
BROCK UNIVERSITY LIBRARY

3 9157 00941766 1









The Capillary Supply of Human Skeletal Muscle

in Health and Disease

by

Mamta Kadyan
MSc Candidate

Faculty of Applied Health Sciences

Submitted in partial fulHUment

of the requirements for the degree of

Master of Science

Mamta Kadyan © 2006

JAMESAGIBSmUIRARY
MKOCl UNIVERSITY
ST. CATHARINES ON



7- \^Pir.



ABSTRACT

BACKGROUND: Capillaries function to provide a surface area for nutrient and waste exchange

with cells. The capillary supply of skeletal muscle is highly organized, and therefore, represents

an excellent choice to study factors regulating diffusion. Muscle is comprised of three specific

fibre types, each with specific contractile and metabolic characteristics, which influence the

capillary supply of a given muscle; in addition, both environmental and genetic factors influence

the capillary supply, including aging, physical training, and various disease processes.

OBJECTIVE: The present study was undertaken to develop and assess the functionality of a

data base, from which virtual experiments can be conducted on the capillary supply of human

muscle, and the adaptations of the capillary bed in muscle to various perturbations.

METHODS: To create the database, an extensive search of the literature was conducted using

various search engines, and the three key words - "capillary, muscle, and human". This search

yielded 169 papers from which the data for the 46 variables on the capillary supply and fibre

characteristics of muscle were extracted for inclusion in the database. A series of statistical

analyses (ANOVA) were done on the capillary database to examine differences in skeletal

muscle capillarization and fibre characteristics between young and old individuals, between

healthy and diseased individuals, and between untrained, endurance trained, endurance well-

trained, and resistance trained individuals, using SAS. RESULTS: There was a significantly

higher capillarization in the young compared to the old individuals, in the healthy compared to

the diseased individuals, and in the endurance-trained and endurance well-trained compared to

the untrained individuals. CONCLUSIONS: The results of this study support the conclusion

that the capillary supply of skeletal muscle is closely regulated by factors aimed at optimizing

oxygen and nutrient supply and/or waste removal in response to changes in muscle mass and/or

metabolic activity.
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1.0 BACKGROUND AND RATIONALE

Skeletal muscle is the largest single organ of the body, because of its highly organized

structure it has been the subject of numerous investigations concerning the effects of obesity,

training, altered glucose metabolism, hypertension, chronic hypoxia, and muscle disease (Toft

et al., 2003). Muscle is composed of functionally diverse fibre types. Type I muscle fibres are

red, slow twitch, insulin sensitive, with a high oxidative capacity and a well developed supply

of capillaries; Type IIA muscle fibres are white, fast twitch, with well developed oxidative and

glycolytic capacities, and highly developed capillary supply; Type IIB muscle fibres are white,

fast twitch, with a low insulin sensitivity, a high glycolytic capacity, a low oxidative capacity,

and a reduced capillary supply.

Skeletal muscle composition and capillary density are associated with physical fitness

(Gravholt et al., 2001). Physical exercise is capable of transforming Type IIB fibres to Type

IIA fibres. Endurance training causes growth of new blood vessels, and the effect is dependent

on the type and the intensity of the training (Jensen et al., 2004). Prolonged and intense

endurance training results in an increase in the oxidative capacity of all fibres, but especially

the Type I and Type IIA muscle fibres (Kern et al., 1999). The latest research conducted by

Jensen et al (2004) on human skeletal muscle demonstrated that intense, intermittent,

endurance training causes an increase in endothelial cell proliferation, and subsequently, an

increase in the capillarization that is equally distributed around Type I and Type II fibres. This

capillary growth, which is transient, occurs within 4 weeks of training, and ceases to increase

further after 7 weeks of training.

Resistance training, with its emphasis on the development of strength, causes a substantial

degree of muscle hypertrophy (Andersen et al., 2003), and may or may not alter the capillary
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supply. Electrical stimulation causes an alteration in the proportion of fibre types and also a

change in the myosin heavy chain composition (Crameri et al., 2002), and a sizeable increase

in the capillarization.

Skeletal muscle is the primary tissue that controls glucose disposal (Kern et al., 1999).

Studies have shown abnormal skeletal muscle morphology in insulin resistance states, such as

obesity, impaired glucose tolerance, or Type 2 diabetes (Garg et al., 2000). Obesity causes

muscle hypertrophy, which is secondary to the increased body weight being carried (Toft et

al., 2003). Compared to normotensive individuals, hypertensive patients show skeletal muscle

capillary rarefaction and a lower proportion of Type I fibres (Askew et al., 2005). Congestive

heart failure patients have a higher percentage of fast- twitch fibres, and the sizes of the fibres

are reduced compared to healthy subjects (Kiilavuori et al., 2000). Physical training enhances

aerobic capacity and metabolism in patients with congestive heart failure (Kiilavuori et al.,

2000). Mammalian aging causes a decline in muscle strength, a decreased muscle mass, and

atrophy of muscle fibres, and decrements in physical activity (Hagerman et al., 2000).

Studies on the adaptive response of skeletal muscle are often limited by a small sample

size, and some studies are difficult to conduct due to the nature of the disorder or the

environmental conditions. The present study proposes to overcome theses limitations by using

a composite database on the capillary supply of human skeletal muscle by conducting

"virtual" experiments that were not possible previously in vivo. Using this database, we intend

to pursue the following objectives:

1. to examine differences in capillarization between young and old individuals;

2. to examine differences in capillarization between healthy and diseased individuals;

3. to analyze the differences in capillarization between untrained, endurance trained,

endurance well-trained, and resistance trained.
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2.0 REVIEW OF THE LITERATURE

2.1 INTRODUCTION

Only during the last 400 years have we discovered that blood flows in a cycle around the

body. Before the 17* century, scientists thought that the liver produced the body's blood, and

that this blood was then sent to the heart to become warm, and that it was consumed by the

various tissues of the body. In 1628, English physician William Harvey successfully

demonstrated that the blood within an organism was in constant circulation, passing out from

the heart, through the arteries, to all the various organs and returning through the veins. Mostly

scientists believe that he discovered and extended early Muslim medicine, especially the work

of Ibn Nafis, who had laid out the principles of the major arteries and veins in the 13* century.

Harvey also pointed out the irrationality of the old system of belief, described above. Harvey's

theory was soon proven correct, and became the foundation of modem medical science. Using

only methods of observation and experimentation, Harvey could only theorize on how the

transfer of blood from artery to vein occurred as he was unable to directly distinguish the

capillary network. About 50 years later, Malpighi, (and at about the same time,

Leeuwenhoek), discovered that the connection between the smallest branches of the arteries

and the veins was not through random cavities between the organs, but by a network of

extremely fine vessels - the capillaries, which were visible only under the microscope. The

main nutrient artery to any given organ, branches several times before forming arterioles,

which are less than 20 |im in diameter; these, in turn, branch to form capillaries. The capillary

system of each organ is specifically organized to serve that organ's own special needs

(Guyton, 1992).
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FIGURE 1: THE HUMAN CIRCULATORY SYSTEM

From: http://users.rcn.eom/jkimball.ma.ultranet/BiologvPages/C/Circulation.html
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2.2 THE CAPILLARY

The capillaries are the smallest of the body's blood vessels. They connect arteries and veins,

and provide the greatest interaction with tissues. The diameter of the capillary is 4 to 9 |Lim,

which is barely large enough for the red blood cells to squeeze through them. About 10 billion

capillaries, with an estimated total surface area of probably 500 to 700 square meters

(approximately the surface area of a football field), are present in the whole body.

Capillaries have walls made up of a single layer of highly permeable endothelial cells. This

layer is so thin that molecules, such as oxygen, water and lipids, can pass through them easily

by diffusion to enter the tissues. The endothelium also actively transports nutrients,
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messengers, and other substances. The total thickness of the capillary wall is about 0.5

micrometer. The wall on the outside is surrounded by a basement membrane which has

capillary pores (Guyton, 1992).

FIGURE 2: THE STRUCTURE OF THE CAPILLARY

From: http://www.biosbcc.net/blOOcardio/

^ ^» Pores
(betv\een cells)

Endothelial
ce

Lumen

2.2.1 Capillaries structure and function

Capillaries consist of a single layer of endothelial cells and a basement membrane. The

capillary endothelium is permeable to blood-interstitial fluid exchange. The capillaries with

fenestrations (pores in the endothelial cells) allow more rapid transport of larger molecules

and fluid than the capillaries that have continuous endothelium.

The capillaries serve to accomplish the most important function of the circulatory system,

namely, the exchange of nutrients and cellular excreta between the tissues and the circulating

blood. Every cell of the body is no more than 20 to 30 microns away from a capillary so that

each cell can receive adequate nutrients and oxygen from the capillaries (Guyton, 1992).

2.2.2 Type of Blood Capillaries

Capillaries are classified according to the type of endothelial cells, e.g., continuous

endothelial cells, fenestrated endothelial cells, and discontinuous endothelial cells (Niiyama et

al.,2003).
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a) Continuous Capillaries: These capillaries have a continuous basement membrane, and are

found in muscles, connective tissue, exocrine glands, and nervous system.

b) Fenestrated Capillaries: These capillaries have 60-80 nm pores through the endothelial

cells, which allow the rapid transport of macromolecules across the endothehum. These

capillaries are commonly found in kidney, intestines and endocrine glands.

c) Discontinuous Capillaries: These capillaries usually have large diameters, large "pores"

between the endothelial cells, and a discontinuous basement membrane. These are located

in liver, bone marrow and spleen.

2.2.3 Blood Flow in the Capillaries

The "capillary bed" is comprised of a network of capillaries supplying the cells of an

organ. The more metabolically active the cells, the more capillaries are required to supply the

nutrient demands of the cells. Blood usually does not flow continuously through all the

capillaries of a tissue, but flows intermittently, turning on and off every few seconds or

minutes, and is regulated, in part, by the concentration of oxygen in the tissues. When the rate

of oxygen consumption is increased, blood flow is more or less continuous, with the duration

of each period of blood flow lasting for a longer time to allow the blood to carry sufficient

oxygen and other nutrients to the tissues (Guyton, 1992),

2.3 ANGIOGENESIS

Angiogenesis, the formation of new capillaries from the existing capillaries (Prior et al.,

2004), occurs physiologically in response to increased demand, and also under pathological

conditions, like tumour growth, diabetic retinopathy, inflammation, and pulmonary disease.

Angiogenesis involvement under normal physiological conditions, like ovarian cycling.
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placental development, and exercise training, has been explored, but only to a limited extent.

About 200 years ago, Hunter (1794) noticed the growing vessels in healing wounds and

embryos from blood masses and enlargement of carotid arteries in deer. Clark (1918) first

demonstrated the role of blood flow in capillary growth on tadpole tails. Later, Clark (1940),

using the rabbit's ear chamber model, showed that capillaries with high blood flow gradually,

over a period of many weeks, changed to arterioles and venules by apposition of fibroblasts,

which eventually changed into the smooth muscle cells. There are two primary mechanisms by

which angiogenesis takes place: intussusception and sprouting.

a) Capillary intussusception refers to the process by which a single capillary splits into two

capillaries from within, by the formation of a pillar-like structure on the luminal side of the

capillary (Prior et al., 2004). Research has demonstrated that capillary intussusception is the

primary method of capillary formation during development. Hudlicka and colleagues have

made a major contribution in the understanding of the process of angiogenesis in muscle,

examining changes when challenged by elevated blood flow, stretch, and muscle contraction.

Their future research work will make our understanding of the intussusception method of

capillary formation more apparent.

b) Capillary sprouting refers to the process in which activated endothelial cells branch out from

an existing capillary, extending through the surrounding matrix to form tube-like structures.

2.3.1 Angiogenesis in Skeletal Muscle

In the late 20'*^ century, between 1975 and 1990, Hudlicka, investigated the alterations in

adult microvascular beds to chronic metabolic demands, such as those imposed by muscular

exercise (Skalak, 2005). Over this time period, it was accepted that endurance training results

in an increased capillarity in adult skeletal muscles (Hudlicka et al., 1992). The formation of
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new capillaries enhances the microvascular bed capacity to supply the metabolic requirements

of the increased contractile activity of skeletal muscles.

2.3.2 Vascular Adaptations with Exercise

a) Flow Capacity Increases: Exercise training of specific muscles can increase the blood

flow capacity of the muscles (Laughlin et al., 1996; Mackie and Terjung, 1983). Experiments

have provided substantial proof that the increase in blood flow through a major artery results

in the enlargement of the vessel. Hounker and coworkers have reported that the subclavian

arteries of the dominant arms of selected tennis players and athletes with paraplegia exhibited

larger diameters than the contralateral and control group arteries (Hounker et al., 2003).

b) Muscle Capillarity Increases: Training, particularly endurance training, significantly

increases muscle capillarity (Hudlicka et al., 1992). The increase in muscle capillarity

enhances blood-tissue exchange properties by increasing the surface area for diffusion,

shortening the diffusion distance within the muscle, and by increasing the time for diffusive

exchange between blood and tissues. Experiments on humans (Richardson et al., 1999), dogs

(Hepple et al., 2000), and rats (Yang et al., 1994) have shown that there is an increased oxygen

exchange capacity in the trained muscles.

2.3.3 Factors implicated in Angiogenesis in Skeletal Muscles

a) Growth Factors: Vascular endothelial growth factor (VEGF) is a potent mitogen of

endothelial cells that has been implicated in the angiogenic response to exercise. Experiments

have revealed that VEGF plays an important role in the sprouting process of angiogenesis.

VEGF binds to two primary receptors on the endothelial cell: VEGFRl, an fms-like tyrosine

kinase (Flt-1) receptor, and VEGFR2, originally termed the fetal liver kinase (Flk/KDR)

receptor. VEGFR2 stimulates endothelial cell proliferation, migration, and differentiation in

most cell cultures (Bematchez et al., 1999).
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b) Hypoxia: Hypoxia has been found to be one of the most potent stimuli involved in the

initiation of capillary angiogenesis in many cells. The process by which the hypoxia in the cell

leads to the activation of hypoxia inducible factors (HIFS) 1 alpha and beta is still not

completely understood (Jiang et al., 1996; Semenza, 2001). These factors enhance the

transcription of "hypoxia-sensitive" genes, such as VEGF (Ladoux and Frelin, 1993; Shweiki

et al., 1992). While most of the experiments using adult rodents have shown that the capillary

density of skeletal muscle remains unchanged under hypoxic conditions (Bigard et al., 1991;

Sillau et al., 1980; Synder et al., 1985, 1992), hypoxia has been shown to lead to an increased

capillary density in the skeletal muscle of hatching Canada geese (Synder et al., 1984), and

stimulates capillary growth in chicken/quail embryos (Dusseau and Hutchins, 1988; Yue and

Tomanek, 1999; Strick et al., 1991). However, there is still controversy regarding the degree to

which hypoxia stimulates angiogenesis, and its role can vary between species, and between

various tissue types (Haas, 2002).

c) Shear stress and mechanical stretch: Dawson et al. (1993) recommended that an

increased blood flow velocity causes a change in the shear stress in the capillaries, an

important stimulus for capillary growth. Shear stress acts directly on the endothelial cell

luminal surface and activates potassium channels, which causes hyperpolarization and calcium

influx, and in turn, initiates the intra-cellular signalling pathways that increases nitric oxide

(NO) formation (Traub and Berk, 1998). It has been shown that chronic vasodilatation, in the

absence of an increased metabolic activity, can lead to angiogenesis within rat glycolytic and

oxidative skeletal muscles (Dawson and Hudlicka, 1989; Ziada et al., 1984).

Stretch/overload of skeletal muscle causes sarcomere lengthening, which stimulates muscle

hypertrophy, and in some cases, hyperplasia (Kelly, 1996; James, 1981; Egginton et al., 1998).

In contrast to the endothelial-specific effect of blood flow-induced shear stress, the stretch of a

skeletal muscle affects all cells within the muscle.



si>vK;cf ':M^m miM0mn'

.i"W}S. r

.i^'^-> . ik -/ sii.Uxhi'AiitPl „,



2.4 METHODS TO DETECT CAPILLARIES IN SKELETAL MUSCLE

In his early experiments on the capillary supply of skeletal muscles, Krogh (1920)

demonstrated the capillaries by injecting a dark colour medium (India ink and gelatin) into the

vascular system of animals, which then hardened, and allowed the vessels to be seen with

great clarity. With this method, he was able to show the course of the capillary network in the

stomach of frog. In order to show whether the capillaries were open or closed, he injected the

muscles of animals with a suspension of microscopic black particles. The suspension was

made up of either India ink or Prussian blue. "When the animal was killed shortly afterwards,

India ink was found in those capillaries which were open at that particular moment, while the

others were not visible" (Krogh, 1920). With advancement in technology, several new

methods have been developed to visualize the capillaries in skeletal muscles (Table 1).

TABLE 1: VISUALIZATION METHODS FOR CAPILLARIES

1) INJECTION METHODS

a) Variations of Krogh 's original dye perfusion technique

b) Perfusion with Silicone Elastomers

2) STAINING METHODS

a) a-amylase - periodic acid Schiff (PAS) staining

b) Myofibrillar adenosine tri[-phosphatase (mATPase at pH 3.7-3.9) staining

c) Rosenblatt dual capillary - fibre type staining

3) IMMUNO-HISTOCHEMICAL METHODS

a) Von Willebrand factor (vWF) staining

b) UlexEuropaeus Agglutinin Ilectin (UEA-1) staining

c) Collagen type IV staining

d) Laminin staining

4) DOUBLE STAINING

a) Double staining for Anti-UEA-1 and Anti-collagen type IV

5) MONOCLONAL ANTIBODY METHODS

a) CD31 Antibody

b) Ki-67 Antibody

6) ELECTRON MICROSCOPY

10
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2.4.1 Injection Methods

a) Variation of Krogh's original perfusion technique: The substances like tryphan blue,

graphite, methylene blue, Congo red, Berlin blue were suggested to be ideal as injection

media. However, the disadvantage with the injection method is the potential for an incomplete

filling of the blood vessels. ^^

b) Silicone elastomers: Silicone elastomers have physico-chemical properties, which make

them particularly suitable as a microvascular injection media. When the elastomer is injected

following perfusion with a potent vasodilator, complete filling of the capillary bed occurs

(Plyley and Groom, 1975).

2.4.2 Staining Methods

a) Amylase-periodic acid Schiff (PAS) staining: PAS staining has been the most frequently

used method in the study of the capillarization of human skeletal muscle. The PAS staining

method is based on identifying the mucopolysaccharide component of the capillary basement

membrane and the muscle fibre sarcolemma. Hence, both the capillaries and muscle fibre

borders can be visualized with a single stain. But the staining method often yields "patchy"

results because of the variation in amylase activity, which is influenced by the incubation time

(Andersen 1975).

b) Myofibrillar adenosine triphosphatase (mATPase) staining: This staining method has

long been used to classify human muscle fibres into the various known types, i.e., Types I,

HA, IIB and IIC. Muscle cross-sections were stained for mATPase after alkaUne (pH 10.3)

and acid (pH 4.3 and 4.6) preincubations (Brooke MH and Kaiser KK, 1970). However, the

same method after acidic pre-incubation at pH 3.7 results in the identification of capillaries

through the staining of alkaline phosphatase in the capillary wall.

11
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c) Rosenblatt Staining: The Rosenblatt staining method is a modified mATPase staining

method. This lead-based stain was developed to simultaneously visualize both the capillaries

and the fibre types (Rosenblatt et al., 1987).

2.4.3 Immuno-Histochemical Methods

Various immuno-histochemical methods have been developed to stain human skeletal muscle

capillaries (Paljarvi and Naukkarinen 1990; Parsons et al. 1993; Sender et al. 1994; Madsen

and Holmskov 1995).

a) Von Willebrand factor (vWF): vWF is a well-known marker of endothelial cells of blood

vessels (Mukai et al. 1980). It is based on staining the endothelial cells of human skeletal

muscle (Warhol and Sweet 1984; Sender et al 1994); however, under certain conditions, vWF

staining cannot be demonstrated in some endothelial cells (Holthofer et al.l982; Stephenson et

al 1986).

b) Ulex Europaeus Agglutinin 1 lectin (UEA-1): UEA-1 stain is a more reliable and

sensitive endothelium marker than vWF (Sehested and Hou-Jensen 1981; Stephenson et al

1986). However, UEA-1 staining does not reveal the capillary borders clearly, which can be

an issue in specimens that have smaller muscle fibres and fewer capillaries.

c) Collagen type IV: Collagen type IV immuno-histochemical staining is a recent technique

used to identify the basement membrane of the capillaries in human skeletal muscle (Madsen

and Holmskov 1995). This technique also reveals the muscle fibre borders clearly, so it is

suitable for use with computerized image analysis systems.

d) Laminin Staining: The visualization of capillaries by this method is performed by

immuno-staining against laminin alpha-5 chain, a major component of the basal lamina of the

12
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endothelial cell. This method provides enough capillary specificity and contrast to be used

with a computerized image analysis system (Kadi etal., 1998).
<

'

2.4.4 Double Staining Methods

In the so-called Double Staining method, both anti-UEA-1 and anti-collagen type IV

antibodies are employed to allow staining of both capillaries and muscle fibre borders on the

same section. According to the researchers, the double staining method is superior to either the

UEA-1, collagen type IV or the traditional amylase-PAS staining methods for visualizing the

capillaries of normal human skeletal muscle (Andersen 1975; Parsons et al. 1993; Sender et al.

1994; Madsen and Holmskov 1995). , - r. .
f

;,v ,

2.4.5 Monoclonal Antibody Methods

a) CD-31 antibody: CD-31 is cell-specific monoclonal antibody that can be used to directly

identify endothehal cells in histological sections (Duscha et al., 1999). CD-31 is regarded as

the most sensitive and specific marker for endothelial cells.

b) Ki-67 antibody: Ki-67 antigen is a prototypic cell cycle related nuclear protein, which is

expressed by proliferating cells in all phases of the active cell cycle (Gl, S, G2 and M phase),

and is absent in resting (GO) cells. Ki-67 antibodies are useful in establishing the cell-growing

fraction in neoplasms. ^

2.4.6 Electron Microscopy

In the 1930s, Ruska built the first electron microscope (EM), using electromagnetic lenses to

focus the electron beam. The electron gun, lens and camera systems are enclosed in an

evacuated column, into which a thin specimen is introduced. It is considered the best method

for obtaining the anatomical maximum number of capillaries in skeletal muscles, the EM is

expensive, and there is only a limited field of view within which to count the capillaries.

13
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2.5 SKELETAL MUSCLE

Skeletal muscle comprises 40-50% of total body mass (Figure 3). Skeletal muscle, a type of

striated muscle attached to various bones making up the skeleton. Skeletal muscle is composed

of elongated, cylindrical shaped and multi-nucleated cells (termed fibres). The nuclei of these

cells are peripherally located, just under the plasma membrane, with the majority of the

muscle fibre being filled with myofibrils (contractile apparatus). These muscles usually have

one end (the "origin") attached to a relatively stationary bone (such as the scapula) and the

other end (the "insertion") attached across a joint, to another bone (such as the humerus).

Skeletal muscles are used to facilitate movement, by applying force to bones and joints, via

contraction. They generally contract voluntarily (via nerve stimulation), although they can

contract involuntarily.

FIGURE 3: STRUCTURE OF A SKELETAL MUSCLE
From: http://training.seer.cancer.gov/module anatomy/unit4 2 muscle structure.html
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2.5.1 Types of fibres in skeletal muscle

Skeletal muscle is a heterogeneous tissue comprised of functionally diverse fibre types (Staron

1997). As suggested by Peter et al. (1972), skeletal muscle fibre types are routinely described

14
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by their twitch characteristic and predominant metabolic pathway (Table 2). While some

researchers describe several sub-types of fibres, basically three fibre types are usually defined:

i) Type I- slow twitch oxidative (classical red fibre), (ii) Type 11 A- fast twitch oxidative

glycolytic (classical intermediate fibre), and (iii) Type IIB- fast twitch glycolytic (classical

white fibre). Dubowitz (1985) described the three distinct types of fibres present in human

skeletal muscles as: Type I fibres - slow twitch fibres, characterized by a slow developing

twitch, modest force development and a high resistance to fatigue. These fibres are rich in

enzymes related to the oxidative metabolism, and have a dense capillary network that is

required to provide the required oxygen supply and to remove the metabolites produced from

metabolism. Type II - fast twitch fibres are generally sub-divided into IIA and IIB fibres. Type

IIB fibres are fast glycolytic fibres, rich in glycolytic enzymes, with a decreased concentration

of oxidative enzymes. These fibres develop a high level of contractile force very quickly, but

lack resistance to fatigue. The type IIA fibres are fast oxidative glycolytic fibres with

intermediate metabolic properties between type I and IIB fibres. Theses fibres develop a

moderate level of force quickly and have considerable fatigue resistance. In addition to these

major fibre types, the histochemistry of skeletal muscle also reveals a broad spectrum of Type

lie muscle fibres, i.e., fibres which exhibit intermediate metabolic and contractile properties

and are thought to be fibres in transition; the percentage of Type IIC fibres is low (< 0.5%)

(Kadi et al., 2000). This mixture of different fibre types enables the muscle to fulfill a variety

of functional demands ranging from maintaining posture to performing explosive activities

(Gerson et al., 2002). Muscle fibres possess the unique ability to change their phenotypic

profile in response to particular stimuli (Pette and Staron 2001).

15
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TABLE 2: SUMMARY OF MORPHOLOGICAL AND HISTOCHEMICAL
CHARACTERISTICS OF THE THREE FIBRE TYPES IN SKELETAL MUSCLE

(Modified from Plyley, 1975)

Characteristic
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FIGURE 4: THE CAPILLARY SUPPLY OF SKELETAL MUSCLE
From: http://nobelprize.org/medicine/laureates/1920/krogh-lecture.html

2.5.3 The Capillary Blood Supply of Skeletal Muscle in Longitudinal Section

The capillaries in the skeletal muscle of mammals run largely parallel to the longitudinal axis

of muscle fibres and exhibit a degree of tortuosity and branching that contributes to their

overall capillary length (Hepple 2000). The parallel nature of the capillary-muscle fibre

geometry allows cross-sectional analysis of the capillary contacts (mean number of capillaries

surrounding a fibre) for individual muscle fibre, which ranges from 3.2 (cat tongue) to 4.0 (rat

soleus) (Plyley and Groom, 1975). This anatomical arrangement results in very short diffusion

distances, leading to an efficient exchange of gases and other molecules between the blood

and the myocytes.

2.5.4 The Capillary Supply of Skeletal Muscle in Transverse Section

Krogh (1999a, b) performed the first quantitative studies of the spatial arrangement of

capillaries in transverse sections of muscle. In 1929, he expressed an appeal for the study of

"quantitative anatomy". Since that time, many scientists were attracted towards the

quantitation of the capillary: fibre geometry in skeletal muscle.

17
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FIGURE 5: Mean number of vessels surrounding fibres in muscles of cat and frog. This

number is relatively constant in spite of a 23-fold range of fibre cross-sectional area

(from Plyley and Groom, 1975).
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FIGURE 6: Theoretical Capillary - Muscle Fibre Arrangements in Transverse Section

I. Square Lattice Arrays

Arrangement A Arrangement B

o'o'a.
• _•

OjO
II. Hexagonal Lattice Arrays

Arrangement C Arrangement D

OAq
2.6 QUANTIFICATION OF CAPILLARIES

In 1929, Krogh initiated the first studies to quantitatively describe the capillary supply of

skeletal muscle. The first measure suggested by Krogh was the capillary density (CD), i.e., the

number of capillary cross sections per mm in a transverse section of muscle. This global

index of capillary supply is easy to obtain from a stained cross-section of a muscle sample.

The CD index can also be used to calculate Krogh' s maximum diffusion distance, i.e., the

average distance that oxygen and nutrients must diffuse into, and waste products out of, the

centre of a muscle fiber. But as the capillaries in skeletal muscle are located outside the

sarcolemma of the fiber, the CD index is subject to change wherever fiber size is altered, as

occurs with hypertrophy and atrophy, or as a result of section shrinkage during histological

processing, even though the actual number of capillaries did not change (Mathieu-Costello,

1993; Plyley, 1990).
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For the quantitative description of muscle capillarization, the second global index often

used is the capillary-to-fiber ratio (C:F) (Mathieu-Costello, 1993). This index is used to

"correct" the CD measurements for any changes in fibre size. It is calculated as the capillary

density divided by the fiber density (FD) for the same muscle cross section (i.e., CF = CD/FD)

(Plyley, 1990). A drawback of the capillary-to-fibre ratio is that it does not take into account

the diffusion distance (Plyley, 1990; Mathieu-Costello, 1993). As global indices of

capillarization, neither CD nor C:F provides information concerning the capillary supply of

individual muscle fibers (Plyley, 1990).

Plyley and Groom (1975) proposed the idea of quantifying the capillary supply to an

individual muscle fiber by measuring the sharing factor (SF). SF represents the number of

fibres being shared by a given capillary (Mathieu-Costello, 1993), and can be calculated from

the equation: SF = CC/C:F, where CC is the number of capillary contacts and C:F is the

capillary to fibre ratio (Hepple, 1997). The SF may be changed as an effect of angiogenesis

(Aquin et al., 1980; Poole and Mathieu-Costello, 1996) or capillary degeneration (Plyley and

Groom, 1975). The SF index should be kept in mind when examining potential alterations in

the capillary-fiber geometric arrangement.

Because capillaries are located on the periphery of the muscle fiber, and represent

independent sources of oxygen supply for the fiber, the capillary supply can be quantitated by

counting the number of capillary cross sections located around the perimeter of each

individual muscle fiber. This index, the mean number of capillary contacts per fiber (CC),

takes into account the supply of each individual muscle fibre (Plyley and Groom, 1975), and

yields a distribution of values with a mean and a standard deviation. Similarly, the number of

fiber contacts per fibre cross section (FC) yields a distribution of values with a mean and a

standard deviation. Both CC and FC are necessary to completely describe the capillary-

muscle fiber arrangement in a muscle at any given time (Adolfsson, 1986; Plyley and Groom,

1975). The CC, FC, and C:F indices do not provide any information on the effect of changes

in fiber size on the capillary supply, and therefore provide no information on the diffusion

distance.

20
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Andersen (1975) proposed describing the capillary supply of individual muscle fibres by

assessing the number of capillary contacts for any given fibre divided by the cross sectional

area (FA) of the fiber, i.e., CC/FA. This is an ideal index of capillary supply in that CC

represents the physical development of new capillaries and CC/FA reflects changes in fiber

dimensions and any potential effects on diffusion distance (Andersen and Henriksson, 1977;

Brodal et al., 1977; Green et al., 1989; Ingjer, 1979a; Ingjer, 1979b; Schantz, 1983). The

number of capillary contacts relative to fiber area has been used in many studies to describe

the capillary supply of human skeletal muscle (Hudlicka, 1985). This measurement is helpful

because it includes changes in both the capillary supply and FA of individual fibers, both of

which can be altered by physical training (Hoppeler et al., 1985; Ingjer, 1979).

Figure 7: Schematic Elustration of the Quantification of the Capillary Supply

of Skeletal Muscle including the Variables - CC, SF, and C/Fi.

Vie¥ii^ng aid.

SF = S

OC«^

0Fi

-2.17

In the calculations for the individual fibre in the lower right - there are 6 capillaries

surrounding the fibre (i.e., CC = 6), of which 5 capillaries are being "shared" by 3 fibres

(i.e., SF = 3 for these capillaries) and the other 1 is being "shared" by 2 fibres (i.e., SF = 2

for this capillary), yielding an average SF of 2.83 (5x3 + 1x2 divided by 6). The

individual capillaryifibre ratio (C/Fi) is calculated as the sum of the proportional

contributions to the fibre (i.e., 5 x 0.33 + 1 x 0.5 = 2.17) (modified from Hepple, 1997).

The capillary - sarcolemma interface represents the single greatest site of resistance to

oxygen flux into a fibre, and therefore, an expression of the capillary supply based upon fibre
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area may not truly reveal the magnitude of the changes in the capacity for oxygen flux,

particularly if major changes in fiber size or shape accompany the changes in the capillary

supply. Hepple (1997) suggested a new measurement to describe the capillary supply of

individual muscle fibres-the ratio of the fiber perimeter to the individual capillary-to-fiber

ratio (P/C:Fi). This index is a two-dimensional measurement which describes the capillary

supply, as measured by the individual capillary: fiber ratio (C:Fi) in relation to the fibre

perimeter (P), which would be surface area in three dimensions. Hepple (1997) indicated that

the P/C:Fi, when used in training studies, provides a measure of the capillary supply that,

together with the various area-based measurements, facilitates a more accurate and compre-

hensive interpretation of the effect of changes in the capillary supply when fiber size is changed.

The latest method used for quantitating the capillary supply is the use of stereology coupled

to automated image analysis systems. Stereology is described as a "body of mathematically-

based methods that derive three-dimensional information from random sections" of the tissue.

Stereological techniques can be used to identify changes in the capillary supply which occur

due to increased anastomoses (cross connections) between the parallel capillaries. All stereo-

logical measures are global measures of the relationship between capillaries and muscle fibres.

TABLE 3: VARIABLES DESCRIBING SKELETAL MUSCLE CAPILLARIZATION
(Modified from Plyley, 1989, Harris, 2005)

A. GLOBAL PARAMETERS

1) CAPILLARY DENSITY (CD)

• Number of capillary profiles per unit area of muscle (caps mm'^).

• Little information on capillary supply to individual fibres.

• Dependent on fibre size and sensitive to fibre size changes.

2) CAPILLARY TO FIBRE RATIO (C:F)

• Number of capillary profiles per number of fibre profiles (caps fibre '^).

• Little information on capillary supply to individual fibres.

• Not effected by fibre size changes, but dependent on capillary - fibre geometry.

3) STEREOLOGY (THREE-DIMENSIONAL MODELLING

• Information on longitudinal capillary geometry can be obtained.

• Little information on capillary supply to individual fibres.
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B) LOCAL PARAMETERS

1) CAPILLARY CONTACTS PER FIBRE (CC)

• Numbers of capillaries in contact with an individual fibre.

• No information on the effects of fibre type size.

2) FIBRE AREA DIVIDED BY CAPILLARY CONTACTS (FA/CC)

• The average FA divided by the number of capillaries in contact with a fibre.

• Reflects changes in fibre cross-section dimensions.

3) PERIMETER DIVIDED BY INDIVIDUAL CAPILLARYiFIBRE RATIO (P/C:Fi )

• Fibre perimeter divided by the individual capillary:fibre reatio of the fibre.

• Based on the fact the greatest barrier to diffusion is the fibre sarcolemma.

• Reflects changes in both capillary supply and fibre size.

4) SHARING FACTOR (SF)

• Number of fibres sharing each capillary.

• Indication of how the fibres share capillaries.

• Indication of the relative positioning of a capillary within the muscle fibres.

2.7 FACTORS THAT MODIFY SKELETAL MUSCLE CAPILLARIZATION

2.7.1 Endurance Training

Endurance training promotes an increase in the vascular conductance of skeletal muscle,

indicating an expansion of the whole vascular bed, both functionally and structurally,

including an increase in the capillary supply to skeletal muscle (Hudlicka et al. 1998) and

development of the oxidative capacity of all muscle fibres, especially that of the slow twitch

fibres. Extreme endurance training in animal models appear to result in the transformation of

Type IIB into Type IIA fibres, and eventually results in the predominance of Type I fibres at

the expense of the Type II fibre population (Rather et al., 1991).

2.7.2 Acute Responses of Skeletal Muscle to Exercise

Several adaptation pathways that have recently been implicated as playing a role in angio-

genesis are described below; while the research is relatively new, these pathways potentially

provide the "missing link: between activity and the development of new capillaries via

angiogenesis.
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a) The mitogen-activated protein kinase signaling pathway: Signal transduction promoted

adaptation in skeletal muscle is initiated by many inter-dependent factors, such as ATP,

glycogen, increased muscle lactate concentration, impaired oxygen flux, decreased muscle and

blood pH (Hawley, 2001). Recently, mitogen activated protein kinase (MAPK) activation has

been proposed as a possible mechanism involved in the regulation of many of the exercise-

induced adaptations in skeletal muscle (Aronson et al., 1997; Wretman et al., 2000). MAPK is

a family of extra-cellular signal-regulated kinases, including ERK 1/2 and p38. These kinases

act as the intra-cellular messengers linking muscle activity to adaptation (Hill and Tresiman.,

1995). .

'

'

' ----.

b) The AMP-activated protein kinase pathway: Li addition to the MAPK signal pathway,

AMP-activated protein kinase (AMPK) is involved in transcriptional regulation through the

up-regulation of the genes that are responsible for glucose uptake and substrate metabolism in

skeletal muscle (Holmes et al., 1999; Winder et al., 2000).

2.7.3 Chronic Response of Skeletal Muscle to Exercise

The dual requirements to deliver adequate amounts of oxygen and other nutrients to the cells,

and to provide a route for the rapid removal of excess hydrogen ions, are functions that

"drive" the need to develop an expanded capillary network that is efficiently organized to

perform these functions.

a) Substrate metabolism: Endurance training in well-trained athlete's results in an adaptation

by which muscle glycogen stores are "preserved" by a change to an increased fat metabolism

(Hawley, 2001) during sub-maximal, standardized exercise compared with untrained

individuals (Hermansen et al., 1967). In addition, endurance training results in a reduction in

the production, uptake, and oxidation of plasma glucose during both moderate (Coggan et al.,

1990) and intense exercise (Coggan et al., 1995).
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b) Acid-Base Status: The maximum sustainable power output of an individual is related to the

lactate threshold (Coyle et al., 1988). During steady state exercise, the blood/plasma lactate

concentration remains unchanged as the rate of lactate disposal is greater than, or equal to, the

rate of production. Compared to untrained individuals, endurance trained athletes have a

higher capacity to transport lactate across the sarcolemma (Pilegaard et al., 1994). The highest

lactate transport values are seen among the endurance trained athletes who have included

high-intensity anaerobic workouts into their training regimens (Pilegaard et al, 1999).

2.7.4 Resistance Training

Resistance training differs from endurance training in that resistance training emphases the

development of strength via short, intensive, repeated bouts of isotonic muscle contractions

(Andersen et al., 2003). Resistance training consists of a number of contractions at maximal

capacity, while endurance training consists of many sub-maximal contractions (Wang et al.,

1993). Resistance training causes an increase in muscle fibres cross-sectional area

(hypertrophy), with the enlargement being more pronounced in Type II fibres than in Type I

fibres (Hather et al., 1991). Heavy resistance training causes an increase in muscle force

production of all major fibre types, along with an increase in the number of myofibrils,

mitochondria, and lipid droplets (Wang et al., 1993). Progressive resistance training leads to a

significant increase in muscle strength, and has been shown to alter the skeletal muscle

composition of patients with peripheral arterial disease (Michael et al., 2001). Elastic

resistance training appears to promote similar muscular adaptations to those seen with

traditional resistance training (Hostler et al., 2001). Hepple et al. (1997) reported that both

aerobic and resistance training results in similar increases in V02max in an elderly population.

Kadi et al. (1999) demonstrated that there is an increase in the activity of satellite cells, i.e.,

undifferentiated myogenic cells that lie under the basal lamina of the skeletal muscle fibre, in

the hypertrophied resistance-trained trapezius muscle. They proposed that the resistance training

probably causes activation and proliferation of the normally quiescent satellite cells, which leads

to then- fusion with pre-existing fibres to cause hypertrophy or the formation of new fibres.
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2.7.5 Electrical Stimulation

Electrical stimulation activates all fibre types in skeletal muscle and causes much faster

capillary growth than endurance training. External electrical stimulation causes activation of

all muscle fibres by initiating action potentials in all intramuscular nerve branches (Theriault

et al., 1996). Experiments have demonstrated that chronic electrical stimulation causes an

increase in the diameter of capillaries, a transient widening of arterioles, but no changes in the

venules. Electrical stimulation causes an increase in the oxidative capacity and mean number

of capillaries supplying Type II fibres, but with only minimal muscle fibre hypertrophy (Perez

et al., 2002). Paralyzed human muscles have shown improvements in functional capacity and

oxidative metabolism after 10 weeks of electrical stimulation (Crameri et al., 2002).

2.7.6 Detraining

Muscular detraining occurs after a period of marked reduction in physical activity or

training cessation. Experiments have demonstrated that a loss of muscle capillarization occurs

when a muscle is detrained. Klausen et al. (1981) confirmed previous observations that V02max,

C:F, and fibre cross-section area decrease significantly towards pre-training values with an 8

week period of detraining. In athletes, a decrease in muscle CD is observed after 2-3 weeks of

training cessation, and a reduction in V02max is observed in individuals undergoing a long-

term stoppage of training (Mujika and Sabino, 2001). However, in detrained individuals who

underwent long-term training, these muscle characteristics and capillarization remain above

sedentary values. Whereas, in detrained individuals who underwent short-term training, these

muscle characteristics and capillarization most often return to pre-training values. During the

initial weeks of inactivity, muscle fibre distribution remains unchanged, but after 8 weeks of

cessation of endurance-training, there is a decreased proportion of Type I fibres, a reduction in

muscle fibre cross-sectional area, and a large shift from Type IIA to Type IIB fibres (Mujika

and Sabino, 2001).
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TABLE 4: SUMMARY OF TRAINING RESPONSES
RELATED TO SKELETAL MUSCLE CAPILLARIZATION

TRAINING TYPE

A) ENDURANCE
TRAINING

B) RESISTANCE
TRAINING

C) ELECTRICAL
STIMULATION

im:

D) DETRAINING

EFFECT ON CAPILLARIZATION -

Consists of a number of contractions at sub-maximal capacity.

Increases capillary supply to all skeletal muscle fibres.

Increases oxidative capacity of all muscle fibres,

especially Type I fibres.

Increases V02max in an elderly population.

Extreme endurance training in animal models demonstrates

predominance of Type I fibres at the expense of Type 11 fibres.

Consists of a number of contractions at maximal capacity. c

Causes muscle hypertrophy and significant increase in

muscle strength.

Causes an increase in muscle fibres cross-sectional area, with

the enlargement more pronounced in Type II fibres than in

Type I fibres.

Increases V02max in an elderly population.

Probably causes activation and proliferation of quiescent

satellite cells.

Causes much faster capillary growth than endurance training.

Causes activation of all fibre types in skeletal muscle.

Causes increase in the oxidative capacity of all muscle fibres.

Activates muscle fibres by initiating action potentials in all

intramuscular nerve branches.

Causes an increase in the mean number of capillaries of Type II

fibres with minimal muscle fibre hypertrophy.

Causes an increase in the diameter of capillaries and a transient

widening of arterioles.

Causes loss of skeletal muscle capillaries.

Causes significant decreases in CD, C:F, FA, and V02max.

Causes decrease in proportion of Type I fibres and a large shift

from Type IIA to Type IIB fibres.

2.7.5 Heredity and Gender

The genetic influence on the proportion of Type I fibres has been shown to be about 50%.

Researchers have shown that in the sedentary state, there was familial resemblance for Type I
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fibre area, number of capillaries around Type I and Type IIA fibres, fibre area per capillary in

Type I and Type IIA fibres (Rico-sanz et al., 2003). Toft et al. (2003), in a recent study of a

large population with a wide range in age, BMI, and involvement in physical activity, found

that there was no major gender component in the fibre composition of skeletal muscle.

2.7.6 Obesity and Weight loss

Obesity causes insulin resistance in all the body tissues, and can lead to Type 2 diabetes

mellitus in susceptible subjects. It has been observed that the capillary supply to muscle (C:F)

was associated with insulin sensitivity (Kern, Simsolo and Foumier, 1999). Obese people have

a decreased proportion of Type I muscle fibres, and an increased proportion of Type IIB

fibres. Weight loss results in an increased capillarization and oxidative capacity in all fibre

types, without any change in the proportions of the various fibre types and their individual

cross-sectional areas.

2.7.7 Aging

It has been reported that there is only a small difference in the capillary supply of human

skeletal muscle between the young and the old individuals (Plyley, 1989). Cross-sectional

studies have shown that with advancing age, there is a significant reduction in muscle mass

and strength. Frontera et al. (2000) concluded from a longitudinal study of older men, that

after 12 years, there was a significant reduction in skeletal muscle isokinetic strength, cross-

sectional area, CD, C:F and % Type I fibres.

2.7.8 Activity

An increase in physical activity is associated with a lower cardiovascular morbidity and

mortality, as well as with a decreased incidence of Type 2 diabetes (Hedman et al., 2002). The
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ability to perform physical activity depends on the degree of physical fitness, the single best

measure for which is V02max. Physical activity, such as endurance training, can increase

V02max, and promotes an increased skeletal muscle capillarization (Saltin and GoUink 1983).

Hedman et al. (2002) found a significantly increased percentage of Type I fibres, fibre area,

number of capillaries around a fibre, and a decreased percentage of Type KB fibres, with

increased physical activity.

TABLE 5: SUMMARY OF FACTORS INFLUENCING CAPILLARIZATION

FACTORS EFFECT ON CAPILLARIZATION

HEREDITY
• Familial resemblance exists for Type I fibre area, number of

capillaries around Type I and Type IIA fibres, and fibre

area per capillary in Type I and Type IIA fibres.

GENDER

OBESTY

WEIGHT
LOSS

• No major gender difference exist in the fibre composition

of skeletal muscle.

• Capillary supply often reported as being less in females.

• Causes decreased proportion of Type I muscle fibres.

• Causes an increase proportion of Type IIB fibres.

• Causes an increased capillarization and oxidative capacity

in all muscle fibre types.

• No change in the proportions of the various fibre types

or their individual FA.

AGING
• Causes significant reduction in skeletal muscle isokinetic

strength, fibre CSA, percentage of Type I fibres, and C:F.

• Cross-sectional studies have shown that there is significant

reduction in muscle mass and strength with advancing age

ACTIVITY
• Causes increase in skeletal muscle capillarization.

• Causes significantly increase in percentage of Type I fibres,

FA, and number of capillaries around a fibre.

• Causes decrease in percentage of Type IIB fibres.

• Causes significant increase in VO2 max.
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2.8 DISEASES THAT MODIFY SKELETAL MUSCLE CAPILLARIZATION

Researchers have examined the alterations in the capillary supply of skeletal muscle to

determine the effects of various diseases and disease processes on muscle. The causes of the

capillary alterations in a disease state are complex, and in most cases still remain unknown.

However, it is not possible at present to conclusively decide whether a disease state actually

caused the alterations in the capillary supply of skeletal muscle, or whether the alterations in

the capillary supply of skeletal muscle caused the disease state, or whether the abnormalities

observed were due to the effects of both the disease state and/ or alterations in the physical

activity levels of the individual. Much needs to be investigated before we will be able to

resolve these issues.

2.8.1 Cardiovascular Diseases

a) Peripheral Arterial Disease (PAD) is a vascular disease in which there is a constriction of

arterial blood flow to the lower limbs. PAD results in intermittent claudication, a painful

condition resulting from the decrease blood flow, and associated with a reduced exercise

tolerance. Patients suffering from PAD have muscles that are characterized by smaller fibres, a

lower percentage of Type I fibres, and a lower capillary supply, than seen in the muscle of

healthy individuals (Askew et al., 2005).

b) Congestive Heart Failure (CHF) is a clinical syndrome with a complex patho-physiology

initiated by left ventricular dysfunction, often leading to systemic and pulmonary congestion,

and increased peripheral vascular resistance (Larsen et al., 2002). Patients suffering from

congestive heart failure have a low V02max, and a reduced exercise tolerance characterized

by an early onset of fatigue and lactic acidosis. Muscle biopsies in congestive heart failure

patients have shown adverse changes in muscle histochemistry, including a decrease in the

C:F, an increase in the Type IIC fibre proportion at the expense of both the Type I or IIA

30



"-fA.

'fv. i^K' 'f? i

v*i:* j'-im si
*

'b-^n-H -i^, M^sttm IMS^^ik 1o

iB:j'.frm -ttl: m :»i'^'i '<:> -:'s-::^: l<i

^i|>vn

k ' ;'i il* "^'

^'i5ii5« m *«;:

>:?:*f?i*:"io Sf"4 i^f'f cisi':j?!ii3^ .^iv

.

\'': ;>; ' ;'::.' j-v

in.;.M^

^mmJ) -mtmvu^&i iidi^'ji>&'^ Immkin-

'b^i ii'



fibres, a significant muscle fibre atrophy, and a reduced total muscle cross-sectional area

(Williams et aL, 2003).

c) Hypertension causes changes to several components of the vascular tree, especially the

arterioles and the capillaries. The ultrastructural examination of the skeletal muscle of

hypertensive patients showed no decrease in capillary numbers, but showed evidence of

capillary degeneration and destruction (Hernandez et aL, 1999). The basement membrane of

the capillaries was irregularly increased in width, and in some instances, it was duplicated.

d) Heart Transplantation is a survival procedure for patients with end-stage heart disease.

Heart transplant recipients exhibit a limited exercise capacity and a low VOimax.

Morphometric analyses of skeletal muscle structure following heart transplant (Lampert et aL,

1996) have shown that heart transplant recipients have qualitatively and quantitatively normal

mitochondria, but a considerable reduction in the extent of the capillary network.. . ^^ . .

,;

2.8.2 Neuromuscular Diseases

a) Chagas' Disease is endemic from the south of the Rio Grande to Patagoni, affecting around

18 million people. The disease is the result of a parasitic infection (Trypanosoma Cruzi) in

various tissues. Patients with advanced Chagas' Disease show capillary alterations in skeletal

muscle. The C:F, ratio as well as the number of capillaries in contact with Type I and ILA

fibres, were found to be lower in muscle from advanced Chagas' Disease patients (Torres et aL,

2004).

b) Myalgia: Many individuals in the general population and especially women in industrial

settings, experience myalgia, often localized to the neck and shoulder region. The patients

suffering from trapezius myalgia exhibit a significantly increased FA in the Type I fibres, a

deficiency of cytochrome oxidase c, which causes an "energy crisis" within the muscle cells, and

a low C:F that impairs oxygen delivery and removal of waste metabolites (Kadi et al., 1998).
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2.8.3 (ienetic Diseases

a) Congenital Generalized Lipodystrophy (CGL) is a rare, autosomal recessive genetic

disorder characterized by an almost complete absence of adipose tissue, a muscular

appearance, and a severe insulin resistance. Garg et al. (2000) concluded that the insulin

resistance in patients with CGL is associated with a high percentage of Type II muscle fibres,

and a significant reduction in the cross-sectional areas of both Type I and n fibres, with

skeletal muscle hyperplasia. :

b) Ullrich's Disease is a congenital, hypotonic-sclerotic muscular dystrophy (Ullrich, 1930),

with clinical findings that include a generalized muscle weakness and wasting, striking con-

tractures of the proximal joints, and hyperflexibiUty of the distal joints from an early infantile

stage. Immuno-histochemistry on muscle from patients with Ullrich's Disease has shown that

collagen VI is absent in the capillaries (Niiyama et al., 2003). Electron microscopy has revealed

capillaries with narrow lumens, large nuclei in the endothelial cells, and fenestrations.

c) Turner's Syndrome is a disease in which there is a total, or partial, absence of one X

chromosome in all, or part, of the body's cells. Patients exhibit a decreased final height, an

absence of female sex hormones, a reduced amount of male sex hormones, and infertility. The

patients with Turner's Syndrome also have an abnormal glucose tolerance, hyper-insulinemia,

and decreased insuUn sensitivity. Gravholt et al. (2001) demonstrated that women with

Turner's syndrome are characterized by an impaired glucose tolerance, insulin resistance, a

low physical capacity, and enlarged Type IIA muscle fibres.

2.8.4 Metabolic-endocrine diseases:

Diabetes: Type 2 diabetes is associated with an impaired utilization of glucose, resistance to

insulin-stimulated glucose uptake and disposal in selective tissues, and an inappropriate

secretion of insuUn to compensate for the tissue insuHn resistance. Under insulin-stimulated
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conditions, skeletal muscle is the principal site of glucose uptake, and muscle is responsible

for approximately 75% of glucose disposal (DeFronzo et aL, 1981). In type 2 diabetes, skeletal

muscle is the major site of insulin resistance, and defects in glucose transport. Diabetic

patients are reported to have reduced Type I and increased Type II fibres, coupled with a

reduction in the capillary density of skeletal muscle (Odile Mathieu- Costello et al., 2002).

2.8.5 Renal Diseases

Renal Failure: Both chronic and end-stage renal failure causes muscle wasting, muscle

weakness, and significant impairment of daily activities. Patients with renal failure exhibit

muscle fibre atrophy, a smaller cross-sectional area for all fibre types, a decreased C:F, and a

decreased number of contacts per fibre (Sakkas et al., 2003).

2.8.6 Pulmonary Diseases

Chronic Obstructive Pulmonary Disease (COPD): The most common disease manifestation

for patients with COPD is an impaired exercise tolerance. Jobin et al. (1998) demonstrated that

individuals with COPD exhibit a decrease in the capillarization of the vastus lateralis muscle,

i.e., a lower C:F, and a greater percentage of Type II fibres compared to normal subjects.

2.8.7 Dental Diseases

Cleft Palate: The human soft palate consists of different pairs of muscles, namely the

palatopharygeus, uvula, levator veli palatini (LVP), and tensor veli palatini. These muscles

perform a variety of complex functions, including controlling the shape and position of the

soft palate. The actions of the LVP muscle are mainly responsible for speech, breathing, and

swallowing. Lindman et al (2000) thoroughly investigated LVP muscle samples from infants

bom with cleft palate. The results clearly showed predominance of Type II fibres (64.9%) in

the infants bom widi cleft palate compared with adult LVP muscle (25.1% Type II fibres).
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This phenotypic modification of the infantile LVP muscle with cleft palate could be due to the

modified functional demands of the oropharynx during swallowing and tongue and jaw

movement patterns. There was also a higher percentage of Type IIC fibres and a lower

capillary density in the infantile LVP with cleft palate compared to the adult LVP muscle.

These observations are in agreement with previous findings that Type EC fibres are frequently

seen during muscle development and in relation to modified patterns of use.

TABLE 6: DISEASES THAT MODIFY SKELETAL MUSCLE CAPILLARIZATION

CARDIOVASCULAR DISEASES SKELETAL MUSCLE MODIFICATIONS

Peripheral Arterial Disease
Decreased capillary supply

Smaller fibre size

Decreased % Type I fibres

Congestive Heart Failure
Lower VO2 max
Decreased C:F

Increased % Type IIC fibres

Muscle fibre atrophy

Hypertension
Capillary degeneration

Capillary basement membrane irregular

Increased membrane increased thickness

Heart Transplant Recipients Decreased capillary supply

Lower V02max

NEUROMUSCULAR DISEASES

Chagas' Disease

SKELETAL MUSCLE MODIFICATIONS

• Decreased C:F

• Decreased CC for Type I and IIA fibres

Myalgia Increased FA for Type I fibres

Decreased C:F

GENETIC DISEASES

Congenital Generalized

Lipodystrophy

SKELETAL MUSCLE MODIFICATIONS

• Increased % Til fibres

• Decreased FA for Type I and II fibres
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J-i-L

Ullrich's Disease

Turner's Syndrome

METABOLIC/ENDOCRINE

Diabetes

• Fenestrated capillaries

• Capillaries with narrow lumen

• Endothelial cells have large nuclei

• Collagen IV missing in capillaries
;

• Enlarged TIIA fibres

SKELETAL MUSCLE MODIFICATIONS

• Decreased CD
• Decreased Type I fibres

• Increased Type II fibres

RENAL DISEASES

Renal Failure

SKELETAL MUSCLE MODIFICATIONS

• Decreased C:F

• Decreased FA and CC for all fibre types

• Fibre atrophy

PULMONARY DISEASES

Chronic Obstructive

Pulmonary Disease

SKELETAL MUSCLE MODIFICATIONS

• Decreased CD
• Decreased C:F

• Increased % Type II fibres

DENTAL DISEASES

Cleft Palate

SKELETAL MUSCLE MODIFICATIONS

• Decreased CD
• Increased % Type II fibres

• Increased % Type IIC fibres

2.9 SUMMARY OF THE REVIEW OF THE LITERATURE

The arteriolar component of the circulatory system gives rise to the capillary network.

Capillaries, the smallest of the body's blood vessels, function to provide a surface area for

exchange of nutrient and wastes for proper cell functioning. Under both physiological and

pathological conditions, new capillaries are formed from the existing capillaries and via

various processes termed "angiogenesis". Advancements in technology have allowed
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development of several new methods to visualize the capillaries in human skeletal muscle.

Various global and local parameters have been developed to quantitatively describe the

capillarization of skeletal muscle. The quantification of the capillary network in human

skeletal muscle is a useful tool for identifying changes in muscle O2 diffusing capacity and

potential oxidative capacity. The capillary supply of skeletal muscle is highly organized, and

therefore, represents an excellent choice to study the various factors regulating diffusion.

Skeletal muscle is comprised mainly of three specific fibre types. Type I, Type IIA, and Type

LIB, each with specific contractile and metabolic characteristics, which influence the capillary

supply of a given muscle; in addition, both environmental and genetic factors influence the

capillary supply, including aging, physical training, and various disease processes.

Until now, the literature has not been clear concerning the role that a disease state plays in

altering the capillary supply of skeletal muscle, or whether activity-induced or

pharmacologically-induced modifications of the capillary supply of skeletal muscle can alter

the disease state or the quality of life.
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3.0 METHODS

3.1 DEVELOPMENT OF THE CAPILLARY DATABASE

The methods used to conduct the present research included an extensive literature search,

development of a database of 46 variables (see Table 7 for description of variables contained in

the database, and Table 8 for a listing of the maximum and minimum values for each of the

variables reported in the literature) and a series of statistical analyses. Various search engines,

such as Pub Med, Web of Science, and Citation Lidex were used as research tools for the

present study to find appropriate papers for the database. Initially, a search was done using the

key words, "capillary" and "muscle", followed by a search within results using the key word

"human", to provide concise results on the capillary supply of human skeletal muscle.

Pub Med, a search engine provided by the U.S National Library of Medicine, includes over

15 million citations from MEDLINE and other life science journals for biomedical articles

back to the 1950s. It includes links to full text articles and other related resources. The results

obtained from Pub Med using the key words "capillary" and "muscle" was 7962, and searching

within the results using "human" resulted in 3152 potential papers.

Web of Science is a research tool developed by the ISI. The results obtained from the Web

of Science search using the key words "capillary" and "muscle" was 4,173, and the subsequent

search within results using the kryword "human" resulted in 754 potential papers.

After examining the potential papers for content, 169 papers were found to have capillary

supply data; each paper was meticulously read, and the capillary supply data were extracted for

inclusion in the database. In some cases, additional capillary variables were calculated from

information in the paper. Data from all 169 papers were included in the database, which

resulted in 536 separate "group" entries in the database.
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TABLE 7: CAPILLARY SUPPLY DATABASE VARIABLES

1) Reference Number - 1 to 169

2) Number of Subjects in the given Study

3) Sex of the Study Group - 1 = Male; 2 = Female; 3 = Both

4) Age Description of Study Group - 1 = Young (i.e., <50 years); 2 = Old (i.e., >50 years)

5) Mean Age of Study Group (in Years)

6) Health Status - 1 = Healthy; 2 = Disease

7) Diseases - 1 = Cardiovascular; 2 = Neuromuscular; 3 = Metabolic-Endocrine; 4 = Genetic;

5 = Renal; 6 = Pulmonary; 7 = Cardiovascular + Metabolic/Endocrine; 8 = Dental

8) Training Status - 1 = Untrained; 2 = Endurance Trained; 3 = Endurance Well-Trained;

4 = Resistance Trained; 5 = De-trained; 6 = Endurance + Resistance Trained

9) Training Duration (in Weeks)

10) Detraining Duration (in Weeks)

11) Maximal Oxygen Consumption (in ml/kg/min) - V02max
12) Muscle Biopsied - 1 = Vastus Lateralis; 2 = Gastrocnemius; 3 = Soleus; 4 = Rectus Femoris;

5 = Deltoid; 6 = Latissimus Dorsi; 7 =Biceps; 8 =Triceps; 9 = Tibialis Anterior;

10 = Trapezius; 11= Quadriceps; 12 = RA; 13 = Knee Extensors; 14 = Levator

Veli Palatini; 15 = Palatopharyngeus; 16 = Uvula; 17 = Tensor Veli Palatini;

18 = Zygomaticus Major; 19 = First Dorsal Interosseus; 20 = Biceps Brachii;

21 = Corrugator Supercilli; 22 = Orbicularis OcuUi

13) Capillary Density (in mm"^) - CD
14) Fibre Density (in mm"') - FD
15) Capillary:fibre Ratio - C:F

16) Capillary Contacts (i.e., capillaries supplying a given fibre) - CC
17) Sharing Factor - SF
18) Fibre Area (|Lim^) - FA
19) CapiUary Contacts / Fibre Area (|im'^) - CC/FA
20) Fibre Contacts (i.e., fibres surrounding the given fibre) - FC
21) Capillary Contacts for Type I fibres - CCTI
22) Capillary Contacts for Type II fibres - CCTII
23) CapiUary Contacts for Type IIA fibres - CCTIIA
24) Capillary Contacts for Type IIB fibres - CCTIIB
25) Capillary Contacts for Type IIC fibres - CCTIIC
26) CC/FA for Type I Fibres (^m-^)-CC/FAI
27) CC/FA for Type II Fibres (in |im"^)-CC/FAII

28) CC/FA for Type IIA Fibres (in |im"^)-CC/FAIIA

29) CC/FA for Type IIB Fibres (in ^m-^)-CC/FAIIB
30) CC/FA for Type IIC Fibres (in |im-^)-CC/FAIIC

31) Fibre Area for Type 1 Fibres (in |im^) - FATI
32) Fibre Area for Type II Fibres (in |im ) - FATII

33) Fibre Area for Type HA Fibres (in )im^)-FATIIA
34) Fibre Area for Type IIB Fibres (in ^im^) - FATIIB
35) Fibre Area for Type IIC Fibres (in ^m^) - FATIIC
36) Percentage of Type I Fibres (in %) - % TI

37) Percentage of Type II Fibres (in %)-% Til

38) Percentage of Type IIA Fibres (in %) - % TIIA

39) Percentage of Type IIB Fibres (in %) - % TIIB

40) Percentage of Type IIC Fibres (in %) - % TIIC

41) Percentage of Muscle Occupied by Type I Fibres - % ATI
42) Percentage of Muscle Occupied by Type II Fibres - % ATE
43) Percentage of Muscle Occupied by Type IIA Fibres - % ATIIA
44) Percentage of Muscle Occupied by Type IIB Fibres - % ATIIB

45) Percentage of Muscle Occupied by Type IIC Fibres - % ATIIC

46) Capillaryifibre ratio / Fibre Perimeter (in |im) - C:Fi/FP
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TABLE 8: MAXIMUM AND MINIMUM VALUES
FOR REPORTED CAPILLARY VARIABLES IN THE DATABASE

Database Column
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3.2 HYPOTHESES
» ,' '-.

' ,

Therefore, to examination the capillary supply characteristics between several "groups" of

individuals from within the database, the following hypotheses were established for statistical

evaluation.

a) Null Hypotheses

la. There is no difference in capillarization between young and old individuals;

2a. There is no difference in capillarization between healthy and disease individuals;

3a. There is no difference in capillarization between untrained, endurance trained, endurance

well-trained, and resistance trained individuals

b) Alternate Hypotheses

lb. There is a significantly higher capillarization between young and old individuals;

2b. There is a significantly higher capillarization between healthy and disease individuals;

3b. There is a significantly higher capillarization between untrained, endurance trained,

endurance well-trained, and resistance trained individuals

3.3 STATISTICAL ANALYSES

All data are expressed as the mean ± SD. All statistical analyses were carried out using the

SAS (Statistical Analysis Software, version 9.1.3, SAS Institute Inc., Gary, NC). A Student's t-

test procedure was performed to analyze the differences between young and old, and healthy

and disease individuals. An ANOVA procedure was performed to analyze the differences

between untrained, endurance trained, endurance well-trained and resistance trained

individuals. A p-value of less than 0.05 was accepted as statistically significant.

Ui

si*;'
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4.0 RESULTS

4.1 The Capillary Supply in the Skeletal Muscle of Young and Old Individuals

The results of the analysis comparing the capillary supply in the skeletal muscle of young (<50

years of age) and old (>50 years of age) individuals are presented in Table 9 and Figures 8-20.

TABLE 9: SKELETAL MUSCLE CAPILLARIZATION
IN YOUNG AND OLD INDVIDUALS

(Values are Means ± SD; n = Number of Studies)

MEAN
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Figure 8. The Capillary Density in the Skeletal Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD)

Age vs. CD
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Figure 10. The Mean Number of Capillary Contacts in the Skeletal Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values ai-e Means ± SD).
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Figure 12. The Mean Number of Capillary Contacts of Type II Fibres in the Muscle
of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD).
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Figure 14. The Mean Number of Capillary Contacts of Type IIB Fibres in the Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD).
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Figure 16. The Percentage of Type I Fibres in the Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD)

4.1.10 Percentage of Type II Fibres in the Muscle of Young and Old Individuals

Figure 17 is a graphic representation of the mean %TII of the muscle of young compared to

old individuals. As shown in Table 9, the mean %T11 (48.4 ± 9.4) of the old individuals was

not significantly greater than the mean %TII (47.4 ± 10.9) of the young individuals (p> 0.05).

Figure 17. The Percentage of Type II Fibres in the Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD)

Age VS. % Til
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Figure 18. The Percentage of Type IIA Fibres in the Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD)

4.1.12 Percentage of Type IIB Fibres in the Muscle of Young and Old Individuals

Figure 19 is a graphic representation of the mean %TIIB of the muscle young compared to old

individuals. As shown in Table 9, the mean %TIIB (16.9 ± 6.2) of the old individuals was

significantly greater than the mean %TIIB (14.5 ± 7.5) of the young individuals (p<0.05).

Figure 19. The Percentage of Type IIB Fibres in the Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD)

jsJiDi^.

4.1.13 Percentage of Type IIC Fibres in the Muscle of Young and Old Individuals

Figure 20 is a graphic representation of the mean %TIIC of the muscle young compared to old

individuals. As shown in Table 9, the mean %TIIC (13.9 ± 8.8) of the old individuals was

significantly greater than the mean %TIIC (5.3 ± 6.4) of the young individuals (p<0.05).
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Figure 20. The Percentage of Type IIC Fibres in the Muscle

of Young (<50 years of age) and Old (>50 years of age) Individuals

(Values are Means ± SD)

Age vs. %T IIC
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TABLE 10: SKELETAL MUSCLE CAPILLARIZATION
IN HEALTHY AND DISEASED INDVIDUALS

(Values are Means ± SD; n = Number of Studies)

MEAN
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4.2.2 Capillary:nbre Ratio in the Skeletal Muscle of Healthy and Diseased Individuals

Figure 22 is a graphic representation of the mean C:F of heakhy compared to diseased

individuals. As shown in Table 10, the mean C:F (1.9 ± 0.6) of the healthy individuals was

significantly greater than the mean C:F (1.6 ± 0.4) of the diseased individuals (p< 0.05).

Figure 22. The Capillaryifibre Ratio in the Skeletal Muscle

of Healthy and Diseased Individuals i

(Values are Means ± SD)
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4.2.4 Capillary Contacts of Type I Fibres in the Muscle of Healthy and Diseased Individuals

Figure 24 is a graphic representation of the mean CCTI of the healthy compared to diseased

individuals. As shown in Table 10, the mean CCTI (4.9 ± 1.0) of the healthy individuals was

not significantly greater than the mean CCTI (4.5 ± 0.9) of the diseased individuals (p>0.05).

Figure 24. The Capillary Contacts of Type I Fibres in the Muscle

of Healthy and Diseased Individuals

(Values are Means ± SD)
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4.2.5 Capillary Contacts of Type II Fibres in the Muscle of Healthy and Diseased Individuals

Figure 25 is a graphic representation of the mean CCTII of healthy compared to diseased

individuals. As shown in Table 10, the mean CCTII (4.9 ± 1.1) of the healthy individuals was

not significantly greater than the mean CCTII (4.6 ± 1.1) of the diseased individuals (p>0.05).

Figure 25. The Capillary Contacts of Type II Fibres in the Muscle

of Healthy and Diseased Individuals

(Values are Means ± SD)

Health status vs. CC T II
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4.2.6 Capillary Contacts of Type IIA Fibres in the Muscle of Healthy and Diseased Individuals

Figure 26 is a graphic representation of the mean CCTIIA of healthy compared to diseased

individuals. As shown in Table 10, the mean CCTIIA (4.7 ± 1.0) of the healthy individuals was

significantly greater than the mean CCTIIA (3.9 ± 0.8) of the diseased individuals (p<0.05).

Figure 26. The Capillary Contacts of Type IIA Fibres in the Muscle

of Healthy and Diseased Individuals

(Values are Means ± SD)

Health status vs. CC T IIA
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4.2.8 Capillary Contacts of Type IIC Fibres in the Muscle of Healthy and Diseased Individuals

Figure 28 is a graphic representation of the mean CCTIIC of healthy compared to diseased

individuals. As shown in Table 10, the mean CCTIIC (4.2 ± 0.8) of the healthy individuals was

not significantly greater than the mean CCTIIC (3.3 ± 0.7) of the diseased individuals (p>0.05).

Figure 28. The Capillary Contacts of Type IIC Fibres in the Muscle

of Healthy and Diseased Individuals

(Values are Means ± SD)
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4.2.9 Percentage of Type I Fibres in the Muscle of Healthy and Diseased Individuals

Figure 29 is a graphic representation of the mean %TI of healthy compared to diseased

individuals. As shown in Table 10, the mean %TI (51 ± 10.7) of the healthy individuals was

not significantly greater than the mean %T I (50 ± 1 1.4) of the diseased individuals (p>0.05).

Figure 29. The Percentage of Type I Fibres in the Muscle

of Healthy and Diseased Individuals

(Values are Means ± SD)
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4.2.10 Percentage of Type II Fibres in the Muscle of Healthy and Diseased Individuals

Figure 30 is a graphic representation of the mean %TII of healthy compared to diseased

individuals. As shown in Table 10, the mean %TII (54 ±12.3) of the diseased individuals was

significantly greater than the mean %Tn (46 ± 9.6) of the healthy individuals (p<0.05).

Figure 30. The Percentage of Type II Fibres in the Muscle

of Healthy and Diseased Individuals

(Values are Means ± SD)
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4.2.12 Percentage of Type IIB Fibres in the Muscle of Healthy and Diseased Individuals

Figure 32 is a graphic representation of the mean %TIIB of healthy compared to diseased

individuals. As shown in Table 10, the mean %TIIB (17.3 ± 6.6) of the diseased individuals was

not significantly greater than the mean %TIIB (14.8 ± 7.2) of the healthy individuals (p>0.05).

Figure 32. The Percentage of Type IIB Fibres in the Muscle

of Healthy and Diseased Individuals

(Values are Means ± SD)
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4.2.14 Summary of Health compared to Diseased Individuals 4

Overall, the results of the analysis comparing the capillary supply of skeletal muscle of

healthy and diseased individuals demonstrated that there was a significant difference in the

capillary supply, with the capillarization of the healthy individuals being significantly greater

than that of the individuals with disease for all capillary supply variables. Hence, we reject the

null hypothesis and accept the alternate hypothesis.

4.3 The Capillary Supply in the Skeletal Muscle of Untrained, Endurance Trained,

Endurance Well Trained, and Resistance Trained Individuals

The results of the analysis comparing the capillary supply in the skeletal muscle of untrained,

endurance trained (usually programs of relatively short duration), endurance well-trained

(program in which the subjects of have been training for years), and resistance trained

individuals are presented in Table 1 1 and Figures 34-46.

TABLE 10: SKELETAL MUSCLE CAPILLARIZATION
IN UNTRAINED, ENDURANCE TRAINED, EDURANCE WELL-TRAINED,

AND RESISTANCE TRAINED INDVIDUALS
(Values are Means ± SD; n = Number of Studies)

MEAN
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4.3.1 Capillary Density in the Muscle of Untrained and Trained Individuals

Figure 34 is a graphic representation of the mean CD of the various training groups: untrained

(339 ± 10), endurance trained (394 ± 100), endurance well-trained (475 ± 115), and resistance

trained (287 ± 48). As shown in Table 11, the mean CD of the endurance-trained individuals

was significantly greater than the mean CD of the untrained and resistance trained individuals

(p<0.05). The mean CD of the endurance well-trained individuals was significantly greater

than mean CD of the untrained, endurance trained, and resistance trained individuals (p< 0.05).

hi addition, the mean CD of the untrained trained individuals was not significantly greater

than the mean CD of the resistance trained individuals (p> 0.05).

Figure 34. The Capillary Density in the Skeletal Muscle

of Untrained and Trained Individuals

(Values are Means ± SD)
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endurance well-trained individuals was significantly greater than the mean C:F of the untrained

individuals (p<0.05), but not greater than the mean C:F for the endurance-trained and resistance

trained individuals (p> 0.05). In addition, the mean C:F of the resistance trained individuals

was not greater than the mean C:F of the untrained individuals (p> 0.05).

Figure 35. The Capillary Density in the Skeletal Muscle

of Untrained and Trained Individuals

(Values are Means ± SD)
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4.3.3 Mean Capillary Contacts in the Muscle of Untrained and Trained Individuals

Figure 36 is a graphic representation of the mean CC of the various training groups: untrained

(3.9 ± 0.9), endurance trained (5.0 ± 1.1), endurance well-trained (5.6 ± 0.8), and resistance

trained (5.3 ± 1.3). As shown in Table 11, the mean CC of the endurance-trained individuals

was significantly greater than the mean CC of the untrained individuals (p<0.05), but not

greater than the mean CC of the resistance trained individuals (p> 0.05). The mean CC of the

endurance well-trained individuals was significantly greater than mean CC of the untrained

individuals (p<0.05), but greater than the mean CC of the endurance-trained and resistance

trained individuals (p> 0.05). In addition, the mean CC of the resistance trained individuals

was not significantly greater than the mean CC of the untrained individuals (p> 0.05).
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Figure 36. The Mean Capillary Contacts in the Skeletal Muscle
of Untrained and Trained Individuals

(Values are Means ± SD) ] - ^|.
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4.3.4 Capillary Contacts of Type I Fibres in the Muscle of Untrained and Trained Individuals

Figure 37 is a graphic representation of the mean CCTI of the various training groups: untrained

(4.3 ± 0.9), endurance trained (5.4 ± 1.2), endurance well-trained (5.6 ± 0.9), and resistance

trained (5.0 ± 0.9). As shown in Table 11, the mean CCTI of the endurance-trained individuals

was significantly greater than the mean CCTI of the untrained individuals (p<0.05), but not

greater than the mean CCTI of the resistance trained individuals (p> 0.05). The mean CCTI of

the endurance well-trained individuals was significantly greater than the mean CCTI of the

untrained individuals (p<0.05), but not greater than the mean CCTI of the endurance-trained

and resistance trained individuals (p> 0.05). In addition, the mean CCTI of the resistance

trained individuals was not greater than the mean CCTI of the untrained individuals (p> 0.05).

Figure 37. The Capillary Contacts of Type I Fibres in the Muscle
of Untrained and Trained Individuals

(Values are Means ± SD)
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4.3.5 Capillary Contacts of Type II Fibres in the Muscle of Untrained and Trained Individuals

Figure 3 8 is a graphic representation of the mean CCTU of the various training groups : untrained

(4.2 ± 1.0), endurance trained (5.2 ± 1.4), endurance well-trained (5.7 ± 0.7), and resistance

trained (6.7 ± 0). As shown in Table 1 1, the mean CCTII of the endurance-trained individuals

was significantly greater than the mean CCTII of the untrained individuals (p<0.05). The

mean CCTII of the endurance well-trained individuals was significantly greater than the mean

CCTn of the untrained individuals (p<0.05), but not greater than the mean CCTII of endurance

trained individuals (p> 0.05). In addition, the mean CCTII of the resistance trained individuals

was significantly greater than the mean CCTII of the untrained individuals, but not greater

than the mean CCT 11 of the endurance-trained and well-trained individuals (p> 0.05).

Figure 38. The Capillary Contacts of Type II Fibres in the Muscle

of Untrained and Trained Individuals

(Values are Means ± SD)
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The mean CCTIIA of the endurance well-trained individuals was significantly greater than the

mean CCTIIA of the untrained individuals (p<0.05), but not greater than the mean CCTIIA of

the endurance trained and resistance trained individuals (p> 0.05). In addition, the mean

CCTIIA of the resistance trained individuals was not greater than the mean CCTIIA of the

untrained individuals (p> 0.05).

Figure 39. The Capillary Contacts of Type IIA Fibres in the Muscle

of Untrained and Trained Individuals

(Values are Means ± SD)
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4.3.7 Capillary Contacts of Type IIB Fibres in the Muscle of Untrained and Trained Individuals

Figure 40 is a graphic representation of the mean CCTIIB of the various training groups:

untrained (3.2 ± 0.6), endurance trained (4.1 ± 0.8), endurance well-trained (4.4 ± 0.7), and

resistance trained (3.3 ± 0.6). As shown in Table 11, the mean CCTIIB of the endurance

trained individuals was significantly greater than the mean CCTIIB of the untrained

individuals (p<0.05), but not greater than the mean CCTIIB of the resistance trained

individuals (p> 0.05). The mean CCTIIB of the endurance well-trained individuals was

significantly greater than the mean CCTIIB of the untrained and resistance trained individuals

(p<0.05), but not greater than the mean CCTIIB of the endurance trained individuals (p>

0.05). In addition, the mean CCTIIB of the resistance trained individuals was not significantly

greater than the mean CCTIIB of the untrained individuals (p> 0.05).
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Figure 40. The Capillary Contacts of Type IIB Fibres in the Muscle
of Untrained and Trained Individuals

(Values are Means ± SD)
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4.3.8 Capillary Contacts of Type IIC Fibres in the Muscle of Untrained and Trained Individuals

Figure 41 is a graphic representation of the mean CCTIIC of the various training groups:

untrained (3.9 ± 0.7), endurance trained 4.4 ± 0.6), endurance well-trained (4.6 ± 3.4), and

resistance trained (0 ± 0). As shown in Table 11, the mean CCTIIC of the endurance-trained

individuals was not significantly greater than the mean CCTIIC of the untrained individuals

(p>0.05). In addition, the mean CCTIIC of endurance well-trained individuals was not greater

than the mean CCTIIC of the untrained and endurance trained individuals (p>0.05)

Figure 41. The Capillary Contacts of Type IIC Fibres in the Muscle
of Untrained and Trained Individuals

(Values are Means ± SD)
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43.9 Percentage of Type I Fibres in the Muscle of Untrained and Trained Individuals

Figure 42 is a graphic representation of the mean %TI of the various training groups: untrained

(48.8 ± 10.6), endurance trained (51.7 ± 10.1), endurance well-trained (57.4 ± 11.5), and

resistance trained (44.4 ± 7.5). As shown in Table 11, the mean %TI of the untrained

individuals was not greater than the mean %TI of the resistance trained individuals (p> 0.05).

The mean %TI of the endurance-trained individuals was not greater than the mean %TI of the

untrained and resistance trained individuals (p> 0.05). In addition, the mean %TI of the

endurance well-trained individuals was significantly greater than the mean %TI of the untrained

and resistance trained individuals (p<0.05), but not greater than the mean %TI of the endurance

trained individuals (p> 0.05).

Figure 42. The Percentage of Type I Fibres in the Muscle

of Untrained and Trained Individuals

(Values are Means ± SD)
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4.3.10 Percentage of Type II Fibres in the Muscle of Untrained and Trained Individuals

Figure 43 is a graphic representation of the mean %TII of the various training groups: untrained

(51.2 ± 11.3), endurance trained (47.9 ± 9.2), endurance well-trained (33.7 ± 5.9), and

resistance trained (52.0 ± 6.6). As shown in Table 11, the mean %TII of the untrained

individuals was significantly greater than the mean %TII of the endurance well-trained
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individuals (p<0.05), but not greater than the mean %TII of the endurance trained and resistance

trained individuals (p> 0.05). The mean %TII of the endurance-trained individuals was

significantly greater than the mean %TII of the endurance well-trained individuals (p<0.05). In

addition, the mean %TII of the resistance trained individuals was significantly greater than the

mean %TII of the endurance well-trained individuals (p<0.05), but not greater than the mean

%Tn of the untrained and endurance trained individuals (p> 0.05).

Figure 43. The Percentage of Type II Fibres in the Muscle

of Untrained and Trained Individuals

(Values are Means ± SD)
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4.3.11 Percentage of Type IIA Fibres in the Muscle of Untrained and Trained Individuals

Figure 44 is a graphic representation of the mean %T IIA of the various training groups:

untrained (30.9 ± 8.6), endurance trained (33.8 ± 6.9), endurance well-trained (34.5 ± 10.2), and

resistance trained (43.2 ± 13.0). As shown in Table 11, the mean %TIIA of the endurance trained

individuals was not significantly greater than the mean %TIIA of the untrained individuals

(p>0.05). The mean %TIIA of endurance well-trained individuals was not significantly greater

than the mean %TIIA of the untrained and endurance trained individuals (p>0.05). In addition,

the mean %TIIA of the resistance trained individuals was significantly greater than the mean

%T HA of the untrained, endurance trained, and endurance well-trained individuals (p<0.05).
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Figure 44. The Percentage of Type IIA Fibres in the Muscle
of Untrained and Trained Individuals

(Values are Means ± SD)
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4.3.12 Percentage of Type IIB Fibres in the Muscle of Untrained and Trained Individuals

Figure 45 is a graphic representation of the mean %TIIB of the various training groups:

untrained (18.7 ± 6.7), endurance trained (12.9 ± 6.4), endurance well-trained (9.5 ± 6.4), and

resistance trained (11.2 ± 6.5). As shown in Table 11, the mean %TIIB of the untrained

individuals was significantly greater than the mean %TIIB of the endurance trained, endurance

well-trained, and resistance trained individuals (p<0.05). The mean %TIIB of the endurance

trained individuals was not greater than the mean %TIIB of the endurance well-trained and

resistance trained individuals (p>0.05). In addition, the mean %TIIB of the resistance trained

individuals was not greater than the mean %TIIB of the well-trained individuals (p>0.05).

Figure 44. The Percentage of Type IIB Fibres in the Muscle
of Untrained and Trained Individuals

(Values are Means ± SD)

Training vs. %T IIB
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4.3.13 Percentage of Type IIC Fibres in the Muscle of Untrained and Trained Individuals

Figure 46 is a graphic representation of the mean %TIIC of the various training groups: untrained

(8.6 ± 10.2), endurance trained (4.5 ± 5.5), endurance well-trained (4.9 ± 6.4), and resistance

trained (2.2 ± 1.6). As shown in Table 11, the mean %TUC of the untrained individuals was

not greater than the mean %TIIC of the endurance trained, endurance well-trained, and resistance

trained individuals (p>0.05). The mean %TIIC of the endurance trained individuals was not

greater than the mean %TnC of the resistance trained individuals (p>0.05). In addition, the

mean %TnC of the endurance well-trained individuals was not significantly greater than the

mean %TIIC of the endurance trained and resistance trained individuals (p>0.05). ' •'

Figure 46. The Percentage of Type IIC Fibres in the Muscle
of Untrained and Trained Individuals

(Values are Means ± SD)

Training vs.%T IIC

O
X

Untrained Bidurance Well-Trained Ftesistance

Training

4.3.14 Summary of Trained compared to Untrained Individuals

Overall, the results of the analysis comparing the capillary supply of skeletal muscle of the

various training groups demonstrated that there was a significant difference in the capillary

supply between untrained, endurance trained, endurance well-trained, and resistance trained

individuals in all capillary supply variables, with the order being: endurance well-trained >

endurance trained > resistance trained > untrained. Hence, we reject the null hypothesis and

accept the alternate hypothesis.
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5.0 DISCUSSION

To the best of my knowledge, this database is the only one of its kind that includes such a

large number of capillary - muscle fibre geometrical variables. Usually, when research in this

area is conducted, only 2 to 8 variables are considered, but in this expanded database, there are

46 distinct variables for consideration. In addition, the number of separate line entries (each

line entry representing a distinct group) in the database (536) means that large group studies

can be conducted, which increases the likelihood of finding differences and significant

relationships while smaller group studies might fail to find significant results.

The present data represents a comprehensive report on the reported findings (1975 to

present) of the capillary supply of human skeletal muscle by various research groups. The

large number of variables and increased sample size allows for larger, more robust

experiments to be performed than previous studies, which should therefore be more

informative and accurate. Li addition, this unique database allows the opportunity to perform

virtual experiments, some of which may not be possible through any other means.

The human skeleton system is cloaked with approximately 400 skeletal muscles, which

perform a wide variety of load transmitting functions. These muscles exist in different shapes,

sizes, locations, and architectural designs to provide specific contractile functions in the body

(Zoladz et al., 2005). The human vastus lateralis, a locomotor muscle, is the muscle most often

chosen for investigations of capillary supply. The Vastus Lateralis, a large leg muscle with

considerable involvement in most weight-supported loco-motor activities, consists of a

mixture of all three major fibre types; its phenotype clearly reflects any adaptive changes that

take place during a variety of physiological conditions, such as might occur with the various
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types of training regimes (Porter et al., 2002). Other muscles of interest to researchers include:

Gastrocnemiusy Soleus, Rectus Femoris, Deltoid, Latissmus Dorsi, Biceps, Triceps, Tibialis

Anterior, Trapezius, Quadricep Muscle, Rectus Abdominis, Knee Extensor, Levator Veli

Palatini, Palatopharyngeus, Uvula, Tensor Veli Palatini, Zygomaticus Major, First Dorsal

Interosseus, Biceps Brachii, Corrugator Supercilli, Orbicularis Oculli. i\ r

The differentiation of muscle fibres continues in the post-natal life, and as the individual

matures, the basic design plan can be altered by imposed environmental effects (Travnik et al.,

1995). The capillary network supplying skeletal muscle fibres is influenced by both the

metabolic profile and needs of the fibres, and has been shown to be able to adapt quickly to

changes in physiological demands.

5.1 Variables describing the Capillary - Muscle Fibre Relationship

In general, the values of capillary density (CD) are larger in males than in females, possibly

because the larger cross-sectional area of all fibre types in males requires an enhanced delivery

system. Also, the CD value is significantly higher in Type I fibres than in Type IIB fibres. The

CD of a muscle strongly correlates with the oxidative capacity of the muscle (Duscha et al.,

1999). ^^,

The capillary:fibre ratio (C:F) is not affected by swelling/shrinkage or hypertrophy/atrophy

of the muscle fibres, so it is well suited for comparison purpose. The size and metabolic

properties of the fibres appear to influence the number of surrounding capillaries. The fibres

with higher oxidative capacity are surrounded by larger number of capillaries than similar size

fibres of lower oxidative capacity, i.e., C:F is higher in the region of the muscle composed of

the highest oxidative fibres. The cross-sectional area (FA) of Type I and Type II muscle fibres

correlates positively with a muscle's C:F (Zoladz et al., 2005).
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The number of capillaries "surrounding" a fibre (CC), i.e., the number of capillary cross-

sections found outside the sarcolemma of a transversely-sectioned muscle fibre is a "local"

variable describing the capillary supply of individual fibres; however, this method does not

take into account any potential changes in fibre size (Plyley 1989, Lexell 1997). To reflect

changes in fibre type dimensions, Anderson (1979) suggested dividing the number of capillary

contacts by the cross-sectional area of the fibre (CC/FA), or alternatively FA/CC; thus, CC by

FA represents both the development of new capillaries and/or the effects on diffusion

distances (Plyley 1989). The fact that this variable is expressed variably as both CC/FA and

FA/CC in the literature results in confusion when attempting to compare results from different

studies; for the current database, we re-calculated all data in the format CC/FA to FA/CC. y:i a

Women generally have a smaller muscle mass, fibres with smaller cross-sectional areas for

all three fibre types, and possibly fewer fibres than men, but a similar composition of fibre

types. Sexual differences also appear to exist in the hierarchy of fibre sizes; in females, fibre

size occurs in the order: Type I > Type IIA > Type IIB, whereas in males the order is Type IIA

> Type IIB > Type I (Wang et al., 1993). Muscle fibre size is also known to be affected by the

type and frequency of muscle contractile activity. It has also been suggested that the Type II

fibres appears to exhibit a greater variation in size.

The fibre-type composition of a muscle is considered to be determined to a significant

t

. !

extent by genetic factors, and the composition is not easily influenced by training. However,

recent evidence suggests that certain training programmes can alter the fibre-type composition

in humans, possibly through a muscle fibre damage and replacement process. Fibre type

composition is sex independent, for example, the Vastus Lateralis of both females and males

contains approximately equal percentages of TI and Til fibres (Wang et al., 1993).
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5.2 The Capillary Supply of Muscle from Young and Old Individuals

Several studies have been conducted to examine the microvascular system of muscle in

healthy young men and women compared to that of older individuals (Lexell, 1997). In

general, an examination of the literature reveals information, much of which is conflicting and

inconclusive.

Table 12 shows the results of several research studies that have been conducted to describe

the difference in skeletal muscle capillarization between young and old individuals. The

analysis of the present database comparing the database variables - CD, C:F, CC, %TI and

%Tn, for young and old individuals is consistent with the individual studies conducted by

Frontera et al. 2000), Proctor et al. (1995), and Parizkova et al. (1971), which showed a

decrease in the capillary supply of muscle with aging. The present study (and the other studies

cited above) are at odds with the study conducted by Coggan et al. (1990), which

demonstrated that with the advancement of age, there was an increase in the C:F and CC.

TABLE 12: LITERATURE STUDIES ON THE CAPILLARY SUPPLY
OF MUSCLE FROM YOUNG AND OLD INDIVIDUALS

STUDY
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physical inactivity (Andersen, 2003). There is also a significant decline in the intensity of any

physical activity undertaken, and in V02max. Previous (and present) research on the elderly

population have demonstrated minimal to significant reductions in muscle capillarization

compared with younger counterparts (Harris 2005). Hepple et al. (1997) demonstrated that

muscle capillarization decreases as a result of as a result of both aging and physical inactivity.

The transverse section of muscle fibres from young individuals appear "angular" shaped,

while those of older individuals appear "flattened", "crushed", or even "banana-shaped". This

flattening of the fibres in older people is more pronounced in Type II fibres than in Type I

fibres. The specific reason for this change is unknown, but it could be due to an intrinsic aging

process involving "apoptosis", i.e., pre-programmed cell death. Interestingly, the age-related

muscle fibre atrophy is not homogeneous, as there is a more pronounced atrophy of Type 11

fibres than in Type I fibres. If there was no change in the capillary number, this change in fibre

size should, in itself, result in a significant age-related increase in the CD, but most studies

have shown a decrease in CD with aging, despite the fibre atrophy. This result clearly

indicates a significant loss of capillaries with aging. The C:F for young individuals has been

reported to be twice that of older individuals (Andersen, 2003). Because C:F is independent of

changes in fibre size, the higher C:F in the younger individuals indicates more capillaries

supplying the muscle fibres than in older individuals. Lastly, longitudinal studies have shown

a decrease in the number of Type I muscle fibres with aging. Since most researchers agree that

Type I fibres have more capillaries than Type 11 fibres, then a loss of Type I fibres might well

result in a loss of capillaries in a muscle.

Endurance activity, as well as resistance training, leads to positive adaptations in the

capillarization of muscle in an elderly population (Hepple et al., 1997). Endurance training

causes enhancement of muscle capillarity in elderly individuals, resulting in a C:F that is
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nearly that seen in the muscle of young individuals. In addition, a low-intensity training

program for 30 min daily in an elderly group has been proven to provide a sufficient stimulus

to prevent the "age-related" decrease in the capillarization of the Gastrocnemius muscle

(Chilibeck et aL, 1997), but may not be sufficient to stimulate an increase in muscle

capillarization.
" " '

'

5.3 The Capillary Supply of Muscle from Healthy and Diseased Individuals

The effect of disease on the capillary supply of muscle is of interest because it is important to

understand both the changes that might have occurred and the aetiology of the changes; it well

be that there is a decrement in the capillary supply that results as part of the disease process,

but it is equally possible that any loss of capillaries is the result of the inactivity of the

individual that usually results from illness.

TABLE 13: LITERATURE STUDIES ON THE CAPILLARY SUPPLY
OF MUSCLE FROM HEALTHY AND DISEASED INDIVIDUALS

STUDY
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Analysis of the database showed that with the exception of the studies of Sakkas et al.

(2003) and WiUiam et al. (2004), there is a significant decrease in the %TI, and an increase in

the %TII, in the diseased state. In addition, there is a decrease in %TIIA, an increase in

%TIIB, and an increase in %TIIC in the diseased state; studies indicating contrary results to

these are Askew et al. (2005) and Larsen et al. (2002), who demonstrated an increased %TIIA,

and Hernandez et al. (1999), who reported a decreased %TIIB, with cardiovascular disease.

Obese subjects have a decreased proportion of TI muscle fibres and an increased TIIB fibre

content, which would, in itself, result in an overall decrease in muscle oxidative capacity

(Kern, Simsolo and Foumier, 1999). Several studies have confirmed that an inverse

correlation exists between obesity and C:F, and a similar relationship has been described for

diabetes.

Individuals with cardiovascular disease exhibit a decreased CD, a decreased C:F, fewer

capillaries surrounding TI and TIIC muscle fibres, a lower % of TI and TIIA muscle fibres,

and a higher proportion of TIIB and TIIC fibres.

Individuals with neuromuscular disease have a lower C:F and a decreased CC for TI and

TIIA fibres. =y-.

Individuals with various genetic diseases demonstrated an increased proportion of Til

fibres and enlarged TIIA fibres.

Disease of metabolic-endocrine origin resulted in a decreased CD, and a decreased

proportion of TI (and an increased Til) fibres.

Chronic and end-stage renal diseases causes muscle wasting and weakness, plus muscle

fibre atrophy; there was also a decreased C:F, and a decreased CC for all fibres.
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While pulmonary disease patients have a decreased CD, a decreased C:F, and an increased

%TII fibres, dental disease patients demonstrate a decreased CD, and an increased proportion

of Til fibres, including TIIC fibres.

It is important to note that individuals who are ill, often become inactive and exhibit a

reduced exercise capacity, which, in itself, results in a decreased muscle capillarization. While

it is possible that the disease state itself might play a direct role in the reduction of muscle

capillarization. It is more likely that the released capillarization is the result of the inactivity

experienced by the individual. The decrease in capillary number is also associated with a shift

to anaerobic muscle metabolism and a shift in muscle fibre composition from oxidative to

glycolytic IIB fibres. The higher proportions of Type IIC fibres observed in the skeletal

muscle of individuals with disease is indicative of fibres undergoing transition; this is an

interesting finding in that it is highly unlikely that this is the result of inactivity, which

strongly suggests that it is the result of the various disease processes. This is an important

aspect of the analysis which warrants further study.

In summary, human skeletal muscle showed morphological differences in healthy and

disease individuals. There was a significant difference in the capillary supply of various

muscle fibre types in a disease state.

5.4 The Capillary Supply of Muscle from Individuals in Various Training States

Investigations of the capillary supply of skeletal muscle clearly indicate that in both animals

and humans, there is an increased capillary supply in skeletal muscle following endurance

training. Two important questions that need to be addressed include whether the increase

continues as a linear response with additional training, and whether resistance training can

lead to similar increases in capillarization as are observed following endurance training.
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TABLE 14: LITERATURE STUDIES ON THE CAPILLARY SUPPLY
OF MUSCLE FOLLOWING TRAINING

STUDY
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Table 14 show the results of several research studies that have been conducted to examine

the response of skeletal muscle capillarization to various training regimens. Analysis of the

composite data in the present database reveals that C:F, CC, CC for the various fibres types,

and fibre composition are favourably influenced with endurance training, findings which

concur with the studies found in the literature (Table 14).

In general, the analysis of the database and results of individual studies in the literature

show that all capillary supply variables are increased, and that the muscle fibre composition is

shifted towards higher proportions of Type I fibres, in both the endurance trained and well-

trained group. On the other hand, the analysis of the database, and the results concerning the

capillary supply and changes in the proportions of the various fibre types from the literature

are less clear

.

The results of the present database analysis showed that, other than CCII, %TIIA, and %II,

there are no differences in capillary supply or fibre type with resistance training. The database

analysis showed no difference in CD for the resistance trained group, which is in agreement

with McCall et al. (2004), the study conducted by McGuigan et al. (2001) demonstrated an

increased CD. In addition, the study by McCall et al. (2004) reported no change in %TII in the

resistance trained group.

Both the current study, and those in the database (Table 14), showed that endurance

exercise training causes proliferation of capillaries supplying all fibre types, resulting in a

significantly higher CD. Various studies have also observed that C:F is increased following

chronic exercise training.

The capillary supply of both TI and Til fibres are increased equally in response to moderate

intensity exercise. During exercise training, all fibre types are metabolically stressed, and the

increased muscle capillarization would serve to increase oxygen conductance and blood flow,

and improve the overall oxygen supply (and thereby increase extraction), in exercising muscle.
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High intensity endurance training causes an enhancement of the capillaries of the Til fibres,

and promotes an increase in the proportion of TI and TIIA fibres, along with a decrease in the

proportion of TIIB muscle fibres (Kern, Simsolo and Foumier, 1999).

Resistance training causes overall muscle enlargement as all individual muscle fibre

undergo hypertrophy. Although both TI and Til fibres are hypertrophied, the Til fibres

demonstrate a greater capacity for hypertrophy (McCall et al., 2004). Compared to endurance

training, muscle capillarization is decreased, or not changed, depending on the variable used to

measure capillarization, as a result of resistance training. This is due to the fact that with fibre

hypertrophy, there is an increase in the diffusion distance, and a greater fibre area to be

supplied per capillary, i.e., increased FA/CC. These observations represent a complicated issue

concerning whether resistance training causes an adaptation or a maladaptation. Cross-sectional

studies of eUte resistance trained individuals have reported no change in C:F, but a decrease in

both CD and CC/FA.

5,5 Angiogenesis

The well being of a human body depends on the continuous supply of oxygen to the cells.

The ability of skeletal muscle to adapt to changes in demand is clearly an important and

powerful part of an organism's adaptive response. Various studies using acute alterations in

oxygen delivery suggest that skeletal muscle is at the mercy of the cardiovascular system to

deliver sufficient oxygen; however, skeletal muscle adaptation to chronic stress, such as

exercise training, shows a structure that is amazingly capable of adapting to the demands

imposed upon it (Hepple, 2000). Hepple (2000) described skeletal muscle as being the master

of its domain, although the muscle certainly depends on the cardiovascular system for oxygen

supply. The cardiovascular system maintains an efficient delivery of sufficient oxygen to the

microcirculation throughout the body, from which oxygen diffuses to cells by passive

78



!15' 'i' ?'^':-;' > i'.. ', 'ill' .. . ':i,K

^ } i^^'ffi .:- .ill ;.

h:(

,. i
y' - '. j,!'

*5il? '•.}: tv.'j ''/'": ''^.-
\kt'-::-:-- '.umunmijj

Jncr:i mV- ;il:."ij .'i

1>^:'.f* .;,u^r't-y " '^

i i-H;':.;^

'>-;
v'i; »io

id.! ?ui_;rf5;yi:f<i!



diffusion, with the capillaries serving as the exchange vessels of oxygen and nutrients into the

cells, and waste products out of the cells. .

Angiogenesis, the development of new capillaries, is a adaptive strategy that occurs in

response to various stressors, including physical activity. Angiogenesis is necessary to

providing optimal oxygen delivery to working skeletal muscle that is itself adapting in

response to increasing metabolic demands. Endurance training acts as a potent stimulator of

angiogenesis in skeletal muscle. Exercise results in multiple potential angiogenic stimuli,

including changes in the levels of oxygen, hormones, metabolites, increased blood flow, as

well as stimuli derived from the mechanical stretching and compression of all components

within the contracting muscle, including the various components of the vascular system.

Angiogenesis in skeletal muscle is initiated immediately after exercise, and occurs over the

course of several weeks. Angiogenesis occurs mainly by a process in which endothelial cells

sprout from the abluminal side of the capillary to form a new capillary that extends on the

lateral side to form a connection to pre-existing capillaries. Abluminal sprouting causes

endothelial cell activation, which in turn, causes proliferation, proteolysis, migration, and the

formation of patent capillaries with an intact basement membrane. Proliferation of endothelial

cells is essential for angiogenesis as sprout formation and elongation occurs only with an

increase in cell number. Growth factors, such as basic fibroblast growth factor (bFGF) and

vascular endothelial growth factor (VEGF) stimulate proliferation of endothelial cells.

Following exercise, there are significantly increased levels of VEGF in skeletal muscle. Low,

but measurable, levels of VEGF are detected in resting/unstimulated tissues that are not

involved in the exercise. Research has shown that in all tissues, including inactive muscle,

there is a continuous exposure of the endothelial cells to low levels of VEGF, which is thought

to be necessary for cell survival through activation of anti-apoptotic signaling pathways.

Exercise causes a transient hypoxia, which may act as a feedback signal to initiate
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angiogenesis. The degree of hypoxia that occurs during exercise remains controversial.

Hypoxia is sensed several cell types, which leads to the activation of hypoxia inducible factor

la and Ip; these factors act to stimulate "hypoxia-sensitive" genes, such as VEGF, which is a

potent endothelial cell mitogen and angiogenic factor. VEGF levels vary in direct proportion

with the degree of local tissue hypoxia. The metabolites produced during exercise also act as

potential inducers of angiogenesis. One of the major metabolites produced and released by

exercising skeletal muscle is adenosine, which acts as angiogenic mediator. Adenosine causes

production of VEGF, and therefore, stimulation of endothelial cell proliferation. VEGF is also

produced in response to mechanical stimuli, such as deformation of the vessel wall,

independent of hypoxia or metabolism. Several vasodilator substances enhance endothelial

nitric oxide (NO) production, which in turn, causes an increased production of VEGF in

skeletal muscle. In this case, the increase in blood flow induces an increased NO production,

which then stimulates VEGF production, causing endothelial cell proUferation and

angiogenesis. It is clear that individual stimuli are not sufficient to initiate functionally

successful angiogenesis. Therefore, angiogenesis is stimulated via a complex combination of

humoural/metabolic and mechanical stimuli, which work within muscle to co-ordinate the

various signal pathways that stimulate capillary growth. The angiogenic process can be

accelerated by the use of chronic, low frequency (8-10 Hz), indirect, electrical stimulation of

the skeletal muscle, which results in a significant increase in the capillary number within 4-7

days (Hudlicka et al., 1992).

Our understanding of the angiogenic process is still limited. More research needs to be

done to identify and utilize specific targets that will allow manipulation of the process to

effectively stimulate angiogenesis in tissues where improved vascularity would enhance

physical performance and health.
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H 6.0 CONCLUSION

1) The database constructed for this thesis allows for analysis of the capillary supply of

skeletal muscle under various conditions/perturbations, within various muscles, and using

various analytical staining and quantification methods. < u .; ; :

2) There is a significantly higher capillarization in the skeletal muscle of young compared to

old individuals, with more capillaries supplying the muscle fibres of younger individuals.

3) There is significantly higher capillarization in the skeletal muscle of healthy compared to

diseased individuals, with more capillaries supplying the muscle fibres of healthy

individuals.

4) There is a significant higher capillarization in the skeletal muscle between untrained,

endurance-trained, and endurance well-trained, with endurance well trained having a

higher capillarization than endurance trained individuals, and endurance trained having an

improved capillary supply compared to untrained individuals.

5) There is no difference in the capillarization of skeletal muscle between untrained and

resistance trained individuals.

7.0 LIMITATIONS

The conflicting results seen between various studies could be due to different capillary

identification and/or quantification methodologies employed by the various researchers.

Confounding factors include: sample size, muscle sample collection procedures, histological

and staining processes, capillary variables measured, methods of measuring the various

variables, and variation in current and past physical activity modes and previous health status.
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8.0 FUTURE STUDIES

1) The present database can be used to analyze differences in skeletal muscle capillarization

under several additional conditions/perturbations, including between male and female

subjects, (sub-dividing by age is also possible), between trained and detrained individuals

(sub-dividing by age is also possible), between the various skeletal muscles that have been

biopsied, including muscles of the upper and lower body, and between specific diseases

within the general disease categories examined in the present study.

2) The database will allow an analysis of the general architecture of capillaries and muscle

fibres (arrangement) "developed" by nature, and the changes that occur in this architecture

in response to various perturbations.

3) The database can be used to develop models to predict how the relationship between

capillaries and muscle fibres will change when subjected to perturbations not yet examined

in the literature, such as the changes that will occur with space flight, or hyper-gravity.
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