13.3 44.5 
Std. Error 0.38 0.46 0.65 1.69 0.96 2.89 0.59 1.19 0.88 3.23 
 

Figure 3.4: Time course of myotube growth without and with IGF-1 treatment from Diff 
D4 to Diff D8. Cells were cultured in growth medium containing 20% FCS and induced to form 
myotubes at Pro D3 (90-100% confluence). After 3 days differentiation (Diff D3) myotubes were 
treated with IGF-1 (50ng/ml of murine IGF-1). Myotube cultures were collected at Diff D4 to Diff 
D8, and stained with desmin (green myotubes) and DAPI (blue nuclei). The width of visible 
myotubes was measured in each image. The results were derived from three cultures and six 
images were captured of each culture (for test and control cultures). Note: two (1 control D7 and 
1 control D8) cultures died, therefore n=16 instead of 18. A one-way ANOVA with a post-hoc 
Tukey test was performed using Graph Pad Prism (version 5) software. Results were significant 
when *p<0.05, **p<0.01 and ***p<0.001.  

. 
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  Control IGF-1 
Number of cultures 3 3 
Mean of myonuclei per myotube 5.8 9.7 
Std. Deviation 1.2 3.9 
Std. Error 0.3 1.0 

 

Figure 3.5: Number of myonuclei per myotube without and with IGF-1 treatment at Diff 
D6.  Cells were cultured in growth medium containing 20% FCS and induced to form myotues 
at Pro D3 (90-100% confluence). After 3 days differentiation (Diff D3) myotubes were treated 
with IGF-1 (50ng/ml of murine IGF-1) and collected at Diff D6. The results were derived from six 
independent cultures and 3 images were captured of each culture with n=18. An un-paired t-test 
was performed using Graph Pad Prism (version 5) software. Results were significant when 
*p<0.05, **p<0.01 and ***p<0.001. 

 

3.3.3  Effects of IGF-1 on cell number  

The number of cells (myotubes and myoblasts) significantly (*p<0.05) decreased by 

15% from Pro D3 to Diff D1 and Diff D2, and by 23% from Pro D3 to Diff D3 

(***p<0.001) (Figure 3.6).  
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  Pro D3 Diff D1 Diff D2 Diff D3 
Number of cultures 3 3 3 3 
Mean of cells per well 18713 16093 16129 14454 
Std. Deviation 1691 1376 315.1 1593 
Std. Error 756.1 615.2 140.9 712.5 

 

Figure 3.6: The number of C2C12 cells (myotubes and myoblasts) per (2cm2) surface area 
of well during proliferation and early differentiation (prior to addition of IGF-1).  Total 
number of cells decreased following cell differentiation. Cells were cultured in growth medium 
containing 20% FCS and induced to form myotubes at Pro D3 (90-100% confluence) by 
substituting 20% FCS with 2% HS (LSM) for 3 days differentiation (Diff D1, 2, 3). Cells were 
collected, stained and counted everyday from Pro D1 to Diff D3. Results were from three 
independent cultures (n=3). A one-way ANOVA with a post-hoc Tukey test was performed using 
Graph Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and 
***p<0.001. 

 

The number of cells decreased following IGF-1 treatment (significantly decreased at 

Diff D7 and Diff D8) from Diff D4 to Diff D8, compared to untreated cultures (Figure 

3.7). 
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D4 

Diff 
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Diff 
D5 

Diff D5 
IGF-1 Diff D6 

Diff D6 
IGF-1 

Diff 
D7 

Diff 
D7 

IGF-1 
Diff 
D8 

Diff 
D8 

IGF-1 
Number of 
cultures 3 3 3 3 3 3 3 3 3 3 
Mean of cells 
per well 17804 13919 15523 14293 15933 14935 21422 14757 19604 13527 

Std. Deviation 1915 1873 1463 2862 898.6 2129 2161 3809 1808 948.1 

Std. Error 856.3 837.5 654.5 1280 401.9 952.1 966.6 1704 808.4 424 
 

Figure 3.7: The effect of IGF-1 on the total number of C2C12 cells per (2cm2) surface area 
of well from Diff D4 to Diff D8. IGF-1 treatment was significantly decreased cell number. Cells 
were cultured in LSM to induce differentiation and treated with IGF-1 for a further 5 days (Diff 
D4, 5, 6, 7 and 8). Cells were collected, stained and counted everyday from Diff D4 to Diff D8 
without and with IGF-1 (10ng/ml). Results were from three independent cultures (n=3). A one-
way ANOVA with a post-hoc Tukey test was performed using Graph Pad Prism (version 5) 
software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001.  

 

This study demonstrates that the number of C2C12 cells not only decreased during 

differentiation but also following treatment with IGF-1. 

3.3.4  Effect of IGF-1 on creatine kinase (CK) activity  

Differentiation of C2C12 cell cultures was assessed biochemically using the creatine 
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kinase (CK) assay. CK activity can be normalised using total protein, total number of 

cells (myotubes and myoblasts), number of myotubes or number of myoblasts in 

culture (Appendices 8.1). In this study CK activity was normalised using the total 

number of cells in the C2C12 cultures; as it was assumed this would be the most 

meaningful parameter. For example, total protein appeared to be consistent between 

the cultures from Pro D3 (time=0) to Diff D6 reflecting the same restricted growth area 

in culture (i.e. surface area 2.0cm2 per well in 24 well plates), and not the changes to 

C2C12 cell size or number that occurs during differentiation and myotube maturation. 
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Figure 3.8: Creatine kinase activity (CK) from Pro D3 to Diff D3. CK activity significantly 
increased from Pro D3 to Diff D3. Cells were cultured in growth medium containing 20% FCS 
and induced to form myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 
2% HS (LSM) for 3 days following differentiation (Diff D1, 2, 3). Cells were collected in 50mM 
Tris-Mes buffer with CK activity measured everyday from Pro D1 to Diff D3. Results were from 
three independent cultures (n=3). A one-way ANOVA with a post-hoc Tukey test was performed 
using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 
and ***p<0.001. 

Overall, CK activity per 1X106 cells in culture was significantly (***p<0.001) increased 

from Pro D3 to Diff to Diff D3 (Figure 3.8). 
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CK activity per 1X106 cells in culture reached its highest level at Diff D5, after which it 

started to plateau in cultures Diff D6 to Diff D8, either without or with IGF-1 (Figure 3.9). 

IGF-1 significantly (*p<0.05) increased the CK activity at Diff D4, 1-fold at Diff D5 and 

Diff D6, 1.5-fold at Diff D7 and 1-fold at Diff D8 when compared to untreated cultures 

(Figure 3.9). Results demonstrated that CK activity increased during C2C12 

differentiation and following the addition of IGF-1. 
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Figure 3.9: Creatine kinase (CK) activity versus the number of cells from Diff D4 to Diff 
D8, without and with IGF-1 treatment. IGF-1 treatment significantly increased CK activity in 
the cells. Cells were cultured in LSM to induce differentiation and treated with IGF-1 for a further 
5 days (Diff D4, 5, 6, 7 and 8). Cells were collected in 50mMTris-Mes buffer with CK activity 
measured everyday from Diff D4 to Diff D8 without and with IGF-1 treatment (10ng/ml). Results 
were from three independent cultures (n=3). A one-way ANOVA with a post-hoc Tukey test was 
performed using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, 
**p<0.01 and ***p<0.001. 
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3.3.5  Effects of IGF-1 on protein content  

The protein content per 1X106 cells increased significantly (**p<0.01) from Pro D3 to 

Diff D3 cultures (Figure 3.10). 
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Figure 3.10: Total protein content per 1X106 cells during differentiation. Protein content per 
cell significantly increased from Pro D3 to Diff D3. Cells were cultured in growth medium 
containing 20% FCS and induced to form myotubes at Pro D3 (at 90-100% confluence) by 
substituting 20% FCS with 2% HS (LSM) for 3 days during differentiation (Diff D1, 2, 3). Cells 
were collected in 50mMTris-Mes buffer with total protein content measured everyday from Pro 
D1 to Diff D3. Results were from three independent cultures (n=3). A one-way ANOVA with a 
post-hoc Tukey test was performed using Graph Pad Prism (version 5) software. Results were 
significant when *p<0.05, **p<0.01 and ***p<0.001. 

 
Protein content versus the number of cells peaked at Diff D5 and was maintained at the 

same level till Diff D8 (Figure 3.11). Addition of IGF-1 to the cultures increased (not 

significant) the protein content versus the number of cells when compared to untreated 

cultures from Diff D4 to Diff D8 (Figure 3.11).  

Results demonstrated that protein content per 1X106 cells increased during 

differentiation reaching a maximum at Diff D3, and remained steady till Diff D8 (Figure 
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3.10). IGF-1 increased (not significantly) total protein content versus the number of 

cells from Diff D4 to Diff D8 (Figure 3.11). 
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Figure 3.11: Total protein content per 1X 106 cells following IGF-1 treatment. IGF-1 
treatment caused an increase in the protein content of the cells; however this increase was not 
significant. Cells were cultured in LSM to induce differentiation and treated with IGF-1 for a 
further 5 days (Diff D4, 5, 6, 7 and 8). Cells were collected in 50mMTris-Mes buffer with total 
protein content measured everyday from Diff D4 to Diff D8 without and with IGF-1 treatment 
(10ng/ml). Results were from three independent cultures (n=3). A one-way ANOVA with a post-
hoc Tukey test was performed using Graph Pad Prism (version 5) software. Results were 
significant when *p<0.05, **p<0.01 and ***p<0.001. 

 

3.3.6  IGF-1 up-regulated markers of C2C12 muscle 

differentiation  

Activation of the PI3K/Akt1/p70S6K pathway can be measured by assessing the 

phosphorylation status of the proteins in the pathway. For example, IGF-1 induces the 

phosphorylation of Akt1 and p70S6K (Figure 1.13). Total protein loading and the time 
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of membrane exposure influenced the analysis of the target proteins (as shown in 

Figure 3.12). Protein overloading or overexposure of western blot membranes 

saturated the bands (Figure 3.12C and D). The results of the western blots showed that 

IGF-1 induced the phosphorylation of Akt1 (Figure 3.13) and of p70S6K (Figure 3.14) 

in C2C12 cells at Diff D6.  

 

Figure 3.12: Western blot analysis showing the effect of total protein loading and the time 
of membrane exposure on Phospho-Akt1 and total Akt1 detection in C2C12 cultures 
without and with IGF-1. IGF-1 was up-regulated p-Akt1 in C2C12 myotubes. (A) 25µg of total 
protein loading, (B) 50µg of protein loading, (C) 100µg of protein loading and (D) 200µg of 
protein loading, (E) Positive control for p-Akt1, (F) Positive control for total Akt1. Membranes 
were exposed for 30 min for p-Akt1, 5 min for total Akt1 and 30 seconds for α-tubulin. Cells 
were cultured in growth medium containing 20% FCS and induced to form myotubes at Pro D3 
(90-100% confluence) by substituting 20% FCS with 2% HS (LSM) for 6 days following 
differentiation (Diff D6). Cells were collected in lysate buffer with p-Akt1 and total Akt1 
measured using Western blot. Results were from three independent cultures (n=3). Loading 
control panel was used to determine equal loading of samples via total protein levels as 
determined by gel staining with α-tubulin. 

 

In this study, the ratio of phosphorylation of Akt1 (p-Akt1) versus total Akt1 increased 

by approximately 7.8 folds (not significant) in the IGF-1 treated cultures compared to 

untreated cultures at Diff D6 (Figure 3.13A and F). However, IGF-1 did not affect total 

Akt1 (Figure 3.13A, C).  
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Figure 3.13:  Western blot analysis of Phospho-Akt1 versus total Akt1 in C2C12 cultures, 
without and with IGF-1. (A) Appearance of Akt1 and other proteins in western blot with 100µg 
of total protein loaded and a 5 minute membrane exposure, (B) Quantitation of p-Akt1 (Ser473), 
(C) Akt, (D) α–tubulin (total protein loading control), and (E) Ratio of p-Akt1 versus total Akt1. 
Results were from three independent experiments (n=3). Cells were cultured in growth medium 
containing 20% FCS and induced to form myotubes at Pro D3 (90-100% confluence) by 
substituting 20% FCS with 2% HS (LSM) for 6 days following differentiation (Diff D6). Cells were 
collected in lysate buffer with p-Akt1 and total Akt1 measured using Western blot. An un-paired 
t-test was performed using Graph Pad Prism (version 5) software. Results were significant when 
*p<0.05, **p<0.01 and ***p<0.001. 

 

IGF-1 increased approximately 3.8 folds (not significant) of P-P70S6K when compared 

to untreated cultures at Diff D6 (Figure 3.14 A, B). However, IGF-1 did not affect total 

P70S6K (Figure 3.14 A, C).  
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Figure 3.14: Western blot analysis of Phospho-p70S6K (p-p70S6K) and total p70S6K in 
C2C12 cultures without and with IGF-1. (A) Appearance of p70S6K and other proteins in 
western blot with 100µg of total protein loaded and a 5 minute membrane exposure, (B) 
Quantitation of p-p70S6K (Thr389), (C) p70S6K and (D) α-tubulin (total protein loading control) 
and (E) ratio of p-70S6k vs p70S6K. Cells were cultured in growth medium containing 20% FCS 
and induced to form myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 
2% HS (LSM) for 6 days following differentiation (Diff D6). Cells were collected in lysate buffer 
with p-Akt1 and total Akt1 measured using Western blot. Results were from three independent 
experiments. An un-paired t-test was performed using Graph Pad Prism (version 5) software. 
Results were significant when *p<0.05, **p<0.01 and ***p<0.001. Loading control panel was 
used to determine equal loading of samples via total protein levels as determined by gel 
staining with α-tubulin. 

 

This study demonstrates that IGF-1 activated the PI3K/Akt1/p70S6K pathway as 

evidenced by an increase (not significant) in p-Akt1 and p-p70S6K protein levels. The 

western blot analysis also revealed that the amount of protein loaded onto gels and the 

time the membranes were exposed to film was crucial in defining the sensitivity of this 

technique. For example, to visualise p-Akt1 after loading 25µg of total protein, a 30 

minute membrane exposure was required, however, after loading 100µg of total 
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protein, a 5 minute membrane exposure was needed. The same applied for p-p70S6K 

(data not shown). For continuity, 100µg of total protein was loaded and a 5 minute 

membrane exposure time was chosen as the standard for western blots in the 

remainder of the studies (Chapter 5 and 6). 
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3.4 Discussion 

In this chapter C2C12 myogenesis and the effects of IGF-1 on this process were 

investigated by: measuring the total protein content of the C2C12 cultures; determining 

myotube size via width and nuclei measurements; measuring known markers of 

differentiation (creatine kinase activity) and pathways associated with hypertrophy 

(IGF-1/Akt1/p70S6K pathway). Overall C2C12 myoblasts were able to form myotubes 

from day one to day eight of differentiation (Diff D1 to Diff D8), clearly expressing 

markers of differentiation confirming that C2C12 cells provide a suitable model for 

myogenesis in vitro.  

In this study only the differentiated cultures from Diff D3 to Diff D8 were exposed to 

IGF-1. However it is important to note that the differentiated cultures were composed of 

two cell populations; myotubes and myoblasts. In this study IGF-1 significantly 

increased CK activity versus the total number of cells. IGF-1 also significantly 

increased myotube width, number of myonuclei and total protein content (not 

significant) per number of cells in culture. This is consistent with previous studies 

demonstrating that hypertrophy stimulated by IGF-1 is characterised by an increase in 

both myotube size (Musaro et al., 1999) and protein content of myotubes 

(Vandenburgh et al., 1991).  

In this study IGF-1 decreased the total number of cells (myotubes and myoblasts) in 

the cultures compared to untreated cells at Diff D6. Firstly, this decrease in cell number 

is indicative of fusion of the activated myoblast cells to existing myotubes. This is 

consistent with previous studies in vivo that show IGF-1 induced muscle hypertrophy is 

due to either activation of satellite cells (Barton-Davis et al., 1999a) or an increased 

recruitment of reserve cells for fusion (Shavlakadze and Grounds, 2006, Jacquemin et 

al., 2007) (Jacquemin et al., 2004). Also in this study, treatment with IGF-1 increased 

the number of nuclei per myotube, strongly suggesting that IGF-1 improved the fusion 

index. This probably resulted in increased numbers of reserve cells fusing to pre-
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existing myotubes to form bigger and broader myotubes with more nuclei per myotube 

when compared to untreated myotubes. Similar behaviour is seen in human muscle 

cell cultures (Foulstone et al., 2004). Secondly, the decrease in cell number in the IGF-

1 treated cultures could be due to the increase in size of myotubes in vitro when cells 

have grown in the same fixed area of culture. It is well established that the IGF-1 

pathway PI3K/Akt1/p70S6K is one of the key factors contributing to muscle 

hypertrophy (Shavlakadze and Grounds, 2006, Glass, 2003b, Glass, 2003a, Glass, 

2005, Glass and Yancopoulos, 2004). The binding of IGF-1 to its type 1 receptor (IGF-

1R) leads to activation of PI3K/Akt1/p70S6K pathway that influences cell differentiation 

and hypertrophy (Glass and Yancopoulos, 2004, Glass, 2003a, Coolican et al., 1997, 

Kaliman et al., 1996). In the present study, IGF-1 stimulated myotube hypertrophy by 

up-regulating (not significant) two of the target genes: Phospho-Akt1 by 2.7 folds and 

Phospho-p70S6K by 2.8 folds. These genes are part of the IGF-1 signalling pathway, 

PI3K/Akt1/mTOR/p70S6K, responsible for regulation of protein synthesis. This finding 

is consistent with in vitro studies of hypertrophy (Bodine and Still, 2001, Rommel et al., 

2001, Kim et al., 2005, Park et al., 2005). This result indicates that IGF-1 increased 

protein synthesis in the C2C12 cultures as observed by an increase in the total protein 

content versus the number of cells in IGF-1 treatment cultures. Furthermore, activation 

of this pathway played a role in determining myotube size (Foulstone et al., 2004). Until 

this study, investigations of the mechanisms of IGF-1 induced hypertrophy were limited 

to rodent models with very little known about the effects of IGF-1 and the signalling 

pathway of IGF-1 in sheep skeletal muscle. The techniques confirmed for the C2C12 

mouse muscle cells are applied in the next chapter (Chapter 4) to examine the effect of 

IGF-1 on primary ovine muscle cell cultures derived from hypertrophic Callipyge sheep 

muscles and wild-type control (non-hypertrophic) sheep muscle.  
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4  Characterisation of primary myoblast cultures 
from wild-type and Callipyge ovine skeletal 
muscle. 
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4.1 Introduction 

Understanding the growth and development of skeletal muscle is one of the most 

important areas in animal research and meat science particularly as it can greatly 

impact meat quality and carcass yield: both important aspects of the profitability of the 

meat value chain. 

New skeletal muscle is formed by myoblast proliferation and differentiation, myoblast 

fusion to form large multinucleated cells called myotubes, and finally maturation of 

myoblast into myofibres (Berendse et al., 2003, Grounds, 2002). In vivo, muscle mass 

is determined by the number of muscle fibres and the size of those fibres. Skeletal 

muscle is a highly plastic tissue that responds to different developmental and 

environmental cues. For example weight lifting exercise induces muscle hypertrophy 

increasing the size of muscle fibres. 

Callipyge is a well-known mutation in sheep in the USA that leads to a post-natal 

increase in muscle mass in the loin and hind limbs without any increase in the number 

of fibres (Lorenzen et al., 2000, Kerth et al., 2003, White et al., 2008). This muscle 

hypertrophy results in a 30-40% increase in muscle mass (Koohmaraie et al., 1995, 

Cockett et al., 1997, Jackson et al., 1997b, Jackson et al., 1997c). The Callipyge 

mutation has been localised to OAR18, and is different from other muscle mutations 

like the myostatin mutations that increase number of myofibres and causes ‘double 

muscling’ in cattle, sheep, dogs, mice and humans (McPherron and Lee, 1997, Clop et 

al., 2006, Schuelke et al., 2004, Mosher et al., 2007, Sutter et al., 2007, Sharma et al., 

1999). 

In a unique mode of inheritance termed polar over-dominance, the Callipyge phenotype 

is only apparent when the mutation is paternally inherited in heterozygous animals. 

While the genotype and phenotype of Callipyge sheep have been extensively studied, 

there have been few studies on the Callipyge muscle cells grown in vitro where 
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mechanistic questions can be addressed. In this study, the question as to whether 

cultured cells from Callipyge sheep muscle could recapitulate aspects of the muscle 

hypertrophy phenotype was addressed. 

In this chapter the differences between the wild-type and Callipyge genotype was 

determined by DNA sequencing. Also the effect of hypertrophy in Callipyge ovine 

skeletal muscle cultures was investigated by measuring the rate of cell proliferation, the 

pattern of myoblast fusion to form myotubes, myotube size, and cell differentiation rate. 

Investigations were also undertaken involving expression of Dlk1 (a gene flanking the 

site of the Callipyge mutation (White et al., 2008)), α-actin (a muscle associated gene), 

and desmin (a muscle specific gene) to determine if the cultured cells were in fact 

ovine muscle cells.  

4.2 Materials and methods 

Three primary ovine muscle cell lines from wild-type (NN) and Callipyge (CN) ST 

muscle (total of 6 different cultures), received at passage 11-19 (P11-P19) were used 

in this study. The primary ovine muscle cultures were established initially as described 

in section 2.2.4 and were seeded, grown, and differentiated as described in section 

2.2.1, 2.2.5 and 2.2.6. Proliferating myoblasts were collected at 3 days after seeding in 

growth medium (Pro D3) whilst differentiating myotubes were analysed at 3 and 6 days 

after differentiation in low serum medium (LSM) (Diff D3 and Diff D6). 
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Figure 4.1: Flow chart of wild-type (NN) and Callipyge (CN) myoblasts growth and the 
collection time points in cell culture. At proliferation day 1 (Pro D1) myoblasts were seeded 
onto culture plates in growth media. After 3 days of proliferation (Pro D3), the cells were 
approximately 90-100% confluent. Low serum media was then used to induce differentiation. 
The myoblasts fused and formed myotubes for 6 days (Diff D6). 

 

4.2.1 Quantitative RT-PCR (qRT-PCR) 

Primary ovine myoblasts (1x106) were seeded and grown as described in section 2.2.1. 

RNA was extracted, primers were designed and transcription of the genes, Dlk1, 

desmin and α-actin in the NN and CN cells was measured by qRT-PCR analysis 

(following the procedures described in section 2.2.22). The results of this study were 

based on 3 technical replicates per sample. Each qRT-PCR assay was validated by 

amplicon sizing and sequencing to authenticate the targeted gene. Amplification 
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efficiency (E) was independently measured for each amplicon (Pfaffl, 2001). In this 

work all amplicon-specific values and the values for E (that ranged between 2.104 and 

1.997) were prescribed by White et al., 2008 and were used in conjunction with the 

REST gene quantification software. 

4.2.2 Primer design 

Primers for desmin, α-actin, DLK1 and Callipyge (clpg) single nucleic polymorphism 

(SNP) (Figure 4.3) region were designed for this study. Clpg SNP primers were 

designed to span the Clpg region (621bp) to allow for a diagnostic genotype test using 

restriction fragment enzyme analysis (Ava II, Promega, USA) and direct sequence 

analysis. Primer 3 software and primer design details in section 2.2.23 and in (Vuocolo 

et al., 2003). 

4.2.3 Restriction enzyme digestion 

The restriction enzyme Ava II recognises and digests sites with the sequence GG (A/T) 

CC. As such the digestion pattern of this restriction enzyme can be used to distinguish 

between wild-type (GGACC) and Callipyge (GGGCC) alleles. This enzyme was used 

as a diagnostic cutter to confirm the genotype allocation of the primary cells as either 

wild-type (NN) or Callipyge (CN) in origin (Figure 4.2).  

CN Genotype 

Sites at 285, 432 and 443 bp on maternal wild-type allele 

Sites at 432bp and 443bp on paternal Clpg allele 

Expected restriction fragments: 

Maternal wild-type allele = 285, 147, 11 and 178bp respectively 

Paternal Clpg allele = 432, 11 and 178bp respectively. 
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Maternal wild-type allele 

100 200 300 400 500 600

AvaIIAvaIIAvaII

 

Paternal clpg allele 

100 200 300 400 500 600

AvaIIAvaII

 

NN Genotype 

Sites at 285, 432 and 443 bp on paternal and maternal wild type allele 

Expected restriction fragments: 

Paternal clpg allele = 285bp, 147bp, 11bp and 178bp 

Maternal wild type allele = 285bp, 147bp, 11bp and 178bp 

Paternal wild-type allele 

100 200 300 400 500 600

AvaIIAvaIIAvaII

 

Maternal wild-type allele 

100 200 300 400 500 600

AvaIIAvaIIAvaII

 

Figure 4.2: Genotype allocation using Ava II restriction enzyme digests.  
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An amplicon spanning the clpg SNP was amplified from sheep genomic DNA using 

PCR (section 2.2.21) and digested using the restriction enzyme Ava II at 37°C 

overnight in the following reaction: 1µg of gDNA, 2µl of 10x reaction buffer, 10U of Ava 

II enzyme made up to 20µl total volume with water. The digest was applied to a 2.5% 

agarose gel and electrophoresed at 80V for 30 mins in 1x TAE buffer. DNA fragment 

analysis was performed by comparing fragment size to a 1kb plus DNA ladder standard 

run on the same gel. The gel was viewed under UV light. To confirm the results the 

amplified DNA was sequenced at the AGRF (for sequencing, see details in section 

2.2.30). 

          FWD 1                  FWD 3 
CCTGTGGATTGAAAGGACAGAGAAAACGTGAACCCAGAAGCATCCGGGTGACTTTCC 
GGACACCTAACTTTCCTGTCTCTTTTGCACTTGGGTCTTCGTAGGCCCACTGAAAGG 
 
CCCAAAACCACAGGTGACCAGCAGCAGAGCAGAGACACGGGGCCGGGTTTGCCCACA 
GGGTTTTGGTGTCCACTGGTCGTCGTCTCGTCTCTGTGCCCCGGCCCAAACGGGTGT 
 
CCTGCAGTAGGCGTGGGCGACCGAGGAGGTAGCCCCCAGGAGGCTGCCAGGAGACCC 
GGACGTCATCCGCACCCGCTGGCTCCTCCATCGGGGGTCCTCCGACGGTCCTCTGGG 
 
CGAGGCTGCTCAGAGAGGCCAGATGCTGTGGACGTGGGGAATCATCGTGTCCTGGTC 
GCTCCGACGAGTCTCTCCGGTCTACGACACCTGCACCCCTTAGTAGCACAGGACCAG 
 
TATTTTCGGGCCTCTGCTGAGAGCGCAGGAATCCAGGCGAAGGGGCCCGAGGGCTGG 
ATAAAAGCCCGGAGACGACTCTCGCGTCCTTAGGTCCGCTTCCCCGGGCTCCCGACC 
 
GNCCACCTGTCAGATCCTTTCCCCAGCTGAAGGCAGGGTGTGGGTGATCCAGGGCCG 
CNGGTGGACAGTCTAGGAAAGGGGTCGACTTCCGTCCCACACCCACTAGGTCCCGGC 
 
GAAAAAGTCAAGGCCACCTCCAAGCCTTCCAATTTTAGAGCTGCACGTCTCCAGCTC 
CTTTTTCAGTTCCGGTGGAGGTTCGGAAGGTTAAAATCTCGACGTGCAGAGGTCGAG 
 
CGGGACACGGAGTATCCTGCTGGGGCTCGAGAGGACCTATTTAGGACCAAACAGACC 
GCCCTGTGCCTCATAGGACGACCCCGAGCTCTCCTGGATAAATCCTGGTTTGTCTGG 
            REV 4 
CTTGCCCCAGATCCCGGCCAACATCCCCTCAATCTTTCATTAACCGTCTCTCCTGCC 
GAACGGGGTCTAGGGCCGGTTGTAGGGGAGTTAGAAAGTAATTGGCAGAGAGGACGG 
 
AGCAGGCAGCCGGCTTCATTTTACTCACAAGGCCTGGAGGGCAACCGAGAGCCCGTC 
TCGTCCGTCGGCCGAAGTAAAATGAGTGTTCCGGACCTCCCGTTGGCTCTCGGGCAG 
 
AGCGCAGCACCCTGCACAGGCATACCGTGGCGGGCCAGGAGTGAGGGTCTG 
TCGCGTCGTGGGACGTGTCCGTATGGCACCGCCCGGTCCTCACTCCCAGAC 
                                        REV 2  

Figure 4.3: Clpg SNP Region sequence: 621 bp. This region was used for amplification of 
DNA encoding the clpg SNP and used for genotyping purposes (restriction pattern length 
polymorphism analysis and for direct sequencing (genotyping)). 



118 

 

 

4.3  Results 

4.3.1 Characterisation of primary ovine skeletal muscle cells  

Primary ovine myoblasts derived from three animals representative of each sheep 

genotype (i.e. 3 wild-type (NN) and 3 Callipyge (CN) cultures) were successfully grown 

in culture. These cells proliferated and differentiated to form myotubes (Figure 4.4). 

Generally, the ovine myoblasts proliferated and became 90-100% confluent in 3 days 

after seeding (Pro D3) (Figure 4.4B and F). After a further 3 days cultured in fusion 

media (LSM), the myoblasts differentiated to form multinucleated myotubes (Figure 

4.4C and G). Almost all of the ovine myoblasts completely fused to form myotubes by 

Diff D6, however some myoblasts remained in culture as quiescent mononucleate 

myogenic cells (as reserve cells) (Figure 4.4D and H). It was also apparent that more 

myoblasts remained the in the NN cultures compared to the CN cultures. No 

measurements were made at this time.  

A B C D

E F G H

 

Figure 4.4: Appearance of myogenic primary wild-type (NN #5001) and Callipyge (CN 
#5029) ovine cells in culture over time. (A) NN Pro D1, (B) NN Pro D3 (time =0), (C) NN Diff 
D3, (D) NN Diff D6, (E) CN Pro D1, (F) CN Pro D3 (time =0), (G) CN Diff D3 and (H) CN Diff D6. 
The images were captured at 100x magnification. Cells were cultured in growth medium 
containing 20% FCS and induced to form myotubes at Pro D3 (90-100% confluence) by 
substituting 20% FCS with 2% HS (LSM). Cultures of the other four animals were developed in 
essentially the same way (data not shown). 
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Comparisons of myotube formation at Diff D6 between all 6 primary ovine cultures 

(Figure 4.5) showed well-developed myotubes, however the NN myotubes appeared to 

be slightly shorter and smaller (Figure 4.5A, B and C) compared to the CN myotubes 

(Figure 4.5 D, E and F). No measurements were made at this time. 

A B C

D E F

 

Figure 4.5: Morphology of myogenic cultures from three animals, representative of the 
NN and CN phenotype at Diff D6. (A) Myotubes of NN #5001, (B) NN #5003, (C) NN #5007, 
(D) CN #5029, (E) CN #5030 and (F) CN #5031 in culture. Cells were cultured in growth 
medium containing 20% FCS and induced to form myotubes at Pro D3 (90-100% confluence) 
by substituting 20% FCS with 2% HS (LSM). Cultures of the other four animals were developed 
in essentially the same way (data not shown). The images were captured at 50x magnification. 

 

4.3.2 Desmin - DAPI staining of primary ovine cells over time 

Primary cultures are rarely homogeneous cell populations. Thus it was assumed that 

the NN and CN cultures possibly contained some fibroblasts in addition to the 

myogenic cells. Therefore the myoblasts and myotubes were visualised using an 

antibody to the muscle-specific protein desmin. Figure 4.6 shows typical primary ovine 

skeletal muscle cells in NN (Figure 4.6A, B, C) and CN (Figure 4.6 D, E, F) cultures at 

time 0, day 3 and day 6 in fusion medium. It was apparent from Diff D3 that most of the 

cells in culture were myogenic due to the abundance of myotubes formed during 

differentiation. 
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A B C

D E F

 

Figure 4.6: Morphology of primary ovine skeletal muscle cells with desmin-DAPI staining 
during differentiation. (A) proliferation day 3 (Pro D3) (time=0) of NN, (B) differentiation day 3 
(Diff D3) of NN, (C) differentiation day 6 (Diff D6) of NN, (D) Pro D3 (time=0) of CN, (E) Diff D3 
of CN and (F) Diff D6 of CN. Cells were cultured in growth medium containing 20% FCS and 
induced to form myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 2% 
HS (LSM). The medium was changed daily with myotubes forming until Diff D6 .Cells were 
stained with desmin (green myotube) and DAPI (blue nuclei). The images were captured at 
100x magnification. 

 

4.3.3 RT-PCR of muscle specific marker genes, desmin, α-actin 

and the Callipyge associated gene Dlk1 

To further characterise the ovine wild-type and Callipyge skeletal muscle cell 

phenotypes in culture, quantitative real time (rt-PCR) was used to measure 

transcription of three key genes in the cells.  

4.3.3.1 Desmin 

Desmin mRNA was present in all cultures (confirming their myogenicity) and was at 

significantly higher levels during muscle differentiation. The levels of desmin mRNA 

were 3-fold higher in mature myotubes (Diff D6) in both of NN and CN cultures 

compared to myoblasts and young myotubes present at Pro D3 (time = 0 of 

differentiation) (Figure 4.7). Transcription of desmin was also much higher (~3-fold) in 

the CN cultures when compared to NN cultures at early (Pro D3) and late stages (Diff 
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D6) of differentiation (Figure 4.7). These results indicated that differentiation occurred 

to a greater extent in the CN cultures compared to the NN cultures. 
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Pro D3 
(NN)  

Diff D6  
(NN)  

Pro D3 
(CN)  

Diff D6  
(CN)  

Number of cultures 9 9 9 9 
Mean Desmin expression 0.06 0.19 0.21 0.61 
Std. Deviation 0.11 0.15 0.14 0.15 
Std. Error 0.03 0.04 0.03 0.04 

 

Figure 4.7: Desmin transcription in NN and CN cells. Desmin expression significantly 
increased during myotube formation. Internal reference gene was acidic ribosomal protein 
(RpP0). Cells were cultured in growth medium containing 20% FCS and induced to form 
myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 2% HS (LSM). The 
medium was changed daily with myotubes forming until Diff D6. Cells were collected at Pro D3 
and Diff D6 and genomic DNA prepared. PCR was performed in triplicate. Results were from 
three animals (n=9). Results were from three independent experiments. A one-way ANOVA with 
a post-hoc Tukey test was performed using Graph Pad Prism (version 5) software. Results were 
significant when *p<0.05, **p<0.01 and ***p<0.001. 

 

4.3.3.2 α-actin 

Transcription of α-actin (Paterson and Eldridge, 1984) was also measured in this study 

(to confirm myogenicity and to measure the extent of differentiation). α-actin 

transcription was significantly increased in NN and CN cultures during the 6 days of cell 
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differentiation Diff D6 (Figure 4.8). Furthermore, α-actin was significantly higher in Pro 

D3 (time=0) and Diff D6 myotubes in CN than in NN cultures (Figure 4.8). 
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Pro D3 
(NN)  

Diff D6 
(NN)  

Pro D3 
(CN)  

Diff D6 
(CN) 

Number of cultures 9 9 9 9 

Mean  expression of α- 
Actin 0.00023 0.03201 0.01302 0.39500 
Std. Deviation 0.00008 0.02608 0.00937 0.19100 
Std. Error 0.00003 0.00870 0.00312 0.06365 

 

Figure 4.8: Transcription of α-actin in NN and CN cells. α-actin mRNA increased 
significantly in both the NN and CN cultures during differentiation. However the increase was 
more pronounced in the CN cultures. Internal reference gene was acidic ribosomal protein 
(RpP0). Cells were cultured in growth medium containing 20% FCS and induced to form 
myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 2% HS (LSM). The 
medium was changed daily with myotubes forming until Diff D6. Cells were collected at Pro D3 
and Diff D6 and genomic DNA prepared. PCR was performed in triplicate. Results were from 
three animals (n=9). A one-way ANOVA with a post-hoc Tukey test was performed using Graph 
Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and 
***p<0.001. 

4.3.3.3 Dlk1 

Analysis of mRNA did not reveal any transcription of Dlk1 in either NN or CN muscle 

cells during differentiation (data not shown). The reliability of this technique was 

confirmed using independent positive and negative controls. 
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4.3.4  Proliferation of NN and CN ovine myoblasts 

Quantitation of proliferation in the primary ovine NN and CN myoblast cultures was 

assessed using the MTS/PMS assay (2.2.10). Two days after the myoblasts were 

seeded (Pro D2), CN cultures showed 35% more cells compared to the NN cultures 

(Figure 4.9), indicating that CN cultures proliferated more than NN cultures. 

NN CN
0.0

0.1

0.2

0.3

0.4 ***

 A
ct

iv
ity

 o
f c

el
l p

ro
lif

er
at

io
n 

(A
bs

 a
t 4

92
nm

)

 

  
Pro D2 
(NN) 

Pro D2  
(CN) 

Number of cultures 9 9 
Mean activity of cell proliferation 0.26 0.34 
Std. Deviation 0.03 0.04 
Std. Error 0.009 0.012 

 

Figure 4.9: Cell numbers in the NN and CN primary ovine myoblast cultures at Pro D2. 
Proliferation was significantly higher in the CN cells compared to the NN cells. Cells were 
cultured in growth medium containing 20% FCS for two days (Pro D2). Proliferation was 
measured using the MTS/PMS cell assay. Results were derived from the mean ±SEM of three 
animals per phenotype (i.e. 3 NN or 3 CN) and triplicate cultures (n=9). An un-paired t-test was 
performed using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, 
**p<0.01 and ***p<0.001. 
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4.3.5 Creatine kinase (CK) activity per cell in NN and CN 

myotubes during differentiation. 

These results demonstrated that there was an increase in CK activity in the CN 

myotubes compared to the NN myotubes at Diff D6; however this was not significant 

(Figure 4.10).  

D
iff

 D
6 

(N
N

)

D
iff

 D
6 

(C
N

)0

2.0×103

4.0×103

6.0×103

8.0×103

1.0×104 ***

C
K

 U
/1

x1
06  c

el
ls

 

  
Diff D6 
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Mean of CK activity 4711 8006 
Std. Deviation 1268 2069 
Std. Error 422.6 689.7 

 

Figure 4.10: Creatine kinase activity (U/1X106 cells) in wild-type (NN) and Callipyge (CN) 
cultures at Diff D6. CK activity significantly higher in CN cells compared to NN. Cells were 
cultured in growth medium containing 20% FCS and induced to form myotubes at Pro D3 (90-
100% confluence) by substituting 20% FCS with 2% HS (LSM) for 6 days following 
differentiation (Diff D6). Cells were collected in 50mM Tris-Mes buffer with CK activity 
measured). Results were derived from the mean ± SEM of three animals of each phenotype (i.e. 
3 NN and 3 CN) and triplicate cultures (n=9). An un-paired t-test was performed using Graph 
Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and 
***p<0.001. 
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4.3.6 Total protein content per cell in NN and CN cultures 

Total protein content (mg/1X106 cells) in primary ovine muscle cultures was 

significantly (*p<0.05) higher in CN cultures compared to NN cultures at Diff D6 (Figure 

4.11).  
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Diff D6 
(NN) 

Diff D6 
 (CN) 

Number of cultures 9 9 
Mean of protein per 106 cells 15.6 35.1 
Std. Deviation 2.2 7.7 
Std. Error 0.7 2.6 

 

Figure 4.11: Total protein content (mg/1X106 cells) in the primary ovine NN and CN 
cultures at Diff D6. Total protein content was significantly higher in the CN cells compared to 
NN. Cells were cultured in growth medium containing 20% FCS and induced to form myotubes 
at Pro D3 (90-100% confluence) by substituting 20% FCS with 2% HS (LSM) for 6 days 
following differentiation (Diff D6). Cells were collected in 50mM Tris-Mes buffer with protein 
content measured. Results were derived from the mean ± SEM of three animals of each 
phenotype (i.e. 3 NN and 3 CN) and triplicate cultures (n=9). An un-paired t-test was performed 
using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 
and ***p<0.001. 

 

 



126 

 

4.3.7 Analysis of NN and CN myotube size  

Myotube size in primary ovine NN and CN cultures was also assessed by measuring 

the width and the number of myonuclei. The average width of the CN myotubes was 

found to be 16% higher than NN myotubes (Figure 4.12A) with 15% more myonuclei 

per CN myotube compared to NN myotubes (Figure 4.12B). These results indicated 

that the Callipyge myotubes were larger overall compared to myotubes in the wild-type 

cultures at Diff D6. 
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Figure 4.12: Analysis of myotube width and number of nuclei per myotube in primary 
ovine NN and CN cultures at Diff D6. (A) Myotube width at Diff D6. (B) The average number 
of myonuclei per myotube. Cells were cultured in growth medium containing 20% FCS and 
induced to form myotubes by substituting with 2% HS (LSM). Measurements were taken at Diff 
D6. The results are representative of three animals from each phenotype (i.e. NN or 3 CN) 
cultured in triplicate. An un-paired t-test was performed using Graph Pad Prism (version 5) 
software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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Figure 4.12: Total number of cells (myoblast + myotubes) per well (2cm²) in primary ovine 
NN and CN cultures at Diff D6. Cells were cultured in growth medium containing 20% FCS 
and induced to form myotubes by substituting with 2% HS (LSM). Measurements were taken at 
Diff D6. The results are representative of three animals from each phenotype (i.e. NN or 3 CN) 
cultured in triplicate. An un-paired t-test was performed using Graph Pad Prism (version 5) 
software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 

 

4.3.8 Genotyping of NN and CN cultures 

In order to confirm genotypic differences between the primary ovine NN and CN 

skeletal muscle cell cultures, DNA from NN and CN cultured cells was collected at Pro 

D3, used in PCR, sequenced and restriction enzyme digested. 

4.3.8.1 PCR products of DNA from NN and CN cultured cells at ProD3 

DNA fragment analysis was performed by comparing PCR fragment size to a 1kb Plus 

DNA ladder standard visualised using agarose gel electrophoresis. PCR of the DNA 

collected from both the NN and CN cultured cells produced the correct size DNA 

fragments; ~620bp NN (Figure 4.13A) and CN PCR products (Figure 4.13B). 



129 

 

 

Figure 4.13: UV image of agarose gel electrophoresis used to visualise PCR of DNA 
collected from NN and CN cultured cells at Pro D3. (A)(D) 1kb Plus DNA marker, (B1, 2, 3) 
DNA fragments prepared from NN cells (1) #5001, (2) #5003, (3) #5007, (C1, 2, 3) DNA 
fragments prepared from CN cells (1) #5029, (2) #5030, (3) #5031. Cells were cultured in 
growth medium containing 20% FCS for three days (Pro D3). Cells were collected at Pro D3. 
Genomic DNA was prepared from the cells and PCR performed. Results were from three 
animals and 3 measurements (n=9). 

 

4.3.8.2  NN and CN DNA sequencing 

The purified DNA products (Section 4.3.8.1) were sent to the Australian Genome 

Research Facility (AGRF) for sequencing (Section 2.2.30). Results confirmed the 

genotypic differences between the NN and CN cultures. The NN homozygote did not 

display the clpg SNP on either allele as was shown by one A (green) peak present in 

the sequence trace at this position. This also demonstrates retention of the Ava II 

restriction site (GGACC) on both alleles (Figure 4.14). This confirmed that all 3 NN 

muscle cultures were indeed of this genotype. In contrast, the CN heterozygote 

however displayed two peaks at the clpg SNP site i.e. an G (black) and A (green) 

demonstrating the presence of the clpg SNP on one of the alleles and subsequent loss 
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of the Ava II restriction site (GGGCC) on this allele (Figure 4.15). 

4.3.8.2.1 Wild-type  

G      G     G     C       T     G     G     G     A     C     C A     C      C      T     G      T      C      A

A

B

C

 

Figure 4.14: Sequencing of DNA from the primary ovine wild-type (NN) homozygote 
genotype cultures. DNA sequencing of (A) NN ovine #5001, (B) NN ovine #5003, (C) NN 
ovine #5007. The arrow shows the position of the SNP which is an A to G transition. Results 
were from three animals and 3 measurements (n=9). 
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4.3.8.2.2 Callipyge 

G      G G C       T     G     G G A/G C     C A     C      C T     G      T      C      A
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Figure 4.15: Sequencing of DNA from the primary ovine Callipyge (CN) heterozygote 
genotype cultures. DNA sequencing of (D) CN ovine #5029, (E) CN ovine #5030, (F) CN ovine 
#5031. Double A/G nucleotides (green and black) peaks (denoted by an arrow) represent the 
wild-type and Callipyge alleles. Results were from three animals and 3 measurements (n=9). 

 

4.3.8.3 Ava II restriction enzyme digestion 

Ava II restriction enzyme digestion is another method to confirm the NN and CN 

genotypes. Results were as expected. Four restriction fragments: 285, 178, 147 and 11 

bp were obtained for both the NN maternal and paternal allele (Figure 4.16B); whereas 

three DNA fragments were present for the CN heterozygous genotype. For the paternal 

CN allele there were three fragments: 432, 178 and 11bp, and for the maternal NN 

allele there were four DNA fragments: 285, 178, 147 and 11bp, (Figure 4.16C). These 

results confirmed the differences between the wild-type and Callipyge muscle cell 

cultures used in the in vitro experiments. The results also confirmed that no mixing of 

the NN and CN cultures had occurred inadvertently. NN cultures only showed the NN 

genotype and CN cultures only showed the CN genotype. 
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Figure 4.16: UV image of agarose gel electrophoresis used to visualise restriction 
enzyme digests of DNA prepared from primary wild-type and Callipyge muscle cell 
cultures. (A)(D) 1kb Plus DNA marker, (B1, 2, 3) Ava II DNA fragments prepared from NN 
cultured cells (1) #5001, (2) #5003, (3) #5007, (C1, 2, 3) Ava II DNA fragments prepared from 
CN cultured cells (1) #5029, (2) #5030, (3) #5031. Results were from three independent animals 
and 3 measurements (n=9). Note: The 11bp fragment is too small to be resolved and visualised 
on agarose gel. 
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4.4 Discussion 

To date most in vitro studies of skeletal muscle hypertrophy have focused on animal 

cell lines from rats (Rat L6) (Roeder et al., 1988) (De Arcangelis et al., 2003, Nader et 

al., 2005, Quinn et al., 2007), mice (C2C12) (Stewart and Rotwein, 1996, Stewart et al., 

1996, Hoffman and Nader, 2004, Dobrowolny et al., 2005) or humans (Crown et al., 

2000, Foulstone et al., 2004, Jacquemin et al., 2007). Very few studies have focused 

on skeletal muscle hypertrophy in sheep. The Callipyge mutation in sheep is a unique 

model of skeletal muscle hypertrophy providing a source of cell lines for in vitro studies 

(Cockett et al., 1994).  

In this study, the difference between Callipyge and wild-type genotypes of the six 

muscle cell cultures was confirmed using DNA sequencing and digestion studies. 

These genotype results agreed with the in vivo Callipyge genotype studies whereby the 

Callipyge mutation was identified by a single base change from A to G for SNP clpg 

(Freking et al., 2002, Smit et al., 2003, White et al., 2008). In previous studies myoblast 

proliferation and apoptosis has been characterised in other muscle cell cultures from 

ST and LD muscles of 120 day-old lamb foetuses, demonstrating intrinsic differences 

between NN and CN myoblasts (Lavulo et al., 2008).  

The various models of muscle fibre hypertrophy have confirmed a causal link between 

the proliferation of endogenous myoblasts, increased myonuclei number and muscle 

fibre hypertrophy in vivo (Snow, 1990, Rosenblatt et al., 1995, Rosenblatt et al., 1994). 

In this study, determination of the number of cells in the myoblast cultures (using the 

MTS/PMS assay) showed significantly more cells (by approximately 20%) in the CN 

cultures compared to the NN cultures (following two days in growth medium), indicating 

increased proliferation in the CN myoblasts. This result (Figure 4.9) agrees with an 

enhanced proliferation rate (~50%) previously observed using the tritiated thymidine 

labelling method for CN myoblasts derived from ST muscle that revealed a significantly 
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shorter doubling time of the CN myoblasts (about half that for NN myoblasts) and a 

reduced rate of apoptosis (Lavulo et al., 2008). The total number of cells in the CN was 

lower when compared to NN cultures at Diff D6 (Figure 4.12). It was also apparent 

(Figure 4.4Figure 4.5) that more myoblasts remained within the NN cultures at Diff D6 

when compared to the CN cultures. This result coupled with the increased cell 

proliferation observed in the CN cultures implies a greater rate of cell fusion that results 

in hypertrophy within these cells. Total protein content per cell was higher in the CN 

cultures when compared to NN cell cultures at Diff D6. This result was consistent with 

the up-regulation of α-actin mRNA observed in the present study, and in other studies 

that showed increases in protein content in myotube cultures (Coleman et al., 1995).  

Furthermore, the CN myotubes showed larger myotube width and more myonuclei per 

myotube than in NN myotubes at Diff D6. These results indicate that the accumulation 

of myonuclei per individual muscle cell are derived from activation of the reserve 

myoblasts and their differentiation and fusion to pre-existing myotubes, thus donating 

myonuclei to the existing myotubes (Moss and Leblond, 1971), with this subject 

reviewed by (Hawke and Garry, 2001, Koohmaraie et al., 1995). This in vitro 

hypertrophy was seen after six days of myotube maturation in culture reflecting the in 

vivo hypertrophy of ST Callipyge myofibres seen elsewhere (Carpenter et al., 1996). 

Hypertrophy was also somewhat reflected by the increase (although not significant) in 

CK activity in the CN cells, compared to the NN cells. This result also agrees with the 

increased α-actin mRNA levels observed in studies involving chickens, where 

activation of myoblasts led to increased myoblast fusion to pre-existing myotubes 

(Hayward and Schwartz, 1986).  

However, the apparent lack of Dlk1 gene expression in cultures at any day of the 

experiment was unexpected, since Dlk1 is highly expressed in vivo (Cockett et al., 

1999, Davis et al., 2004, Perkins et al., 2006, Vuocolo et al., 2007, White et al., 2008). 

Similar levels of mRNA for Dlk1 were detected in both normal and affected (CN) 
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muscles of foetuses aged 80 and 100 days. The levels were significantly elevated from 

120 days of gestation through to 12 weeks post-natal in affected ST (but not 

unaffected) CN muscle. The presence of Dlk1 protein at all stages of development in 

vivo, suggests that the apparent absence of Dlk1 mRNA in myoblast and myotube 

cultures does not merely reflect immaturity of the myogenic cells in cultures. The 

inability to detect Dlk1 protein in the cultured muscle cells agrees with the reported lack 

of Dlk1 mRNA in cultured CN myoblasts and myotubes (Lavulo et al., 2008). Why Dlk1 

is not expressed in vitro is unknown. This result might suggest that Dlk1 is important in 

the muscle hypertrophy syndrome in growing animals but is not sufficient to induce a 

hypertrophic phenotype in cultured muscle cells, or Dlk1 simply is not a gene 

responsible for the hypertrophy in Callipyge sheep (Murphy et al., 2005, Perkins et al., 

2006, Vuocolo et al., 2007, White et al., 2008).  

Some other component in the system may be affected by the Callipyge mutation and 

responsible for in vitro determination of myotube/myofibre size and number of 

myonuclei. Since IGF-1 is strongly associated with muscle hypertrophy, the IGF-1 

pathways were investigated in Callipyge cells. This is presented in the next chapter.  
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5  The effect of IGF-1 on wild-type (NN) and 
Callipyge (CN) ovine skeletal muscle cells in 

vitro.  
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5.1 Introduction 

Insulin-like growth factor-1 (IGF-1) is a known mediator of skeletal muscle cell growth 

and development. To date most of the in vitro studies involving IGF-1 has used 

immortalised rat and mouse skeletal muscle cell lines (Roeder et al., 1988, Stewart et 

al., 1996). More recent studies have used adult human primary cultures and have 

revealed the importance of IGF-1 and its binding proteins to myoblast survival, and 

during myoblast proliferation and myotube differentiation (Foulstone et al., 2004). 

Studies involving the C2C12 cell line have shown that activation of the PI3K/Akt1 

signalling pathway induces protein synthesis (Bodine and Still, 2001, Rommel et al., 

2001), myoblast fusion, differentiation, and myotube hypertrophy (Li et al., 2000, 

Kaliman et al., 1996). In these studies, activated PI3K stimulated phosphorylation of 

the protein kinase Akt1, leading to protein synthesis resulting in muscle hypertrophy 

(Rommel et al., 2001) (for more detail see chapter 3). Further downstream of Akt1, 

IGF-1 directly activates mTOR that subsequently leads to stimulation of the protein 

kinase p70S6K. Activation of p70S6K also results in protein synthesis, as 

demonstrated in the HEK293 cell line (Burnett et al., 1998). Conversely, blocking the 

PI3K/Akt1/p70S6K pathway with rapamycin (a specific inhibitor of mTOR), completely 

inhibits the hypertrophic growth of C2C12 muscle cells (Bodine and Still, 2001) (Figure 

1.13C). In IGF-1 expression studies using C2C12 muscle cells, results showed that 

over expression of IGF-1 induced muscle hypertrophy and increased protein synthesis 

(Coleman et al., 1995). In vivo studies also demonstrated that transgenic mice over 

expressing IGF-1 showed increases in the cross-sectional diameter of individual 

muscle fibres by more than two-fold compared to wild-type (non transgenic) mice (Lai 

et al., 2004). In other studies, mice that lack Akt1 (knock-out) are smaller than wild-type 

mice, thus further supporting a role for Akt1 in growth and hypertrophy (Chen et al., 

2001). Thus it appears as though activation of the IGF-1 pathway including 

PI3K/Akt1/p70S6K is essential for skeletal muscle cell hypertrophy. 
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Results from the previous chapter (Chapter 4) demonstrated that Callipyge ovine 

myotubes were larger in size than wild-type ovine myotubes, as characterised by an 

increased cell width, number of myonuclei per myotube and more total protein per cell.  

IGF-1 has been shown in numerous other studies to play a role in muscle hypertrophy. 

While there is no evidence that IGF-1 signalling is defective in Callipyge animals, we 

hypothesized that investigations into interactions between the Callipyge hypertrophic 

pathway and the IGF-1/ PI3K/Akt1/mTOR/p70S6K pathway may provide novel insights 

into regulation of each pathway. This chapter is divided into three studies that 

investigate:  

1) Activation of the PI3K/Akt1/mTOR/p70S6K pathway in NN myotubes in 

response to IGF-1 treatment and its impact on myotube hypertrophy 

2) Endogenous activation of the PI3K/Akt1/mTOR/p70S6K pathway in CN 

myotubes (that manifest endogenous hypertrophy) 

3) Impact of IGF-1 treatment on activation of the PI3K/Akt1/mTOR/p70S6K 

pathway and myotube hypertrophy in CN myotubes. 

Cell differentiation and hypertrophy were investigated by analysing the total creatine 

kinase (CK) activity, total protein content, and the size of myotubes in each phenotype 

without and with IGF-1 treatment. Activation of the IGF-1 related signalling pathway 

was measured at the phosphorylated protein level using western hybridization and 

antibodies specific for phosphorylated Akt1 and p70S6K. Additionally, activation of the 

IGF-1 related signalling pathway was measured at the transcriptional level using qRT-

PCR analysis of IGF-1, IGF1 receptor, PI3K p85, PI3K p110, Akt1, mTOR and p70S6K 

genes.  
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5.2 Material and methods 

Three primary ovine wild-type NN and Callipyge CN semitendinosus (ST) muscle cell 

lines (total of 6 different cultures), were received at passage 11-19 and used in this 

study. The primary ovine muscle cultures were established initially as described in 

section 2.2.4. Cells were seeded, grown, and differentiated as described in section 

2.2.6. Proliferating myoblasts were collected 3 days after seeding in growth medium 

(Pro D3). Differentiating myotubes were analysed at 3 and 6 days after differentiation in 

LSM (Diff D3 - Diff D6) as described in Figure 5.1. Recombinant (Re) and long R3 (R3) 

human IGF-1 was used in this study.  

5.2.1 IGF-1 titration 

Human IGF-1 was selected for the treatment of the ovine cultures due to the high 

homology displayed between human IGF-1 and ovine IGF-1. Protein sequence identity 

was determined between ovine IGF-1 and human, bovine, mouse, goat, and rat IGF-1, 

with the highest identity (96%) observed between the human and ovine forms using the 

following websites: www.NCBI or www.UCSC Genome Browser. Hence, human IGF-1 

was selected for experimentation. To determine the best concentration of human long 

R3 IGF-1 and human recombinant IGF-1 for this study, cultures were treated with IGF-

1 concentrations ranging from: 10, 25, 50 and 100ng/ml. See procedures in section 

2.2.7. Details of the CK and protein assay are provided in Chapter 

http://www.ucsc/�
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Figure 5.1: The flow chart of primary ovine myogenesis and IGF-1 treatment. Myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D1-3). IGF-1 
was added to the myotube culture at Diff D3. Low serum medium ± IGF-1 was changed daily. 
Myotube cultures were collected after 3 days without and with IGF-1 treatment (Diff D6). 

5.2.2 Time course of sheep muscle cell myogenesis 

Primary NN and CN myoblasts were seeded at 2x104 cells per well onto 24 well plates 

(2.2.6). The time course of myoblast fusion into myotubes was monitored in triplicate 

cultures with sampling carried out every day from day 1 (Pro D1) to 6 days after cell 

fusion (Diff D6). Samples were stored at -70°C until assayed. 

5.2.3 Quantitative RT-PCR (qRT-PCR) 

Cell samples were collected at three time points; Pro D3, Diff D3 and Diff D6, without 

and with IGF-1 treatment. Transcription of specific target genes including IGF-1, IGF-1 

receptor (rIGF-1), Akt1, PI3K p85, PI3K p110, mTOR, p70S6K and IL6 were examined 

using qRT-PCR (section 2.2.22). The results of this study were based on four technical 

replicates per culture. 
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5.3 Results 

5.3.1 Appearance of cultured cells over time. 

Primary ovine myoblasts from 3 animals for each sheep genotype (i.e. 3 NN and 3 CN 

cultures) proliferated and differentiated over time to form myotubes (Figure 5.2 panels 

A to H (NN) and panels I to P (CN)).  

 

Figure 5.2: Appearance of NN and CN ovine muscle cell cultures over time. (A-C) Pro D1-
D3, (D-F) Diff D1-D3, (G-H) Diff D5-D6 for NN muscle cultures. (I-K) Pro D1-D3, (L-N) Diff D1-
D3, (O-P) Diff D5-D6 for CN muscle cultures. Myoblasts were seeded onto culture plates in 
growth medium, called proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, 
approximately 90-100% confluent), low serum medium was used to induce the myoblasts to 
differentiate and fuse to form myotubes for 3 days (Diff D3). Low serum medium was changed 
daily until Diff D6. All images are presented with 100x magnification. 

5.3.2 Titration of IGF-1 

Following three days in LSM medium (Figure 5.2 F and N), NN and CN myotubes were 

treated with several different concentrations of two types of IGF-1 (as described in 

section 2.2.7). The NN and CN myotubes appeared larger (myotube width) following 

treatment with the two types of IGF-1 (Figure 5.3) compared to untreated cultures at 

Diff D6.  
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Figure 5.3: Appearance of NN and CN myotubes following IGF-1 treatments at Diff D6. 
Titration of 2 forms of IGF-1 (Recombinant and long R3 human) concentrations in NN and CN 
cultures. (A) Untreated NN cells, (B) 5ng/ml, (C) 25ng/ml, (D) 50ng/ml and (E) 100ng/ml of 
Recombinant IGF-1 treatment of NN muscle cell cultures. (F) Untreated CN cells. (G) 5ng/ml, 
(H) 25ng/ml, (I) 50ng/ml and (J) 100ng/ml of Recombinant IGF-1 treatment of CN muscle cell 
cultures. (K) Untreated NN cells. (M) 5ng/ml, (N) 25ng/ml and (O) 50ng/ml of long R3 human 
IGF-1 treatment of NN muscle cell cultures. (P) Untreated CN cells. (Q) 5ng/ml, (R) 25ng/ml and 
(S) 50ng/ml of long R3 human IGF-1 treatment of CN muscle cell cultures. Myoblasts were 
seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 3 
days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used to 
induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 was 
added to the myotube culture at Diff D3. Low serum medium without and with IGF-1 was 
changed daily until Diff D6. All images were captured using 100 x magnification. 

 

All concentration of recombinant and R3 IGF-1 increased the width of the NN myotubes 

at Diff D6 (Figure 5.4). That is, the increase in NN myotube width following treatment 

with 5ng/ml IGF-1 was not different from the myotube response to 25, 50 or 100ng/ml 

IGF-1 (Figure 5.4). However the NN myotubes did show a greater response to lower 

concentration of long R3 IGF-1 (5-25ng/ml) compared to the recombinant IGF-1 (50-

100ng/ml) (Figure 5.4). 
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 NN Untreated 
Re 

5ng/ml 
R3 

5ng/ml 
Re 

25ng/ml 
R3 

25ng/ml 
Re 

50ng/ml 
R3 

 50ng/ml 
Re 

100ng/ml 
Number of 
myotube 
width 40 170 180 160 190 160 200 230 
Mean of 
myotube 
width 11.7 14.0 19.0 15.4 19.0 19.0 18.5 21.5 
Std. 
Deviation 3.1 6.7 12.4 11.1 12.4 11.8 11.8 16.5 
Std. Error 0.5 0.5 0.9 0.9 0.9 0.9 0.8 1.1 

 

Figure 5.4: Average widths of NN myotubes in response to IGF-1 treatment. Average width 
of the NN myotubes significantly increased in response to all IGF-1 treatment. NN myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiation and fuse to form myotubes for 3 days (Diff D3). 
Recombinant (Re) and Long (R3) IGF-1 was added to the myotube culture at Diff D3. Low 
serum medium without and with the different IGF-1 was changed daily until Diff D6. 
Measurements were taken at Diff D6. Results were derived from the mean ± SEM of three 
independent animals cultured in triplicate. Six images per culture with all visible myotubes 
measured (n=variable). A one-way ANOVA was performed using Graph Pad Prism (version 5) 
software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 

 

IGF-1 significantly (*p<0.05) increased myotube width in CN cultures at Diff D6 

following treatment with 5 and 25ng/ml IGF-1 (Figure 5.5). The response to 50 and 

100ng/ml IGF-1 was comparatively less than the lower IGF-1 treatment concentrations 

(25ng/ml) in myotube width (Figure 5.5).  
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5ng/ml 
R3 

5ng/ml 
Re 

25ng/ml 
R3 

25ng/ml 
Re 

50ng/ml 
R3  

50ng/ml 
Re 

100ng/ml 
Number of 
myotube width 140 175 200 170 130 160 140 190 
Mean of myotube 
width 28.7 37.7 40.6 45.2 45.7 43.2 38.1 36.7 

Std. Deviation 15.9 22.5 24.1 22.1 26.6 23.5 18.4 18.4 

Std. Error 1.3 1.7 1.7 1.7 2.3 1.9 1.6 1.3 
 

Figure 5.5: Average width of CN myotubes in response to IGF-1 treatment. Average width 
of the CN myotubes significantly increased in response to all IGF-1 treatment. CN myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 
was added to the myotube culture at Diff D3. Low serum medium without and with IGF-1 was 
changed daily until Diff D6. Cells were stained with desmin (green myotube) and DAPI (blue 
nuclei). Results were derived from the mean ± SEM of three independent animals cultured in 
triplicate. Six images per culture with all visible myotubes measured (n=variable). All images 
were captured using 100X magnification. A one-way ANOVA was performed using Graph Pad 
Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 

 

Measurements of myotube width revealed that the NN and CN myotubes showed 

greater response to lower concentrations of long R3 IGF-1 than to recombinant IGF-1 

(Figure 5.4 and Figure 5.5). 10ng/ml of the long R3 IGF-1, a concentration within the 

range of IGF-1 concentrations that significantly increased myotube width, was used to 

treat all NN and CN cultures in the subsequent experiments. 
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5.3.3 Total protein in culture 

Total protein content per cell was significantly higher in the CN cultures when 

compared to the NN cultures at Diff D6 (Figure 5.6). IGF-1 significantly increased total 

protein content per cell in the NN cultures but not in the CN cultures at Diff D6 when 

compared to untreated cultures (Figure 5.6).  
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 9 9 9 9 
Mean of protein per 106 
cells 16.6 24.2 34.5 35.9 
Std. Deviation 2.5 8.6 10.2 8.0 
Std. Error 0.8 2.9 3.4 2.7 

 

Figure 5.6 The effect of IGF-1 on total protein content per cell (myotubes + myoblasts) in 
NN and CN cultures at Diff D6. IGF-1 treatment significantly increased the protein content in 
the NN cells, but not in the CN cells. Myoblasts were seeded onto culture plates in growth 
medium, called proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, 
approximately 90-100% confluent), low serum medium was used to induce the myoblasts to 
differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 was added to the myotube 
culture at Diff D3. Low serum medium without and with IGF-1 was changed daily until Diff D6. 
Cells were collected in 50mM Tris-Mes buffer with protein content measured. Results were 
derived from the mean ± SEM of three animals of each phenotype (i.e. 3 NN and 3 CN) and 
triplicate cultures (n=9). A one-way ANOVA was performed using Graph Pad Prism (version 5) 
software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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5.3.4 Creatine kinase activity 

CK activity was significantly higher in the CN cultures when compared to the NN 

cultures at Diff D6 (Figure 5.7), and on a per cell basis. Addition of IGF-1 to the cultures 

significantly increased the CK activity in both the NN and CN cultures when compared 

to untreated cultures (Figure 5.7), and again on a per cell basis. 
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 9 9 9 9 
Mean of CK activity 4890 16898 9010 20985 
Std. Deviation 1534 9418 4243 12236 
Std. Error 511.4 3139 1414 4079 

 

Figure 5.7: The effect of IGF-1 on creatine kinase (CK) activity per cell in NN and CN 
myotubes cultures to Diff D6. IGF-1 treatment significantly increased CK activity within both 
the NN and CN cultures at Diff D6. Myoblasts were seeded onto culture plates in growth 
medium, called proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, 
approximately 90-100% confluent), low serum medium was used to induce the myoblasts to 
differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 was added to the myotube 
culture at Diff D3. Low serum medium without and with IGF-1 was changed daily until Diff D6. 
Cells were collected in 50mM Tris-Mes buffer with CK activity measured. Results were derived 
from the mean ± SEM of three animals of each phenotype (i.e. 3 NN and 3 CN) and triplicate 
cultures (n=9). A one-way ANOVA was performed using Graph Pad Prism (version 5) software. 
Results were significant when *p<0.05, **p<0.01 and ***p<0.001.  
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5.3.5 Effects of IGF-1 on myotube size in NN and CN cultures 

A

B

C

D

 

Figure 5.8: Appearance of cultured NN and CN cells with desmin and DAPI stain showing 
increased myotube (green long tubes) size in response to IGF-1 treatment. (A) NN 
myotubes without IGF-1 at Diff D6, (B) CN myotubes without IGF-1 at Diff D6, (C) NN myotubes 
with IGF-1 treatment at Diff D6, (D) CN myotubes with IGF-1 treatment at Diff D6. Myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 
was added to the myotube culture at Diff D3. Low serum medium without and with IGF-1 was 
changed daily until Diff D6. All images were captured using 200 x magnification. 

The observed morphology (Figure 5.8) and measurement of myotube widths revealed 

that the CN cultures had significantly larger myotube widths and a higher number of 

myonuclei per myotubes as compared to the NN cultures at Diff D6 (Figure 5.9 and 

Figure 5.10). Addition of IGF-1 significantly increased myotube size by increasing the 

width (Figure 5.9) and total number of myonuclei in both the NN and CN cultures at Diff 

D6 (Figure 5.10).  
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of myotube 
width 397 318 375 344 
Mean of myotube width 14.1 19.3 16.7 20.1 
Std. Deviation 7.8 11.8 7.7 10.7 
Std. Error 0.4 0.7 0.4 0.6 

 

Figure 5.9: Myotube width of NN and CN without and with IGF-1 treatment at Diff D6. 
Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 day (Pro 
D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without and 
with IGF-1 was changed daily until Diff D6. Measurements were taken at Diff D6. Results were 
derived from the mean ± SEM of three independent animals cultured in triplicate. Six images per 
culture with all visible myotubes measured (n=variable). A one-way ANOVA was performed 
using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 
and ***p<0.001.  
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Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of images 54 54 54 54 
Mean of myonuclei per 
myotube 2.9 5.1 16.3 22.9 
Std. Deviation 1.1 2.8 6.9 15.5 
Std. Error 0.2 0.4 1.0 2.3 

 

Figure 5.10: Number of myonuclei per myotube in NN and CN without and with IGF-1 
treatment at Diff D6. Myoblasts were seeded onto culture plates in growth medium, called 
proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% 
confluent), low serum medium was used to induce the myoblasts to differentiate and fuse to 
form myotubes for 3 days (Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low 
serum medium without and with IGF-1 was changed daily until Diff D6. Cells were counted at 
Diff D6. Results were derived from the mean ± SEM of three animals triplicate cultures, and 6 
images (n=54). A one-way ANOVA was performed using Graph Pad Prism (version 5) software. 
Results were significant when *p<0.05, **p<0.01 and ***p<0.001.  

 

The total number of cells (pooling myotubes and myoblasts) was significantly less in 

the CN cultures when compared to the NN cultures. Addition of IGF-1 did not 

significantly affect the total number of cells in either NN or CN without or with IGF-1 

treatment at Diff D6 (Figure 5.11). 
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of images 54 54 54 54 
Mean of number of cells 15954 15834 8553 8769 
Std. Deviation 7184 5810 3875 3216 
Std. Error 1048 838.6 565.3 469.1 

 

Figure 5.11: Total number of cells (myotubes + myoblasts) per well (2cm²) in culture at 
Diff D6. Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 day 
(Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without and 
with IGF-1 was changed daily until Diff D6. Cells were counted at Diff D6. Results were derived 
from the mean ± SEM of three animals triplicate cultures, and 6 images (n=54). A one-way 
ANOVA was performed using Graph Pad Prism (version 5) software. Results were significant 
when *p<0.05, **p<0.01 and ***p<0.001.  

 

5.3.6  Activation of the PI3K/Akt1/p70S6K pathway in NN and 

CN myotubes, in response to treatment. 

Activation of the PI3K/Akt1/p70S6K pathway was investigated through analysing the 

phosphorylation status of the proteins Akt1 and p-p70S6K (Figure 5.12 and Figure 

5.17).  
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Figure 5.12: Phosphorylation status of Akt1. Higher levels of p-Akt1 were observed in the CN 
cells compared to the NN cells. IGF-1 treatment up-regulated p-Akt1 expression in NN but not in 
the CN cells. (1) Akt1 positive control, (2) p-Akt1 positive control, (3) un-treated NN, (4) un-
treated CN, (5) IGF-1 treated NN, (6) IGF-1 treated CN at Diff D6. Myoblasts were seeded onto 
culture plates in growth medium, called proliferation 1 day (Pro D1), and after 3 days of 
proliferation (ProD3, approximately 90-100% confluent), low serum medium was used to induce 
the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 was added 
to the myotube culture at Diff D3. Low serum medium without and with IGF-1 was changed daily 
until Diff D6. Cells were collected in lysate buffer at Diff D6. Protein analysis was performed 
using Western blots. Results were from the mean ±SEM of three animals of each genotype 
(n=3). Loading control panel was used to determine equal loading of samples via total protein 
levels as determined by gel staining with α-tubulin. 

  

Phosphorylation of Akt1 was almost 9-fold higher in the CN cultures when compared to 

NN cultures at Diff D6 (Figure 5.13). These trends were independent of IGF-1 

treatment. IGF-1 significantly increased the phosphorylation of Akt1 in the NN cultures, 

but not in the CN cultures when compared to untreated cultures at Diff D6 (Figure 

5.13). 

α - Tubulin 

p - Akt1 

Total Akt1 

1 2 3 4 5 6 
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 
Mean of p-Akt1 6659 24656 38813 43586 
Std. Deviation 3445 11528 14631 18395 
Std. Error 1722 4706 7315 9197 

 

Figure 5.13: Intensity of phosphorylation of Akt1 of NN and CN without and with IGF-1 
treatment at Diff D6. Significantly higher levels of p-Akt1 were observed in the CN cells 
compared to the NN cells. IGF-1 treatment was significantly up-regulated p-Akt1 expression in 
NN but not in the CN cells. Myoblasts were seeded onto culture plates in growth medium, called 
proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% 
confluent), low serum medium was used to induce the myoblasts to differentiate and fuse to 
form myotubes for 3 days (Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low 
serum medium without and with IGF-1 was changed daily until Diff D6. Cells were collected in 
lysate buffer at Diff D6. Protein analysis was performed using Western blots. Results were from 
the mean ±SEM of three animals of each genotype (n=3). A one-way ANOVA was performed 
using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 
and ***p<0.001.  

 

The total level of Akt1 did not change in either of the NN or CN cultures independently 

of IGF-1 treatment (Figure 5.14) and within the sensitivity of the method. 
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Diff D6 
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Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 
Mean of  total Akt1 73508 71218 56411 67541 
Std. Deviation 14090 12607 29579 30793 
Std. Error 7045 6303 14789 15396 

 

Figure 5.14: Intensity of total Akt1 of NN and CN culture at Diff D6. No change was 
observed in total Akt1 in either of the cultures or in response to IGF-1 treatment. Myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 
was added to the myotube culture at Diff D3. Low serum medium without and with IGF-1 was 
changed daily until Diff D6. Cells were collected in lysate buffer at Diff D6. Protein analysis was 
performed using Western blots. Results were from the mean ±SEM of three animals of each 
genotype (n=3). A one-way ANOVA was performed using Graph Pad Prism (version 5) 
software. Results were not significant. 

 

The level of phosphorylated Akt1 was normalised against total Akt1 giving a ratio for 

Akt1 activation. Akt1 activation was significantly higher in the CN cultures compared to 

the NN cultures at Diff D6 (Figure 5.15). IGF-1 significantly increased Akt1 activation in 

NN but not in CN at Diff D6 (Figure 5.15). 
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 
Mean of p-Akt1 vs Akt1 0.1 0.9 0.3 0.9 
Std. Deviation 0.1 0.6 0.2 0.7 
Std. Error 0.03 0.30 0.10 0.35 

 

Figure 5.15: The ratio of p-Akt1 versus to Akt1 for NN and CN cultures at Diff D6. The ratio 
of p-Akt1 versus total Akt1 was significantly higher in the CN cells compared to the NN cells. 
IGF-1 treatment significantly up-regulated the ratio in the NN cells, but not in the CN cells. 
Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 day (Pro 
D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without and 
with IGF-1 was changed daily until Diff D6. Cells were collected in lysate buffer at Diff D6. 
Protein analysis was performed using Western blots. Results were from the mean ±SEM of 
three animals of each genotype (n=3). A one-way ANOVA was performed using Graph Pad 
Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001.  

 

All of these results were based on the equal loading of protein as evidenced by the 

protein loading controls: α- tubulin (Figure 5.16). 

 



155 

 

N
N

N
N

 IG
F-

1 C
N

C
N

 IG
F-

1

0

5.0×104

1.0×105

1.5×105

∝
-t

ub
ul

in
  i

nt
en

si
ty

 (p
ix

el
s 

pe
r 

un
it 

ar
ea

)

 

  
Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 

Mean of  α- tubulin 91681 96334 99711 104571 
Std. Deviation 10949 14031 9100 3779 
Std. Error 6321 8101 5254 2182 

 

Figure 5.16: Intensity of α-tubulin (the protein loading control) for the NN and CN cultures 
at Diff D6. No change was observed in α-tubulin in either of the cultures or in response to IGF-1 
treatment. Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 
day (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low 
serum medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 
3 days (Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without 
and with IGF-1 was changed daily until Diff D6. Cells were collected in lysate buffer at Diff D6. 
Protein analysis was performed using Western blots. Results were from the mean ±SEM of 
three animals of each genotype (n=3). A one-way ANOVA was performed using Graph Pad 
Prism (version 5) software. Results were not significant. 
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Figure 5.17: p-p70S6K/p70S6K protein expression in NN and CN myotubes. Higher levels of 
p-70S6K were observed in the CN cells compared to the NN cells. IGF-1 treatment was up-
regulated p-p70S6K expression in the NN and CN cells. (1) p70S6K positive control, (2) p-
p70S6K positive control, (3) untreated NN, (4) IGF-1 treated NN, (5) untreated CN, (6) IGF-1 
treated CN at Diff D6. Myoblasts were seeded onto culture plates in growth medium, called 
proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% 
confluent), low serum medium was used to induce the myoblasts to differentiate and fuse to 
form myotubes for 3 days (Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low 
serum medium without and with IGF-1 was changed daily until Diff D6. Cells were counted at 
Diff D6. Cells were collected in lysate buffer at Diff D6. Protein analysis was performed using 
Western blots. Results were from the mean ±SEM of three animals of each genotype (n=3). 
Loading control panel was used to determine equal loading of samples via total protein levels as 
determined by gel staining with GAPDH. 

 

Result showed that phosphorylation of p70S6K was trend higher in the CN cultures 

than in the NN cultures at Diff D6. Densitometry data suggested an almost 17-fold 

elevation. I suggest some caution however, because the densities of the bands 

corresponding to untreated NN cultures are low and variable (Figure 5.18). IGF-1 

treatment significantly increased the phosphorylation of p70S6K (perhaps by 19-fold) in 

the NN cultures at Diff D6 (Figure 5.18). IGF-1 treatment also increased the level of 

phosphorylation of p70S6K in CN cultures (Figure 5.18).  

 

 

GAPDH 

p - p70S6K 
(Thr389) 

p - p70S6K 
(Thr421/Ser424) 

Total p70S6K 
(Thr421/Ser424) 

1 2 3 4 5 6 
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 
Mean of p-p70S6K 2808 42672 40097 70296 
Std. Deviation 4862 21802 8245 14493 
Std. Error 2807 12587 4760 8368 

 

Figure 5.18: Intensity of p-p70S6K of NN and CN without and with IGF-1 treatment at Diff 
D6. Significantly higher levels of p-p70S6K were observed in the CN cells compared to the NN 
cells. IGF-1 treatment was significantly up-regulated p-70S6K expression in the NN and CN 
cells. Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 day 
(Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without and 
with IGF-1 was changed daily until Diff D6. Cells were collected in lysate buffer at Diff D6. 
Protein analysis was performed using Western blots. Results were from the mean ±SEM of 
three animals of each genotype (n=3). A one-way ANOVA was performed using Graph Pad 
Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001.  
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Total level of p70S6K did not change in either the NN or CN cultures without or with 

IGF-1 treatment (Figure 5.19). 
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Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 
Mean of  total p70S6K 77212 81414 93773 130259 
Std. Deviation 25949 9911 35675 69818 
Std. Error 14982 5722 20597 40310 

 

Figure 5.19: Intensity of total p70S6K of NN and CN cultures at Diff D6. No change was 
observed in total p70S6K in either of the cultures or in response to IGF-1 treatment. Myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 
was added to the myotube culture at Diff D3. Low serum medium without and with IGF-1 was 
changed daily until Diff D6. Cells were collected in lysate buffer at Diff D6. Protein analysis was 
performed using Western blots. Results were from the mean ±SEM of three animals of each 
genotype (n=3). A one-way ANOVA was performed using Graph Pad Prism (version 5) 
software. Results were not significant. 

 

The level of phosphorylated p70S6K was normalised against total p70S6K to estimate 

an activation ratio for p-p70S6K. This ratio was significantly higher in the CN cultures 

than in the NN cultures at Diff D6 (Figure 5.20). IGF-1 significantly increased the 

activation ratio in the NN cultures but not significantly in the CN cultures (Figure 5.20). 
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Diff D6 
(NN) 

Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 
Mean of p-p70S6K vs 
p70S6K 0.03 0.51 0.45 0.67 
Std. Deviation 0.05 0.22 0.10 0.37 
Std. Error 0.03 0.13 0.06 0.21 

 

Figure 5.20: Activation ratio for p-p70S6K/ p70S6K in NN and CN culture at Diff D6. The 
ratio of p-p70S6K versus total p70S6K was significantly higher in the CN cells compared to the 
NN cells. IGF-1 treatment significantly up-regulated the ratio in the NN cells, but not in the CN 
cells. Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 day 
(Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without and 
with IGF-1 was changed daily until Diff D6. Cells were collected in lysate buffer at Diff D6. 
Protein analysis was performed using Western blots. Results were from the mean ±SEM of 
three animals of each genotype (n=3). A one-way ANOVA was performed using Graph Pad 
Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 

 

All of these results were based on the equal loading of protein as evidenced by the 

loading controls: GAPDH (Figure 5.21). 
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Diff D6 IGF-1 
(NN) 

Diff D6 
(CN) 

Diff D6 IGF-1 
(CN) 

Number of cultures 3 3 3 3 
Mean of GAPDH 47410 44778 39726 45115 
Std. Deviation 13646 19518 19630 24466 
Std. Error 7878 11269 11333 14126 

 

Figure 5.21: Quantitation of GAPDH as the protein loading control. No change was 
observed in total GAPDH in either of the cultures or in response to IGF-1 treatment. Myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 
was added to the myotube culture at Diff D3. Low serum medium without and with IGF-1 was 
changed daily until Diff D6. Cells were counted at Diff D6. Cells were collected in lysate buffer at 
Diff D6. Protein analysis was performed using Western blots. A one-way ANOVA was 
performed using Graph Pad Prism (version 5) software. Results were not significant. Results 
were from the mean ±SEM of three animals of each genotype (n=3). 

 

5.3.7 RT-PCR measurement of gene transcription 

The mRNA for IGF-1 was detected in both NN and CN cultures during proliferation (Pro 

D3), 6 days post differentiation (Diff D6) and after treatment with exogenous IGF-1 at 

Diff D6. The results revealed that there was no difference in IGF-1 mRNA levels 

between the NN and CN cells during proliferation. However, transcription appeared to 

be down-regulated in the CN cells compared to NN cells 6 days after differentiation. 

Addition of IGF-1 to the cultures at Diff D6 markedly reduced the level of IGF-1 
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transcription in the CN cells (*P<0.05) but not in the NN cells (Figure 5.22). 
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(NN) 

Pro D3 
(CN) 

Diff D6 
(NN) 

Diff D6 
(NN) 

Diff D6  
IGF-1 (NN) 

Diff D6  
IGF-1 (NN) 

Number of cultures 9 9 9 9 9 9 
Mean of IGF-1 
expression 0.0002 0.0001 0.003 0.0008 0.004 0.0002 

Std. Deviation 0.0001 0.0001 0.001 0.0006 0.005 0.0003 

Std Error 0.00001 0.00001 0.0005 0.0002 0.002 0.0001 
 

 

 

 

 

IGF-1 receptor (rIGF-1) mRNA was significantly higher in the CN cells during 

proliferation when compared to the NN cells at Pro D3. There was no difference in 

transcription of rIGF-1 between untreated NN cells and IGF-1 treated cells at Diff D6 

Figure 5.22: The normalised transcription of IGF-1 in Pro D3 and Diff D6 (without and with 
10ng/ml long R3 IGF-1) NN and CN muscle cell cultures. IGF-1 expression significantly 
increased during myotube formation in NN and CN cells at Diff D6. IGF-1 treatment significantly 
increased IGF-1 expression in NN cells, but significantly decreased it in CN cells at Diff D6. 
Internal reference gene was acidic ribosomal protein (RpP0). Cells were cultured in growth 
medium containing 20% FCS and induced to form myotubes at Pro D3 (90-100% confluence) by 
substituting 20% FCS with 2% HS (LSM). The medium was changed daily with myotubes 
forming until Diff D6. Cells were collected at Pro D3 and Diff D6 and genomic DNA prepared. 
PCR was performed in triplicate. Results were from three animals (n=9). A one-way ANOVA 
with a post-hoc Tukey test was performed using GraphPad Prism (version 5) software. Results 
were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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(Figure 5.23). IGF-1 increased transcription of rIGF-1 in CN cultures at Diff D6 (Figure 

5.23). 
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Number of analysis 9 9 9 9 9 9 
Mean of rIGF-1 
expression 0.021 0.503 0.014 0.013 0.013 0.031 
Std. Deviation 0.025 0.749 0.004 0.005 0.006 0.042 
Std. Error 0.008 0.250 0.001 0.002 0.002 0.014 

 

Figure 5.23: The normalised transcription of rIGF-1 in Pro D3 and Diff D6 (without and 
with IGF-1 treatment) NN and CN muscle cell cultures. rIGF-1 expression did not change 
significantly during myotube formation in either the NN or CN cells at Diff D6, or following IGF-1 
treatment. Internal reference gene was acidic ribosomal protein (RpP0). Cells were cultured in 
growth medium containing 20% FCS and induced to form myotubes at Pro D3 (90-100% 
confluence) by substituting 20% FCS with 2% HS (LSM). The medium was changed daily with 
myotubes forming until Diff D6. Cells were collected at Pro D3 and Diff D6 and genomic DNA 
prepared. PCR was performed in triplicate. Results were from three animals (n=9). A one-way 
ANOVA with a post-hoc Tukey test was performed using Graph Pad Prism (version 5) software. 
Results were significant when *p<0.05, **p<0.01 and ***p<0.001 

PI3K p85 mRNA was significantly higher in the CN cells during proliferation, but lower 

at Diff D6 when compared to the NN cell cultures (Figure 5.24). Addition of IGF-1 to Diff 

D6 cultures did not significantly up-regulate PI3K p85 transcription in NN cells. No 
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effect was observed in the CN cultures (Figure 5.24). 
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Figure 5.24: The normalised transcription of PI3K p85 in Pro D3 and Diff D6 (without and 
with IGF-1 treatment) NN and CN muscle cell cultures. PI3K expression significantly 
increased during myotube formation in the NN and CN cells at Diff D6. However no change was 
observed following IGF-1 treatment. Internal reference gene was acidic ribosomal protein 
(RpP0). Cells were cultured in growth medium containing 20% FCS and induced to form 
myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 2% HS (LSM). The 
medium was changed daily with myotubes forming until Diff D6. Cells were collected at Pro D3 
and Diff D6 and genomic DNA prepared. PCR was performed in triplicate. Results were from 
three animals (n=9). A one-way ANOVA with a post-hoc Tukey test was performed using Graph 
Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and 
***p<0.001. 

 

Transcription of PI3K p110 was significantly increased in both NN and CN cultures 

during cell differentiation (Diff D6). Addition of IGF-1 did not significantly up-regulate 
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PI3K p110 transcription in the NN cultures. However, IGF-1 significantly down-

regulated PI3K p110 transcription in the CN cultures at Diff D6 (Figure 5.25). There 

was no difference in PI3K p110 transcription in the NN cultures during proliferation (Pro 

D3) or differentiation (Diff D6) when compared to the CN cultures (Figure 5.25). 
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Std. Deviation 0.0004 0.0003 0.0005 0.0004 0.0025 0.0004 
td. Error 0.0001 0.0001 0.0002 0.0001 0.0008 0.0001 

 

Figure 5.25: The normalised transcription of PI3K p110 in Pro D3 and Diff D6 (without and 
with IGF-1 treatment) NN and CN muscle cell cultures. PI3K expression significantly 
increased during myotube formation in the NN and CN cells at Diff D6. No change was 
observed in the NN cells following IGF-1 treatment, however P13K expresssion significantly 
decreased in the CN cells after treatment with IGF-1. Internal reference gene was acidic 
ribosomal protein (RpP0). Cells were cultured in growth medium containing 20% FCS and 
induced to form myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 2% 
HS (LSM). The medium was changed daily with myotubes forming until Diff D6. Cells were 
collected at Pro D3 and Diff D6 and genomic DNA prepared. PCR was performed in triplicate. 
Results were from three animals (n=9). A one-way ANOVA with a post-hoc Tukey test was 
performed using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, 
**p<0.01 and ***p<0.001. 
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Transcription of Akt1 was significantly (*p<0.05) up-regulated in the CN cultures during 

proliferation and at 6 days post-differentiation when compared to the NN cultures 

(Figure 5.26). IGF-1 treatment did not significantly affect Akt1 transcription in either NN 

or CN cultures at Diff D6, when compared to untreated cultures (Figure 5.26). 
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expression 0.0002 0.0006 0.0003 0.0005 0.0004 0.0008 
Std. Deviation 0.00008 0.00044 0.00015 0.00017 0.00038 0.00095 
Std. Error 0.00003 0.00015 0.00005 0.00006 0.00013 0.00032 

 

Figure 5.26: The normalised transcription of Akt1 in  Pro D3 and Diff D6 (without and with 
10ng/ml of long R3 IGF-1 treatment) NN and CN muscle cell cultures. Akt1 expression 
significantly increased during myotube formation in the NN and CN cells at Diff D6. However no 
change was observed in response to IGF-1 treatment. Internal reference gene was acidic 
ribosomal protein (RpP0). Cells were cultured in growth medium containing 20% FCS and 
induced to form myotubes at Pro D3 (90-100% confluence) by substituting 20% FCS with 2% 
HS (LSM). The medium was changed daily with myotubes forming until Diff D6. Cells were 
collected at Pro D3 and Diff D6 and genomic DNA prepared. PCR was performed in triplicate. 
Results were from three animals (n=9). A one-way ANOVA with a post-hoc Tukey test was 
performed using Graph Pad Prism (version 5) software. Results were significant when *p<0.05, 
**p<0.01 and ***p<0.001. 



166 

 

Transcription of mTOR was higher in the NN cultures during proliferation (Pro D3) 

when compared to the CN cultures. Transcription of mTOR was higher in proliferation 

(Pro D3) but lower during differentiation (Diff D6) in both the NN and CN cultures 

(Figure 5.27). Addition of IGF-1 increased mTOR mRNA levels in the NN but did not 

affect transcription in the CN cultures at Diff D6 (Figure 5.27). 
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expression 0.012 0.008 0.005 0.005 0.007 0.004 
Std. Deviation 0.0014 0.0015 0.0006 0.0004 0.0038 0.0029 
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Figure 5.27: The mean normalised transcription of mTOR in Pro D3 and Diff D6 (without 
and with IGF-1 treatment) NN and CN muscle cell cultures. mTOR expression significantly 
decreased during myotube formation in NN and CN cells at Diff D6. No change was observed 
following IGF-1 treatment. Internal reference gene was acidic ribosomal protein (RpP0). Cells 
were cultured in growth medium containing 20% FCS and induced to form myotubes at Pro D3 
(90-100% confluence) by substituting 20% FCS with 2% HS (LSM). The medium was changed 
daily with myotubes forming until Diff D6. Cells were collected at Pro D3 and Diff D6 and 
genomic DNA prepared. PCR was performed in triplicate. Results were from three animals 
(n=9). A one-way ANOVA with a post-hoc Tukey test was performed using Graph Pad Prism 
(version 5) software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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Transcription of p70S6K was significantly up-regulated in the CN cultures during 

proliferation and differentiation, when compared to the NN cultures (Figure 5.28). IGF-1 

treatment led to a significant down-regulation of transcription of p70S6K in the CN 

cultures. No significant difference was observed in the NN cultures following IGF-1 

treatment when compared to the untreated cells at Diff D6 (Figure 5.28). 
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Figure 5.28: The mean normalised transcription of p70S6K in Pro D3 and Diff D6 (without 
and with IGF-1 treatment) NN and CN muscle cell cultures. p70S6K expression did not 
significantly change during myotube formation in the NN and CN cells or following IGF-1 
treatment. Internal reference gene was acidic ribosomal protein (RpP0). Cells were cultured in 
growth medium containing 20% FCS and induced to form myotubes at Pro D3 (90-100% 
confluence) by substituting 20% FCS with 2% HS (LSM). The medium was changed daily with 
myotubes forming until Diff D6. Cells were collected at Pro D3 and Diff D6 and genomic DNA 
prepared. PCR was performed in triplicate. Results were from three animals (n=9). A one-way 
ANOVA with a post-hoc Tukey test was performed using Graph Pad Prism (version 5) software. 
Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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Transcription of IL6 was significantly (**p<0.01) down-regulated in both the NN and CN 

cultures from Pro D3 to Diff D6. There was also no difference in the levels of IL6 mRNA 

between NN and CN at Diff D6 (Figure 5.29). IGF-1 treatment of the cultures did not 

affect IL6 mRNA levels in either the NN or CN cultures at Diff D6 (Figure 5.29). 
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Figure 5.29: The normalised transcription of IL6 in Pro D3 and Diff D6 (without and with 
IGF-1 treatment) NN and CN muscle cell cultures. IL6 expression significantly decreased 
during myotube formation in the NN and CN cells at Diff D6. No change was observed following 
IGF-1 treatment. Internal reference gene was acidic ribosomal protein (RpP0). Cells were 
cultured in growth medium containing 20% FCS and induced to form myotubes at Pro D3 (90-
100% confluence) by substituting 20% FCS with 2% HS (LSM). The medium was changed daily 
with myotubes forming until Diff D6. Cells were collected at Pro D3 and Diff D6 and genomic 
DNA prepared. PCR was performed in triplicate. Results were from three animals (n=9). A one-
way ANOVA with a post-hoc Tukey test was performed using Graph Pad Prism (version 5) 
software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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5.3.8 Qualitative assessment of the effects of IGF-1 treatment in 

Callipyge and non-Callipyge ovine myotubes. 

A summary of the effects of IGF-1 treatment on ovine Callipyge and non-Callipyge cells 

is presented in Table 5-1. Overall it can be seen that IGF-1 has a more pronounced 

effect on gene expression in NN cells compared to CN cells. In NN cells there is a 

significant increase in the expression of pAkt1 following IGF-1 treatment, however no 

change was observed in the CN cells. However, treatment with IGF-1 increased the 

expression of p70S6K in both the NN and CN cells. Transcription studies were limited 

by low levels of gene expression; therefore results were statistically insignificant and 

difficult to draw conclusions from (Table 5-1). As summarised in Table 5-1, the data for 

Akt1 gene expression in CN and NN cells suggests an interesting genotypic difference. 

However statistical analysis showed no significance, therefore I decided that it was 

prudent to not overstate the significance of this finding. 
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Table 5-1: Qualitative assessment of the effects of IGF-1 treatment in Callipyge and Non-
Callipyge ovine myotubes 

Gene 
expression or 

protein 
modification 

Ovine Genotype and Treatment 

 Non-Callipyge (NN) Callipyge (CN) 
 Without IGF-1 With IGF-1 Without IGF-1 With IGF-1 

Akt1 
phosphorylation 

Control Up  Control No significant 
change 

Akt1 mRNA 
expression 

control Trend up Control  No significant 
change 

p70S6K (Thr 389)  
Phosphorylation 

Control Up Control  Up  

P70S6K mRNA 
expression 

Control Trend up Control Down 

IGF-1 mRNA 
expression 

Control  No change Control Down 

rIGF-1 mRNA 
expression 

Control No change Control Trend up 

PI3K p85 mRNA 
expression 

Control Trend up Control  No significant 
change 

PI3K p110 mRNA 
expression 

Control  Trend up Control  Down 

mTOR mRNA 
expression 

Control Marginally up Control Trend down 

IL6 mRNA 
expression 

Control  No change Control  Trend up 
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Discussion 

In this chapter an in vitro model of myogenesis using wild-type and Callipyge ovine 

muscle cells, was used to investigate the interaction between the IGF-1 signalling 

pathway and the as-yet undefined signalling effects of the Callipyge mutation. It seems 

clear that these pathways interact in a range of complex ways, because the 

experiments uncovered a number of conditions under which NN and CN myoblasts and 

myotubes behaved quite differently. 

In this study only the differentiated NN and CN cultures were exposed to IGF-1, 

however it is important to note that the differentiated cultures were composed of two 

cell populations: myotubes and reserve cells (undifferentiated myoblasts). 

Early in this study during the IGF-1 titrations, it was clear that the two genotypes 

behaved differently in culture. Nonetheless, 10ng/ml of the long R3 IGF-1 was chosen 

as the appropriate concentration to be used in all subsequent treatments because the 

general direction of the cellular responses was consistent.  

Protein content per cell was significantly higher in the CN cultures at Diff D6 when 

compared to NN cultures. Addition of IGF-1 did not increase the total protein content 

per cell in the CN cultures, but significantly increased it in the NN cultures (Figure 5.6). 

I suggest that the total protein per cell in the CN cultures may have been at a maximum 

level so that IGF-1 could not increase it as treatment did in NN cultures. 

CK activity per cell was significantly higher in CN cells than in NN cells at Diff D6, 

which I interpret to mean that CN cells differentiated more rapidly than the NN cells at 

Diff D6. Treatment with IGF-1 further increased CK activity in both NN and CN 

myotubes suggesting that IGF-1 equally enhanced the differentiation status of the cells. 

Similar results have also been found in human skeletal muscle cells treated with IGF-1 

(Foulstone et al., 2004).  
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CN myotubes were significantly larger than NN myotubes at Diff D6 and had more 

myonuclei in each myotubes. When these myotubes were treated with IGF-1 both 

genotypes responded with an increase in myotube width (Figure 5.9 and Figure 5.10). I 

interpret these results to mean that an implication of the Callipyge mutation is that more 

CN myoblasts fuse to pre-existing myotubes under culture conditions and could be 

linked to an increased DNA recruitment into cells, allowing Callipyge cells to maintain 

more protein, myonuclei and a larger size than NN cells. However, the DNA ratios were 

not converted in this study. The IGF-1 then had a differentially greater effect on the NN 

myotubes, though both were induced to fuse further by the IGF-1 treatment. This is 

consistent with a previous study where IGF-1 increased myotube size and increased 

numbers of myonuclei per myotube in murine and human muscle (Musaro et al., 2001), 

(Foulstone et al., 2004). Also, consistent with my hypothesis is the fact that the total 

number of cells (myotubes + myoblasts) was fewer in the CN cultures than in NN 

cultures at Diff D6. Importantly, IGF-1 treatment did not increase the total number of 

cells in either the NN or CN cultures at this time point.  

The role of the protein synthesis pathway, PI3K/Akt1/p70S6K, was then further 

investigated. I showed that PI3K/Akt1/p70S6K was more activated in the untreated CN 

cultures up-regulating Akt1 and p70S6K phosphorylation (Figure 5.12, Figure 5.15 and 

Figure 5.18) than in the appropriate NN control. The CN cultures did not respond to 

IGF-1 treatment as much as the NN cultures, that responded by up-regulating Akt1 and 

p70S6K phosphorylation (Figure 5.12 - Figure 5.21). It is well established that the IGF-

1 pathway PI3K/Akt1/p70S6K contributes to muscle hypertrophy (Shavlakadze and 

Grounds, 2006, Glass, 2003b, Glass, 2003a, Glass, 2005, Glass and Yancopoulos, 

2004). The binding of IGF-1 to its type 1 receptor (rIGF-1) leads to activation of the 

PI3K/Akt1/p70S6K pathway, and then differentiation and hypertrophy (Glass and 

Yancopoulos, 2004, Glass, 2003a, Coolican et al., 1997, Kaliman et al., 1996).  

Phosphorylation of two key proteins, Akt1 and p70S6K, will help relay the IGF-1 signal 
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to a host of downstream genes including other proteins. My findings are consistent with 

previous in vitro studies of muscle hypertrophy. (Bodine and Still, 2001, Rommel et al., 

2001, Kim et al., 2005, Park et al., 2005). My results indicate that IGF-1 activates the 

PI3K/Akt1/p70S6K pathway in both NN and CN cultures at Diff D6, but interestingly 

IGF-1 treatment did not increase the total protein per cell in the CN myotubes as it did 

in the NN myotubes. I interpret this as the capacity for IGF-1 induced hypertrophy to be 

limited in the CN myotubes because of the hypertrophy the cells have already 

undergone, and as a result of the Callipyge mutation. This is the first evidence I am 

aware of, of a negative interaction between the Callipyge defect and IGF-1 signalling. 

Gene transcription studies were designed to investigate the broader implications of the 

Callipyge mutation in culture myotubes. IGF-1 is expressed at some level in cultures of 

both genotypes. The level of expression increased in both genotypes as the myoblasts 

differentiated. This result agreed with C2C12 myotube studies (Coleman et al., 1995). 

Moreover, in chapter 4 results showed that, the α-actin mRNA was significantly up-

regulated more in CN myotubes than in NN myotubes at Diff D6. This result suggests 

that more myoblasts have been activated and fused in CN than NN cultures (Hayward 

and Schwartz, 1986). Exogenous IGF-1 treatment lead to the repression of IGF-1 gene 

expression in the CN cultures, with an opposite trend observed after IGF-1 treatment of 

the NN cultures. IGF-1 gene expression was increased as a result of myogenesis and 

this is presented in other systems (Goldspink et al., 1995, Yang et al., 1997). I propose 

that the IGF-1 expression in NN cultures was not affected by exogenous IGF-1 and that 

the apparent increased expression is a random event. This interpretation would be 

consistent with the difference between the without and with IGF-1 cultures not reaching 

statistical significance. The down-regulation seen in the CN cultures did however reach 

significance and hence I propose that this affect is related to the CN mutation. Other 

genes within the IGF-1 signalling pathway were apparently also down regulated by 

IGF-1 treatment. For example, PI3K p85 mRNA in the CN and NN cultures with IGF-1 

treatment compared to NN cultures at Diff D6. Similarly, mRNA levels of an IGF-1 
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receptor (rIGF-1) were significantly higher in the CN myoblasts at Pro D3 when 

compared to the NN myoblasts and down-regulated at Diff D6 (Figure 5.23). This 

higher level of rIGF-1 mRNA in the CN myoblasts maybe due to the cells undergoing 

starvation, under nutrition, or are ageing at Pro D3, as suggested in studies involving 

the starvation of adult and ageing rats (Tomita et al., 2001). This somehow augmented 

the levels of local rIGF-1 mRNA to down-regulate IGF-1 transcription during 

differentiation in CN cells Diff D6 (Bayol et al., 2004). IGF-1 increased the trend of PI3K 

p85 and PI3K p110 mRNA levels in the NN cultures but down-regulated in CN cultures 

at Diff D6. These results demonstrated that IGF-1 activated the PI3K/Akt1 pathway 

leading to increases in PI3K expression (as evidenced by an increase in the levels of 

protein and transcription) in differentiated NN cultures with IGF-1 treatment. Studies 

involving human ovarian cancer cells also agree with this result (Pedrero et al., 2005, 

Shayesteh et al., 1999, Ma et al., 2000). Also transcription of mTOR and p70S6K 

(believed to control protein synthesis and determine cell size) was higher in the CN 

cultures when compared to the NN cultures. These results agreed with studies of 

Callipyge (10-100 days of age) animals (Fleming-Waddell et al., 2007). This data 

suggests that the activation of PI3K/ Akt1 up-regulated transcription of these genes. 

However, IGF-1 treatment significantly down-regulated transcription of mTOR and 

p70S6K in the CN cultures but significantly up-regulated it in the NN cultures treated 

with IGF-1. I propose that transcription of these genes reached a maximum level in the 

differentiated CN cultures, so no further increase was possible following treatment with 

IGF-1. Thus, IGF-1 levels in the NN cells were not at a maximum level enabling an 

increase in IGF-1 transcription following treatment. Akt1 (downstream of PI3K) 

transcription was significantly up regulated in the CN cells when compared to the NN 

cells at Pro D3. However no difference in Akt1 transcription was observed at Diff D6. 

This result agrees with the western blot analysis showing no difference in Akt1 between 

the NN and CN cells at Diff D6. Treatment with IGF-1 did not have any significant effect 

on either transcription or translation of Akt1.  
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Previous studies in mice (Austin et al., 1992), human satellite cells (Cantini et al., 

1995), and rats (Vierck et al., 2000) suggest that Interleukin 6 (IL6), the pro-

inflammatory cytokine, stimulated the proliferation and differentiation of reserve cells. In 

this study an increasing trend in IL6 mRNA transcription was observed in CN cultures 

without and with IGF-1 treatment, when compared to untreated NN cultures. I propose 

that the reserve cells proliferated and differentiated resulting in more myonuclei and 

protein per cell in the CN cells as this study suggests. Furthermore, studies involving 

rat muscle suggest that IL6 indirectly relates to IGF-1 (Fan et al., 1996). It is believed 

that increased levels of IL6 lead to a reduction in IGF-1 in cells. This is supported by 

our results that show a higher level of IL6 mRNA accompanied by a lower level of IGF-

1 mRNA in CN cultures without and with IGF-1 treatment, when compared to the NN 

cultures. However, these results are at best indicative due to the apparent inaccuracy 

or unreliability of the qRT-PCR technique producing non-significant values. Note that 

activation of the PI3K/Akt1/p70S6K pathway not only increases protein synthesis, but 

can also interact with protein degradation pathways to reduce the loss of muscle 

protein (Bodine and Still, 2001, Rommel et al., 2001, Latres et al., 2004, Stitt et al., 

2004, Sandri et al., 2004). Therefore the next chapter investigates the protein 

degradation pathway in the NN and CN cultures, which is believed to be another factor 

contributing to muscle hypertrophy. 
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6 The effects of dexamethasone on wild-type 
and Callipyge ovine skeletal muscle cells 
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6.1 Introduction 

A balance between protein synthesis and degradation of existing proteins determines 

cell size. Protein synthesis and protein degradation are tightly regulated and 

interrelated (Jagoe and Goldberg, 2001). IGF-1/Akt1/p70S6K is widely known as one 

pathway responsible for increases in net protein synthesis, myofibre protein content 

and size (cross-sectional area or CSA) (Shavlakadze and Grounds, 2006, Sandri, 

2008), and myotube size (Chapter 5). Muscle atrophy results primarily from accelerated 

protein degradation and is associated with increased expression of two muscle-specific 

ubiquitin-ligases, MuRF1 (atrogin-1) and MaFbx (Bodine et al., 2001, Gomes et al., 

2001, Shavlakadze and Grounds, 2006, Sandri, 2008).  

Natural and synthetic glucocorticoid hormones are both potent inducers of skeletal 

muscle atrophy (Waddell et al., 2008, Hasselgren, 1999 #6087). Glucocorticoids are 

essential for many types of muscle atrophy and their effects are opposite to insulin-like 

growth factor 1 (IGF-1), which promotes growth in ovine myoblasts as demonstrated in 

the previous chapter (Chapter 5) as well as in studies involving C2C12 myoblasts 

(Sacheck et al., 2004) and rats skeletal muscle cells (Kayali et al., 1987). 

Dexamethasone (Dex) is a potent synthetic member of the glucocorticoid family. In 

myotubes, Dex has been shown to inhibit growth and enhance the breakdown of long-

lived cell proteins, especially those of myofibres, and that this results from increased 

levels of MuRF1 and MaFbx (Wang et al., 1998, Gomes et al., 2001, Bodine et al., 

2001). Conversely, IGF-1 suppresses protein degradation (Goldberg, 1969) and 

prevents proteolysis induced by Dex by reducing the transcription of MuRF1 and 

MaFbx genes (Sandri et al., 2004, Bodine and Still, 2001, Stitt et al., 2004, Latres et al., 

2004, Zhang et al., 2007). Activation of the PI3K/Akt1/p70S6K pathway can inactivate 

the FOXO transcription factor excluding FOXO proteins from the nucleus and 

preventing their functions (Sandri et al., 2004, Stitt et al., 2004, Shavlakadze and 

Grounds, 2006, Sandri, 2008). In the untreated circumstance, FOXO up-regulates 
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MuRF1 and MaFbx leading to muscle atrophy (Rommel et al., 2001, Zhang et al., 

2007). 

Callipyge ovine muscle cells are characterized by myotube hypertrophy and there is a 

negative interaction between activation of the PI3K/Akt1/p70S6K pathway and 

expression of the Callipyge phenotype in culture (as discussed in Chapter 5). Here it is 

hypothesized that Dex treatment will also uncover areas where the pathways leading to 

expression of the Callipyge phenotype, interact with the known pathways for induction 

of muscle atrophy and hence provide a more detailed understanding of the pathways 

important for maintenance of muscle mass. 

The study again used wild-type and Callipyge ovine muscle cells. Experiments were 

designed to investigate the Akt1/FOXO1 signalling pathway and MuRF1 and MaFbx 

genes. 
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6.2 Materials and methods 

Three primary ovine muscle cultures from NN and CN animals were used as previously 

described (section 2.2.4). Cells were seeded and grown as described in section 2.2.6. 

Proliferating myoblasts were collected at 3 days after seeding in growth medium (Pro 

D3) and differentiating myotubes were analysed at 3 and 5 days after differentiation in 

LSM (Diff D3 and Diff D5) as described in flow chart below: 

 

Figure 6.1: Flow chart of ovine NN and CN myoblast differentiation into myotubes, 
without and with Dex treatment. Myoblasts were seeded onto culture plates in growth 
medium, called proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, 
approximately 90-100% confluent), low serum medium was used to induce the myoblasts to 
differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to the myotube 
culture at Diff D3. Low serum medium without and with Dex was changed daily. Myotube 
cultures were collected after 2 days without and with Dex treatment (Diff D5). 

 

Please note that these studies were performed 5 days after differentiation rather than 

the 6 days used before because previous studies found 48 hours of treatment with Dex 

to be efficacious. All of the techniques used in this study are described in Chapter 2 or 

listed below. 

Myoblasts 

90 - 100% confluent  
myoblasts 
(Pro D3) 

Myotubes 
(Diff D3) 

Myotubes 
(Diff D5) 

Proliferation 
(3 days) Growth media 

Low serum  
media (LSM) 

Differentiation 
(3 days) 

Dex 
added 

Low serum  
media (LSM) 

Low serum  
media (LSM) 

Atrophy  
(Diff D5) 
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6.2.1 Dex treatment 

Primary NN and CN ovine myoblasts were seeded at 2x104 cells per well (24 well 

plates) and differentiated as described in section 2.2.6. According to previous studies 

involving Dex treatment of C2C12 myoblasts (Clarke et al., 2007, Stitt et al., 2004), 10 

to 100 µM of Dex treatment was recommended for 24 to 48 hours. Therefore in this 

study, cultures were treated with 50, 100 and 200 µM of Dex treatment for 48 hours 

(from Diff D3 to Diff D5). For more details see section 2.2.8. 

6.2.2 Image analysis 

NN and CN myoblasts were seeded onto glass cover slips inserted into 24 wells plates. 

Triplicates cover slips were prepared for each treatment, with triplicate cultures per 

individual phenotype (i.e. 3 NN and 3 CN) (n=9)). Three images were captured per 

culture. To visualise and determine the sizes of the myotubes formed in culture, the 

myotubes were stained with Giemsa using the following method. Please note that this 

method differed to previous methods (using desmin and DAPI staining) due to time 

constraints imposed on this experimental work. Giemsa staining provided an efficient 

and reliable cell staining method to visualise the muscle cells. The media in the 

cultures was removed and the cells washed twice with PBS. Five ml of 50% methanol 

was added to each well and left at room temperature for 10 minutes. This was replaced 

with 5 ml of 100% methanol for 2 minutes. The methanol was removed and replaced 

with sufficient undiluted Giemsa stain to cover the cells. The cells were stained at room 

temperature for 15 minutes. The stain was removed and the wells gently washed 3 

times with water (or washed until the bottom of the wells were clear of the blue stain 

Giemsa). The cells were air dried and photographed. The cytoplasm stains pale blue 

whilst the nuclei stain a brighter pink colour. Images were captured at 100X 

magnification for further measurements. The average myotube size, total number of 

cells per 3 images of each culture, and number of myonuclei per myotube were 

determined (for more details see section 2.2.12). 
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6.2.3 Nuclear and cytoplasmic extraction 

Ovine myoblasts were seeded at 1x106 cells onto T150 flasks, differentiated and 

treated with Dex at 100 µM. Samples were collected at Diff D5 as described in sections 

0 and 2.2.8. Nuclear and cytoplasmic samples were prepared using the NE-PER® 

Nuclear extraction kit, (Pierce) according to the manufacturer’s instructions. These 

samples were used for Western blot analysis. 
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6.3 Results 

6.3.1 Determination of Dex concentrations for experiments 

Images of NN and CN myotubes showed a decrease in myotube size following 

treatment with Dex at 50 and 100 µM (Figure 6.2B, C, F and G). NN myotubes almost 

disappeared following treatment with 200 µM Dex (Figure 6.2D) whilst CN myotubes 

survived (Figure 6.2H). Therefore, subsequent results in this chapter are reported in 

response to 50 and 100 µM Dex treatments. 

A B C D

F G HE

 

Figure 6.2: Appearance of NN and CN ovine myotubes (pink) using Giemsa stain in 
response to 50 µM to 200 µM Dex, at Diff D5. (A) Untreated NN myotubes. (B) NN myotubes 
with 50 µM Dex treatment. (C) NN myotubes with 100 µM Dex. (D) NN myotubes with 200 µM 
Dex treatment. (E) Untreated CN myotubes CN. (F) CN myotubes with 50 µM Dex treatment. 
(G) CN myotubes with 100 µM Dex. (H) CN myotubes with 200 µM of Dex. Myoblasts were 
seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 3 
days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used to 
induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). Low serum 
medium was changed daily until Diff D5. Cell was stained with Giemsa stain. All images are 
presented with 100x magnification. 

6.3.2 Effect of Dex on cell number 

The total number of cells (myoblasts and myotubes) was significantly higher in the 

untreated NN cultures when compared to the untreated CN cultures at Diff D5 (Figure 

6.3). The total number of cells was maintained in the NN cultures in response to 50 and 

100 µM Dex. Interestingly the total number of cells in the CN cultures significantly 

increased in response to 50 µM and 100 µM Dex and compared to untreated cultures. 



183 

 

D
iff

 D
5 

(N
N

)

D
iff

 D
5 

N
N

 (5
0 

uM
 D

ex
)

D
iff

 D
5 

N
N

 (1
00

 u
M

 D
ex

)

D
iff

 D
5 

(C
N

)

D
iff

 D
5 

C
N

 (5
0 

uM
 D

ex
)

D
iff

 D
5 

C
N

 (1
00

 u
M

 D
ex

)0

1.0×104

2.0×104

3.0×104

4.0×104

5.0×104 ***
**

N
um

be
r 

of
 c

el
ls

 (m
yo

tu
be

s 
+ 

m
yo

bl
as

ts
) p

er
 w

el
l

 

  
Diff D5 
(NN) 

Diff D5 NN 
(50 µM Dex) 

Diff D5 NN 
(100 µM Dex) 

Diff D5 
(CN) 

Diff D5 CN 
(50 µM Dex) 

Diff D5 CN 
(100 µM Dex) 

Number of images 27 27 27 27 27 27 
Mean of number of 
cells per well 38479 39782 40817 22523 28059 35975 
Std. Deviation 11520 13283 13628 16110 13426 10060 
Std. Error 2456 2657 2974 3222 2633 2012 
 

Figure 6.3: Total number of cells (myotubes + myoblasts) per well (2cm²) in the NN and 
CN cultures without and with 50 µM and 100 µM Dex treatment, at Diff D5. Total number of 
cells per well was higher in NN cells compared to CN cells ay Diff D5. Dex (100 µM) significantly 
increased the cell number per well in CN cells but not in NN. Myoblasts were seeded onto 
culture plates in growth medium, called proliferation 1 day (Pro D1), and after 3 days of 
proliferation (ProD3, approximately 90-100% confluent), low serum medium was used to induce 
the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to 
the myotube culture at Diff D3. Low serum medium without and with Dex was changed daily 
until Diff D5. Cells were counted at Diff D5. Results were derived from the mean ± SEM of three 
animals cultured in triplicate, and 3 images (n=27). A one-way ANOVA was performed using 
Graph Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and 
***p<0.001. 
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6.3.3 Effect of Dex treatment on myotube width 

Average myotube width was significantly (***p<0.001) larger either without or with Dex 

treatment in the CN cultures, when compared to the NN cultures. In both genotypes, 

Dex significantly decreased the myotube widths: 50 µM Dex significantly (***p<0.001) 

induced 20% narrower myotubes in NN cultures and 8% narrower myotubes in the CN 

cultures. Following 100 µM Dex treatment, myotube widths decreased by 17% in the 

NN cultures and 14% in the CN cultures (Figure 6.4). These results demonstrated that 

CN myotube width was significantly (***p<0.001) larger and less responsive to Dex 

treatment than NN cultures at Diff D5. 
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  NN 
NN  

(50 µM Dex) 
NN  

(100 µM Dex) CN 
CN 

 (50 µM Dex) 
CN 

 (100 µM Dex) 
Number of myotube 
widths 229 189 145 1384 941 468 
Mean of myotube 
widths 15.5 12.5 11.3 26.4 24.3 22.8 

Std. Deviation 5.1 4.9 3.6 15.0 13.3 14.4 

Std. Error 0.3 0.4 0.3 0.4 0.4 0.7 
 

Figure 6.4: The average width of myotubes in the NN and CN cultures without and with 50 
µM and 100 µM Dex, at Diff D5. Average width of the myotubes was significantly higher in the 
CN cultures compared to the NN. Dex treatment significantly decreased the myotube width in 
NN and CN cells at both treatment concentrations. NN myoblasts were seeded onto culture 
plates in growth medium, called proliferation 1 day (Pro D1), and after 3 days of proliferation 
(ProD3, approximately 90-100% confluent), low serum medium was used to induce the 
myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to the 
myotube culture at Diff D3. Low serum medium without and with the different Dex was changed 
daily until Diff D5. Measurements were taken at Diff D5. Results were derived from the mean ± 
SEM of three independent animals cultured in triplicate. Three images were taken per culture 
with all visible myotubes measured (n=variable). A one-way ANOVA was performed using 
Graph Pad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and 
***p<0.001. 
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6.3.4 Effect of Dex on the number of myonuclei per myotube 

The total number of myonuclei per myotube was significantly (**p<0.01) higher in the 

CN myotubes either without or with Dex treatment than NN myotubes at Diff D5 

cultures (Figure 6.5). Dex did not affect the total number of myonuclei per myotube in 

the NN and CN cultures at Diff D5 (Figure 6.5). 
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  NN 
NN 

 (Dex 50 µM) 
NN  

(Dex 100 µM) CN 
CN  

(Dex 50 µM) 
CN 

 (Dex 100 µM) 
Number of 
myonuclei per 
myotube 27 27 27 27 27 27 
Mean of  myonuclei 
per myotube 2.7 2.8 2.7 4.5 3.7 3.8 

Std. Deviation 1.5 1.4 1.5 2.4 1.4 1.4 

Std. Error 0.3 0.3 0.3 0.5 0.3 0.3 
 

Figure 6.5: Total number of myonuclei per myotube in the NN and CN cultures in 
response to 50 µM and 100 µM Dex treatment, at Diff D5. Total number of myonuclei per 
myotube was significantly higher in the CN cultures compared to the NN. No change was 
observed following Dex treatment in either of the cultures. Myoblasts were seeded onto culture 
plates in growth medium (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-
100% confluent), low serum medium was used to induce the myoblasts to differentiate and fuse 
to form myotubes for 3 days (Diff D3). Dex was added to the myotube culture at Diff D3. Low 
serum medium without and with Dex was changed daily until Diff D5. Cells were counted at Diff 
D5. Results were derived from the mean ± SEM of three animals cultured in triplicate, and 3 
images (n=27). A one-way ANOVA was performed using Graph Pad Prism (version 5) software. 
Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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6.3.5 Total protein content on a per cell basis 

There was a trend for total protein content in the CN muscle cell cultures to be higher 

than NN cell cultures at Diff D5 (Figure 6.6), but this was not significant. In the CN cells 

Dex treatment significantly (*p<0.05) reduced total protein content, however the NN 

cells were not affected (Figure 6.6). This result again showed that the CN cells 

contained more total protein per cell than the NN muscle cultures, and that CN 

differentiated muscle cultures at Diff D5 were more responsive to Dex treatment than 

were NN cultures.  
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Diff 
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(NN) 
Diff D5 NN 

(Dex 50 µM) 
Diff D5 NN 

(Dex 100 µM) 
Diff D5 
(CN) 

Diff D5 CN 
(Dex 50 µM) 

Diff D5 CN 
(Dex 100 µM) 

Number of cultures 9 9 9 9 9 9 
Mean of protein per 
106 cells 10.1 9.3 9.0 19.9 11.0 8.1 

Std. Deviation 2.3 3.3 4.6 17.4 4.2 2.2 

Std. Error 0.8 1.1 1.5 5.8 1.4 0.7 
 

Figure 6.6: Total protein content (mg) per 1X106 cells in the NN and CN cultures without 
and with 100 µM of Dex treatment, at Diff D5. Dex treatment significantly decreased the 
protein content in the CN cells, but not in the NN cells. Myoblasts were seeded onto culture 
plates in growth medium (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-
100% confluent), low serum medium was used to induce the myoblasts to differentiate and fuse 
to form myotubes for 3 days (Diff D3). Dex was added to the myotube culture at Diff D3. Low 
serum medium without and with Dex was changed daily until Diff D5. Cells were collected in 
50mM Tris-Mes buffer with protein content measured. Results were derived from the mean ± 
SEM of three animals of each phenotype (i.e. 3 NN and 3 CN) and triplicate cultures (n=9). A 
one-way ANOVA was performed using Graph Pad Prism (version 5) software. Results were 
significant when *p<0.05, **p<0.01 and ***p<0.001.  
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6.3.6 Creatine kinase activity (CK) 

CK activity per cell was significantly (*p<0.05) higher in the CN than NN cells at Diff D5 

(Figure 6.7). The CK activity decreased significantly (*p<0.05) in the CN and NN 

cultures treated with either 50 or 100µM of Dex, when compared to untreated cultures 

(Figure 6.7). The creatine kinase activity results indicated that the CN myotubes were 

highly differentiated, and were more responsive to Dex treatment when compared to 

the NN myotubes. 
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(Dex 50 µM) 
Diff D5 NN 

(Dex 100 µM) 
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CN 
Diff D5CN 

(Dex 50 µM) 
Diff D5CN 

(Dex 100 µM) 

Number of cultures 9 9 9 9 9 9 

Mean of CK activity 4894 1442 890.3 7424 1510 1016 

Std. Deviation 6058 1119 670 6973 577.1 923.7 

Std. Error 2019 372.9 223.3 2324 192.4 307.9 
 

Figure 6.7: Creatine kinase activity (normalised to total protein) per 1x106 cells in the NN 
and CN cultures, without and with 100 µM Dex treatment at Diff D5. Dex treatment 
significantly decreased the CK activity in the CN cells, but not in the NN cells. Myoblasts were 
seeded onto culture plates in growth medium (Pro D1), and after 3 days of proliferation (ProD3, 
approximately 90-100% confluent), low serum medium was used to induce the myoblasts to 
differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to the myotube 
culture at Diff D3. Low serum medium without and with Dex was changed daily until Diff D5. 
Cells were collected in 50mM Tris-Mes buffer with CK activity measured. Results were derived 
from the mean ± SEM of three animals of each phenotype (i.e. 3 NN and 3 CN) and triplicate 
cultures (n=9). A one-way ANOVA was performed using Graph Pad Prism (version 5) software. 
Results were significant when *p<0.05, **p<0.01 and ***p<0.001.  
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6.3.7 The effect of Dex treatment on p-FOXO1 

Western blot analysis revealed that levels of FOXO1 and p-FOXO1 were significantly 

different between the NN and CN cytoplasmic and nuclear extracts, without and with 

Dex treatment (Figure 6.8). 

p-FOXO1

FOXO1

Loading control

1 2 3 4 5 6 7 8 9

83 kDa

83 kDa

 

 

Figure 6.8: Western blot analysis of p-FOXO1 in the cytoplasmic and nuclear extracts 
from NN and CN myotubes, without and with 100 µM Dex treatment. FOXO1 and p-FOXO1 
have molecular weight of 78 and 82 kDa. (1) Protein marker, (2) NN cytoplasmic extract (3) NN 
cytoplasmic extract with Dex treatment, (4) NN nuclear extract, (5) NN nuclear extract with Dex 
treatment, (6) CN cytoplasmic extract, (7) CN cytoplasmic extract with Dex treatment, (8) CN 
nuclear extract, (9) CN nuclear extract with Dex treatment. Myoblasts were seeded onto culture 
plates in growth medium, called proliferation 1 day (Pro D1), and after 3 days of proliferation 
(ProD3, approximately 90-100% confluent), low serum medium was used to induce the 
myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to the 
myotube culture at Diff D3. Low serum medium without and with Dex was changed daily until 
Diff D5. Cells were collected in nuclei extract buffer at Diff D5. Protein extracts analysis was 
performed using Western blots. Results were from the mean ±SEM of three animals of each 
genotype (n=3). Loading control panel was used to determine equal loading of samples via total 
protein levels as determined by gel staining with Coomassive blue. 

 

In the cytoplasm, the level of FOXO1 protein was 4-fold higher in NN cells and 5-fold 

higher in CN cells when compared to the FOXO1 level in the nucleus at Diff D5. The 

level of FOXO1 protein was 3-fold higher in the cytoplasm and 4-fold higher in nucleus 

in the NN cells, when compared to the CN cells at Diff D5 (Figure 6.9). Dex increased 

FOXO1 protein levels in the NN cell cytoplasm by 20% and by 30% in the nucleus. Dex 

treatment increased FOXO1 protein levels in the CN cell cytoplasm by 7% and by 10% 

in the nucleus, at Diff D5. However, these increases were not significant (Figure 6.9). 
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Cytoplasm 
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Cytoplasm 
(NN+Dex) 
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(NN) 

Nuclear 
(NN+Dex) 

Cytoplasm 
(CN) 

Cytoplasm 
(CN+Dex) 

Nuclear 
(CN) 

Nuclear 
(CN+Dex) 

Number of 
cultures 3 3 3 3 3 3 3 3 
Mean of 
FOXO1 
intensity 16393 20497 4169 5851 5256 5693 1129 1242 

Std. Deviation 11467 20317 7220 10133 7800 6325 1954 2150 

Std. Error 4681 8294 4168 5850 4503 3652 1128 1241 
 

Figure 6.9: Densitometric analysis of FOXO1 protein in NN and CN cytoplasmic and 
nuclear extracts, without and with 100 µM Dex treatment at Diff D5. There was no 
significant change in the levels of FOXO1 observed in the CN cells compared to the NN cells 
either without or with Dex treatment. Myoblasts were seeded onto culture plates in growth 
medium, called proliferation 1 day (Pro D1), and after 3 days of proliferation (ProD3, 
approximately 90-100% confluent), low serum medium was used to induce the myoblasts to 
differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to the myotube 
culture at Diff D3. Low serum medium without and with Dex was changed daily until Diff D5. 
Cells were collected in nuclear extract buffer at Diff D5. Protein analysis was performed using 
Western blots. Results were from the mean ±SEM of three animals of each genotype (n=3). A 
one-way ANOVA was performed using Graph Pad Prism (version 5) software. Results were 
significant when *p<0.05, **p<0.01 and ***p<0.001.   

 

Phosphorylated FOXO1 (p-FOXO1) in the cytoplasm was not detected in either the NN 

or CN cells without or with Dex treatment (Figure 6.8 in lane 2, 3 and 6, 7). The level of 
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p-FOXO1 in the nucleus of the CN cells was 2.5-fold higher than in the NN cells at Diff 

D5 (Figure 6.10). Dex treatment significantly increased the level of p-FOXO1 by 50% in 

the nucleus of the NN cells when compared to the untreated cultures at Diff D5. 

However, Dex treatment did not change the level of p-FOXO1 protein in the nucleus of 

the CN cells at Diff D5 (Figure 6.10).  
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cultures     3 3     3 3 
Mean of p-
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intensity ND ND 6793 15269 ND ND 16875 17856 

Std. Deviation     2768 4877     8912 10786 

Std. Error     1384 2438     5145 6227 
 

Figure 6.10: Densitometric analysis of p-FOXO1 in NN and CN cytoplasmic and nuclear 
extracts without and with 100 µM Dex treatment, at Diff D5. There was no significant change 
in the levels of p-FOXO1 in the CN cells either without or with Dex treatment. Dex treatment 
significantly increased the level of p-FOXO1 in NN nuclei at Diff D5. Myoblasts were seeded 
onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 3 days of 
proliferation (ProD3, approximately 90-100% confluent), low serum medium was used to induce 
the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to 
the myotube culture at Diff D3. Low serum medium without and with Dex was changed daily 
until Diff D5. Cells were collected in nuclear extract buffer at Diff D5. Protein analysis was 
performed using Western blots. Results were from the mean ±SEM of three animals of each 
genotype (n=3). A one-way ANOVA was performed using Graph Pad Prism (version 5) 
software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. Note: ND means not 
detectable. 
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6.3.8 Effect of Dex on transcription of MuRF1 and MaFbx genes  

The MuRF1 gene was not transcribed in the NN cells at either Pro D3 or Diff D6 either 

without or with Dex treatment (Figure 6.11). This gene was however expressed in CN 

cells. The mRNA level of MuRF1 was up-regulated by 38% higher in the CN cells 

following Dex treatment, when compared to untreated cultures (Figure 6.11). 
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Number of 
measurements 9 9 9 9 9 9 
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expression 1E-07 3E-06 4E-07 1E-03 1E-06 2E-03 

Std. Deviation 9E-08 5E-06 6E-07 2E-03 1E-06 3E-03 

Std. Error 4E-08 2E-06 2E-07 7E-04 5E-07 1E-03 
 

Figure 6.11: Transcription of MuRF1 in the NN and CN cells analysed by qRT-PCR, 
without and with 100 µM Dex treatment at Diff D5. MuRf1 expression did not significantly 
change during myotube formation in the NN and CN cultures, nor following Dex treatment. 
Internal reference gene was acidic ribosomal protein (RpP0). Myoblasts were seeded onto 
culture plates in growth medium, (Pro D1), and after 3 days of proliferation (ProD3, 
approximately 90-100% confluent), low serum medium was used to induce the myoblasts to 
differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was added to the myotube 
culture at Diff D3. Low serum medium without and with Dex was changed daily until Diff D5. 
Cells were collected in nuclear extract buffer at Diff D5. Cells were collected at Pro D3 and Diff 
D5 and genomic DNA prepared. PCR was performed in triplicate. Results were from three 
animals (n=9). A one-way ANOVA with a post-hoc Tukey test was performed using Graph Pad 
Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and ***p<0.001. 
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Transcription of MaFbx could be measured in both NN and CN cells. Expression of this 

gene was increased during NN cell differentiation but decreased in the CN cells from 

Pro D3 to Diff D5 (Figure 6.12). Transcription of MaFbx was 2.5-fold higher in the 

untreated CN cells when compared to the NN untreated cultures at Diff D5. Dex 

treatment decreased transcription of MaFbx by 2-fold in both the NN and CN cells, 

when compared to untreated cultures. However these results appear to be just a trend 

and not significant (Figure 6.12). 
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Number of 
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Figure 6.12: Transcription of Atrogin-1 (MaFbx) in the NN and CN cultures analysed by 
RT-PCR, without and with 100 µM Dex treatment at Diff D5. MaFbx expression did not 
significantly change during myotube formation in the NN and CN cells at Diff D5, nor following 
Dex treatment. Internal reference gene was acidic ribosomal protein (RpP0). Myoblasts were 
seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 3 
days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used to 
induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). Dex was 
added to the myotube culture at Diff D3. Low serum medium without and with Dex was changed 
daily until Diff D5. Cells were collected in nuclear extract buffer at Diff D5. Cells were collected 
at Pro D3 and Diff D5 and genomic DNA prepared. PCR was performed in triplicate. Results 
were from three animals (n=9). A one-way ANOVA with a post-hoc Tukey test was performed 
using GraphPad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 
and ***p<0.001. 
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6.3.9 Qualitative assessment of the effects of dexamethasone 

treatment in Callipyge and Non-Callipyge ovine myotubes 

A summary of the effects of Dex treatment on ovine Callipyge and non-Callipyge cells 

is presented in Table 6-1. Overall it can be seen that Dex has a more pronounced 

effect on gene expression in NN cells compared to CN ovine cells at Diff D5. In NN 

cells there is a significant increase in the expression of pFOXO1 in the nucleus 

following Dex treatment. However no change was observed in the CN cells. 

Transcription studies were limited by low levels of gene expression; therefore results 

were statistically insignificant and difficult to draw conclusions from (Table 6-1). As 

summarised in Table 6-1, even though the data for gene expression in CN and NN 

cells suggest an interesting genotypic difference, statistical analysis did not support 

significance. I decided that it was prudent to not overstate the significance of this 

finding. 

Table 6-1: Qualitative assessment of the effects of dexamethasone treatment in Callipyge 
and Non-Callipyge ovine myotubes 

Gene 
expression or 

protein 
modification 

Ovine Genotype and Treatment 

 Non-Callipyge  Callipyge 

 Without Dex With Dex Without Dex With Dex 

FOXO1 In 
cytoplasm 

Control  No significant 
change 

Control No significant 
change 

FOXO1 In nuclear Control  No significant 
change 

Control  No significant 
change 

p-FOXO1 In 
cytoplasm 

Not detected Not detected Not detected Not detected 

p-FOXO1 In 
nuclear 

Control Up Control No significant 
change 

MuRF1 mRNA 
expression 

Control Trend up Control Trend up 

MaFbx mRNA 
expression 

Control Trend down Control Trend down 
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Discussion 

Treatment of ovine myoblasts in culture with Dex did indeed differentiate CN from NN 

cells, suggesting again that intermediates involved in the expression of the Callipyge 

phenotype in culture are influenced by the atrophic impetus of Dex. Dex treatment 

increased the number of cells (myoblasts + myotubes) in a dose-dependent manner in 

the CN cultures. In contrast, the number of cells in NN cultures remained unchanged 

by treatment. These results suggested that Dex treatment induced cell mitogenesis and 

reduced cell size to a greater extent in CN cultures than in NN cultures at Diff D5. Dex 

treatment induced an atrophic response in NN myotubes that was greater than in CN 

myotubes, suggesting that the Callipyge mutation increases the resistance of CN 

myotubes to Dex-induced atrophy. Nonetheless, I may not have measured the most 

relevant biochemical parameters which correlate to cellular size because Dex 

treatment induced greater reductions in CN than in NN for protein content, CK activity 

per cell and the number of myonuclei per myotube. 

 In terms of cell number, Dex treatment increased the number of cells in the CN 

cultures but not in the NN cultures. This suggests that Dex may induce cell proliferation 

in CN cells presumably due to the Callipyge mutation. To further support these results, 

Dex has been shown to potentiate the mitogenic action of IGF-1 and induce cell 

proliferation and regeneration in mouse myoblasts (Bois and Grosveld, 2003) and other 

cell types (Conover et al., 1983, Conover et al., 1989, Urban et al., 1994).  

To further investigate the mechanisms underpinning the effects of Dex treatment on the 

NN and CN cells, the protein degradation pathway was measured at the post-

translational (FOXO1) and transcriptional levels (MuRF1 and MaFbx). It is well 

established that FOXO1 transcription factors, in their unphosphorylated forms are 

predominantly located in the nuclear compartment (Van Der Heide et al., 2004). Akt1 

induces the phosphorylation of FOXO1 (to p-FOXO1) causing it to be translocated from 

nucleus to cytoplasm where it becomes inactive (Van Der Heide et al., 2004). 
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The concentration of FOXO1 protein appeared to be lower in the nucleus of the CN 

cells without or with Dex treatment when compared to the NN cells, although this 

difference was not significant. This may relate to the differential capacity of the cells to 

respond to Dex treatment. However, it has been suggested that higher levels of p-

FOXO1 (the active form for muscle atrophy) in the nucleus is a marker for muscle 

atrophy in C2C12 cells (Sandri, 2008, Waddell et al., 2008). In this study, the p-FOXO1 

level was essentially undetectable in the cytoplasm and the level of nuclear p-FOXO1 

was up regulated in the CN cells either without or with Dex treatment when compared 

to the NN cells. It is proposed that the CN cells have a higher potential for cell atrophy 

compared to the NN cells as the results showed up-regulation of p-FOXO1 in the 

nucleus with Dex treatment in NN cells. These results are consistent in the NN cells 

however they are not consistent with the results presented in Chapter 5 that show the 

IGF-1/Akt1/p70S6K pathway to be activated in the CN cultures. Therefore it was 

assumed that p-FOXO1 would be present in high levels in the cytoplasm. However the 

western blot results of FOXO1 and p-FOXO1 for both the NN and CN cultures were not 

statistically significant possibly associated with non-specificity of the western blot 

antibodies causing variability within the results.  

Further, the level of MaFbx mRNA was 2-fold lower in both the NN and CN cells with 

Dex treatment when compared to untreated cultures. Comparatively the level of the 

MaFbx mRNA was 2-fold higher in the CN cells when compared to the NN cells either 

without or with Dex treatment. These results conflict with previous studies that show 

up-regulation of MaFbx transcription in atrophy studies of C2C12 cells (Stitt et al., 

2004) and in mice (Clarke et al., 2007) (Bodine et al., 2001) and as reviewed (Sandri, 

2008, Sandri et al., 2004). Moreover, the mRNA level of MuRF1 was up-regulated in 

the CN cells either without or with Dex treatment when compared to the NN cells. This 

result was also in conflict with previous studies involving FOXO1 and dexamethasone 

treatment in muscle atrophy (Kamei et al., 2004, Gomes et al., 2001, Lagirand-

Cantaloube et al., 2008, Latres et al., 2005, Shavlakadze and Grounds, 2006, Stitt et 
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al., 2004). The mRNA levels of MuRF1 and MaFbx should be lower in the CN cells 

either without or with dexamethasone treatment; however the results in this study were 

not as expected. This may be due to statistically insignificant results from the Western 

blot analyses of FOXO1 and the qRT-PCR studies of MuRF1 and MaFbx transcription. 

However, Akt1 not only affects cell size (protein synthesis, protein degradation and 

cellular turnover) through the PI3K/Akt1/mTOR/p70S6K and 

Akt1/FOXO1/MuRF1/MaFbx pathways investigated in this study, it also influences cell 

cycle progression, cell death (apoptosis), and stress detoxification (Tran et al., 2003, 

Shavlakadze and Grounds, 2006, Sandri, 2008). These cellular events were beyond 

the scope of this study and require further investigation so as to fully understand the 

big picture of the pathways involved in skeletal muscle hypertrophy in Callipyge sheep. 
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7 General Conclusions 

7.1 Overview of major findings 

The major results obtained from the studies described in this thesis are outlined below: 

Firstly, I confirmed that wild-type (NN) and Callipyge (CN) genotypes behave broadly 

the same when tested in in vitro as ovine skeletal muscle cell cultures. Nonetheless, 

careful phenotypic measurements consistently revealed significant differences between 

CN cells and similarly treated NN cells. For example: 

1. The protein synthesis pathway IGF-1/Akt1/p70S6K was activated in the CN 

cells but not in the NN cells at 6 days after differentiation/fusion (Diff D6). This 

was evidenced by increased phosphorylation of the protein markers Akt1 and 

p70S6K.  

2. Differentiated NN myotubes showed a greater response to IGF-1 treatment 

when compared to differentiated CN myotubes. This was evidenced by 

increases in myotube size, total cellular protein content and total number of 

myonuclei per myotube.  

3. CN cells showed various responses to dexamethasone treatment when 

compared to NN cells in vitro. Myotube width significantly decreased in the 

both the NN and CN cells in response to dexamethasone treatment, with the 

CN cells showing a greater decrease. With respect to protein content, CK 

activity, and number of myonuclei per myotube, the NN cells were less 

responsive to dexamethasone treatment. The CN cells showed a significant 

decrease in protein content and CK activity when treated with dexamethsone. 

This sensitivity to dexamethasone treatment correlated with up-regulation of 

the ubiquitin ligases MAFbx and MuRF1 in the CN cells. These results 

suggested that the CN cells could not resist muscle atrophy as did the NN 
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cells. This result was unexpected as it was assumed that activation of the 

PI3K/Akt1/p70S6K pathway in the CN cells would cross-talk to inhibit the 

Akt1/FOXO1/MuRF1 atrophy pathway.  

7.2 Discussion  

In this thesis I demonstrated for the first time that the IGF-1/Akt1/p70S6K pathway is 

activated in Callipyge (CN) cells in vitro. Surprisingly, IGF-1 mRNA transcription was 

significantly down-regulated in the CN and also in the NN cells following IGF-1 

treatment. I propose that these observations reveal the factors associated with ovine 

skeletal muscle hypertrophy in vitro, providing insights into the mechanisms that may 

be manipulated to increase meat yield through increases in protein synthesis. While the 

data presented in this thesis provide valuable information about the protein synthesis 

and protein degradation pathways in Callipyge animals we must remember that in vitro 

models may not correlate well with tissues in vivo for many reasons. For example, DlK1 

was found to be highly transcribed in LD and ST Callipyge muscles removed from 

sheep, but the gene transcript was not detected in the Callipyge muscle cell cultures. I 

propose that either Dlk1 was not expressed in the CN muscle cells in vitro or that Dlk1 

may not be the only causative gene for hypertrophy in Callipyge. Other studies  

(Vuocolo et al., 2007) reveal activation and differential expression of additional genes 

at this locus including Gtl2, Peg11, Peg11As and Meg8. Analysis of the expression 

these genes would be of significant interest to this study. This finding is likely to be very 

controversial and interesting in the field of Callipyge biochemical genetics. 

As implied above, there are several factors that could affect the in vitro results. For 

example the passage number (or in vitro age) of the cells may impact upon the rate of 

cell growth and differentiation, especially in primary ovine skeletal muscle cell cultures. 

It is also possible that the number of contaminating fibroblasts in the muscle cell 

cultures increases as the cells get older (higher passage number) and would impact 

upon the measured rate and extent of muscle growth and differentiation. Time was 
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limited for this study, and so I have not been able to clarify this issue experimentally. I 

did however stain the cell cultures for the muscle specific protein desmin to monitor the 

presence of fibroblasts and it was apparent that as the cultures became older the 

number of myotubes decreased as a proportion of total cells present. Another limiting 

factor in this study was the fixed surface area of culture plates. For example, in the 24 

well plates it did not seem to matter to what extent the myotubes enlarged, the total 

protein content per well remained relatively constant from Diff D4-Diff D8 (C2C12) and 

Diff D4-Diff D6 (ovine) (Figure 8.1 and Figure 8.5). This may be reflective of the fixed 

culture surface area limiting cell growth, or some as yet undefined technical problem. 

Creatine kinase (CK) activity appeared to be a useful marker for cell differentiation as 

the level of CK activity increased during proliferation and early differentiation (up to 

DiffD4), but remained relatively constant following maturation of the myotubes (from 

Diff D5 onwards) in both the C2C12 and ovine cells (Figure 8.2 and Figure 8.6). It was 

obvious however that the levels of CK activity were over 100-fold higher in the C2C12 

cells compared to the primary ovine cells. This is no doubt due to species and 

transformational differences between the immortalised mouse C2C12 cells and the 

primary ovine myoblast cultures. The experimental differences between primary and 

immortalised cells are also apparent in the larger size of the C2C12 myotubes when 

compared to the primary ovine myotubes. Overall though, CK activity remained a 

reliable marker for differentiation as the upward trend in CK activity remained the same 

throughout proliferation and differentiation for both the C2C12 and the primary ovine 

cultures. 

It was also apparent that CK activity could be normalised in several different ways 

using as a reference total protein content per culture (Foulstone et al., 2004), cell 

culture surface area, number of myotubes, number of myoblasts or number of 

myonuclei per myotube. In vitro the protein content per culture did not change, however 

the total cell number per culture (well) significantly decreased when myotubes were 
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formed (by cell fusion) in both the C2C12 and ovine cells (Figure 8.4 and Figure 8.8). 

As noted above, somewhat paradoxically the total protein content per culture remained 

relatively constant. Therefore in this study, the total number of cells (comprised of 

multinucleated myotubes and myoblasts) in cultures was used to normalise the CK 

activity data. These observations again illustrate the limits of in vitro analysis. In vivo 

muscle mass and mass of protein can increase to higher limits, unlike cell culture-

based systems. Therefore it is possible that CK activity in vivo could be normalised 

using total protein, but is more accurately represented by total cell number in vitro.  

CK activity varied in the primary ovine cultures between the studies detailed in 

Chapters 4 and 5. These CK values were up to 3-fold different between the studies and 

could be due to the variation in cell passage number. These variations could also be 

due to different batches of the CK assay reagents that were not standardised with 

respect to each other using an assay positive control.  It was also apparent that the 

number of myonuclei per myotube in the CN cultures varied greatly between Chapters 

4 and 5. This could be due to the difference in cell passage number between the 

studies performed in Chapters 4 and 5, and could also indicate a critical time point 

within the sampling process at Diff D6 when these measurements were taken. 

Phenotypic measurements showed a greater sensitivity by the CN cells to treatment 

with Dex when compared to the NN cells with respect to myotube atrophy (section 6.3). 

Western hybridisation revealed a higher level of p-FOXO1 in the nucleus of the CN 

cells compared to the NN cells. qRT-PCR also showed a higher level of transcription of 

the atrophy related genes, MuRF1 and MaFbx. However, it should be noted that all of 

these results from the western blot and qRT-PCR were not statistically significant. This 

could be due to non-specificity of the antibody used in the western hybridisation 

causing greater variability in the data. I acknowledge that I cannot rule out this 

possibility at this time, however the techniques followed for extraction and purification 

of the RNA were the state of the art. Also, this variation could be due to only having 
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one value per cell line for the results from the Western analysis. Future development of 

an ovine specific antibody may increase the specificity of the assay and give rise to 

more accurate results. Thus the basis for the differential sensitivity of NN and CN cells 

to Dex treatment is unknown and could be attributed to several factors of the 

experiment. It has also been previously demonstrated that the glucocorticoid receptors 

(GR) is important for dexamethasone induced protein catabolism (Zhao et al., 2009). It 

is possible that the greater sensitivity of the CN cells to the Dex treatment could be due 

to an increased number of GR in these cells. GR expression analysis in the ovine 

muscle cells was beyond the scope of this thesis and requires future study. 

7.3  Future Directions 

Previous studies have shown that muscle hypertrophy is characterised by a higher 

proportion of fast-twitch type IIB of glycolytic fibres (Carpenter et al., 1996). In a study 

involving transgenic mice, activation of Akt1 produced hypertrophy specifically in the 

fast twitch type IIB fibres of skeletal muscle and was also associated with a decrease in 

adipose tissue in mice (Izumiya et al., 2008). Higher ratios of the fast twitch fibre IIB, 

decreases in adiposity (Carpenter et al., 1996, Jackson et al., 1997b) and Akt1 

activation (chapter 5) has also been observed in Callipyge hypertrophy. In this thesis I 

have also demonstrated that transcription of α-actin was significantly up-regulated in 

the ovine Callipyge skeletal muscle cells, indicating that α-actin may be associated with 

a higher proportion of fast-twitch glycolytic type IIB/IIX muscle fibre in Callipyge sheep. 

This may result from either a disproportion, suppression or decrease in the size of type 

I (slow oxidative)  and IIA (fast oxidative-glycolytic) myofibres compared to type IIB/IIX 

myofibres, as demonstrated in previous studies involving human muscle mutations 

(Laing et al., 2004, Greenwood et al., 2006b). Therefore the alternative explanation for 

the high transcription of α-actin in Callipyge cells may be a type I-specific pathway that 

links the sarcomere to gene expression in muscle, such as the actin/calsarcin-

1/calcineurin pathway (Semsarian et al., 1999a, Serrano et al., 2001, Laing et al., 
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2004) - in this case expressed in some vestigial way in culture cells. Furthermore, 

previous studies showed that loss of GR prevents up regulation of MAFbx and MuRF1 

by glucocorticoids (Zhao et al., 2009). It is possible in this study that an increased 

number of GR may have facilitated the up regulation of MAFbx and MuRF1 following 

dexamethasone treatment in CN cells. It is also possible that an increase in GR 

prevented a dexamethasone-induced decrease in Akt1 phosphorylation and caused an 

increase in the proportion of FOXO1 that was not phosphorylated. The findings suggest 

a requirement for the GR in activating molecular signals that promote muscle protein 

catabolism. It is also possible that myostatin and the signalling pathways that it affects 

may be associated with the muscle hypertrophy in Callipyge sheep. Unfortunately an 

investigation of myostatin was beyond the scope of this study, even though previous 

studies show that low levels of functional myostatin have been found to be the 

causative agent in the double-muscling of Piedmontese and Belgian Blues cattle breed 

(Kambadur et al., 1997, McPherron and Lee, 1997, Short et al., 2002, Greenwood et 

al., 2006a, Greenwood et al., 2006b, McFarlane et al., 2008). However the next most 

important aspect of this research is determining whether muscle cell cultures provide a 

suitable model of muscle in vivo. Additionally, research is also needed on wild-type and 

Callipyge muscle ST tissues samples (at 120 days post coitus) to further the findings of 

this study. 

This study has revealed that activation of the PI3K/Akt1/p70S6K protein synthesis 

pathway correlates with hypertrophy observed in the CN cells. It would be interesting to 

inhibit PI3K and this pathway and observe the effect on cellular hypertrophy.  A reagent 

such as LY294002, a P13K inhibitor, could help determine the importance of this 

pathway to cell hypertrophy. However, the hypertrophy in the Callipyge cells could not 

prevent Dex induced-atrophy. I propose that are other pathways linked to IGF-1 and 

that Dlk1 might not be associated with hypertrophy in Callipyge phenotype.  

At the time of writing this thesis, it is unlikely that the Australian sheep industry will 
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choose to import the Callipyge genotype to capture some of its benefits for muscle 

yield and growth efficiency. I believe this is because of the negative aspects of tough 

lamb significantly outweighing the perceived benefits (note above). Nonetheless as 

feed costs rise, and the demand for muscle foods increases in the developing world, 

global muscle food production enterprises will need to consider all sorts of naturally-

occurring genetic variants - like Callipyge - when they seek to increase the productivity 

of their systems. 

 

. 
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8 Appendices 

8.1 Appendix A 
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Figure 8.1: Protein content mg per 2 cm2 surface area of the well in C2C12 cells. IGF-1 
treatment did not significantly change the protein content per well in the C2C12 cells. Myoblasts 
were seeded onto culture plates in growth medium, called proliferation 1 day (Pro D1), and after 
3 days of proliferation (ProD3, approximately 90-100% confluent), low serum medium was used 
to induce the myoblasts to differentiate and fuse to form myotubes for 3 days (Diff D3). IGF-1 
(10ng/ml) was added to the myotube culture at Diff D3. Low serum medium without and with 
IGF-1 was changed daily until Diff D8. Cells were collected in 50mM Tris-Mes buffer with protein 
content measured. Results were derived from the mean ± SEM of triplicate cultures (n=3). A 
one-way ANOVA was performed using GraphPad Prism (version 5) software. Results were not 
significant.  
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Protein/well 0.10 0.12 0.13 0.15 0.17 0.17 0.17 0.18 0.16 0.21 0.19 0.21 0.19 0.20 
Std. Deviation 0.01 0.00 0.02 0.01 0.01 0.06 0.03 0.01 0.01 0.03 0.03 0.02 0.02 0.02 
Std. Error 0.004 0.003 0.011 0.005 0.004 0.032 0.020 0.008 0.007 0.019 0.018 0.011 0.013 0.013 
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Figure 8.2: Creatine kinase activity U per 2 cm2 surface area of the well in C2C12 cells. 
IGF-1 treatment did not significantly change the CK activity per well in the C2C12 cells. 
Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 day (Pro 
D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 (10ng/ml) was added to the myotube culture at Diff D3. Low serum medium 
without and with IGF-1 was changed daily until Diff D8. Cells were collected in 50mM Tris-Mes 
buffer with CK activity measured. Results were derived from the mean ± SEM triplicate cultures 
(n=3). A one-way ANOVA was performed using GraphPad Prism (version 5) software. Results 
were not significant.  
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Figure 8.3: Creatine kinase activity per protein versus the time of C2C12 growth in 
culture. Myoblasts were seeded onto culture plates in growth medium, called proliferation day 1 
(Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). Low serum medium was changed daily until Diff D8. Cells were collected in 50mM 
Tris-Mes buffer with CK activity and protein content measured. Results were derived from the 
mean ± SEM triplicate cultures (n=3).  
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Figure 8.4: Total number of cells (myotubes + myoblasts) per 2 cm2 surface area of the 
well in C2C12 cells. IGF-1 (10ng/ml) did not significantly change the cell number per well in 
C2C12 cells. Myoblasts were seeded onto culture plates in growth medium, called proliferation 
day 1 (Pro D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low 
serum medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 
3 days (Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without 
and with IGF-1 was changed daily until Diff D8. Cells were counted at Diff D8. Results were 
derived from the mean ± SEM triplicate cultures (n=3). A one-way ANOVA was performed using 
GraphPad Prism (version 5) software. Results were not significant. 

 

C2C12 Pro  
D3 Diff  

D1 Diff  
D2 Diff  

D3 Diff  
D4 

Diff  
D4  

IGF - 1 Diff  
D5 

Diff  
D5  

IGF - 1 Diff  
D6 

Diff  
D6  

IGF - 1 Diff  
D7 

Diff  
D7  

IGF - 1 Diff  
D8 

Diff  
D8  

IGF - 1 
Number of  
cells 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Mean cells / well 18921 16070 16218 14228 17644 14020 15921 14792 16040 15505 20971 15178 19159 13723 
Std. Deviation 1724 1229 235.8 1471 1069 1236 1855 2495 445.5 2413 2200 3732 2055 1080 
Std. Error 995.4 709.8 136.1 849 617.4 713.5 1071 1441 257.2 1393 1270 2155 1187 623.8 
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Figure 8.5: Protein content mg per 2 cm2 surface area of the well in ovine cells. IGF-1 
treatment did not significantly change the protein content per well in the NN and CN cells. 
Myoblasts were seeded onto culture plates in growth medium, called proliferation day 1 (Pro 
D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 (10ng/ml) was added to the myotube culture at Diff D3. Low serum medium 
without and with IGF-1 was changed daily until Diff D6. Cells were collected in 50mM Tris-Mes 
buffer with protein content measured. Results were derived from the mean ± SEM of three 
independent animals and triplicate cultures (n=9). A one-way ANOVA was performed using 
GraphPad Prism (version 5) software. Results were not significant. 

 

Ovine NN Pro  
D3 

CN Pro  
D3 

NN Diff  
D3 

CN Diff  
D3 

NN Diff  
D6 

NN Diff D6  
IGF-1 CN Diff D6 

CN Diff D6  
IGF - 1 

Number of cultures 9 9 9 9 9 9 9 9 
Mean of protein content 0.10 0.10 0.10 0.10 0.11 0.12 0.10 0.11 
Std. Deviation 0.004 0.002 0.006 0.003 0.010 0.009 0.004 0.011 
Std. Error 0.001 0.001 0.001 0.001 0.002 0.003 0.001 0.004 



214 

 

N
N

 P
ro

 D
3

N
N

 D
iff

 D
3

N
N

 D
iff

 D
6 

N
N

 D
iff

 D
6 

IG
F-

1 

C
N

 P
ro

 D
3

C
N

 D
iff

 D
3

C
N

 D
iff

 D
6

C
N

 D
iff

 D
6 

IG
F-

1

0

2.0×102

4.0×102

6.0×102

C
K

 (U
/m

l) 
pe

r 
w

el
l

 

 

Figure 8.6: Creatine kinase activity U per 2 cm2 surface area of the well in ovine cells. 
IGF-1 treatment did not significantly change the CK activity per well in the NN and CN cells. 
Myoblasts were seeded onto culture plates in growth medium, called proliferation 1 day (Pro 
D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 (10ng/ml) was added to the myotube culture at Diff D3. Low serum medium 
without and with IGF-1 was changed daily until Diff D6. Cells were collected in 50mM Tris-Mes 
buffer with CK activity measured. Results were derived from the mean ± SEM of three 
independent animals and triplicate cultures (n=9). A one-way ANOVA was performed using 
GraphPad Prism (version 5) software. Results were not significant. 

 

 

Ovine 
NN Pro  

D3 
CN Pro  

D3 
NN Diff  

D3 
CN Diff  

D3 
NN Diff  

D6 
NN Diff D6  

IGF - 1 CN Diff D6 
CN Diff D6  

IGF - 1 
Number of values 9 9 9 9 9 9 9 9 
Mean of CK actitity 60.49 61.72 167.3 118.5 185.2 504.9 142 354.3 
Std. Deviation 19.1 28.0 60.1 47.5 59.4 142.1 36.7 101.9 
Std. Error 6.4 9.3 20.0 15.9 19.8 47.4 12.2 34.0 
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Figure 8.7: Creatine Kinase per protein versus the time of ovine cells growth in cultures. 
Myoblasts were seeded onto culture plates in growth medium, called proliferation day 1 (Pro 
D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). Low serum medium was changed daily until Diff D6. Cells were collected in 50mM 
Tris-Mes buffer with CK activity and protein content measured. Results were derived from the 
mean ± SEM triplicate cultures (n=3). 
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NN Dif f  
D3

CN Dif f  
D3

NN Dif f  
D6

NN Dif f  
D6 IGF-1

CN Dif f  
D6

CN Dif f  D6 
IGF-1

Number of  values 9 9 9 9 9 9

Mean number of  
cells / well 16446 8386 17099 13907 8386 6640

Std. Deviation 5480 2545 4376 3919 2545 1254

Std. Error 1827 848.4 1459 1306 848.4 418.1
 

Figure 8.8: Total number of cells (myotubes + myoblasts) per 2 cm2 surface area of the 
well in ovine cells. The number of cells per well was significantly higher in NN cells compared 
to CN at Diff D6. IGF-1 (10ng/ml) did not changed the cell number per well in NN and CN cells. 
Myoblasts were seeded onto culture plates in growth medium, called proliferation day 1 (Pro 
D1), and after 3 days of proliferation (ProD3, approximately 90-100% confluent), low serum 
medium was used to induce the myoblasts to differentiate and fuse to form myotubes for 3 days 
(Diff D3). IGF-1 was added to the myotube culture at Diff D3. Low serum medium without and 
with IGF-1 was changed daily until Diff D6. Cells were counted at Diff D8. Results were derived 
from the mean ± SEM triplicate cultures (n=3). A one-way ANOVA was performed using 
GraphPad Prism (version 5) software. Results were significant when *p<0.05, **p<0.01 and 
***p<0.001. 
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8.2 Appendix B 

Cell number conversion factor 

1. For 100x magnification: 

Field of view = 2592 pixels x 1944 pixels  

Conversion of pixels into µm=0.6674 µm/pixel 

Field of view = (2592x0.6674) x (1944x0.6674) 

Field of view = 1729.9008 x 1297.4256 

Field of view = 2 244 417.583 µm2 

Conversion into cm2 

Field of view = 2 244 417.583 µm2 / 1x108 

Field of view = 0.022444175 cm2 

24 well surface area (2.0cm2) 

Conversion factor = 24 well surface area / field of view 

        = 2.0 cm2 / 0.022444175 cm2 

        = 89.10998 
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2. For 200x magnification:  

Field of view = 1030 pixels x 1300 pixels  

Conversion of pixels into µm=0.3366 µm/pixel 

Field of view = (1030x0.3366) x (1300x0.3366) 

Field of view = 346.698 x 437.58 

Field of view = 151708.1108 µm2 

Conversion into cm2 

Field of view = 151708.1108 µm2 / 1x108 

Field of view = 0.00151708 cm2 

24 well surface area (2.0cm2) 

Conversion factor = 24 well surface area / field of view 

        = 2.0 cm2 / 0.00151708 cm2 

        = 1318.321 
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8.3 Appendix C 

8.3.1 Conferences 

Nguyen T, Grounds M, Harper GS, White J. 2004. Links between the IGF-1 signalling 

pathways and skeletal muscle hypertrophy in sheep. ComBio 2004. Burswood Resort 

Convention Centre, Perth. 

Nguyen T, White JD, Grounds M, Harper GS. 2004. Links between the IGF-1 

signalling pathways and skeletal muscle hypertrophy in sheep. Combined CRC's 

2004 Annual Postgraduate Conference. Coffs Harbour, NSW. 

Nguyen T, White JD, Grounds M, Harper GS. 2004. Links between the IGF-1 

signalling pathways and skeletal muscle hypertrophy in sheep. Matrix on Rotto: 

Proceedings of the annual scientific meeting of the Matrix Biology Society of Australia 

and New Zealand. Rottnest Island, WA. 

 

8.3.2 Publications 

Nguyen T, Vuocolo T, White J, Mackie E, Grounds M, Harper GS. 2009. Expression of 

the Callipyge phenotype in cultured muscle cells: cross-talk with hypertrophic and 

atrophic pathways. In preparation for submission to Journal of Animal Science. 

 

Harper GS and Nguyen T. 2009. Targets for nutrigenomics and nutrigenetics in pig 

production. Submitted to Manipulating Pig Production (Australian Pig Science 

Association). 
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