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Abstract

The purpose of this study was to assess if either strength training modalities; high-load (HL)
or low-load (LL), were equally functional in concern of provoking cellular adaptations and
strength increases in well-trained men (n = 11) and women (n = 3), given that all sets were

performed to volitional failure.

Fourteen previous resistance-experienced individuals participated in the study. The training
intervention was set to two fully supervised training session per week for eight weeks,
refraining from other strength training involving lower extremities. Each leg was randomly
assigned to three sets of leg press and leg extension of either 3-5 repetitions for high-load
training (HL; 90-95% of 1RM) or 20-25 repetitions of low-load training (LL; 40-60% of
1RM) performed to failure. A unilateral study design was adopted, meaning that each subject
carried out both training protocols. Biopsy samples were collected from vastus lateralis prior
to and after the eight-week training intervention before stained and analyzed using fluorescent
light microscopy (Olympus BX61, Japan) followed by an image processing software (Fiji).
After the intervention, maximal strength increased in leg press for both HL (170.9 + 43.8 kg
to 205.6 + 49.8 kg; p < 0.001) and LL (169.8 + 48.2 kg to 205.5 + 50.3 kg), with no
differences between protocols. The HL leg extension protocol showed an increase (68.4 £
13.7 kg to 74.3 + 15.9 kg; p < 0.05) but not the LL leg extension (70.4 + 13.4 kg to 68.5 +
14.3 kg; p > 0.05). The results after the training (post) displayed no significant difference
between protocols. The cross-sectional area increased in neither HL nor LL. Both HL and LL

had no changes in satellite cell or myonuclear number.

The data suggest that high- and low-load strength training protocols, may induce equally good
increases in muscle strength but further studies are needed to establish whether an extended

training intervention could yield other or similar cellular changes in both protocols.



Sammendrag

Malet med oppgaven var a vurdere, samt analysere, om en av treningsmetodene; styrketrening
med hgy (HL) eller lav (LL) belastning, var like funksjonelle med hensyn pa cellulere
tilpasninger og gkning i styrke hos trente menn (n = 11) og kvinner (n = 3), gitt at alle settene

blir gjennomfart til utmattelse.

Totalt 14 tidligere styrketrente individer deltok i studiet. Treningsintervensjonen ble satt til to
gkter hver uke i totalt atte uker, hvorav deltakerne matte avsta fra annen styrketrening av
beina. Beina ble tilfeldig tilordnet & gjere tre sett av enten 3-5 repetisjoner med tung
styrketrening (90-95% av 1RM) eller 20-25 repetisjoner med lett styrketrening (40-60% av
1RM) med benpress og kneekstensjon. Ettersom tidligere studier har vist fordeler ved denne
testmetoden, ble det vedtatt et unilateralt (hvert bein separat) studiedesign, noe som innebar at
hver forsgksperson gjennomfgrte begge treningsprotokollene. Biopsipraver ble samlet fra m.
vastus lateralis fra hvert bein hos hver enkelt forsgksperson far og etter den atte uker lange
treningsperioden. Snittene ble deretter merket og analysert ved hjelp av et lysmikroskop
(Olympus BX61, Japan), etterfulgt av en bildebehandlingsprogramvare (Fiji). Etter
treningsperioden hadde styrken gkt i benpress for HL (170,9 £ 43,8 kg til 205,6 + 49,8 kg, p
<0,001) and LL (169,8 + 48,2 kg til 205,5 + 50,3 kg), uten signifikante forskjeller mellom
protokollene. Benet som gjennomfarte HL kneekstensjon viste en gkning (68,4 + 13,7 kg til
74,3 £ 15,9 kg; p <0,05), mens LL kneekstensjon viste ingen endring (70,4 + 13,4 kg til 68,5
+ 14,3 kg; p > 0,05). Til tross for dette, var det ingen signifikant forskjell mellom
protokollene etter endt treningsperiode. Det var ingen gkning i muskeltverrsnitt. Bade HL og

LL forte til ingen endringer i antall satellittceller eller myokjerner.

Falgelig tyder dataene pa at bade hgy- og lav treningsprotokoll kan gi tilsvarende gode
muskulere adaptasjoner i skjelettmuskulaturen hos mennesket, men det er behov for
ytterligere forskning for & fastsla om en forlenget treningsperiode kan fremkalle andre

muskulere og cellulzre forandringer i begge protokollene.
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1 Introduction

Muscle strength and muscle mass have a large beneficial impact on an individual’s
health and performance. Studies have revealed evidence proposing that physical activity
contribute to preventing certain chronic diseases (e.g. cardiovascular disease, cancer, obesity,
hypertension) (Sothern et al., 1999, Janssen and Leblanc, 2010, Warburton et al., 2006).
Among these, it has also been reported a greater ability to improve sleep and mental health,
and delay the onset of sarcopenia (Seguin and Nelson, 2003, Agudelo et al., 2014). Several
studies have shown improved physical function in elderly after strength training to counteract
the age-related decrease in strength and muscle mass (i.e. sarcopenia) (Liu and Latham, 2009,
Hunter et al., 2004, Hunter et al., 2000). These well-characterized, epidemiological challenges
all seem to benefit from exercise, particularly strength training, as it contributes to increasing

fiber size (i.e. muscle mass) and strength.

Improved musculoskeletal health following strength training is an important
component of most sports conditioning programs, as well as being a major contributor in
rehabilitation and to reduce injury (Escamilla and Wickham, 2003). Several studies have
challenged the current recommendation that strength training with loads beyond 60-70% of
the one repetition maximum (1RM) ensures an efficiently development of muscle mass and
strength (Van Roie et al., 2013, Jenkins et al., 2016, Mitchell et al., 2012a, Ogasawara et al.,
2013, Baar and Esser, 1999, Morton et al., 2016a). Nowadays, recent studies imply that low-
load strength training to muscular failure may display equally good effects, though the effect
on type 1 vs. type 2 fibers are unclear. The effects of strength training on fiber type
composition is of interest considering previous research indicating both a fiber type-specific
increase in satellite cells and hypertrophy in type 2 fibers (Verdijk et al., 2009b). Studies have
also reported a high proportion of oxidative muscle fibers (type 1 and type 2B) in endurance-
trained athletes (Andersen and Henriksson, 1977, Russell et al., 2003), whereas others have
found correlations between the amount of fast-twitch fibers (type 2X) and the development of
a higher power output (Tihanyi et al., 1982).Evidently, widespread results demonstrate a
discrepancy concerning optimal loading range to augment muscle size and strength regarding

performance.

Another aspect of strength training is its importance for performance- and strength

athletes. Strength gains and cellular adaptations in the skeletal muscle are important traits, and
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some researchers have, compared the differences in loading modalities between low,
moderate and high load in untrained subjects (Ogasawara et al., 2013, Holm et al., 2008,
Assuncao et al., 2016), and high load in untrained, recreationally active and trained
individuals (Mangine et al., 2015, Schoenfeld et al., 2014c). Some researchers find it to be
equally efficient doing high- and low-load strength training in untrained subject, with respect
to hypertrophy and strength (Burd et al., 2010). Others conclude that high-load induce a
greater hypertrophic and strength response, while a few have compared the differences
between the loading modalities in resistance-trained individuals, suggesting a similar effect
(Vinogradova et al., 2013, Morton et al., 2016b). Still, the general recommendations indicate
that strength training athletes should follow a protocol of few repetitions with high-load, as

many repetitions have been experienced as more painful.

Yet, low-load strength training is a good alternative to high load, especially for
individuals in which certain conditions prevent them from loading high forces upon the
musculoskeletal system (Wernbom et al., 2008). It may be that a strength training-
combination of both high- and low-loading is the best approach to achieve maximized
muscular strength adaptations. Thus, promoting stress in both type 1 and type 2 fibers
(Schoenfeld et al., 2016b). Additionally, elderly and people suffering from other
musculoskeletal conditions may benefit from more easily tolerated strength training with
lighter loads. Regardless, the number of studies covering this field is limited, as most research

is conducted on individuals with little or no strength training experience.

As such, the main purpose of this study was to determine if either training modalities
(high- or low-load strength training) were equally functional or if they induced different
adaptations and strength increases in well-trained individuals. A secondary aim was to
investigate whether previous findings with regards to similar studies, could be applied to

induce cellular changes along with strength and hypertrophy.

Based on evidence and suggestions from previous research of high- vs. low-load
strength training performed on well-trained subjects, we propose the following research

questions and hypothesis:

Will low-load strength training yield similar cellular adaptations (i.e. fiber size,
satellite cell number, myonuclear number) as high-load strength training in well-trained

individuals, given that all sets are performed to volitional failure.



Ho: eight weeks of high- or low-load strength training will result in an equal increase
in muscle strength, fiber cross-sectional area, and the number of satellite cells and
myonuclei. The training modalities will cause no significant difference in fiber type 1

or type 2 regarding fiber size, satellite cell number or myonuclear number.

H1: eight weeks of high- or low-load strength training will result in a different increase
in muscle strength, fiber cross-sectional area, and the number of satellite cells and
myonuclei. These differences exist in that the changes are incomparable when looking
at fiber specific adaptations. With respect to fiber size, satellite cell number and
myonuclear number, type 1 fibers will respond greater to low-load, whereas type 2

fibers will respond greater to high-load.



2 Background

2.1 Skeletal muscle

2.1.1 Muscle plasticity

The skeletal muscle is comprised of muscle fibers. Muscle fibers are made up of
myofibrils which are composed of thousands of tandem repeated units called sarcomeres. The
sarcomeres are stacked with the muscle’s contractile proteins actin and myosin. Together with
actin and myosin, sarcomeres are the functional, contractile unit of the muscle fiber. Due to its
characteristics, actin and myosin are part of a continuous process of production and
degradation, determining if there will be an increase or decrease in muscle mass/volume
(Wilborn and Willoughby, 2004).

The mammalian skeletal muscle makes up a high proportion (~50%) of the total body
mass and is an exceptional heterogenous tissue (Roy et al., 1991). Also, the remarkable
feature of the skeletal muscle as a plastic tissue is the foundation in all the training protocols
which exploit the muscle’s ability to adapt. Hence, muscle mass is the major determinant of
muscle strength. These properties make the skeletal muscle more competent to accommodate
specific demands, altering its functional, morphological, and metabolic characteristics (Allen
et al., 1999). Thus, the structural design of the muscle is impacted by the specific condition

under which the skeletal muscle function (Hoppeler and Fluck, 2002).

Strength training exercises are external stimuli, differing from endurance exercises,
with specific duration and intensity of contraction. The difference in intensity and duration
reflects specific patterns which may cause a phenotypic switch in fiber type composition (Liu
et al., 2003). Due to its abundance and contractile significance, a multitude of signaling
mechanisms (e.g. quantitative and qualitative) can cause changes in the myosin isoforms
which significantly impact muscle strength (Qaisar et al., 2016). This may carry its

advantageous when exposing the skeletal muscle to a certain type of exercise.



The differences in fiber types are due to their protein isoform profile based on their
myosin heavy chain (MHC) composition. The type of myosin heavy chain corresponds to the
various fiber types as it serves the site functioning as the ATPase necessary during muscle
contraction (Fry et al., 1994b). Additionally, Barany (1967) revealed a correlation between
the contraction speed and the ATPase activity. Further, studies have suggested that expression
of MHC in the major fiber types (type 1, type 2A and type 2X) to a certain degree respond to
strength training (Holm et al., 2008). One could, therefore, expect that the type of strength
training affects the outcome and changes in the MHC-expression. Consequently, the changes
in the muscles’ phenotypic profile may affect fiber size (hypertrophy/atrophy) or, as
mentioned, the fiber type composition (fast-to-slow or slow-to-fast switch) (Green et al.,
1999, Pette and Staron, 1997), according to the various tasks demanded by the muscle.

2.1.2 Muscle fiber types

Architectural differences in the muscle are based on characteristics such as the speed
of which the fiber exerts an action potential, producing a single contraction and relaxation
cycle (i.e. twitch). In humans, this corresponds to the three main groups of muscle fibers; type
1, type 2A and type 2X. This division ensures a separation of slow and oxidative type 1 fibers
from fast and glycolytic type 2X fiber (Staron, 1997, Schiaffino and Reggiani, 1994). The
adjustment of a fiber type-specific muscle is defined by a stepwise transition of fibers
composed of a combination between two fiber types (Pette and Staron, 1997, Neunhauserer et
al., 2011), thereby placing type 2A fibers in an intermediate position between type 1 and type
2X. Consequently, muscle fibers meet the demands by harmonizing the size and/or metabolic
properties accordingly (Allen et al., 1999), modifying the muscle fiber’s phenotypic profiles
(Hoppeler and Fluck, 2002, Coffey and Hawley, 2007).

Usually, strength training does not affect MHC 1, while the percentage of MHC 2A
increase as MHC 2X decrease (Hather et al., 1991, Staron et al., 1994b). Adams et al. (1993)
showed changes in fiber type composition after 19 weeks of heavy strength training,
presumably reflected by a change in gene expression. Following the training intervention,
there was a percentage decrease in type 2X fibers associated with an increase in type 2A and
type 1 fibers. The same observation was seen in another study (Fry et al., 1994a), though no

significant rise in type 2A and type 1 was detected, in contrast with quadriceps studies.



Despite that the changes in strength did not correlate with the changes in the MHC content
(i.e. fiber type composition), strength training caused alternations in the contractile protein
profile (Jurimae et al., 1996) and thus hypertrophy.

2.1.3 Motor units

Muscle fibers are controlled by motor units where one motor unit comprise of a motor
neuron and the muscle fiber that it innervates (Buchthal and Schmalbruch, 1980). The
electrical properties of the motoneuron strongly covary with the mechanical properties of their
muscle units. Hence, Burke et al. (1974) were able to identify three types of motor units:
slow, fast fatigable and fast fatigue resistant. However, discussing the properties of motor
units referred to humans, they adopted the terms low- and high-threshold motor units
(Heckman and Enoka, 2012). Upon a muscle contraction, motor units were recruited
following a size principle in an orderly manner (Carpinelli and Fitness, 2008). The size
principle was first proposed by Henneman (1985) and dictates that, during a given movement,
the smallest motor units are recruited first. The recruitment is dependent on the effort of the
activity, and as force production requirements increase, the larger motor units are eventually
engaged (i.e. an inverse relationship between firing rate and recruitment threshold) (Lee et al.,
2013, De Luca and Hostage, 2010). In that sense, the firing of previous recruited motor units
is greater than the firing of later recruited once. Since firing pattern is essential for muscle
fiber activation, firing in response to loading during exercise is of increasing importance.
Further, it seems as if it is important to acknowledge the effects of certain stimulation patterns

during exercise on muscle fiber architectural specificities.

Heavy loading seems to be required to fully recruit higher threshold motor units, as
they are responsible for promoting maximal muscular adaptations (Schoenfeld et al., 2014a).
Thus, ensuring preferential activation of the distinct motor units according to the exercise
(Sale, 1987). Recommendations are predicated on the belief that complete motor unit
activation is necessary to accomplish optimal improvements in strength and hypertrophy
(Kraemer and Ratamess, 2004). Yet, the perception may be different as suggested by
Schoenfeld et al. (2017) that complete motor unit recruitment would ultimately be the result
during strength training at lower intensities (30% 1 RM), granted that training was performed
to momentary muscular failure. Additional studies support this view, concluding with the

remark that heavy loads are not always necessary (Carpinelli and Fitness, 2008). Overall,
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these results suggest that even low-load strength training can recruit sufficient muscle
activation, eliciting strength gains and hypertrophic response.

2.2 Strength training

Aerobic endurance training and heavy strength training represents the opposites of the
adaptations continuum required by the muscle (Coffey and Hawley, 2007). Regular exposure
to heavy strength training will result in increased maximal muscular strength (Abe et al.,
2000). In making this statement, it must be noted that when it comes to strength training,
studies display different suggestions to how it most profitable should be performed
(Medicine, 2009). Regardless, resistance exercise intensity is operationally defined as the
percentage of maximal strength (% of 1 repetition maximum [%1RM]) or the number of
repetitions (xRM) used for a particular exercise (Fry, 2004). Thus, the ability to adapt
positively to increasing training load is dependent on the progression of the training program
(Kraemer and Ratamess, 2004). To prevent injury and overtraining, careful considerations are

required.

2.2.1 Strength training with high- and low-loads

A general approach has been that strength training should be performed with sufficient
training resistance (> 70 % of 1RM) to maximize training-induced muscle strength and
hypertrophy (Medicine, 2009), with even higher loads to maximize strength (>80% of 1RM)
(Campos et al., 2002b, Peterson et al., 2004) or maximal hypertrophy (>90-95% of 1RM)
(Fry, 2004). Such strength training is defined as high-intensity strength training as opposed to
low-intensity strength training (<70% of 1 RM). Until recently, heavy strength training has
been believed to be the only optimal way to elicit favorable improvement in muscle
hypertrophy and strength (Campos et al., 2002b, McDonagh and Davies, 1984). Burd et al.
(2012) proposed in a review that lower intensities, when performed to volitional failure, could
provide a comparable muscle fiber activation typically seen when performing high-intensity
strength training (Morton et al., 2016b, Martin et al., 2018, Ahtiainen et al., 2005, Elliott et
al., 2002). That way, he opened for speculations that low intensities (30% of 1RM) until
muscular failure could bring about the same degree of training-induced muscle hypertrophy as

high-intensity strength training.



Moreover, Laurentino et al. (2008) tested the effects of vascular occlusion in
combination with low-intensity strength training, but this did not augment hypertrophy or
strength as opposed to regular high-intensity strength training. As occlusion cause additional
stress to the muscle (Manini and Clark, 2009), some researchers hypothesized that occlusion
at low intensities (20% of 1RM) could cause increased muscle strength and muscle size as
well (Kubo et al., 2006). Other studies have also provided evidence that low-load strength
training with vascular occlusion increase both muscle size and muscle strength compared to
those typically seen after conventional high-load strength training (Abe et al., 2006, Takarada
et al., 2002, Moore et al., 2004). High-loads can therefore no longer be considered the

exclusive driver of resistance exercise-induced changes in muscle strength and hypertrophy.

Several studies have conducted experiments investigating hypertrophic and strength
benefits regarding high- vs. low-load strength training, and the conclusions along the studies
differ. Whereas some suggests an identical increase in muscle mass (i.e. hypertrophy) and
muscle strength with both training modalities (Schoenfeld et al., 2015a, Morton et al., 2016a),
others conclude that they are only comparable in regard to muscle hypertrophy and not
strength (Mitchell et al., 2012b). Morton et al. (2016b) showed that well-trained men
performing high- (8-12 repetitions at 75-90% of 1RM) or low-load (20-25 repetitions at 30-
50% of 1RM) unilateral strength training for 12 weeks induced similar skeletal muscle
hypertrophy. Evidence of no significant strength difference between the two legs was also
presented. Contrary results from a similar study comparing high- and low-intensity strength
training did not agree with their findings, concluding that high-intensity (80-85% of 1RM)
strength training resulted in greater strength gains and hypertrophy compared to low-intensity
(50-70% of 1RM) strength training (Vinogradova et al., 2013).

The majority present evidence suggesting that low-load strength training to volitional
failure induce an equal increase in both hypertrophy (Ogasawara et al., 2013) and also, if not a
more efficient, increase in muscle protein synthesis as opposed to high-load strength training
(Burd et al., 2010). Interestingly, Schoenfeld et al. (2017) concluded in a review that increases
in 1RM favored high-load strength training. Additionally, evidence of a trend toward high-
load being slightly greater regarding muscle hypertrophy was presented, while no difference
between the two training modalities was detected testing isometric strength. They are
supported by the study of Schmidtbleicher (1987) which carried out a comparative study

consisting of one group completing 7 sets of 1-3 repetitions at 90-100% of 1RM and a second



group completing 3 sets of 12 repetitions at 70% of 1RM. The strength increases were
seemingly similar for both groups, though the high-repetition group displayed a greater CSA.
The overall results may indicate that prescriptions for great hypertrophy and maximum
strength may differ. Therefore, it is important to acknowledge the individual variance in
training progression, and training volume and intensity must be modified each individual and
their starting position (Kraemer and Ratamess, 2004, Kraemer et al., 1998). As it seems that
hypertrophy can occur performing both training modalities, perhaps one could expect fiber

type-specific changes as well.

Several studies have investigated differences in induced hypertrophic responses
caused by different loads and whether potential differences are fiber type-specific. Some
studies suggest that performing low-load strength training to volitional failure may emphasize
type 1 muscle fiber hypertrophy more than high-load strength training (Ogborn and
Schoenfeld, 2014, Grgic et al., 2018), which preferentially induce hypertrophy of type 2
muscle fibers (Netreba et al., 2013, Vinogradova et al., 2013). That said, as briefly mentioned,
other studies indicate that low-load strength training is equally effective in promoting muscle
fiber growth as high-load strength training, assuming that training is carried out to muscular
failure (Morton et al., 2016b, Martin et al., 2018). The current literature covering the topic
show conflicting results and do not brought enough evidence to draw a firm conclusion
regarding the adaptations in the different fiber types when exposed to various loading

modalities. Further research is therefore needed.



2.3 Satellite cells

2.3.1 Characteristics

The satellite cell was first described by Mauro (1961) when examining the skeletal
muscle fiber of a frog, providing the first electron microscopy description of these unfamiliar
cells. The satellite cell was named after its peripheral association between the myofiber
(sarcolemma) and the extracellular matrix (basal lamina) of the muscle fiber (Figure 2.1A).
To begin with, they were considered myogenic progenitors. Later, their ability to self-renew
to maintain the satellite cell pool or differentiate upon muscle regeneration characterized them
as myogenic stem cells (Dumont et al., 20153, Collins et al., 2005). It is, however, important
to appreciate that satellite cells and muscle-derived stem cells (e.g. muscle side population
(SP)) represent distinct cell populations (Seale et al., 2000, Chen and Goldhamer, 2003). In
healthy tissue, satellite cells collaborate with mesenchymal stem/stromal cells (MSCs) (Figure
2.1B) and PW1*/Pax7" interstitial cells (PICs) to achieve an efficient regenerative process
(Ferrari et al., 1998, Saito et al., 1995). Mesenchymal progenitors present an important stem
cell population and contribute in promoting the satellite cell-dependent myogenesis (Uezumi
et al., 2014) but in concern of changes in the muscle following strength training, satellite cells

are more studied.

B) Satellite
Myofiber with LAY | Mesenchymal
myofibrils Al 1] = progenitor

Myofiber

Figure 2.1 | Satellite cell localization in the skeletal muscle fiber.

(A) The satellite cells are located between the sarcolemma (myofiber) and the basal lamina
(extracellular matrix) of the muscle fiber. The mesenchymal progenitor is enclosed by the basal
lamina. (B) A schematic representation of the satellite cell location in its peripheral niche, quiescent

and “ready to alert” whenever activated by a proper stimulus (e.g. stress of muscle fiber). Figures
adapted from (Skuk, 2013).

The satellite cells are a heterogeneous population normally found in a “ready to alert”-
quiescent state. Here, they will only sporadically fuse with one another to compensate for

muscle turnover caused by daily wear and tear (Yin et al., 2013). In this resting state, the
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satellite cells generally express transcription factors such as the transcription factor paired box
7 (Pax7) (Dumont et al., 2015a). They are characterized by a low rate of metabolism and
mitotic activity (Rocheteau et al., 2015a, Schultz et al., 1978). Their low transcriptional
activity, on the other hand, is invaluable during the activated state. Moreover, they have a
relatively high nucleus-to-cytoplasm ratio with few organelles (Hawke and Garry, 2001).
From a biological perspective, an optimal distribution of nuclei with respect to minimizing
transport distances to and from cells are highly beneficial. These morphological features are
consistent with the arguments that satellite cells are normally transcriptionally less active and
rather quiescent. Thus, satellite cells are fundamental as they can fuse with the muscle fiber to
donate their nucleus and contribute to hypertrophy and increased protein synthesis when
necessary (Moss and Leblond, 1970, Moss and Leblond, 1971).

2.3.2 Satellite cell activation and myogenesis

Satellite cells are activated as a result of stimuli from several factors (e.g.
physiological stress from exercise or injury) or growth factors during development (Hawke
and Garry, 2001). This can cause the adult mammalian skeletal muscle to undergo a process
of myogenesis (i.e. growth). Seale et al. (2000) demonstrated the importance and unique
requirement of the transcription factor Pax7 regarding satellite cell specification, as Pax7
deficient mice presented complete absence of myogenic satellite cells. Today’s understanding
is that Pax7-positive satellite cells provide an essential role in adult regenerative myogenesis
(Sambasivan et al., 2011), and are crucial to obtain a normal function of the satellite cells in

the skeletal muscle (von Maltzahn et al., 2013a).

As opposed to muscle fibers which contain differentiated cells, satellite cells can
undergo mitosis (figure 2.3). Thus, they are crucial for the regeneration of the muscle after
trauma (physical stress) (Hawke and Garry, 2001). The satellite cell activation is defined with
them reentering the cell cycle from their quiescent state (Dumont et al., 2015a) before they
then proliferate and differentiate to form new daughter cells. A perception is that satellite cells
can divide symmetrically and asymmetrically upon cell cycle entry (Figure2.2) and that these
options rely on the physiological condition of the cell. The proliferation involves symmetric
division, which is suspected to be the primary mechanism for self-renewal involving the
formation of a subpopulation of new, identical and quiescent satellite cells (Moss and

Leblond, 1971). An asymmetric division which gives rise to two identical daughter cells, one
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daughter cell which will actively maintain the satellite cell pool, while the other will fuse with
the muscle fiber to form new myonuclei (Kuang et al., 2007). They represent a subpopulation
already committed to becoming myogenic progenitors.

Figure 2.2 | Symmetric and asymmetric

Symmetric Asymmetric division.
Symmetric cell division gives rise to two
Satellite identical daughter cells with the means to
stem cells proliferate the satellite cell pool. This cell
population will have a higher self-renewal
[Stem cell \ l capacity. Asymmetric cell division is a
expansion H H
property of stem cells that gives rise to
two daughter cells with different

developmental fates. In this case, one
@ @ @ | el satellite cell will ensure maintenance of
the satellite cell pool while the other will
yogenc Stem cel commi'g to beg:ome a myogenic
progenitor commitment| - progenitor. Figure adapted from Dumont

et al. (2015b) and Berika et al. (2014).

The proliferation process to form new myonuclei have been suggested to be necessary
for efficient hypertrophic growth of the skeletal muscle (Schoenfeld, 2010, Snow, 1990Db,
Egner et al., 2016, Goh and Millay, 2017). There are, however, conflicting reports that
challenge that this perception exists (Lee et al., 2012, McCarthy et al., 2011). Regardless,
satellite cells are considered essential for optimal hypertrophy, in addition to repair and
regeneration of damaged muscle fibers (Karalaki et al., 2009, Goh and Millay, 2017, Egner et
al., 2016). Quiescent satellite cells display different gene expression profiles compared to
activated, dividing cells (Motohashi et al., 2014). The earliest molecule associated with
satellite cell activation is phosphorylated p38 MAPK (Jones et al., 2005). This protein kinase
is followed by myogenic regulatory factor MyoD, which can be expressed by myogenic cells
although not in quiescent cells or myofibers (Kanisicak et al., 2009, Yablonka-Reuveni and
Rivera, 1994). Shortly after activation, MyoD directly regulates the expression of yet another

molecule, Cdc6, to allow cell cycle entry (Zhang et al., 2010).
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Figure 2.3 | Satellite cell progression in response to exercise.

Following strength training, the up- and downregulation of Pax7 and the MRFs determine the
progression through the myogenic program causing triggering of morphological and functional
changes. The upregulated proteins are represented in green, while the downregulated proteins are
colored red. The process is described in more detail in the main text. Figure adapted from Snijders et
al. (2015a) and Bazgir et al. (2017).

Over the centuries, researchers have tried to display the details regarding satellite cell
activation, but there are still uncertainties and more to reveal. Some growth factors and
pathways have been suggested to be central to different stages of activation. Growth
hormones are known as a performance-enhancing drug. It is well-characterized to improve the
amount of circulating insulin-like growth factors 1 (IGF-1) and increasing the proliferation,
thus triggering the formation of myoblasts (myogenic precursor cell) (Fu et al., 2015). IGF1
and IGF2 are known to be important mediators in the anabolic pathway of the skeletal muscle
by activating numerous cascade reactions when bound to their receptors. This binding can
cause an increase in proliferation through MAP kinases or differentiation and hypertrophy
through phosphorylation of Akt which activates mTOR and p70S6 kinase (Fu et al., 2015).
By stimulating the Akt/mTOR pathway, IGF1 consequently downregulates the transcription
factor FOXO which have shown to induce cycling of satellite cells (Machida et al., 2003,
Schiaffino and Mammucari, 2011). Moreover, a study by Musaro et al. (2001) on transgenic
embryos displayed that local overexpression of IGF1 may activate satellite cells. Obviously,
the pathways are compound yet the regulatory factors encoding for muscle growth has been

defined.
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The MRFs are a family composed of four members: myogenin, MRF4, MyoD and,
Myf5. They are all regulatory factors important for muscle growth occurring in the muscle
after strength training. Psilander et al. (2003) demonstrated an alternation in myogenin,
MyoD, and MRF4 following strength training, indicating that these genes may be
fundamental in regulating hypertrophy. Quiescent satellite cells display different gene
expression profiles compared to active, proliferating satellite cells, whereas MyoD expression
absent in quiescent satellite cells (Fu et al., 2015). Activation of satellite cells also seems to be
influenced by the release of nitric oxide (NO) produced by dying fibers, triggering the release
of hepatocyte growth factor (HGF). Elevated levels of NO at the injury site, indicates that NO
is required for normal muscle repair post injury (Rigamonti et al., 2013, De Palma and
Clementi, 2012). A calcium influx and HGF from the extracellular matrix occur in the
disrupted muscle to directly activate the unprotected satellite cells (Wozniak and Anderson,
2007, Allen et al., 1995b).

2.3.3 Effects of strength training on satellite cells and myonuclei

Several studies have over the years studied the role of satellite cells during muscle
growth and degradation. The major conclusion is that depletion precipitate less functional
myofibers (Egner et al., 2016, Finnerty et al., 2017). Thus, strength training is postulated to be
a stimulus required to activate satellite cells (Hawke, 2005), inducing transcriptional and
translational changes in the skeletal muscle. Various models have discussed the need for
satellite cells to achieve a good hypertrophic response (Rosenblatt et al., 1994, O'Connor and
Pavlath). Conflicting results have further, over the years, questioned the recruitment of
satellite cells and the addition of myonuclei after a period of strength training. Previous
research has shown an increase in fiber type 2-associated satellite cells in response to strength
training in both elderly (Verdijk et al., 2009a) and younger individuals (Nederveen et al.,
2017).

When arriving at the site of interest, the satellite cells fuse together and/or with
existing myofibers. A natural expectation would be a subsequent increase in myonuclei
concurrent with increasing satellite cell number. Still, the presented results are conflicting,
some indicating that the addition of myonuclei is fundamental for muscle fiber hypertrophy in
both young and elderly individuals (Allen et al., 1995a). Leenders et al. (2013) postulated that
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traditional, prolonged strength training (60-80% of 1RM) increased satellite cell and
myonuclear content, in addition to muscle mass and strength in both elderly men and women.
A newer study by Snijders et al. (2016) observed the same accompanied increase in satellite
cells and myonuclei during the hypertrophic response. Additionally, they presented evidence
that an increase in the myonuclear domain does not drive skeletal muscle fiber hypertrophy.
Yet, some studies have demonstrated a hypertrophic response deprived of an increase in
myonuclei (Kadi et al., 2004). Keeping that in mind, upon a hypertrophic response, the
muscle fibers may be short of newly incorporated satellite cells as the need for supplementary
is dependent on the training stimulus.

Insufficient training stimulus may only serve for renewing and replenishing of the
already present satellite cell pool (Mackey et al., 2011). Analyzing changes in the satellite cell
pool in relation to different phases of a strength training program, Damas et al. (2018)
proposed that extensive muscle fiber growth over the limits of which pre-existing myonuclei
can contribute with enough support, new satellite cells are required to supply additional
myonuclei to both fiber types. So, during prolonged strength training, an increase in both
myonuclear and satellite cells number would be expected considering the training stimulus is
adequate. Accordingly, Kadi et al. (2000) presented evidence confirming that the acquisition
of additional myonuclei per fiber during muscle hypertrophy is necessary to support the
enlargement of multinucleated muscle cells. That way, maintaining the cytoplasmic volume
per nucleus (i.e. the nuclear domain) (O'Connor and Pavlath, 2007). In response to 10 weeks
of strength training, the cross-sectional area increased in coincidence with a significant
increase in both myonuclei (~70%) and satellite cell number (46%). Thereby indicating a
positive correlation between an increasing concentration of myonuclei with a correspondingly

higher number of satellite cells.

The distribution of satellite cells in fast and slow skeletal muscle fibers have
previously been investigated, with the perception that satellite cells occur more frequently in
slow muscle fibers (Hawke and Garry, 2001), as they are first recruited during muscle
activity. Certain studies have, however, found a higher number of satellite cells in the fast
muscle (type 2X) in mice and suggested an unequal distribution of satellite cells in the various
muscle types (fast vs. slow) (Gibson and Schultz, 1982b). Other studies have revealed no
difference between type 1 and type 2 fibers, apart from a decrease in type 2 associated

satellite cells with increasing age (Verdijk et al., 2014). Even so, Kadi et al. (2006b) provided
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new information that the satellite cell distribution in human vastus lateralis was not dependent

on fiber type composition. Meaning that a firm conclusion is not to be made at this point.

2.3.4 ldentification of satellite cells

(1) Immunohistochemistry

Immunohistochemistry is an excellent detection technique determining the tissue
distribution of an antigen (protein) of interest (Duraiyan et al., 2012), and their exact position.
Immunohistochemical markers for satellite cells are monoclonal and polyclonal antibodies
selectively identifying antigens located on the satellite cell. The principle was discovered in
the early 1930s, but the first study was reported first in 1941 by Coons et al. (1941). Further,
expansion and development of the immunohistochemical technique have led to the discovery
of the antibody against Pax7. Additionally, antibodies against neural cell adhesion molecule
(NCAM) and M-Cadherin (calcium-dependent adhesion glycoproteins) have also been used in
studies on both mice and humans (Kinney et al., 2017, Marti et al., 2013). Using antibodies
against NCAM, satellite cells in their quiescent, proliferating and activated state was stained
(Hawke and Garry, 2001). Staining with NCAM also cause the synapses in the muscle nerve
cells to be stained (Covault and Sanes, 1986) and may present challenges during analysis. M-
Cadbherin is expressed in quiescent, proliferating and activated satellite cells (Marti et al.,
2013, Cornelison and Wold, 1997). Pax7 is expressed uniformly in quiescent as well as
active, proliferating satellite cells, and downregulated when the cells commit to muscle
differentiation (Zammit et al., 2006). Distinctly from their quiescent progenitors, the
myoblasts (proliferating progeny) co-express Pax7 and MyoD. The phase in which Pax7 is
downregulated along with an induction of myogenin is marked as the entering of the

differentiation phase (Danoviz and Yablonka-Reuveni, 2012).

Though electron microscopy opened a new world of possibilities when it came to the
identification of specific cells located in a tissue of interest, the method offers challenges. The
analysis is considered extremely time-consuming and the tissue sample is remarkably small

compared to traditional histological methods.
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(2) Biopsy analysis

Over the years, a number of studies have been practicing different biopsy techniques to
study muscle fiber type composition, satellite cell number and cross-sectional area (Costill et
al., 1979, MacDougall et al., 1980, Friedmann-Bette et al., 2010). The proportions of studies
performed on untrained subjects are usually more abundant compared to studies on well-
trained subjects. Since it seems like untrained subjects often adopt higher gains in muscle
mass and/or strength during shorter training interventions, muscular responses are easier
observed and thus more favorable studies to conduct. Regardless of this, the gathering of
tissue samples enables the use of immunohistochemistry which can contribute to a better
understanding of how strength training affects factors such as satellite cell number, fiber type

distribution and myonuclei.

2.4 Strength training-induced muscle hypertrophy

An increase in muscle mass and muscle cross-sectional area (CSA) is usually
associated with a process of muscle fiber hypertrophy (Chesley et al., 1992), in contrast to
hyperplasia whereas the fiber CSA increases due to the addition of new myofibers (Kelley,
1996). Generally speaking, it is well known that strength training induces hypertrophy and
increased CSA and muscle mass in both humans (Bellamy et al., 2014, Charette et al., 1991,
Tesch, 1988) and other animals (Bagby et al., 1972, Barany and Close, 1971, Heck et al.,
1996). Hypertrophy is often seen in relation with strength training as a result of an imbalance
between the protein degradation and protein synthesis, where the protein synthesis exceeds
the rate of protein degradation (Goldberg, 1968, Pallafacchina et al., 2013).

As some research has considered hypertrophy a slow process usually requiring 6-7
weeks before demonstrating whole muscle hypertrophy (Goreham et al., 1999, Green et al.,
1999), some researchers have observed hypertrophy already after 20 days of heavy strength
training (Seynnes et al., 2007). Despite, DeFreitas et al. (2011) wrote that significant
hypertrophy was present after 3-4 weeks of high-intensity strength training, observing an
increase in CSA already after two training sessions. It should be noted that excesses in results
are likely affected by differences in training stimulus (i.e. some only performed one exercise;

Seynnes et al. (2007)) and various exercises.
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Muscle CSA and fiber type composition are both important factors concerning muscle
characteristics. Curiously, studies have shown an increase in muscle CSA and satellite cell
number in vastus lateralis superior to observations in upper extremities when an equal
number of sets were performed (Rgnnestad et al., 2007, Hanssen et al., 2013b). This provides
indications of adaptive differences between upper and lower body strength. The predicted
improvement in strength and hypertrophy are, however, expected at different time points
following strength training. Additionally, studies investigating hypertrophic responses
between men and women are limited. Early attempts studying the efficiency of strength
training in women relative to men showed an absent muscle hypertrophy (Ivey et al., 2000),
posited by the low androgen production in women. Anyhow, newer evidence suggests that the
relative percentage change in strength and hypertrophy between men and women are similar
(Cureton et al., 1988). Although there are physical differences between men and women (e.g.
smaller myofibers), strength training seems to increase fiber size and strength in a similar
manner in women as men when presented to the same exercise stimulus (Lemmer et al., 2000,
Staron et al., 1994a)

2.4.1 Myonuclear involvement in muscle hypertrophy

In response to the hypertrophic process, adult myofibers require the formation of new
myonuclei to sustain the increasing myonuclear domain (Allen et al., 1999). Fusing
myonuclei causes the enlargement of preexisting fibers. A rodent study demonstrated the
relation between hypertrophy and myonuclei in response to strength training (Figure 2.3)
(Bruusgaard et al., 2010). Prior to any major increase in muscle volume, the hypertrophic
response caused the addition of new myonuclei. Still, research on mice reveals that an
increased number of nuclei in larger fibers contributes differently as to the nuclear domain
(Bruusgaard et al., 2003). The nuclei seemingly repulse each other intending to obtain an
optimal distribution of nuclei with respect to minimizing transport distances. Further, these
newly acquired myonuclei were, besides already existing myonuclei, retained in the muscle
during atrophy. Myonuclei, therefore, seem apoptotic resistant to degradation after

subsequently disuse and are not lost (Bruusgaard and Gundersen, 2008).
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Figure 2.3 | Proposed model of cellular memory and myonuclear addition following exercise.

In response to a hypertrophic process following resistance exercise in untrained muscle fibers, new
myonuclei are recruited through fusion satellite cells. This occurs prior to the muscle fiber growth. As
myonuclei are not lost during detraining, the elevated myonuclear number are preserved when the
muscle mass is decreased, leading to a small fiber with high myonuclear density. Thus, when returning
to training, increased muscle mass is gained easier. This permanently elevated humber of myonuclei
demonstrates a cellular memory mechanism, suggesting the maximal size the muscle fiber has ever
had at a point. Figure adapted from Gundersen (2016).

2.4.2 Effects of strength training on fiber CSA

The increase in size following strength training is caused by the addition of
sarcomeres and an increase of noncontractile elements (e.g. fat). Strength training is an
effective stimulus to improve muscle protein balance, primarily by stimulating protein
synthesis (Phillips et al., 1997). Wilkinson et al. (2008) demonstrated a post-exercise increase
in both myofibrillar and mitochondrial protein synthesis in human skeletal muscle after
strength training, with increasing specificity as the muscle increased its strength. These results
are in analogy with studies examining the post-exercise acceleration of muscle protein

turnover and amino acid transport (Biolo et al., 1995, Cuthbertson et al., 2006).

Indications show that there is likely an upper limit to how large CSA the muscle fibers
may obtain (Mitchell et al., 2012a, Schoenfeld, 2013). However, some evidence suggests that
production of more muscle fibers (hyperplasia) can occur in some animals and under certain
conditions (i.e. chronic stretch, strength training), as a hypertrophy-compensatory process
(Chalmers et al., 1992). For evident reasons, studies regarding hypertrophy versus hyperplasia

relating muscle CSA is only issued indirectly. Anyhow, questions concerning the maximal
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degree of hypertrophy achievable through strength training in well-trained subjects are
somehow debated and the information is scarce. In an eight-week comparative study
performed in resistance-trained, young men, high-intensity strength training (3-5 repetitions,
~90% of 1RM) were tested opposed to high-volume strength training (10-12 repetitions,
~70% of 1RM) (Mangine et al., 2015). It appears that high-intensity strength training
stimulated greater improvements in 1RM bench press but produced a similar magnitude in
hypertrophy as high-volume strength training. Others submit evidence suggesting that
strength training should be performed to the highest intensity of effort (i.e. muscular failure)
and, that way, recruit the maximal number of motor units and muscle fibers possible (Gondin
et al., 2005). This was exemplified in a study separating active, but untrained women into two
distinct groups; total-body training (2-8 RM) and upper-body training (8-12 RM). After 24
weeks of training, both groups showed increased hypertrophy with no significant difference
between the groups (Kraemer et al., 2004). Due to good hypertrophy responses but a low

number of studies conducted on trained individuals, more studies are desirable.

2.5 Summary

Current research concludes that the constant process of production and degradation in
the muscle determines whether there will be a net gain (hypertrophy) or a net loss (atrophy) of
muscle mass. Strength training induces muscle hypertrophy, a process in which satellite cell
(i.e. myogenic precursor cells) activation is required to contribute in the addition of new

myonuclei. Thereby, supporting the increasing nuclear domain.

Muscle fibers adapt according to the stress in which it is exposed to. As fiber type 2 is
more vital for explosive strength, provided by activation of high-threshold motor units
recruited by increasing effort of activity, the content of fast twitch (type 2) fibers are expected
to be higher in strength-trained individuals as opposed to type 1 fibers. Thus, due to its high
velocity, type 2X fibers are more suitable with respect to strength training, compared to its
subgroups (MHC 1 and MHC 2A).

Conflicting suggestions have been introduced concerning the most efficient load
regarding a maximal increase in muscle strength, some assuming high intensity has been
required to yield complete motor unit recruitment. Previously, strength training was

presumably performed at high resistance, usually >70% of 1RM, to elicit favorable
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improvement in muscle hypertrophy and strength. Subsequent research has caused the
interpretation high-intensity contractions can no longer be considered the exclusive driver of
resistance-exercise induced changes. Consequently, evidence illustrates that adult skeletal
muscle exposing to different loading modalities is associated with similar responses

concerning an increase in muscle strength and CSA.
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3 AIm

The main object of this study was to elucidate how unilateral high (90-95% of 1RM)
or low load (40-60% of 1RM) strength training may contribute to hypertrophy and strength
outcomes, and how this may or may not be reflected by changes and/or differences in muscle

fiber cross-sectional area, satellite cells, and myonuclear number in well-trained individuals.
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4 Method

This master thesis was implemented as part of a collaboration project performed at
GIH, Stockholm, Sweden. The project description was already predetermined, and the present
findings are based on the work conducted at GIH. The project started at the beginning of
2017, where the training intervention was carried out. Several tests (e.g. 1RM) were done to
measure hypertrophy and force development before muscle biopsies were gathered. From
there, the samples were sent to NIH for further analysis.

Ethics and approval

Before entering the study, all volunteers had to answer a health assessment chart, in
addition to signing a written informed consent. Here, they received information about the
study purpose, experimental procedure and possible risks associated with the study. The
protocol was approved by the Swedish ethical review authority (reference: 2016/2159-31) and
was performed in accordance with the Helsinki declaration. Participants and all information
were handled confidentially, including the data which were kept only available for the leaders
of the study. Participants were closely informed that participation was voluntary, and they
could withdraw from the study at any time. Ethics was approved by local review board,

Etikprovningsndmden Stockholm. The trial number was registered as 2016/2159-31.

4.1 Participants

A total of 16 subjects volunteered to take part in the study, recruited through different
forms of social media, as well as ads placed at the university (GIH). Descriptive data of the
participants in the study are presented in table 4.1. During the project, a couple (n=2) of
participants disrupted the study due to injury caused by activities outside intervention.
Altogether, 14 healthy, well-trained men (n=11) and women (n=3) aged between 20-35 years
completed the study.
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Table 4.1 | Subject characteristics at baseline.
Differences in weight and length between the sexes. Values are given as mean * standard deviation.

n=14 Men (n=11)  Women (n=3)
Age, years | 26.4 £ 4.4 26.7+4.4 25.3+5.1 264+4.4
Weight, kg | 79.9£10.7 | 83.4+94 67.2+20 79.9£10.7
Height,cm | 1794+ 7.6 181.7 £ 6.6 169.8 £ 0.3 1794+ 7.6
BMI | 249+28 |253+31 23.3+£0.7 2491238

To increase the eligibility of the study, the inclusion criteria were set to a minimum
RT experience of two years of lower body strength training prior to the study. This, including
one weekly session of the lower body. They also had to be able to participate during entire
training intervention and restrict other sorts of exercise. At baseline, 1RM measurements
revealed ranges between 46,7-87.1 kg in leg extension. Throughout the training period, the
subjects were asked to refrain from other strength training activities involving the lower body.
Beyond that, the subjects were allowed to do strength training on the upper body, as well as
endurance exercises. Endurance exercises could not cause an increase in endurance exercise

volume and intensity if performed during the project.

The subjects had to be able to participate in two scheduled training sessions (Monday
and Thursday) per week. To control for confounding physiological factors, their legs were
randomly assigned to different unilateral training protocols, consisting of either high-load
(HL) or low-load (LL) strength training.

Protein supplementation was given considering some research suggests that it may
help enhance the hypertrophic response and assist muscle adaptation to prolonged resistance
exercised (Cintineo et al., 2018, Pasiakos et al., 2015, Snijders et al., 2015b). For that reason,
subjects were provided with a protein drink containing 27 g of high-quality whey protein

dissolved in 300 ml water following each session.

4.2 Study design

Data utilized in this master thesis was gathered in collaboration with the Swedish
school of sport and health science (GIH), in which they investigated the effect of muscular

hypertrophic adaptations in high- and low-load training modalities. The study continued for a
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total of 11 weeks, where the first eight weeks was fully supervised training sessions two times
a week (Mondays and Thursdays) (figure 4.1). Data was collected over a period of 11 weeks,
from January to March 2017. The intervention lasted from week two until week 10, with a
total of 17 planned training sessions per participant. This included a deloading period, at week
six, involving only one training session. In addition, training volume was lowered to one
exercise and one set per leg, but intensity and number of repetitions remained unchanged.
During the first week (week one), all participants performed baseline testing, whereas the load
was adjusted to correspond to 90-95% of 1RM for the HL leg and 40-60% of 1 RM of the LL
leg. Considering the subjects’ previous experience with strength training, it was decided that
additional accustoming to the strength training equipment was not necessary. The pre- and
post-testing were arranged over one week at week one and week 11, involving both strength

training and biopsies from each of the legs.

Baseline Training intervention (part Training intervention (part
testing 0 Deload phase 2) Retesting
T : T : T
[ | || |
Week 1 2-5 6 7-10 11
Biopsy T T

Figure 4.1 | Figurative representation of the training intervention.

Progression and strength training program for the eight weeks of intervention. The table presents the
training protocol during the intervention period. The strength training exercises consisted of leg press
and leg extension. As mentioned above, the intervention was interrupted by a deload week
characterized by a decrease in the number of sets.

4.2.1 Strength training exercises

The subjects were conducted through the strength exercise leg press (LP; Cybex
International, Medway, MA, USA) and leg extension (LE; Cybex International, Medway,
MA, USA) in a unilateral fashion, as these exercises are considered technically easy to
perform and associated with low-risk of injuries etc. Figure 4.2 demonstrates the performance
of predetermined strength training exercises. A leg press repetition was considered valid and
approved once the platform in which they kept their legs was concentrically pushed until full
extension, and then eccentrically lowered to the starting position with a 90-degree angle at the
knee joint. Leg press repetitions were correctly performed once the weight was pushed up

causing a minimum of 160-degrees in the knee joint angle. To fit them as best as possible, the
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equipment was individually adjusted according to each participant. Leg extension, on the
other hand, was correctly performed when the resistance was pushed up to a minimum of 160-
degree knee angle. The starting position was set to a little less than 90-degrees in the knee

joint angle.

Figure 4.2 The implementation of the exercises.
Drawings demonstrate leg press and leg extension respectively, and the way the exercises were carried
out.

4.3 Training protocol

Each training sessions started out with a general warm-up including five minutes
cycling on an ergometer bike on an optional intensity, before specific warm-up was carried
out in a leg press machine. The manual includes information that sets a good stage for
practical learning. Additional warm-up in the strength training machines was required for the
leg performing the HL protocol, whereas the leg performing the LL protocol completed the
strength training at such low intensities that further warm-up was considered unnecessary.
Volume-load was calculated by multiplying the number of repetitions with the load for each
session, dividing it with the attended sessions (Morton et al., 2016b). The load was expressed
in kg and was set to correspond to 3-5 reps (90-95% of 1RM) for the HL leg and 20-25 reps
(40-60% of 1RM) for the LL leg (see table 4.2). If the implementation of the exercise
deviated from the prescribed and desired repetition range, the load was adjusted accordingly
in the following set. Thus, during the intervention, the load was adapted according to the

individual progress to maintain the pre-determined percentage of 1 RM.

Following every session, training was initiated with leg press followed by leg
extension. Apart from the deload week, the subjects performed three sets of leg press and

three sets of leg extension for both legs. The legs were trained alternately with a recovery
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period of two minutes between each set. To avoid any familiarization or crossover effects, the
leg starting each training sessions was altered every week. The sessions lasted until all sets
and repetitions were completed for the respective subjects. Each set was performed to
volitional failure accompanied by strong verbal encouragement before and during each set,
due to the mental challenges of maintaining the high intensity. All the test was conducted in
the physiological labs at GIH, where the subjects were closely supervised by experienced
strength trainers and members of the investigative team.

Table 4.2 Strength training protocol for the intervention.

The table presents the progression and training program during the intervention period for the high-
and low-load leg. The strength training exercises consisted of leg press and leg extension. As
mentioned above, the intervention was interrupted by a deload week characterized by a decrease in

sets.
Warm-up: five-minute cycling on an ergometer bike on self-selected intensity.

Progression model for M. vastus lateralis
Sessions/week Both legs 2
Exercise/session Both legs 2
Set/exercise Both legs 3
Set/week Both legs 12

HL reps/exercise 3-5
. HL reps/week 48

Repetitions i

LL reps/exercise 20-25

LL reps/week 270

HL 90-95

Load %
LL 40-60
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4.4 Muscle sampling

Muscle biopsies were obtained from the vastus lateralis at least 48 hours before the
pre-testing at week one, and 48 hours after the final tests at week 11. Prior to the procedure,
aseptic precautions were taken, and the skin was disinfected using a surgical antiseptic
solution, chlorhexidine. The area was locally anesthetized (2% Carbocain, AstraZeneca,
Sddertalje, Sweden) before a small incision was taken in the skin and the muscle fascia. The
biopsy procedure was conducted utilizing a Weil-Blakely conchotome. This method has
previously been reported by Henriksson (1979) as a semi-open muscle biopsy and is a safe
procedure to obtain muscle samples from humans. The closed jaws of the sterile conchotome
were inserted through the incision (Dietrichson et al., 1987). The jaws were placed parallel to
the muscle fascicles. The jaws were opened and the conchotome twisted 180-degrees after it
had been closed around the muscle sample. In general, one can obtain 50-150 mg of muscle
tissue for each biopsy. As for the opposite leg, the same procedure was performed for all the
participants. After the biopsy, the tissue was quickly cleaned for connective tissue, blood, and
fat. The tissue was subsequently distributed for various purposes. The muscle with the largest
surface area was selected and shaped to a perpendicular square using a razor blade before it
was enclosed inan O.C.T. compound and mounted in an embedding medium (OCT
Cryomount, Histolab Products AB, Gothenburg, Sweden). The sample was frozen in
isopentane pre-cooled to its freezing point (-120°C) in liquid nitrogen. The samples were then

stored in a freezer (-80°C) for further immunohistochemical analyzes.

4.4.1 Muscle tissue sectioning

To start with, the samples were first removed from the freezer (-80°) and placed in a
cryostat (CM1860 UV, Leica Microsystems; Nussloch, Germany) for 20 minutes along with
the equipment (scalpel, brushes, tweezers) that were necessary for successful cutting.
Furthermore, the tissue was attached to a cutter screw with OCT before it was mounted to the
cutting head. The quality of the sample and the orientation of the muscle fibers were mapped
by trimming the tissue piece. In this way, one could also achieve a clear cutting-surface and
correct orientated muscle fibers. Each sample was cut with a thickness of 8 um and mounted
on SuperFrost Plus (Thermo Fischer/Gerald Menzel, Braunschweig, Germany) slides. All

muscle samples from the same subject were placed on one single slide (figure 4.3). That is, in
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this case, for each subject, four muscle biopsies, one from each leg before and after the

training intervention.

Subject

PreV PreH

Post V Post H

Muscle cross-section

Figure 4.3 | Template of muscle tissue sample.

The muscle samples from each subject were placed on a
slide with two sections; one from the left leg (pre-V and
post-V respectively) and one from the right leg before
and after the training intervention (pre-H and post-H)
(see figure 4.2). Since the legs were randomized, one
could not tell from the sample which leg had performed
HL or LL.

4.5 Immunohistochemistry

Antibodies have a variety of preferences to which protein structure they prefer to bind.

An overview of the relevant primary and secondary antibodies used for identification of such

protein structures in this project is given below (table 4.3). A total of three protocols for

staining were used to identify satellite cells (Pax7), myonuclei (PCM1 and DAPI) and the

muscle fiber type composition (MHC1). Winje et al. (2018) demonstrated in a study that

pericentriolar material-1 (PCM1) specifically labeled all myonuclei in skeletal muscle of both

rodents and humans, making it a good histological marker for labeling myonuclei in skeletal

muscle. To determine the localization of the different nuclei, antibodies were also used for

labeling the cell membrane (antibody against laminin or dystrophin).
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Table 4.3 | Primary and secondary antibodies.
Overview of the primary and secondary antibodies used for staining and identification of specific
proteins during the immunohistochemistry. A total of three protocols staining-protocols were used to
identify the cells of interest (i.e. satellite cells (Pax7), myonuclei (PCM1 and DAPI) and the muscle
fiber type composition (MHC1)).

Antibody Binds to Producer | Host Dilution | Product number
organism
Anti PAX7 Paired box | DSHB Chicken | 1:20 Ab528428
transcription
factor 7
DAPI A-T rich Invitrogen Found in | P36931
regions in muting
nuclei DNA solution
Anti-dystrophin Dystrophin | Abcam Rabbit 1:500 Ab15277
in the cell
membrane
Anti-laminin Laminin DAKO Rabbit 1:500 Z0097
Anti MHC1 Myosin DSHB Mouse 1:500 BA-D5
heavy chain
1
Anti PCM1 Cytoplasm | Sigma Rabbit 1:1000 | B114638
and
centrosomes
MANDYS8(8H11) | Dystrophin | DSHB Mouse 1:20 MANDYS8(8H11)
Anti mouse (Anti-) Invitrogen | Goat 1:200 A11001
Alexa® 488 mouse
Anti rabbit (Anti-) Invitrogen | Goat 1:200 A11008
Alexa® 488 rabbit
Anti rabbit (Anti-) Invitrogen | Goat 1:200 Al11012
Alexa® 594 rabbit
Anti mouse (Anti-) Invitrogen | Goat 1:200 20110
Alexa® 594 mouse
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4.5.1 Satellite cell labeling

The sections were incubated with a 4% formaldehyde and 0.05% Triton X-100
(T8787, Sigma Life Science, St. Louis, MO, USA) solution for 10 min (appendix 1). The
samples were then washed with PBS (phosphate buffered saline, Sigma, P4417, USA) for 3x3
min before reincubated with serum-free protein block (X0909, Dako, Glostrup, Denmark) for
10 min at room temperature. Afterward, the sections were incubated with a primary antibody
against laminin and Pax7 at four degrees overnight. The following day, sections were washed
3x3 min in PBS and then incubated for 60 minutes at room temperature with the secondary
antibody consisting of Alexa 488 anti-mouse (Alexa fluor 594 goat anti-rabbit 1gG) and Alexa
594 anti-rabbit (Alexa fluor goat anti-mouse IgG) diluted in 1% BSA (bovine serum albumin;
A4503, Sigma Life Science) in PBS (524650, Calbiochem, EMD Millipore, Darmstadt,
Germany). At ended incubation, the sections were washed 3x3 min before mounted with a
mounting medium containing DAPI (Invitrogen, P36931) and covered with a cover glass
(Marienfeld, 0107222, Lauda-Kdnigshofen, Germany).

4.5.2 Labeling of myonuclei

Sections were collected from the freezer and placed at room temperature (see appendix
2). Briefly, sections were preincubated for 30 minutes with 2% BSA diluted in PBS-t, before
incubated with the primary antibodies at four degrees overnight. The primary antibodies
consisted of PCM1 (Sigma, B114638) and MANDYDS8 dystrophin (DSHB, MandyDS8)
diluted in a solution of 5% BSA (bovine serum albumin, Sigma, A4503, USA) dissolved in
PBS-t added 0,02% Igepal CA-630 (Sigma, 13021)). Following the overnight incubation, the
sections were washed 3x5 minutes in PBS before incubated with the secondary antibodies
(Alexa 488 conjugated anti-rabbit and Alexa 594 conjugated anti-rabbit) for one hour at room
temperature. The secondary antibodies were diluted in 2% BSA dissolved in PBS. The
sections were once again washed for 3x5 minutes in PBS before the cover glass was placed

using a mounting medium containing DAPI.
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4.5.3 Labeling of fiber types

Detailed staining protocol for fiber type see appendix 3. Fiber type CSA and
distribution were stained with antibodies against myosin heavy chain 1 (BA-D5, DSHB,
monoclonal) and anti-dystrophin (Abcam, rabbit polyclonal). Briefly, sections were blocked
with 1% BSA in PBS with 0,05% Tween-20 (PBS-t) for 60 min at room temperature before
incubated in primary antibodies overnight at 4 degrees. Next day, sections were washed 3x10
min in PBS-t and incubation in secondary antibodies for 60 min at room temperature. The
secondary antibody consisted of Alexa 488 anti-mouse (Alexa fluor® oM goat anti-mouse
IgG) and Alexa 594 anti-rabbit (Alexa fluor® 594 goat anti-rabbit 1gG). At ended incubation
sections was washed 3x10 min in PBS-t before being mounted with Prolong Gold antifade
reagents with DAPI and covered with a coverslip. Fiber types showing negative stain against
myosin heavy chain 1 (black/not stained) was quantified as type 2 fibers. Information about
antibodies, see table 4.3.

4.6 Microscopy

4.6.1 Analysis

All images were visualized using light microscopy (Olympus BX61, Japan) with a
fluorescence light source (EXFO X-Cite 120PC-Q, Ontario, Canada) using a 4x air (UPlanFL
Nm 0,12 NA, Olympus) or a 10x air objective (UPlanFL N, 0,55 NA, Olympus). Micrographs
were captured using a connected digital camera (DP72, Olympus). Fiji image processing
software (released under the General Public License) was employed to inspect the images and

quantify the number of satellite cells and myonuclei.

4.6.2 Quantification of satellite cells

For every sample, an overview picture was taken with a 4x air objective and later
printed in paper form. This made it easier to locate the satellite cells and relate them to the
respective fiber type. The samples were examined through a 10x objective in the microscope
and illuminated by fluorescent light. That way, photo sequences were obtained with the light

of different wavelengths to visualize and identify the different antibodies bound to the
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respective proteins/structures in the sample. Positive PAX7 labeling was shown in the form of
a bright green stain, whereas positive DAPI labeling was visible in the microscope as a blue

stain.

Previously, in the lab at the Norwegian school of sports sciences, NCAM has been
extensively used as a marker but has been associated with challenges to quantifying satellite
cells with high accuracy. Satellite cells were included if an apparent overlap in shape, size,
and location between PAX7 (green color) and the nuclei marked with DAPI (blue color)
could be observed (figure 4.4). This was set as a criterion for defining each the satellite cells.
Which muscle fiber the satellite cells were associated with, was determined using an antibody
against laminin (red color) to label the basal lamina. The satellite cells have a unique
anatomical location peripheral in the muscle fiber, between the sarcolemma and the basal
lamina (Morgan and Partridge, 2003b). The muscle fiber type to which the satellite cells
belonged to was determined by staining an equivalent sample from the same leg and the same
subject with an antibody against myosin heavy chain 1 and dystrophin (table 4.3). The result
is presented as the number of satellite cells per 100 fibers of each fiber type. Folds or other

damages on the samples were stained again. Still, some parts were ruled out.
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Figure 4.4 | Quantification of satellite cells by positive PAX7 labeling.

The biopsy samples were stained with specific antibodies and examined through the microscope. The
images were later used for counting the total number of satellite cells. (A) The image illustrates
staining of satellite cells with PAX7 (green). The yellow arrows indicate the position of the satellite
cell, located in between the sarcolemma and basal lamina. (B) Yellow arrow points out the same
satellite cells as identified in image A. The red arrows show the myonuclei, which is stained with
DAPI (blue). (C) The basal lamina represents the membrane of the muscle fibers and are stained with
laminin (red), illustrated with blue arrows. The yellow arrow is the same satellite cell identified in
image A. Further, the image was merged (D) to easier quantify the satellite cells. An apparent overlap
in shape, size and location between PAX7 (green color) and the nuclei marked with DAPI (blue color)
led to the inclusion of the satellite cell. Finally, an equivalent sample from the same leg was stained
(myosin heavy chain 1 and dystrophin) to determine the muscle fiber type in which the satellite cell
was connected to (figure 4.5).

4.6.3 Fiber type distribution

Fiber specific CSA and fiber type distribution were analyzed using a micrograph
obtained with a 4x objective and calculated using TEMA software (CheckVision, Hadsund,
Denmark). Muscle fiber type 1 was observed as MHC1-positive cells (green) and the basal
lamina was stained with dystrophin (red) (figure 4.5). Further, the fiber CSA and fiber type

composition were calculated. Muscle fibers at the outer edge of the sample were excluded
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from the analysis, in addition to fibers with abnormal shape (i.e. long or uneven cell
membranes). The CSA area is presented as pum2,

Figure 4.5 | Hlustration of muscle fiber type staining.

Image illustrations of small muscle fiber sections from overview images used to analyze muscle fiber
type and muscle fiber CSA. Staining with MHC1 (A) are presented in green, whereas the yellow arrow
points out a single muscle fiber type 1. The black cells, on the other hand, are either fiber type 2A or
2X. Dystrophin (B) was used to visualize the basal lamina. When merging the two images together
(C), staining (dystrophin and MHC1) allowed a greater perception of the distribution of type 1 and
type 2 fibers in the muscle.

4.6.4 Quantification of myonuclei

Two pictures where obtained from each sample after examining them through a 10x
objective. Myonuclei were quantified by counting 50 type 1 and 50 type 2 fibers. Next, these
images were combined with those from the fiber type analysis. As for the satellite cells, a
myonucleus was included if both the labeling of PCM1 and DAPI had the same shape, size,
and co-localization (figure 4.6). Only then it would be counted and included in further
analysis. The results will be presented as the number of myonuclei per type 1 and type 2

fibers separately.

35



Figure 4.6 | Quantification of myonuclei by positive PCM1 labeling.

The biopsy samples were all stained with specific antibodies, in this case DAPI, dystrophin and
PCML, before examined through the microscope. The images were later used to count the myonuclear
number associated with each muscle fiber. Some of the PCM1 positive myonuclei (green) is illustrated
by the yellow arrows. The yellow arrows are represented in image B as well, but in addition, staining
with DAPI led to the visualization of all the nuclei present in the muscle (blue). The basal lamina was
stained with dystrophin (C). Lastly, an overlay image (D) was used to detect all the nuclei belonging
to the counted muscle fibers. Nuclei positive for both DAPI and PCM1 was accounted as myonuclei.

4.7 Statistical analysis

All values are presented as individual variation, means and standard deviation (SD) if
not otherwise is stated. In this study, statistics were used to investigate differences between
and within the protocols. Since analysis for paired comparisons (paired t-test) equivalence to
ANOVA, it was encouraged to use a 2-way ANOVA to investigate the effects of training and
differences between the training protocols. If the statistical test showed an interaction effect, a
Holm-Sidak$ multiple comparisons test was performed. The analysis was set to involve
correlation between the number of satellite cells and myonuclei corresponding to the different
fiber types (type 1 and type 2) before and after training intervention, and comparisons

between the legs in which had performed the high- and low-load training. Significant level
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was set to p < 0.05 for all measures, meaning that levels below indicated no correlation
between the training modalities. Calculations were performed in Prism 8 (GraphPad Software
Inc., San Diego, CA, USA).
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5 Results

5.1 Baseline measurements and descriptive characteristics

A total of 14 subjects completed the study (table 4.1), each subject with one leg
performing HL and the other LL. Overall adherence to training during the intervention was
high, with a participation rate of 95.8% of those who completed the study. The study included
both men and women, and since the number of female participants was low (n = 3) as
opposed to men (n = 11), analysis comparing the two sexes were not performed. At baseline,
there was no difference in either CSA, fiber distribution (%), number of satellite cells, nor the
number of myonuclei between the HL and LL leg (table 5.1). The strength in 1RM leg press

and leg extension is listed as well.
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Table 5.1 | Descriptive characteristics of muscle variables at baseline.

Baseline values of 1RM strength in leg press and leg extension, fiber CSA and distribution (%), the
number of satellite cells (per 100 muscle fiber) and the number of myonuclei (per fiber) for each
protocol and are based on a total of 14 participants. There was no difference between the HL and LL
leg. Values are given as means + standard deviation for type 1 and type 2 fibers separately.

HL LL
Strength (1RM, kg)
Leg press 170.9 +43.8 169.8 +48.2
Leg extension 68.4 £ 13.7 70.4 +£13.4
Cross-sectional area
Type 1 (um?) 5373 £ 962 5016 + 1064
Type 2 (um?) 6639 + 1186 6715 + 1268
Fiber distribution (%0)
Type 1 47.1 43.1
Type 2 52.9 56.9
SC per 100 fiber
Type 1 1022 11.2+4
Type 2 135+5 145+8
Myonuclei per fiber
Type 1 3.3%0.7 3.6+0.8
Type 2 41+09 41+0.8

5.2 Training effects

The average total training volume per session for the HL and the LL leg was higher in
the LL leg, with 2671 + 678 kg for the HL leg and 9289 + 2839 kg for the LL leg (p < 0.001)
(Figure 5.1). The same difference in training volume was observed between legs for each
exercise (p < 0.001). In total, the training volume for HL leg in leg press was 1937 + 553 kg
and 7615 + 2501 kg for the LL leg (p < 0.001). Leg extension training volume was 798 + 210
kg for HL leg and 1893 + 458 kg for the LL leg (p < 0.001).
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Figure 5.1 | Average training volume per strength training exercise.

The average total training volume per session was higher in the LL leg in comparison to the HL leg.
The same variation in training volume was seen between the exercises for each leg, while the training
volume for the LL leg was significantly higher (p < 0.001) than the LL leg for both leg press and leg
extension. Training volume is by multiplying the load with the number of repetitions for each session.
The values are given as mean (£SD) values and * indicates the significant difference in average
volume for each exercise between the legs.

5.2.1 Muscular strength

Following the intervention, no significant difference in strength increase was noted
between the legs (p = 0.88, figure 5.2). The maximal leg press strength increased significantly
and equally great for both HL (170.9 + 43.8 kg to 205.6 £49.8 kg; p < 0.001) and LL (169.8 +
48.2 kg to 205.5 + 50.3 kg; p < 0.001). As for leg extension, no difference was observed in
the LL leg (70.4 + 13.4 kg to 68.5 + 14.3 kg; p > 0.05), whereas a significantly increase in
strength was seen for the HL leg (68.4 + 13.7 kg to 74.3 = 15.9 kg; p < 0.05). Still, post-

values revealed no significant difference between legs.
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Figure 5.2 | Increases in 1RM leg press and leg extension (kg) for the HL and LL leg.

Change in 1 RM strength in vastus lateralis after unilateral leg press and leg extension for both HL
(pink) and LL (blue), prior to (pre) and after (post) eight weeks of training. (A) For the leg press
exercise, both legs showed a significantly (*) greater increase in maximal strength than the
corresponding pretraining values in both the HL and LL leg (p < 0.001). Additionally, the HL protocol
in leg extension (B) resulted in a significant increase in strength (p < 0.05). The stippled lines show
individual lines in strength following the training intervention are presented for leg press (C) and leg
extension (D). No significant difference was noted between the legs (HL and LL) after the
intervention. Each dot represents a participant (A, B). The values are expressed as kilograms (kg)given
as mean (xSD) values and * indicates the significant increase in 1RM strength. N = 14.

The percentage change in strength between the high- and low-load leg in the leg press
exercise at baseline was tested performing a paired t-test, but the comparison did not reveal
any significant difference (p = 0.543). Overall, the strength in HL increased by 9 £+ 11% (95%
Cl, 2.66-15.6; p = 0.543) whereas LL decreased by 2 + 11% (95% Cl, -8.94-4.0) (figure 5.4).
No significant difference at baseline was calculated (these figures are not included in this

thesis, as they can be related to figure 5.3C and D).

During the immunostaining, a couple of samples showed areas of freeze-damage.
However, these areas were excluded from the analyses. Unfortunately, one of the samples

were excluded on this basis due to the challenges caused when analyzing this sample. Some
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of the samples had a low number of fibers (type 1/type 2 fibers < 50), so that the number of
counted myonuclei differed slightly among the subjects.

5.2.2 Cross-sectional area

After eight weeks of strength training, there were no change in CSA of type 1 fibers
for HL (5376 + 1033 um? vs. 5226 + 1190 um?) or LL (4913 + 1050 pm? vs. 5066 + 1039
um?) leg (figure 5.3A and C). The same was observed in the type 2 fibers for HL (6643 +
1298 um? vs. 6845 + 1224 um?) and LL (6684,36 + 1325,43 pm? vs. 6851,55 + 1336,60 pum?)
leg (figure 5.3B and D).
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Figure 5.3 | No significant increase in CSA (um?) in type 1 and type 2 fibers.

CSA (um?) in type 1 fibers (A) and type 2 fibers (B) for the HL (pink) and LL (blue) leg prior to (pre)
and after (post) the training intervention. Each dot represents a subjects’ given value at the various
times. (C) (D) Individual lines in fiber area (um?) for type 1 and type 2 fibers, respectively. Each dot
represents a participant. The values are expressed as micrometers (um?) and given as mean (SD)
values. N = 14.
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5.2.3 Satellite cells

Eight weeks of high- and low-load strength training showed no changes in the number
of satellite cells in type 1 (figure 5.4A and C) or type 2 (figure 5.4B and D) fibers for the HL
or LL leg. In type 1 muscle fibers, the number of satellite cells for the HL leg was unaltered
with 10.3 + 2.3 satellite cells per 100 muscle fibers at baseline to 13.3 + 5 satellite cells after
the training intervention. Satellite cells per 100 muscle fiber in the LL leg was unchanged
from baseline values of 11.1 + 3.7 satellite cells (pre) to 13.1 + 6.7 satellite cells (post) during
the eight-week training intervention. Per 100 type 2 muscle fibers, the number of satellite
cells for HL and LL was unchanged from 13.7 + 4.9 satellite cells per 100 fibers at baseline to
16.0 £ 5.2 (post) after eight weeks of training, and 14.9 + 7.2 (pre) to 16.6 + 9.1 (post)

respectively.
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Figure 5.4 | No increase in the number of satellite cells per 100 muscle fiber.

Mean satellite cell distribution in type 1 and type 2 fibers prior to (pre) and after (post) the training
intervention. The results are grouped, representing the change in satellite cell number in type 1 (A, C)
and type 2 (B, D) fibers after HL (pink) and LL (blue) strength training. (C, D) Individual lines for
both legs and fiber types. There was no significant difference between the protocols or the fiber types
after the training intervention. Each dot represents a participant. The values are expressed as satellite
cells per type 1 muscle fiber and given as mean (£SD) values. N = 14,
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As opposed to the mean values, two subjects differed greatly in satellite cell number at
baseline and after the training intervention (HL: 14.5 to 25.0; LL: 15.3 to 19.8). As for the
type 2 fibers, the individual variance was to a much greater extent scattered, both for baseline
and post-values. Additionally, some of the subjects with the highest satellite cell number at
baseline experienced a decreased satellite cell number following intervention (e.g. subject
one; HL: 24.5 to 11.5; subject two; LL: 29.8 to 2.5).

The satellite cell content in both HL and LL was combined and analyzed by a paired t-
test. The HL and LL protocol resulted in no significant increase in type 2 fibers (p = 0.395),
contrary, the satellite cell number increase significantly in type 1 fibers (p =0.05). Comparing
the HL and LL leg for type 1 and type 2 fibers, the change in satellite cell number was not
significant (p = 0.184).

5.2.4 Myonuclei

After the training intervention, the number of myonuclei was unchanged from 3.3 +
0.7 (pre) to 3.3 £ 0.6 (post) for the HL in type 1 muscle fibers (figure 5.5A and C), and from
4.1 £ 0.9 (pre) to 3.9 £ 0.9 (post) for type 2 fibers (figure 5.5B and D). As for the LL leg, the
myonuclear number in type 1 fibers was unchanged giving 3.6 £ 0.7 (pre) to 3.3 £ 1.0 (post)
(figure 5.5A), and 4.1 + 0.8 (pre) to 4.0 £ 1.0 (post) myonuclei per fiber type 2 (figure 5.5B).
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Figure 5.5 | No increase in the number of myonuclei.

The mean myonuclear number per muscle fiber represented in both type 1 (A) and type 2 (B) fibers.
The number of myonuclei remained unchanged after eight weeks of HL and LL strength training. (C)
Individual variation in myonuclear number in type 1 fibers. (D) The individual lines in myonuclear
number in type 2 fibers. Each dot represents a participant. The values are expressed as myonuclear
number per muscle fiber type 1 and given as mean (xSD) values. N = 14.
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6 Discussion

Several studies have investigated the strength and hypertrophic response following
high- and low-load strength training. To our knowledge, no studies have investigated cellular
responses (i.e. the number of satellite cells and myonuclei) in human skeletal muscle exposed
to strength training with either high-loads (3-5 reps) or low-loads (20-25 reps). Thus, the aim
of this study was to investigate cellular adaptations in the human skeletal muscle caused by
two different loading modalities during strength training. In short, comparing the legs
performing high- and low-loads, the training resulted in changes in strength while there was
no significant difference in either fiber specific CSA, satellite cells nor myonuclear number.
However, while 1RM leg press increased equally in the high- and the low-load leg, only the

high-load leg increased significantly in 1 RM leg extension.
6.1 Training effect on muscular strength

6.1.1 Increased muscular strength

Eight-weeks of high- and low-load strength training to volitional failure resulted in a
significant increase in muscular strength measured as 1RM in the leg press, acknowledging no
significant difference between the two loading modalities (Figure 5.2). A significant increase
in strength gains was also observed for the high-load protocol in leg extension, while the low-
load protocol led to no significant changes in 1RM leg extension. Compared to this study,
research on untrained individuals have shown a rapid and early increase in strength following
strength training (Abe et al., 2000, Abe et al., 2006, Adams and Haddad, 1996). Based on
Kraemer et al. (2002), muscular strength increases are found to be approximately 40% in
untrained individuals, in contrary to 16% in trained, 10% in well-trained and 2% in elite
athletes over periods ranging from 4 weeks to 2 years. Relative to the present study, our
subjects were considered well-trained which gives us reason to believe we could expect an
increase in muscle strength close to trained or advanced individuals. Thus, this is in line with
our findings, as muscle strength increased within roughly 10-20% for all the 1RM exercises

except for the low-load leg extension.
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Our findings are to some degree compatible with the study of Morton et al. (2016b).
Comparing the effects of different loading zones on strength improvements in resistance-
trained men, high- and low-load demonstrated the same consistent increase in strength, at
least for 1RM leg press, when training was performed to volitional failure. Contrary, a
mayjority of studies investigating strength gains in well-trained individuals have concluded
that high-load training is more beneficial than low-load training in regards to strength
increases (Ahtiainen et al., 2003, Ahtiainen et al., 2005, Allen et al., 1999). The degree of
motor unit recruitment has been studied during muscle contraction and have been postulated
to be dependent on the effort of activity (Bamman et al., 2007). Moreover, to produce further
neural adaptations due to full motor unit recruitment, a load of >60-70% of 1RM has been
recommended to maximize muscular strength and hypertrophy in untrained individuals.
Instead, individuals accustomed to strength training should train with loads >80% of 1RM
(Bagby et al., 1972, Bamman et al., 2007). Still, when sets have been performed to volitional
failure, even low-loads will result in full motor unit recruitment (Sale, 1987). It seems as
high-threshold motor units are recruited lastly, at the end of a failing reaching set (Henneman,
1985). This may explain the current findings, proposing that the training caused activation of
a large range of motor units, ensuring full muscle activation in both legs. Basically, the time
under load was quite similar but lifting low-load may induce more stress of the type 1 fibers,
though the results showed no fiber type-specific differences (Ogborn and Schoenfeld, 2014).
High-load strength trained are also better accustomed to lifting high-load, such as 1RM, and

may for that reason have adapted a better technique during strength testing.

Schoenfeld et al. (2015a) presented a study investigating different loading zones in
well-trained men. The high-load group was set to do 70-80% of 1 RM and the low-load group
was set to do 30-50% of 1 RM, hence somewhat lower in comparison to the present study
(90-95% 1 RM; 40-60% 1 RM respectively). The training volume for the low-load group was
three times higher compared to the high-load group which is more or less similar to our low-
load protocol. Surprisingly, the high-load strength training in Schoenfeld’s study was superior
to low-load when aiming for maximal strength adaptations. Furthermore, generally accepted
recommendations are divergent in contrast to present findings, in which profess that maximal
improvements in strength are achieved solely by heavy strength training beyond > 70% of 1
RM (Allen et al., 1995b, American College of Sports, 2009). These recommendations are

based upon studies concluding that loads corresponding to >70% of a subjects’ 1RM have led
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to greater increases in muscle strength (Campos et al., 2002b, Kalapotharakos et al., 2004,
Peterson et al., 2004), with even higher loads (>80% of 1RM) are necessary to increase
further neural adaptations and strength in experienced lifters (Hakkinen et al., 1985).

The results from leg press showed that both training modalities led to a similar
increase in strength although the subjects’ pre-training status in the current study was better.
To put it in perspective; in a review, Hakkinen (1985) introduced the differences in muscle
strength increases between groups differing greatly in the level of their pretraining strength
(see figure 2 in ref.). He presented documentation of trainability status of the subjects at a
given time and maximal strength increases between trained and untrained individuals. The
percentage change in muscle strength occurring over the 24 weeks of training showed a
remarkable difference favoring the untrained individuals. This suggests that strength increases
(i.e. progression) tend to slow down with developing strength status.

Purposeful discrepancies in total strength training volume (repetitions x load) between
protocols were created by the experimental design, leaving an unmatched total of volume
lifted. On average, the low-load protocol included a significantly higher volume in contrast to
the high-load leg (Figure 5.2). Yet, post-values of muscle strength revealed no significant
difference in increased strength between leg press and leg extension. A similar study by
Schoenfeld et al. (2014c) tested volume-equated strength training in well-trained individuals.
Investigating strength gains performing 3 sets of 10 RM or 7 sets of 3 RM with leg press, leg
extension and barbell back squat, the high-load protocol produced a superior increase in
maximal strength, despite both protocols led to the same increase in muscle size (study
supported by (Burd et al., 2012, Burd et al., 2010). This observation is consistent with
previous studies on volume-matched strength training in untrained individuals, whereas high-
load was better regarding a maximal strength increase (Burke et al., 1974, Campos et al.,
2002a). Consequently, such volume-matched situations indicate that high-load is more
efficient considering muscle strength and may prevent low-load protocols to reach the same
degree of muscular failure. The unmatched volume situation in the current study, however,
represent a full muscle activation in the low-load protocol, reaching complete muscular
failure. And by that, given the chance to produce comparable results as the high-load

protocol.
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6.1.2 Training effect on cross-sectional area

No significant increase in fiber cross-sectional area

The individual variance in fiber CSA differed greatly between some of the subjects
(e.g. mean CSA: 3419um? vs. 10425um?) at baseline (see Table 5.1). The training period of
eight weeks led to no difference in fiber CSA between the leg performing high- or low-load
strength training (Figure 5.3). The overall CSA did, however, increase in type 2 fibers when
both legs were pooled and analyzed together. Assuming the training was performed to
volitional failure, our study, along with others (Mangine et al., 2015, Schoenfeld et al., 2015a,
Schoenfeld et al., 2014b, Ahtiainen et al., 2003, McCall et al., 1996), show that strength
training with repetition ranges from 3-35 with an intensity of 30-95% of 1RM respectively,
yields an approximately similar response in CSA in the lower extremities of well-trained
individuals. To our knowledge, only Schoenfeld et al. (2016a), who completed a study on
already resistance-trained individuals, have reported a better hypertrophic response with the
moderate-to-high load (8-12 repetitions) if the sets were performed to volitional failure. Both
groups were set to perform an equal number of sets, which corresponds to more than a
doubling of the volume in the group doing 8-12 repetitions in comparison to the high-load
group. The authors suggested that the doubling in volume may have been the reason for the
significant differences in hypertrophy responses of the moderate group (hypertrophy-type
protocol). Besides, in a newly published study, Schoenfeld et al. (2019) evaluated strength
training volume on muscular adaptations in trained men. The training volume was set to low-,
moderate-, and high-volume strength training before muscle hypertrophy was evaluated. The
results showed a dose-response relationship between strength training volume and
hypertrophy, with increasingly greater hypertrophic gains achieved with higher training
volumes. Moreover, the distinct training volume showed no differential effect on the 1RM
tests (LRM squat and 1RM bench press) and they propose that “strength training volume
enhances muscle hypertrophy but not strength in trained men". In comparison, their findings
indicate that the low-load protocol should induce greater hypertrophy set against the high-load

protocol. Secondly, the training volume enhanced only hypertrophy and not strength.

It is well documented that strength training leads to muscular adaptations such as
hypertrophy in both trained and untrained individuals (Staron et al., 1991, Ahtiainen et al.,
2003, Franco et al., 2019). The present results showed that there was no change in muscle size

for both training modalities. Similar studies have presented evidence that high- and low-load
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strength training leads to hypertrophy (Schoenfeld et al., 2015a). Interestingly, the lack of
adaptations found in this study was somewhat unexpected and contradicts with what Burd et
al. (2010) reported after analyzing muscle protein synthesis following high- and low-load leg
extension. On the contrary, low-load strength training (30% of 1RM to failure) was suggested
to be superior to triggering hypertrophy, as opposed to high-load (90% of 1RM). Mitchell et
al. (2012a) reported training-induced hypertrophy in subjects performing strength training
under three conditions, differing in contraction intensity (30% or 90% 1RM) or contraction
volume (one/three sets of repetitions). Nevertheless, the training intervention in Mitchell’s
study was set to 10 weeks (in comparison to eight weeks in the current study) and the subjects
were short of strength training experience (i.e. untrained).

The conflicting results may be explained by the characteristics of the exercises (e.g.
complexity) and training frequency. The idea of a dose-response relationship would indicate
that a higher weekly training frequency could produce increased metabolic stress and
mechanical tension when training is performed to volitional failure (McLester et al., 2000,
Schoenfeld et al., 2015b). This suggests that the hypertrophic response is not failure-
dependent, and there are likely other variables affecting the hypertrophic response and
strength increase. Strength training has been suggested to affect the architectural composition
of the muscle (Blazevich and Giorgi, 2001, Aagaard et al., 2001, Alegre et al., 2006). The
internal arrangement is a highly organized structure and has a great influence on the muscle’s
contractile properties (Burkholder et al., 1994, Lieber and Friden, 2000b). Especially
eccentric strength training has been suggested to affect the fascicle length by regulating the
number of sarcomeres in one series and to which degree they have been stretched (Lieber and
Friden, 2000a). Thus, longer fascicles have a higher number of sarcomeres and are more
favorable for power production. Previous research has shown significant gains in fascicle
length prior to CSA (Seynnes et al., 2007) proposing that the discrepancy between increased
strength and CSA in the present study may be explained by changes in muscle length. The
length-tension relation is explained by the sliding of the contractile filaments (i.e. actin and
myosin) during a muscle contraction, and to which extent they overlap (Gordon et al., 1966).
A greater number of sarcomeres provide a greater amount of active cross-bridges and, hence,
a higher force production (Cormie et al., 2011). This can potentially lead to training-induced
adaptations provided by the muscle by optimizing the length for increased force production in
relation to the work in which it is exposed to (Brughelli and Cronin, 2007). It is, however,

important to acknowledge several of the findings have been more apparent in untrained

50



individuals (Kawakami et al., 1995, Kim et al., 2015, Matta et al., 2011) compared to trained
individuals (Blazevich and Giorgi, 2001, Nimphius et al., 2012). By that, it is challenging to
know for sure what has caused an increase in strength and not CSA.

The results from measuring CSA showed no significant difference in fiber type
composition. However, previous research has published observations showing great variance
in the skeletal muscle, suggesting a non-random muscle fiber distribution (Lexell et al., 1983).
Likewise, the literature presents many studies reporting a relation between loading to which
the muscle is exposed to and fiber-type specific CSA (i.e. hypertrophy). Several of the studies
indicate that heavy strength training (80-85% of 1RM) causes the preferential increase in fast
twitch muscle fibers (i.e. type 2) (Netreba et al., 2009), of which low-load strength training to
a greater extent stimulates endurance-resistance type 1 fibers (Dons et al., 1979, Russell et al.,
2003). However, this is not comparable to the present study as both type 1 and type 2 fibers
showed the same degree of hypertrophy. Given the fatigue-resistant nature of type 1 fibers, it
seems logical to conclude that the increased time-underload associated with low-load training
is necessary to fully stimulate these fibers. This hypothesis is supported by Vinogradova et al.
(2013) who found that 8-10 weeks of strength training-induced preferential increases in CSA
of fast-twitch fibers with loads of 80-85% 1RM, whereas training at 50% 1RM produced
greater increases in slow-twitch fiber. These discrepancies may just as well be a consequence
of the experimental design and training more than the character of the muscle fiber, depending
on the stress the muscle fibers have been exposed to. Further, this may be important to
consider, as studies comparing strength training with different loads demonstrate a similar
trend (Schoenfeld et al., 2015a) as in our study; namely, that the increase in type 1 and type 2

fibers are not significantly different.

6.1.3 Training effect on satellite cells and myonuclei

No significant increase in the number of satellite cells or the myonuclear number

Data collected from the subjects showed that the initial training period did not cause
significant changes in satellite cell number or the myonuclear number in type 1 or type 2
fibers for either of the legs after eight weeks of high- and low-load strength training (Figure
5.5 and 5.6). Anyhow, when the values from both legs were combined, it resulted in a
significant increase in type 1 fibers (p = 0.05). Yet, when combining both fiber types or just

type 2 fibers, no significant increase in satellite cell number was given. The present results are
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strengthened by studies demonstrating an absent increase in satellite cell number between legs
performing high- and low-load strength training (Mackey et al., 2011). Further, the
myonuclear number per muscle fiber at baseline was not significantly different between the
legs (see Table 5.1). Studies of untrained subjects have shown a lower myonuclear number at
baseline (Hanssen et al., 2013a, Kadi et al., 1999b), which is consistent if one is to assume
that the nuclear domain theory is correct (i.e. increasing myonuclear number with increasing

strength).

Several studies have investigated increases in strength and CSA in well-trained
individuals after strength training with various loads. Nevertheless, few studies have
documented the effects on cellular changes (e.g. changes in satellite cells and myonuclei).
Satellite cells demonstrate high plasticity in the context of strength training, meaning that they
are not necessarily to be recruited immediately to supply more myonuclei. In addition, there
are consistent findings showing a concurrent increase in satellite cell number in untrained
individuals and rodents in response to different loads (Egner et al., 2016, Umnova and Seene,
1991, Nederveen et al., 2017, Darr and Schultz, 1987, Snow, 1990a), and its role in muscle
growth and regeneration caused by stress/injury during muscle activation (e.g. strength

training) has become more apparent (Guitart et al., 2018, Relaix and Zammit, 2012).

Taken together with previous research, the absent increase in satellite cell number and
the myonuclear number was to some extent expected, as no increase in CSA was shown.
Several studies indicate that satellite cells are important for hypertrophy of muscle fibers.
They seem to be a major contributor during post-exercise recovery, undergoing
symmetric division and proliferation (Dumont et al., 2015a, Morgan and Partridge, 2003a).
This has been reported in several studies (Nederveen et al., 2017, Petrella et al., 2008) in
which a prolonged strength training period (i.e. 16 weeks) led to a remarkable increase in the
satellite cell pool. Additionally, authors have observed a significant increase in satellite cells

after a single bout of strength training (Crameri et al., 2004, Snijders et al., 2015a).

It appears to be a positive correlation between the myonuclear number and the CSA in
both trained and untrained individuals (Kadi and Thornell, 2000, Kadi et al., 1999a). This
strengthens our results and may partially explain the absence of additional myonuclei
following the present training intervention, and it is plausible to assume that increased CSA
would have led to such changes. The underlying hypothesis of a myonuclear domain ceiling

states that the myonuclear domain can increase to a given limit before further recruitment is
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needed (Qaisar and Larsson, 2014). Not to disable further expansion of fiber CSA, the
addition of myonuclei are need for increased transcriptional activity. Nevertheless, if this is
not necessary, the already existing myonuclei will be able to increase their protein synthesis
to elicit moderate levels of fiber hypertrophy (i.e. support enhancement in cytoplasmic
volume) (Kadi et al., 2004). This has been documented in several studies, for instance,
Conceicao et al. (2018) who reported an increase in CSA and satellite cells regardless of an

increase in myonuclei

Fiber type-specific measures revealed no indications of fiber type-specific differences
in satellite cells. With its mixed fiber type composition, a study by Kadi et al. (2006a)
revealed no such thing as a fiber type-specific satellite cell distribution in vastus lateralis,
supporting the current findings. It should, however, be mentioned that the study was
conducted on only five untrained individuals, leaving the results with scarce significant
validity. Conflicting results based on rodent studies have indicated that the number of satellite
cells are muscle specific and varies with fiber type (Rocheteau et al., 2015b). Particularly that
a higher number of satellite cells have been associated with type 1 (slow muscle) fibers in the
soleus muscle in rats (Gibson and Schultz, 1982a). If we’re to assume the existence of a
similar fiber type-specific relation in adult human skeletal muscle as in rodent, the expectation
would, in this case, be a fiber-specificity opposed to type 2 fibers, considering the nature of
strength training. Further studies are anyways needed to measure incidents of a potential fiber

specificity following strength training with different loads, before drawing any conclusions.

6.2 Limitations

Before attempting to draw any conclusions, there are a few limitations worth
considering. Probably the most obvious limitation of this study was what seems to be an
insufficient training intervention. It can look as if the length and amount of training performed
did not cause the expected response to the training. Most likely this is due to the pre-training
status of our subjects. Further studies should take into consideration the subjects total training
volume before setting up the experimental design. Perhaps, that way, the training stimuli will
be good enough to hopefully induce more distinct changes in muscle architecture.
Additionally, comparing our results with previous research have been challenging as research

on high-/low-load strength training is performed mainly on untrained individuals (Bellamy et
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al., 2014, Bruusgaard et al., 2010). It should also be taken into consideration that some of the
abovementioned studies practice different analytic methods when studying the effects of
various strength training loads.

Another conspicuous limitation is regarding unilateral training. A familiar
phenomenon is whereby the exercise of one limb can induce significant improvements in the
subsequent retest without evidence of measurable hypertrophy in the paired, untrained limb
(i.e. cross-education) (Blaauw and Reggiani, 2014). The strength gains found in the
contralateral limb have been investigated in both upper and lower extremities in several
studies (Boivin, 2016). We cannot, therefore, exclusively eliminate the chance of a possible
cross-education in the current study. It would be plausible to expect an increase in 1RM leg
extension for both the high- and the low-load leg if the cross-education between the legs were

very prominent. This requires further analysis are not taking into consideration here.

Third, a muscle biopsy sample only poorly represents the complete muscle under
investigation and cannot say how the exercises have been performed (e.g. movement, load,
repetitions). The depth in which the biopsies were taken along the muscle may have affected
the results and could potentially limit the reliability of the study. This could likely influence

the subject variation and may have reduced the chance of observing hypertrophy, if any.

In addition, it may be appropriate to point out the differences concerning satellite cell
staining since some utilized Pax7 (Verdijk et al., 2007, von Maltzahn et al., 2013b), whereas
others have used Neural cell adhesion molecule (NCAM/CD56) (Kadi et al., 2004, Olsen et
al., 2006). NCAM is a reliable molecular marker for identifying satellite cells. However, as
opposed to Pax7 which bind only a limited number of cells, NCAM can bind other substances
in the muscle as well (e.g. myoblasts, developing and/or regenerative muscle fibers). Thus,
there is no ensuring guarantee that satellite cells are stained exclusively. Studies have
compared the two molecular markers, and while some have found an overall higher number
of satellite cells using NCAM (~5%) (Lindstrom and Thornell, 2009), others have not
(McKay et al., 2010). The lack of standardized methods for identifying cell types and nuclei
in the muscle has probably led to conflicting results. To address this problem, Winje et al.
(2018) discovered an antibody (PCM1) which specifically stain myonuclei. The authors
recommended labeling with this PCML, as it specifically labels myonuclei and myonuclei
only. The protein was of value for the current study but also future studied, by expressing

great specificity and accuracy.
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Lastly, the subjects received no restrictions of suggested daily consumption of food

during the training intervention. Therefore, we cannot rule out that the hypertrophic response

may have been affected by individual energy intake. It should nevertheless be mentioned that

they all received protein supply following exercise in an attempt to ensure adequate protein
intake.

6.3 Conclusions

Apart from 1RM strength, there were no significant effects of eight-weeks of either
high- or low-load training in the resistance-experienced subjects participating in this study.
That said, the training led to no significant difference between the protocols, suggesting that
both training modalities potentially can lead to similar cellular adaptations in the skeletal
muscle. Thus, providing a good alternative to strength training for those who, for some
reason, are prevented from participating in regular, heavy strength training.

Ultimately, this study shows that significant effects of high- and low-load strength
training cannot be detected after eight weeks of training in well-trained individuals. A
confounding variable is that both training modalities were carried out on the same subject,
and cross-education cannot be entirely excluded. Anyhow, despite potential challenges and
errors, the present results are supporting the hypothesis that high- and low-load may be

equally good.

55



56



Citations

AAGAARD, P., ANDERSEN, J. L., DYHRE-POULSEN, P., LEFFERS, A. M., WAGNER,
A., MAGNUSSON, S. P., HALKJZAR-KRISTENSEN, J. & SIMONSEN, E. B. 2001.
A mechanism for increased contractile strength of human pennate muscle in response
to strength training: changes in muscle architecture. The journal of physiology, 534,
613-623.

ABE, T., DEHOYQOS, D. V., POLLOCK, M. L. & GARZARELLA, L. 2000. Time course for
strength and muscle thickness changes following upper and lower body resistance
training in men and women. Eur J Appl Physiol, 81, 174-80.

ABE, T., KEARNS, C. F. & SATO, Y. 2006. Muscle size and strength are increased
following walk training with restricted venous blood flow from the leg muscle,
Kaatsu-walk training. J Appl Physiol (1985), 100, 1460-6.

ADAMS, G. & HADDAD, F. 1996. The relationships among IGF-1, DNA content, and
protein accumulation during skeletal muscle hypertrophy. Journal of Applied
Physiology, 81, 2509-2516.

ADAMS, G. R., HATHER, B. M., BALDWIN, K. M. & DUDLEY, G. A. 1993. Skeletal
muscle myosin heavy chain composition and resistance training. J Appl Physiol
(1985), 74, 911-5.

AGUDELDO, L. Z., FEMENIA, T., ORHAN, F., PORSMYR-PALMERTZ, M., GOINY, M.,
MARTINEZ-REDONDO, V., CORREIA, J. C., IZADI, M., BHAT, M. & SCHUPPE-
KOISTINEN, I. 2014. Skeletal muscle PGC-1a1 modulates kynurenine metabolism
and mediates resilience to stress-induced depression. Cell, 159, 33-45.

AHTIAINEN, J. P., PAKARINEN, A., ALEN, M., KRAEMER, W. J. & HAKKINEN, K.
2003. Muscle hypertrophy, hormonal adaptations and strength development during
strength training in strength-trained and untrained men. Eur J Appl Physiol, 89, 555-
63.

AHTIAINEN, J. P., PAKARINEN, A., ALEN, M., KRAEMER, W. J. & HAKKINEN, K.
2005. Short vs. long rest period between the sets in hypertrophic resistance training:
influence on muscle strength, size, and hormonal adaptations in trained men. J
Strength Cond Res, 19, 572-82.

ALEGRE, L. M., JIMENEZ, F., GONZALO-ORDEN, J. M., MARTIN-ACERO, R. &
AGUADO, X. 2006. Effects of dynamic resistance training on fascicle lengthand
isometric strength. Journal of sports sciences, 24, 501-508.

ALLEN, D. L., MONKE, S. R., TALMADGE, R. J., ROY, R. R. & EDGERTON, V. R.
1995a. Plasticity of myonuclear number in hypertrophied and atrophied mammalian
skeletal muscle fibers. J Appl Physiol (1985), 78, 1969-76.

ALLEN, D. L., ROY, R. R. & EDGERTON, V. R. 1999. Myonuclear domains in muscle
adaptation and disease. Muscle Nerve, 22, 1350-60.

ALLEN, R. E., SHEEHAN, S. M., TAYLOR, R. G., KENDALL, T. L. & RICE, G. M.
1995h. Hepatocyte growth factor activates quiescent skeletal muscle satellite cells in
vitro. J Cell Physiol, 165, 307-12.

AMERICAN COLLEGE OF SPORTS, M. 2009. American College of Sports Medicine
position stand. Progression models in resistance training for healthy adults. Medicine
and science in sports and exercise, 41, 687.

ANDERSEN, P. & HENRIKSSON, J. 1977. Training induced changes in the subgroups of
human type 11 skeletal muscle fibres. Acta physiologica scandinavica, 99, 123-125.

ASSUNCAO, A. R., BOTTARO, M., FERREIRA-JUNIOR, J. B., IZQUIERDO, M.,
CADORE, E. L. & GENTIL, P. 2016. The Chronic Effects of Low- and High-

57



Intensity Resistance Training on Muscular Fitness in Adolescents. PLoS One, 11,
e0160650.

BAAR, K. & ESSER, K. 1999. Phosphorylation of p70(S6k) correlates with increased
skeletal muscle mass following resistance exercise. Am J Physiol, 276, C120-7.

BAGBY, G. J.,, SEMBROWICH, W. L. & GOLLNICK, P. D. 1972. Myosin ATPase and
fiber composition from trained and untrained rat skeletal muscle. Am J Physiol, 223,
1415-7.

BAMMAN, M. M., PETRELLA, J. K, KIM, J. S., MAYHEW, D. L. & CROSS, J. M. 2007.
Cluster analysis tests the importance of myogenic gene expression during myofiber
hypertrophy in humans. J Appl Physiol (1985), 102, 2232-9.

BARANY, M. 1967. ATPase activity of myosin correlated with speed of muscle shortening. J
Gen Physiol, 50, Suppl:197-218.

BARANY, M. & CLOSE, R. I. 1971. The transformation of myosin in cross-innervated rat
muscles. J Physiol, 213, 455-74.

BAZGIR, B., FATHI, R., VALOJERDI, M. R., MOZDZIAK, P. & ASGARI, A. 2017.
Satellite cells contribution to exercise mediated muscle hypertrophy and repair. Cell
Journal (Yakhteh), 18, 473.

BELLAMY, L. M., JOANISSE, S., GRUBB, A., MITCHELL, C. J., MCKAY, B. R,
PHILLIPS, S. M., BAKER, S. & PARISE, G. 2014. The acute satellite cell response
and skeletal muscle hypertrophy following resistance training. PLoS One, 9, €109739.

BERIKA, M., ELGAYYAR, M. E. & EL-HASHASH, A. H. 2014. Asymmetric cell division
of stem cells in the lung and other systems. Front Cell Dev Biol, 2, 33.

BIOLO, G., MAGGI, S. P., WILLIAMS, B. D, TIPTON, K. D. & WOLFE, R. R. 1995.
Increased rates of muscle protein turnover and amino acid transport after resistance
exercise in humans. Am J Physiol, 268, E514-20.

BLAAUW, B. & REGGIANI, C. 2014. The role of satellite cells in muscle hypertrophy. J
Muscle Res Cell Matil, 35, 3-10.

BLAZEVICH, A. J. & GIORGI, A. 2001. Effect of testosterone administration and weight
training on muscle architecture. Medicine & Science in Sports & Exercise, 33, 1688-
1693.

BOIVIN, A. C. 2016. The Effects of Resistance Training Frequency On Muscle Hypertrophy
And Strength In Healthy Trained Individuals: Literature Review.

BRUGHELLI, M. & CRONIN, J. 2007. Altering the length-tension relationship with
eccentric exercise. Sports Medicine, 37, 807-826.

BRUUSGAARD, J. C. & GUNDERSEN, K. 2008. In vivo time-lapse microscopy reveals no
loss of murine myonuclei during weeks of muscle atrophy. J Clin Invest, 118, 1450-7.

BRUUSGAARD, J. C., JOHANSEN, I. B., EGNER, I. M., RANA, Z. A. & GUNDERSEN,
K. 2010. Myonuclei acquired by overload exercise precede hypertrophy and are not
lost on detraining. Proc Natl Acad Sci U S A, 107, 15111-6.

BRUUSGAARD, J. C., LIESTOL, K., EKMARK, M., KOLLSTAD, K. & GUNDERSEN, K.
2003. Number and spatial distribution of nuclei in the muscle fibres of normal mice
studied in vivo. J Physiol, 551, 467-78.

BUCHTHAL, F. & SCHMALBRUCH, H. 1980. Motor unit of mammalian muscle. Physiol
Rev, 60, 90-142.

BURD, N. A., MITCHELL, C. J.,, CHURCHWARD-VENNE, T. A. & PHILLIPS, S. M.
2012. Bigger weights may not beget bigger muscles: evidence from acute muscle
protein synthetic responses after resistance exercise. Appl Physiol Nutr Metab, 37,
551-4.

BURD, N. A., WEST, D. W., STAPLES, A. W., ATHERTON, P. J., BAKER, J. M.,
MOORE, D. R., HOLWERDA, A. M., PARISE, G., RENNIE, M. J., BAKER, S. K.

58



& PHILLIPS, S. M. 2010. Low-load high volume resistance exercise stimulates
muscle protein synthesis more than high-load low volume resistance exercise in young
men. PLoS One, 5, e12033.

BURKE, R. E., LEVINE, D. N., SALCMAN, M. & TSAIRIS, P. 1974. Motor units in cat
soleus muscle: physiological, histochemical and morphological characteristics. J
Physiol, 238, 503-14.

BURKHOLDER, T. J., FINGADO, B., BARON, S. & LIEBER, R. L. 1994. Relationship
between muscle fiber types and sizes and muscle architectural properties in the mouse
hindlimb. Journal of morphology, 221, 177-190.

CAMPOS, G. E., LUECKE, T. J., WENDELN, H. K., TOMA, K., HAGERMAN, F. C.,
MURRAY, T. F., RAGG, K. E., RATAMESS, N. A., KRAEMER, W. J. & STARON,
R. S. 2002a. Muscular adaptations in response to three different resistance-training
regimens: specificity of repetition maximum training zones. European journal of
applied physiology, 88, 50-60.

CAMPOS, G. E., LUECKE, T. J., WENDELN, H. K., TOMA, K., HAGERMAN, F. C.,
MURRAY, T. F., RAGG, K. E., RATAMESS, N. A., KRAEMER, W. J. & STARON,
R. S. 2002b. Muscular adaptations in response to three different resistance-training
regimens: specificity of repetition maximum training zones. Eur J Appl Physiol, 88,
50-60.

CARPINELLI, R. N. J. J. O. E. S. & FITNESS 2008. The size principle and a critical analysis
of the unsubstantiated heavier-is-better recommendation for resistance training. 6, 67-
86.

CHALMERS, G. R., ROY, R. R. & EDGERTON, V. R.J. J. O. A. P. 1992. Variation and
limitations in fiber enzymatic and size responses in hypertrophied muscle. 73, 631-
641.

CHARETTE, S. L., MCEVOY, L., PYKA, G., SNOW-HARTER, C., GUIDO, D.,
WISWELL, R. A. & MARCUS, R. 1991. Muscle hypertrophy response to resistance
training in older women. J Appl Physiol (1985), 70, 1912-6.

CHEN, J. C. & GOLDHAMER, D. J. 2003. Skeletal muscle stem cells. Reprod Biol
Endocrinol, 1, 101.

CHESLEY, A, MACDOUGALL, J. D., TARNOPOLSKY, M. A,, ATKINSON, S. A. &
SMITH, K. 1992. Changes in human muscle protein synthesis after resistance
exercise. J Appl Physiol (1985), 73, 1383-8.

CINTINEO, H. P., ARENT, M. A, ANTONIO, J. & ARENT, S. M. 2018. Effects of Protein
Supplementation on Performance and Recovery in Resistance and Endurance
Training. Front Nutr, 5, 83.

COFFEY, V. G. & HAWLEY, J. A. 2007. The molecular bases of training adaptation. Sports
Med, 37, 737-63.

COLLINS, C. A., OLSEN, I., ZAMMIT, P. S., HESLOP, L., PETRIE, A., PARTRIDGE, T.
A. & MORGAN, J. E. 2005. Stem cell function, self-renewal, and behavioral
heterogeneity of cells from the adult muscle satellite cell niche. Cell, 122, 289-301.

CONCEICAOQO, M. S., VECHIN, F. C., LIXANDRAO, M., DAMAS, F., LIBARDI, C. A,,
TRICOLI, V., ROSCHEL, H., CAMERA, D. & UGRINOWITSCH, C. 2018. Muscle
Fiber Hypertrophy and Myonuclei Addition: A Systematic Review and Meta-analysis.
Medicine and science in sports and exercise, 50, 1385-1393.

COONS, A. H., CREECH, H. J., JONES, R. N. J. P. O. T. S. F. E. B. & MEDICINE 1941.
Immunological properties of an antibody containing a fluorescent group. 47, 200-202.

CORMIE, P., MCGUIGAN, M. R. & NEWTON, R. U. 2011. Developing maximal
neuromuscular power: Part 1--biological basis of maximal power production. Sports
Med, 41, 17-38.

59



CORNELISON, D. D. & WOLD, B. J. 1997. Single-cell analysis of regulatory gene
expression in quiescent and activated mouse skeletal muscle satellite cells. Dev Biol,
191, 270-83.

COSTILL, D. L., COYLE, E. F., FINK, W. F., LESMES, G. R. & WITZMANN, F. A. 1979.
Adaptations in skeletal muscle following strength training. J Appl Physiol Respir
Environ Exerc Physiol, 46, 96-9.

COVAULT, J. & SANES, J. R. 1986. Distribution of N-CAM in synaptic and extrasynaptic
portions of developing and adult skeletal muscle. J Cell Biol, 102, 716-30.

CRAMERI, R. M., LANGBERG, H., MAGNUSSON, P., JENSEN, C. H., SCHR@DER, H.
D., OLESEN, J. L., SUETTA, C., TEISNER, B. & KJAER, M. 2004. Changes in
satellite cells in human skeletal muscle after a single bout of high intensity exercise.
The Journal of physiology, 558, 333-340.

CURETON, K. J., COLLINS, M. A, HILL, D. W. & MCELHANNON, F. M., JR. 1988.
Muscle hypertrophy in men and women. Med Sci Sports Exerc, 20, 338-44.

CUTHBERTSON, D. J.,, BABRAJ, J., SMITH, K., WILKES, E., FEDELE, M. J., ESSER, K.
& RENNIE, M. 2006. Anabolic signaling and protein synthesis in human skeletal
muscle after dynamic shortening or lengthening exercise. Am J Physiol Endocrinol
Metab, 290, E731-8.

DAMAS, F., LIBARDI, C. A., UGRINOWITSCH, C., VECHIN, F. C., LIXANDRAO, M.
E., SNIUDERS, T., NEDERVEEN, J. P., BACURAU, A. V., BRUM, P. & TRICOLI,
V. J. P. O. 2018. Early-and later-phases satellite cell responses and myonuclear
content with resistance training in young men. 13, e0191039.

DANOVIZ, M. E. & YABLONKA-REUVENI, Z. 2012. Skeletal muscle satellite cells:
background and methods for isolation and analysis in a primary culture system.
Methods Mol Biol, 798, 21-52.

DARR, K. C. & SCHULTZ, E. 1987. Exercise-induced satellite cell activation in growing
and mature skeletal muscle. J Appl Physiol (1985), 63, 1816-21.

DE LUCA, C. J. & HOSTAGE, E. C. 2010. Relationship between firing rate and recruitment
threshold of motoneurons in voluntary isometric contractions. J Neurophysiol, 104,
1034-46.

DE PALMA, C. & CLEMENTI, E. 2012. Nitric oxide in myogenesis and therapeutic muscle
repair. Mol Neurobiol, 46, 682-92.

DEFREITAS, J. M., BECK, T. W., STOCK, M. S., DILLON, M. A. & KASISHKE, P.R. J.
E. J. O. A. P. 2011. An examination of the time course of training-induced skeletal
muscle hypertrophy. 111, 2785-2790.

DIETRICHSON, P., COAKLEY, J., SMITH, P. E., GRIFFITHS, R. D., HELLIWELL, T. R.
& EDWARDS, R. H. 1987. Conchotome and needle percutaneous biopsy of skeletal
muscle. J Neurol Neurosurg Psychiatry, 50, 1461-7.

DONS, B., BOLLERUP, K., BONDE-PETERSEN, F. & HANCKE, S. 1979. The effect of
weight-lifting exercise related to muscle fiber composition and muscle cross-sectional
area in humans. European journal of applied physiology and occupational physiology,
40, 95-106.

DUMONT, N. A., BENTZINGER, C. F., SINCENNES, M. C. & RUDNICKI, M. A. 2015a.
Satellite Cells and Skeletal Muscle Regeneration. Compr Physiol, 5, 1027-59.

DUMONT, N. A.,, WANG, Y. X. & RUDNICKI, M. A. 2015b. Intrinsic and extrinsic
mechanisms regulating satellite cell function. Development, 142, 1572-81.

DURAIYAN, J.,, GOVINDARAJAN, R., KALIYAPPAN, K. & PALANISAMY, M. 2012.
Applications of immunohistochemistry. J Pharm Bioallied Sci, 4, S307-9.

EGNER, I. M., BRUUSGAARD, J. C. & GUNDERSEN, K. 2016. Satellite cell depletion
prevents fiber hypertrophy in skeletal muscle. Development, 143, 2898-906.

60



ELLIOTT, K. J,, SALE, C. & CABLE, N. T. 2002. Effects of resistance training and
detraining on muscle strength and blood lipid profiles in postmenopausal women. Br J
Sports Med, 36, 340-4.

ESCAMILLA, R. & WICKHAM, R. 2003. Exercise-based conditioning and rehabilitation.
Physical Therapies in Sport and Exercise. London, UK: Churchill Livingstone, 143-
164.

FERRARI, G., CUSELLA-DE ANGELIS, G., COLETTA, M., PAOLUCCI, E.,
STORNAIUOLDO, A., COSSU, G. & MAVILIO, F. 1998. Muscle regeneration by
bone marrow-derived myogenic progenitors. Science, 279, 1528-30.

FINNERTY, C. C.,, MCKENNA, C. F., CAMBIAS, L. A., BRIGHTWELL, C. R., PRASAI,
A., WANG, Y., EL AYADI, A.,, HERNDON, D. N., SUMAN, O. E. & FRY, C. S.
2017. Inducible satellite cell depletion attenuates skeletal muscle regrowth following a
scald-burn injury. J Physiol, 595, 6687-6701.

FRANCO, C., CARNEIRO, M., ALVES, L. T. H., JUNIOR, G. & ORSATTI, F. 2019.
Lower-Load is More Effective Than Higher-Load Resistance Training in Increasing
Muscle Mass in Young Women. Journal of strength and conditioning research.

FRIEDMANN-BETTE, B., BAUER, T., KINSCHERF, R., VORWALD, S., KLUTE, K.,
BISCHOFF, D., MULLER, H., WEBER, M. A., METZ, J., KAUCZOR, H. U,,
BARTSCH, P. & BILLETER, R. 2010. Effects of strength training with eccentric
overload on muscle adaptation in male athletes. Eur J Appl Physiol, 108, 821-36.

FRY, A., ALLEMEIER, C., STARON, R. J.E. J. O. A. P. & PHYSIOLOGY, 0. 19%4a.
Correlation between percentage fiber type area and myosin heavy chain content in
human skeletal muscle. 68, 246-251.

FRY, A. C. 2004. The role of resistance exercise intensity on muscle fibre adaptations. Sports
Med, 34, 663-79.

FRY, A. C., ALLEMEIER, C. A. & STARON, R. S. 1994b. Correlation between percentage
fiber type area and myosin heavy chain content in human skeletal muscle. Eur J Appl
Physiol Occup Physiol, 68, 246-51.

FU, X., WANG, H. & HU, P. 2015. Stem cell activation in skeletal muscle regeneration. Cell
Mol Life Sci, 72, 1663-77.

GIBSON, M. C. & SCHULTZ, E. 1982a. The distribution of satellite cells and their
relationship to specific fiber types in soleus and extensor digitorum longus muscles.
Anat Rec, 202, 329-37.

GIBSON, M. C. & SCHULTZ, E. J. T. A. R. 1982b. The distribution of satellite cells and
their relationship to specific fiber types in soleus and extensor digitorum longus
muscles. 202, 329-337.

GOH, Q. & MILLAY, D. P. 2017. Requirement of myomaker-mediated stem cell fusion for
skeletal muscle hypertrophy. Elife, 6.

GOLDBERG, A. L. 1968. Protein synthesis during work-induced growth of skeletal muscle. J
Cell Biol, 36, 653-8.

GONDIN, J., GUETTE, M., BALLAY, Y. & MARTIN, A. 2005. Electromyostimulation
training effects on neural drive and muscle architecture. Med Sci Sports Exerc, 37,
1291-9.

GORDON, A., HUXLEY, A. F. & JULIAN, F. 1966. The variation in isometric tension with
sarcomere length in vertebrate muscle fibres. The Journal of physiology, 184, 170-
192.

GOREHAM, C., GREEN, H. J., BALL-BURNETT, M. & RANNEY, D. 1999. High-
resistance training and muscle metabolism during prolonged exercise. Am J Physiol,
276, E489-96.

61



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, R591-6.

GRGIC, J.,, HOMOLAK, J., MIKULIC, P., BOTELLA, J. & SCHOENFELD, B. J. 2018.
Inducing hypertrophic effects of type | skeletal muscle fibers: A hypothetical role of
time under load in resistance training aimed at muscular hypertrophy. Medical
hypotheses, 112, 40-42.

GUITART, M., LLORETA, J., MANAS-GARCIA, L. & BARREIRO, E. 2018. Muscle
regeneration potential and satellite cell activation profile during recovery following
hindlimb immobilization in mice. J Cell Physiol, 233, 4360-4372.

GUNDERSEN, K. 2016. Muscle memory and a new cellular model for muscle atrophy and
hypertrophy. J Exp Biol, 219, 235-42.

HANSSEN, K., KVAMME, N., NILSEN, T., RANNESTAD, B., AMBJZRNSEN, I.,
NORHEIM, F., KADI, F., HALLEN, J., DREVON, C. & RAASTAD, T. 2013a. The
effect of strength training volume on satellite cells, myogenic regulatory factors, and
growth factors. Scandinavian journal of medicine & science in sports, 23, 728-739.

HANSSEN, K., KVAMME, N., NILSEN, T., RONNESTAD, B., AMBJZRNSEN, 1.,
NORHEIM, F., KADI, F., HALLEN, J., DREVON, C., RAASTAD, T.J.S.J. O. M.
& SPORTS, S. 1. 2013b. The effect of strength training volume on satellite cells,
myogenic regulatory factors, and growth factors. 23, 728-739.

HATHER, B. M., TESCH, P. A., BUCHANAN, P. & DUDLEY, G. A. 1991. Influence of
eccentric actions on skeletal muscle adaptations to resistance training. Acta Physiol
Scand, 143, 177-85.

HAWKE, T. J. 2005. Muscle stem cells and exercise training. Exerc Sport Sci Rev, 33, 63-8.

HAWKE, T. J. & GARRY, D. J. 2001. Myogenic satellite cells: physiology to molecular
biology. J Appl Physiol (1985), 91, 534-51.

HECK, R. W., MCKEEVER, K. H., ALWAY, S. E., AUGE, W. K., WHITEHEAD, R.,
BERTONE, A. L. & LOMBARDO, J. A. 1996. Resistance training-induced increases
in muscle mass and performance in ponies. Med Sci Sports Exerc, 28, 877-83.

HECKMAN, C. J. & ENOKA, R. M. 2012. Motor unit. Compr Physiol, 2, 2629-82.

HENNEMAN, E. 1985. The size-principle: a deterministic output emerges from a set of
probabilistic connections. Journal of experimental biology, 115, 105-112.

HENRIKSSON, K. G. 1979. "Semi-open" muscle biopsy technique. A simple outpatient
procedure. Acta Neurol Scand, 59, 317-23.

HOLM, L., REITELSEDER, S., PEDERSEN, T. G., DOESSING, S., PETERSEN, S. G.,
FLYVBIJERG, A., ANDERSEN, J. L., AAGAARD, P. & KJAER, M. 2008. Changes
in muscle size and MHC composition in response to resistance exercise with heavy
and light loading intensity. J Appl Physiol (1985), 105, 1454-61.

HOPPELER, H. & FLUCK, M. 2002. Normal mammalian skeletal muscle and its phenotypic
plasticity. J Exp Biol, 205, 2143-52.

HUNTER, G. R., MCCARTHY, J. P. & BAMMAN, M. M. 2004. Effects of resistance
training on older adults. Sports medicine, 34, 329-348.

HUNTER, G. R., WETZSTEIN, C. J., FIELDS, D. A., BROWN, A. & BAMMAN, M. M.
2000. Resistance training increases total energy expenditure and free-living physical
activity in older adults. Journal of applied physiology, 89, 977-984.

HAKKINEN, K. 1985. Research overview: Factors influencing trainability of muscular
strength during short term and prolonged training. Strength & Conditioning Journal,
7, 32-317.

62



HAKKINEN, K., ALEN, M. & KOMI, P. 1985. Changes in isometric force-and relaxation-
time, electromyographic and muscle fibre characteristics of human skeletal muscle
during strength training and detraining. Acta physiologica scandinavica, 125, 573-585.

IVEY, F. M., ROTH, S. M., FERRELL, R. E., TRACY, B. L., LEMMER, J. T., HURLBUT,
D. E., MARTEL, G. F.,, SIEGEL, E. L., FOZARD, J. L., METTER,E. J. J. T.J. O. G.
S. A. B. S. & SCIENCES, M. 2000. Effects of age, gender, and myostatin genotype on
the hypertrophic response to heavy resistance strength training. 55, M641-M648.

JANSSEN, I. & LEBLANC, A. G. 2010. Systematic review of the health benefits of physical
activity and fitness in school-aged children and youth. Int J Behav Nutr Phys Act, 7,
40.

JENKINS, N. D., HOUSH, T. J.,, BUCKNER, S. L., BERGSTROM, H. C., COCHRANE, K.
C., HILL, E. C., SMITH, C. M., SCHMIDT, R. J., JOHNSON, G. O. & CRAMER, J.
T. 2016. Neuromuscular adaptations after 2 and 4 weeks of 80% versus 30% 1
repetition maximum resistance training to failure. Journal of strength and
conditioning research, 30, 2174-2185.

JONES, N. C,, TYNER, K. J.,, NIBARGER, L., STANLEY, H. M., CORNELISON, D. D.,
FEDOROV, Y. V. & OLWIN, B. B. 2005. The p38alpha/beta MAPK functions as a
molecular switch to activate the quiescent satellite cell. J Cell Biol, 169, 105-16.

JURIMAE, J., ABERNETHY, P. J., BLAKE, K. & MCENIERY, M. T. 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, 287-92.

KADI, F., CHARIFI, N. & HENRIKSSON, J. 2006a. The number of satellite cells in slow
and fast fibres from human vastus lateralis muscle. Histochemistry and cell biology,
126, 83-87.

KADI, F., CHARIFI, N. & HENRIKSSON, J. 2006b. The number of satellite cells in slow
and fast fibres from human vastus lateralis muscle. Histochem Cell Biol, 126, 83-7.

KADI, F., ERIKSSON, A., HOLMNER, S., BUTLER-BROWNE, G. S. & THORNELL, L.-
E. 1999a. Cellular adaptation of the trapezius muscle in strength-trained athletes.
Histochemistry and cell biology, 111, 189-195.

KADI, F., ERIKSSON, A., HOLMNER, S., BUTLER-BROWNE, G. S. & THORNELL, L.
E. 1999b. Cellular adaptation of the trapezius muscle in strength-trained athletes.
Histochem Cell Biol, 111, 189-95.

KADI, F., SCHIERLING, P., ANDERSEN, L. L., CHARIFI, N., MADSEN, J. L.,
CHRISTENSEN, L. R. & ANDERSEN, J. L. 2004. The effects of heavy resistance
training and detraining on satellite cells in human skeletal muscles. J Physiol, 558,
1005-12.

KADI, F. & THORNELL, L.-E. 2000. Concomitant increases in myonuclear and satellite cell
content in female trapezius muscle following strength training. Histochemistry and
cell biology, 113, 99-103.

KADI, F., THORNELL, L.-E. J. H. & BIOLOGY, C. 2000. Concomitant increases in
myonuclear and satellite cell content in female trapezius muscle following strength
training. 113, 99-103.

KALAPOTHARAKOS, V. |, MICHALOPOULOU, M., GODOLIAS, G., TOKMAKIDIS,
S. P, MALLIOU, P. V. & GOURGOULLIS, V. 2004. The effects of high-and
moderate-resistance training on muscle function in the elderly. Journal of Aging and
Physical Activity, 12, 131-143.

KANISICAK, O., MENDEZ, J. J.,, YAMAMOTO, S., YAMAMOTO, M. & GOLDHAMER,
D. J. 2009. Progenitors of skeletal muscle satellite cells express the muscle
determination gene, MyoD. Dev Biol, 332, 131-41.

63



KARALAKI, M., FILI, S., PHILIPPOU, A. & KOUTSILIERIS, M. 2009. Muscle
regeneration: cellular and molecular events. In Vivo, 23, 779-96.

KAWAKAMI, Y., ABE, T., KUNO, S.-Y. & FUKUNAGA, T. 1995. Training-induced
changes in muscle architecture and specific tension. European journal of applied
physiology and occupational physiology, 72, 37-43.

KELLEY, G. 1996. Mechanical overload and skeletal muscle fiber hyperplasia: a meta-
analysis. J Appl Physiol (1985), 81, 1584-8.

KIM, S. Y., KO, J. B., FARTHING, J. P. & BUTCHER, S. J. 2015. Investigation of
supraspinatus muscle architecture following concentric and eccentric training. Journal
of science and medicine in sport, 18, 378-382.

KINNEY, M. C., DAYANIDHI, S., DYKSTRA, P. B.,, MCCARTHY, J. J., PETERSON, C.
A. & LIEBER, R. L. 2017. Reduced skeletal muscle satellite cell number alters muscle
morphology after chronic stretch but allows limited serial sarcomere addition. Muscle
Nerve, 55, 384-392.

KRAEMER, W. J.,, ADAMS, K., CAFARELLLI, E., DUDLEY, G. A., DOOLY, C,,
FEIGENBAUM, M. S., FLECK, S. J., FRANKLIN, B., FRY, A. C., HOFFMAN, J.
R., NEWTON, R. U., POTTEIGER, J., STONE, M. H., RATAMESS, N. A,
TRIPLETT-MCBRIDE, T. & AMERICAN COLLEGE OF SPORTS, M. 2002.
American College of Sports Medicine position stand. Progression models in resistance
training for healthy adults. Med Sci Sports Exerc, 34, 364-80.

KRAEMER, W. J.,, DUNCAN, N. D. & VOLEK, J. S. 1998. Resistance training and elite
athletes: adaptations and program considerations. J Orthop Sports Phys Ther, 28, 110-
9.

KRAEMER, W. J., NINDL, B. C., RATAMESS, N. A,, GOTSHALK, L. A., VOLEK, J. S.,
FLECK, S. J., NEWTON, R. U. & HAKKINEN, K. 2004. Changes in muscle
hypertrophy in women with periodized resistance training. Med Sci Sports Exerc, 36,
697-708.

KRAEMER, W. J. & RATAMESS, N. A. 2004. Fundamentals of resistance training:
progression and exercise prescription. Med Sci Sports Exerc, 36, 674-88.

KUANG, S., KURODA, K., LE GRAND, F. & RUDNICKI, M. A. 2007. Asymmetric self-
renewal and commitment of satellite stem cells in muscle. Cell, 129, 999-1010.

KUBO, K., KOMURO, T., ISHIGURO, N., TSUNODA, N., SATO, Y., ISHII, N.,
KANEHISA, H. & FUKUNAGA, T. 2006. Effects of low-load resistance training
with vascular occlusion on the mechanical properties of muscle and tendon. J Appl
Biomech, 22, 112-9.

LAURENTINO, G., UGRINOWITSCH, C., AIHARA, A. Y., FERNANDES, A. R.,
PARCELL, A. C., RICARD, M. & TRICOLI, V. 2008. Effects of strength training
and vascular occlusion. Int J Sports Med, 29, 664-7.

LEE, S.J.,, HUYNH, T. V., LEE, Y. S., SEBALD, S. M., WILCOX-ADELMAN, S. A,
IWAMORI, N., LEPPER, C., MATZUK, M. M. & FAN, C. M. 2012. Role of satellite
cells versus myofibers in muscle hypertrophy induced by inhibition of the
myostatin/activin signaling pathway. Proc Natl Acad Sci U S A, 109, E2353-60.

LEE, S. S., DE BOEF MIARA, M., ARNOLD, A. S., BIEWENER, A. A. & WAKELING, J.
M. 2013. Recruitment of faster motor units is associated with greater rates of fascicle
strain and rapid changes in muscle force during locomotion. J Exp Biol, 216, 198-207.

LEENDERS, M., VERDIJK, L. B., VAN DER HOEVEN, L., VAN KRANENBURG, J.,
NILWIK, R. & VAN LOON, L. J. 2013. Elderly men and women benefit equally from
prolonged resistance-type exercise training. J Gerontol A Biol Sci Med Sci, 68, 769-
79.

64



LEMMER, J. T., HURLBUT, D. E., MARTEL, G. F., TRACY, B. L., IVEY, F. M.,
METTER, E. J., FOZARD, J. L., FLEG, J. L. & HURLEY, B. F. 2000. Age and
gender responses to strength training and detraining. Med Sci Sports Exerc, 32, 1505-
12.

LEXELL, J., DOWNHAM, D. & SJIOSTROM, M. 1983. Distribution of different fibre types
in human skeletal muscles. A statistical and computational model for the study of fibre
type grouping and early diagnosis of skeletal muscle fibre denervation and
reinnervation. J Neurol Sci, 61, 301-14.

LIEBER, R. L. & FRIDEN, J. 2000a. Functional and clinical significance of skeletal muscle
architecture. New York.

LIEBER, R. L. & FRIDEN, J. 2000b. Functional and clinical significance of skeletal muscle
architecture. Muscle & nerve, 23, 1647-1666.

LINDSTROM, M. & THORNELL, L.-E. 2009. New multiple labelling method for improved
satellite cell identification in human muscle: application to a cohort of power-lifters
and sedentary men. Histochemistry and cell biology, 132, 141-157.

LIU, C. J. & LATHAM, N. K. 2009. Progressive resistance strength training for improving
physical function in older adults. Cochrane database of systematic reviews.

LIU, Y., SCHLUMBERGER, A., WIRTH, K., SCHMIDTBLEICHER, D. & STEINACKER,
J. M. 2003. Different effects on human skeletal myosin heavy chain isoform
expression: strength vs. combination training. J Appl Physiol (1985), 94, 2282-8.

MACDOUGALL, J. D,, ELDER, G. C,, SALE, D. G., MOROZ, J. R. & SUTTON, J. R.
1980. Effects of strength training and immobilization on human muscle fibres. Eur J
Appl Physiol Occup Physiol, 43, 25-34.

MACHIDA, S., SPANGENBURG, E. E. & BOOTH, F. W. 2003. Forkhead transcription
factor FoxO1 transduces insulin-like growth factor's signal to p27Kipl in primary
skeletal muscle satellite cells. J Cell Physiol, 196, 523-31.

MACKEY, A. L., ANDERSEN, L. L., FRANDSEN, U. & SIGGAARD, G.J. T.J. O. P.
2011. Strength training increases the size of the satellite cell pool in type | and 11
fibres of chronically painful trapezius muscle in females. 589, 5503-5515.

MANGINE, G. T., HOFFMAN, J. R., GONZALEZ, A. M., TOWNSEND, J. R., WELLS, A.
J., JAJTNER, A. R., BEYER, K. S., BOONE, C. H., MIRAMONTI, A. A., WANG,
R., LAMONICA, M. B., FUKUDA, D. H., RATAMESS, N. A. & STOUT, J. R.
2015. The effect of training volume and intensity on improvements in muscular
strength and size in resistance-trained men. Physiol Rep, 3.

MANINI, T. M. & CLARK, B. C. 2009. Blood flow restricted exercise and skeletal muscle
health. Exerc Sport Sci Rev, 37, 78-85.

MARTI, M., MONTSERRAT, N., PARDO, C., MULERO, L., MIQUEL-SERRA, L.,
RODRIGUES, A. M., ANDRES VAQUERO, J., KUEBLER, B., MORERA, C.,
BARRERO, M. J. & IZPISUA BELMONTE, J. C. 2013. M-cadherin-mediated
intercellular interactions activate satellite cell division. J Cell Sci, 126, 5116-31.

MARTIN, M., NYBERG, A., SAEY, D. & MALTAIS, F. 2018. Impact of partitioning
exercises on quadriceps muscle endurance and muscle fiber-type distribution
following low-load/high-repetition resistance training (LLHR-RT) in people with
advanced COPD. Eur Respiratory Soc.

MATTA, T., SIMAO, R., DE SALLES, B.F., SPINETI, J. & OLIVEIRA, L. F. 2011.
Strength training's chronic effects on muscle architecture parameters of different arm
sites. The Journal of Strength & Conditioning Research, 25, 1711-1717.

MAURO, A. 1961. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol, 9, 493-5.

65



MCCALL, G. E., BYRNES, W. C., DICKINSON, A., PATTANY, P. M. & FLECK, S. J.
1996. Muscle fiber hypertrophy, hyperplasia, and capillary density in college men
after resistance training. J Appl Physiol (1985), 81, 2004-12.

MCCARTHY, J. J.,, MULA, J., MIYAZAKI, M., ERFANI, R., GARRISON, K.,
FAROOQUI, A. B., SRIKUEA, R., LAWSON, B. A., GRIMES, B., KELLER, C.,
VAN ZANT, G., CAMPBELL, K. S., ESSER, K. A., DUPONT-VERSTEEGDEN, E.
E. & PETERSON, C. A. 2011. Effective fiber hypertrophy in satellite cell-depleted
skeletal muscle. Development, 138, 3657-66.

MCDONAGH, M. J. & DAVIES, C. T. 1984. Adaptive response of mammalian skeletal
muscle to exercise with high loads. Eur J Appl Physiol Occup Physiol, 52, 139-55.

MCKAY, B. R., TOTH, K. G., TARNOPOLSKY, M. A. & PARISE, G. 2010. Satellite cell
number and cell cycle kinetics in response to acute myotrauma in humans:
immunohistochemistry versus flow cytometry. The Journal of physiology, 588, 3307-
3320.

MCLESTER, J. R., BISHOP, E. & GUILLIAMS, M. 2000. Comparison of 1 day and 3 days
per week of equal-volume resistance training in experienced subjects. The Journal of
Strength & Conditioning Research, 14, 273-281.

MEDICINE, A. C. O. S. 2009. American College of Sports Medicine position stand.
Progression models in resistance training for healthy adults. Med Sci Sports Exerc, 41,
687-708.

MITCHELL, C. J.,, CHURCHWARD-VENNE, T. A., WEST, D. W., BURD, N. A., BREEN,
L., BAKER, S. K. & PHILLIPS, S. M. 2012a. Resistance exercise load does not
determine training-mediated hypertrophic gains in young men. J Appl Physiol (1985),
113, 71-7.

MITCHELL, C. J.,, CHURCHWARD-VENNE, T. A., WEST, D. W., BURD, N. A., BREEN,
L., BAKER, S. K. & PHILLIPS, S. M. J. J. O. A. P. 2012b. Resistance exercise load
does not determine training-mediated hypertrophic gains in young men. 113, 71-77.

MOORE, D. R., BURGOMASTER, K. A., SCHOFIELD, L. M., GIBALA, M. J.,, SALE, D.
G. & PHILLIPS, S. M. 2004. Neuromuscular adaptations in human muscle following
low intensity resistance training with vascular occlusion. Eur J Appl Physiol, 92, 399-
406.

MORGAN, J. E. & PARTRIDGE, T. A. 2003a. Muscle satellite cells. The international
journal of biochemistry & cell biology, 35, 1151-1156.

MORGAN, J. E. & PARTRIDGE, T. A. 2003b. Muscle satellite cells. Int J Biochem Cell
Biol, 35, 1151-6.

MORTON, R. W., OIKAWA, S. Y., WAVELL, C. G., MAZARA, N., MCGLORY, C.,
QUADRILATERO, J.,, BAECHLER, B. L., BAKER, S. K. & PHILLIPS, S. M.
2016a. Neither load nor systemic hormones determine resistance training-mediated
hypertrophy or strength gains in resistance-trained young men. American Journal of
Physiology-Heart and Circulatory Physiology.

MORTON, R. W., OIKAWA, S. Y., WAVELL, C. G., MAZARA, N., MCGLORY, C.,
QUADRILATERO, J., BAECHLER, B. L., BAKER, S. K. & PHILLIPS, S. M. J. J.
O. A. P. 2016h. Neither load nor systemic hormones determine resistance training-
mediated hypertrophy or strength gains in resistance-trained young men. 121, 129-
138.

MOSS, F. P. & LEBLOND, C. P. 1970. Nature of dividing nuclei in skeletal muscle of
growing rats. J Cell Biol, 44, 459-62.

MOSS, F. P. & LEBLOND, C. P. 1971. Satellite cells as the source of nuclei in muscles of
growing rats. Anat Rec, 170, 421-35.

66



MOTOHASHI, N., ASAKURA, Y. & ASAKURA, A. 2014. Isolation, culture, and
transplantation of muscle satellite cells. J Vis Exp.

MUSARO, A., MCCULLAGH, K., PAUL, A., HOUGHTON, L., DOBROWOLNY, G.,
MOLINARO, M., BARTON, E. R., SWEENEY, H. L. & ROSENTHAL, N. 2001.
Localized Igf-1 transgene expression sustains hypertrophy and regeneration in
senescent skeletal muscle. Nat Genet, 27, 195-200.

NEDERVEEN, J. P., SNIJDERS, T., JOANISSE, S., WAVELL, C. G., MITCHELL, C. J.,
JOHNSTON, L. M., BAKER, S. K., PHILLIPS, S. M. & PARISE, G. 2017. Altered
muscle satellite cell activation following 16 wk of resistance training in young men.
Am J Physiol Regul Integr Comp Physiol, 312, R85-R92.

NETREBA, A., POPOV, D., BRAVYI, Y. R., MISINA, S. & VINOGRADOVA, 0. 2009.
Physiological effects of low-intensity strength training without relaxation. Human
physiology, 35, 479-483.

NETREBA, A., POPOV, D., BRAVYY, Y., LYUBAEVA, E., TERADA, M., OHIRA, T.,
OKABE, H., VINOGRADOVA, 0. & OHIRA, Y. 2013. Responses of knee extensor
muscles to leg press training of various types in human. Ross Fiziol Zh Im I M
Sechenova, 99, 406-16.

NEUNHAUSERER, D., ZEBEDIN, M., OBERMOSER, M., MOSER, G., TAUBER, M.,
NIEBAUER, J., RESCH, H. & GALLER, S. 2011. Human skeletal muscle: transition
between fast and slow fibre types. Pflugers Arch, 461, 537-43.

NIMPHIUS, S., MCGUIGAN, M. R. & NEWTON, R. U. 2012. Changes in muscle
architecture and performance during a competitive season in female softball players.
The Journal of Strength & Conditioning Research, 26, 2655-2666.

O'CONNOR, R. & PAVLATH, G. J. J. A. P. Point: Satellite cell addition is obligatory for
skeletal muscle hypertrophy.

O'CONNOR, R. S. & PAVLATH, G. K. J. J. O. A. P. 2007. Point: Counterpoint: Satellite cell
addition is/is not obligatory for skeletal muscle hypertrophy. 103, 1099-1100.
OGASAWARA, R., LOENNEKE, J. P., THIEBAUD, R. S. & ABE, T.J. 1. J. O. C. M. 2013.
Low-load bench press training to fatigue results in muscle hypertrophy similar to high-

load bench press training. 4, 114.

OGBORN, D. & SCHOENFELD, B. J. 2014. The role of fiber types in muscle hypertrophy:
implications for loading strategies. Strength & Conditioning Journal, 36, 20-25.

OLSEN, S., AAGAARD, P., KADI, F., TUFEKOVIC, G., VERNEY, J., OLESEN, J. L.,
SUETTA, C. & KJAER, M. 2006. Creatine supplementation augments the increase in
satellite cell and myonuclei number in human skeletal muscle induced by strength
training. The Journal of physiology, 573, 525-534.

PALLAFACCHINA, G., BLAAUW, B. & SCHIAFFINO, S. 2013. Role of satellite cells in
muscle growth and maintenance of muscle mass. Nutr Metab Cardiovasc Dis, 23
Suppl 1, S12-8.

PASIAKOS, S. M., MCLELLAN, T. M. & LIEBERMAN, H. R. 2015. The effects of protein
supplements on muscle mass, strength, and aerobic and anaerobic power in healthy
adults: a systematic review. Sports Med, 45, 111-31.

PETERSON, M. D., RHEA, M. R. & ALVAR, B. A. 2004. Maximizing strength
development in athletes: a meta-analysis to determine the dose-response relationship.
J Strength Cond Res, 18, 377-82.

PETRELLA, J. K., KIM, J.-S., MAYHEW, D. L., CROSS, J. M. & BAMMAN, M. M. 2008.
Potent myofiber hypertrophy during resistance training in humans is associated with
satellite cell-mediated myonuclear addition: a cluster analysis. Journal of applied

physiology.

67



PETTE, D. & STARON, R. S. 1997. Mammalian skeletal muscle fiber type transitions. Int
Rev Cytol, 170, 143-223.

PHILLIPS, S. M., TIPTON, K. D., AARSLAND, A., WOLF, S. E. & WOLFE, R. R. 1997.
Mixed muscle protein synthesis and breakdown after resistance exercise in humans.
Am J Physiol, 273, E99-107.

PSILANDER, N., DAMSGAARD, R. & PILEGAARD, H. 2003. Resistance exercise alters
MRF and IGF-1 mRNA content in human skeletal muscle. J Appl Physiol (1985), 95,
1038-44.

QAISAR, R., BHASKARAN, S. & VAN REMMEN, H. 2016. Muscle fiber type
diversification during exercise and regeneration. Free Radic Biol Med, 98, 56-67.

QAISAR, R. & LARSSON, L. 2014. What determines myonuclear domain size? Indian
journal of physiology and pharmacology, 58, 1-12.

RELAIX, F. & ZAMMIT, P. S. 2012. Satellite cells are essential for skeletal muscle
regeneration: the cell on the edge returns centre stage. Development, 139, 2845-56.

RIGAMONTI, E., TOUVIER, T., CLEMENT]I, E., MANFREDI, A. A., BRUNELLI, S. &
ROVERE-QUERINI, P. 2013. Requirement of inducible nitric oxide synthase for
skeletal muscle regeneration after acute damage. J Immunol, 190, 1767-77.

ROCHETEAU, P., VINET, M. & CHRETIEN, F. 2015a. Dormancy and quiescence of
skeletal muscle stem cells. Vertebrate Myogenesis. Springer.

ROCHETEAU, P., VINET, M. & CHRETIEN, F. 2015b. Dormancy and quiescence of
skeletal muscle stem cells. Results Probl Cell Differ, 56, 215-35.

ROSENBLATT, J. D., YONG, D. & PARRY, D. J. 1994. Satellite cell activity is required for
hypertrophy of overloaded adult rat muscle. Muscle Nerve, 17, 608-13.

ROY, R. R., BALDWIN, K. M. & EDGERTON, V. R. 1991. The plasticity of skeletal
muscle: effects of neuromuscular activity. Exerc Sport Sci Rev, 19, 269-312.

RUSSELL, A. P., FEILCHENFELDT, J., SCHREIBER, S., PRAZ, M., CRETTENAND, A.,
GOBELET, C., MEIER, C. A., BELL, D. R,, KRALLI, A. & GIACOBINO, J.-P.
2003. Endurance training in humans leads to fiber type-specific increases in levels of
peroxisome proliferator-activated receptor-y coactivator-1 and peroxisome
proliferator-activated receptor-a in skeletal muscle. Diabetes, 52, 2874-2881.

RONNESTAD, B. R.,, EGELAND, W., KVAMME, N. H., REFSNES, P. E., KADI, F.,
RAASTAD, T.J. T.J. O. S. & RESEARCH, C. 2007. Dissimilar effects of one-and
three-set strength training on strength and muscle mass gains in upper and lower body
in untrained subjects. 21, 157-163.

SAITO, T., DENNIS, J. E., LENNON, D. P., YOUNG, R. G. & CAPLAN, A. I. 1995.
Myogenic expression of mesenchymal stem cells within myotubes of mdx mice in
vitro and in vivo. Tissue engineering, 1, 327-343.

SALE, D. G. 1987. Influence of exercise and training on motor unit activation. Exerc Sport
Sci Rev, 15, 95-151.

SAMBASIVAN, R., YAQ, R., KISSENPFENNIG, A., VAN WITTENBERGHE, L., PALDI,
A., GAYRAUD-MOREL, B., GUENOU, H., MALISSEN, B., TAIBAKHSH, S. &
GALY, A. 2011. Pax7-expressing satellite cells are indispensable for adult skeletal
muscle regeneration. Development, 138, 3647-56.

SCHIAFFINO, S. & MAMMUCARI, C. 2011. Regulation of skeletal muscle growth by the
IGF1-Akt/PKB pathway: insights from genetic models. Skelet Muscle, 1, 4.

SCHIAFFINO, S. & REGGIANI, C. 1994. Myosin isoforms in mammalian skeletal muscle. J
Appl Physiol (1985), 77, 493-501.

SCHMIDTBLEICHER, D. J. B. X. 1987. Neural adaptation and increase of cross-sectional
area studying different strength training methods.

68



SCHOENFELD, B. J. 2010. The mechanisms of muscle hypertrophy and their application to
resistance training. J Strength Cond Res, 24, 2857-72.

SCHOENFELD, B. J. 2013. Is there a minimum intensity threshold for resistance training-
induced hypertrophic adaptations? Sports Med, 43, 1279-88.

SCHOENFELD, B. J.,, CONTRERAS, B., KRIEGER, J., GRGIC, J.,, DELCASTILLO, K.,
BELLIARD, R. & ALTO, A. 2019. Resistance Training Volume Enhances Muscle
Hypertrophy but Not Strength in Trained Men. Med Sci Sports Exerc, 51, 94-103.

SCHOENFELD, B. J.,, CONTRERAS, B., VIGOTSKY, A. D. & PETERSON, M. 2016a.
Differential effects of heavy versus moderate loads on measures of strength and
hypertrophy in resistance-trained men. Journal of sports science & medicine, 15, 715.

SCHOENFELD, B. J.,, CONTRERAS, B., WILLARDSON, J. M., FONTANA, F. &
TIRYAKI-SONMEZ, G. 2014a. Muscle activation during low- versus high-load
resistance training in well-trained men. Eur J Appl Physiol, 114, 2491-7.

SCHOENFELD, B. J., GRGIC, J., OGBORN, D. & KRIEGER, J. W. 2017. Strength and
Hypertrophy Adaptations Between Low- vs. High-Load Resistance Training: A
Systematic Review and Meta-analysis. J Strength Cond Res, 31, 3508-3523.

SCHOENFELD, B. J., PETERSON, M. D., OGBORN, D., CONTRERAS, B. & SONMEZ,
G. T. 2015a. Effects of Low- vs. High-Load Resistance Training on Muscle Strength
and Hypertrophy in Well-Trained Men. J Strength Cond Res, 29, 2954-63.

SCHOENFELD, B. J.,, RATAMESS, N. A., PETERSON, M. D., CONTRERAS, B.,
SONMEZ, G. & ALVAR, B. A. 2014b. Effects of different volume-equated resistance
training loading strategies on muscular adaptations in well-trained men. The Journal
of Strength & Conditioning Research, 28, 2909-2918.

SCHOENFELD, B. J., RATAMESS, N. A., PETERSON, M. D., CONTRERAS, B.,
SONMEZ, G. T. & ALVAR, B. A. 2014c. Effects of different volume-equated
resistance training loading strategies on muscular adaptations in well-trained men. J
Strength Cond Res, 28, 2909-18.

SCHOENFELD, B. J., RATAMESS, N. A., PETERSON, M. D., CONTRERAS, B. &
TIRYAKI-SONMEZ, G. 2015b. Influence of resistance training frequency on
muscular adaptations in well-trained men. The Journal of Strength & Conditioning
Research, 29, 1821-1829.

SCHOENFELD, B. J., WILSON, J. M., LOWERY, R. P. & KRIEGER, J. W. 2016b.
Muscular adaptations in low-versus high-load resistance training: A meta-analysis.
European journal of sport science, 16, 1-10.

SCHULTZ, E., GIBSON, M. C. & CHAMPION, T. 1978. Satellite cells are mitotically
quiescent in mature mouse muscle: an EM and radioautographic study. J Exp Zool,
206, 451-6.

SEALE, P., SABOURIN, L. A,, GIRGIS-GABARDO, A., MANSOURI, A., GRUSS, P. &
RUDNICKI, M. A. 2000. Pax7 is required for the specification of myogenic satellite
cells. Cell, 102, 777-86.

SEGUIN, R. & NELSON, M. E. 2003. The benefits of strength training for older adults.
American journal of preventive medicine, 25, 141-149.

SEYNNES, O. R., DE BOER, M. & NARICI, M. V. 2007. Early skeletal muscle hypertrophy
and architectural changes in response to high-intensity resistance training. J Appl
Physiol (1985), 102, 368-73.

SKUK, D. 2013. Cell transplantation and “stem cell therapy” in the treatment of myopathies:
many promises in mice, few realities in humans. ISRN Transplantation, 2013.
SNIJDERS, T., NEDERVEEN, J. P., MCKAY, B. R., JOANISSE, S., VERDIJK, L. B., VAN
LOON, L. J. & PARISE, G. 2015a. Satellite cells in human skeletal muscle plasticity.

Frontiers in physiology, 6, 283.

69



SNIJDERS, T., RES, P. T., SMEETS, J. S., VAN VLIET, S., VAN KRANENBURG, J.,
MAASE, K., KIES, A. K., VERDIJK, L. B. & VAN LOON, L. J. 2015b. Protein
Ingestion before Sleep Increases Muscle Mass and Strength Gains during Prolonged
Resistance-Type Exercise Training in Healthy Young Men. J Nutr, 145, 1178-84.

SNIJDERS, T., SMEETS, J. S., VAN KRANENBURG, J., KIES, A. K., VAN LOON, L. J.
& VERDUJK, L. B. 2016. Changes in myonuclear domain size do not precede muscle
hypertrophy during prolonged resistance-type exercise training. Acta Physiol (Oxf),
216, 231-9.

SNOW, M. H. 1990a. Satellite cell response in rat soleus muscle undergoing hypertrophy due
to surgical ablation of synergists. The Anatomical Record, 227, 437-446.

SNOW, M. H. 1990b. Satellite cell response in rat soleus muscle undergoing hypertrophy due
to surgical ablation of synergists. Anat Rec, 227, 437-46.

SOTHERN, M. S., LOFTIN, M., SUSKIND, R. M., UDALL, J. N. & BLECKER, U. 1999.
The health benefits of physical activity in children and adolescents: implications for
chronic disease prevention. Eur J Pediatr, 158, 271-4.

STARON, R., KARAPONDO, D., KRAEMER, W., FRY, A., GORDON, S., FALKEL, J. E.,
HAGERMAN, F. & HIKIDA, R. J. J. O. A. P. 199%a. Skeletal muscle adaptations
during early phase of heavy-resistance training in men and women. 76, 1247-1255.

STARON, R. S. 1997. Human skeletal muscle fiber types: delineation, development, and
distribution. Can J Appl Physiol, 22, 307-27.

STARON, R. S., KARAPONDO, D. L., KRAEMER, W. J., FRY, A. C., GORDON, S. E.,
FALKEL, J. E., HAGERMAN, F. C. & HIKIDA, R. S. 1994b. Skeletal muscle
adaptations during early phase of heavy-resistance training in men and women. J Appl
Physiol (1985), 76, 1247-55.

STARON, R. S., LEONARDI, M. J., KARAPONDO, D. L., MALICKY, E. S., FALKEL, J.
E., HAGERMAN, F. C. & HIKIDA, R. S. 1991. Strength and skeletal muscle
adaptations in heavy-resistance-trained women after detraining and retraining. Journal
of Applied Physiology, 70, 631-640.

TAKARADA, Y., SATO, Y. & ISHII, N. 2002. Effects of resistance exercise combined with
vascular occlusion on muscle function in athletes. Eur J Appl Physiol, 86, 308-14.

TESCH, P. A. 1988. Skeletal muscle adaptations consequent to long-term heavy resistance
exercise. Med Sci Sports Exerc, 20, S132-4.

TIHANYI, J., APOR, P. & FEKETE, G. 1982. Force-velocity-power characteristics and fiber
composition in human knee extensor muscles. Eur J Appl Physiol Occup Physiol, 48,
331-43.

UEZUMI, A., IKEMOTO-UEZUMI, M. & TSUCHIDA, K. 2014. Roles of nonmyogenic
mesenchymal progenitors in pathogenesis and regeneration of skeletal muscle. Front
Physiol, 5, 68.

UMNOVA, M. M. & SEENE, T. P. 1991. The effect of increased functional load on the
activation of satellite cells in the skeletal muscle of adult rats. Int J Sports Med, 12,
501-4.

VAN ROIE, E., BAUTMANS, I., BOONEN, S., COUDYZER, W., KENNIS, E. &
DELECLUSE, C. 2013. Impact of external resistance and maximal effort on force-
velocity characteristics of the knee extensors during strengthening exercise: a
randomized controlled experiment. The Journal of Strength & Conditioning Research,
27,1118-1127.

VERDIJK, L. B., GLEESON, B. G., JONKERS, R. A., MEIJER, K., SAVELBERG, H. H.,
DENDALE, P. & VAN LOON, L. J. 2009a. Skeletal muscle hypertrophy following
resistance training is accompanied by a fiber type-specific increase in satellite cell
content in elderly men. J Gerontol A Biol Sci Med Sci, 64, 332-9.

70



VERDIJK, L. B., GLEESON, B. G., JONKERS, R. A., MEIJER, K., SAVELBERG, H. H.,
DENDALE, P. & VAN LOON, L. J. 2009b. Skeletal muscle hypertrophy following
resistance training is accompanied by a fiber type—specific increase in satellite cell
content in elderly men. Journals of Gerontology Series A: Biomedical Sciences and
Medical Sciences, 64, 332-339.

VERDIIJK, L. B., KOOPMAN, R., SCHAART, G., MEIJER, K., SAVELBERG, H. H. &
VAN LOON, L. J. 2007. Satellite cell content is specifically reduced in type Il skeletal
muscle fibers in the elderly. American Journal of Physiology-Endocrinology and
Metabolism.

VERDIJK, L. B., SNIJDERS, T., DROST, M., DELHAAS, T., KADI, F. & VAN LOON, L.
J. 2014. Satellite cells in human skeletal muscle; from birth to old age. Age (Dordr),
36, 545-7.

VINOGRADOVA, O. L., POPOV, D. V., NETREBA, A. I, TSVIRKUN, D. V.,
KUROCHKINA, N. S., BACHININ, A. V., BRAVYI IA R, LIUBAEVA E. V.,
LYSENKO, E. A., MILLER, T. F., BOROVIK, A. S., TARASOVA, O. S. &
ORLQV, 0. 1. 2013. [Optimization of training: development of a new partial load
mode of strength training]. Fiziol Cheloveka, 39, 71-85.

VON MALTZAHN, J., JONES, A. E., PARKS, R. J. & RUDNICKI, M. A. 2013a. Pax7 is
critical for the normal function of satellite cells in adult skeletal muscle. Proc Natl
Acad Sci U S A, 110, 16474-9.

VON MALTZAHN, J., JONES, A. E., PARKS, R. J. & RUDNICKI, M. A. 2013b. Pax7 is
critical for the normal function of satellite cells in adult skeletal muscle. Proceedings
of the National Academy of Sciences, 110, 16474-16479.

WARBURTON, D. E., NICOL, C. W. & BREDIN, S. S. 2006. Health benefits of physical
activity: the evidence. CMAJ, 174, 801-9.

WERNBOM, M., AUGUSTSSON, J. & RAASTAD, T. 2008. Ischemic strength training: a
low-load alternative to heavy resistance exercise? Scandinavian journal of medicine &
science in sports, 18, 401-416.

WILBORN, C. D. & WILLOUGHBY, D. S. 2004. The role of dietary protein intake and
resistance training on Myosin heavy chain expression. J Int Soc Sports Nutr, 1, 27-34.

WILKINSON, S. B., PHILLIPS, S. M., ATHERTON, P. J., PATEL, R., YARASHESKI, K.
E., TARNOPOLSKY, M. A. & RENNIE, M. J. 2008. Differential effects of resistance
and endurance exercise in the fed state on signalling molecule phosphorylation and
protein synthesis in human muscle. J Physiol, 586, 3701-17.

WINJE, I. M., BENGTSEN, M., EFTESTOL, E., JUVKAM, I., BRUUSGAARD, J. C. &
GUNDERSEN, K. 2018. Specific labelling of myonuclei by an antibody against
pericentriolar material 1 on skeletal muscle tissue sections. Acta Physiol (Oxf), 223,
e13034.

WOZNIAK, A. C. & ANDERSON, J. E. 2007. Nitric oxide-dependence of satellite stem cell
activation and quiescence on normal skeletal muscle fibers. Dev Dyn, 236, 240-50.

YABLONKA-REUVENI, Z. & RIVERA, A. J. 1994. Temporal expression of regulatory and
structural muscle proteins during myogenesis of satellite cells on isolated adult rat
fibers. Dev Biol, 164, 588-603.

YIN, H., PRICE, F. & RUDNICKI, M. A. 2013. Satellite cells and the muscle stem cell niche.
Physiol Rev, 93, 23-67.

ZAMMIT, P. S., RELAIX, F., NAGATA, Y., RUIZ, A. P., COLLINS, C. A., PARTRIDGE,
T. A. & BEAUCHAMP, J. R. 2006. Pax7 and myogenic progression in skeletal
muscle satellite cells. J Cell Sci, 119, 1824-32.

ZHANG, K., SHA, J. & HARTER, M. L. 2010. Activation of Cdc6 by MyoD is associated
with the expansion of quiescent myogenic satellite cells. J Cell Biol, 188, 39-48.

71



72



Appendix 1

Merking mot satellittkjerner ved bruk av PAX7

Dag 1

Fersk lgsning av PBS tilberedes ved tilsetting av én tablett (PBS) til 200 ml dH20. Lag gjerne

til 1L hvis det er lite i kjoleskapet. Flasken med dH-0 og tabletter blir satt pa spinner med en

metallpinne.

Til fiksering trenger du:

Lite begerglass

5 ml pipette og 2,5 pul pipette med pipettespisser
Plastpipette

Formaldehyd

Triton X-100

PBS

5 ml mikrotube

Vaskebeholder klar til trinn 2

Hjemmesnekra, gul beholder

Fiksering (trekkskap + labbfrakk!)

a. | 4% formaldehyd skal 0,05% veere triton X-100. det innebzrer at det i 5 ml
formaldehyd skal tilsettes 2,5 pl triton. Spinnes ned.

b. Prgvene tas opp og merkes med lipidpenn nar de er romtempererte, far de fikseres
med fikseringslgsningen. Dette ble inkubert i trekkskap i 10 min.

- Etter inkubering ble restene kastet i eget avfall merket for formaldehyd
(nederst i skapet med ngkkel), men ble midlertidig under arbeidet puttet i et lite
begerglass.

Vask (1xPBS)
a. Vask prgvene 3x3 min med PBS pa shaker.

Protein block
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a. Etter vask legges pravene i fuktkammer hvor de inkuberes med protein block i 10
min.
- Protein blokkeringen star i kjgleskapet

- Dryppes enkelt pa

I mellomtiden, under inkuberingen, lages det primare antistoffet.

4. Primert antistoff
a. Polyclonal Rabbit, Anti-Laminin finner man i kjgleskapet

b. Pax 7 fra skuff fire i fryseskapet

| en lgsning pa 200 pl BSA brukes 20 pl Pax 7 og 2 pl laminin. Prgvene inkuberes med det

primeere antistoffet i fuktkammeret og settes i kjgleskapet over natten.
Dag 2

1. Vask (1xPBS)
a. Vask prgvene 3x3 min med PBS pa shaker.

2. Sekundeert antistoff - lysfritt!

Sekundeert antistoff hentet fra protokoll 1. Antistoffene blandes i forholdet 1-200 pl i 1%
BSA for det mikses litt.

a. MHC: alexa fluor 488 (grenn)
- Geit-anti-mus
b. Dystrofin: alexa fluor 594 (rgd)

- Geit-anti-kanin
Antistoffet inkuberes i fuktkammer i 60 min ved romtemperatur.

3. Vask (1xPBS) - lysfritt!
a. Vask prgvene 3x3 min med PBS pa shaker.
4. Montering av dekkglass (DAPI)
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Appendix 2

Merking av myokjerner ved bruk av antistoff mot PCM1

Dag 1

Dag 2

Ta ut snitt fra fryseren og la de tempereres
Tegn rundt snittet ved bruk av lipidpennen
a. La de tarke litt far neste steg
Blokker i 2% BSA lgst i PBS i 30 minutter ved romtemperatur
Inkuber snittene i primeert antistoff over natt ved 4 grader:
a. Anti PCM1 1:1000
b. Anti-dystrofin 1:20
- Obs! Bruk kun MANDY DS8 mouse-anti-dystrofin
- Antistoffet fortynnes i 5% BSA lgst i PBS, som i tillegg er tilsatt 0,2%
Igepal CA-630

Vask 3x 5 minutter i PBS
Inkuber i sekundeert antistoff for 60 min ved romtemperatur. Husk at det sekundeaere
antistoffet ma holdes lysfritt!
a. Goat-anti-rabbit 488 (grgnn)
b. Goat-anti-mouse 594 (rad)
- Konsentrasjonen pa begge antistoffene er 1:200
- Antistoff ble fortynnet i 2% BSA lgst i PBS
Vask 3x 5 minutter i PBS
Monter dekkglass med DAPI
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Appendix 3

Merking mot MHC1 ved bruk av myosin heavy chain 1

Dag 1:

1. Taut prgvene fra fryseren og la de tempereres ved romtemperatur
2. Tegn opp en lipidbarriere rundt snittene ved hjelp av PAP-pennen
a. Ladet tarke litt
3. Blokker med 1% BSA i PBS-t (0,05%) og inkuber i 60 min i romtemperatur. Dette
gjores i fuktkammer. Etter endt inkubering, ristes BSAen av.
4. Tilsett det primere antistoffet og la det inkubere over natt ved 4 grader i
fuktkammeret.
a. MHC | (BA-D5; DSHB; mus monoklonal): konsentrasjon 1:500 i 1% BSA i
PBS-t (0,05%)
b. Anti-dystrofin (Abcam; kanin polyklonal): 1:500 i 1% BSA i PBS-t (0,05%)
- Obs! Antistoffene skal blandes i samme rar.

Dag 2

5. Vask snittene 3x10 min i PBS-t (0,05%)
6. Snittene ristes for de tilsettes sekundeert antistoff i 60 min ved romtemperatur. Husk
at det sekundeare antistoffet skal holdes lysfritt!
a. MHC I: alexa fluor (aM)488 (grgnn) geit-anti-mus 1:200 i 1% BSA i PBS-t
(0,05%)
b. Dystrofin: alexa fluor 594 (rgd) geit-anti-kanin 1:200 in 1% BSA i PBS-t
(0,05%)
- Obs! Sekundeert antistoff skal blandes i samme rar!
7. Etter endt inkubering vasker du snittene 3x10 min i PBS-t (0,05%)
a. Hold snittene lysfritt!
8. Monter dekkglass med DAPI

a. Det mest optimale er a la snittene ligge til herding i noen timer eller over natta.
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Appendix 4

Information till forsokspersoner

Projekttitel:

Muskulara effekter av tung respektive latt styrketréning.

Ansvariga:

Forskningshuvudman: Gymnastik- och idrottshogskolan (GIH).

Student: Gordan Divljak, 0706 170777, gordan.divljak@student.qgih.se

Student: Richard Kalenius, 0706 892060, richard.kalenius@student.gih.se

Forsoksledare: Niklas Psilander, 0707 759495, niklas.psilander@gih.se

Bihandledare: Gustaf Ronquist, 0707 777119, gustaf.ronquist@gih.se

Plats for undersdkningen: GIH, Lidingovégen 1, 114 86 Stockholm

Bakgrund/syfte:

Storre och starkare muskler ar till nytta ur bade en halso- och prestationssynvinkel.
Avgorande faktorer for att 6ka muskelmassan &r belastning, traningsfrekvens och total
traningsmangd. Nyligen publicerad forskning visar att traning med latta vikter till utmattning
kan generera samma traningseffekt som medeltung styrketraning. Det rader daremot oklarhet i
om detta dven géller da tung styrketraning jamfors med latt styrketraning till utmattning.

Syftet med den har studien &r att undersoka huruvida latt respektive tung styrketraning
paverkar muskeltillvaxt (hypertrofi), styrka och kraftutveckling i larmuskulaturen samt olika
muskelfibertyper i den yttersta larmuskeln (vastus lateralis).

Vetenskapliga frdgestallningar:

1.Hur paverkas hypertrofi, styrka och kraftutveckling i larmuskulaturen till foljd av tung
respektive latt styrketréning?

2. Hur paverkas hypertrofi, styrka och kraftutveckling i typ 1 respektive typ 2 muskelfibrer till
foljd av tung respektive latt styrketraning?

Metod:
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Under 10 veckor ska véltranade man och kvinnor utfora styrketraning under kontrollerade
former pa Gymnastik & ldrottshogskolan, GIH. Ena benet tranas med en hdg belastning (ca
90% av max) och andra benet med en lattare belastning (ca 30% av max) dar varje set utfors
till utmattning. Traningen bestar av tva 6vningar; unilateral (utfors med ett ben) benpress och
unilateral benspark som anses tekniskt enkla och sékra att utfora. Fore och efter
traningsperioden utfors styrkeméatningar och larmuskulaturens storlek bedéms med hjélp av
ultraljud. Ut6ver detta tas muskelprover (biopsier) bade fore och efter traningsperioden for att
kunna studera effekterna pa muskelfiberniva.

Vad &r en biopsi?

En biopsi &r ett invasivt ingrepp dar man med hjélp av en tang tar ut en bit av larmuskeln.
Detta utfors under lokalbeddvning. Det kan upplevas nagot obehagligt under ingreppet.
Ingreppet utfors under strikt sterila forhallanden och risken for komplikationer ar mycket lag.
Med biopsi kan vi utldsa vilken typ av muskelfibrer som & dominant och hur stora respektive
fiber &r. Vi kommer dven att kunna bedéma styrkan hos varje enskilt muskelfiber.

Kunskapsvinster:

Det ar viktigt att forsta hur olika typer av traning paverkar muskeltillvaxten sa att den kan
optimeras hos bade idrottare, motionarer och patienter. Aldre och sjuka som inte kan trina
med tung belastning kan ha nytta av att trana pa latt belastning som kan generera hypertrofi
och dkad muskelstyrka. Fran ett rehabiliteringsperspektiv kan detta ge forstaelse for hur
traningsrespons kan ske dven pa latt belastning. Ur idrottsperspektiv kan detta ge forstaelse
for hur muskeltillvaxt och styrka ska maximeras i syfte att 6ka prestationsformagan.

Hur gdr studien till?

Studien ar uppdelad i flera delmoment:

1. Forsta steget ar att via telefonmote informera och intervjua dig kring projektet.
Anledningen till intervjun ar att vi vill ha information angdende din halsa och
traningsbakgrund for att du skall kunna inkluderas i studien.

2. Vid nasta delmoment kommer du att fa fylla i en héalsoenkat, darefter mater vi din
maximala styrka i benpress och benspark. Vid ett separat tillfalle kommer vi dven att
ta muskelprov fran yttre sidan av larmuskeln pa vardera ben, samt méata
muskeltjocklek i framsida lar med hjalp av ultraljud.

3. Efter dessa forberedande tester kommer du att genomfora styrketraningspass tva
ganger/vecka i 10 veckor. Traningen kommer att besta av unilateral benpress och

benspark dér ena benet trdnas med tung belastning och andra benet med latt
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belastning. Traningen kommer utféras pa mandagar och torsdagar pa GIH, varje pass
tar ca 30 min.
4. Efter traningsperioden upprepas samtliga tester och prover som utfordes fore

traningen.

Vilka &r riskerna?

Muskelbiopsi innebér att en liten bit muskelvavnad (0,05-0,10 gram) tas ut med en specialnal.
Muskelbiopsi utfors efter lokalbeddvning av huden och underliggande bindvav. Ett 4-5 mm
langt snitt gors genom huden, genom vilket biopsinalen fors in och ett muskelprov tas ut.
Sjalva ingreppet med biopsinalen ar 6ver pa ett par sekunder. | allmanhet kanns en
muskelbiopsi som ett trubbigt slag mot benet. | vissa fall kan en skarpare smérta kdnnas, som
gar 6ver sa fort nalen tas ut. For att forhindra blodutgjutning i muskeln lagger vi ett lokalt
tryckforband dver biopsistallet, som skall vara kvar under 1-2 timmar. Liksom vid alla
hudsnitt kan en hudnerv skaras av med lokalt k&nselbortfall i huden som f6ljd. Vid den hér
typen av biopsi ar denna komplikation mycket ovanlig. I de fatal fall dar denna komplikation
har agt rum har allt normaliserats efter 6-12 manader.

Skotselinstruktioner vid muskelbiopsi: Under veckan fore muskelprovtagning far du ej
anvanda magnecyl eller nagon annan medicin som innehaller acetylsalicylsyra (alvedon gar
bra). Tva dygn (48 timmar) fore testerna far du ej utfora nagot tungt fysiskt arbete (>30 min)
eller dricka alkohol. Under veckan efter undersékningen skall du inte bada (p.g.a.
infektionsrisk) och nar du duschar skall du skydda omradet 6ver biopsistéllet med plast. De
inre vita langsmala plastren skall du inte byta sjalv — de ramlar av efter ca 1 vecka.

Biobanksprover/hantering av data/sekretess:

Uppgifterna om din hélsostatus kommer endast att finnas tillgangliga for férsoksledare och
projektmedarbetare och kommer att forvaras sa att inga obehoriga kan ta del av dessa. Du har
ratt att ta del av dina registrerade uppgifter. Andamalet med halsoenkéten &r att ge underlag
for deltagande i studien. Proverna och undersdkningsresultaten kommer att kodas. Endast
forsdksledare och medarbetare kan koppla provresultaten till namn. Dina resultat kommer att
behandlas sa att inte obehdriga kan ta del av dem. Vid publicering av forskningsdata kommer
dessa inte kunna kopplas till dig som individ. Blod- och muskelprover fryses och forvaras vid
-80°C p4 Astrandslaboratoriet vid GIH i viintan p4 analys. Proverna kodas 16pande under
forsokets gang. Proverna dr kodade och kan inte utan kodnyckel hanforas till en viss person.
Proverna kommer att forvaras i en biobank registrerad vid Socialstyrelsen (se bif.
underbilaga). Om proverna kommer att anvandas till projekt med andra fragestallningar
kommer ny etisk prévning att genomforas och Du kommer anyo att kontaktas for samtycke.
Du har ratt att ta del av Dina resultat och fa rattelse av evt. felaktiga personuppgifter
(personuppgiftsansvarig se ovan).
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Forsékring/ersattning:

Personskadeskyddsforsékring tecknad av GIH géller under studien. Erséttning per
biopsitillfalle utgar med 500 kr (fore skatt). Detta medfor en total ersattning pa 4x500 = 2000
kr om du deltar i hela studien.
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