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CHAPTER 1 INTRODUCTION

Introduction: aging, a general theory

There has been and will continue to be a dramatic shift in the composition of population with regards to age. The proportion of elderly has increased steadily over the past centuries; and this growth will be accelerated in the next several decades. In the developed regions of the world, population of people older than 60 years old has been growing at 3.8% per year from 1988.

By 2000, elderly people accounted for almost 20% and they will reach 33% of the total population by 2050. In developing regions, the ratio of elderly people is 8% at present but will rise to 20% by 2050 (data from Food and Agriculture Organization of the United Nations). This growth is known as global aging, which is attributed to the lengthening of life expectancy and to declining of fertility rate. Global aging further results in an irreversible social change on both public health and economy. For example, impact of aging on medical expenses will depend upon the future development of morbidity 1 [1]. A better understanding of the biological aging process, investing in basic and social research, and promoting "healthy aging" ("successful aging") to reduce the inter-generation tension would be possible ways to find lasting solutions to reduce the socioeconomic impact of aging population. However, a comprehensive understanding of aging is difficult because the aging process 1 Morbidity: number of patient or case of disease in a given population at a given time (in one year is called incidence; or at a time is called prevalence).

accompanies an increased risk of disease [2]. Indeed, aging may be considered as a degenerative process that causes progressive deterioration and loss of physiological function and ultimately death. Currently, the biological origin of aging phenomenon remains largely obscure. It is attributed to intrinsic mechanisms, as explained by three key theories namely the physiological theory, apoptosis and the evolutionary theory. The physiological theory explains that aging is due to the poisoning of the body accompanied by a progressive accumulation of metabolites [3]. The apoptosis theory addresses how aging leads to the increased number of programmed cell death [START_REF] Dirks | Apoptosis in skeletal muscle with aging[END_REF]. The evolutionary theory is connected with the genetic explanation of aging as well as effects arising from extrinsic causes that are clearly within the environment [5].

In general, aging of different organs and tissues is accompanied by a progressive loss of their ability to fulfill their biological functions [START_REF] Ståhlberg | Age-related changes in the metabolism of cholesterol in rat liver microsomes[END_REF][START_REF] Marino | Age-dependent accumulation of dolichol in rat liver: is tissue dolichol a biomarker of aging?[END_REF].

Diverse variations, i.e. tissue atrophy (reduced volume) and the increase in connective tissue gradually appear in most organs [START_REF] Serrano | Regulation and dysregulation of fibrosis in skeletal muscle[END_REF]. This thesis is concerned with skeletal muscle, which represents almost 40% of body proteins. Skeletal muscle is required for body locomotion and is the major reservoir of body proteins, and consequently of amino acids which are mobilized under pathologic conditions. Muscle is also essential for maintaining body temperature, and helps to maintain bone homeostasis. During aging, there is significant reduction of muscle protein mass. This disrupts the balance between protein synthesis/proteolysis and/or regeneration/cell death [START_REF] Combaret | Skeletal muscle proteolysis in aging[END_REF][START_REF] Narici | Sarcopenia: characteristics, mechanisms and functional significance[END_REF]. Muscle wasting reduces the capacity of reaction and restoration of a good health in the elderly. Therefore, a holistic understanding of the mechanisms leading to the muscle wasting during aging is crucial.

The muscle tissue forms, via its connective tissue (CT), a continuum with the tendons, which in turn connects muscle to bone. The changes undergone by the muscle during aging affect not only muscle cells but also the CT in which muscle cells are surrounded.

In the following sections of this chapter, I will lay out the preliminary information concerning the skeletal muscle, addressing the different levels, i.e. molecular, cellular and tissue levels (section 1.2), and finally, addresses the justifications for the animal model used in this study and also explain the objectives (section 1.3).

1.2 Preliminaries: skeletal muscle, from myofibre to connective tissue

Myofibre

The skeletal muscle represents approximately 40% of body weight [START_REF] Yan | Regulatory elements governing transcription in specialized myofiber subtypes[END_REF].

Skeletal muscle consists of several types of tissue: muscle, connective, nervous, vascular and adipose tissue. Endomysium consists of a reticular layer (0.2-1 microns) called the reticular lamina (RL) which is external as opposed to the basal lamina (BL), a thin basement membrane (about 50 nm) which is directly linked to the sarcolemma [START_REF] Voermans | Clinical and molecular overlap between myopathies and inherited connective tissue diseases[END_REF]. Between sarcolemma and BL, it is possible to observe myogenic cells, i.e.

Description

the satellite cells (SCs).

Typology

Myofibre is characterized by the metabolic activity and the speed of contraction. According to the metabolic pathway, myofibres are glycolytic or oxidative. The speed of contraction depends on myosin heavy chain that uses ATP energy for contraction. Several myosin heavy chain (MHC) isoforms have been identified based on their apparent molecular masses as indicated by migration rate (I > IIa > IIx) or antibody specificity. Those MHC isoforms are used to determine the contractile types with specific antibodies. The above characteristics result in three main fibre types, as shown in Table 1.1. Muscle myofibre is one of the longest cells in the body. In human, it appears as long thin spindles with a diameter of 10 to 100 µm and a length of up to 30 cm. As multinucleated syncytia from fused cells, each myofibre contains several hundred nuclei located in a peripheral position (under the sarcolemma).

Beneath the sarcolemma are narrow tubes (also known as transverse [T] tubules) that are continuous with the sarcolemma and that extend into the sarcoplasm. Sarcoplasm contains organelles for intracellular traffic system (sarcoplasmic reticulum, Golgi apparatus, endosomes), the mitochondria is important for energy production, and ribosomes, lysosomes and proteasomes is important for protein turnover (protein synthesis and degradation). The Golgi apparatus is located around the myonuclei close to the sarcolemma and sarcoplasmic reticulum is surrounding myofibrils (Figure 1.2A). Certain proteins located between the sarcomere and the sarcolemma.

Myofibril

These proteins are responsible for forming a complex structure. This structure distributes peripherally to the myofibril and is known as costamere. The costamere aligns with the Z-line and coordinately transduces contractile forces and maintains the structural integrity of the membrane during contraction.

Costamere contains three separated but interrelated networks: (1) integrin complex (2) dystroglycan complex and (3) spectrin complex (Figure 1.2B).

Integrins are transmembrane proteins interacting with vinculin, actinin and actin (cytoskeletal molecules) via talin. The integrin system plays a major role in signal transduction; it also responses to mechanical stress and induces cytoskeletal changes. The dystroglycan complex is responsible for linking the internal cytoskeletal system of the individual myofibre to the structural proteins within the extracellular matrix (ECM). It consists of dystrophin, dystroglycans, sarcoglycans, dystrobrevin and syntrophin. Among them, dystrophin is the major component and it binds actin to costamere. Dystroglycans and other molecules connect biglycan, laminin and some other ECM components. This complex has both mechanical and signaling roles in mediating interactions between the cytoskeleton, the sarcolemma, and the ECM. The spectrin complex contains spectrin, ankyrin and Na, K-ATPase and is important for anchoring the cytoskeleton to the sarcolemma (Figure 1.4).

Connective tissue

The CT in skeletal muscle is responsible for maintaining the muscle structure and for transmitting force via tendons to the bones. It contains (1) nerve cells embedded in muscle and tendon responsible for the production and 

Extracellular matrix

The muscle ECM comprises several large families of molecules that interact with each other. Collagen and elastin locate at perimysium and endomysium and are surrounded by proteoglycans (PGs) and glycoproteins (GPs). Some molecules are specific at perimysium (e.g. type XII and XIV collagen); some are specific at endomysium (e.g. laminin, type IV collagen and perlecan); some are transmembrane molecules (e.g. dystroglycan, sarcoglycan and associated molecule integrins (trans-sarcolemma molecules)). In the following paragraphs, I will discuss the function and availability of key biomacromolecules, namely collagen, proteoglycan, tenascin, fibronectin and laminin.

• Collagen Collagens in skeletal muscle consist of fibrillar and non-fibrillar collagens, and fibril-associated collagens with interrupted triple helices (FACIT). Fibrillar collagens refer to the collagen types being able to self-assemble into fibrils. Fibrillar collagens comprise three α chains forming a lefthanded triple helix. Each collagen α chain contains many gly-x-y repeats (x is often proline, y is often hydroxyproline). The inherent strength of collagen fibrils is derived from the extracellular formation of covalent intermolecular crosslinking [START_REF] Bailey | Biological significance of the intermolecular crosslinks of collagen[END_REF]. In skeletal muscle, a trifunctional pyridinium crosslinking (PYD) is important to stabilize the mature collagen fibrils (Figure 1.6C).

Fibrillar collagens include type I, III and V. Type I collagen (Col-I) represents the most abundant intramuscular collagen (reported from ~30% to 97% of total collagen) and it contributes to the structure backbone. Col-I is dominant in endo-, peri-and epimysium. Col-I co-polymerizes with type III (Col-III). Nonfibrillar collagens include type IV (Col-IV) and type VI collagens (Col-VI).

Col-IV accounts for over 50% of BM and co-localizes with Col-I, Col-III and other components of BM [START_REF] Light | Characterization of muscle epimysium, perimysium and endomysium collagens[END_REF][START_REF] Lebleu | Structure and function of basement membranes[END_REF]. Col-VI is ubiquitous in the connective tissue (in both endomysium and perimysium). As a substrate for cell attachment and as an anchoring meshwork that connects collagen fibers to the surrounding matrix [START_REF] Bonaldo | Structural and Functional Features of the a3 Chain Indicate a Bridging Role for Chicken Collagen VI in Connective Tissues[END_REF], Col-VI interacts with various matrix components such as fibrillar collagens, Col-IV and some PGs. FACIT in skeletal muscle comprises the collagen type XII (Col-XII) and XIV (Col-XIV). They are similar in structure and co-localize with Col-I, -III and -V. [START_REF] Gelse | Collagens--structure, function, and biosynthesis[END_REF]. FACIT have important roles in modifying the structure and function of collagen fibrils [START_REF] Zhang | Development of tendon structure and function: regulation of collagen fibrillogenesis[END_REF]. The symbol 〈 in the square brackets refer to the alpha helix; the numerical digit after the symbol is used to distinguish one helix from the other within the biomacromolecule.

• Proteoglycans Three different types of sulfated GAGs are described: chondroitin (CS) / dermatan (DS), keratan (KS) and heparan sulfate (HS) (Figure 1.7A). In skeletal muscle PGs are classified according to their type and number of associated GAGs [START_REF] Hannesson | An immunological study of glycosaminoglycans in the connective tissue of bovine and cod skeletal muscle[END_REF] (Table 1.3). Some PGs in Table 1.3 might have significant implications in aging research. Decorin and biglycan belong to small leucine rich PGs (SLRP). These biomacromolecules interact with the collagen fibre for assembling into the supermolecular structures (Figure 1.8A) [START_REF] Zanotti | Decorin and biglycan expression is differentially altered in several muscular dystrophies[END_REF]. Perlecan is a modular heparan sulfate proteoglycan and contains five domains (Figure 1.8B). The perlecan core protein together with its covalently-bound HS chains spans a large 3-D space, which makes perlecan an appropriate link between ECM and cell surface receptors or complexes of receptors [START_REF] Iozzo | Basement membrane proteoglycans: modulators par excellence of cancer growth and angiogenesis[END_REF]. Syndecan family (syndecan 1 and 4) are transmembrane HSPG. Syndecan-1 acts as a co-receptor for multiple growth factor receptors [START_REF] Iozzo | Transcriptional and Posttranscriptional Regulation of Proteoglycan Gene Expression[END_REF]. Syndecan-3 and syndecan-4, known as satellite cell markers, are implicated in satellite cell maintenance and muscle regeneration [START_REF] Cornelison | Syndecan-3 and syndecan-4 specifically mark skeletal muscle satellite cells and are[END_REF].

• Tenascins

Tenascins are large glycoproteins and exist as 4 isoforms: tenascin-C, -R, -X and -W. All tenascins have a similar structure, consisting of a cysteinerich N-terminal domain, followed by a series of EGF-like repeats, multiple fibronectin type-III repeats, and a C-terminal globular domain homologous to fibrinogen [START_REF] Jones | The tenascin family of ECM glycoproteins: structure, function, and regulation during embryonic development and tissue remodeling[END_REF]. Their complex domain structure allows tenascins to interact with a variety of ECM proteins, notably with members of the integrin family.

Tenascin C (TNC) and tenascin X (TNX) are shown to be expressed in skeletal muscle. TNC is found in the perimysium close to the MTJ while TNX is found in endo-, peri-and epimysium [START_REF] Jones | The tenascin family of ECM glycoproteins: structure, function, and regulation during embryonic development and tissue remodeling[END_REF].

• Fibronectins and laminins

Fibronectins and laminins play a role in cell adhesion. Fibronectins are large glycoproteins that form an extensive network of elongated branching fibrils in the ECM [START_REF] Hynes | Molecular biology of fibronectin[END_REF]. Fibronectins also bind integrin to connect inside to outside of the myofibre. Laminins bind cell-surface receptors, basal lamina, i.e.

Col-IV and perlecan, and two transmembrane laminin receptors: dystrophinglycoprotein complex and integrins.

• Connections between ECM components

A vast amount of reports have essentially studied the above components of ECM in skeletal muscle, but the regulations of those components during developmental and regenerative processes are not fully understood. Figure 1.9 presents the locations and well-established interactions between ECM components in skeletal muscle. Relationships between major components are also shown in Table 1.4. The rodents (mouse and rat) are dominantly used to represent mammals for basic aging research. Specifically, long-lived strains of mouse and rat (C57BL/6 mouse, Fisher 344 and Brown Norway rats) are popular although they cost more to house [START_REF] Flurkey | Pitfalls of animal model systems in ageing research[END_REF]. The reason behind the selection of these strains is because they are close to human and may propose anti-aging intervention going to clinical trials. They also act in a similar way as humans do when investigating the muscle function [START_REF] Brooks | Contractile properties of skeletal muscles from young, adult and aged mice[END_REF]. For the preference of sexuality, male model is better to avoid potential confounding effects of ovarian hormonal changes that occur mid-life in female rodents [START_REF] Moran | Soleus and EDL muscle contractility across the lifespan of female C57BL/6 mice[END_REF]. I have chosen to use the C57BL/6 male mouse (Figure 1.10). The lifespan of this genetic strain is well known. Kaneko and colleague [START_REF] Kaneko | Puberty acceleration in mice. II. Evidence that the vomeronasal organ is a receptor for the primer pheromone in male mouse urine[END_REF] believed puberty of C57BL strain almost ceases at 2 months (M). Flurkey and Currer [START_REF] Flurkey | Pitfalls of animal model systems in ageing research[END_REF] pointed out its survivability began to drop down while incidence of interfering age-related disease is still less than 10% till 22M. Tanaka et al. [START_REF] Tanaka | Establishment of an Aging Fram of F344/N Rats and C57BL/6 Mice at National Institute for Longevity Sciences (NILS)[END_REF] reported that the mortality is ~25% at around 23-26M but healthy-appearing animals could have been possibly affected by disease to bias the results after 24M. Mortality increases to ~50% at around 30-31M; average lifespan of this strain is 27.5±1M [START_REF] Rowlatt | Lifespan, age changes and tumour incidence in an ageing C57BL mouse colony[END_REF]. By scaling the life-span of the C57BL/6 mouse to that of human (given by Jackson Laboratory, US, Table 1 Although they are supposed to perform the same function from different position, composition of myofibre in GM is distinct from the one in SM. For GM, it comprises 30%, 62%, 8% in rat and 6%, 18%, 74% in mouse of type I, IIa and IIb myofibre, respectively. For SM, it comprises 87%, 13% in rat and 37%, 63% in mouse of type I and IIa myofibre, respectively [START_REF] Taillandier | Role of protein intake on protein synthesis and fiber distribution in the unweighted soleus muscle[END_REF]. In short, GM contains less type I but more type IIa than SM does. Therefore, the metabolism, physiology and morphology of the two muscles are significantly different. 12 Morphology of GM in rat (longitudinal section), the pennate structure of the GM can be seen. There exists three aponeuroses, enhanced by black-dot dash lines and the N-like configuration of the motor endplate bands (arrowheads) [START_REF] Prodanov | Three-dimensional topography of the motor endplates of the rat gastrocnemius muscle[END_REF].

The GM was selected for this project because the tissue features welldefined longitudinal pennate structure (Figure 1.12) similar to that of rat. In addition, three aponeuroses of the GM, i.e. sheets of pearly white fibrous tissue that take the place of tendon is sheet-like muscles having a wide area of attachment, are not only visible (under the naked eye) but also yield heterogeneous myofibres in direction and density [START_REF] Prodanov | Three-dimensional topography of the motor endplates of the rat gastrocnemius muscle[END_REF]. For quantifying the histological properties of GM, further protocol is required to ensure that the planes of the sectioned GM are perpendicular to the longitudinal axis of the aponeuroses.

Sample preparation

• Mice

Fifty-four C57BL/6 male mice were used in this study. They were obtained from the Laboratory Animal Centre at National University of Singapore at the age of 3-8 weeks (wk) and were housed in a temperature and humidity controlled facility (Laboratory Animal Facility at Nanyang Technological University) with a 12:12 h light-dark cycle and received food and water ad libitum. • Mice termination and GM dissection Those mice were anesthetized by carbon dioxide and weighed immediately. Subsequently, the GM (from both left and right leg) was dissected within 10 minutes (mins) and weighed at room temperature (RT, around 20°C).

To minimize contamination, prior to dissection I sterilized the dissecting and trimming board, scissors, ultra-fine tweezers and forceps using 0.1% (v/v) sodium dodecyl sulfate (SDS) (Figure 1.13A). This sterilization was also performed before and after each operation during the whole processing of dissection.

Next, the entire legs, haunch and lower back of each mouse were shaved. Removing the integument (cuticle plus dermis) exposes the aponeurosis of GM (which appeared as a white translucent band beginning from the Achilles tendon in Figure 1.11A). Tissues outside the aponeurosis were carefully removed but small pieces of Achilles tendon near ankle were preserved to maintain the integrity of GM (Figure 1.13B).

Each GM block was weighed immediately and frozen. For thirty-two blocks from sixteen mice at ages: 2M, 11M, 22M and 25M (4 mice per age), the frozen medium (isopentane) was prepared by chilling it into liquid nitrogen for 6-8 mins. Muscle block was then fixed on cork pieces by OCT™ compound (Leica) and frozen in this medium (about -150°C) for 30 seconds (sec). The frozen block was then placed in a cryo-tube, labeled and preserved into -80°C

for further analysis. For seventy-six GM blocks from 38 mice at ages of 2M, 11M, 22M and 25M (11, 11, 5 and 11 mice per age, respectively), the frozen medium was prepared in liquid nitrogen (-196°C). Muscle block was then directly frozen by this medium for 60-90 sec and grounded with a mortar cooled in liquid nitrogen. Frozen powder from each block was preserved in cryo-tubes at -80°C until further analysis.

• Section

The thirty-two GM blocks mentioned in above paragraph were employed for histological and immunohistochemical studies. Thus cryo-sections attached to the microscope slide were prepared. I have chosen the medial part of GM and prepared cryo-sections following the schematic representation in Table 

Complementarity and control

Complementarity: substitute slides without assigned experiments at present. *: for some sections, respective fixation is required and detailed protocol will be described in section 2-2. Thickness for slide is 10 or 20µm

Objective

Global aging is taking place in majority of countries and regions across the world. To deal with its consequence, for instance, the increased morbidity and age-related frailty, scientists reach the same conclusion: perform new strategies to better understand the mechanism underlying aging. The progressive decline in muscle mass and function (sarcopenia) is an important feature of age-related frailty and inevitably contributes to an impaired functional autonomy and to loss of independence. Although sarcopenia has been intensively studied by numerous researchers focusing on the morphological, physiological and metabolic variations in myofibre, age-related variations in the structure and composition of the CT during sarcopenia has not been well documented.

The CT provides the support and connections to myofibres, tendons and bones (section 1. The thesis concludes with a summary of my findings and a discussion of future work (Chapter 5).

CHAPTER 2 SIGNIFICANCE OF SARCOPENIA, ATROPHY, APOPTOSIS AND FIBROSIS DURING AGING

2-1 Introduction

It is commonly believed that the body weight of mammals increases during growth and maturation and is then decreased in elderly individuals [START_REF] Cosmas | Age and diet alter skeletal muscle tubular aggregates[END_REF][START_REF] Restriction | Interventions in Aging and Age-Related Diseases: The Present and the Future[END_REF][START_REF] Cristea | Effects of aging and gender on the spatial organization of nuclei in single human skeletal muscle cells[END_REF]. Body composition, including fat and lean tissue undergoes variations during these periods. For instance, fat mass progressively increases from growth to aging. However, skeletal muscle mass increases during growth and then declines during aging [START_REF] Leeuwenburgh | Age-related differences in apoptosis with disuse atrophy in soleus muscle[END_REF][START_REF] Evans | Sarcopenia and age-related changes in body composition and functional capacity[END_REF], and this age-dependent loss of skeletal muscle is referred to as sarcopenia.

From a histological perspective, variation of myofibres is the chief reason of the muscle mass change, because myofibres are the major component of the skeletal muscle. During growth, the number and the volume of myofibres increase, and these processes are known as hyperplasia and hypertrophy, respectively. During aging in contrast, the number and the volume of myofibres decrease. The decreasing number of myofibres is ascribed to a selective loss of fast-twitch, type II myofibres [START_REF] Lexell | Human aging, muscle mass, and fiber type composition[END_REF]; but the decreasing volume of myofibres, also known as atrophy, is not well understood. The cross-sectional area (CSA) of a myofibre is characterized by the number of myonuclei and the amount of the cytoplasm per myonucleus, known as myonuclear domain (MND) [START_REF] Cristea | Effects of aging and gender on the spatial organization of nuclei in single human skeletal muscle cells[END_REF]. It is widely accepted that each myonucleus can only govern a finite volume of cytoplasm, thus a fix MND size is required and may be maintained during life time. However, Bruusgaard and co-workers reported variations in MND size in mouse [START_REF] Bruusgaard | In vivo time-lapse microscopy reveals no loss of murine myonuclei during weeks of muscle atrophy[END_REF] and rat muscle [START_REF] Brooks | Ageing influences myonuclear domain size differently in fast and slow skeletal muscle of rats[END_REF].

The majority of researches ascribe the loss of myonuclei to apoptosis, which is a programmed cell death involving DNA fragmentation. With respect to the fixed MND size, this elimination eventually leads to myofibre volume reduction, hence causing atrophy. Although it seems simple and elegant, it has not been unequivocally demonstrated that all the apoptotic nuclei are myonuclei. On the contrary, some researchers suggested that apoptosis does occur mainly in stromal cells and satellite cells rather than in myofibres [START_REF] Gundersen | Nuclear domains during muscle atrophy: nuclei lost or paradigm lost[END_REF].

Skeletal muscle hypertrophy that occurs during growth is partly associated with an increased number of myonuclei. This larger amount of myonuclei has been shown to result from the activation of satellite cells (SCs, section 1.2.1.1). SCs, lying on the surface of myofibre but beneath its basement membrane [START_REF] Mauro | Satellite cell of skeletal muscle fibers[END_REF], can supply myonuclei during muscle development or in adult muscle [START_REF] Zammit | The skeletal muscle satellite cell: the stem cell that came in from the cold[END_REF]. First, SCs divide to produce satellite cell-derived myoblasts. These myoblasts further proliferate and fuse with existing myofibres or form new myotubes which then mature into myofibres [START_REF] Snijders | The impact of sarcopenia and exercise training on skeletal muscle satellite cells[END_REF]. During sarcopenia, SCs fulfill their roles in routine maintenance and repair of old skeletal muscle by selfrenewal. In response to the loss or damage of myofibres, fusion of many SCs leads to the forming and repairing of myofibres. These newly regenerated myofibres are first marked by centrally aligned nuclei (central myonuclei); later, those central myonuclei will migrate to assume a more peripheral location [START_REF] Yablonka-Reuveni | Satellite cells from dystrophic (mdx) mice display accelerated differentiation in primary cultures and in isolated myofibers[END_REF].

Muscle aging affects not only myofibres, but also surrounding cells and CT. Increased capillary, namely capillarization has been investigated in various conditions and models, and illustrated by different indexes [START_REF] Harris | The influence of endurance and resistance exercise on muscle capillarization in the elderly: a review[END_REF]. In human, many researchers reported an increased capillary to myofibre ratio, which is associated with non-changed capillary density [START_REF] Harris | The influence of endurance and resistance exercise on muscle capillarization in the elderly: a review[END_REF]. In mouse, the capillarization might improve, which was demonstrated by the increased capillary to myofibre ratio [START_REF] Davidson | The effect of aging on skeletal muscle capillarization in a murine model[END_REF] but also the surrounding connective tissue. Agerelated changes in stromal cells are little studied, but Cui and co-workers [START_REF] Cui | Arteriolar and venular capillary distribution in skeletal muscles of old rats[END_REF] reported the increased ratio of capillary per myofibre in aging muscle. It is associated with the increased proportion of type I myofibre because a rich capillary structure is required to provide demanded oxygen.

Muscle aging comes with fibrosis, which is essentially an excessive accumulation of ECM components [START_REF] Grounds | Strength at the extracellular matrixmuscle interface[END_REF][START_REF] Kääriäinen | Relation between myofibers and connective tissue during muscle injury repair[END_REF]. Fibrosis is characterized by the increased collagen content [START_REF] Eyre | Cross-linking in collagen and elastin[END_REF][START_REF] Zimmerman | Age and training alter collagen characteristics in fast-and slow-twitch rat limb muscle[END_REF]. It is associated with increased crosslinking [START_REF] Eyre | Advances in collagen cross-link analysis[END_REF] and comes with increased rigidity [START_REF] Grounds | Strength at the extracellular matrixmuscle interface[END_REF], decreased solubility and stabilization of collagen [START_REF] Ville | Collagen cross-linking[END_REF]. Although these results are exciting, still more data are required to better understand the modification of ECM composition.

2-2 Methods

In this chapter, cryo-sections (section 1. First, histological techniques, including azorubin, cytochrome c oxidase and Sirius red staining provide a visual examination of the myofibre and ECM morphology and metabolism at microscopic level. In my study, these staining were applied on the GM cryo-sections (thickness ~ 10 µm). Azorubin stains myofibres in red and ECM in white. In my study, morphology of myofibres was examined by following the protocol N°1 [START_REF] Brandstetter | Azorubin clearance in normal pregnancy[END_REF]. A flow-chart of the protocol is illustrated in Figure 2.1. Cytochrome c oxidase (cox), the terminal enzyme of the mitochondrial respiratory chain, comprises a variety of subunits and some of them presents large histological differences in skeletal muscle [START_REF] Romero | Immunohistochemical demonstration of fibre type-specific isozymes of cytochrome c oxidase in human skeletal muscle[END_REF]. The use of 3-3' diaminobenzidine (DAB) results in a brown insoluble compound at the site of cytochrome c, and the metabolic activity of myofibre is then distinguished by darker (type I) and lighter (type II) color compound [START_REF] Blume | Polymyositis with cytochrome oxidase negative muscle fibres. Early quadriceps weakness and poor response to immunosuppressive therapy[END_REF]. In this study, I performed cox staining by following the instruction of the manufacturer (protocol N°2). A flow-chart of the protocol is illustrated in Figure 2.2. Sirius red is a strong anionic dye and reacts with the collagen molecule via its sulphonic acid group [START_REF] James | Histophotometric estimation of volume density of collagen as an indication of fibrosis in rat liver[END_REF][START_REF] James | Sirius red histophotometry and spectrophotometry of sections in the assessment of the collagen content of liver tissue and its application in growing rat liver[END_REF]. It simultaneously colors Col-I and reticulin (Col-III) in red. As pointed out in section 1.2.2.2, collagen, especially fibrillar collagen, represents the major component of ECM and is present in both endoand perimysium. In my study, I adopted the protocol N°3 (Figure 2.3). This protocol N°3 was first proposed by Flint and Pickering [START_REF] Flint | Demonstration of collagen in meat products by an improved picro-Sirius Red polarisation method[END_REF] and amended by Liu et al. [START_REF] Liu | Relationship between structural properties of intramuscular connective tissue and toughness of various chicken skeletal muscles[END_REF]. Immunohistochemistry (IHC) is employed to identify a target tissue component (a protein) via its interaction with a specific antibody. While there are multiple approaches in IHC methodology, I chose to use the indirect method (Figure 2.4) to label and visualize the target protein in mouse GM. Here, an unlabeled primary antibody (first layer) first reacts with the tissue antigen, and then a labeled secondary antibody (second layer) reacts with the primary antibody. A standard protocol includes fixation (optional), enzyme action (optional) and blocking before reacting with the primary antibody. This method is more sensitive than direct immunohistochemical method. In addition, it is also economical since one labeled second antibody can be used with many primary antibodies (raised from the same animal species).

Myofibre morphology

Myofibre metabolic activity

ECM structure

ECM components localization and co-localization

• Single immunolabeling Co-localization of seven pairs of ECM components was studied by double immunolabeling applied on 20 µm thickness sections and followed the Protocol N°5. As shown in Table 2.2, it allows for the discrimination of two ECM components by different secondary antibodies. Negative controls were not placed because they have been tested in the previous section (single immunolabeling). Cross-reactivity was examined. In brief, for each double labeling (antigen A and B), I examined the cross reactivity between primary antibody (anti-A) and secondary antibody which is used for another primary antibody (anti-B). Similarly, the cross reactivity between primary antibody (anti-B) and secondary antibody which is used for another primary antibody (anti-A) was taken into account. A strong cross-reactivity would lead to fallacious identification of target molecule. 

Col-IV + Perlecan

Incubate by 440U/ml hyaluronidase for 30mins at 37°C⇒Rinse by PBS 1x for 3x 5mins ⇒Fix in cold acetone for 10mins at 4°C ⇒Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒React with perlecan (1:1) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 549 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with Col-IV (1:20) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with dylight 488 donkey anti rabbit (1:400) for 45mins in dark room⇒Mount

Col-IV + Laminin 2α

Fix in cold acetone for 10mins at 4°C ⇒Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒React with Laminin 2a (1:200) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 549 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with Col-IV (1:20) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with dylight 488 donkey anti rabbit (1:400) for 45mins in dark room⇒Mount NaCl, 100 µg /ml BSA, 1mM dithiothreitol and 50% (v/v, in glycocel). Before assay, this DNase I stock solution (5000U/ml) was further diluted to 500U/ml with 50mM Tris-HCl containing 1mg/ml BSA. Permeabilisation solution is freshly prepared by mixing 0.1% (w/v) sodium citrate and 0.1% (v/v) Triton X-100. TUNEL reaction solution is prepared according to the manufacture instruction

Collagen and crosslinking content

Total collagen amount was estimated by hydroxyproline (OH-Pro) content [START_REF] Mohan | Hydroxyproline excretion and collagen catabolism in rats of different age groups[END_REF]. Four-hydroxyproline is only found in collagen and interestingly 14% amino acid in collagen is OH-Pro [START_REF] Etherington | Collagen degradation in an experimental inflammatory lesion: studies on the role of the macrophage[END_REF]. In this study, frozen GM powder (100 mg per mouse) was hydrolyzed in 2 ml HCL 6N, overnight at 105°C, incubated with activated charcoal (Norit A, Sigma), 1 ml was diluted with 4 vol H2O. OH-Pro content was then determined according to the procedure of Woessner [START_REF] Woessner | The determination of hydroxyproline in tissue and protein samples containing small proportions of this imino acid[END_REF], by measuring optical density, at 557 nm. Background of this grayscale image was subtracted before threshold and generated the binarized image (Figure 2.12C) where ECM (in blue) referred to as 1 and background (in black) referred to as 0. This image was used to mask OD images, as shown in Figure 2.12D.

For image processing, several parameters of ECM structure were defined and calculated (see Table 3.1). On In addition to ECM structure, the morphology of myofibres was studied by processing images stained with Sirius red. As an example Figure 2.12E

shows (from top to bottom) how each myofibre and its surrounding ECM segments were identified and reconstructed in a new frame. During the reconstruction, the number of segments per myofibre (X3Seg to X7Seg, Table 3.1) was recorded and used to characterize the shape of myofibre. In addition, the area of each myofibre was estimated by carrying out erosion with fixed value (3 pixels) (Figure 2.13E). The information was collected for 600-1100 individual myofibres per mouse and for 4-5 mice per age.

• Images stained by laminin 2α and Hoechst 33258 Thereafter, the processed nuclear (Figure 2.13D) and ECM (Figure 2.14D) images were mapped, leading to the result images carrying integer value from 0 to 3: background was presented as a value of "0"; central nuclei were recognized with a value of "1"; ECM surrounding each myofibre were highlighted by a value of "2" and other nuclei (myonuclei, satellite cells and stromal nuclei) as a value of "3". Hence, the number of total muscular nuclei per unit area (N_Nu, Table 3.1) and the number of central nuclei per unit area (N_CenNu, Table 3.1) were calculated.

• Images stained by antibodies labeling ECM components Images from sections stained by immunohistochemistry to investigate the variation of ECM components were processed with ImageJ version 1.42q (NIH). For each image, pixel intensity was randomly collected in 10 endomysial regions and 10 perimysial regions.

Statistical analyses

Statistical analyses of each dependent variable were carried out using one-way ANOVA for data that satisfied the criteria of normality and homogeneity otherwise non-parametric Kruskal-Wallis one-way analysis of variance was employed. Multiple comparisons of the honestly significant differences (HSD) were accessed using the Turkey test with statistical significance accepted at p<0.05. It is observed that body and GM weight varied significantly with age. As shown in Figure 2.15A, body weight increased between 2M and 11M and stabilizes from 11M to 25M. GM weight (Figure 2.15B) similarly rose between 2M and 11M, was maintained between 11M and 22M but strongly decreased from 22M to 25M. To further improve the analysis, I classified the myofibres according to the number of adjacent ECM segments (i.e. the number of neighborhood myofibres) (Figure 2.17A). As expected, larger myofibres is associated with higher number of segments, and as shown in Figure 2.17C, each class of myofibre exhibited age-dependent decrease in the CSA. I have observed that myofibres with 5 segments, so called regular myofibres, were the most abundant (31-34%, Figure 2.17B) in all the age groups. However during aging (11M to 25M), the proportion of 6-and 7-segment myofibres, so called polygonal myofibres, decreased, while symmetrically the 4-and 3-segment myofibres, so called angular myofibres, increased, indicating that myofibres became more angular. Cox, which is a marker for oxidative energy metabolism characterizes slow contracting type I myofibres [START_REF] Gosker | Skeletal muscle fibre-type shifting and metabolic profile in patients with chronic obstructive pulmonary disease[END_REF]. In GM of mice, Cox preferentially labeled the small 3-to 5-segment myofibres for all the ages. As shown in Figure 2.18, Cox-labeled myofibres yielded a checkerboard -like distribution in the cross-sections of 2M and 11M GM, while approaching of cox-positive myofibres was clearly visible in 22M and 25M muscles. Segment is defined by the ECM skeleton between 2 neighbors CPs; therefore in the old muscle, longer ECM was characterized by shorter but more abundant segments. ). An increase in non-reducible collagen crosslinking could influence that macro-tissue mechanical property, resulting in an increase in the stiffness of tissue [START_REF] Lin | Age-related cardiac muscle sarcopenia: Combining experimental and mathematical modeling to identify mechanisms[END_REF]. During aging, these co-localizations did not vary. Unfortunately, my attempts to use western blots of total muscle extracts with a specific antibody to Col-VI or TNX were unsuccessful. Interestingly, my attempts at using western blots of the total muscle extracts with a specific antibody to perlecan domain V (endorepellin) yield results indicating a 63 kDa fragment (Figure 2.24) corresponding to endorepellin LG1-LG2 fragment [START_REF] Mongiat | Endorepellin, a novel inhibitor of angiogenesis derived from the C terminus of perlecan[END_REF].

Results

Body composition

Myofibre morphology

ECM component and co-localization

Interestingly these experiments revealed that GM aging was associated with a sharp increase in this endorepellin 63 kDa fragment.

Muscular nuclei

Skeletal muscles comprise different cells: multinucleated myofibres, SCs and stromal cells of the connective tissue. SCs are located between the myofibre sarcolemma and the basal lamina (section 1.2.1), while stromal cells are located outside the basal lamina. Further studies were then performed to establish the influence of aging on the specific cellular population. The results are presented in the following sub-sections. Values are means ± SEM. Different letters indicate significant difference (P<0.05) between ages.

Nuclei distribution

Co-staining of basement membrane (by anti-laminin 2α) and nuclei (by Hoechst 33258) was used to distinguish stromal nuclei from myofibre nuclei, which contain a majority (>99%) of myonuclei and a minority (<1%) of satellite cell nuclei (see below) (Figure 2.25A). This analysis indicated that during aging myofibres maintained a similar content of myonuclei (data not shown).

However, because of smaller cross-section area, the myonuclear domain (the myofibre volume controlled per myonucleus) decreased (-20%) in 25M muscles (Figure 2.25B). Although myonuclei are typically located beneath the plasmalemma of young and adult myofibres, I also observed a dramatic increase in the centrally located myonuclei in GM from older mice (Figure 2.25C), which is a recognized marker of muscle regeneration [START_REF] Yablonka-Reuveni | Satellite cells from dystrophic (mdx) mice display accelerated differentiation in primary cultures and in isolated myofibers[END_REF]. Since the modifications in the populations of muscle nuclei that occur during aging could be related to apoptosis, further analysis using the TUNEL technique was carried out. As shown in Figure 2.28A, TUNEL-positive nuclei strongly increased in old muscles. However, the increase is less than 1.3% of total muscle nuclei. To further distinguish whether apoptosis occurred in myofibres or in stromal cells, laminin staining was performed together with TUNEL and Hoechst (Figure 2.28B). Interestingly in 2M to 11M mice, apoptotic nuclei exclusively belonged to stromal cells in the connective tissue.

Apoptosis

Moreover, the age-dependent rise in apoptotic nuclei was mostly attributed to stromal cells (Figure 2.28A). Further analysis of apoptosis in stromal cells was carried out using triple labelling of muscle cross-sections with TUNEL, Hoechst and CD31 to label apoptotic nuclei, total nuclei and capillary endothelial cells, respectively. These analyses indicated that the age-dependent rise in stromal cell death was mostly due to apoptosis of capillary endothelial cells (Figure 2.29).

• Apoptosis in capillary endothelial cells

• Apoptosis in myofibre and SCs TUNEL studies coupled with laminin immunostaining also indicated that apoptosis occurred for myofibre-associated nuclei (myonuclei and/or satellite nuclei) but only in old muscles where it represented less than 20% total apoptosis (Figure 2.28A). Further studies were then performed with old muscles (25M) to specify whether myofibre-associated apoptosis was due to myonuclei and/or to satellite cells. Muscles cross-sections were immuno-labelled for dystrophin to specifically localize the sarcolemma and to distinguish myonuclei (inside the sarcolemma), from satellite and stromal nuclei (outside the sarcolemma). Triple labelling with TUNEL, Hoechst 33258 and anti-dystrophin of GM cross-sections was carried out for 4 old mice (Figure 2.30A). More than 600 myonuclei were counted, but these data indicated that apoptosis affected only a limited proportion (0.24 + 0.05 %, n = 4) of the total myofibre myonuclei.

In order to identify apoptotic satellite cells, cross-sections of 25M muscle were triple labelled with TUNEL, Hoechst 33258 and anti-Pax7 (Figure 2.30B). These studies revealed the existence of TUNEL-positive satellite cells, and strikingly that during aging apoptosis did occur for a significant proportion (46 + 7 %, n = 4) of the satellite cells (Nuclei were counted as TUNEL positive only if co-localization of the Hoechst dye and TUNEL staining was observed)

Discussion

Aging study is a fast-moving and dynamic field. However, many studies only accessed 2 age groups, i.e. young and adult or young and old animals, to investigate the age-related variations [START_REF] Cristea | Effects of aging and gender on the spatial organization of nuclei in single human skeletal muscle cells[END_REF][START_REF] White | Age effects on cytochrome oxidase activities during denervation and recovery of three muscle fiber types[END_REF][START_REF] Kirkeby | Aging affects different human muscles in various ways. An image analysis of the histomorphometric characteristics of fiber types in human masseter and vastus lateralis muscles from young adults and the very old[END_REF]. The alterations that occur in skeletal muscle during different stages of aging, i.e. early aging, advanced aging and senescence, therefore are not fully understood. Although some researchers [START_REF] Kwong | Age-related changes in activities of mitochondrial electron transport complexes in various tissues of the mouse[END_REF][START_REF] Yarovaya | Age-related atrophy of rat soleus muscle is accompanied by changes in fibre type composition, bioenergy decline and mtDNA rearrangements[END_REF] characterized the effect of age at more than 3 key points across life span, few attempts have been applied on skeletal muscle [START_REF] Piec | Differential proteome analysis of aging in rat skeletal muscle[END_REF]. Therefore I studied C57BL/6 male mice from 2, 11, 22 and 25M in this study, which provided a greater insight into the biological events during growth, early and advanced aging. Age-related variations in myofibre have been widely reported;

however previous researchers specifically investigated one or fewer targets, i.e.

myofibre type [82], atrophy [START_REF] Yarovaya | Age-related atrophy of rat soleus muscle is accompanied by changes in fibre type composition, bioenergy decline and mtDNA rearrangements[END_REF], apoptosis [START_REF] Siu | Aging influences cellular and molecular responses of apoptosis to skeletal muscle unloading[END_REF]. In addition, ECM of skeletal muscle is poorly studied. In this study, I examined the similar properties of myofibre to confirm or challenge the previous hypotheses. I also applied further analyses on muscle ECM, which makes my study as a unique and integrative investigation.

Aging is associated with profound alteration in myofibre morphology

Age-dependent atrophy of the skeletal muscle has been well studied.

The diminution in myofibre CSA and the apparition of myofibre-type grouping have been demonstrated in the skeletal muscle [START_REF] Lexell | Human aging, muscle mass, and fiber type composition[END_REF][START_REF] Lushaj | Sarcopenia accelerates at advanced ages in Fisher 344xBrown Norway rats[END_REF]. However, it remains to be clarified if the reduced area is associated with the modifications in shape [START_REF] Judge | Gene therapy for Duchenne muscular dystrophy: AAV leads the way[END_REF]. Ilyina-Kakueva described the myofibres as atrophied triangle-shaped, gigantic round-shaped and split, but they only quantified the myofibre shape in the old animals [START_REF] Ilyina-Kakueva | Morphological Investigations of Skeletal Muscles of SLS-2 (SLS2 BSP3)[END_REF]. On the other hand, the image analysis algorithm implemented in my study is shown to be effective for determining the shape of each myofibre according to the number of adjacent ECM segments. I first found that the number of ECM segment and the CSA are positively correlated, i.e., the smaller myofibre have less ECM segments and are prone to be angular. I also noticed that the proportion of myofibres with fewer numbers of ECM segments, i.e., with 3 or 4 ECM segments increased at 22M (early aging). This resulted in a decreased mean value of myofibre CSA. In addition, myofibres with the same number of ECM segment underwent area reduction in early aging and this reduction accentuated during advanced aging (at 25M). These evidences imply that the muscle aging is characterized by an increased population of angular fiber and the thorough reduction of myofibre CSA.

Aging is associated with less effective myonuclei

An important consensus on the structure of myofibre emphasizes that a myonucleus regulates a constant volume of cytoplasm, so called MND size, has been challenged. Across fiber type, no correlation was found between fiber CSA and the number of myonuclei in rat diaphragm muscle [START_REF] Aravamudan | Denervation effects on myonuclear domain size of rat diaphragm fibers[END_REF], while a weaker correlation was found in mouse tibialis anterior [START_REF] Brack | Evidence that satellite cell decrement contributes to preferential decline in nuclear number from large fibres during murine age-related muscle atrophy[END_REF]. By sorting myofibres into fiber type, a robust correlation between CSA and the number of myonuclei was observed in young rat plantaris muscle [START_REF] Allen | Myonuclear domains in muscle adaptation and disease[END_REF] and similarly in limb muscle of young mice [START_REF] Bruusgaard | Number and spatial distribution of nuclei in the muscle fibres of normal mice studied in vivo[END_REF][START_REF] Bruusgaard | Distribution of myonuclei and microtubules in live muscle fibers of young, middle-aged, and[END_REF]. Therefore, the MND size was suggested to be "myofibre type-specific". Aging influences this "type-specific" MND size differently. MND size of rat SM that comprises mainly type I fiber, significantly decreased in the old age. On the contrary, MND size of rat plantaris muscle which mainly comprises type II fiber did not change [START_REF] Brooks | No change in skeletal muscle satellite cells in young and aging rat soleus muscle[END_REF]. In my study, MND size decreases 20% during aging, possibly because the proportion of type I fiber increases in old GM [START_REF] Hansen | Effects of spaceflight on myosin heavy-chain content, fibre morphology and succinate dehydrogenase activity in rat diaphragm[END_REF].

Previous investigations about cell death in old skeletal muscles suggested that apoptotic nuclei were mostly myonuclei, although the identification of the nuclei has been ambiguous. My study in mice indicates that myonuclear apoptosis could not be detected in young and adult mice GM and is thereafter a rare event in aged mice. Nonetheless, apoptotic myonuclei appear during aging, although they do not account for more than 20% of total apoptotic nuclei in the old GM. Myonuclear apoptosis is therefore a rare event in old mice muscle (0.3% of total myonuclei) which partly explained why aging myofibres maintained a similar content of myonuclei. With respect to the global reduced volume and MND size, I thus suggest that the existed myonuclei in old GM became less effective to govern the cytoplasm than they did previously.

Aging is associated with impaired satellite cells

The number of myonuclei remained stable in old GM and myonuclei underwent minor apoptosis (section 2.4.2). I would expect the regeneration of myonuclei, which might be supplied by the fusion of SCs [START_REF] Conboy | Aging, stem cells and tissue regeneration: lessons from muscle[END_REF]. Zammit [START_REF] Zammit | The skeletal muscle satellite cell: the stem cell that came in from the cold[END_REF] has proposed the model of SCs myogenesis. After being activated, SCs proliferated and fused into myotubes that eventually matured into myofibre. In my study, those regenerated myofibres were suggested by the centralization of myonuclei (2% of total myonuclei).

Sarcopenia is thought to partly result from an impaired regenerative potential of skeletal muscle. SCs function as myogenic progenitors in adult muscles and an age-linked decline in satellite cell regenerative potential might limit repair of old muscles. The capacity of SCs to support muscle maintenance depends on their abundance, on their myogenic potential and on their local environment [START_REF] Snijders | The impact of sarcopenia and exercise training on skeletal muscle satellite cells[END_REF][START_REF] Hughes | Control of muscle fibre size: a crucial factor in ageing[END_REF]. In mouse GM, the major decrease of SCs abundance occurs at 11M old. Previous studies performed on C57BL/6 mouse similarly showed that in EDL muscle SCs number decreases before 1 year of age [START_REF] Shefer | Satellite-cell pool size does matter: defining the myogenic potency of aging skeletal muscle[END_REF].

Although SCs number remains at a low level in old muscles, I also provide evidence that apoptosis occurs for a significant proportion of old SCs [START_REF] Jejurikar | Aging increases the susceptibility of skeletal muscle derived satellite cells to apoptosis[END_REF].

Previous studies have demonstrated increased apoptotic SCs in response to exercise [START_REF] Podhorska-Okolow | Apoptosis of myofibres and satellite cells: exercise-induced damage in skeletal muscle of the mouse[END_REF] and denervation [START_REF] Bruusgaard | In vivo time-lapse microscopy reveals no loss of murine myonuclei during weeks of muscle atrophy[END_REF] in limb muscles, but the importance of aging for SCs apoptosis was only acknowledged in thyroarytenoid muscle for laryngeal function [START_REF] Malmgren | Caspase-3 regulation of diaphragm myonuclear domain during mechanical ventilation-induced atrophy[END_REF]. My observation in GM suggests that increased SCs apoptosis may impair the regenerative response and contribute to age-related loss of GM. This is in agreement with the indications that SCs derived from old rats demonstrate an increased susceptibility to apoptosis in vitro [START_REF] Jejurikar | Aging increases the susceptibility of skeletal muscle derived satellite cells to apoptosis[END_REF], although alterations in SCs local environmental niche may also be involved [100].

Apoptosis in stromal cells regulated by endorepellin

Besides myonuclei and SCs, stromal cells of the CT account for a significant part of total nuclei in skeletal muscle. Similar estimations of nonmyonuclei population were provided for rat before and after mechanical ventilation [101]. The increased density in capillary endothelial cells that I report during aging is likely related to the well-known predominance of oxidative myofibres characterizing old muscles [START_REF] Cui | Arteriolar and venular capillary distribution in skeletal muscles of old rats[END_REF]. My study also reveals that the low levels of apoptosis detected in young and adult mice muscle are mostly due to CD31+ capillary endothelial cells. Furthermore, while aging was associated with a detectable raise of apoptosis in satellite and myonuclei, the age-dependent increase in muscle apoptosis was essentially attributable to capillary endothelial cells. Capillary apoptosis indeed explained more than 75% of apoptosis in old muscle.

Since capillary are maintained and capillary endothelial cells are more apoptotic during aging, I suggest an enhanced turnover of capillary endothelial cells in old muscle, although capillary density per myofibre was maintained during aging. If dataset X has n rows (individuals) and p columns (variables), written as X(n × p) , I denote the rows of X by x 1 ' , x 2 ' ....x n ' ; and denote the columns of X by x (1) , x (2) ....x ( p) . Dataset X is shown as: Eq. 1
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Eq. 3 [START_REF] Dirks | Apoptosis in skeletal muscle with aging[END_REF]Correlation coefficient between i th and j th variable
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(5) Covariance matrix:
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Eq. 5 [START_REF] Ståhlberg | Age-related changes in the metabolism of cholesterol in rat liver microsomes[END_REF] Correlation matrix:
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Eq. 6 ( 7) Eigenvalue (λ) of covariance matrix S if Sx = λx , x is called the corresponding eigenvector. Then covariance matrix S size(p × p) can be written as

' ΓΛΓ = S Eq. 7
Where Γ is an orthogonal matrix whose columns consist of the standardized eigenvectors corresponding to the eigenvalues λ 1 ≥ λ 1 ≥ ... ≥ λ p ; Λ is a diagonal matrix of eigenvalues of S Next, for the given X = (X 1 X p ) ' with covariance matrix S , principal components (PC) transformation: X → Y = Γ ' (X -µ) is found. Thus PCs are determined by the eigenvectors associated with corresponding eigenvalues. (2) Complete link: dissimilarity between cluster A and B is represented by the maximum of all possible distances between the data in cluster A or B (Figure 3.2B).

(3) Average link: dissimilarity between cluster A and B is represented by the average of all possible distances between the data in cluster A or B (Figure 3.2C).

(4) McQuitty's: also known as Weighed Pair Group Method with Arithmetic Mean (WPGMA), dissimilarity between new cluster (B) and old ones (A) are computed based on the distance of the two clusters that were merged (B1 and B2). As shown in Figure 3.2D, distance D is defined as:

D = (size(B1) × D1+size(B2) × D2) ÷ (size(B1)+size(B2))
Eq. 8

(5) Wards's: dissimilarity between cluster A and B is represented by the loss of information from joining the two clusters: merging of cluster A and B results in the minimum increase in the total within-group error sum of square, on the basis of Euclidean distance between the centroids of cluster A and B.

There are another two AHC: centroid and median algorithms. For both methods, each cluster is represented by the coordinate of a group centroid. And the merging occurs when two clusters have similar mean centroid. Difference between the two methods is the centroids of the two merging clusters are weighed or not respectively, corresponding to the size of the clusters. However, a lot of changes throughout the hierarchy may result from updates. Therefore these methods are not used in this chapter.

After testing and running the cluster algorithms, I need objective criteria to evaluate the quality of clusters, i.e. (1) how well the clusters match the data,

(2) the stability of cluster structure resulting from different runs. The final algorithm has to be stable against repeated applications and should stay valid under the variations of the dataset.

Methods

Dataset

I collected a large set of data comprising twenty-eight different characteristics describing the age-related structural and compositional variance of mouse GM (Table 3.1) and set up the data matrix X with twenty-eight columns (variables) by sixteen rows (individuals):

⎥ ⎥ ⎥ ⎦ ⎤ ⎢ ⎢ ⎢ ⎣ ⎡ = ij i j x x x x X      1 1 11
where subscripts i = 16 and j = 28

In addition, I have also 'padded' an extra column, containing the age of the respective individual, to this matrix to denote the categorical variable. 

Data pre-processing

Prior to PCA, I normalized the value of the respective entry in the matrix using the following equation:

x ij ' = (x ij -µ i ) ÷ δ i Eq. 9
where µ i represents the mean value and δ i represents the standard deviation of j th column in X.

PCA was implemented using the FactoMineR package [118] available in the R-Statistical program (version 2.12.2). Eigenvectors (PCi, i = 1 to 28) of the covariance matrix of X determine the characteristics matrix and act as its basis.

Natural rule to reduce the dimension is to keep the first K largest eigenvalues ( λ i ) according the following criterion [119, 120].

9 . 0 1 1 > ∑ ∑ = = N i i K i i λ λ Eq. 10
where N=28 in my study. Further reduction of the dimensionality was carried out by selecting the PCi (1<i<K) that correlates to the categorical variable at 1% level via factor analysis. Those PCi's composed the final characteristics matrix and span the lower-dimensional space, in such a way that individual data points from different categories are distributed along the axes with maximum variations. To visualize this, individual data are plotted in 3-D space which was made up of a combination from the first K PCs that best correlated with age. Once I confirmed that the individuals were best profiled in the two dimensional space composed of PCs from final characteristic matrix, I calculated the coordinates of the centroid of each category.

As a next step, quantitative variables are projected onto the lowerdimensional space (in my case, it happens to be a 2D plane made up of PC1 and PC3). Quality of projection was represented by the squared cosine of angles between variables and their projections: higher value of squared cosine amounts to better quality of projection. Correlation between each variable and PC1 (PC3) was represented by the correlation coefficient between its projection and PC1 (PC3).

Clustering

Individual data were studied by clustering. Among the various algorithms, k-means and AHC were tested by using stats, cluster and fpc packages available in the R-statistical program (version 2.8.1). These two methods are representing non-hierarchical and hierarchical clustering, respectively.

• K-means

As one of the simplest and fastest algorithms, k-means clustering [121] aims to minimize the sum of squared distances between all individual points and the cluster centre. I chose Euclidean distance since it is more intuitive and applicable, especially in resulting 2-D space for visualization. Then I computed the intra-cluster error sum, also known as within-group error sum [122] and the inter-cluster error sum, also known as between-cluster error sum by supposing there is a global centroid.

It is clear that the singleton clusters have the minimum intra-cluster error sum. On the other hand, where all the entities belong to one cluster, the intracluster error sum is the maximum. Interestingly, the inter-cluster error sum shows the opposite trend to that of the intra-cluster error sum. By using these conflicting error sums, I worked out a measure for optimal cluster configuration.

A key issue in obtaining a set of cluster is the determination of the number of clusters. Non-hierarchical techniques require the number to be specified to run the analysis. It begins with computing the optimal number of cluster based on Eq. 13, where ideal number of cluster (N 1 ) is suggested by the minimum clustering gain

( Δ i ) [123]. i i i ε γ - = Δ Eq. 11
where γ i refers to the decreased inter-cluster error sum, and ε i refers to the increased intra-cluster error sum. In this N 1 clusters, each individual belongs to the cluster with the nearest mean distance. To select the optimal criterion among the various AHC, I measured the agglomerative coefficient which demonstrates the strength of a cluster structure [127]. Then the optimal AHC algorithm was suggested by the largest agglomerative coefficient.

This optimal AHC algorithm provides information that allows the analyst to decide on the number by examining the tabular or graphical output to identify the gaps that define logical clusters, which means measuring the gap distance (l) between the newly formed and previous clusters (as illustrated in Figure 3.9). The optimal number of cluster, denoted as N2, corresponded to the longest l [114].

To evaluate the performances between k-means and the optimal AHC, I first compared N 1 , N 2 to 4 (number of category):

If N 1 ≠N 2 , the N i (i = 1,2)
closer to 4 associated with the better algorithm; If N 1 =N 2 , cluster quality (τ i , Eq. 13) was calculated and larger value referred to a better quality; if the same τ i were obtained, I examined a number of distance based statistics, denoted validity [128] and also considered the interpretability.

) /( i i i i γ ε ε τ + =
Eq. 12 3.3 Results (B-E) in three-dimensional space comprising PC1, PC3 and PCi (i = 2, 4, 5 and 6). PCi (i = 1 to 6) explained 50.02%, 21.18%, 9.20%, 5.80%, 3.75% and 3.10% variance respectively. Individual from 2M, 11M, 22M and 25M was colored by sky blue, dark blue, green and red respectively.

Dimensionality reduction

In order to remove the noise of the dataset, PC1 to PC6 from the twentyeight PCs explaining 93% variance were preserved (Figure 3.3). PC1 and PC3

were then singled out because both yielded significant correlation to age (p<0.01) (Figure 3.4). To visualize this in a comprehensive manner, I plotted individuals in 3-D space comprising PC1, PC3 and PCi (i = 2, 4, 5 and 6) as x-, y-and z-axis, respectively. As shown in Figure 3.5, only the PC1-PC3 plane was available to enable a distinguishable pattern of individuals from different ages. To be more specific, 2M, 11M and 25M locates at the extremity of PC1, and the same goes for 22M along PC3 (Figure 3A). For these reasons, PC1 and PC3 that explained 50.02% and 9.20% variance respectively were informative enough to represent age-associated variations and were selected to build up the optimal lower-dimensional space (2-D). PCA is applied to find the relationships between informative variables and PCs. As illustrated in Figure 3.6, I first found twenty-two out of twentyeight variables were correlated to PC1 or PC3 at 1% level. For each of those variables, the quality of its projection from higher-dimensional space onto the PC1-PC3 plane was examined and the correlation coefficient to PC1 (PC3) was calculated. Interestingly, decreased quality of projection and correlation to PC1 was observed from the distribution of apoptotic muscular nuclei (6-9 in Table 3.1), myofibre morphology (15, 16, 18 and 19 in Table 3.1) and size (3, 5 and 11 in Table 3.1), the distribution of normal muscular nuclei (10, 12-14 in Table 1) to ECM structure (20-26 in Table 3.1). After performing PCA, primary age-related information was preserved.

Variable selection

Clustering

Then I applied k-means and AHC on PC1-PC3 plane to seek for the optimal clustering algorithm. For k-means clustering, I first found the minimum clustering gain when K=2 (Figure 3.7A). K-means clustering was whereupon applied with the optimal number (N1=2) and I defined the bigger cluster as And this 3D view provides a rich, interactive and dynamic set of visualization.

Discussion

Filtering step was then employed by selecting 80% entities with higher signal intensity (in either 2, 11 or 25M age groups). This step allowed us to remove very low signal values or those that have reached saturation. I then performed one-way ANOVA and run Tukey HSD posthoc test to find differentially expressed entities. P-value was calculated asymptotically and Benjamini Hochberg (B-H) false discovery rate (FDR) was selected to correct the p-value. The corrected p-value < 0.5 was used to determine statistically significant differential expression of genes between mice at 2, 11 or 25M-old.

After identification of the differentially expressed genes, a new list including the IDs of corresponding genes and their fold change was generated.

As next step, I performed comparative analysis on biofunction, canonical Of the 466 altered transcripts, I found out 407 corresponding molecules.

As shown in Figure 4.6A, 38.6% were located in cytoplasm; 19.4% and 17.4%

were located in plasma membrane and nucleus, respectively; another 13.3% located in extracellular spaces. Among these 407 molecules, 19.2% were enzyme; 7.4%, 6.6% and 6.4% were transporter, kinase and transcriptionregulator, respectively. I also found some minor composition: peptidase (3.9%), ionchannel (2.7%), transmembranereceptor (2.2%), phosphatase (1.7%), growth factor (1.2%), G-proteincoupledreceptor (1.0%) and cytokine (0.5%) (Figure 4.6B). • Network

In order to elucidate how genes are involved in aging in mice GM, 25 gene networks were constructed for these genes and their partners by IPA analysis (Table 4.3). Among them, gene network 1 and 14 highlighted the functions of connective tissue disorder, genetic disorder and cellular assembly and organization.

Overall, the IPA analyses identified some biological functions, pathways and networks that appear to be altered in aging mice through gene upor down-regulation. These differentially expressed genes alter the protein production while some proteins are connective tissue components.

Transcriptomic changes in extracellular space during aging

Of the 407 significantly altered molecules, 54 were located in extracellular spaces. As shown in Table 4.1, 9 were collagen; 6 were peptidase, 5 were growth factor and 6 were enzyme. I found some ECM proteins which have been studied in chapter 2, i.e.: tenascin X (encoded by tenascin XB). Of those molecules, 6 were up-regulated between mice at 11M and 25M; the other 48 were down-regulated. I also noted these 54 molecules were involved in 20 networks but mainly in network 1 (27.8%) and network 7 (24.1%). In sum, the down-regulation of PLAT, CTSK, MMP-2 and MMP-9 genes may attenuate the ECM degradation and thus be associated with fibrosis.

In addition, collagen(s) syntheses were studied by transcriptomic analyses. Down-regulated collagens at 25M implicated that collagen(s) syntheses was also attenuated. Taking into account the accumulation of ECM Secondly, an integrative approach was proposed to analyze those structural and compositional variations. I noted that aging studies often focus on specific biological events rather than on a multitude of levels simultaneously. I hereby developed a data mining strategy to illuminate the sensitivity of the individual structural or compositional property to age. I also provided a visualization representation to evaluate the global difference between mice from different age groups. My results suggest apoptosis play a crucial role in distinguishing mice from different age groups. I also showed that the overall age-associated variations start after 11M and accentuates after 22M.

Thirdly, transcriptomic analysis was employed to investigate the global variation in mouse skeletal muscle. This attempt to define gene expression pattern in response to increased age presents significant variations in 3 major biofunctions, 13 canonical pathways and 25 gene networks between mice at 11M and 25M.

I have reported the fibrosis in the old mice muscle, and I hypothesize that fibrosis could result from an accentuated protein synthesis and/or from an attenuated protein degradation. My results from transcriptomic data analyses indicated the bone morphogenetic protein-1, procollagen C-proteinase enhancer and peptidases (matrix metalloproteinases, cathepsin K, plasminogen activator and a disintegrin and metalloproteinases with thrombospondin type 1 motif 2), involved in ECM degradation, were down-regulated. Thus if the less expressed proteins were caused by the down-regulated corresponding genes, attenuated degradation of ECM was suggested. In addition, I found that the major component of ECM components, i.e. collagens etc, are down-regulated. If attenuated collagen synthesis has resulted from these down-regulations, agedependent increased fibrosis would be derived from a stronger reduction in degradation than in synthesis. Nevertheless, I can not compare the activity of synthesis and degradation based on the current analyses. But I noted another possibility is that mRNA levels do not perfectly represent protein levels, which also depend on translational rates, post-translational modifications and secretion. Additional studies are therefore needed to specify the molecular mechanism(s) that determine fibrosis in the old skeletal muscle.

Future outlook

With respect to the disadvantage of this on-going study, continued efforts are expected on the transcriptomic studies. First, some genes are capable of coding for several proteins and being interpreted by the alternative splicing among exon and intron. Therefore, studies of alternative splicing will be conducted by Genespring GX in the near future. Significantly altered exon(s) will be countered and grouped into different genes.

Next, to access the quality of micro-array measurement, RT-PCR validation will be carried out on a basis of a random selection of transcripts among my list. To verify the biological events identified above, RT-PCR validation will be carried out on specific sets. To analyze the alternative splicing events, transcriptomic data will be further analyzed.

With mouse exon array, I was allowed to gather more probe level data which determine the overall level of expression. However, the genome is only a source of information. In order to produce protein, the transcription of genes is followed by the translation of mRNA. Therefore, study of the complete set of proteins produced by genome, so called proteome, is expected. Proteome is complex because each protein can be chemically modified in different way after synthesis. Proteome is also dynamic because it varies considerably in differing circumstances due to different patterns of gene expression and different patterns of proteins modification. A large-scale analysis of protein expression can help to identify the main protein found in the mouse muscle. Therefore technologies such as 2D-PAGE and mass spectrometry will be introduced.

In chapter 2, I used semi-quantitative method to estimate the variations of ECM components because of the tiny sample amount and the difficulties in extracting ECM molecules. However, the semi-quantitative method based on the basis of image processing is not "real quantification" thus I need further study to verify my observation(s). There are some techniques available: flow cytometry (accounting and examining the microscopic particles), western-blot (electrotransfer and immunoblot the target molecules), enzyme-linked immunosorbent assay (ELISA, can determine protein concentration in cell/tissue extracts), analyses by mass spectrometry of muscle trypsic hydrolysats. Then I will test and develop optimal protocol(s) for quantifying the ECM molecule(s) of interest.
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 2 ABBREVIATIONS

Figure 1 .

 1 Figure 1.1 schematic figure of skeletal muscle structure, mainly myofibre and its surrounding ECM, belly splitting into various component parts, copyright 2006 by Nature Publishing Group

Figure 1 . 2

 12 Figure 1.2 Myofibre with component proteins (A) Cross-section of a myofibre showing the approximate position of important component proteins. Here, only one myofibril and one Ttubule are presented. And the T-tubule has not been drawn the whole way through the myofibre. Copyright 2006 by Nature Publishing Group; (B) Myofibre partitioned with costamere

  is a cylindrical bundle of myofilaments (myosin thick and actin thin) within the skeletal myofibres. Longitudinally the dark anisotropic bands (A band) are bounded by two isotropic bands (I band) on each myofibril.The A band has a lighter area in its center (H zone) and each H zone is divided by a central darker line (M line). The I band has a darker area in the center (Z line or Z disc). From this point of view, the sarcomere is defined as the region between two successive Z lines (Figure1.2B).

Figure 1 . 3 Figure 1 . 4

 1314 Figure 1.3 Molecular model of A band, I band and M line [14]

Figure 1 . 5

 15 Figure 1.5 Schematic diagrams of stromal cells in skeletal muscle CT, depicting the (a) stromal cells in connective tissue. Copyright 2003 by Person education, (b) capillary endothelial cells; Copyright by University of Minnesota, (c) fibroblast; Copyright by Virginia-Maryland Regional College of Veterinary Medicine, (d) mast cells; Copyright by ADAM and (e) macrophage Copyright by Nature publication Group.There are several types of stromal cells namely capillary cells,

Figure 1 . 6

 16 Figure 1.6 Schematic diagrams of collagen structure: (A) α chain composed by gly-x-y repeats; (B) collagen molecule. Copyright 2003 by Pearson education. (C) Intramuscular crosslink. Copyright molecular biology of cell, 4th edition.

Figure 1 . 7

 17 Figure 1.7 Schematic diagrams of PG structure (a) Repeating units of common glycosaminoglycans (GAG); (b) PG molecule composed of core protein and GAGs side chains, Copyright 2003 by the Pearson education. PGs constitute the major components of the ECM. Their structural

Figure 1 . 8 (

 18 Figure 1.8 (A) SLRP in skeletal muscle: decorin and biglycan share a common core protein structure with ten leucine-rich repeats and at least one chain of GAG. Decorin has one DS chain (or CS chain), whereas biglycan has two CS/DS chains. Both decorin/biglycan connects collagen fibrils by GAG chain, copyright 2009 by Sigma-aldrich. (B) Schematic model of perlecan protein core. There are five domains named from the N terminus to the C terminus. Domain I contain and SES module and three triplets that are the binding sites for HS side chains (another potential HS attachment site in domain V is not shown). Domain II contains four repeats. Domain III has three globular domains that are homologous to the laminin domain IV. Domain IV contains 21 Ig-like repeats (only five are shown). Domain V (endorepellin) contains three globular domains that have homology to the laminin G domains and that are each separated by two sets of EGF-like repeats, copyright 2005 by the Nature Publishing Group.

Figure 1 . 9

 19 Figure 1.9 Schematic representations of the interactions of ECM components in skeletal muscle [12].

Figure 1 .

 1 Figure 1.10 C57BL/6 male mouse Copyright 2003 by JAX® Mice database

Figure 1 .

 1 Figure 1.11 Mouse calf muscle anatomy. (A) Lateral view of mouse lower limb, GM: gastrocnemius muscle; SM: soleus muscle and AT: Achilles tendon. (B-C) gastrocnemius during and after dissection

Figure 1 .

 1 Figure1.12 Morphology of GM in rat (longitudinal section), the pennate structure of the GM can be seen. There exists three aponeuroses, enhanced by black-dot dash lines and the N-like configuration of the motor endplate bands (arrowheads)[START_REF] Prodanov | Three-dimensional topography of the motor endplates of the rat gastrocnemius muscle[END_REF].

Figure 1 .

 1 Figure 1.13 GM dissection. (A) Preparation: dissecting and trimming board, scissors, ultra-fine tweezers and forceps were used. Washing bottle contained 0.1% SDS. (B) Dissection.

  2.2). Thus it can affect the muscle function via these specific interactions. In order to understand the importance of the modification in the connective tissue during aging, I chose the skeletal muscle from mice between 2 and 25 months old as the model, that covers the period of mature and old age (section 1.3.1.1). The modifications in the distribution and composition of connective tissue were investigated.In the first part of this thesis, a review of the structure and composition of skeletal muscle, especially the muscle fibres and the CT was presented; followed by the objectives and models used in this project (Chapter 1). The next three chapters present this work in detail.The objectives of this project have been implemented in several steps. It began with the characterization of the structural modifications in skeletal muscle during growth, maturation and aging. Following this a comprehensive study on the compositional modifications was conducted via two strategies. First, some candidate molecules in connective tissue were chosen based on bibliography. Because of the tiny amount of available sample, they were studied by histology and immunohistochemisty, associated with image analysis. My results highlighted a possible connection between connective tissue components with apoptosis. Being aware of the interaction between sarcopenia and apoptosis, I measured the apoptotic nuclei in different muscular components including satellite cells (at the interface of myofibre and connective tissue). Those results were analyzed by classic statistical methods (Chapter 2). In chapter 3, I developed a novel method (data mining) to effectively estimate the importance of the individual characteristic in the contribution to the mechanism of aging, while the individual characteristic refers to the data derived from Chapter 2. Second, a global vision of age-related modifications in connective tissue was obtained by microarray. Microarray technology is a widely used tool for measuring gene expression and it generates a vast amount of expression data. Methods to process and analyze these data are well established, but in this project, I chose "exon array" (Affymetrix) which was little studied but capable of assessing the expression at the individual exon level. It exploits a much more comprehensive analysis of the transcriptome and enables the study of alternative splicing, a gene regulation mechanism being important for normal, disease and aging conditions. I performed this approach rather than a study of protein expression by proteomics because the connective tissue molecules are always insoluble and with high molecular weight, which makes the protein extraction extremely difficult (Chapter 4).

Figure 2 . 1

 21 Figure 2.1 Azorubin staining. (A) Protocol (N° 1), RT: room temperature, formaldehyde 37% (Sigma), CaCl2.2H2O (Prolabo), azorubin (Serva), MoO3.H2O (Sigma), safe solv (Labonord), safe mount (Labonord). (B) Cross section of mouse GM in 11M-old with myofibre (F) stained in red and connective tissue (CT) remained in blank.

Figure 2 . 2

 22 Figure 2.2 Cox staining, (A) Protocol (N° 2). Cox kit (Bio-optical, 30-30115LY). (B) Cross section of mouse GM in 11M-old mouse with Cox-positive (P) and Cox-negative (N) myofibres in dark brown and light brown, respectively.

Figure 2 . 3

 23 Figure 2.3 Sirius red staining. (A) protocol (N° 3), picric acid (prolabo), sirius red (BDH) (B) Cross section of mouse GM in 11M-old with endomysium (E) and perimysium (P) of ECM in red while myofibre (F) are in light yellow.

Figure 2 . 4

 24 Figure 2.4 Schematic diagram of the indirect method for carrying out IHC.

Figure 2 . 5

 25 Figure 2.5 Flow-chart illustrating the general procedure for carrying out single immunolabeling. Dashed line box refers to the optional step.I attempted to study the key ECM components (illustrated in Figure1.[START_REF] Dirks | Apoptosis in skeletal muscle with aging[END_REF] 

Figure 2 . 6

 26 Figure 2.6 Flow-chart illustrating the general procedure for carrying out double immunolabeling. Dashed box refers to the optional step. Comparing to the single immunolabeling (Figure 2.5), here another pair of antigen-antibody reaction is added.
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 25 Nuclei distribution • Normal nuclei Muscular nuclei were detected by Hoechst 33258 because it offers high specificity and sensitivity for dsDNA quantification. Muscular nuclei include stromal nuclei (including capillary endothelial nuclei), SCs and myonuclei. To distinguish them, I used laminin 2α to show the basement membrane; used CD31 to show the capillary endothelial cells; used Pax7 to show the quiescent and activated SCs; and used dystrophin to show the sarcolemma. By following Protocol N°6 (Table 2.3), SCs were identified by the double-labelling of Pax7 and Hoechst 33258; capillary endothelial cells were identified by the doublelabelling of CD31 and Hoechst 33258. Myonuclei were identified by the labelling of Hoechst 33258 beneath the dystrophin labelling. And stromal nuclei were identified by the labelling of Hoechst 33258 external the laminin 2α labelling. I also performed one negative control in each experiment by using PBS1x solution instead of primary antibody. False positive would result in the fallacious identification of target molecule. In addition, I measured the total muscular nuclei by accounting Hoechst 33258 in each experiment

Figure 2 . 7

 27 Figure 2.7 Flow-chart of the general procedure for detecting apoptotic nuclei. Comparing to the single immunolabeling (Figure 2.6), here the TUNEL reaction has been introducedTo measure the apoptotic nuclei, terminal deoxynucleotidyl transferase

Figure 2 . 8

 28 Figure 2.8 Flow-chart of the competitive enzyme immunoassay procedure Total pyridinoline crosslinking contents (PYD) and deoxypridinoline

Figure 2 . 9 (

 29 Figure 2.9 (Protocol N°9) Competitive enzyme immunoassay to measure pyridinium crosslinking

Figure 2 . 10 (

 210 Figure 2.10 (Protocol N°10) Endorepellin was detected by SDS-PAGE coupled withWestern blotting. UREA, thiourea, chaps, "DTT": dithiothreitol, SDS-PAGE gels, "PVDF membrane": polyvinylidene fluoride membrane, "TBS": tris buffered saline, "TTBS": tween / tris buffered salt solution, "TPBS": BupH Phosphate Buffered Saline.The presence and relative abundance of skeletal endorepellin is

Figure 2 .•

 2 Figure 2.11 Optical microscopy for examining the structure of muscle, (A) Olympus BX-51 microscope (B) Resolution and (C) Excitation and Emission filter Images were captured with an Olympus DP-72 camera coupled to an

Figure 2 .

 2 12C, ECM area (A_ECM) was measured as the area of blue part. Image erosion 2 was carried out to extract the skeleton of ECM. Thus on Figure 2.12C, the ECM pattern became thinner (width=1 pixel), here, the ECM length (L_ECM) was measured. On Figure 2.12D, ECM volume (V_ECM) was determined by accounting the total pixel value. This parameter was used to characterize the ECM content on the crosssection. Then the ECM intensity (I_ECM) was determined by dividing the V_ECM by A_ECM. It was used to evaluate the concentration of ECM on the cross-section. Common links of skeleton (≥ 3) was marked and represented as connection points (CP, arrow in Figure 2.12D). The number of connection 2 Erosion: a basic morphological operations during image processing, referring to remove the pixels on object boundaries. i Vignetting correction: due to the optical defect, I obtain the images in which the borders are darker than the center. Hence, I introduced the model proposed by Kang and Weiss to correct the vignetting ii Sobel filter: Sobel is a discrete differentiation operator that is used in computation of the gradient of image intensity at each point. By using Sobel filter, edges in the result image will highlight the part which has a difference in intensity iii Canny filter: an edge detector based on the first derivative of a Gaussian point per myofibre (N_CP) was measured accordingly. ECM skeleton segments (arrow head in Figure 2.12D) linking two CP were then identified. The quantity and mean length of ECM segments were calculated and named N_Seg and L_Seg, respectively.
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 22 Figure 2.13 Processing of images obtained from Hoechst staining. (A) Original RGB-TIFF image. (B) Grayscale image, nuclei were segmented; (C) Image was generated by masking (A) and (B). Nuclei were detected and mapped. (D) Image was generated by limiting nuclei area in (B), which would be discussed in the later sections.Images from sections stained for laminin 2α and with Hoechst 33258

Figure 2 .

 2 Figure 2.14 Processing of image obtained from laminin 2α staining. (A) Original RGB-TIFF image. (B) Grayscale image, with vignetting corrected. (c) Grayscale image, edge of ECM was detected by canny filter. (D) Grayscale image, ECM edges were dilated.For the ECM images stained for laminin 2α: I converted the original

Figure 2 .

 2 Figure 2.15 Graphs of the (A) body weight of the C57BL/6 mouse and (B) GM weight versus age. For the quantity of mice per age see Table 1.6. The magnitudes of the body and GM weight are represented by mean ± SEM. Different letters indicate significant difference (p<0.05) between ages.

Figure 2 .

 2 Figure 2.17 Myofibre morphology: (A) Cross section of GM in 11M-old mouse with ECM stained by sirius red. Connection points (dots) and one example of ECM segment (green arrow) were labeled in the top image. Numbers "3" to "7" refers to the number of adjacent ECM segments for the current myofibre. (B) Age-related variation of myofibre area with different number of segments (3-7 in Figure 2.17A). (C) Cross-sectional area of myofibres with different number of segments (3-7 in Figure 2.17A). Values are means ± SEM. Different letters indicate significant difference (p<0.05) between ages.

Figure 2 .

 2 Figure 2.18 Myofibre metabolism: Cross section of mouse GM in 2, 11, 22 and 25M old with oxidative type I myofibre (solid arrow) stained in dark brown while glycolytic type II myofibre (hollow arrow) stained in light brown. Region of interest (ROI) from section of GM in 22M-old highlights the approaching of cox-positive myofibres (oxidative, type I).

2 .

 2 19B) and total length (Figure 2.19C) of the ECM skeleton both showed similar U-shaped evolutions (p<0.05) with a minimum value at 11M, and a maximum at 25M. In order to elucidate the enlarged ECM area and length, I analyzed the segment between pair of myofibres and computed the number of CP. It is observed that the average length of the segments slightly decreased during early aging (Figure 2.19D), while the number of CP (where 3 myofibres interact) expanded during late adulthood (22M) and aging (25M) (Figure 2.19E).
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 2 Figure 2.20 Age-related variations of fibrillar collagen content parameterized by (A) OH-Pro content (µg / mg wt muscle) and (B) Pyridinolin crosslinking (nmol /mmol collagen). The magnitudes of the parameter on the vertical axes represent mean ± SEM. Different letters indicate significant difference (p<0.05) between ages. The muscle content of OH-Pro (Figure 2.20A) fluctuated from 2M to

Figure 2 .

 2 Figure 2.21 Cross-section of mouse GM in 11M or 25M old age with different ECM components stained with specific antibodies. (A) type I collagen (Col-I), (B) type IV collagen (Col-IV), (C) type VI collagen (Col-VI), (D) Tenascin X (TNX), (E) Tenascin C (TNC), (F) Laminin 2a, (G) Perlecan, (H) chondroitin-4-sulfate (C4S) and (I) chondroitin-6-sulfate (C6S). Arrow refers to perimysium and arrowhead refers to endomysium.Eleven ECM components were investigated using the single

  is further observed that the average pixel intensity of three components: TNX, Col-VI and perlecan, in endomysium varied at different ages (Figure2.22), while those of the other eight components remained unchanged.
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 2 Figure 2.22 Pixel intensity of ECM components in endomysium of mouse GM in 2, 11, 22 and 25M old age. Age related variations are represented by the number of pixels counted for (A) TNX, (B) Col-VI and (C) Perlecan, values are presented as mean ± SEM. Different letters indicate significant difference (p<0.05) between ages.Results from semi-quantitative immunohistochemistry revealed that age-

Figure 2 .

 2 Figure 2.23 Co-localization of ECM components in mouse GM in 11M-old. Cross sections of (A) Col-I (green) with TNX (red); (B) Col-VI (green) with Perlecan (red); (C) Col-VI (green) with Laminin 2α (red); (D) Col-IV (green) with Laminin 2α (red). Endomysium (E) and perimysium (P) was marked by solid arrow and arrowhead respectively. Co-localizations were visualized as yellow signal.For investigating the changes in the ECM at the molecular level, several
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 2 Figure 2.24 Expression of endorepellin fragments in mouse GM at 11, 22 and 25M

Figure 2 .

 2 Figure 2.25 Age-related variation of myonuclei. (A) Cross section of GM in 25M-old mouse with muscular nuclei stained by Hoechst 33258 (blue). Laminin 2α (red) shows the basement membrane of myofibre. Myofibre nuclei (solid arrow), central myonuclei (hollow arrow) and nuclei in stromal cells (arrowhead) are marked. (B) Age-related variation of myonuclear domain size (µm 2 ). (C) Age-related variation in the proportion of central myonunclei in myofibre (%).

Figure 2 .

 2 Figure 2.26 Age-related variations of SCs. (A) Cross section of GM in 2M-old mouse with nuclei stained by Hoechst (blue), BM stained by laminin 2α (red). SCs (solid arrow) were confirmed by both Pax7 (green) and Hoechst (blue) staining. Thus myonuclei (beneath BM but not labelled by Pax7) were marked by hollow arrow. (B) age-related variation of SCs in proportion of myofibre nuclei (%). Values are means ± SEM. Different letters indicate significant difference (p<0.05) between ages.Anti-Pax7 labels both quiescent and activated satellite cells[START_REF] Mouly | Qu est-ce qu'une cellule muscularie satellite?[END_REF]. After
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 2 Figure 2.27 Age-related variations of capillary endothelial cells. (A) Cross section of GM in 11M-old mouse with nuclei stained by Hoechst (blue), BM stained by Dystrophin (green) and capillary endothelial cells stained by CD31 (red). Capillary endothelial nucleus (solid arrow) was confirmed by both CD31 (green) and Hoechst (blue) staining. Thus capillary endothelial cell with nucleus out of the current layer was labeled by hollow arrow. (B) Age-related variation of stromal nuclei in proportion of total muscular nuclei (%). (C) Age-related variation of capillary endothelial number per each myofibre. Values are means ± SEM. Different letters indicate significant difference (p<0.05) between ages.Hoechst staining of total muscle nuclei and co-staining of the basal

Figure 2 .

 2 Figure 2.28 Apoptosis. (A) Age-related variations of apoptotic nuclei in stromal cells and myofibre in proportion of total muscular nuclei (%). Values are mean ± SEM and different letters indicate significant difference (p<0.05) between ages. (B) Cross section of mouse GM in 25M-old with nuclei stained by Hoechst (blue), BM stained by laminin 2a (red). Apoptotic nucleus was confirmed by co-staining of TUNEL (green) and Hoechst. Apoptotic nuclei in stromal cells (top row images) and in myofibre (bottom row images) are indicated by solid arrows; normal nuclei are marked by blank arrows.

Figure 2 .

 2 Figure 2.29 Apoptosis in capillary endothelial cells. (A) Age-related variations of apoptotic nuclei in capillary endothelial cells and other stromal cells in proportion of total muscular nuclei (%). Values are mean ± SEM and different letters indicate significant different (p<0.05). (B) Cross section of mouse GM in 25M-old with nuclei stained by Hoechst (blue), BM stained by laminin 2a (red). Apoptotic nucleus was confirmed by co-staining of TUNEL (green) and Hoechst. Apoptotic nucleus in capillary endothelial cells (solid arrow) was marked.

Figure 2 .

 2 Figure 2.30 Apoptosis in myofibre and SCs. Cross section of GM (25M) showing nuclei stained by Hoechst (blue), sarcolemma stained by dystrophin (red). (A) Apoptotic myonucleus (solid arrow) was confirmed by co-staining of TUNEL (green) and Hoechst, and it located beneath the sarcolemma layer. (B) Apoptotic nuclei in SCs (solid arrow) are confirmed by costaining of TUNEL (green), Pax7 (red) and Hoechst.
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 2 Figure 2.31 Schematic representation of ECM structure in (A) adult and (B) aged mice. Here CP denotes connection point and Seg denotes ECM segments. This diagram is intended to illustrate how the number of connection points and thickening of segments increase in the GM from adult to old mice. Fibrosis of the ECM was previously mentioned to occur in skeletal

3. 1 . 2 Clustering

 12 During clustering, individuals are placed into homogeneous groups or clusters on the basis of their similarity. To quantify the similarity, distance between homogeneous groups is measured by Euclidean Distance, which is the length of a straight line between two groups. Numerous clustering algorithms have been proposed [114], yet no single algorithm is capable of identifying all kinds of groups and structures that are encountered in practice. Basically, all clustering techniques can be divided into non-hierarchical and hierarchical algorithms. Each of them has their own approaches to determine the number of clusters [115], impose distinct cluster structures [114] and validate the results [116]. Considering the importance and variety of performing clustering techniques, it is desirable to apply several clustering algorithms to the data and then determine the optimal procedure.

Figure 3 . 1 K

 31 Figure 3.1 K-means clustering approach. (A) 2-D randomly plotted data to be clustered. (B) Solid lines divide the space into 4 clusters with random centroid staring positions. Each centroid is denoted by an individual marker. (C) K-means approach to find 4 stable clusters. (D) The final clustering is shown.Non-hierarchical clustering is heuristic in nature which requires the
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  Agglomerative hierarchical clustering AHC approach begins with considering each individual as one cluster. I measured the euclidean distance between any two clusters and merged the closest two. Once the cluster comprises more than one sample, euclidean distance between clusters were determined by the (1) single link, (2) complete link and (3) average link (4) McQuitty's and (5) Ward's methods. These 5 criteria emphasize the connectedness, compactness, averaged similarity, unevenness and minimum variance of patterns in a cluster respectively [124-126]. And then I merged the clusters repeatedly with minimum euclidean distance to build up the clustering hierarchy, until it eventually led to one cluster.
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 3334 Figure 3.3 Variance explained in PCs. PC1 to PC6 explained 93% variance

Figure 3 . 5

 35 Figure 3.5 PCA result (individual data). Individual data points plotted (A) on PC1-PC3 plane;

Figure 3 . 6

 36 Figure 3.6 PCA result (variables). Variables were plotted to show the correlations between twenty-nine variables (twenty-eight quantitative variables plus one categorical variable presented by blue dash line) and PC1-PC3 plane. Quantitative variables were marked by IDs shown in Table 1. The twenty-two out of twenty-eight variables were correlated to PC1-PC3 plane at 1% level and were presented by vectors ending with rectangles. The other six out of twenty-eight variables were presented by vectors ending with triangle. For the twenty-two variables, quality of projection (cos 2 ) was presented by the varying colors shown in color bar.

Figure 3 . 7 K

 37 Figure 3.7 K-means clustering result. (A) Optimal number of cluster (N1) was determined by the decreased inter-cluster error sum, marked by hollow diamond and increased intra-cluster error sum, marked by solid diamond, which reached the minimum difference when K=2. (B) Structure of k-means clustering (K=2) was presented onto PC1-PC3 plane and two clusters were nicely labeled by black circles and white circles.

cluster 1 including individuals from 2 -

 2 22M, the smaller cluster as cluster 2 including individuals from 25M (Figure 3.7B).

Figure 3 . 8

 38 Figure 3.8 AHC results: five criteria were used here: (A) Ward's, (B) single, (C) complete, (D) average and (E) McQuitty's. Height (y-axis) refers to the distances between merging clusters at the successive stages. 201-204, 1101-1104, 2201-2204, 2501-2504 refer to mice from 2M, 11M, 22M and 25M respectively.

Figure 3 . 9

 39 Figure 3.9 Distinct grouping by performing Ward's method. Two and three groups were labeled by red and green rectangles respectively. 201-204, 1101-1104, 2201-2204, 2501-2504 refer to mice from 2M, 11M, 22M and 25M respectively. I defined gap distance (l) as the distinct height between the newly formed and previous clusters. Example (l2 to l4) was shown.The longest gap distance (l) leads to the identification of N2 cluster. In

Figure 3 . 10

 310 Figure 3.10 Flowchart of the PCA-clustering strategy

Figure 3 .

 3 Figure 3.11 Distinct grouping by performing Ward's method on (A) original dataset and (B) dataset pre-treated by PCA. 201-204, 1101-1104, 2201-2204, 2501-2504 refer to mice from 2M, 11M, 22M and 25M respectively. To further study the partition among individuals, k-means clustering and

CHAPTER 4 EFFECT

 4 Microarray technology is a widely used high-throughput tool for profiling gene expression[136, 137]. Expression microarrays use probes targeting specific genes on the basis of nucleotide sequence complementarity, in order to quantitatively measure mRNA levels for a vast amount of genes. To date, there are several popular platforms: spotted cDNA arrays, Affymetrix GeneChip arrays, Agilent ink-jet arrays and Illumina long-oligonucleotide beadbased arrays [138]. These platforms are different in their probe design, hybridization protocol, labeling and production methods [138]. Despite their difference, these traditional gene expression microarray platforms computes the gene-level expression by measuring hybridization intensity from multiple perfect match (PM), which measures the sequence-specific hybridization, and mismatch (MM) probes, which measure the non-specific hybridization to provide a correction of PM intensity for the chemical background (Figure 4.1A-C).

Figure 4 . 1

 41 Figure 4.1 Comparison of expression array In brief, those traditional microarrays consider transcription at the level

Figure 4 . 2

 42 Figure 4.2 Alternative Splicing. In these graphics, exons are represented by boxes and introns are represented by lines. Exon regions included in the messages by alternative splicing are colored while constitutive exons are shown in light orange.

  purity was determined with a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies Inc). Samples with a 28S/18S ratio <1.0 and RNA integrity number (RIN) <7 were excluded (Figure4.3).

Figure 4 . 3 (

 43 Figure 4.3 (Protocol N° 11) RNA extraction.

Figure 4 . 4

 44 Figure 4.4 Quality controls on sample. (A) Spike-in hybridization controls: 8 targets are spiked before the labeling step. From left to right, they are AFFX-BioC, AFFX-BioB, AFFX-r2-Ec-bioD (All), AFFX-r2-Ec-bioC (All), AFFX-r2-P1-cre, AFFX-r2-Ec-bioB (All), AFFX-CreX and AFF-BioDn. (B) 18 arrays data were projected in 3D spaces comprising PC1, PC2 and PC3 as x-, y-and z-axis. Red cubes, blue triangles and brown balls are used to represent array data from mice at 2, 11 and 25M respectively.
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 45 Figure 4.5 Altered transcripts between 11M and 25M. Approximately 1% of the over 14051 transcripts surveyed by Affymetrix mouse ST exon array were identified to be significantly upregulated, and 3% to be down-regulated.

Figure 4

 4 Figure 4.6 (A) Location and (B) type of the 407 molecules corresponding to the altered transcripts

Figure 4 . 7

 47 Figure 4.7 Ingenuity Pathway Analysis (IPA) of biofunctions on mice at 11M and 25M. (A) Bar chart shows 73 biofunctions were considered to be statistically different (max p-value <0.05, corrected by B-H method). (B-D) 45 of the 73 biofunctions were associated with more than 10 genes an assigned to 3 categories : (B) diseases and disorders ; (C) molecular and cellular functions ; and (D) physiological system development and functions.
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 48 Figure 4.8 Ingenuity Pathway Analysis (IPA) of canonical pathways. (A) Bar chart showed 13 canonical pathways were considered to be statistically different (maximum p-value <0.05 corrected by B-H methods) between mice 11M and 25M old. (B) Pie chart showed the number of genes associated with these 13 canonical pathways (in percentage). And the names of those genes were listed in Table 4.2.

  Figure 4.8 Ingenuity Pathway Analysis (IPA) of canonical pathways. (A) Bar chart showed 13 canonical pathways were considered to be statistically different (maximum p-value <0.05 corrected by B-H methods) between mice 11M and 25M old. (B) Pie chart showed the number of genes associated with these 13 canonical pathways (in percentage). And the names of those genes were listed in Table 4.2.

  Figure 4.8 Ingenuity Pathway Analysis (IPA) of canonical pathways. (A) Bar chart showed 13 canonical pathways were considered to be statistically different (maximum p-value <0.05 corrected by B-H methods) between mice 11M and 25M old. (B) Pie chart showed the number of genes associated with these 13 canonical pathways (in percentage). And the names of those genes were listed in Table 4.2.
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 49 Figure 4.9 Gene network for connective tissue disorder, visual representation of the principal network (score: 35) generated containing 32 molecules. Each node represents a gene and its association with other genes is represented by a line (solid line: bind to; solid line with solid arrowhead: directly act on; solid line with hollow arrowhead: directly translate to; dotted line with solid arrow head: indirectly act on). Node has different shapes to represent different molecule types (horizontal diamonds=peptidases, cube=cytokine, dotted cube=growth factor, dotted rectangle=ion channel, vertical ellipse= transmembrane receptor, circle=other, concentric circles=complex or groups). The 32 molecules in this network have a color background: 5 molecules in red are up-regulated; 26 molecules in green are down-regulated; 1 molecule in redgreen are not significantly varied. Molecules without background color were undetected in this study but have been inserted by IPA to produce a highly connected.In order to elucidate how genes involved in connective tissue disorder

  Skeletal muscles become less well adapted to their function during aging. Not only do myofibres undergo atrophy but connective tissue also changes. However, the age-related change in connective tissue is poorly studied, to the best of my knowledge. In this project, I have selected gastrocnemius muscle from young (2M), adult (11M), early old (22M) and advanced old (25M) C57BL/6 mice. I have utilized histological approaches coupled with image analyses, biochemical approaches, bioinformatics microarray analyses to investigate the age-related structural and compositional variations and their regulating mechanism. Firstly, structural and compositional variations of mouse skeletal muscle were collected and analyzed independently. Study of myofibre morphology offered interesting insight into the relationship between the cross-sectional area and shape of myofibre. With increased area, I found that myofibres are prone to be angular, regular and polygonal. With increased age, a larger proportion of angular myofibre and a global reduction of CSA result in myofibre atrophy. Study of myonuclei during aging argued that myonuclear domain size is unalterable during aging. On the contrary, myonuclear domain size decreases, which is due to the reduced CSA associated with changeless myonuclei. Changeless myonuclei might be adapted to the nuclei loss (apoptosis) and / or regenerations. I thus investigate the apoptosis and muscle regeneration in skeletal muscle. I found that a significant proportion of satellite cells undergo apoptosis, which may be critical for routine myofibre maintenance and regeneration. I further noticed that the majority of apoptosis occurred in capillary endothelial cells. It may trigger the liberation of endorepellin fragments. In my study, an abundant LG1+LG2 fragment was detected in the old muscle. Additional alterations in connective tissue include the fibrosis associated with the structural variation. My result of ECM structure firstly underlines the increased connection points and thickened segments of ECM, which offers a visual interpretation and profound understanding of altered structure during fibrosis. I studied the distribution and co-localization of some ECM component. The semi-quantitative result implies the potential roles of TNX and Col-VI in fibrillogenesis and fibrosis.
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Table 1 .1 Characteristics of different myofibres,

 1 These characteristics fall under the following categories, twitch properties, metabolic properties, metabolic energy, physiology and morphology[START_REF] Piec | Etude protéomique du vieillissement du muscle squelettique chez le rat LOU/c/jall[END_REF].

		I	IIa	IIx
	Twitch properties	Slow	Fast	Fast
	Metabolic properties	Oxidative	Oxidative-glycolytic	Glycolytic
	Metabolic energy			
	Glycogen level	+	+++	+++
	Lipid level	+++	+	+
	Myofibril ATPase	+	+++	+++
	Hexokinase	+++	++	+
	Phosphorylase	+	++	+++
	Glycolytic enzyme	+	++	+++
	Mitochondrial	+++	++	+
	enzyme			
	Physiology			
	Moter unit	Slow fatigable	Fast fatigable	Fast fatigable
		resistant	resistant	
	Contraction	Slow	Fast	Fast
	Morphology			
	Sarcoplasmic	+	+++	+++
	reticulum			
	Transverse tubules	+	+++	+++
	Color	Red	Red	White
	Myoglobin	+++	+++	+
	Capillary density	+++	++	+
	Mitochondrion	+++	+++	+
	Collagen richness	+++	+++	++
	Section area	+	+++	+++

Symbol '+' is used to indicate the level of involvement by the respective characteristics

1.2.1.3 Molecular composition

Table 1 .2 Overview of known collagen types in skeletal muscle [12].

 1 

	Group	Type Chains	Distribution/interaction
	Fibrillar	I	[α1(I)] 2 [α1(I)]	Most abundant in endo-, peri-
	collagen			and epi-, interact various
				components
		III	[α1 (III)] 3	Found in endo-, peri-and/or epi-
				and co-localized with Col-I;
				produce by young fibroblasts
				before Col-I is synthesized
		V	[α1(V)] [α2(V)] [α3(V)]	Found in endo-, peri-and/or epi-
				and co-localized with Col-I
	Non-fibrillar	IV	[α1(IV)] 2 [α2(IV)]	Major component in basal
	collagen			lamina
	Network			
	forming			
	Beaded fibril	VI	[α1(VI)] [α2(VI)]	Interacts with Col-I and Col-IV
	forming		[α3(VI)]	
	collagen			
	FACIT	XII	[α1(XII)] 3	Interacts with Col-I fibrils,
				decorin, GAGs
		XIV	[α1(XIV)] 3	Associate with mature collagen
				fibrils

Table 1 .3 Proteoglycans identified in skeletal muscle Group Name GAG Interaction

 1 

	Modular	Aggrecan	~100 CS/DS or ~60 KS chains	Hyaluronic acid
		Versican	15-20 CS/DS chains	Hyaluronic acid
	SLRP	Decorin	1 CS/DS chain	Type I, III, V, VI, XII, XIV collagen, tenascin X
		Biglycan	2 CS/DS chains	Type I collagen
	Basal lamina	Perlecan	3-4 HS or HS+DS chains on the amino terminal end	Type IV
	Membrane Syndecan	3-4 HS chains	Cytoskeleton protein
	CS: chondroitin sulfate; DS: dermatan sulfate (chondroitin sulfate B), HS: heparin
	sulfate, SLRP: Small Leucine Rich Proteoglycans	

Table 1 .4

 1 Interactions between major ECM components in skeletal muscle

		Col I	Col III	Col IV	Col V	Col VI	Col XII	Col XIV	Decorin	Biglycan	Perlecan	Laminin 2α	TNC	TNX
	Col I		+		+	+	+	+	+	+	+		+	+
	Col III	+												+
	Col IV					+					+	+	
	Col V	+										+		+
	Col VI	+		+									
	Col XII	+												+
	Col XIV +											
	Decorin	+											
	Biglycan +											
	Perlecan +		+									
	Laminin			+									
	2α												
	TNC	+											
	TNX	+	+		+		+						

Table 1 .5

 1 Age equivalencies between C57BL/6 mice and humans

	.5), I have chosen to study the

Table 1 .

 1 

	Age (M)	2	11	22	25
	No.	15	15	9	15

[START_REF] Ståhlberg | Age-related changes in the metabolism of cholesterol in rat liver microsomes[END_REF] 

Fifty-four C57BL/6 male mice served in the study were assigned and slaughtered at 4 ages.

Table 1 .7 List of methods utilized in this study Purpose Methods

 1 

	Myofibre morphology	Azorubin (Protocol N°1)
	ECM organization	Sirius red (Protocol N°2)
	Myofibre metabolism	Cox (Protocol N°3)
	ECM composition observation	IHC (Protocol N°4)
	Complementarity	
	ECM component co-localization	IHC (Protocol N°5)
	Complementarity and control	

1.7. Configuration of cryostat (MICROM, HM500M) was -25°C, 10/20µm (trim) and 40 (feed). Those microscopic slides were assigned in different experiments (Methods in Table 1.7) and freshly prepared before those experiments. Muscular nuclei distribution (normal and apoptotic) IHC (Protocol N°6 and N°7)

Table 2 .1 (Protocol N°4) Single immunolabeling

 2 

	Antibody		Ref	Specificity	Dilution Protocol
	M-IgG1-rat	Abcam	Binds to the	1:500	Fix in cold acetone for 10mins at 4°C ⇒ Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for
	anti TNC		ab6346	recombinant fragments		30mins at RT⇒React with TNC for 2hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight
				of mouse tenascin C		488 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒Mount
	M-rat	anti	Abcam	Epitope on perlecan not	N/A	Incubate by 440U/ml hyaluronidase for 30mins at 37°C⇒ Rinse by PBS 1x for 3x 5mins⇒Fix in cold
	perlecan		ab17848	determined		acetone for 10mins at 4°C ⇒Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at
						RT⇒React with perlecan for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 488
						donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒Mount
	M-IgG1-rat	Abcam	Reacts with the P1		
	anti laminin	ab11576	fragment of laminin		
	2α					3x 5mins⇒Mount
	M-IgG1-		Cardiff	Reacts with	1:50	Incubate by 0.5U/ml Chondroitinase ABC and Keratanase2 for 1hr at 37°C⇒Rinse by PBS 1x for 3x
	mouse	anti	Universi	chondroitin-4-sulfate		5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒Rinse by PBS 1x for 3x 5mins ⇒Block by 10%
	C4S		ty			(v/v, in PBS 1x) unconjugated affinipure Fab fragment goat anti mouse IgG (H+L) for 1hr at RT⇒Rinse
						by PBS 1x for 3x 5mins ⇒React with C4S for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with
						Dylight 488 donkey anti mouse(1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒Mount
	M-IgM-		Cardiff	Reacts with		
	mouse	anti	Universi	chondroitin-6-sulfate.		
	C6S		ty			
						; Mount
	media (Biomeda); Dylight-conjugated secondary antibodies (712-505-150, 712-486-150, 715-505-151, 715-486-150, 711-486-152) are from Jackson immunoresearch
	laboratory. Alexa-conjugated secondary antibody (A11074) is from invitrogen. FITC-conjugated secondary antibody (115-095-020) is from Jackson immunoresearch
	laboratory. Primary and secondary antibodies are diluted by PBS 1x	

1:200 Fix in cold acetone for 10mins at 4°C ⇒Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒React with Laminin 2a for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 549 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 1:50 Incubate by 0.5U/ml Chondroitinase ABC and Keratanase2 for 1hr at 37°C⇒Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒Rinse by PBS 1x for 3x 5mins ⇒Block by 10% (v/v, in PBS 1x) unconjugated affinipure Fab fragment goat anti mouse IgG (H+L) for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins ⇒React with C4S for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with FITC IgM goat anti mouse(1:40) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒Mount P: polyclonal; M: monoclonal; BSA: bovine serum (Sigma). Paraformadehyde (EMS); Chondroitinase ABC and Keratanase (Sigma); Hyaluronidase (Bio-optical)

Table 2 .2 (Protocol N°5) Double immunolabeling

 2 

	Antigens	Protocol
	Col-I + TNX	Block by 5% (w/v) BSA for 30mins at RT⇒React with TNX (1:100) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Alexa 546 goat anti
		guniea pig (1:500) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with Col-I (1:20) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins
		⇒React with dylight 488 donkey anti rabbit (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒Mount

Col-I + TNC

Fix in cold acetone for 10mins at 4°C ⇒ Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒React with TNC (1:500) for 2hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 549 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with Col-I (1:20) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with dylight 488 donkey anti rabbit (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒Mount TNC + TNX Fix in cold acetone for 10mins at 4°C ⇒ Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒React with TNC (1:500) for 2hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 549 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with TNX (1:100) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Alexa 546 goat anti guniea pig (1:500) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒Mount

Table 2 .3 (Protocol N°6) Immunostaining of muscular nuclei

 2 

	Targets	Primary	Ref	Protocol
		antibody		
				Block by 5% (w/v) BSA for 30mins at RT⇒Rinse by PBS 1x for 3x 5mins⇒Block by 10% (v/v, in PBS 1x)
	Satellite cells	M-mouse anti-Pax7	DSHB	unconjugated affinipure Fab fragment goat anti mouse IgG (H+L) for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins⇒React with Pax7 (1:50) for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins⇒React with dylight 549 donkey anti mouse (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in
				PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒Mount
	Capillary endothelial nuclei	M-rat anti -CD31	Abcam ab7388	
	Myonuclei	P-rabbit anti-dystrophin	Abcam ab15277	Fix in 4% (v/v) paraformadehyde for 10mins at RT ⇒Rinse by PBS 1x for 30mins ⇒Block by 5% (w/v) BSA for 30mins at RT⇒React with dystrophin (1:500) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 488 donkey anti rabbit (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒Mount
	Stromal	M-rat anti-	Abcam	
	nuclei	laminin 2a	ab11576	

Fix in 4% (v/v) paraformadehyde for 10mins at RT ⇒Rinse by PBS 1x for 30mins ⇒Block by 5% (w/v) BSA for 30mins at RT⇒React with CD31 (1:100) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 549 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒Mount Fix in cold acetone for 10mins at 4°C ⇒Rinse by PBS 1x for 3x 5mins ⇒ Block by 5% (w/v) BSA for 30mins at RT⇒React with Laminin 2a (1:200) for 1hr at RT ⇒Rinse by PBS 1x for 3x 5mins ⇒React with Dylight 549 donkey anti rat (1:400) for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒Mount CD31: platelet endothelial cell adhesion molecule-1; Pax7: anti-paired box protein 7; DSHB: Developmental Studies Hybridoma Bank (USA)

• Apoptotic nuclei

Table 2 .4 (Protocol N°7) Immunostaining of apoptotic nuclei Target Protocol

 2 Satellite cells nuclei Fix in 4% (v/v) paraformadehyde for 20mins at RT⇒Rinse by PBS 1x for 30mins ⇒ Permeabilize by permeabilisation solution for 2mins at 4°C⇒React with TUNEL reacting solution for 1hr at 37°C⇒Rinse by PBS 1x for 30mins⇒Block by 5% (w/v) BSA for 30mins at RT⇒Block by 10% (v/v, in PBS 1x) unconjugated affinipure Fab fragment goat anti mouse IgG (H+L) for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins⇒React with Pax7 for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins⇒React with dylight 549 donkey anti mouse for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒Mount Capillary endothelial cells nuclei Fix in 4% (v/v) paraformadehyde for 20mins at RT⇒Rinse by PBS 1x for 30mins ⇒ Permeabilize by permeabilisation solution for 2mins at 4°C⇒React with TUNEL reacting solution for 1hr at 37°C⇒Rinse by PBS 1x for 30mins⇒Block by 5% (w/v) BSA for 30mins at RT⇒React with CD31 for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins⇒React with dylight 549 donkey anti rat for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒ Mount Myonuclei Fix in 4% (v/v) paraformadehyde for 20mins at RT⇒Rinse by PBS 1x for 30mins ⇒ Permeabilize by permeabilisation solution for 2mins at 4°C⇒React with TUNEL reacting solution for 1hr at 37°C⇒Rinse by PBS 1x for 30mins⇒Block by 5% (w/v) BSA for 30mins at RT⇒React with dystrophin for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins⇒React with dylight 549 donkey anti rabbit for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒Mount Stromal cell nuclei Fix in 4% (v/v) paraformadehyde for 20mins at RT⇒Rinse by PBS 1x for 30mins ⇒ Permeabilize by permeabilisation solution for 2mins at 4°C⇒React with TUNEL reacting solution for 1hr at 37°C⇒Rinse by PBS 1x for 30mins⇒Block by 5% (w/v) BSA for 30mins at RT⇒React with laminin 2a for 1hr at RT⇒Rinse by PBS 1x for 3x 5mins⇒React with dylight 549 donkey anti rat for 45mins in dark room⇒Rinse by PBS 1x for 3x 5mins⇒React with 1% Hoechst (v/v in PBS 1x) for 10 secs at RT⇒Rinse by PBS 1x rapidly⇒Mount

Table

  

Table 3 .1 Twenty-eight characteristics of skeletal muscle structure and component

 3 

	ID

Table 4 .1 IPA biofunction IPA BioFunction Associated Molecules A) Diseases and Disorders

 4 

	Skeletal and Muscular
	Disorders (135)

Table 4 .3 IPA biological network

 4 Calcineurin protein(s), CANX, Cbp, CHRNA1, CHRNA3, CHRNB1, Cyclin D, FCGRT, GPD1, HAS2, Hdac, HDAC4, HDAC10, IL1RL2, MEF2, MEF2C, MYOG, MYPN, NCOA7, NFAT (complex), NFkB (complex), Nicotinic acetylcholine receptor, Notch, NOTCH2, NRG, PYGM, RGL1, RIC3, SNTA1, TRAFD1

	ID	Top Functions	Molecules in Network
	1	Connective Tissue Disorders, Genetic Disorder, Dermatological Diseases and Conditions	ANTXR1, ANTXR2, BMP1, COL15A1, COL1A2, COL3A1, COL4A1, COL4A2, COL6A1, COL6A3, collagen, Collagen type III, Collagen type IV, CTSK, ERK1/2, F11R, FIGF, FXN, Gelatinase, KCNMA1, KCNN1, KCNN3, LAMC1, MPZL1, NADPH oxidase, ORM1/ORM2, PCOLCE, Pdgf Ab, Plasminogen Activator, PLAT, Potassium Channel, PPBP, SERPINF1, TMEFF2, TSPYL2
	2	Cell Signaling, Nucleic Acid Metabolism, Cellular Development	ACTN2, ADCY, ADCY2, Alpha tubulin, AOC3, ATF7IP, DISC1, EPHB4, FSH, G protein beta gamma, GNAL, hCG, Insulin, Lh, ME2, MYL9, NDRG2, NFkB (family), NNAT, NPR1, NTRK2, PDE4D, Pdlim3, PEX6, PGK1, PLIN3, PTPN9, Ras, SACS, SPTBN1, SSRP1, STBD1, SYT9, TUBA1A, VEGFA
	3 AChR, ANKRD1, B4GALT1, BACE1, BAG4, 4 Cardiovascular Disease, Genetic Disorder, Immunological Disease Cell Morphology, Cellular Development, Cellular Assembly and Organization
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(SDS-PAGE) coupled with Western blotting. When protein samples and standard protein with known size are electrophoresed on an SDS-PAGE, they are largely separated on the basis of distinct molecular weight. After electrotransfer onto polyvinylidene fluoride (PVDF) membrane, the protein is detected using specific primary antibody and secondary enzyme labelled antibody and substrate. In this study, protein from frozen powder (40mg per mouse) at 11, 22 and 25M were extracted and then separated by SDS-PAGE.

After electrotransferring, PVDF membranes were probed with monoclonal antiendorepellin (Abcam, A74), and with secondary anti-mouse conjugated to HRP.

Visualization of the immune complexes utilized ECL detection system (Amersham, Arlington Heights, IL) and subsequent exposure to X-ray film (Amersham, Arlington Heights, IL) (Figure 2.10) [START_REF] Piec | Differential proteome analysis of aging in rat skeletal muscle[END_REF].

per unit area (N_Fib, Table 3.1) was calculated. In each step, manual editing was introduced to improve the fibre segmentation.

• Images stained by Sirius red Age-dependent muscle atrophy was associated with modifications in myofibre morphology. Mean value of the CSA for all GM myofibres is observed to decrease (but not appreciably) by 22% between 11M and 25M muscle (Figure 2.16), although not significantly. In Chapter 2, structural and compositional properties of skeletal muscle at different age groups have been investigated from a histological perspective. I measured and analyzed nearly 30 characteristics covering the whole gamut of organ, cellular and molecular level. I noted that studies of age-related variations, i.e. the result in Chapter 2 and investigations by a large number of researchers focus on specific biological levels rather than a multitude of levels simultaneously. And interestingly, the key to establish a comprehensive understanding linking the different areas (from organ to cellular) is directed at integrating data [109]. Therefore, an objective approach to investigate this integrative data is necessary. Fortunately, there are several important analyzing tools developed that will facilitate this approach.

ECM

ECM structure

Principal component analysis

As the mainstay, principal component analysis (PCA) is a data reduction technique for simplifying relevant information from a complex dataset. PCA was first described and named in 1901 [110], but to date, it is still one of the most used multivariate technique in data-preprocessing, pattern recognition centroid is determined. In order to minimize the overall sum of distance, the procedure is repeated, as shown in Figure 3.1 and the formulated overall sum of distance is given. Individuals at 2M and 11M are hardly distinguishable and it suggests, by and large, the stability of mice skeletal muscle at the organ-cellular-molecular levels. Individuals at 22M are marked by an empirical grouping, which implies the less significant difference between 22M and 25M, and also between 22M and 2-11M. Individuals at 25M are singled out with the maximum cluster difference. I thus conclude the most significant age-related difference between 25M and the other age groups. In addition, the overall age-associated variations start after 11M and accentuates after 22M.

Summary

In summary, I apply this PCA-clustering strategy on structural and compositional data obtained from mouse skeletal muscle across a wide age range. To find out the age-related PCs, I first considered a subset of PCs that cover 90% of total variance, and then considered the significance of correlation between each PC and age. These PCs explains different stages of life and describes the correlations between the skeletal muscle characteristics and ages.

To distinguish individual data points at different ages, I tested several clustering algorithms and subsequently proved Ward's hierarchical clustering to yield the 

Transcriptomic data analysis

Raw data was processed using Genespring GX 11 (Agilent Technologies). I first loaded the .CEL and .ARR files and set the experiment: after normalization. I chose robust multiarray average (RMA, [149]) as summarization algorithm and processed baseline to median of all samples, i.e., for each probe the median of the log summarized values from all the samples is calculated and subtracted from each of the samples. I used the list so-called "core" from metaprobeset list (sourced from Expression Console by Affymetrix), which comprises 17,800 transcript clusters from RefSeq and fulllength GenBank mRNAs. I also added parameter "age" to help define the grouping and replicate structure of the experiment.

network and pathway of the identified differentially expressed genes by employing Ingenuity IPA software (Ingenuity System, Redwood City, CA, USA). For these analyses, I chose ingenuity knowledge base as the reference set and used B-H multiple testing to calculate the p value.

• Biofunction I performed biofunction analysis using ingenuity pathway analysis (IPA). A total of 73 biofunctions were significantly enriched between mice at 11M and 25M old (maximum p-value <0.05, corrected by B-H methods) (Figure 4.7A). Of these 73 biofunctions, I only focused on the one associated with certain amount of genes (>10). Therefore, 45 biofunctions were preserved and assigned to 3 major categories: diseases and disorders, molecular and cellular functions and physiological system development and functions (Figure 4.7B-D).

IPA BioFunction Molecules

Endocrine System Disorders (94) genes and their partners. Most ECM partners with altered gene expression were found to be down-regulated during the 11M-25M period. Collagens were key players of this network, but peptidases and proteases involved in procollagen processing and in collagen degradation were also differentially expressed. On the other hand, my data on gene expression also emphasize profound alterations in the ECM degrading machinery. Increasing attention has recently that I observe at the protein level, a stronger reduction in ECM degradation than ECM synthesis is expected. However, current study can not assess this comparison since the mediators and controllers affecting the protein expression are manifold: translational rates, post-translational modifications, secretion etc.

Therefore, further studies are required.

Summary

The molecular events causing ECM accumulation (fibrosis) during aging in vivo are poorly understood. Here, gastrocnemius muscle from mouse at young (2M), adult (11M) and advanced old (25M) were studied by transcriptomic analysis and their gene expression pattern was evaluated. I noted that profound alterations occurred between 11M and 25M and that the majority of them are down-regulated. I used IPA to analyze the biofunctions, canonical pathways and gene network. The principle finding was the altered balance between ECM protein synthesis and degradation which eventually leads to the accumulation of ECM protein. Some down-regulated genes corresponding to the degradation enzyme, thus decreased degradation was expected. Meanwhile, genes of collagens were down-regulated, which might refer to a decreased synthesis of ECM collagen. Since ECM protein accumulated during aging, I suggest that the stronger reduction takes place in ECM degradation than synthesis.