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STRENGTH TRAINING AND ANABOLIC STEROIDS

A COMPARATIVE STUDY OF THE VASTUS LATERALIS, A THIGH
MUSCLE AND THE TRAPEZIUS, A SHOULDER MUSCLE, OF STRENGTH-
TRAINED ATHLETES.

ABSTRACT

Anders Eriksson, The Department of Integrative Medical Biology, Section for
Anatomy, Umea University and The Department for Health Science, Section for Medical
Science, Lulea University of Technology, Sweden

Strength training is widely used to increase performance in sports with high
physical demands. The use of drugs such as anabolic steroids among athletes is a well-
known phenomenon, and the effects of these drugs on physical performance documented.

The studies presented in this thesis focused on the mechanisms of muscle fiber
hypertrophy in the vastus lateralis and the trapezius muscles of strength trained elite
athletes. The main hypothesis was that the muscle adaptations to strength training and
anabolic steroids are muscle specific.

Biopsies were obtained from the trapezius and the vastus lateralis from three groups
of elite power lifters. Nine used drugs, ten did not and seven had previously used drugs.
Six sedentary males served as controls. The biopsies were frozen and cut in serial cross
sections. Histological and immunohistochemical staining techniques were used to analyze
muscle fiber morphology and pathology. Fiber type distribution, fiber area, myonuclei
number and distribution, satellite cell number and proportion of split fibers were counted
and compared for the two muscles within and between the groups.

The main findings were that: a) Muscle fiber hypertrophy by strength training is
further increased by anabolic steroids. b) The number of nuclei per muscle fiber is higher
in power lifters using anabolic steroids compared to non-steroids using lifters. ¢) Among
power lifters who have withdrawn from anabolic steroid usage and training for several
years, the number of myonuclei, both subsarcolemmal and internal, remains high. d) In
active power lifters, anabolic steroids have no further effect on the number of satellite
cells per fiber. e) Power lifters have a high proportion of split fibers.

High intensity resistance training increases muscle strength and banned substances
such as testosterone and anabolic steroids can enhance the training effects. The studies on
muscle cell morphology presented in this thesis reveals that anabolic steroids and
testosterone increases muscle fiber size and adds more nuclei to the muscle cell.

Based on the morphological appearance of muscle sections from doped and non-
doped power lifters, we conclude that testosterone and anabolic steroids enhances the
hypertrophic effects of training without adding new features. The addition of myonuclei
by training and doping appears to be longer lasting in some muscles than in others. The
high proportion of split fibers in power lifter is probably due to high mechanical stress.

The findings and conclusions in this thesis raise questions regarding relevant
suspension times for athletes caught with banned substances in the body.

Key words: Strength training, Anabolic steroids, Vastus lateralis, Trapezius,
Enzymehistochemistry, Immunohistochemistry, Muscle fiber, Myonuclei, Satellite cell.
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1 INTRODUCTION
11 GENERAL INTRODUCTION

Already during the antiques, we knew that the type of physical exercise that made
us stronger also made us able to run faster, jump higher and throw longer. Actually, in all
human history, muscle strength has played an important and decisive role for survival and
breeding. However, in our ancient history differences in strength between humans were
mainly related to inheritable factors and access to protein-rich food. Today, strength
training is a complement and an important part of the total training regimen in many
sports e.g. track and fields, swimming and ice hockey. Lately, also endurance sports such
as cross-country skiing and long distance running have begun to include strength training
in their training protocols.

It has been demonstrated that the initial increase in muscle strength is due to neural
factors, and that muscle fiber hypertrophy will occur only after several weeks of strength
training (Hakkinen ez al., 1984; Aagaard, 2006). In the later adaptation phase, muscle
protein increases, and the contractile units begin to contribute the most to the changes in
performance capabilities (Kraemer et al., 1996). However, the exact mechanisms and
cellular events responsible for maintaining and, on demand also improving, muscle
strength is not yet fully understood. Furthermore, if different muscles have the same
response to strength training is not known and has not yet been investigated.

The use of drugs in sports is today a widespread phenomenon. Already in the 1936
Berlin Olympics, there were rumors that German athletes were given testosterone in order
to improve their physical performance (Yesalis, 1993). In 1958, the anabolic steroid
Dianabol (methandrostenolone) was released and even if testosterone was known among
bodybuilders before that, this was the definite arrival for anabolic steroids in strength
intensive sports (Yesalis 1993). The myotrophic effects of anabolic steroids have
previously been demonstrated (Bhasin ez al., 1996). In this study, the effects were further
enhanced when the drug treatment was combined with strength training. However, the
mechanisms by which anabolic steroids may increase muscle fiber area and strength were
not investigated.

In most sport, associations a caught athlete is nowadays (2006) suspended from all
sport activities for 2-4 years. The general apprehension is that anabolic steroids only give
effects for a limited time. However, it is not known if any of the effects remain in the

muscles for a long time and if long-term effects can be detected.



1.2 THE HUMAN MUSCULAR SYSTEM

The muscular system in the human body consists of approximately 650 different
muscles. Most of them are attached directly or indirectly through tendons to bones,
cartilages, ligaments, fascia or a combination of these structures. The tendons transfer the
tension from the muscles to the bones and when a muscle shortens, the different skeletal
parts come closer to each other. The muscles have different myoarchitecture, meaning
that the muscle fibers are arranged in different ways. A fusiform muscle is spindle shaped
and has a round thick belly. Pennate muscles are feather like and can be unipennate,
bipennate or multipennate. One example of a pennate muscle is the vastus lateralis
muscle. Because of the short fiber length compared to the total muscle length in pennate
muscles, they accommodate a higher number of fibers per area unit compared to fusiform
muscles. By this arrangement, a pennate muscle has great strength but shorter exertion
than fusiform muscles. Another myoarchitecture arrangement is parallel fibers associated
with an aponeurosis. This is the case in flat muscles such as the trapezius muscle. Thus,
there are obvious anatomical differences between the two muscle studied in this thesis.

Muscle contraction is initiated by a nerve signal and controlled by the arrangement
of motor units. A motor unit consists of a motor neuron and the muscle fibers it controls.
A nerve impulse in a motor neuron in the spinal cord causes all the muscle fibers supplied
by that motor unit to contract simultaneously. The number of fibers in a motor unit varies
from one or very few in muscles that require high precision, to several hundred in the
large thigh and trunk muscles.

Muscle fibers are long, cylindrical and multi-nucleated cells. The contractile
elements in a muscle fiber are the myofibrils, the organelles responsible for force
production in striated muscles. Each myofibril contains repetitive contractile units called
sarcomeres that are arranged along the length of the fiber. Within the sarcomere, myosin
and actin are the primary contractile proteins. The entire fiber is surrounded by a
basement membrane which when combined with the cell plasma membrane is termed the

sarcolemma (Illustration 1).
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Hlustration 1. A sarcomere, the contractile unit of skeletal muscle (by Lena Carlsson by permission)

The sliding filament theory of contraction proposes that a muscle shortens or
lengthens because the thick myosin and the thin actin filaments slide past each other
without changing length (Huxley & Niedergerke, 1954a, 1954b). In a concentric
contraction, the force is generated by the myosin heads, which cyclically bind to actin
filaments, rotate in a direction that pulls the Z-discs closer to each other and the whole
sarcomer is shortening. Each myosin head consume one ATP by hydrolysis for each
cycle. When the hydrolyzed ATP molecules are replaced by another ATP molecule, the
myosin heads detach from the actin filament and the cycle is completed. The maximal
force a muscle can produce is the sum of forces from all myosin heads involved in the
contraction.

The human skeletal muscle is composed of several different fiber types that can be
distinguished by the dominant myosin heavy chain (MyHC) isoform. On the basis of
enzyme histochemicistry for ATPase activity at different pH and/or by
immunohistochemistry, human skeletal muscles can be classified into the main fiber types
I, IIA, IIAB and 1IB (IIX).

The myosin molecule consists of two MyHC and four light chains (MyLC). The
majority of the muscle fibers in human limb muscles of the MyHC isoforms MyHC 1,
MyHC IIa and MyHC IIx. Type I fibers express MyHC 1, type IIA fibers express MyHC
Ila and type IIB fibers express MyHC IIx. Hybrid fibers with a mixture of different



proportions of the MyHCs are of importance for the contractile properties of the muscle
(Andersen et al., 1994; Harridge et al., 1996). Type IIAB fibers contains a mixture of
MyHC Ila and MyHC IIx and type IIC fibers contains a mixture of MyHC I and MyHC
ITa. In reality, most fibers contain a mixture of several myosin isoforms, thus, human
skeletal muscle fibers is contains a continuum of fibers, from very slow to very fast.

Type I muscle fibers belong to slow motor units and have slow contraction speed,
high endurance capacity and depend mainly on oxidative metabolism. Type IIA, [IAB
and IIB fibers belong to fast motor units and are both faster and stronger than type I
fibers, but with lower endurance capacity. Type IIA fibers are intermediary and dependent
on both the oxidative metabolism and glycolysis while type IIB fibers are the strongest
and fastest fiber type, rely mainly on glycolytic metabolism and are not fatique resistant.
MyLCs are present as different isoforms, and together with the MyHCs form different
combinations that play a role in regulation of the contractile properties of the muscle fiber

(Pette & Staron, 1997).

1.3 MUSCULAR ADAPTATION TO STRENGTH TRAINING

Muscle fiber adaptation to strength training can result in muscle fiber hypertrophy
and alteration in fiber type composition. These changes are mediated by different
hormones and growth factors, mechanical stretch, intensity in neurosignals and other
factors. Because of the complex interaction between these systems the exact mechanisms
behind muscle adaptations to strength training are very complicated. Numerous
investigations have described the effects of strength training on human skeletal muscles
(Tesch, 1988; Staron et al., 1990; Hopp, 1993; Wang et al., 1993; Abernethy et al., 1994;
Kraemer et al., 1996; McCall et al., 1996; Green et al., 1999; Kraemer et al., 1999;
Hakkinen et al., 2002). In these studies, there is a wide diversity regarding to the number
of sets and repetitions used in the training programs as well as differences in the number
of training sessions per week. This diversity makes it difficult to form a concise picture
describing the effects of strength training. It has been demonstrated that muscular
adaptation is highly specific to the types of training programs conducted (Kraemer et al.,
1996). After the initial neural adaptation, muscle protein turnover increases and the
contractile units begin to contribute to the changes in physical performance capabilities
(Hakkinen et al., 1984; Kraemer et al., 1996).

Type I fibers can be stimulated with endurance training but also with strength

training by using a low load and a high number of repetitions. This training regimen
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generates a low frequency neuronal signal that preferentially stimulates transcription of
the genes that produce MyHC I (Schiaffino ef al., 1999; Baldwin & Haddad, 2001).

A great load and highest possible moving velocity generates a high frequency
neuronal signal and stimulates preferentially transcription of genes for type II MyHCs.
Further, the muscle fibers can transform, especially from type IIB fibers into more
oxidative types such as type I and type ITA (Jurimae et al., 1996; Pette & Staron, 1997,
2001).

Athletes who need maximal power and/or explosive strength perform their strength
training with high loads, few repetitions, often between 1 and 6, or lighter weights but
higher moving velocity.

Maximal contractile force of a muscle is related to the muscle fiber area, the total
muscle area and the fiber type composition (Bruce et al., 1997; Bamman et al., 2000).
Muscle fiber hypertrophy in response to strength training is a well-documented process. It
has been demonstrated that strength training increases the amount of myofibrillar proteins

by an elevated protein synthesis (MacDougall et al., 1995; Phillips et al., 1997).

1.4 MYONUCLEI AND THEIR RESPONSE TO STRENGTH TRAINING

In mature skeletal muscle fibers, the myonuclei are located beneath the sarcolemma.
Each muscle fiber contains numerous, permanently post-mitotic, myonuclei along the
whole fiber length (Stockdale & Holtzer, 1961). This means that an increase in myonuclei
number must come from an external source (reviewed by (Allen et al., 1999)).

It is well known that each nucleus supports a certain volume of the cytoplasm with
mRNA for protein synthesis. This volume is referred to as a nuclear domain (Cheek,
1985).

Earlier human studies support the idea that the number of myonuclei plays a
mechanistic role in muscle fiber hypertrophy (Edgerton & Roy, 1991). In animal studies,
it has been shown that the myonuclear number per fiber increase as a response to strength
training (Cabric & James, 1983; Edgerton & Roy, 1991; Winchester & Gonyea, 1992;
Allen et al., 1995; Roy et al., 1999).

1.5 SATELLITE CELLS AND THEIR RESPONSE TO STRENGTH TRAINING
Satellite cells (Mauro, 1961) are a population of muscle precursor (stem) cells

located between the plasma membrane and the basal lamina. In adult skeletal muscles, the

satellite cells can fuse with existing myofibers and contribute to an increased amount of

myonuclei and hypertrophy of the muscle fiber.
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Different types of stimulation can activate the satellite cells to incorporate into
muscle fibers during growth, but the exact mechanisms are still poorly understood.

Several factors are known to be involved in satellite cell activation. HGF is so far
the only factor known to activate quiescent satellite cells (Allen ef al. 1995; Tatsumi et al.
1998). Factors known to affect chemotaxis, proliferation and differentiation is e.g. IGF-1,
IGF-II, testosterone and growth hormones and (Hawke & Garry, 2001).

Heavy strength training releases growth factors such as IGF-I, IGF-II and
testosterone that are all involved in the regulation of the satellite cell population during
regeneration (Jennische et al., 1987; Yarasheski ef al., 1995; Harridge, 2003; Bird &
Tarpenning, 2004). In fact, satellite cell activity is regulated by numerous factors in a
temporal and concentration dependent fashion during regeneration (for review see (Allen

et al., 1999).

1.6 REGENERATIVE RESPONSE TO STRENGTH TRAINING AND SPLIT

FIBERS

In adult skeletal muscles, regeneration normally occurs after muscle damage. For
instance, if a muscle fiber ruptures, neighboring satellite cells are incorporated into the
damaged fiber and produce new muscle tissue in order to repair the damaged area.

Power lifters perform high intensity strength training and expose their muscles to a
very high mechanical stress (Clarkson & Sayers, 1999). In some instances, such stress has
been suggested to result in the appearance of split fibers (Schmalbruch, 1976; Tesch,
1988). The mechanism by which muscle fiber splitting is induced is not yet settled. In the
literature, five possible mechanisms are considered.

1) Mechanical stress in hypertrophied muscle fibers is suggested to induce cleavage
and developing of an invagination of the surface (Swash & Schwartz, 1977).

2) Activation of satellite cells in the absence of muscle fiber necrosis. Such satellite
cells might fuse at one or more places with the parent fiber and then mature (James,
1973). Activation of satellite cells has also been reported in experimental denervation
(Schultz, 1978) and experimental myotonia (Danon & Carpenter, 1991).

3) If a denervated, angular shaped fiber is reinnervated and subsequently
hypertrophy it might assume a split appearance (Chou & Nonaka, 1977).

4) After necrosis, activated satellite cells form myoblasts and later myotubes within
a single basal lamina. If the myotubes fail to undergo lateral fusion with one another and
only fuse longitudinally and with the surviving stump, the result is split fibers

(Schmalbruch, 1976).
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5) The fifth possible mechanism involves massed tubules arising from the T system
that eventually brakes down and results in formation of vacuoles in the center of the fiber.
These vacuoles become lined with basal lamina and connect to the interstitial space by
clefts. However, this is only reported in one case and apparently very rare (Carpenter &
Karpati, 1992).

Most of the studies on muscle fiber splitting are done on diseased human muscles
(Hauser et al., 2000; Al-Ani et al., 2001; Chinnery et al., 2001; Rowinska-Marcinska et
al., 2005) or on animals (Gonyea et al., 1977; Ho et al., 1980) and very few are focused
on healthy strength training human subjects (Tesch, 1988).

1.7 THE VASTUS LATERALIS AND THE TRAPEZIUS MUSCLES

Some muscles are very small and specialized like the eye muscles whereas others
are large and strong with capability to move and carry the whole human body weight. The
quadriceps is one such large muscle group consisting of four individual muscles named
musculus (m) rectus femoris, m. vastus medius. m. vastus intermedius and m. vastus
lateralis. This muscle group is localized on the anterior side of the thigh and is involved in
walking, running and lifting different loads in the daily life. The most lateral part of the
quadriceps muscle, the vastus lateralis muscle, is one of the most studied human skeletal

muscles.

Hlustration 2. Vastus lateralis (left) and trapezius

(above). (Jarmo Mietenen, used with

permission)

13



Another large skeletal muscle is the trapezius muscle, localized in the neck and
shoulder region. In daily life, the trapezius muscle is involved in arm movement by
regulating the scapula by stabilizing and lifting up the shoulders. In myalgia, the painful
areas are often located to the trapezius muscle in the neck and shoulder region (Kadi et
al., 2000a). A comparison between the vastus lateralis and the trapezius muscles have
shown that human neck and limb muscles differ in many aspects These differences
include androgen receptor content, nerve supply, muscle fiber composition, capillary
network and mitochondrial organization (Lindman et al., 1990; Lindman et al., 1991;
Kadi et al., 2000b). Further, men and women differ significantly in the morphology of the
trapezius muscle. While men have a clear variation in fiber type composition and fiber
size between different regions of the muscle, none of these variations are seen in the
females. In addition, the cross-sectional areas of both type I and type II fibers are
considerably smaller in the female muscle (Lindman et al 1990; Lindman et al 1991).

For power athletes, the vastus lateralis muscle is of importance preferentially in the
squat event which means that the lifter from an upright position, with the barbell resting
across the back of the shoulders, sits or 'squats' down by doing a flexion in the knee and
hip-joints to a required depth, and then attempts to return to the original position. Such a
lift takes approximately 2-5 seconds and requires a maximal explosive strength. The
trapezius muscle is mainly used in a static way to hold up the shoulders in deadlift, where
the bar is lifted from the floor to an upright position. This means that during exercise, the

two muscles are used in different ways by a power athlete.

1.8 ANABOLIC STEROIDS IN SPORTS

During the last decades, the use of anabolic steroids and other medical substances
has become a widespread phenomenon, not only among power athletes, but also in
different branches of athletics such as track and field, cycling and ice hockey. Also a large
part of the population who simply desire to improve their appearance use anabolic
steroids (Buckley ef al., 1988; Calfee & Fadale, 2006; Striegel et al., 2006). In 1984 and
1985, the US Olympic committee conducted unannounced drug tests with no punitive
actions. Among the tested athletes, approximately 50% tested positive for anabolic
steroids. Despite improved and extended drug testes, some athletes always try to find
ways to get past these, and new substances keep emerging on the black market (Congeni
& Miller, 2002; Foster & Housner, 2004). Because athletes are still (2006) tested positive
for testosterone and anabolic steroids, actions taken to eliminate drug abuse from sports

has not been completely successful.
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Athletes who have taken anabolic steroids report several beneficial effects,

including increased strength, less sensitivity to fatigue, faster recovery and better
motivation, i.e. important features for a successful athlete (Lukas, 1993). There has been
some controversy about the exact mechanisms of testosterone and anabolic steroids.
As seen in Table 1 the results from early human studies of the effects from anabolic
steroids were rather heterogeneous. Although many early studies administrated very small
doses with short duration, many scientists considered the effects as a placebo effect
(Hervey et al., 1976; Hickson ef al., 1976; Ryan, 1981) (Table 1). Today, athletes often
use dosages of anabolic steroids of 100 times or more compared to replacement levels
which could mean over 1000 mg per week. Thus, these early studies do not reflect the real
situation among athletes today (2006).

During the past few years, both increased muscle strength and size in human
subjects have been demonstrated and it has even been reported that anabolic steroids
supplementation without strength training will induce hypertrophy in human skeletal
muscles (Bhasin ef al., 1996; Sinha-Hikim ef al., 2002; Herbst & Bhasin, 2004). As seen
in Table 1 the results from early human studies of the effects from anabolic steroids were
rather heterogeneous. Although many early studies administrated very small doses with
short duration, many scientists considered the effects as a placebo effect (Hervey et al.,
1976; Hickson et al., 1976; Ryan, 1981) (Table 1). Today, athletes often use dosages of
anabolic steroids of 100 times or more compared to replacement levels which could mean
over 1000 mg per week. Thus, these early studies do not reflect the real situation among
athletes today (2006).

During the past few years, both increased muscle strength and size in human
subjects have been demonstrated as an effect of anabolic steroids (Bhasin ef al., 1996). It
has even been reported that anabolic steroids supplementation without strength training
will induce hypertrophy in human skeletal muscles (Bhasin ef al., 1996; Sinha-Hikim et
al., 2002; Herbst & Bhasin, 2004).
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Table 1. Some of the early studies of relationship between administration of anabolic

steroids and muscle strength

Drug/dosage Weeks (duration)  Increased strength Reference
Methandrostenolone
100mg/week 6 Yes (Hervey et al., 1981)
Methandrostenolone
10mg/day 5 Yes (Ward, 1973)
Nandrolone
Tmg/week 9 No (Fahey & Brown, 1973)
Methandrostenolone
10mg/day 8 Yes (Stamford & Moffatt, 1974)
Nandrolone and
testosterone 3 No (Crist et al., 1983)
100mg/week
Methandrostenolone
20mg/day 16 No (Fowler et al., 1965)
Varied self- 24 Yes (Alen et al., 1984)

administration

1.9 REMAINING EFFECTS FROM ANABOLIC STEROID ABUSE

Previously described adverse effects from anabolic steroids involve sudden cardiac
death, deteriorated liver function, infertility and, in men, gynecomastia and in women
mascularisation (Kennedy & Lawrence, 1993; Nieminen et al, 1996; Hartgens &
Kuipers, 2004; Maravelias et al., 2005; Petersson et al., 2006). If anabolic steroids have
any adverse effects on the muscle fiber has not been investigated.

An interesting question in the context of anabolic steroid usage is whether the
effects induced by these substances are permanent or transient. If there are some
beneficial effects and if these are long lasting, it can be an advantage for an athlete to have
used these substances in the past. Depending on sport association, the suspension time for
caught athletes varies from a few months up to four years. There are no studies so far
where long term effects after withdrawal of anabolic steroids has been investigated. The
question is relevant to clarify whether or not any beneficial effects for athletic

performance remains years after secession of drug abuse.
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2 AIMS AND QUESTIONS

The purpose of this thesis was to investigate and compare muscle adaptations in two
different muscles; the trapezius muscle, a shoulder muscle, and the vastus lateralis
muscle, a thigh muscle, in response to heavy strength training with or without the
administration of testosterone, anabolic steroids and other substances. Morphological
appearance following several years after withdrawal of these substances was also studied.

The main questions in this thesis can be listed as follows:

I. Are there any differences in muscle fiber type distribution and fiber cross-
sectional area between power lifters, power lifters using anabolic steroids
and power lifters who previously had used anabolic steroids? Are there
differences between the vastus lateralis and the trapezius muscles from the
same individuals?

II. Are there any differences in myonuclei number and distribution between
these groups and between the two muscles?

III. Are there any differences in satellite cell frequency between these groups
and between the two muscles?

IV. Is the very high mechanical stress inflicted upon muscles in power lifters
reflected as damaged or pathological muscle fibers, regenerative responses

and satellite cell activation?
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3 METHODS

A total of 32 subjects gave their informed consent to participate in these studies.
The Ethical Committee at Umead University approved this work. Written consent in
accordance with the policy statement of the Helsinki declaration of human subjects was
obtained from all the subjects.

1. Six control subjects (C group): A total of six sedentary males (23.3 + 3.1 years)
were used as controls. This group is referred to as the

2. Male power lifters (P group): This group (27.7 £ 7.5 years) had signed a contract
with the local club and the Swedish power lifting federation that committed them never to
use any drugs. All of them were frequently tested both in connection to competitions but
also unannounced tests connected to training.

3. Male power-lifters using anabolic steroids (PAS group): Nine of the subjects
(31.4 £ 3.3 years) have reported the use of a wide variety of high doses of testosterone
and anabolic steroids for a period of 9.0 + 3.3 years. These nine subjects have been
individually interviewed regarding their steroid usage. Testosterone was used in
combination to a variety of anabolic steroids (nandrolone, stanozolol, primobolan,
oxymetholone, mastoron, proviron and durobolan). At the time for the biopsies, the mean
dosage was 938 + 527 mg of testosterone and anabolic steroids that was self-distributed
each week. In addition, three subjects used IGF-1 (mean dosage 40 mg/day) and one
subject used growth hormones. Two of them have been caught in regular drug testing.
The steroid regimen included both "staking," or simultaneous use of several types at high
doses, and "cycling," a drug-free period followed by times when the doses and types of
drugs taken were increased to a maximum to anticipate peak performance.

All athletes in the PAS and P groups were highly competitive and participated
regularly in Swedish and/or international competitions in power events. They trained
regularly four to six times a week, two to three hours per session. The sessions consisted
in four to seven sets of exercise and three to twelve repetitions per set.

4. Seven male power-lifters who previously had used anabolic steroids (PREV
group): All subjects had withdrawn their administration of anabolic steroids and other
substances more than one year ago (mean 8.1 + 3.2 years). They had previously used
anabolic steroids for a period of 4.5 + 0.5 years. At the time for the muscle biopsies three
subjects had stopped all forms of physical exercise and the other four were still

performing strength training but with various degree of intensity.
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3.1 MUSCLE BIOPSIES

After local anesthesia, biopsies were taken from the upper ventral part of the vastus
lateralis muscle and the upper part of the trapezius muscle (descending I) (Lindman et al.,
1990). The samples were mounted in Tissue tek, OTC compound (Miles laboratories,
Naperville Ill) and quickly frozen in propane cooled in liquid nitrogen and stored at -

80°C until analyzed.

3.2 ENZYMEHISTOCHEMISTRY AND ROUTINE HISTOLOGY

Serial, 6-10pm cross-sections were cut at -20° C using a Reichert Jung cryostat
(Leica, Nussloch, Germany), then mounted on glass slides and air-dried at room
temperature. The sections were stained for the demonstration of myofibrillar ATPase after
alkaline (pH 10.4 and 9.4) and acid (pH 4.6 and 4.3) preincubations (Dubowitz, 1985) and
the muscle fibers were classified into type I, IIA, IIAB, 1IB and IIC according to their
staining intensity. For details see (Kadi & Thornell, 1999).

Other sections were stained with hematoxylin-eosin (htx-eosin), nicotinamide
adenin dinucleotide tetrazolium reductase (NADH-TR) and Gomori trichrome (GT)
(Dubowitz, 1985).

3.3 IMMUNOHISTOCHEMISTRY

Five um thick cross-sections, serial to those used for enzyme histochemistry, were
used for immunohistochemical analysis. Sections were rehydrated in 0.01 M PBS,
immersed in 5% non-immune serum and incubated with primary antibodies for 60 min at
+37°C or overnight at +4°C. Visualization of bound antibodies was performed with
peroxidase-anti-peroxidase (PAP) technique (Sternberger, 1979) using antibodies from
Dako (Glostrup, Denmark), or with indirect immunofluorescence using fluorescein
(FITC) and rhodamine red-X for green and red fluorescence, respectively (Jackson
Immunoresearch Laboratories, West Grove, PA, USA). Double labeling was performed
with one monoclonal and one polyclonal antibody, visualized by secondary antibodies
coupled to fluorochromes of different wavelengths. Nuclei were identified with 4,6-
diamino-2-phenylindole (DAPI). Control sections were treated according to standard

protocols except that the primary antibody was exchanged with non-immune serum.

3.4 ANTIBODIES

Myosin heavy chain (MyHC) composition was assessed using well-characterized
monoclonal antibodies (mAbs). A4.840 strongly stains type I fibers and moderately stains
IIC fibers. N2.261 strongly stains type IIA and IIC fibers, weakly stains type I and IIAB
fibers, whereas type 1IB fibers are unstained. F1.652 and NCL-MHCn detect embryonic
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and fetal MyHC isoforms, respectively. The MyHC Abs are purchased from
Developmental Studies Hybridoma Bank, Iowa and Novocastra Laboratories Ltd., UK.

MAb NCL-Merosin against laminin o2 chain (Aumailley ef al., 2005) (Novocastra
Laboratories Ltd., UK), mAb 4C7 against laminin a5-chain (provided by I Virtanen,
Helsinki, Finland) and polyclonal Ab PC128 against human laminin (The Binding Site
Ltd., Birmingham, UK) were used for identification of the basement membrane of muscle
fibers. MAb NCL-Dys2 against dystrophin was used for detection of the plasma
membrane (Novocastra Laboratories Ltd., UK) and the intermediate filament proteins
desmin and vimentin were identified with the mAbs D33 and V9 (Dako, Glostrup,
Denmark).

Sections were also labeled with the mAb CD56 (Becton Dickinson
Immunocytochemistry Systems, San Jose, CA, USA) against the Leu 19 antigen, which is
expressed during early stages of muscle fiber formation and in satellite cells (Kadi ef al.,
1999), visualized by peroxidase (PAP) staining and counterstained with Meyer’s
hematoxylin. Myonuclei were stained blue whereas a brown rim inside the muscle fiber

identified satellite cells.

3.5 LIGTH MICROSCOPY AND MORPHOMETRIC ANALYSIS

An average of 200 fibers were photographed and used for the determination of fiber
area, fiber types, myonuclear number, proportion of fibers with internal nuclei and
frequency of satellite cells. Fiber area was measured on sections stained with the
antibodies against the laminin o2 chain (SH2). Analysis of the sections regarding fiber
area, fiber types and myonuclear number was performed using a light microscope (Zeiss
Axiophot) connected to a computerized image analysis system (IBAS; Kontron
elektronic). On sections stained for htx-eosin, two randomly chosen areas from each
biopsy were scanned to determine the frequency of fibers containing internal myonuclei.
The proportion of fibers with internal nuclei was calculated as: [number of fibers
containing internal nuclei] / [total number of fibers] x 100. Satellite cell proportion was
calculated as: [satellite cell number] / [myonuclear number + satellite cell number] x100.
Because each measured muscle section is Sum thick, fiber area actually represents a
section volume equal to (area x 5 pm). In other words, there is a linear relationship
between area and volume. Nuclear domain can therefore be calculated as: [number of
nuclei per fiber] / [fiber area].

A split fiber is defined by its content of fissures and clefts within its basal

membrane. These fibers were photographed and counted on whole muscle cross sections
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(mean 449 fibers / section). The proportion of split fibers was calculated as follows;
[number of split fibers] / [total number of myofibers] x 100. These sections were
evaluated in a Nikon eclipse E 800 microscope (Nikon Inc., Melville, NY, USA) and a
SPOT RT Color camera (Dignostic Instruments Inc., Sterling Heights, MI, USA) was
used for image acquisition. Digital images were processed using the Adobe Photoshop

software (Adobe Systems Inc., Mountain View, CA, USA).

3.6 STATISTICAL ANALYSIS

Data are presented as means and standard deviations (SD). Because data was
normally distributed, the statistical significance of the differences between the two groups
was determined using a t-test for unpaired data. The statistical significance of correlations
between two parameters was determined by using Fichers r to z test. p-values <0.05 were

considered statistically significant.
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4 RESULTS
41 FIBER TYPE DISTRIBUTION

4.1.1 PAS and P groups

The mean values for fiber type distribution in both the vastus lateralis and the
trapezius muscles were not statistically significant between the P and the PAS groups
(Table 2). The predominant fiber types in all groups were type I and type IIA fibers. In
general, type IIAB and type IIB fibers were rare. At an individual level, the frequency of
type I fibers varied from 28% to 62% and of type IIA fibers from 4% to 68%. Type 1IB

fibers occurred preferentially in the vastus lateralis muscle in two subjects from the P

group.

Table 2. Fiber type distribution (mean + SD) for the P, PAS and PREV groups

Vastus lateralis Trapezius

Fiber type P PAS PREV P PAS PREV

Type | 46.4+ 8.7 40.0+12.8 471£9.7 56.0+ 10.4 58.7+6.3 514+ 145
Type llA 347+ 19.8 39.8+16.0 438+ 7.7 37.2£9.0 35.6£94 442+ 19.2

Type IIAB 8.5+ 10.8 13.8£10.9 4.4+56 3.4+6.5 2.3+£3.2 0.7£1.2
Type 1IB 7.4+16.1 0.7+ 1.6 2.6+£3.0 0.0 0.0 29+54
Type lIC 25+£25 5.0£23 2118 3.5+7.2 3.5+4.2 0.9+1.6

4.1.2 PREYV group

No significant difference for the mean values was observed when comparing the
PREV group to the PAS and P groups. Individual variations were seen also in the PREV
group. In both the vastus lateralis and the trapezius muscles, type I fiber frequency varied

from 22% to 63% and type IIA fiber frequency varied from 13% to 78%.
4.2 FIBER AREAS

4.2.1 PAS and P groups

Mean fiber areas (all fiber types) of all subjects in the P and the PAS groups are
shown in Figure 1 and Tables 3 and 4. The PAS group had significantly larger fiber areas
than both the P and the C groups in both muscles (p < 0.05).

4.2.2 PREV group
In both the vastus lateralis and the trapezius muscles, the mean fiber area (all fiber

types) in the PREV group was significantly smaller than in the PAS group but not smaller
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than in the P group (Figure 1 and Table 4). The PREV group had significantly larger fiber
areas than the C group in both muscles (p < 0.05).
Thus, the ranking order of fiber size in both the vastus lateralis and the trapezius is

PAS >P=PREV > C.

Table 3. Morphological data from vastus lateralis muscle in the P and PAS groups

Subject Mean fiber Number of Proportion of Number of Proportion of
(n) area (pmz) nuclei per fiber fibers with satellite split fibers
internal nuclei cells per (%)
(%) fiber
P group
1 6169 4.9 19.2 0.35 0.8
2 6388 37 20.8 0.31 0.3
3 6568 4.6 3.8 0.37 0.1
4 5791 44 2.3 0.61 0.3
5 4724 52 5.0 0.68 0.0
6 6691 6.3 295 0.70 0.2
7 6349 37 0.0 0.40 0.0
8 4635 3.8 2.0 0.23 0.9
9 8063 6.4 26 0.30 0.8
10 5654 3.6 8.1 0.40 04
Mean + SD 6103 £ 995 4.7+1.0 9.3+10.1 0.44+0.17 0403
PAS group
1 10960 7.7 57.7 0.49 2.0
2 11751 7.6 19.2 1.17 21
3 8447 4.8 15.2 0.53 0.6
4 9387 53 8.3 0.79 0.3
5 6474 5.1 6.3 0.20 0.9
6 8142 7.0 37.0 0.64 0.8
7 9102 5.8 415 0.50 3.0
8 13167 6.1 429 0.47 0.4
9 10576 6.8 36.1 0.43 0.6
Mean+SD 9778 £2043 * 62+1.1* 293 +17.7* 0.58 £ 0.27 12%1.0*

* Significant difference from P group
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Table 4. Morphological data from the trapezius muscle in the P and PAS groups

Subject Mean fiber area Nuclei/fiber Proportion of Number of  Proportion of
(n) (pmz) (nr per fiber) fibers with satellite split fibers
internal nuclei cells per (%)
(%) fiber
P group
1 4548 4.1 4.0 0.28 2.0
2 4878 45 6.0 0.20 0.7
3 8159 52 6.0 0.31 8.8
4 5161 4.0 4.0 0.29 0.1
5 8020 3.8 9.0 0.36 0.0
6 7425 4.0 6.0 0.21 3.3
7 5974 44 2.0 0.27 0.0
8 8213 44 10.0 0.28 22
9 8244 5.0 2.0 0.39 0.0
10 7674 42 2.0 0.34 0.0
Mean * SD 6830 £1516 4304 51+28 0.29 +0.06 1.7%+28
PAS group
1 12320 55 32.0 0.41 34
2 8284 47 220 0.30 0.4
3 10706 52 27.0 0.28 5.2
4 7979 438 5.0 0.33 1.3
5 11637 6.3 45.0 0.45 1.3
6 8627 5.2 18.0 0.35 0.0
7 6725 45 11.0 0.43 0.5
8 9365 5.1 37.0 0.36 2.0
9 7760 5.2 27.0 0.22 0.2
Mean * SD 9267 +1897 * 52+05* 249+125* 0.35+0.08 1.7%+1.8

* Significant difference from P group
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Table 5. Morphological data from the vastus lateralis and trapezius muscles in the PREV

group.
Subject Mean fiber area Nuclei/fiber Proportion of Number of  Proportion of
fibers with satellite split fibers
internal nuclei cells per
fiber
Vastus lateralis

1 5501 3.3 4.6 0.22 0.5

2 5227 4.1 10.0 0.25 0.0

3 4782. 4.2 30.5 0.15 1.2

4 5099 3.8 7.7 0.10 0.5

5 5688 44 10.4 0.19 0.5

6 7716 3.2 9.7 0.16 0.3

7 11888 3.8 71 0.16 1.2
Mean * SD 6558 * 2539 3.8%04* 114 +8.7 0.18 £0.05 0.6+0.4

Trapezius

1 5964 75 10.0 0.26 0.2

2 8776 8.0 36.4 0.29 2.1

3 6890 7.6 31.0 0.48 0.3

4 4129 49 5.5 0.27 0.2

5 7697 7.2 16.7 0.35 1.2

6 6796 5.6 9.3 0.24 0.6

7 5964 8.5 27.0 0.53 1.7
Mean * SD 6807 * 1467 7.0%1.3 19.4+12.1 0.35+0.11 0.9+0.8

* Significant difference from P group
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Figure 1. Fiber areas (um?). Within each muscle, the PAS group had the largest mean fiber area except

compared to the PREV group in the vastus lateralis. Brackets indicate p <0.05.
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4.3 MYONUCLEI PER FIBER

4.3.1 PAS and P groups
In both the vastus lateralis and the trapezius muscles, the P group had significantly
lower number of nuclei per fiber compared to the PAS group, but a higher number than

the C group (Figure 2 and Tables 3 and 4).

1

91 T —

] 1 1

8 1 1
N — —
0 77
D L
=
£ O
g 1 L
< 4 B ras
. [] PREV
2 3 I
£ 1 A
Z 21

‘l-

O NANARS

Vastus lateralis Trapezius

Figure 2. Number of nuclei/fiber. The highest number of myonuclei per fiber was found in the PAS group
in the vastus lateralis muscle and in the PREV group in the trapezius muscle. Brackets indicate p <

0.05.

Combining the P and PAS groups, the fiber area was strongly correlated (r = 0.91, p
< 0.0001) to the number of myonuclei per fiber in both muscles (Figure 3).

4.3.2 PREV group

In the vastus lateralis muscle, the PREV group had significantly fewer myonuclei
per fiber compared to the PAS group, but higher than the C group (Figure 2 and Table 5).
In the trapezius muscle, the PREV group had significantly more myonuclei per fiber than
the PAS, P and C groups (Figure 2 and Table 5). The PREV group had significantly more
myonuclei per fiber in the trapezius muscle compared to the vastus lateralis muscle

(Figure 2 and Table 5).
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The ranking order of myonuclei number per fiber for the vastus lateralis muscle is
PAS > P = PREV > C and for the trapezius muscle PREV > PAS > P > C (Figure 2 and
Tables 3, 4 and 5).
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Figure 3. A strong correlation was seen between the number of nuclei per fiber and the fiber cross sectional

area (pm?).
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4.4 INTERNAL NUCLEI

4.4.1 PAS and P groups

There was a significant correlation (r = 0.67; p < 0.0001) between the proportion of
fibers with internal nuclei and the fiber area in both the vastus lateralis and the trapezius
muscles (Figure 4). In the vastus lateralis, the P group had significantly higher proportion
of fibers with internal nuclei compared to the C group. In both the vastus lateralis and the
trapezius muscles the proportion of fibers containing internal nuclei was significantly

higher in the PAS group compared to the P and C groups (Figure 5 and Tables 3 and 4).
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Figure 4. Correlation between the fiber area (um?) and the proportion of fibers with internal nuclei (%).

4.4.2 PREV group

There was no significant difference between the PREV and P groups in vastus
lateralis but in trapezius, the PREV group had a significantly higher proportion of fibers
with internal nuclei (Figure 5 and Table 5).

The PREV group had a significantly smaller proportion of fibers with internal
nuclei compared to the PAS group in the vastus lateralis whereas in the trapezius, there

was no such difference (Figure 5 and Table 5).
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Thus, the ranking order of proportion of fibers containing internal nuclei in the

vastus lateralis is PAS > PREV =P > C and in the trapezius PAS =PREV >P =C.
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Proportion of fibers with internal nuclei
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Figure 5. Fibers with internal nuclei (%). Brackets indicate p < 0.05.

4.5 NUCLEAR DOMAIN

4.5.1 PAS and P groups

In the vastus lateralis muscle there was no significant difference in the size of the
mean nuclear domain between the P and the PAS groups (Figure 6). No significant
difference was seen between the PAS and the C groups, but the P group had significantly
smaller nuclear domains than the C group (Figure 6).

In the trapezius there was no significant difference between the P, PAS and C

groups.

4.5.2 PREYV group

In vastus lateralis there was no significant difference in the size of the nuclear
domains between the PREV, PAS, P and C groups (Figure 6) (Table 3, 4 and 5).

However, in trapezius, the PREV group had smaller nuclear domains than the PAS,
P and C groups (Figure 6).

Further, the subjects in the PREV group had smaller nuclear domains in the

trapezius compared to the vastus lateralis.
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The ranking order for nuclear domain in the vastus lateralis is P = PAS = PREV and

C > P. The ranking order for nuclear domain in the trapezius is PAS =P = C> PREV.
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Figure 6. Nuclear domains as area ( umz) / nuclei. Brackets indicate p < 0.05.
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Figure 7. Satellite cells per fiber. Note that in the PREV group, more satellite cells per fiber were found in

trapezius compared to vastus lateralis. Sc = satellite cells. Brackets indicate p < 0.05.

4.6 SATELLITE CELLS

4.6.1 PAS and P groups
Number of satellite cell per fiber in the P and PAS groups are shown in Figure 7
and Table 3 and 4. No significant difference was seen between the groups in either the

vastus lateralis or the trapezius muscles.

4.6.2 PREV group
In vastus lateralis, the PREV group had significantly fewer satellite cells per fiber
compared to the P and PAS groups. In trapezius, all groups had similar number of satellite

cells per fiber (Figure 7, Table 5).
4.7 SPLIT FIBERS

4.7.1 PAS and P groups

The only significant finding was in the vastus lateralis muscle, where the PAS
group had a higher proportion of split fibers compared to the P group (Figure 8 and Table
3). In the C group, one single subject had a few split fibers in the trapezius muscle. In

fibers with fissures, the direction of the fissure was often related to an internal myonuclei.
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Fissures varied in depth, some partly and some completely dividing the fibers whereas
others disappeared i.e. the branched parts merged into one fiber. Some fissures could be
followed over a distance up to 200 pm.

Different sections of one split fiber were in general of the same fiber type and
showed the same staining pattern for myofibrillar ATP-ases and different MyHC
isoforms. However two exceptions were seen, one small part of a branched fiber
separated by a basement membrane (not shown), stained positively for Leu 19 whereas in
another fiber, the small part stained weaker than the large part with the antibody N2661
against MyHCs I and IIA.

4.7.2 PREYV group

In both the examined muscles, no significant difference in proportion of split fibers
were observed between the PREV group compared to either the PAS or the P groups
(Table 5 and Figure 8).
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Figure 8. The proportion of split fibers (%) differed between the PAS and P groups in the vastus

lateralis muscle. Brackets indicate p < 0.05.
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5 DISCUSSION

5.1

MAIN RESULTS

Strength training increases the muscle fiber cross-sectional area, which is
further increased by anabolic steroid usage. Among power lifters, there is no
effect of anabolic steroids on fiber type distribution.

The number of nuclei per fiber is higher in both the vastus and trapezius
muscles among power lifters using anabolic steroids compared to power
lifters not using anabolic steroids.

Among power lifters who have withdrawn from anabolic steroid usage and
training for several years, the number of myonuclei per fiber is higher in the
trapezius compared to the vastus lateralis muscle. In addition, in the
trapezius this group has a higher number of myonuclei per fiber compared
to active elite trained power lifters, even if the active lifters are using
anabolic steroids.

Power lifters using, or having used anabolic steroids display a higher than
normal proportion of fibers with internal nuclei.

In active power lifters, anabolic steroids have no further effect on the
number of satellite cells per fiber. After withdrawal from anabolic steroid
usage, a lower number of satellite cells per fiber is observed compared to the
active athletes in vastus lateralis.

High mechanical stress inflicted upon muscles results in increased

proportion of split fibers, which can be interpreted as disturbed regeneration.

5.2 FIBER TYPES AND FIBER CROSS-SECTIONAL AREA

All the strength-trained athletes had a high frequency of type II fibers, mainly type

ITA fibers while type IIB fibers were rare in most of the power lifters. The fiber cross

sectional area in these athletes was significantly hypertrophied compared to controls.

Type IIB fibers is the fastest and strongest fiber type in humans so theoretically, a

person with a high proportion of type IIB fibers should be a successful power lifter.

However, this theory is not supported by practical studies (Adams et al., 1993; Hakkinen

et al., 1998; Andersen & Aagaard, 2000). On the contrary, a transition from type I to ITA

and IIB fibers has been shown in unloaded muscles whereas a transition from type IIB to
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ITA and I occurs in muscles exposed to mechanical loading, such as high intensity training

(Pette & Staron, 2001).

5.2.1 No significant difference in fiber type distribution with training and
anabolic steroids but increased amount of small fibers expressing
developmental myosin in the PAS group

Although the skeletal muscles adapt to strength training by fiber type transition,
anabolic steroids do not seem to affect the fiber type distribution in skeletal muscles. This
finding is also supported by a recent study where the authors showed that
supplementation with testosterone did not affect the relative fiber type distribution in
human skeletal muscles (Sinha-Hikim et al., 2002).

The individual variation in the studies presented in this thesis was very large in all
groups, despite similar training protocols for many years. This may reflect a greater
genetic than training influence on fiber type distribution. The power lifter who had the
highest percentage of type IIB fibers, with approximately half of the muscle fibers being
type IIB, belonged to the P group. Nevertheless, at the time of the biopsy, he had the squat
world record in his weight class. It appears that anabolic steroids enhance performance in
power lifting not by altering fiber types (to type IIB) but rather by muscle fiber
hypertrophy.

Several subjects in the PAS group had a large amount of small fibers expressing
fetal myosin (data presented in (Kadi, 2000)). Developing myosin isoforms in adult
muscle tissue has been interpreted as signs of hyperplasia (McCormick & Schultz, 1992;
McCormick & Thomas, 1992; Antonio & Gonyea, 1993). A significant increase in fibers
staining for developing isoforms of myosin, has been demonstrated with strength training
(Antonio & Gonyea, 1993; McCall et al., 1996; Kadi & Thornell, 1999; Kadi, 2000).
These fibers might reflect newly formed fibers or abortively regenerated fibers. In the
latter case, failed innervation can cause degeneration and the new fibers would be of no
use for the athletes. It can be speculated that the large number of fibers with developing
myosin isoforms is a result of using AS for almost ten years. If this is the case, long-term
use of anabolic steroids might lead to formation of small, non-innervated and thus useless

fibers.

5.2.2 Larger fiber areas with training and enhanced effect with anabolic steroids
Intensive strength training for many years, results in a significant muscle fiber

hypertrophy in human skeletal muscles. This was observed in the P group in this study
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and demonstrated repeatedly by others (Tesch, 1988; Staron et al., 1990; Kraemer ef al.,
2002).

It has been reported that AS supplementation, even without strength training, can
induce hypertrophy in human skeletal muscles (Bhasin et al., 1996; Sinha-Hikim et al.,
2002). In the study by Sinha-Hikim et al the muscle fiber hypertrophy after 20 weeks of
AS supplementation (600 mg/week) was 49% in type I fibers and 36% in type II fibers
compared to baseline. The dramatic hypertrophic muscle fibers in the PAS group is in
accordance with the current conception that testosterone and anabolic steroids increase
muscle size by increasing the muscle fiber cross sectional area, for review see (Aagaard,
2004).

Because maximal contraction force of a muscle is related to the total muscle area,
the muscle fiber cross sectional area and the fiber types (Bruce ef al., 1997; Bamman et
al., 2000) the PAS group may have an advantage in physical performance compared to

the other groups due to larger muscle cross sectional fiber areas.

5.2.3 Relatively large fiber areas in the PREV group

Despite decreased, or in some cases secession of training for many years, the cross
sectional fiber areas in both examined muscles in the PREV group remains comparable to
the elite trained and still active power lifters (P group). Possible mechanisms could be

related to a high number of residual myonuclei per fiber and is discussed below.

5.3.1 Increased number of myonuclei with training and enhanced effect by
anabolic steroids

The P group had significantly more myonuclei per fiber compared to the C group in
both the vastus lateralis and the trapezius muscles, indicating that high intensity strength
training can increase the number of myonuclei per fiber.

Each nucleus supports a certain volume, often referred to as a nuclear domain
(Cheek, 1985), of the cytoplasm with mRNA for proteins synthesis. It is generally
accepted that an increased number of myonuclei per fiber is a prerequisite for a more
substantial hypertrophy (Allen ef al., 1999; Kadi & Thornell, 2000).

Fiber cross sectional area (cell volume) is proportionally to the number of
myonuclei, keeping the nuclear domains constant. This is in accordance with other studies
showing that exercise increases the amount of myonuclei in order to keep the myonuclei /

cytoplasmic ratio (i.e. nuclear domain) constant (Hikida ef al., 2000; Kadi et al., 2005).
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In the view of anabolic steroid usage, it has been demonstrated that the number of
myonuclei is significantly increased and correlated to the fiber area after 20 weeks of
testosterone administration (Sinha-Hikim et al., 2002; Sinha-Hikim et al., 2003). These
results support the idea that the number of myonuclei plays a fundamental role in muscle
fiber hypertrophy (Edgerton & Roy, 1991; Allen et al., 1999; Kadi, 2000).

In both the vastus lateralis and the trapezius muscles, the significantly higher
number of myonuclei in the PAS group, both subsarcolemmal and internal, compared to
the P group indirectly demonstrates the enhancing effects of anabolic steroids on the

capacity for protein synthesis in the muscle cell.

5.3.2 More internal nuclei with training and enhanced effect by anabolic steroids

Strength training generates not only more myonuclei but also a higher proportion of
fibers where the nuclei are centrally located. As with fiber size and myonuclear number,
anabolic steroids have an effect also on this variable.

Because both the largest fiber areas and the highest proportion of internal nuclei
were found in the PAS group, this supports the idea that the presence of internal nuclei
reflects the limited volume of each nuclear domain. The internal nuclei might be needed
to support extremely large fibers, preferentially present in the PAS group. In fact, when
combining the PAS and the P groups, we demonstrated a significant correlation between
the fiber area and the proportion of fibers containing internal nuclei.

Internal nuclei might be a phenomenon of adaptation to intensive strength training
because they will reduce the diffusion distances from the nucleus to central parts of very
large fibers. Thus, also in this aspect, the use of anabolic steroids can have an enhancing

effect on physical performance.

5.3.3 Remaining effects after anabolic steroid withdrawal?

The numbers of myonuclei per fiber in the vastus lateralis muscle was the same in
the PREV and P groups and significantly lower than in the PAS group. In the trapezius
muscle, the highest number of myonuclei per fiber was found in the PREV group. This
group also had the highest proportion of myonuclei with androgen receptor binding sites
in vastus lateralis.

In the PREV group, the fibers in the trapezius muscle displayed the highest number
of myonuclei per fiber and the smallest nuclear domains compared to all the other groups.
In both the P and the PAS groups, a high number of myonuclei was correlated to a large
muscle fiber area. If assuming similar muscle fiber cross sectional areas in the PREV

group when they were using anabolic steroids as the PAS group, then the fiber cross
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sectional areas must have decreased after secession of using these substances. However,
the fiber cross sectional area in the PREV group is still comparable to that of active elite
trained power lifters who have not use anabolic steroids.

One consequence of this observation is that larger fiber areas necessitate a higher
number of myonuclei in order to maintain the size of the nuclear domain. Thereby, the
high number of myonuclei per fiber in the trapezius muscle in the PREV group is one
possible mechanism for the large fiber areas in this group despite the lack of high
intensity training. In relation to physical performance, previous use of anabolic steroids
may have advantages for the athlete many years after withdrawal.

Based on published (Kadi et al., 2000b) and unpublished (Eriksson, manuscript)
data, one possible mechanism for the remaining large fiber areas (equal to the P group) in
vastus lateralis in the PREV group, could be the approximately doubled proportion of
myonuclei expressing androgen receptor binding sites compared to the P and PAS groups
(Kadi ef al., 2000b).

When androgenic hormones bind to androgen receptors, the receptors become
activated and mediate the signal into the nucleus where binding to selective genes
increase the rate of transcription. Hence, it is possible that a high amount of androgen
receptor binding sites in vastus lateralis is one mechanism for preserving large fiber areas
in the PREV group, despite the low intensity or even secession strength training in this
group.

Interestingly, this would mean that after withdrawal of anabolic steroid usage, the
prevention of muscle fiber atrophy is mediated by a high amount of androgen receptor
binding sites in the vastus lateralis muscle and by a high amount of myonuclei per fiber in
the trapezius muscle.

This indicates that myonuclei, increased in number both by strength training (P
group) and the intake of anabolic steroids combined with strength training (PAS group),
do not undergo nuclear apoptosis or other forms of atrophy when the demand for proteins

synthesis is decreased with decreased training volume.

5.3.4 Internal nuclei in the PREV group

In the PREV group, internal nuclei were found in 11 % of the fibers in vastus
lateralis (similar to P) and in 19 % of the fibers in trapezius (similar to PAS).

It is likely that the PREV group previously had significant larger fiber areas than
today, comparable to the PAS group. In both the P and PAS groups, the fiber area was

correlated to the proportion of fibers with internal nuclei. This would mean that the high
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proportion of fibers with internal nuclei in the PREV group could be a remaining effect
from both strength training and the use of anabolic steroids. One possible explanation for
the appearance of internal nuclei is focal damage, induced by heavy strength training and

the following regenerative attempt (see split fibers below).

5.4 SATELLITE CELLS

Myonuclei in mature muscle fibers are not able to divide, which means that an
increase in myonuclei number must come from an external source (reviewed by (Allen et
al., 1999)). It is generally accepted that these additional nuclei are derived from satellite

cells and/or stem cells (reviewed by (Morgan & Partridge, 2003)).

5.4.1 Satellite cell numbers decrease after secession of training

No difference was seen between the P and PAS groups in proportion of satellite
cells in either muscle. The P and PAS groups had a significantly higher proportion of
satellite cells in the vastus lateralis muscle compared to the PREV group.

A significant increase in satellite cell number has been observed in young men after
supplementation with 300 and 600 mg of testosterone per week for 20 weeks, even
without exercise (Sinha-Hikim ef al., 2003). This appears to contrast the present findings.
However, the PAS group had used testosterone, anabolic steroids and other growth
inducing factors for an average of almost ten years. It is likely that the satellite cells have

either become resistant to these stimuli or that the satellite cell pool has been diminished.

5.4.2 Satellite cells in the PREV group

All subjects in the PREV and PAS groups reported using, or having used,
performance-enhancing substances to increase muscle strength and size. All of these
substances have been reported to regulate satellite cells activation and proliferation
(Cheema et al., 2005). Thus, both supplementation with testosterone and anabolic steroids
as well as high-level resistance training increases the number of satellite cells.

We therefore suggest that the proportion of satellite cells is decreased in the vastus
lateralis after a period of decreased training intensity and secession of anabolic steroid
administration. One possible explanation could be that satellite cell frequency in the
PREV group has returned to normal, several years after reduction in training and
termination of anabolic steroid supplementation. Kadi er a/ (Kadi ef al, 2004)
demonstrated that the number of satellite cells was increased by strength training and
decreased after a period of de-training. On the other hand, satellite cell frequency in the
trapezius muscle was the same in the PREV as in the P and PAS groups. As in the case of

myonuclei per fiber and internal nuclei, the use of anabolic steroids appears to have a
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longer lasting effect in trapezius compared to vastus lateralis also on satellite cells. It is

also possible that a part of this difference can be explained by the daily life usage.

5.5 SPLIT FIBERS

Fibers with clefts and/or fissures, occupying the area of one fiber are defined as
“split fibers”. Several features of split fibers suggest that the splitting is due to defect
regeneration. Segmental muscle fiber disruptions and necrosis were present in the P and
PAS groups. The split parts of the fibers were often short segments and displayed muscle

fiber morphology considered typical for both degenerative and regenerative muscle fibers.

5.5.1 Strength training with and without anabolic steroids result in split fibers

In both the vastus and trapezius muscles from athletes performing heavy strength
training (P, PAS and PREV groups) split fibers was more frequently occurring than in
controls. The only difference between the groups was that the PAS group had more split
fibers than the P group in the vastus lateralis muscle.

We suggest that split fibers in power lifters are caused by a temporal series of
events, namely: focal damage - regenerative attempts —> satellite cell activation =
myotube formation —> failed lateral fusion of myotubes. These suggestions are supported
by earlier studies demonstrating that heavy resistance training in humans induce split
muscle fibers (Larsson & Tesch, 1986; Tesch, 1988) and that split fibers are related to
fiber size (Edgerton, 1970; Hall-Craggs, 1970; Hall-Craggs & Lawrence, 1970; Chou &
Nonaka, 1977; Swash & Schwartz, 1977).

The failed lateral fusion could be caused by continued high mechanical stress
during myotube formation. Another outcome of failed lateral fusion could be internal
nuclei. A myonucleus is located under the sarcolemma and if the sarcolemma is

invaginated, the nucleus will remain inside that fiber.
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5.6 SUMMARY
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Figure 9. Summary of the effects on the muscle fiber from training, training combined with anabolic steroid

usage and withdrawal from high intensity training and anabolic steroid usage.
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5.7 CONCLUSIONS

High intensity resistance training increases muscle strength and banned substances
such as testosterone and anabolic steroids can enhance the training effects. The studies on
muscle cell morphology presented in this thesis reveal that anabolic steroids and

testosterone increases muscle fiber size and adds more nuclei to the muscle cell.

* The adaptation processes differ between muscles, supporting the concept in
the Umea muscle research group that each muscle is unique.

* Based on the morphological appearance of muscle sections from doped and
non-doped power lifters, we conclude that testosterone and anabolic steroids
enhances the hypertrophic effects of training without adding new features.

* The addition of myonuclei by training and doping appears to be longer
lasting in some muscles than in others. This can be due either to differences

in genetic expression or muscle utilization.

Although some of the morphological changes induced by testosterone and anabolic
steroids are very long lasting, perhaps life-long, the response is muscle-specific. It is very
likely that these changes are beneficial for physical performance.

The findings and conclusions in this thesis raise questions regarding relevant

suspension times for athletes caught with banned substances in the body.
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6 SYNOPSIS

The first time I competed in power lifting was in 1982 in a competition for the
northern most part of Sweden. I got a silver medal that I was pleased with, but I was
somewhat surprised over some of the other young lifters who were capable of lifting very
heavy loads compared to their earlier results. In 1985, I was qualified for the Swedish
National Championships for the first time. This was the first time unannounced drug tests
were performed and eight lifters were caught (five of them were gold medalists). After
that, 1 realized that doping with mainly testosterone and anabolic steroids was very
common in power lifting. Despite the feeling of great unfairness, I continued to perform
very heavy and intensive strength training and 1988 1 was selected for the Swedish
National Team to participate at the European Championships in Oldstad, Germany. At
this time, drug testes had become rather common and many lifters were worried about
being caught with illegal substances in their bodies. Very surprisingly, I became the new
European Champion despite the fact that several other lifters in my weight class had
personal bests that widely exceeded my former results. The truth was that this was a fair
competition and this was the reason for my victory. After this, new substances have
emerged, e.g. water-soluble testosterone, and it is again possible to take these substances
without being caught.

Three times in my carrier I have received medals several month after the
competition: Two gold medals from the Swedish Championships and one bronze medal
from the European Championships because lifters finishing ahead of me were caught in
the drug test. This means that three of the greatest moments in my sport carrier was
reduced to a letter with a medal and I was deprived the pleasure if receiving the medals at
the time of the competition.

These experiences were a large motive for me to start this project in order to find
out the differences in muscular adaptations between myself and power lifters who had

used anabolic steroids.

43



7 ACKNOWLEDGEMENT

This work was carried out at the Department of Integrative Medical Biology,
Section for Anatomy, Umed University and the Department of Health Science, Section
for Medical Science, Lulea University of Technology. I would like to express my sincere
thanks and gratitude to those who have helped and assisted me and made these studies

possible. Those I want to thank in particular are:

First of all I would like to express my gratitude to my supervisor Professor Lars-
Eric Thornell. I am most grateful for your patience and for sharing with me your

enormous knowledge in the field of muscle research.

Christer Malm, my co-supervisor, for your engagement and stimulating discussions,
also during late nights, your valuable knowledge in the English language and your tasty

dinners.

Fawzi Kadi, my co-supervisor, for your constructive comments on my manuscripts,
and for the interesting and valuable collaborations at the beginning of my research

studies.

The late Professor and head of the Centre for Musculoskeletal Research Hakan

Johansson for initiating and continuous support of this study.

All my colleagues and friends in the muscle group. Lena Carlsson and Mona
Lindstréom for being co-authors and for valuable help with my manuscripts. Eva Carlsson
for your help with my employment and lectures. Per Stél for your interesting discussions
and your good temper. Fatima Pedrosa-Domell6f for revising my manuscripts and good
help with the English languish. Margaretha Enerstedt and Anna-Karin Olofsson for
excellent laboratory work. Sture Forsberg for sharing my interest for sweeties. Lars
Frangsmyr for interesting sport discussions. My former and present fellow research
students, Ola Grimsholm, Ji-Guo Yu, Jing-Xia Liu, Malin Johansson and Maria Jonsson

for creating a pleasant and interesting environment to work in.

44



Anna-Lena Thallander, the secretary of the department for all your help with
practical issues. Goran Dahlgren and Tomas Carlsson for your computer support. Yngve
Lindstrom for your obliging manner. All staff in the department for making it an

enjoyable working place.

All my power lifting friends who gave me a piece of their muscles. Especially the
lifters who used anabolic steroids. It took you a lot of guts to participate in the study and I

am most grateful for your contribution.

I also want to thank my mother and my brother for all your support for the past
years. I regret that my father, who past away many years ago, not have the opportunity to

be here and witness me defend my thesis.

Finally, I would like to thank my beloved wife Karina for her love and patience and
for enduring many lonely nights. I also want to thank all our children, Andreas, Jimmy,

Sandra, Marielle and Johan. You all make my life richer.

This study was supported by grants from the Swedish National Centre for research
in sports CIF (109/05), the Swedish Research Council (12X-3934) and the Medical

Faculty at Umea University.

45



8 REFERENCES

Aagaard P. (2004). Making muscles "stronger": exercise, nutrition, drugs. J Musculoskelet Neuronal Interact
4, 165-174.

Aagaard P. (2006). Creatine Supplementation Augments the Increase in Satellite Cell and Myonuclei Number
in Human Skeletal Muscle Induced by Strength Training. J Physiol.

Abernethy PJ, Jurimae J, Logan PA, Taylor AW & Thayer RE. (1994). Acute and chronic response of skeletal
muscle to resistance exercise. Sports Med 17, 22-38.

Adams GR, Hather BM, Baldwin KM & Dudley GA. (1993). Skeletal muscle myosin heavy chain composition
and resistance training. J App! Physiol 74, 911-915.

Al-Ani FS, Hamdan FB & Shaikhly KI. (2001). In situ measurements of muscle fiber conduction velocity in
Duchenne muscular dystrophy. Saudi Med J 22, 259-261.

Alen M, Hakkinen K & Komi PV. (1984). [Changes in muscle power production capacity in power athletes
self-administering androgenic anabolic steroids]. Duodecim 100, 1096-1104.

Allen DL, Monke SR, Talmadge RJ, Roy RR & Edgerton VR. (1995). Plasticity of myonuclear number in
hypertrophied and atrophied mammalian skeletal muscle fibers. J Appl Physiol 78, 1969-1976.

Allen DL, Roy RR & Edgerton VR. (1999). Myonuclear domains in muscle adaptation and disease. Muscle
Nerve 22, 1350-1360.

Andersen JL & Aagaard P. (2000). Myosin heavy chain 11X overshoot in human skeletal muscle. Muscle
Nerve 23, 1095-1104.

Andersen JL, Klitgaard H & Saltin B. (1994). Myosin heavy chain isoforms in single fibres from m. vastus
lateralis of sprinters: influence of training. Acta Physiol Scand 151, 135-142.

Antonio J & Gonyea WJ. (1993). Skeletal muscle fiber hyperplasia. Med Sci Sports Exerc 25, 1333-1345.

Aumailley M, Bruckner-Tuderman L, Carter WG, Deutzmann R, Edgar D, Ekblom P, Engel J, Engvall E,
Hohenester E, Jones JC, Kleinman HK, Marinkovich MP, Martin GR, Mayer U, Meneguzzi G, Miner
JH, Miyazaki K, Patarroyo M, Paulsson M, Quaranta V, Sanes JR, Sasaki T, Sekiguchi K, Sorokin
LM, Talts JF, Tryggvason K, Uitto J, Virtanen I, von der Mark K, Wewer UM, Yamada Y &
Yurchenco PD. (2005). A simplified laminin nomenclature. Matrix Biol 24, 326-332.

Baldwin KM & Haddad F. (2001). Effects of different activity and inactivity paradigms on myosin heavy chain
gene expression in striated muscle. J Appl Physiol 90, 345-357.

Bamman MM, Newcomer BR, Larson-Meyer DE, Weinsier RL & Hunter GR. (2000). Evaluation of the
strength-size relationship in vivo using various muscle size indices. Med Sci Sports Exerc 32, 1307-
1313.

Bhasin S, Storer TW, Berman N, Callegari C, Clevenger B, Phillips J, Bunnell TJ, Tricker R, Shirazi A &
Casaburi R. (1996). The effects of supraphysiologic doses of testosterone on muscle size and
strength in normal men. N Engl J Med 335, 1-7.

Bird SP & Tarpenning KM. (2004). Influence of circadian time structure on acute hormonal responses to a
single bout of heavy-resistance exercise in weight-trained men. Chronobiol Int 21, 131-146.

Bruce SA, Phillips SK & Woledge RC. (1997). Interpreting the relation between force and cross-sectional
area in human muscle. Med Sci Sports Exerc 29, 677-683.

Buckley WE, Yesalis CE, 3rd, Friedl KE, Anderson WA, Streit AL & Wright JE. (1988). Estimated prevalence
of anabolic steroid use among male high school seniors. Jama 260, 3441-3445.

Cabric M & James NT. (1983). Morphometric analyses on the muscles of exercise trained and untrained
dogs. Am J Anat 166, 359-368.

Calfee R & Fadale P. (2006). Popular ergogenic drugs and supplements in young athletes. Pediatrics 117,
e577-589.

46



Carpenter S & Karpati G. (1992). The pathological diagnosis of specific inflammatory myopathies. Brain
Pathol 2, 13-19.

Cheek DB. (1985). The control of cell mass and replication. The DNA unit--a personal 20-year study. Early
Hum Dev 12, 211-239.

Cheema U, Brown R, Mudera V, Yang SY, McGrouther G & Goldspink G. (2005). Mechanical signals and
IGF-1 gene splicing in vitro in relation to development of skeletal muscle. J Cell Physiol 202, 67-75.

Chinnery PF, Johnson MA, Walls TJ, Gibson GJ, Fawcett PR, Jamieson S, Fulthorpe JJ, Cullen M, Hudgson
P & Bushby KM. (2001). A novel autosomal dominant distal myopathy with early respiratory failure:
clinico-pathologic characteristics and exclusion of linkage to candidate genetic loci. Ann Neurol 49,
443-452.

Chou SM & Nonaka 1. (1977). Satellite cells and muscle regeneration in diseased human skeletal muscles. J
Neurol Sci 34, 131-145.

Clarkson PM & Sayers SP. (1999). Etiology of exercise-induced muscle damage. Can J App! Physiol 24,
234-248.

Congeni J & Miller S. (2002). Supplements and drugs used to enhance athletic performance. Pediatr Clin
North Am 49, 435-461.

Crist DM, Stackpole PJ & Peake GT. (1983). Effects of androgenic-anabolic steroids on neuromuscular
power and body composition. J App/ Physiol 54, 366-370.

Danon MJ & Carpenter S. (1991). Myopathy with thick filament (myosin) loss following prolonged paralysis
with vecuronium during steroid treatment. Muscle Nerve 14, 1131-1139.

Dubowitz. (1985). Muscle biopsy, A Practical Approach. The Lavenham Press, Lavenham, Suffolk.

Edgerton VR. (1970). Morphology and histochemistry of the soleus muscle from normal and exercised rats.
Am J Anat 127, 81-87.

Edgerton VR & Roy RR. (1991). Regulation of skeletal muscle fiber size, shape and function. J Biomech 24
Suppl 1, 123-133.

Fahey TD & Brown CH. (1973). The effects of an anabolic steroid on the strength, body composition, and
endurance of college males when accompanied by a weight training program. Med Sci Sports 5,
272-276.

Foster ZJ & Housner JA. (2004). Anabolic-androgenic steroids and testosterone precursors: ergogenic aids
and sport. Curr Sports Med Rep 3, 234-241.

Fowler WM, Jr., Gardner GW & Egstrom GH. (1965). Effect of an anabolic steroid on physical performance of
young men. J Appl Physiol 20, 1038-1040.

Gonyea W, Ericson GC & Bonde-Petersen F. (1977). Skeletal muscle fiber splitting induced by weight-lifting
exercise in cats. Acta Physiol Scand 99, 105-109.

Green H, Goreham C, Ouyang J, Ball-Burnett M & Ranney D. (1999). Regulation of fiber size, oxidative
potential, and capillarization in human muscle by resistance exercise. Am J Physiol 276, R591-596.

Hakkinen K, Alen M & Komi PV. (1984). Neuromuscular, anaerobic, and aerobic performance characteristics
of elite power athletes. Eur J Appl Physiol Occup Physiol 53, 97-105.

Hakkinen K, Kraemer WJ, Pakarinen A, Triplett-McBride T, McBride JM, Hakkinen A, Alen M, McGuigan MR,
Bronks R & Newton RU. (2002). Effects of heavy resistance/power training on maximal strength,
muscle morphology, and hormonal response pattems in 60-75-year-old men and women. Can J
Appl Physiol 27, 213-231.

Hakkinen K, Newton RU, Gordon SE, McCormick M, Volek JS, Nindl BC, Gotshalk LA, Campbell WW, Evans
WJ, Hakkinen A, Humphries BJ & Kraemer WJ. (1998). Changes in muscle morphology,
electromyographic activity, and force production characteristics during progressive strength training
in young and older men. J Gerontol A Biol Sci Med Sci 53, B415-423.

Hall-Craggs EC. (1970). The longitudinal division of fibres in overloaded rat skeletal muscle. J Anat 107, 459-
470.

47



Hall-Craggs EC & Lawrence CA. (1970). Longitudinal fibre division in skeletal muscle: a light- and
electronmicroscopic study. Z Zellforsch Mikrosk Anat 109, 481-494.

Harridge SD. (2003). Ageing and local growth factors in muscle. Scand J Med Sci Sports 13, 34-39.

Harridge SD, Bottinelli R, Canepari M, Pellegrino MA, Reggiani C, Esbjornsson M & Saltin B. (1996). Whole-
muscle and single-fibre contractile properties and myosin heavy chain isoforms in humans. Pflugers
Arch 432, 913-920.

Hartgens F & Kuipers H. (2004). Effects of androgenic-anabolic steroids in athletes. Sports Med 34, 513-554.

Hauser MA, Horrigan SK, Salmikangas P, Torian UM, Viles KD, Dancel R, Tim RW, Taivainen A, Bartoloni L,
Gilchrist JM, Stajich JM, Gaskell PC, Gilbert JR, Vance JM, Pericak-Vance MA, Carpen O,
Westbrook CA & Speer MC. (2000). Myotilin is mutated in limb girdle muscular dystrophy 1A. Hum
Mol Genet 9, 2141-2147.

Hawke TJ & Garry DJ. (2001). Myogenic satellite cells: physiology to molecular biology. J App! Physiol 91,
534-551.

Herbst KL & Bhasin S. (2004). Testosterone action on skeletal muscle. Curr Opin Clin Nutr Metab Care 7,
271-277.

Hervey GR, Hutchinson I, Knibbs AV, Burkinshaw L, Jones PR, Norgan NG & Levell MJ. (1976). "Anabolic"
effects of methandienone in men undergoing athletic training. Lancet 2, 699-702.

Hervey GR, Knibbs AV, Burkinshaw L, Morgan DB, Jones PR, Chettle DR & Vartsky D. (1981). Effects of
methandienone on the performance and body composition of men undergoing athletic training. Clin
Sci (Lond) 60, 457-461.

Hickson RC, Heusner WW, Huss WD, Jackson DE, Anderson DA, Jones DA & Psaledas AT. (1976). Effects
of dianabol and high-intensity sprint training on body composition of rats. Med Sci Sports 8, 191-
195.

Hikida RS, Staron RS, Hagerman FC, Walsh S, Kaiser E, Shell S & Hervey S. (2000). Effects of high-
intensity resistance training on untrained older men. Il. Muscle fiber characteristics and nucleo-
cytoplasmic relationships. J Gerontol A Biol Sci Med Sci 55, B347-354.

Ho KW, Roy RR, Tweedle CD, Heusner WW, Van Huss WD & Carrow RE. (1980). Skeletal muscle fiber
splitting with weight-lifting exercise in rats. Am J Anat 157, 433-440.

Hopp JF. (1993). Effects of age and resistance training on skeletal muscle: a review. Phys Ther 73, 361-373.

Huxley AF & Niedergerke R. (1954a). Measurement of muscle striations in stretch and contraction. J Physiol
124, 46-47P.

Huxley AF & Niedergerke R. (1954b). Structural changes in muscle during contraction; interference
microscopy of living muscle fibres. Nature 173, 971-973.

James NT. (1973). Compensatory hypertrophy in the extensor digitorum longus muscle of the rat. J Anat 116,
57-65.

Jennische E, Skottner A & Hansson HA. (1987). Satellite cells express the trophic factor IGF-I in regenerating
skeletal muscle. Acta Physiol Scand 129, 9-15.

Jurimae J, Abernethy PJ, Blake K & McEniery MT. (1996). Changes in the myosin heavy chain isoform profile
of the triceps brachii muscle following 12 weeks of resistance training. Eur J Appl Physiol Occup
Physiol 74, 287-292.

Kadi F. (2000). Adaptation of human skeletal muscle to training and anabolic steroids. Acta Physiol Scand
Suppl 646, 1-52.

Kadi F, Ahigren C, Waling K, Sundelin G & Thornell LE. (2000a). The effects of different training programs on
the trapezius muscle of women with work-related neck and shoulder myalgia. Acta Neuropathol
(Berl) 100, 253-258.

Kadi F, Bonnerud P, Eriksson A & Thornell LE. (2000b). The expression of androgen receptors in human

neck and limb muscles: effects of training and self-administration of androgenic-anabolic steroids.
Histochem Cell Biol 113, 25-29.

48



Kadi F, Charifi N, Denis C, Lexell J, Andersen JL, Schjerling P, Olsen S & Kjaer M. (2005). The behaviour of
satellite cells in response to exercise: what have we learned from human studies? Pflugers Arch
451, 319-327.

Kadi F, Eriksson A, Holmner S, Butler-Browne GS & Thornell LE. (1999). Cellular adaptation of the trapezius
muscle in strength-trained athletes. Histochem Cell Biol 111, 189-195.

Kadi F, Schjerling P, Andersen LL, Charifi N, Madsen JL, Christensen LR & Andersen JL. (2004). The effects
of heavy resistance training and detraining on satellite cells in human skeletal muscles. J Physiol
558, 1005-1012.

Kadi F & Thornell LE. (1999). Training affects myosin heavy chain phenotype in the trapezius muscle of
women. Histochem Cell Biol 112, 73-78.

Kadi F & Thornell LE. (2000). Concomitant increases in myonuclear and satellite cell content in female
trapezius muscle following strength training. Histochem Cell Biol 113, 99-103.

Kennedy MC & Lawrence C. (1993). Anabolic steroid abuse and cardiac death. Med J Aust 158, 346-348.

Kraemer WJ, Adams K, Cafarelli E, Dudley GA, Dooly C, Feigenbaum MS, Fleck SJ, Franklin B, Fry AC,
Hoffman JR, Newton RU, Potteiger J, Stone MH, Ratamess NA & Triplett-McBride T. (2002).
American College of Sports Medicine position stand. Progression models in resistance training for
healthy adults. Med Sci Sports Exerc 34, 364-380.

Kraemer WJ, Fleck SJ & Evans WJ. (1996). Strength and power training: physiological mechanisms of
adaptation. Exerc Sport Sci Rev 24, 363-397.

Kraemer WJ, Hakkinen K, Newton RU, Nindl BC, Volek JS, McCormick M, Gotshalk LA, Gordon SE, Fleck
SJ, Campbell WW, Putukian M & Evans WJ. (1999). Effects of heavy-resistance training on
hormonal response patterns in younger vs. older men. J Appl Physiol 87, 982-992.

Larsson L & Tesch PA. (1986). Motor unit fibre density in extremely hypertrophied skeletal muscles in man.
Electrophysiological signs of muscle fibre hyperplasia. Eur J Appl Physiol Occup Physiol 55, 130-
136.

Lindman R, Eriksson A & Thornell LE. (1990). Fiber type composition of the human male trapezius muscle:
enzyme-histochemical characteristics. Am J Anat 189, 236-244.

Lindman R, Hagberg M, Angqvist KA, Soderlund K, Hultman E & Thomell LE. (1991). Changes in muscle
morphology in chronic trapezius myalgia. Scand J Work Environ Health 17, 347-355.

Lukas SE. (1993). Current perspectives on anabolic-androgenic steroid abuse. Trends Pharmacol Sci 14, 61-
68.

MacDougall JD, Gibala MJ, Tamopolsky MA, MacDonald JR, Interisano SA & Yarasheski KE. (1995). The
time course for elevated muscle protein synthesis following heavy resistance exercise. Can J Appl
Physiol 20, 480-486.

Maravelias C, Dona A, Stefanidou M & Spiliopoulou C. (2005). Adverse effects of anabolic steroids in
athletes. A constant threat. Toxicol Lett 158, 167-175.

Mauro A. (1961). Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol 9, 493-495.

McCall GE, Byrnes WC, Dickinson A, Pattany PM & Fleck SJ. (1996). Muscle fiber hypertrophy, hyperplasia,
and capillary density in college men after resistance training. J App/ Physiol 81, 2004-2012.

McCormick KM & Schultz E. (1992). Mechanisms of nascent fiber formation during avian skeletal muscle
hypertrophy. Dev Biol 150, 319-334.

McCormick KM & Thomas DP. (1992). Exercise-induced satellite cell activation in senescent soleus muscle.
J Appl Physiol 72, 888-893.

Morgan JE & Partridge TA. (2003). Muscle satellite cells. Int J Biochem Cell Biol 35, 1151-1156.
Nieminen MS, Ramo MP, Viitasalo M, Heikkila P, Karjalainen J, Mantysaari M & Heikkila J. (1996). Serious

cardiovascular side effects of large doses of anabolic steroids in weight lifters. Eur Heart J17, 1576-
1583.

49



Petersson A, Garle M, Granath F & Thiblin 1. (2006). Morbidity and mortality in patients testing positively for
the presence of anabolic androgenic steroids in connection with receiving medical care. A controlled
retrospective cohort study. Drug Alcohol Depend 81, 215-220.

Pette D & Staron RS. (1997). Mammalian skeletal muscle fiber type transitions. Int Rev Cytol 170, 143-223.

Pette D & Staron RS. (2001). Transitions of muscle fiber phenotypic profiles. Histochem Cell Biol 115, 359-
372.

Phillips SM, Tipton KD, Aarsland A, Wolf SE & Wolfe RR. (1997). Mixed muscle protein synthesis and
breakdown after resistance exercise in humans. Am J Physiol 273, E99-107.

Rowinska-Marcinska K, Szmidt-Salkowska E, Fidzianska A, Zalewska E, Dorobek M, Karwanska A &
Hausmanowa-Petrusewicz |. (2005). Atypical motor unit potentials in Emery-Dreifuss muscular
dystrophy (EDMD). Clin Neurophysiol 116, 2520-2527.

Roy RR, Monke SR, Allen DL & Edgerton VR. (1999). Modulation of myonuclear number in functionally
overloaded and exercised rat plantaris fibers. J Appl Physiol 87, 634-642.

Ryan AJ. (1981). Anabolic steroids are fool's gold. Fed Proc 40, 2682-2688.

Schiaffino S, Murgia M, Serrano AL, Calabria E & Pallafacchina G. (1999). How is muscle phenotype
controlled by nerve activity? Ital J Neurol Sci 20, 409-412.

Schmalbruch H. (1976). The morphology of regeneration of skeletal muscles in the rat. Tissue Cell 8, 673-
692.

Schultz E. (1978). Changes in the satellite cells of growing muscle following denervation. Anat Rec 190, 299-
311.

Sinha-Hikim |, Artaza J, Woodhouse L, Gonzalez-Cadavid N, Singh AB, Lee MI, Storer TW, Casaburi R,
Shen R & Bhasin S. (2002). Testosterone-induced increase in muscle size in healthy young men is
associated with muscle fiber hypertrophy. Am J Physiol Endocrinol Metab 283, E154-164.

Sinha-Hikim I, Roth SM, Lee M| & Bhasin S. (2003). Testosterone-induced muscle hypertrophy is associated
with an increase in satellite cell number in healthy, young men. Am J Physiol Endocrinol Metab 285,
E197-205.

Stamford BA & Moffatt R. (1974). Anabolic steroid: effectiveness as an ergogenic aid to experienced weight
trainers. J Sports Med Phys Fitness 14, 191-197.

Staron RS, Malicky ES, Leonardi MJ, Falkel JE, Hagerman FC & Dudley GA. (1990). Muscle hypertrophy
and fast fiber type conversions in heavy resistance-trained women. Eur J Appl Physiol Occup
Physiol 60, 71-79.

Sternberger LA. (1979). The unlabeled antibody (PAP) method, introduction. J Histochem Cytochem 27,
1657.

Stockdale FE & Holtzer H. (1961). DNA synthesis and myogenesis. Exp Cell Res 24, 508-520.
Striegel H, Simon P, Frisch S, Roecker K, Dietz K, Dickhuth HH & Ulrich R. (2006). Anabolic ergogenic
substance users in fitness-sports: a distinct group supported by the health care system. Drug

Alcohol Depend 81, 11-19.

Swash M & Schwartz MS. (1977). Implications of longitudinal muscle fibre splitting in neurogenic and
myopathic disorders. J Neurol Neurosurg Psychiatry 40, 1152-1159.

Tesch PA. (1988). Skeletal muscle adaptations consequent to long-term heavy resistance exercise. Med Sci
Sports Exerc 20, S132-134.

Wang N, Hikida RS, Staron RS & Simoneau JA. (1993). Muscle fiber types of women after resistance
training--quantitative ultrastructure and enzyme activity. Pflugers Arch 424, 494-502.

Ward P. (1973). The effect of an anabolic steroid on strength and lean body mass. Med Sci Sports 5, 277-
282.

Winchester PK & Gonyea WJ. (1992). A quantitative study of satellite cells and myonuclei in stretched avian
slow tonic muscle. Anat Rec 232, 369-377.

50



Yarasheski KE, Zachwieja JJ, Campbell JA & Bier DM. (1995). Effect of growth hormone and resistance
exercise on muscle growth and strength in older men. Am J Physiol 268, E268-276.

Yesalis CE. (1993). Anabolic Steroids in Sports and Exercise. Human Kinetics,P.O. Box IW14, Leeds LS16
6TR, England (44) 532781708.

51



The End

52





