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CHAPTER 1 

General introduction:  
The impact of sarcopenia and exercise 

training on skeletal muscle satellite cells 
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The primary function of skeletal muscle is to establish locomotion, postural behavior 
and breathing. In addition, as skeletal muscle comprises ~70% of the body cell mass, it 
plays a vital role in glucose, fat, and protein metabolism. Muscle strength and muscle 
power are largely dependent on muscle mass and, as such, skeletal muscle mass repre-
sents a major determinant of functional performance in daily life. However, in clinical 
conditions rapid skeletal muscle mass loss has been observed as a consequence of 
neurological dysfunction (e.g. spinal cord injury, multiple scleroses), genetic defects 
(e.g. Duchene muscular dystrophy, Pompe disease, myotonic muscular dystrophy) or 
other non-communicable diseases (e.g. cancer cachexia, stroke, chronic obstructive 
pulmonary disease (COPD)). If left untreated, the loss of muscle mass will result in re-
duced muscle strength and physical performance, increased fall risk, and in the worst 
case scenario it can even lead to death.  
With aging, there is a more gradual but progressive loss of skeletal muscle mass and 
function, also referred to as sarcopenia. The loss of muscle mass with aging is unrelated 
to any disease state, and therefore distinct from cachexia and other muscle wasting 
conditions associated with diseases like HIV, COPD and stroke. The term sarcopenia was 
introduced by Rosenberg (40) in an attempt to emphasize the clinical importance of the 
progressive decline in skeletal muscle tissue as a cause of reduced functional perfor-
mance in the elderly. The word “sarcopenia” stems from the Greek language and liter-
ally translates to poverty (penia) of flesh (sarco). Given the global changes in population 
demographics and increased life expectancy, sarcopenia is becoming a major health 
care and socio-economic problem. The detrimental consequences of sarcopenia, i.e., 
impaired functional performance and physical disability, underline the importance of 
designing strategies that can effectively delay and/or reverse the loss of skeletal muscle 
mass with aging. However, before such potential intervention strategies can be de-
fined, the mechanisms underlying age-related muscle atrophy need to be further iden-
tified. 
Maintenance of skeletal muscle mass is regulated by the balance between muscle pro-
tein synthesis and muscle protein breakdown. Although muscle tissue is known to have 
a relatively slow turnover rate (1-2% synthesis and breakdown per day), the regenera-
tive capacity of muscle fibers is remarkably high. Beside the balance between muscle 
protein synthesis and breakdown, long-term muscle mass maintenance depends on a 
pool of undifferentiated skeletal muscle stem cells, also known as satellite cells. As 
myonuclei are post-mitotic, satellite cells are the only source to provide new myonu-
clei. Therefore they are essential for muscle tissue development in early life. In adult 
muscle, satellite cells are crucial for muscle regeneration, maintenance, and fiber 
growth. However, the effectiveness through which skeletal muscle regenerates itself 
appears to reduce with normal aging. It has been hypothesized that a decline in the 
number of satellite cells or in their ability to properly respond to stimuli may be im-
portant in the impaired regenerative and hypertrophic potential typically observed in 
senescent muscle. As such, loss of satellite cell number and/or function could play a key 



I n t r o d u c t i o n |  9  

 

factor in the age-related loss of muscle mass and function. Resistance type exercise 
represents the most effective intervention strategy to increase skeletal muscle mass 
and strength, even in the oldest old. However, the exact pathways by which satellite 
cells facilitate the skeletal muscle adaptive response during post-exercise recovery and 
with training remain to be elucidated. 
In this thesis, the role of skeletal muscle satellite cells is studied in relation to both 
muscle fiber atrophy and hypertrophy in in vivo human muscle. Specific attention is 
given to the potential role of satellite cells in the age-related loss of skeletal muscle 
mass and its relationship to exercise induced muscle fiber hypertrophy, including the 
role of nutritional intake following exercise in healthy young and elderly individuals.  

AGING AND SARCOPENIA 
Population demographics show that the world population aged 60 years and over will 
triple within 50 years, from 600 million in the year 2000 to more than 2 billion in 2050 
(75). Likewise, Dutch population demographics show that by the year 2040 an estimat-
ed 26% of the population will be aged 65 years or older, with one-third being older than 
80 years of age (1). This global aging will have a major impact on our healthcare system 
due to increased morbidity and greater need for hospitalization and/or institutionaliza-
tion. Good health is essential for elderly people to remain independent and to actively 
continue to take part in family and community life. One of the factors that play an im-
portant role in the ability to maintain a healthy active lifestyle is the preservation of 
skeletal muscle mass. However, from approximately the fourth decade of life, whole 
body and regional skeletal muscle mass progressively decline with increasing age, also 
known as sarcopenia. The decline in muscle mass is most notable in the lower limb 
muscle groups (30, 41), which may explain the apparent loss of mobility with aging. The 
cross-sectional area of the vastus lateralis muscle has been observed to reduce as much 
as 40% between the age of 20 and 80 years (59). Beside the decrease in whole body 
and regional muscle tissue mass, muscle function is further hampered due to an in-
crease in connective tissue content and fat infiltration (33, 76, 84).  
Skeletal muscle mass is dependent on muscle fiber number and size. Subsequently, the 
decline in muscle mass with aging can be characterized by a decrease in total fiber 
number, average fiber size, or both. Only limited data exist on the change in muscle 
fiber number during healthy aging in human skeletal muscle. Lexell et al. (58, 59) were 
the first to count the number of fibers in human vastus lateralis muscle in healthy 
young and elderly men. This study reported a 40% lower number of muscle fibers in 
healthy elderly compared with healthy young men, suggesting that there is a substan-
tial loss of muscle fibers during normal aging. However, a more recent study by Nilwik 
et al. (69) calculated that a typical age-related reduction in whole-muscle CSA of 20-
25% can be fully explained by a reduction of muscle fiber size, leaving little to no room 
for the loss of muscle fibers during aging. Hence, this study concluded that the age-
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related reduction in muscle mass can mainly be attributed to type II muscle fiber atro-
phy, without a substantial decline in muscle fiber number. In agreement with the data 
from Nilwik et al (69), the most consistent observation in skeletal muscle tissue of el-
derly has been the specific atrophy of type II muscle fibers with increasing age (12, 23, 
29, 49, 50, 52, 54, 56, 59, 77, 93, 107). In contrast to type I muscle fibers, type II muscle 
fiber size has been reported to be 10-50% smaller in healthy elderly compared with 
healthy young individuals (12, 23, 29, 49, 50, 52, 54, 56, 59, 77, 93, 107). However, it is 
worth noting that in most of these studies muscle biopsies were taken from the vastus 
lateralis muscle. Changes in muscle fiber size with aging most likely depend on the 
location and the functional demands of a muscle. Age-related type II muscle fiber atro-
phy has been reported for the gastrocnemius (12), vastus lateralis (23, 29, 49, 50, 52, 
54, 56, 59, 77, 107), biceps brachii (52), masseter (50), and pectoralis minor (93) muscle. 
However, generalization of these findings to other muscle groups in the human body 
should be performed with caution.  
The process of sarcopenia is progressive in nature and occurs over a prolonged period 
of time during life. In addition, it is generally acknowledged that sarcopenia is a com-
plex and multi-factorial process. Though the precise mechanisms underlying sarcopenia 
are still under debate, a number of possible explanations have been suggested. In prin-
ciple, any loss of skeletal muscle mass originates from a structural imbalance between 
muscle protein synthesis and protein breakdown. As basal muscle protein synthesis 
and/or whole body breakdown rates do not appear to differ between healthy young 
and old people (110), it is now hypothesized that the loss of muscle mass with aging is, 
at least partly, attributed to a blunted protein synthetic response to the main anabolic 
stimuli, i.e. protein intake and physical activity (21, 35). However, the underlying mech-
anisms of the impaired protein synthetic response to food intake and/or physical activi-
ty remain to be elucidated. Other major factors considered to be involved in the age-
related loss of skeletal muscle mass include increased subclinical levels of inflammation 
(i.e. IL6, TNF-α and CRP) (37, 94, 95, 109), decreased anabolic hormone concentrations 
(i.e. IGF-1, testosterone, GH) (32, 101), neurological factors (i.e. motor unit loss, fiber 
type grouping) (105), mal-nutrition (i.e. insufficient dietary protein intake) (65, 66, 103), 
and physical inactivity (27, 28, 55). Beside these “external” factors, it has been suggest-
ed that certain intrinsic changes within the muscle may contribute to the decline in 
muscle mass with aging. More specifically a decline in the number and/or function of 
skeletal muscle stem cells, also known as satellite cells, has been suggested to occur 
with increasing age. These satellite cells are found to be essential in muscle fiber 
maintenance, growth and regeneration. As such, satellite cells may be an important 
contributing factor in the loss of skeletal muscle mass observed during normal aging.  
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SKELETAL MUSCLE SATELLITE CELLS 
Since their discovery by Mauro in 1961 (61), satellite cells have been identified as the 
main (or only) source of new myonuclei in postnatal skeletal muscle (67, 68). Muscle 
satellite cells owe their name to their localization under the basement membrane, but 
outside the plasma membrane of their associated muscle fiber. In adult skeletal muscle, 
satellite cells are normally in a quiescent state, residing in a niche, not exhibiting gene 
expression and/or protein synthesis. The satellite cell niche represents a dynamic unit 
changing between a quiescent and activated niche in response to external stimuli (e.g. 
exercise, injury, myotoxins and/or disease). To elucidate the behavior of satellite cells in 
skeletal muscle atrophy and/or hypertrophy we first need to consider the role of myo-
nuclei in these processes. 

MYONUCLEI 

Muscle fibers contain hundreds of myonuclei and it is generally believed that each 
myonucleus controls the gene expression over a certain amount of cytoplasm, which is 
referred to as the myonuclear domain (11). It has been hypothesized that changes in 
muscle fiber size, i.e. muscle atrophy or hypertrophy, are achieved by the regulation of 
three important factors: 1) the number of nuclei in a single muscle fiber; 2) the rate of 
muscle protein synthesis per myonucleus; and 3) the rate of muscle protein breakdown 
(10). In accordance, the myonuclear domain theory stipulates that changes in muscle 
fiber size (e.g. hypertrophy or atrophy) are accompanied by a change in myonuclear 
content, myonuclear domain size or both (Figure 1). In line with this reasoning, muscle 
fiber atrophy has been associated with a decline in myonuclear number (3, 4, 24-26, 
102) and/or a decline in myonuclear domain size (5, 10, 111). Likewise, muscle fiber 
hypertrophy is associated with an increase in myonuclear number (47, 60, 77) and my-
onuclear domain size (46, 77). Interestingly, more recent studies suggest that an in-
crease in myonuclear number will only occur when muscle fiber size increases substan-
tially (77). It has been hypothesized that the myonuclear domain size can increase to a 
certain extent (i.e. ±2250 µm2) by the upregulation of muscle protein synthesis (78). 
Thereafter, the incorporation of new myonuclei seems to be required to allow further 
muscle fiber hypertrophy. This “ceiling theory” implies that the myonuclear domain size 
has a threshold, beyond which additional myonuclei are prerequisite (77, 78). This is 
consistent with the idea that myonuclei support gene expression for a finite volume of 
cytoplasm. As myonuclei are post-mitotic, skeletal muscle satellite cells are required to 
provide additional myonuclei when needed. 
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Figure 1 Schematic representation of the myonuclear domain theory during skeletal muscle fiber hypertrophy 
and atrophy. (A) Muscle fiber hypertrophy is associated with an increase in myonuclear domain size (due to 
increased protein synthesis induced by the existing myonuclei) and/or an increase in myonuclear number. (B) 
Muscle fiber atrophy is associated with a reduction in myonuclear domain size and/or number. 

SATELLITE CELL ACTIVATION, PROLIFERATION AND DIFFERENTIATION 

The first step in the process of supplying new myonuclei is the activation of satellite 
cells. Upon exposure to signals induced by a mechanical stimulus and/or damaged envi-
ronment, satellite cells exit their quiescent state and start to proliferate. Proliferating 
satellite cells and their progeny are also known as myogenic precursor cells (MPC) or 
adult myoblasts. The activation of satellite cells is not only limited to the site of the 
muscle fiber damage. Previous studies have shown that localized damage on one end of 
the muscle fiber can lead to activation of all satellite cells along the entire myofiber and 
migration of active satellite cells to the regenerating site (98). Moreover, satellite cells 
have even been shown to migrate between muscle fibers, across barriers of basal lami-
na and/or connective tissue during muscle fiber regeneration and/or growth (38, 42, 
112). In adult muscle, the extent to which satellite cells respond to damage and/or 
exercise stimuli, relies on the expression of Pax7 and the myogenic regulatory factors 
(MRFs) comprising Myf5, MyoD, myogenin, and MRF4 (Figure 2). Sequential suppres-
sion and/or upregulation of Pax7 and MRFs are necessary for the progression of satel-
lite cells through the different stages of the cell cycle. In contrast to quiescent satellite 
cells, active satellite cells are characterized by the rapid upregulation of myogenic tran-
scription factor MyoD (15-17, 34, 100) and Myf5 (15, 17). The increase in MyoD expres-
sion in satellite cells has been shown to occur as early as 12h after injury and/or a single 
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bout of exercise (81, 100). It has been hypothesized that satellite cells are able to enter 
different myogenic programs depending on whether Myf5 or MyoD expression pre-
dominates (90). 

 

Figure 2 schematic representation of suggested routes for satellite cell activation, proliferation and differen-
tiation/ self-renewal. The progression of satellite cells through the myogenic program is orchestrated by a 
group of transcription factors that dictate the progression from quiescence to activation, proliferation, differ-
entiation and/or self-renewal. Originally quiescent satellite cells are characterized by the expression of Pax7 
and not Myf5, MyoD or Myogenin. Upon stimulation (i.e. exercise, damage) satellite cells exit their quiescent 
state (satellite cell activation). Following activation, satellite cells can directly differentiate due to the up-
regulation of MyoD and down-regulation of Pax7. Alternatively, satellite cells start to proliferate, which can 
be characterized by the expression of Pax7 and the myogenic transcription factors Myf5 and MyoD. After 
proliferation, satellite cells begin differentiation by down-regulating Pax7 and up-regulating myogenin. Alter-
natively, activated satellite cells are also able to return to quiescence to maintain or expand the satellite cell 
pool size.  
 
A predominant upregulation of MyoD has been suggested to be associated with a sub-
population of committed satellite cells, which are ready for immediate differentiation 
without preceding cell division (64). In contrast, predominance of Myf5 expression 
would direct satellite cells towards proliferation and delayed differentiation (91). Final-
ly, satellite cells co-expressing both MyoD and Myf5 would exhibit intermediate prolif-
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eration and differentiation properties and is observed in most active satellite cells dur-
ing normal myogenesis (Figure 2) (51).  

After a limited number of proliferation rounds, the majority of satellite cells differenti-
ate and fuse with damaged myofibers. Alternatively, newly formed myonuclei may fuse 
to each other to form new myofibers or allow extensive hypertrophy of existing muscle 
fibers. Terminal differentiation of the satellite cell is initiated by the expression of 
MRF4, myogenin (16, 17, 34, 100, 113), and a decrease in Pax7 expression (72, 73). 
Importantly, when Pax7 expression remains high following the proliferation phase, 
satellite cells are able to escape the route of terminal differentiation and return back to 
a quiescent state, thereby promoting self-renewal (Figure 2) (72, 73). This mechanism 
of satellite cell self-renewal is important to maintain the satellite cell pool size (for fu-
ture rounds of proliferation). A reduction in such capacity for self-renewal has been 
suggested to play a significant role in the age-related loss of muscle fiber size. 

SATELLITE CELLS IN AGING MUSCLE  
At birth, satellite cells account for ~15% of all myonuclei (97), however, this proportion 
declines over time and by adulthood, only 1-4% of all myonuclei belong to satellite cells 
(23, 47, 83). In adult muscle satellite cells are found to be crucial in muscle mainte-
nance, growth and regeneration. However, at more advanced age a decline in the 
number of satellite cells and/or in their ability to become activated and proliferate 
upon stimuli may contribute to muscle fiber atrophy typically observed in elderly peo-
ple. In the past, mixed results have been reported on whether satellite cell numbers 
decline with a more advancing age. Some reports have shown an age-related decline in 
satellite cell content in rat tibialis anterior muscle (9, 22) and in extensor digitorum 
longus muscle of mice (31), while others did not observe any decline in satellite cell 
number in rat levator (70) or mice soleus muscle with increasing age (96). Similar to the 
rodent studies, no conclusive evidence has been generated from human studies. Some 
report a reduction in skeletal muscle satellite cell content in the vastus lateralis (92, 
107), biceps brachii (83), tibialis anterior (43), and masseter (83) muscle in the elderly, 
whereas others show no age-related differences (23, 36, 77, 88). As the age-related loss 
of muscle mass is generally associated with type II muscle fiber type specific atrophy, 
more recent studies have determined satellite cell numbers in type I and type II muscle 
fibers separately. Since the study by Verdijk et al. (107), several studies by different 
groups (57, 63, 108) have now consistently shown that type II muscle fiber atrophy in 
the elderly is accompanied by a type II muscle fiber type specific reduction in satellite 
cell content. Whether a fiber type specific decline is satellite cell content is a cause or 
merely a consequence of muscle fiber atrophy remains to be established.  
Apart from the age-related decline in satellite cell content, satellite cell dysfunction has 
been suggested to contribute to the loss of skeletal muscle fiber size with aging. An 
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inability to properly activate, proliferate and/or differentiate satellite cells in response 
to anabolic stimuli might be an important contributing factor to a reduction in the re-
generative potential of skeletal muscle tissue which can contribute to the age-related 
loss of muscle mass. In senescent muscle, it has previously been demonstrated that 
satellite cell activation is impaired in in vitro single fiber preparations (7, 99) and in vivo 
animal tissue (13). In addition, it has been suggested that the age-related reduction in 
regenerative potential is due to impaired Notch signaling, which has been suggested to 
be necessary for satellite cell proliferation and differentiation. Interestingly, Conboy et 
al. (14) have shown that satellite cell activation can be normalized by exposing aged 
muscle to a young systemic environment. These findings suggest that the intrinsic abil-
ity for satellite cells to activate and/or proliferate is retained even in very old muscle. 
Age-related changes in or interaction between the systemic environment and/or satel-
lite cell niche are more likely to play a key role in the impaired satellite cell activation 
response with aging.  

SATELLITE CELLS AND EXERCISE  
Exercise training, both resistance as well as endurance, has been show to improve mus-
cle mass and strength, and increase performance capacity in both young and elderly 
people. However, the mechanism(s) by which exercise induces skeletal muscle hyper-
trophy remain poorly understood. Kadi et al. (44, 45) were the first to show an associa-
tion between exercise induced muscle fiber hypertrophy and the increase in both myo-
nuclei number and satellite cell content in human skeletal muscle, suggesting a key role 
for satellite cells in the skeletal muscle adaptive response to exercise.  
The assumption that satellite cells are crucial during muscle fiber hypertrophy origi-
nates from the early γ-irradiation studies in which satellite cells from mice were ablated 
from the muscle. These studies demonstrated that following satellite cell ablation the 
muscle hypertrophic response to overload is blunted or even non-existent (2, 79, 85-
87). In human muscle, satellite cell content has been shown to increase significantly 
within 24 to 192h after a single bout of exercise (19, 20, 23, 71). This would imply that 
satellite cell activation and proliferation occur within a short time period after an ana-
bolic stimulus. The progression of satellite cells through the various stages of activation, 
proliferation and/or differentiation is mediated by the expression of Pax7 and different 
MRF’s (i.e. MyoD, Myf-5, Myogenin and Mrf4). In response to a single bout of exercise 
MRF mRNA expression has been reported to increase substantially in healthy young 
subjects (18, 39, 48, 62, 80, 82, 114). However, this exercise induced increase in MRF 
mRNA expression was shown to be attenuated in the elderly (18, 39, 48, 82). In addi-
tion, Dreyer et al. (23) showed that 24 h following a single bout of eccentric exercise, 
the increase in satellite cell content was greater in young (+141%) when compared with 
elderly (+51%) men. Together, these results may be indicative of impairments in satel-
lite cell function in response to exercise in senescent muscle. Yet, a precise timeline for 
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the changes in satellite cell content, activation status and associated signaling proteins 
remains to be elucidated in both healthy young and elderly men and women. In addi-
tion, as satellite cell content has been shown to differ between type I and II muscle 
fibers in the elderly, it could be hypothesized that satellite cell activation, proliferation 
and differentiation after an anabolic stimulus also occur in a fiber type specific manner, 
especially in older adults. However, it remains unknown whether a single bout of exer-
cise induces a muscle fiber type specific change in satellite cell content and/or activa-
tion status.  
Studies investigating the long-term adaptive response to exercise intervention have 
reported less consistent results in terms of muscle fiber hypertrophy, myonuclear and 
satellite cell content. In healthy young men, resistance type exercise training has been 
shown to increase muscle fiber size with a concomitant increase in both myonuclear 
and satellite cell content, suggesting successful incorporation of differentiated satellite 
cells (44, 46, 74, 77). In contrast, other studies show that resistance type exercise train-
ing induced muscle fiber hypertrophy is accompanied by an increase in satellite cell 
content without an increase in myonuclear content (36, 46, 74). The discrepancy might 
be attributed to the fact that pre-existing myonuclei are able to increase their protein 
synthesis and support exercise induced increases in cytoplasmic volume, as proclaimed 
in the “ceiling theory”. In accordance, it has been reported that muscle fiber hypertro-
phy in response to resistance type exercise training can be accompanied by an increase 
in myonuclear domain size, while myonuclear number remains equal throughout the 
training period.  
Similar results have been reported when satellite cell content was studied in response 
to resistance type exercise training in healthy elderly individuals. Most studies show a 
substantial increase in both muscle fiber size and satellite cell content after 9-16 weeks 
of resistance type exercise training in older adults (46, 47, 74, 106, 108). In contrast, 
muscle fiber hypertrophy has also been reported to occur without an increase in satel-
lite cell content in response to 16 weeks of resistance type exercise training in health 
elderly men (36, 77). In addition, others have shown a significant increase in satellite 
cell content in the absence of muscle fiber hypertrophy after resistance type exercise 
training (60, 89). The apparent discrepancies might, in part, be explained by the lack of 
fiber type specific data on the changes in muscle fiber size and/or satellite cell content 
in response to prolonged resistance type exercise training. Whereas most studies as-
sessed satellite cell content in mixed muscle tissue, more recent work has shown that in 
the vastus lateralis and deltoideus muscle, muscle fiber size and satellite cell content 
increase specifically in type II muscle fibers after long-term resistance type exercise 
training in healthy elderly men (106, 108). More research is warranted to elucidate 
these inconsistent findings on the proposed role of satellite cells and muscle fiber hy-
pertrophy in response to prolonged resistance type exercise training in both young and 
elderly men and women. 
In summary, both a decline in satellite cell number and/or changed function might be 
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of key importance in understanding the molecular mechanisms responsible for the 
skeletal muscle mass loss during healthy aging. However, to provide more insight in the 
underlying mechanism it seems imperative to evaluate the acute and long-term chang-
es in skeletal muscle satellite cell number and function associated with muscle fiber 
atrophy and exercise induced muscle fiber hypertrophy in both type I and type II mus-
cle fibers separately. Furthermore, specific in vivo human studies are required to ex-
plore the potential difference in fiber type specific changes in satellite cell content and 
activation status between healthy young and elderly individuals during post-exercise 
recovery. Furthermore, nutrient intake is a decisive determinant of the muscle adaptive 
response during post-exercise recovery in terms of protein synthesis and breakdown, 
and net muscle protein accretion (6, 8, 53, 104). New studies are warranted to also 
elucidate the potential importance of dietary protein intake on satellite cell function 
and associated muscle fiber hypertrophy after an acute bout or prolonged resistance 
type exercise training. Together these results could reveal important mechanistic con-
cepts of sarcopenia and may provide new leads in the development of effective inter-
vention strategies to prevent and/or reverse the loss of skeletal muscle mass and func-
tion with aging. Therefore, in the present work we aimed to investigate the potential 
importance of satellite cells in age- (long-term) and disuse- (short-term) related muscle 
fiber atrophy, as well as the role of satellite cells in the muscle fiber type specific adap-
tive response to exercise training in both healthy young and elderly people and the 
influence of dietary protein intake herein.  

THESIS OUTLINE 
This thesis describes a series of studies in which we assessed the role of skeletal muscle 
satellite cells in the process of muscle fiber atrophy and/or hypertrophy in both healthy 
young and elderly men. In Chapter 2, we present age-related changes in muscle fiber 
size and satellite cell content over the entire human lifespan, and report a clear associa-
tion between resistance type exercise training induced increases in satellite cell content 
and the extent of muscle fiber hypertrophy in elderly men. In Chapter 3, we assess in a 
longitudinal study whether short-term muscle fiber disuse atrophy is accompanied by a 
change in skeletal muscle satellite cell content and/or associated signaling pathways. In 
Chapter 4, we determined the impact of a single bout of exercise on satellite cell activa-
tion status during subsequent overnight recovery in healthy young men. In Chapter 5, 
we show that satellite cell number and activation status respond in a fiber type specific 
manner 24 hours after a single bout of eccentric exercise. In chapter 6, we extend on 
these findings by comparing the satellite cell adaptive response up to 72 hours after a 
single bout of resistance type exercise between healthy young and elderly men. In 
Chapter 7, we evaluate the role of dietary protein intake on the satellite cell adaptive 
response after a single bout of resistance type exercise in healthy young men. In Chap-
ter 8, we test the hypothesis that muscle fiber hypertrophy following 12 wks of re-
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sistance type exercise training can be augmented by protein supplementation prior to 
sleep. In Chapter 9 we assess whether a change in myonuclear domain size is required 
to elicit myonuclear accretion to support subsequent muscle hypertrophy during pro-
longed resistance type exercise training in healthy young men. In Chapter 10, we finally 
discuss the outcomes described in chapters 2-8 and provide a general conclusion. In 
addition, the implications of this thesis will be discussed and future research aims will 
be formulated targeting to extend current knowledge regarding the proposed role of 
satellite cells in skeletal muscle plasticity and the associated signaling pathways in both 
healthy and more compromised young and elderly people.  
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ABSTRACT 
Introduction: Changes in satellite cell content play a key role in regulating skeletal mus-
cle growth and atrophy. Yet, there is little information on changes in satellite cell con-
tent from birth to old age in humans. The present study defines muscle fiber type-
specific satellite cell content in human skeletal muscle tissue over the entire lifespan.  

Methods: Muscle biopsies were collected in 165 subjects, from different muscles of 
children undergoing surgery (<18y; n=13), and from the vastus lateralis muscle of 
young adult (18-49y; n=50), older (50-69y; n=53), and senescent subjects (70-86y; 
n=49). In a subgroup of 51 aged subjects (71±6y), additional biopsies were collected 
after 12 weeks of supervised resistance type exercise training. Immunohistochemistry 
was applied to assess skeletal muscle fiber type-specific composition, size, and satellite 
cell content 

Results: From birth to adulthood, muscle fiber size increased tremendously with no 
major changes in muscle fiber satellite cell content, and no differences between type I 
and II muscle fibers. In contrast to type I muscle fibers, type II muscle fiber size was 
substantially smaller with increasing age in adults (r=-0.56; P<0.001). This was accom-
panied by an age-related reduction in type II muscle fiber satellite cell content (r=-0.57; 
P<0.001). Twelve weeks of resistance type exercise training significantly increased type 
II muscle fiber size and satellite cell content.  

Conclusion: We conclude that type II muscle fiber atrophy with aging is accompanied by 
a specific decline in type II muscle fiber satellite cell content. Resistance type exercise 
training represents an effective strategy to increase satellite cell content and reverse 
type II muscle fiber atrophy.  
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INTRODUCTION 
It has been over 50 years since the discovery of satellite cells as the stem cells of skele-
tal muscle tissue (27). In adult skeletal muscle, satellite cells normally reside in a quies-
cent state in their niche below the basement membrane. Upon appropriate stimuli, 
satellite cells become activated and will start to proliferate (10, 15). Subsequently, they 
can either differentiate to form new myonuclei, or return to quiescence. The latter will 
replenish the resident satellite cell pool through self-renewal (10, 15, 18, 49).  
Normal myogenesis, as in childhood growth, is established by extensive hypertrophy of 
the muscle fibers, which is accompanied by a concomitant increase in nuclear number 
(31, 43). As such, childhood development requires the continuous activation, prolifera-
tion and differentiation of satellite cells into new myonuclei, likely resulting in a relative 
decline of the satellite cell pool size. In adulthood, satellite cells are essential for 
maintenance, repair, and hypertrophy of skeletal muscle tissue. After the third decade 
of life skeletal muscle mass and strength start to decline, with a more progressive de-
cline after the fifth decade (16, 22). The loss of skeletal muscle mass results in function-
al impairments and an increased risk of developing chronic metabolic disease at an 
advanced age (12). At the myocellular level, the age-related loss of muscle tissue is 
characterized by specific type II muscle fiber atrophy (20, 21). Since satellite cells repre-
sent the stem cells responsible for muscle fiber maintenance, a decline in satellite cell 
content and/or function would likely contribute to the loss of muscle mass with aging. 
Whereas some studies have reported an age-related decline in satellite cell content (17, 
35), others failed to confirm these findings (11, 36). Previous work from our laboratory 
suggests that this inconsistency may be explained by the lack of muscle fiber type-
specific data (46). However, it remains to be determined how satellite cell content 
changes over the lifespan. We hypothesize that throughout childhood, both type I and 
II muscle fiber size will increase without major changes in the absolute number of satel-
lite cells. Furthermore, we hypothesize that throughout adulthood type II muscle fiber 
satellite cell content declines with an increasing age, with the greater differences ob-
served in senescence. 
Resistance type exercise training represents an effective interventional strategy to 
increase muscle mass and function in the elderly (13, 14). Prolonged resistance type 
exercise training has been shown to result in both type I and/or type II muscle fiber 
hypertrophy in elderly subjects (26, 40). Since satellite cells are the only known source 
to provide additional myonuclei to muscle fibers, an increase in satellite cell content is 
required to allow substantial muscle fiber hypertrophy. Though an increase in satellite 
cell content in response to prolonged resistance training has been reported by some 
(24, 37), others have failed to confirm those findings (33). This discrepancy is, at least 
partly, explained by the lack of muscle fiber-type specific data (41, 44, 47). We hypoth-
esize that prolonged resistance type exercise training in the elderly increases satellite 
cell content in the type II muscle fibers, thereby allowing type II muscle fiber hypertro-
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phy. Therefore, we examined whether the resistance type exercise training-induced 
increase in type II muscle fiber size can be predicted by the concomitant increase in 
satellite cell content. 
The primary objective of the present study was to define muscle fiber type-specific 
satellite cell content in skeletal muscle tissue derived from human subjects over the 
entire lifespan. Our second objective was to determine whether age-related changes in 
muscle fiber satellite cell content can be reversed following prolonged resistance type 
exercise training. Therefore, muscle biopsies were collected in a large group of subjects 
(n=165, age: 0-86 y) after which samples were analyzed for muscle fiber type-specific 
size, composition, and myonuclear and satellite cell content. Furthermore, 51 of the 
older individuals were subjected to 12 weeks of resistance type exercise training to 
assess the impact on muscle fiber size and satellite cell content. 

METHODS 

Subjects 
A total of 13 children under the age of 18 y and 152 healthy male adult subjects (age: 
18-86 y) were included in the present study. Skeletal muscle biopsy samples from all 
subjects under the age of 18 y were collected during cardiothoracic surgery not related 
to any pathology directly affecting skeletal muscle tissue morphology and/or function 
(i.e. none of the children underwent surgery for cardiac failure) (9). Adult subjects from 
various studies that were performed within our laboratory over the past 5 years were 
selected based on the availability of a skeletal muscle biopsy sample, taken in the 
morning following an overnight fast, with no intense physical activity or exercise for at 
least 3 days prior to biopsy collection. All subjects were healthy, independently living 
volunteers without any major comorbidities and had not participated in any structured 
exercise training program for at least 3 years. Biopsies from subjects with orthopedic 
and/or cardiovascular abnormalities or type 2 diabetes were excluded from analyses. 
Adult subjects were equally divided over 3 groups based on age: young adult (18-49 y; 
n=50), older (50-69 y; n=53), and senescent (≥70 y; n=49). All subjects had been in-
formed on the nature and possible risks of the experimental procedures, before written 
informed consent was obtained from the subjects, or their legal representatives in the 
case of children. All procedures were performed in compliance with the Declaration of 
Helsinki and approved by the Medical Ethics Committees of the Maastricht University 
Medical Centre+ and the University of Leuven. 

Muscle biopsies 
Muscle biopsies from all subjects under the age of 18 y (n=13) were taken during non-
muscle related cardiothoracic surgery, from various muscle groups, i.e. rectus abdomi-
nis, pectoralis major, or sartorius. Muscle biopsies from healthy adults were taken in 
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the morning, after an overnight fast and following 30 min of supine rest; using the per-
cutaneous needle biopsy technique, biopsies were taken from the vastus lateralis mus-
cle, ~15 cm above the patella, after local anesthesia (3). Any visible non-muscle tissue 
was removed from the biopsy samples, which were then embedded in Tissue-Tek (Sa-
kura Finetek, Zoeterwoude, The Netherlands), immediately frozen in liquid nitrogen-
cooled isopentane, and stored at -80°C until further analyses.  

Resistance type exercise training 
To determine the impact of prolonged resistance type exercise training on satellite cell 
content in older individuals, a subset of 51 aged subjects (71±6 y) participated in a 12 
wk progressive resistance type exercise training program. Details of the exercise pro-
gram have been reported previously (45). In short, supervised resistance-type exercise 
training was performed 3x/wk for a 12-wk period. Training consisted of a 5-min warm-
up on a cycle ergometer, followed by 4 sets on both the leg press and leg-extension 
machines, followed by a 5-min cooling down period on the cycle ergometer. The post-
intervention muscle biopsy sample was taken from the same leg 4 days after perform-
ing the last exercise session. 

Immunohistochemistry 
From all muscle biopsies, 5-µm thick cryosections were cut at -20°C, and samples were 
mounted on pre-cleaned uncoated glass slides. Care was taken to properly align the 
samples for cross-sectional fiber analyses. Serial cross-sections were stained for muscle 
fiber typing and myocellular satellite cell content as described previously (44). In short, 
staining procedures were as follows. After fixation (5 min acetone), slides were air-
dried and incubated for 60 min at room temperature with primary antibodies directed 
against laminin and either myosin heavy chain (MHC)-I or CD56, to stain type I muscle 
fibers and satellite cells, respectively. CD56 was chosen as it has been validly used to 
identify satellite cells in the majority of human studies (e.g. (11, 17, 24, 33, 34, 44, 47). 
After incubation with primary antibodies, slides were washed (3*5 min PBS). Appropri-
ate secondary antibodies were applied, diluted together with DAPI to stain myonuclei. 
After a final washing step, all slides were mounted with cover glasses. Antibodies for 
immunohistochemical analyses were purchased from DSHB (Iowa City, IA: A4.951 for 
MHC-I), Sigma (Zwijndrecht, the Netherlands: laminin), BD Biosciences (San Jose, CA: 
CD56), and Molecular Probes (Invitrogen, Breda, the Netherlands: DAPI, and secondary 
antibodies). To control for any potential effects of the underlying pathology (e.g. cya-
notic heart disease) on skeletal muscle characteristics in children, a staining for carbon-
ic anhydrase IX was performed to detect hypoxia-affected muscle fibers (9). Muscle 
biopsies that showed signs of hypoxia were excluded from the analyses.  
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Figure 1 Muscle fiber type-specific analyses for muscle fiber size and satellite cell content in muscle tissue 
obtained from a child (~8 mth, or 0.7 y; A), a young adult (20 y; B), and an older adult (71 y; C). a: myosin 
heavy chain-I (green) + laminin (red) + 4,6-diamidino-2-phenylindole (DAPI; blue) staining from serial cross-
section of images (b-d); the marked area represents the same area as shown in frames b-d; b: CD56 (green) + 
laminin (red) + DAPI staining (blue); c: CD56 + DAPI staining; d: CD56 staining. Arrows indicate the satellite 
cells. Numbers indicate type I and II muscle fibers. Scale bars = 100 µm 

 
After staining, digital images were captured using fluorescence microscopy (44). All 
image recordings and analyses were performed by an investigator blinded to subject 
coding. For the fiber typing slides, the number of muscle fibers, the mean fiber cross-
sectional area (CSA), the number of myonuclei, and the myonuclear domain (i.e. fiber 
CSA/number of myonuclei) were measured for type I and type II muscle fibers separate-
ly. For the satellite cell slides, fiber type was determined based on the serial fiber typing 
slides. Satellite cells were determined at the periphery of the muscle fiber and stained 
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positive for both CD56 and DAPI (Fig. 1). The number of satellite cells per muscle fiber, 
the number of satellite cells per mm2 of muscle fiber, and the number of satellite cells 
relative to the total number of myonuclei (number of satellite cells / [number of myo-
nuclei + number of satellite cells]*100%) were determined for type I and type II muscle 
fibers separately. On average, 240±23 type I and 182±11 type II muscle fibers were 
analyzed for each subject, with a minimum of 100 fibers to determine satellite cell 
content in type I and II muscle fibers separately (25).  

Statistics 
All data are expressed as means±SD. To distinguish between changes occurring during 
normal childhood growth up to adulthood, and changes occurring throughout adult-
hood, separate analyses were performed on all muscle samples obtained from subjects 
aged 0-18 y, and subjects aged 18 y and over. Since the data were not normally distrib-
uted in the group 0-18 y, Spearman’s rho (ρ) was determined to assess the relationship 
between age and muscle fiber size and satellite cell content. To determine the relation-
ship between age and muscle fiber size and satellite cell content in the adult cohort, 
Pearson correlation coefficients (r) were calculated. Furthermore, differences between 
groups (i.e. young adult, older, and senescent subjects) were analyzed by one-way 
ANOVA. In case of significant differences, Tukey post hoc tests were performed to lo-
cate between-group differences. In addition, differences between type I and II muscle 
fibers (i.e. muscle fiber CSA, myonuclear content, and satellite cell content) were ana-
lyzed by paired samples t-tests in the young adult, older, and senescent groups sepa-
rately. For the subset of subjects enrolled in the resistance type exercise training pro-
gram, repeated measures ANOVA with ‘time x fiber type’ interaction was performed. In 
case of significant interaction, paired samples t-tests were performed to assess changes 
over time and/or between type I and II muscle fibers. In addition, linear regression was 
performed to predict the changes in muscle fiber size. Age, baseline muscle fiber size, 
baseline satellite cell content, baseline myonuclear content, and the change in satellite 
cell content and myonuclear content were included as potential predictors. All analyses 
were performed using SPSS version 19.0 (Chicago, IL). An α-level of 0.05 was used to 
determine statistical significance.  

RESULTS 

Muscle fiber characteristics in children 
Type I muscle fiber percentage averaged 64±15% in muscle tissue obtained from chil-
dren aged 0-18 y, and no change was observed with increasing age. Type I and II muscle 
fiber size increased substantially with age from 164 and 131 µm2 at 1 week after birth, 
to 762 and 1001 µm2 on average at age 1 y, to 6513 and 8659 µm2 on average at age 18 
y, respectively. In accordance, a positive correlation was observed between age and 
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muscle fiber size for both type I (ρ =0.96, P<0.001), and type II muscle fibers (ρ =0.91, 
P<0.001; Fig. 2A). In line with the greater muscle fiber size, myonuclear content in-
creased with age in both type I and type II muscle fibers during the first 18 years of life 
(ρ =0.89 and ρ =0.85, respectively; P<0.001). The number of satellite cells per muscle 
fiber averaged 0.076±0.015 (type I) and 0.076±0.023 (type II) in the first year of life, and 
modestly increased from 0-18 y (type I: ρ =0.62, P=0.014; type II: ρ =0.51, P=0.052; Fig. 
2B). During the first year of life, the number of satellite cells relative to the total num-
ber of myonuclei averaged 12.3% (range: 9.4-20.9 %) and the number of satellite cells 
per mm2 of muscle fiber averaged 199 (range: 92-396). Interestingly, with increasing 
age in children, there was a substantial decline in the number of satellite cells relative 
to the total number of myonuclei both in type I (ρ =-0.84; P<0.001) and type II muscle 
fibers (ρ =-0.88; P<0.001). In accordance, the number of satellite cells per mm2 of mus-
cle fiber area showed an extensive reduction with increasing age in children (type I: ρ =-
0.95; type II: ρ =-0.95; P<0.001; Fig. 2C). Importantly, no differences were observed 
between type I and type II muscle fibers for muscle fiber size, myonuclear content, or 
satellite cell content in children aged 0-18 y.  

 

Figure 2 Scatter plots for children aged 0-18 y (n=15), showing the correlation between age and (A) muscle 
fiber cross-sectional area (CSA); (B) the number of satellite cells (SC) per muscle fiber; and (C) the number of 
satellite cells per mm2 muscle fiber area. Type I: filled circles/solid line. Type II: open circles/dashed line. Lines 
represent the fitted regression (linear in A-B, logarithmic in C). Spearman rank correlation coefficients: A: ρ 
=0.96 (type I; P<0.001) and ρ =0.91 (type II; P<0.001); B: ρ =0.62 (type I; P=0.011) and ρ =0.51 (type II; 
P=0.052); C: ρ = -0.95 (type I; P<0.001) and ρ = -0.95 (type II; P<0.001) 
 

Muscle fiber type distribution and muscle fiber size in adult muscle 
Muscle fiber type composition was not different for older and senescent subjects when 
compared with the young adults (47±15 and 48±11 vs. 52±15 % type II muscle fibers, 
respectively). However, the area percentage occupied by type II muscle fibers was sig-
nificantly lower in older and senescent subjects when compared with the young adults 
(44±16 and 43±13 vs. 54±16 %, respectively; P=0.001).  
Correlation analysis showed that type II muscle fiber size substantially declined with an 
increase in age (r=-0.56, P<0.001; Fig. 3A). No such relationship was apparent for the 
type I muscle fibers. In the young adult subjects, muscle fiber size was significantly 
greater in type II vs. type I muscle fibers (P<0.001; Fig. 4A). In contrast, in both the older 
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and senescent subjects, muscle fiber size was significantly smaller in type II vs. type I 
muscle fibers (P<0.001; Fig. 4A).  

 

Figure 3 Scatter plots for adults aged 18-86 y (n=152), showing the correlation between age and (A) muscle 
fiber cross-sectional area (CSA); and (B) the number of satellite cells (SC) per muscle fiber. Type I: filled cir-
cles/solid line. Type II: open circles/dashed line. Lines represent the fitted linear regression. Pearson correla-
tion coefficients: A: r = -0.033 (type I; P=0.682) and r = -0.56 (type II; P<0.001); B: r = -0.109 (type I; P=0.184) 
and r = -0.57 (type II; P<0.001) 
 

Myonuclear and satellite cell content in adult muscle 
In the young adult subjects, no differences were observed between type I and type II 
muscle fiber myonuclear content (Table 1). In the older and senescent subjects, muscle 
fiber myonuclear content was significantly lower in type II vs. type I muscle fibers 
(P<0.001; Table 1). In addition, type II muscle fiber myonuclear content was lower in 
the senescent subjects when compared with the young adult (P<0.001) and older sub-
jects (P=0.002; Table 1). Whereas type I muscle fiber myonuclear domain did not differ 
between groups, type II muscle fiber myonuclear domain was smaller in the older sub-
jects when compared with the young adults (P<0.001; Table 1). 
The correlation analysis revealed that an increase in age was associated with a reduc-
tion in type II muscle fiber satellite cell content (r=-0.57; P<0.001; Fig. 3B). No such 
correlation was observed for the type I muscle fibers. In line with these data, type II 
muscle fiber satellite cell content expressed relative to the total number of myonuclei 
and per mm2 of muscle fiber area was substantially lower with an increase in age 
(P<0.01; Table 1). In the young adults, satellite cell content did not differ between type I 
and type II muscle fibers (0.089±0.028 vs. 0.085±0.033 satellite cells per muscle fiber, 
respectively; Fig. 4B). However, in the older and senescent subjects muscle fiber satel-
lite cell content was significantly lower in type II (0.051±0.018 and 0.045±0.019, respec-
tively) than in type I muscle fibers (0.080±0.030 and 0.081±0.032, respectively; 
P<0.001; Fig. 4B). The latter was also apparent when satellite cell content was ex-
pressed relative to the total number of myonuclei and per mm2 of muscle fiber area 
(P<0.05; Table 1). 
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Figure 4 Skeletal muscle fiber (A) cross-sectional area (CSA), and (B) satellite cell (SC) content in 
young adult (18-49 y; n=50), older (50-69 y; n=53), and senescent subjects (70-86y; n=49). Data 
represent means±SD. *: significantly different when compared with type I muscle fibers. #: signifi-
cantly different when compared with young adult subjects. 

 

Table 1 Muscle fiber characteristics in adults

 Fiber 
type 

Young adult
n=50 

Older
n=53 

Senescent 
n=49 

Nuclei/fiber I 3.8±1.1 4.0±1.0 3.4±0.8# 

 II 3.7±1.1 3.5±1.0† 2.8±0.7*#† 

Nuclear domain (µm2) I 1775±465 1655±488 1824±397 

 II 2002±425 1655±475* 1822±415 

SC% I 2.5±1.2 2.1±1.0 2.5±1.0 

 II 2.4±1.0 1.5±0.6*† 1.6±0.7*† 

SC/mm2 I 14.3±4.8 12.7±3.9 13.5±5.3 

 II 12.2±5.0 9.2±3.2*† 9.3±4.1*† 

Data represent means±SD. SC: satellite cell. SC%: the number of satellite cells as a percentage of the total 
number of myonuclei. *significantly different compared with young adults. # significantly different compared 
with older. †significantly different compared with Type I (within groups) 

Resistance type exercise training  
In response to 12 weeks of resistance type exercise training, type II muscle fiber size 
had increased by 20±21% (Fig. 5A). The latter was significantly greater than the 9±22% 
increase in type I muscle fiber size (P<0.001 for ‘time x fiber type’ interaction). A signifi-
cant ‘time x fiber type’ interaction (P<0.001) showed that the increase in type II muscle 
fiber size was accompanied by an increase in type II muscle fiber myonuclear content 
(from 3.0±0.9 to 3.5±1.1; P=0.002), whereas no such change was observed in type I 
muscle fiber myonuclear content (P=0.216). No changes were observed in myonuclear 
domain size in either type I or type II muscle fibers following resistance type exercise 
training (data not shown).  
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Figure 5 Skeletal muscle fiber (A) cross-sectional area (CSA), and (B) satellite cell (SC) content before and after 
12 weeks of resistance type exercise training in 51 older (71±6 y) subjects. C: linear regression showing the 
relation between the change in type II muscle fiber SC content and the change in muscle fiber CSA following 
the 12 wk training program. Data represent means±SD. *: significantly different when compared with type I 
muscle fibers (P<0.001). #: significantly different when compared with values before training (P<0.05).  
 

For all satellite cell variables, a significant ‘time x fiber type’ interaction was observed. 
In contrast to the type I muscle fibers, type II muscle fibers showed a substantial in-
crease in satellite cell content from 0.049±0.018 satellite cells per fiber at baseline to 
0.074±0.032 satellite cells per fiber following 12 weeks of resistance type exercise train-
ing (P<0.001; Fig. 5B). In accordance, type II muscle fiber satellite cell content signifi-
cantly increased when expressed as the number of satellite cells relative to the total 
number of myonuclei (from 1.7±0.8 to 2.2±1.0%; P=0.001), as well as the number of 
satellite cells per mm2 of muscle fiber area (from 9.6±3.9 to 12.0±5.3 satellite cells per 
mm2; P=0.003). No such changes were observed in type I muscle fibers. Whereas at 
baseline, both muscle fiber size and muscle fiber satellite cell content were significantly 
lower in type II vs. type I muscle fibers, these differences were no longer apparent after 
3 months of supervised resistance type exercise training (Fig. 5).  
Interestingly, linear regression analysis showed that a greater increase in both type II 
muscle fiber satellite cell content and myonuclear content were strongly associated 
with a greater increase in type II muscle fiber size in response to training. In order of 
the strength of the relations, the following parameters were shown to significantly 
predict the increase in type II muscle fiber size (total R=0.73): 1) change in type II mus-
cle fiber satellite cell content (standardized B = 0.44; P=0.001; Fig. 5C); 2) change in 
type II muscle fiber myonuclear content (standardized B = 0.44; P=0.004); and 3) base-
line myonuclear content (standardized B = 0.30; P=0.030). See Online Resource 1 for 
regression plots of all 3 predictors.  

DISCUSSION 
In the present study, we assessed type I and type II muscle fiber size and satellite cell 
content in humans aged 1 week through 86 years. We show that during childhood, both 
type I and II muscle fiber size increase with a concomitant increase in myonuclear con-
tent. Throughout adulthood, there is a specific decline in type II muscle fiber size in the 
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vastus lateralis muscle with increasing age. In this large cohort with ages ranging over 
the adult human lifespan, we report that type II muscle fiber atrophy with aging is ac-
companied by a muscle fiber type-specific decline in satellite cell content. Furthermore, 
we show that prolonged resistance type exercise training can fully reverse the age-
related reduction in type II muscle fiber size and satellite cell content. 
By virtue of their stem cell properties, satellite cells are essential for skeletal muscle 
fiber growth, repair and regeneration throughout human life (15). In the present study, 
we obtained muscle tissue from subjects aged 0-86 y, allowing us to assess differences 
in muscle fiber type-specific satellite cell content throughout the entire human lifespan. 
In muscle tissue samples obtained from children aged 0-18 y, we observed that muscle 
fiber satellite cell content remains fairly constant from birth towards adulthood (Fig. 
2B). However, when expressed relative to muscle fiber area, satellite cell content shows 
an almost 30-fold decline in subjects aged 0 through 18 years (Fig. 2C). Of course, there 
is not much data on muscle fiber characteristics in such young children. Previous work 
in both animals (5, 7) and humans (38, 42) merely assessed satellite cell content as a 
percentage of the total number of myonuclei, and reported a decline in satellite cell 
content from birth towards adulthood. We now extend on these findings by showing 
that such a decline is only observed when satellite cell content is expressed relative to 
muscle fiber size and/or myonuclear content. Furthermore, we report that during nor-
mal childhood growth, no major differences are apparent between type I and II muscle 
fibers for muscle fiber size and satellite cell content. The greater satellite cell content in 
very young children (i.e. expressed relative to muscle fiber size and/or myonuclear 
content) is likely essential to provide new myonuclei to allow substantial muscle hyper-
trophy during childhood growth (31, 43). In support, we report a 30 to 40 fold increase 
in type I and type II muscle fiber size during the first 18 years of life (Figure 2A), with a 
concomitant increase in the number of myonuclei per muscle fiber.  
Over the adult lifespan, there is a gradual loss of skeletal muscle mass with increasing 
age (16). With large differences existing in the function and morphology of different 
muscles, age-related changes in muscle fiber characteristics have also been shown to 
be markedly different between, for example, limb and jaw muscles (30, 35, 42). In the 
present study, we show that between the 3rd and 9th decade of life, there is an ap-
proximate 30-35% reduction in type II muscle fiber size in the vastus lateralis muscle 
(Fig. 3A). Strikingly, from the current cross-sectional analysis there is absolutely no 
indication of any decline in type I muscle fiber size with increasing age. Whereas type II 
muscle fiber size in vastus lateralis generally exceeds type I muscle fiber size in a young 
adult population, the opposite holds true at a more advanced age (Fig. 4A). These data 
confirm previous suggestions reporting specific type II muscle fiber atrophy with aging 
(20, 21). This underlines the importance of muscle fiber type-specific characterization 
of skeletal muscle tissue, as type-specific alterations may remain undetected when 
using mixed muscle fiber analyses. Apart from type-specific modifications in muscle 
fiber size, changes in MHC composition have been reported throughout life. Previous 
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work has shown substantial MHC-coexpression in old vastus lateralis muscle (1), old 
masseter muscle (30), and young masseter but not biceps brachii muscle (32). Further-
more, a shift towards a fast and fetal phenotype was observed in old masseter muscle 
(30), and a shift towards a slower phenotype in the old biceps brachii. (19, 30), and 
vastus lateralis muscle (19). These previous studies have shown that muscle phenotypic 
modifications throughout life are both muscle and region specific, and different find-
ings may be observed when using e.g. immunohistochemistry vs. gel electrophoresis 
(19, 30). Using immunohistochemistry with a single MHC antibody in the present study, 
we were unable to detect any changes in MHC composition throughout life. It remains 
to be established to what extent age-related transitions in MHC composition and/or 
coexpression are associated with changes in muscle fiber size and/or satellite cell con-
tent.  
To investigate the proposed relationship between age-related muscle atrophy and 
satellite cell content, we previously compared muscle fiber characteristics between a 
small group of healthy young (n=8) and elderly men (n=8). That study was the first to 
report that senescent muscle is characterized by a selective type II muscle fiber specific 
decline in satellite cell content (46). To further investigate these proposed fiber type-
specific changes in satellite cell content with aging, we obtained muscle biopsy samples 
from 152 adults with ages ranging from 18 through 86 years. The present work extends 
on our previous observations by showing that increasing age is associated with a type II 
muscle fiber type-specific decline in satellite cell content, whereas no such correlation 
is observed for the type I fibers (Fig. 3B). In the past, small differences have been re-
ported for satellite cell numbers assessed by CD56 compared with Pax-7 (23, 25, 29). 
This discrepancy is likely attributed to differences in staining profile of these markers 
and/or their differential expression throughout the cell cycle (related to biopsy sam-
pling time points). Therefore, it is essential to explicitly describe the procedures for 
muscle biopsy collection and satellite cell determination. In doing so, we (46) and oth-
ers (23, 29) have shown that the majority of satellite cells (i.e. > 95%) are both Pax-7 
and CD56-positive, with no differences between young and elderly. As such, the decline 
in satellite cell content appears a genuine hallmark of aging and is unlikely affected by 
the specific marker chosen to identify satellite cells. Given the cross-sectional nature of 
our data, we are unable to determine whether the observed decline in satellite cell 
content may represent either a cause or simply a consequence of muscle fiber atrophy. 
However, previous studies have suggested that satellite cell pool size may play an im-
portant role in skeletal muscle maintenance and growth (34, 39). As such, the current 
findings strongly support our beliefs that the decline in satellite cell content represents 
a key factor in the etiology of muscle atrophy with aging.  
Interestingly, we also observed a significant decline in myonuclear content and myonu-
clear domain size with aging, specifically in the type II muscle fibers (Table 1). Whereas 
recent studies have questioned a role for myonuclear loss in skeletal muscle atrophy, a 
reduction in myonuclear domain size with aging has been reported more consistently 
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(8, 17). This finding may be associated with a reduced capacity of each myonucleus to 
sustain cellular processes for a certain volume of cytoplasm. However, the exact rela-
tions between changes in satellite cell pool size, changes in myonuclear content and 
domain size, and their contribution to type II muscle fiber atrophy with aging remain to 
be fully established. 
To further study the proposed relation between changes in muscle fiber satellite cell 
content and muscle fiber size, a subset of 51 elderly subjects (71±6 y) were subjected to 
a supervised resistance type exercise training program. After 12 weeks of resistance 
type exercise training, we observed a type II muscle fiber specific increase in satellite 
cell content and myonuclear content (Fig. 5). Even at a more advanced age, skeletal 
muscle tissue can still induce satellite cell proliferation and allows the subsequent in-
corporation of their differentiated progeny as newly formed myonuclei. This likely al-
lowed the substantial 20% increase in type II muscle fiber size following 12 weeks of 
training. Interestingly, a modest 9% increase in type I muscle fiber size was also report-
ed. The latter, however, was not associated with an increase in satellite cell content. 
Previous studies have indicated that resistance type exercise training can reverse the 
age-related decline in type II muscle fiber size (26, 40, 44, 47). Furthermore, it has been 
suggested that the incorporation of newly derived myonuclei is necessary to subse-
quently allow substantial muscle fiber hypertrophy (6, 34). Therefore, we hypothesized 
that resistance type exercise training would increase type II muscle fiber satellite cell 
content, thereby facilitating the incorporation of newly formed myonuclei and, subse-
quently, allowing type II muscle fibers to hypertrophy. By subjecting a large number of 
elderly men to 12 weeks of training, we were able to assess which factors would predict 
the extent of muscle fiber hypertrophy. We observed that elderly subjects that showed 
a greater increase in type II muscle fiber satellite cell content also showed a greater 
increase in type II muscle fiber size. In addition to the increase in satellite cell content, 
both the increase in myonuclear content, as well as myonuclear content at baseline 
were shown to be predictive of the increase in type II muscle fiber size. In contrast with 
the earlier work by Petrella et al. (34), we did not observe an association between base-
line satellite cell content and the potential for hypertrophy. It remains to be deter-
mined to what extent this could be explained by differences in study design (i.e. age 
and gender of subjects, and mixed vs. muscle fiber type-specific analyses). Nonetheless, 
in agreement with Petrella et al. (34), we provide further support for the idea that an 
increase in satellite cell and myonuclear content play a key role in determining an indi-
vidual’s potential for skeletal muscle fiber hypertrophy (41, 50). It was recently shown 
that under experimental conditions, muscle hypertrophy can occur without a satellite 
cell-induced increase in myonuclear content (28). Interestingly though, the same au-
thors provide evidence to support that in normal, non-satellite cell depleted muscle, 
overload induced hypertrophy is associated with fusion of satellite cell-derived myonu-
clei (28). We argue that in a normal, physiological situation, the induction of satellite 
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cells and the subsequent incorporation of new myonuclei are prerequisite for substan-
tial muscle hypertrophy. 

In the present study, muscle tissue collected from different muscles in children under-
going surgery was only included in the analysis when no sign of hypoxia was detected. 
In support of this strategy, our data on muscle fiber growth and distribution patterns in 
children are in line with previous findings (4, 31). Nonetheless, caution should be taken 
when interpreting and translating the children’s data toward other muscle (groups), as 
large heterogeneity in muscle fiber characteristics exists between different muscles 
(32). The latter includes the vastus lateralis muscle, from which biopsies were collected 
in all adult subjects. This muscle is easily accessible and, more importantly, plays a ma-
jor role with regard to age-related functional impairments (13, 48). Therefore, the sub-
stantial reduction in type II muscle fiber satellite cell content and muscle fiber size with 
increasing age is of great clinical importance. Yet, with different muscles aging differ-
ently (30, 35, 42), fiber type-specific changes in muscle fiber size and satellite cell con-
tent remain to be examined throughout the human body. Furthermore, Figure 3 clearly 
shows that age alone does not fully explain the large variability in muscle fiber size and 
satellite cell content between individuals. Habitual physical activity level has been iden-
tified as a strong predictor of muscle mass and strength, independent of age (2). Differ-
ences in physical activity level likely contribute to the large inter-subject variability in 
muscle fiber size and satellite cell content. The latter is supported by the observation 
that resistance type exercise training can fully reverse the age-associated reduction in 
type II muscle fiber size and satellite cell content. Clearly, skeletal muscle tissue retains 
a remarkable degree of plasticity even at a more advanced age. Consequently, there is 
ample opportunity for future exercise, nutritional, and pharmacological interventions 
to prevent or attenuate age-related muscle loss. Given the fiber type-specific changes 
in muscle tissue characteristics with aging, it is evident that effective interventions 
should specifically target type II muscle fiber atrophy. 
We conclude that from birth to adulthood in humans, muscle fiber size increases tre-
mendously with no major changes in the number of satellite cells per muscle fiber, and 
no differences between type I and II muscle fibers. Throughout the adult lifespan, aging 
is accompanied by a specific decline in type II muscle fiber satellite cell content. The 
specific reduction in type II muscle fiber satellite cell content likely represents a key 
factor responsible for specific type II muscle fiber atrophy with aging. This age-related 
muscle atrophy can be effectively reversed by prolonged resistance type exercise train-
ing. Resistance type exercise training increases type II muscle fiber satellite cell content, 
facilitating the incorporation of new myonuclei, thus allowing type II muscle fiber hy-
pertrophy.  

  



40  |  C h a p t e r  2  

REFERENCES 
1. Andersen JL, Terzis G, and Kryger A. Increase in the degree of coexpression of myosin heavy chain 

isoforms in skeletal muscle fibers of the very old. Muscle Nerve 22: 449-454, 1999. 
2. Baumgartner RN, Waters DL, Gallagher D, Morley JE, and Garry PJ. Predictors of skeletal muscle mass in 

elderly men and women. Mech Ageing Dev 107: 123-136, 1999. 
3. Bergstrom J. Percutaneous needle biopsy of skeletal muscle in physiological and clinical research. Scand 

J Clin Lab Invest 35: 609-616, 1975. 
4. Brooke MH, and Engel WK. The histographic analysis of human muscle biopsies with regard to fiber 

types. 4. Children's biopsies. Neurology 19: 591-605, 1969. 
5. Brown SC, and Stickland NC. Satellite cell content in muscles of large and small mice. J Anat 183 ( Pt 1): 

91-96, 1993. 
6. Bruusgaard JC, Johansen IB, Egner IM, Rana ZA, and Gundersen K. Myonuclei acquired by overload 

exercise precede hypertrophy and are not lost on detraining. Proc Natl Acad Sci U S A 107: 15111-15116, 
2010. 

7. Cardasis CA, and Cooper GW. An analysis of nuclear numbers in individual muscle fibers during 
differentiation and growth: a satellite cell-muscle fiber growth unit. J Exp Zool 191: 347-358, 1975. 

8. Cristea A, Qaisar R, Edlund PK, Lindblad J, Bengtsson E, and Larsson L. Effects of aging and gender on the 
spatial organization of nuclei in single human skeletal muscle cells. Aging Cell 9: 685-697, 2010. 

9. Delhaas T, Van der Meer SF, Schaart G, Degens H, and Drost MR. Steep increase in myonuclear domain 
size during infancy. Anat Rec (Hoboken) 296: 192-197, 2013. 

10. Dhawan J, and Rando TA. Stem cells in postnatal myogenesis: molecular mechanisms of satellite cell 
quiescence, activation and replenishment. Trends Cell Biol 15: 666-673, 2005. 

11. Dreyer HC, Blanco CE, Sattler FR, Schroeder ET, and Wiswell RA. Satellite cell numbers in young and 
older men 24 hours after eccentric exercise. Muscle Nerve 33: 242-253, 2006. 

12. Evans W. Functional and metabolic consequences of sarcopenia. J Nutr 127: 998S-1003S, 1997. 
13. Fiatarone MA, Marks EC, Ryan ND, Meredith CN, Lipsitz LA, and Evans WJ. High-intensity strength 

training in nonagenarians. Effects on skeletal muscle. Jama 263: 3029-3034, 1990. 
14. Frontera WR, Meredith CN, O'Reilly KP, Knuttgen HG, and Evans WJ. Strength conditioning in older men: 

skeletal muscle hypertrophy and improved function. J Appl Physiol 64: 1038-1044, 1988. 
15. Hawke TJ, and Garry DJ. Myogenic satellite cells: physiology to molecular biology. J Appl Physiol 91: 534-

551, 2001. 
16. Janssen I, Heymsfield SB, Wang ZM, and Ross R. Skeletal muscle mass and distribution in 468 men and 

women aged 18-88 yr. J Appl Physiol 89: 81-88, 2000. 
17. Kadi F, Charifi N, Denis C, and Lexell J. Satellite cells and myonuclei in young and elderly women and 

men. Muscle Nerve 29: 120-127, 2004. 
18. Kadi F, Charifi N, Denis C, Lexell J, Andersen JL, Schjerling P, Olsen S, et al. The behaviour of satellite cells 

in response to exercise: what have we learned from human studies? Pflugers Arch 451: 319-327, 2005. 
19. Klitgaard H, Zhou M, Schiaffino S, Betto R, Salviati G, and Saltin B. Ageing alters the myosin heavy chain 

composition of single fibres from human skeletal muscle. Acta Physiol Scand 140: 55-62, 1990. 
20. Larsson L, Sjodin B, and Karlsson J. Histochemical and biochemical changes in human skeletal muscle 

with age in sedentary males, age 22--65 years. Acta Physiol Scand 103: 31-39, 1978. 
21. Lexell J, Taylor CC, and Sjostrom M. What is the cause of the ageing atrophy? Total number, size and 

proportion of different fiber types studied in whole vastus lateralis muscle from 15- to 83-year-old men. 
J Neurol Sci 84: 275-294, 1988. 

22. Lindle RS, Metter EJ, Lynch NA, Fleg JL, Fozard JL, Tobin J, Roy TA, et al. Age and gender comparisons of 
muscle strength in 654 women and men aged 20-93 yr. J Appl Physiol 83: 1581-1587, 1997. 

23. Lindstrom M, and Thornell LE. New multiple labelling method for improved satellite cell identification in 
human muscle: application to a cohort of power-lifters and sedentary men. Histochem Cell Biol 132: 
141-157, 2009. 



S a t e l l i t e  c e l l s  f r o m  b i r t h  t o  o l d  a g e |  41  

 

24. Mackey AL, Esmarck B, Kadi F, Koskinen SO, Kongsgaard M, Sylvestersen A, Hansen JJ, et al. Enhanced 
satellite cell proliferation with resistance training in elderly men and women. Scand J Med Sci Sports 17: 
34-42, 2007. 

25. Mackey AL, Kjaer M, Charifi N, Henriksson J, Bojsen-Moller J, Holm L, and Kadi F. Assessment of satellite 
cell number and activity status in human skeletal muscle biopsies. Muscle Nerve 40: 455-465, 2009. 

26. Martel GF, Roth SM, Ivey FM, Lemmer JT, Tracy BL, Hurlbut DE, Metter EJ, et al. Age and sex affect 
human muscle fibre adaptations to heavy-resistance strength training. Exp Physiol 91: 457-464, 2006. 

27. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol 9: 493-495, 1961. 
28. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R, et al. Effective fiber 

hypertrophy in satellite cell-depleted skeletal muscle. Development 138: 3657-3666, 2011. 
29. McKay BR, Toth KG, Tarnopolsky MA, and Parise G. Satellite cell number and cell cycle kinetics in 

response to acute myotrauma in humans: immunohistochemistry versus flow cytometry. J Physiol 588: 
3307-3320, 2010. 

30. Monemi M, Kadi F, Liu JX, Thornell LE, and Eriksson PO. Adverse changes in fibre type and myosin heavy 
chain compositions of human jaw muscle vs. limb muscle during ageing. Acta Physiol Scand 167: 339-
345, 1999. 

31. Oertel G. Morphometric analysis of normal skeletal muscles in infancy, childhood and adolescence. An 
autopsy study. J Neurol Sci 88: 303-313, 1988. 

32. Osterlund C, Lindstrom M, Thornell LE, and Eriksson PO. Remarkable heterogeneity in myosin heavy-
chain composition of the human young masseter compared with young biceps brachii. Histochem Cell 
Biol 138: 669-682, 2012. 

33. Petrella JK, Kim JS, Cross JM, Kosek DJ, and Bamman MM. Efficacy of myonuclear addition may explain 
differential myofiber growth among resistance-trained young and older men and women. Am J Physiol 
Endocrinol Metab 291: E937-946, 2006. 

34. Petrella JK, Kim JS, Mayhew DL, Cross JM, and Bamman MM. Potent myofiber hypertrophy during 
resistance training in humans is associated with satellite cell-mediated myonuclear addition: a cluster 
analysis. J Appl Physiol 104: 1736-1742, 2008. 

35. Renault V, Thornell LE, Eriksson PO, Butler-Browne G, and Mouly V. Regenerative potential of human 
skeletal muscle during aging. Aging Cell 1: 132-139, 2002. 

36. Roth SM, Martel GF, Ivey FM, Lemmer JT, Metter EJ, Hurley BF, and Rogers MA. Skeletal muscle satellite 
cell populations in healthy young and older men and women. Anat Rec 260: 351-358, 2000. 

37. Roth SM, Martel GF, Ivey FM, Lemmer JT, Tracy BL, Metter EJ, Hurley BF, et al. Skeletal muscle satellite 
cell characteristics in young and older men and women after heavy resistance strength training. J 
Gerontol A Biol Sci Med Sci 56: B240-247, 2001. 

38. Schmalbruch H, and Hellhammer U. The number of satellite cells in normal human muscle. Anat Rec 
185: 279-287, 1976. 

39. Shefer G, Van de Mark DP, Richardson JB, and Yablonka-Reuveni Z. Satellite-cell pool size does matter: 
Defining the myogenic potency of aging skeletal muscle. Dev Biol 294: 50-66, 2006. 

40. Singh MA, Ding W, Manfredi TJ, Solares GS, O'Neill EF, Clements KM, Ryan ND, et al. Insulin-like growth 
factor I in skeletal muscle after weight-lifting exercise in frail elders. Am J Physiol 277: E135-143, 1999. 

41. Snijders T, Verdijk LB, and van Loon LJ. The impact of sarcopenia and exercise training on skeletal muscle 
satellite cells. Ageing Res Rev 8: 328-338, 2009. 

42. Thornell LE, Lindstrom M, Renault V, Mouly V, and Butler-Browne GS. Satellite cells and training in the 
elderly. Scand J Med Sci Sports 13: 48-55, 2003. 

43. Vassilopoulos D, Lumb EM, and Emery AE. Karyometric changes in human muscle with age. Eur Neurol 
16: 31-34, 1977. 

44. Verdijk LB, Gleeson BG, Jonkers RA, Meijer K, Savelberg HH, Dendale P, and van Loon LJ. 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: 332-339, 2009. 



42  |  C h a p t e r  2  

45. Verdijk LB, Jonkers RA, Gleeson BG, Beelen M, Meijer K, Savelberg HH, Wodzig WK, et al. Protein 
supplementation before and after exercise does not further augment skeletal muscle hypertrophy after 
resistance training in elderly men. Am J Clin Nutr 89: 608-616, 2009. 

46. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg HH, and van Loon LJ. Satellite cell content is 
specifically reduced in type II skeletal muscle fibers in the elderly. Am J Physiol Endocrinol Metab 292: 
E151-157, 2007. 

47. Verney J, Kadi F, Charifi N, Feasson L, Saafi MA, Castells J, Piehl-Aulin K, et al. Effects of combined lower 
body endurance and upper body resistance training on the satellite cell pool in elderly subjects. Muscle 
Nerve 38: 1147-1154, 2008. 

48. Visser M, Kritchevsky SB, Goodpaster BH, Newman AB, Nevitt M, Stamm E, and Harris TB. Leg muscle 
mass and composition in relation to lower extremity performance in men and women aged 70 to 79: the 
health, aging and body composition study. J Am Geriatr Soc 50: 897-904, 2002. 

49. Zammit PS, Golding JP, Nagata Y, Hudon V, Partridge TA, and Beauchamp JR. Muscle satellite cells adopt 
divergent fates: a mechanism for self-renewal? J Cell Biol 166: 347-357, 2004. 

50. Zammit PS, Partridge TA, and Yablonka-Reuveni Z. The skeletal muscle satellite cell: the stem cell that 
came in from the cold. J Histochem Cytochem 54: 1177-1191, 2006. 

  



|  43  

 

 

CHAPTER 3 

Muscle disuse atrophy is not  
accompanied by changes in skeletal 

muscle satellite cell content 
 

 
 
 
 
 
 
 
 

Tim Snijders 
Benjamin T. Wall 

Marlou L Dirks 
Joan M.G. Senden 

Fred Hartgens 
 John Dolmans 

Mario Losen 
Lex B. Verdijk 

Luc J.C. van Loon 
 

Clinical Science 2014 126:557-566 



44  |  C h a p t e r  3  

ABSTRACT 
Introduction: Muscle disuse leads to a considerable loss of skeletal muscle mass and 
strength. However, the cellular mechanisms underlying disuse-induced muscle fiber 
atrophy remain to be elucidated. Therefore, we assessed the impact of muscle disuse 
on quadriceps muscle cross-sectional area (CSA), muscle fiber size and satellite cell 
content, and associated myocellular signaling pathways. 

Methods: Twelve healthy, young (24±1 y) men were subjected to 2 wks of one-legged 
knee immobilization via a full leg cast. Before and immediately after the immobilization 
period and after six weeks of natural rehabilitation, muscle strength (one-repetition 
maximum), muscle cross-sectional area (single slice CT-scan), and muscle fiber type 
characteristics (muscle biopsies) were assessed. Protein and/or mRNA expression of key 
genes (i.e. MyoD, myogenin and myostatin) in the satellite cell regulatory pathways 
were determined using Western blotting and RT-PCR (real time-PCR analyses, respec-
tively.  

Results: Quadriceps CSA declined following immobilization by 8±2% (P<0.05). In line, 
both type I and type II muscle fiber size decreased by 7±3% and 13±4%, respectively 
(P<0.05). No changes were observed in satellite cell content following immobilization in 
either type I or type II muscle fibers. Muscle myogenin mRNA expression had doubled 
(P<0.05) while myostatin protein expression had decreased by 30±9% (P<0.05) follow-
ing immobilization. Muscle mass and strength returned to baseline values within six 
weeks of recovery without any specific rehabilitative program. 

Conclusion: Two weeks of muscle disuse leads to considerable loss of skeletal muscle 
mass and strength. The loss of muscle mass is attributed to both type I and type II mus-
cle fiber atrophy, and is not accompanied by a decline in satellite cell content. 
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INTRODUCTION 

Sarcopenia is defined as the gradual loss of skeletal muscle mass with aging. On the 
muscle fiber level, this age-related loss of muscle mass is characterized by type II mus-
cle fiber specific atrophy (32, 38, 48). In addition, we (47-49), as well as others (26, 50), 
have shown that type II muscle fiber atrophy in senescent muscle is accompanied by a 
type II muscle fiber type specific decline in the number of skeletal muscle stem cells, 
also known as satellite cells. Satellite cells represent the sole source for the formation 
of new myonuclei (30). Accordingly, these stem cells are thought to play a key role in 
skeletal muscle growth and regeneration and, as such, have been implicated as a key 
regulator of skeletal muscle mass maintenance (14, 38). 
In line with the age-related changes in muscle fiber type specific satellite cell content, 
we have recently shown in a long-term model of skeletal muscle disuse (spinal cord 
injury), that severe atrophy of both type I and II muscle fibers is also associated with a 
substantially lower number of satellite cells in both fiber types (46). Yet, given the 
cross-sectional nature of these data, it remains unknown whether a decline in the 
number of skeletal muscle satellite cells could be a cause or simply a consequence of 
muscle fiber atrophy. Alternative models that have regularly been used to study the 
underlying mechanisms of skeletal muscle disuse atrophy are short-term lower or up-
per limb immobilization (10, 12, 17, 19, 40, 41, 53). These models allow the assessment 
of skeletal muscle atrophy in a longitudinal study design. However, the rate of muscle 
mass loss has been show to differ between lower and upper limb immobilization. As 
reviewed by Wall et al. (52), the rate of muscle mass loss is found to be much slower 
during upper limb or hand immobilization compared with the lower limb immobiliza-
tion. As such, lower limb immobilization would be a more feasible model to study the 
impact of disuse atrophy on muscle fiber characteristics (52). Lower limb immobiliza-
tion can be achieved by a number of methods i.e. unilateral lower limb suspension 
(ULLS) (6, 12, 42), plastic knee brace (5, 11), or full leg cast (18, 40, 41, 45). In contrast 
to unilateral lower limb suspension (ULLS) and brace immobilization, a plaster cast will 
result in the most severe local physical inactivity, and as such will yield the most robust 
physical inactivity induced reduction of muscle mass within a short time period. Muscle 
quadriceps cross-sectional area (CSA) has been reported to decrease up to 20% in re-
sponse to 10-28 days of lower limb immobilization (11, 15, 43, 45). In agreement, a 
reduction in muscle fiber size has been detected in type I, type II, or mixed muscle fiber 
types in healthy young men after 10-42 days of limb immobilization (4, 15, 16, 45, 55). 
However, it remains unknown whether disuse atrophy is also associated with changes 
in satellite cell content and/or associated molecular signaling. Such information may 
reveal further insight into the potential role of satellite cells in disuse induced skeletal 
muscle fiber atrophy. Therefore, in the present study we subjected 12 healthy, young 
males to a 2 week period of one-legged knee immobilization by means of a full leg cast, 
and collected muscle biopsies before and immediately after the immobilization period, 
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as well as a final biopsy 6 weeks after immobilization to determine the course of natu-
ral recovery. We hypothesized that skeletal muscle disuse would lead to muscle fiber 
type specific atrophy that is associated with a fiber type specific decline in satellite cell 
content.  

METHODS 

Subjects 
Twelve, healthy young men (24±1 y; 83±3 kg; 1.82±0.02 m) were recruited to partici-
pate in the present study. Subjects were informed about the nature and risks of the 
experimental procedures before their written consent was obtained. The study was 
approved by the Medical Ethical Committee of the Maastricht University Medical Cen-
tre+, and complied with the guidelines set out in the Declaration of Helsinki. The cur-
rent study was part of a larger project studying the impact of disuse atrophy on muscle 
metabolism (51). Subjects were screened to exclude any person with lower limb or back 
injuries sustained within a year prior to beginning the study, a (family) history of 
thrombosis, cardiovascular disease, or hemostatic disorders. In addition, subjects with 
musculoskeletal and/or orthopedic disorders which may compromise the subjects’ 
ability to walk with crutches were excluded. After inclusion, subjects performed a famil-
iarization trial to become experienced with the strength testing equipment. Proper 
lifting technique was demonstrated and then practiced by the subjects for the lower-
limb single-leg leg-extension exercises. Subsequently, maximal strength (one-repetition 
maximum, or 1RM) was estimated by using the multiple repetitions testing procedure 
during two separate visits (25). 

Protocol 
All subjects participated in two pre-immobilization test days, separated by at least 7 
days. During the first visit, body weight was measured with a digital balance with an 
accuracy of 0.1 kg (SECA GmbH, Hamburg, Germany) and body composition (fat and 
fat-free mass) was determined by Dual Energy X-Ray Absorptiometry scan (DEXA; Ho-
logic Inc., Bedford, USA). Lean mass and percentage body fat were determined on a 
whole body level and for specific regions (e.g. trunk and legs). Single slice CT-scans (IDT 
8000; Phillips Medical Systems, the Netherlands) at the level of mid-thigh were per-
formed to determine (anatomical) CSA of the whole limb muscle and quadriceps femo-
ris muscle of both legs, as described previously (23). On the second pre-immobilization 
test day, a muscle biopsy was taken from the vastus lateralis muscle. Next, subjects’ 
1RM was determined (25) for each leg separately. After warming up, the load was set 
at 95% of the estimated 1RM from the screening visit, and increased after each success-
ful lift until failure. Five min rest periods were allowed between lifts. A repetition was 
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considered valid when the subject used proper form and was able to complete the 
entire lift in a controlled manner without assistance.  

At least four days after the muscle biopsy sampling, one leg was immobilized by means 
of a plaster cast. After the 14 d immobilization period subjects reported back to the 
university and the plaster cast was removed. Immediately after removal of the cast, and 
6 weeks after natural recovery, a second and third muscle biopsy were taken from the 
(previously) immobilized leg, respectively. In addition, all measurements (i.e. body 
weight, DEXA-scan, CT-scan, leg volume, and 1RM strength test) were repeated one day 
and 6 weeks after cast removal. 

Muscle biopsy 
Muscle biopsies were obtained from the middle region of the vastus lateralis muscle 15 
cm above the patella and approximately 2 cm away from the fascia by means of the 
percutaneous needle biopsy technique described by Bergström et al. (3). All muscle 
biopsies were taken from the same leg. Each subsequent biopsy was spaced by 1-2 cm, 
and the order of distal, middle and proximal incision was randomized to minimize any 
bias of the previous biopsy. Muscle biopsies were carefully freed from any visible fat 
and blood, embedded in Tissue-Tek (Sakura Finetek Europe B.V., Zoeterwoude, the 
Netherlands), and rapidly frozen in liquid nitrogen cooled isopentane and stored at –
80ºC for subsequent biochemical and histochemical analysis. 

Leg immobilization 
One leg was immobilized by means of a full leg plaster cast. The cast was applied on the 
same leg from which the muscle biopsies were taken. The circular cast reached from 10 
cm above the ankle to half way up the upper leg, thereby immobilizing the knee joint. 
The knee joint was casted in a 30 degrees angle, making weight bearing on the casted 
leg impossible. Subjects received instructions on the use of elbow crutches and were 
informed not to bear any weight on their casted limb. All subjects were instructed to 
perform a series of simple ankle exercise (i.e. plantar and dorsal flexion, and circular 
movements of the entire foot) to keep the calf muscle pump activated in the immobi-
lized leg, thereby minimizing the risk of developing deep vein thrombosis. 

Diet and physical activity 
All subjects received the same standardized meal (33±2 kJ.kg-1 body weight, providing 
44 energy% (En%) carbohydrate, 22 En% protein, and 34 En% fat) the evening prior to 
the muscle biopsy sampling. In addition, all volunteers were instructed to refrain from 
strenuous physical activity and to keep their diet as consistent as possible for 2 days 
prior to the muscle biopsy sampling.  
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Immunohistochemistry 
Frozen muscle biopsies were cut into 5 µm thick cryosections using a cryostat at -20°C, 
and thaw mounted on uncoated pre-cleaned glass slides. Samples from pre and, post 
immobilization and 6 weeks of natural recovery were mounted together on the same 
glass slide. Care was taken to properly align the samples for cross-sectional muscle fiber 
analyses. Muscle biopsies were stained for muscle fiber typing (FT) and myocellular 
satellite cell content. First antibodies were directed against laminin (polyclonal rabbit 
anti-laminin, dilution 1:50; Sigma, Zwijndrecht, the Netherlands), myosin heavy chain 
(MHC)-I (A4.840, dilution 1:25; Developmental Studies Hybridoma Bank, Iowa City, IA), 
and CD56 (dilution 1:40, BD Biosciences, San Jose, CA). CD56 has been extensively used 
in determination of satellite cell content in human skeletal muscle tissue (20, 33, 37, 46, 
48, 50). Appropriate secondary antibodies were applied: goat anti-rabbit IgG Alexa647, 
goat anti-mouse IgM Alexa 555, and Streptavidin Alexa 488 (dilution 1:400, 1:500, and 
1:200, respectively; Molecular Probes, Invitrogen, Breda, the Netherlands). Nuclei were 
stained with 4,6-diamidino-2-phenylindole (DAPI, 0.238 µM; Molecular Probes). All 
primary and secondary antibodies were diluted in 0.1% bovine serum albumin (BSA) in 
0.1% Tween-phosphate-buffered saline (PBS). All incubations took place at room tem-
perature, unless otherwise stated. Staining procedures were as follows. After fixation (5 
min acetone), slides were air dried and incubated at room temperature for 30 min with 
3% BSA in 0.1% Tween-PBS. Slides were then washed (5 min PBS), before they were 
incubated with CD56 in 0.1% BSA in 0.1% Tween-PBS for 2 h. Afterwards slides were 
washed (standard washing protocol: 5 min 0.1% Tween-PBS, 2x5 min PBS) and incubat-
ed with goat anti-mouse biotin (dilution 1:133, Vector Laboratories, Inc., Burlingame, 
CA) for 60 min, to optimize the staining result. After washing, slides were incubated 
with streptavidin for 60 min. After another washing step, primary antibodies against 
laminin and MHC-I were applied for 45 min. Slides were then washed and incubated 
with the appropriate secondary antibodies, diluted together with DAPI. After a final 
washing step, all slides were mounted with cover glasses using Mowiol (Calbiochem, 
Amsterdam, the Netherlands). Staining procedures resulted in nuclei stained in blue, 
CD56 in green, MHC-I in red, and laminin in far-red (visualized in white/grey) (Figure 1). 
Images were visualized and automatically captured at 10x magnification with a fluores-
cent microscope equipped with an automatic stage (IX81 motorized inverted micro-
scope, Olympus, Hamburg, Germany), a EXi Aqua CCD camera (QImaging). Microman-
ager 1.4 software was used for image acquisition (7). Quantitative analyses were done 
using ImageJ version 1.46d software package (version 1.46d, National Institute of 
Health, MD (39)).All image recordings and analyses were performed by an investigator 
blinded to subject coding. Muscle fiber type (fiber%), and fiber CSA were measured for 
each separate muscle fiber. As such, mean muscle fiber size was calculated for the type 
I and type II muscle fibers separately. As a measure of fiber circularity, form factors 
were calculated by using the following formula: (4π·CSA)/(perimeter)2. No differences 
in fiber circularity were observed over time or between groups. The number of satellite 



S a t e l l i t e  c e l l s  a n d  d i s u s e  m u s c l e  f i b e r  a t r o p h y |  49  

 

cells per muscle fiber, the proportion of satellite cells [#satellite cells/(#satellite cells + 
#myonuclei)*100], and the number of satellite cells per fiber area (in mm2) were calcu-
lated for the type I and type II muscle fibers separately. In addition, within each image 
the number of myonuclei and central myonuclei per muscle fiber and the mean fiber 
area per myonucleus (fiber CSA/#myonuclei) were assessed for the type I and type II 
muscle fibers. Mean numbers of 569±81, 520±67, and 668±93 muscle fibers were ana-
lyzed in the biopsy samples collected prior to and after 2 wks of immobilization and 
after 6 wks of natural recovery, respectively. 

 

Figure 1 Representation of fiber type-specific analyses of satellite cell (SC) content. A: 
MHCI+laminin+Dapi+CD56. B: MHCI+CD56. C: CD56+Dapi. D: CD56 only. Arrows indicate the location of the 
SCs 

rtPCR 
Total RNA was isolated from 10-20 mg of frozen muscle tissue using Tri Reagent (Sigma-
Aldrich), according to the manufacturer’s protocol. Total RNA quantification was carried 
out spectrophotometrically at 260 nm (NanoDrop ND-1000 Spectrophotometer, Ther-
mo Fisher Scientific, USA), and RNA purity was determined as the ratio of readings at 
260/280 nm. Thereafter, first strand cDNA was synthesized from 1 µg RNA sample using 
random primers (Promega) and PowerScript Reverse Transcriptase (AppliedBiosystems, 
USA). Taqman PCR was carried out using an ABI Prism 7000 sequence detector (Ap-
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pliedBiosystems), with 2 µL of cDNA, 18 µl.L-1 of each primer, 5 µl.L-1 probe, and Uni-
versal Taqman 2 × PCR mastermix (Eurogentec) in a 25 µL final volume. Each sample 
was run in duplicate, in duplex reactions. The housekeeping genes 18S and β2-subunit 
were used and the geometric mean was taken as an internal control as both of these 
genes were unaffected by immobilization (mean Ct values were unaffected over time; 
data not shown). Taqman primer/probe sets for myogenin, MyoD, and myostatin were 
obtained from Applied Biosystems (Foster City, USA). All genes of interest were labelled 
with the fluorescent reporter FAM. The thermal cycling conditions used were: 2 min at 
50oC, 10 min at 95oC, followed by 40 cycles at 95oC for 15 s and 60oC for 1 min. Ct 
values of the target genes were normalized to Ct values of the internal control (i.e. 
geometric mean of 18S and B2-subunit), and final results were calculated according to 
the 2-∆∆Ct method. The baseline muscle biopsy of the subject who showed the median 
response with respect to immobilization induced changes in muscle mass was used to 
normalize the data. Relative expression rates were subsequently calculated for all other 
samples. 

Western blotting 
Each muscle sample frozen for biochemical analyses was homogenized in 14 volumes 
Tris buffer (20 mM Tris-HCL, 5 mM EDTA, 10 mM Na-pyrosphospate, 100 mM NaF, 2 
mM Na3VO4, 1% Nonidet P-40; pH 7.4) supplemented with the following protease and 
phosphatase inhibitors: Aprotinin 10 µg/mL, leupeptin 10 µg/mL, benzamidin 3 mM 
and PMSF 1 mM. After homogenization, each muscle extract was centrifuged for 5 min 
at 10,000 g (4ºC) and sample buffer (final concentration: 60 mM Tris, 5% glycerol, 20 
mg/mL SDS, 0.1mM DTT, 20 µg/mL bromophenolblue) was added to the supernatant. 
The supernatant was extracted and boiled for 5 min at 100°C and put on ice after sam-
ple buffer was added to the sample. Immediately prior to analysis, the muscle extrac-
tion sample was warmed to 50ºC and centrifuged for 1 min at 3,000 g (RT).  
Total amount of sample loaded on the gel was based on weight (1.0 mg muscle per 
lane). Protein samples were run on a Criterion “any kDa’ gel (Biorad Order No. 567-
1124) for 10 min at 50 V (constant voltage) and subsequently ± 90 min at 150 V (con-
stant voltage) and transferred onto a Trans-blot Turbo 0.2 µm nitrocellulose membrane 
(Biorad Order No. 170-4159) in 7 min at 2.5 A and 25 V. Specific proteins were detected 
by overnight incubation at 4ºC on a shaker with specific antibodies in 50% PBS Odyssey 
blocking buffer (Li-Cor Biosciences Part No. 927-40000) after blocking for 60 min at RT 
in 50% PBS Odyssey blocking buffer. The antibodies used in this study were anti-
myostatin (52 and 26 kDa; dilution 1:500; rabbit polyclonal IgG; Santa Cruz sc-6885-R) 
and anti α-actin (42 kDa; dilution 1:160,000, mouse monoclonal IgM; Sigma A2172). 
Following incubation membranes were washed 3 times 10 min in 0.1% PBS-Tween 20 
and once for 10 min in PBS. Next, samples were incubated (1 h at RT) with secondary 
antibodies, donkey anti-rabbit IRDYE 680 (Li-Cor, Cat. No. 926-32223, dilution 1:10,000) 
and donkey anti-mouse IRDYE 800CW (Li-Cor, Cat. No. 926-32212, dilution 1:10,000) 
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dissolved in 50% PBS Odyssey blocking buffer. After a final wash step (3 x 5 min) in 0.1% 
Tween 20-PBS and once 10 min in PBS, protein quantification was performed by scan-
ning on an Odyssey Infrared Imaging System (LI-COR Biotechnology, Lincoln, NE). 

Statistics 
All data are expressed as means±SEM. Data were analyzed using a repeated measures 
ANOVA with leg (immobilized vs non-immobilized) and time (pre, post, and after 6wks 
of natural recovery) as within subject factors. For the muscle biopsy results, data were 
analyzed using a repeated measure ANOVA with time (pre, post, and after 6 weeks of 
natural recovery) and, when appropriate, fiber type (type I vs II) as within subject fac-
tors. Tukey post-hoc tests were performed in case of significant main effects of time. 
Separate analyses were performed in case of significant ‘time x leg’ or ‘time x fiber 
type’ interactions (i.e. only time as within subjects factor). Statistical significance was 
set at P<0.05. All calculations were performed using SPSS 19.0 (Chicago, IL). 

RESULTS 

Muscle mass and strength 
Before the immobilization period no significant differences were observed in thigh or 
quadriceps muscle CSA between the two legs (Table 1). Following immobilization both 
thigh and quadriceps muscle CSA of the immobilized leg decreased significantly by 3±2 
and 8±2%, respectively (P<0.05), with no changes observed in the non-immobilized leg. 
In line, a significant decrease in leg lean mass of the immobilized of ~350 g (3±1%) was 
observed following the 2 wk immobilization period (Table 1; P<0.05).  
No significant changes in leg lean mass over time were observed in the control leg. 
Whole body and regional fat mass and/or fat percentage did not change significantly 
over time (data not shown).  
In accordance with the decline in skeletal muscle mass in the immobilized leg, muscle 
strength was reduced following immobilization (Table 1). At baseline, no differences in 
muscle strength were observed between legs (74±4 and 74±4 kg). In contrast, after 
immobilization, strength was significantly reduced by 23±3% in the immobilized leg 
(from 74±4 to 56±4 kg; P<0.05) with no changes observed in the non-immobilized leg. 
Following 6 wks of natural rehabilitation thigh and quadriceps muscle CSA, leg lean 
mass and muscle strength had returned to baseline values in the (previously) immobi-
lized leg. 
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Table 1 Leg muscle strength, leg lean mass and leg muscle cross-sectional area

 Before ∆ change
(after – 
before) 

∆ change
(6 wks – 
before) 

Effect of
leg 

Effect of
time 

Leg x time 
 interaction 

Leg muscle strength (kg)  P<0.01 P=0.02 P<0.01* 
 Immob 73.8±4.2 -16.6±2.2 0.2±1.5  
 Non-immob 74.2±4.3 2.0±1.7 4.1±1.6  
Leg lean mass (kg)  P=0.02 P=0.05 P<0.01* 
 Immob 11.2±0.5 -0.3±0.1 -0.2±0.1  
 Non-immob 11.1±0.5 0.0±0.1 0.1±0.1  
Thigh muscle CSA (cm2)  P<0.01 P<0.01 P<0.01* 
 Immob 139.0±6.7 -7.5±1.3 0.0±1.2  
 Non-immob 141.8±6.9 0.0±1.0 3.5±1.0  
Quad CSA (cm2)  P<0.01 P<0.01 P<0.01* 
 Immob 76.7±3.8 -6.4±1.5 0.8±2  
 Non-immob 77.1±3.7 1.1±1.7 2.8±1.6  
Values represent means±SEM; CSA: cross-sectional area. Immob: immobilized leg. Non-immob: non-
immobilized leg. Quad: Quadriceps muscle. * Significance values obtained from post-hoc analyses indicate 
that the effect of time is observed in the immobilized leg only, P<0.01. 
 

Muscle fiber type distribution and fiber size 
Muscle biopsies were collected from the immobilized leg only. At baseline, the propor-
tion of type I and type II muscle fibers was 31±2% and 69±2%, respectively. Though an 
overall significant effect over time was observed for the proportion of type II muscle 
fibers (P=0.040), Tukey post-hoc analyses showed that the proportion of type II muscle 
fibers only tended to decrease from 69±3% to 58±4% following immobilization 
(P=0.107), and then remained similar (58±5%) after 6 weeks of natural rehabilitation. 
The proportion of muscle area occupied by type I and II fibers was 28±3% and 72±3%, 
respectively, and did not change over time.  
At baseline, there were no differences between type I and II muscle fiber size 
(7107±537 vs 7735±534 µm2, respectively; Table 2). Immobilization led to a decrease in 
both type I and II muscle fiber size by 7±3 (P<0.05) and 13±4% (P<0.05), respectively 
(Table 2). After six weeks of natural rehabilitation both type I and II muscle fiber size 
were no longer significantly different compared with baseline values (Table 2). 
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Table 2 Muscle fiber size and myonuclear content

 Before ∆ change
(after –  
before) 

∆ change
(6 wks –
before) 

Effect of
fiber 
type 

Effect of 
time 

Fiber type x 
time interac-

tion 
Muscle fiber size (µm2)    P=0.38 P<0.01* P=0.14 
 Type I 7107±537 -569±287 -744±372    

 Type II 7735±534 -1116±343 -764±450    

Myonuclei per fiber    P=0.31 P=0.459 P<0.05 
 Type I 4.4±0.3 0.2±0.2 0.0±0.2    

 Type II 4.2±0.3 -0.2±0.2 -0.1±0.2    

Myonuclear domain (µm2)   P<0.01 P=0.09 P=0.58 
 Type I 1633±124 -153±87 -176±86    

 Type II 1845±123 -165±124 -173±90    

Central myonuclei per fiber   P=0.042 P=0.93 P=0.64 
 Type I 0.023±0.007 0.003±0.009 0.005±0.018    

 Type II 0.042±0.010 -0.021±0.012 0.015±0.024    

Values represent means±SEM; * Significance values obtained from post-hoc analyses indicate the effect of 
time was only observed immediately after immobilization [∆ change (After - before)], P<0.01. 

 

Myonuclear and satellite cell content 
Myonuclear and satellite cell content before and after immobilization, and after 6 
weeks of natural recovery are displayed in Table 2 and 3, respectively. At baseline, the 
number of myonuclei per muscle fiber did not differ between type I and type II muscle 
fibers. In contrast, the myonuclear domain size was greater (P<0.05) and the number of 
central myonuclei per muscle fiber was significantly higher (P<0.05) in the type II com-
pared with the type I muscle fibers (Table 2). Following immobilization a significant time 
x fiber type interaction was observed for the number of myonuclei per muscle fiber 
(P=0.012). However, post-hoc testing revealed no statistically significant differences 
between the 3 time points. In addition, no significant changes over time were observed 
in myonuclear domain size and/or the percentage of central myonuclei present. 
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Table 3 Satellite cell content 

 Before ∆ change
(after –  
before) 

∆ change
(6 wks – 
before) 

Effect of
fiber type 

Effect of 
time 

Fiber type x 
time interac-

tion 
SC per fiber  P=0.08 P=0.16 P=0.29 
 Type I 0.079±0.009 0.018±0.008 0.027±0.013  
 Type II 0.069±0.009 -0.003±0.011 0.007±0.008  
SC/myonuclei (%)  P=0.08 P=0.10 P=0.31 
 Type I 1.78±0.17 0.47±0.24 0.65±0.32  
 Type II 1.63±0.19 0.05±0.28 0.18±0.20  
SC/mm2  P<0.01 P<0.05* P=0.32 
 Type I 11.2±1.1 3.8±1.3 5.7±1.7  
 Type II 8.9±1.2 0.8±1.5 2.4±1.4  
Values represent means±SEM; * Significance values obtained from post-hoc analyses indicate the effect of 
time is only observed when the baseline was compared with the value after 6 weeks of natural rehabilitation 
[∆change (6 wks − before)], P<0.01. 
 
At baseline, the number of satellite cells expressed per muscle fiber and as a proportion 
of total myonuclei did not differ between the type I and II muscle fibers. Furthermore, 
the number of satellite cells per muscle fiber did not change significantly over time in 
either the type I or type II muscle fibers (Table 3). In contrast, when satellite cell con-
tent was expressed per millimeter squared, a significantly greater number of satellite 
cells was observed in type I compared with type II muscle fibers at baseline. In addition, 
the number of satellite cells per millimeter squared in both muscle fiber types was 
significantly higher 6 weeks after immobilization when compared with baseline values 
(from 10.8±1.6 and 8.7±0.8 to 16.8±2.3 and 9.5±1.2 number of satellite cells per milli-
meter squared, in type I and type II muscle fibers, respectively; P<0.05) 

Muscle mRNA expression 
Skeletal muscle mRNA expression is displayed in Figure 2. Following immobilization, the 
myogenin mRNA expression had increased 2.0±0.4 fold (P<0.05; Figure 2B), after which 
levels returned to baseline following 6 weeks of natural rehabilitation. Though compa-
rable changes over time were observed in MyoD and myostatin mRNA expression, 
these results did not reach statistical significance (Figure 2A and 2C). 
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Figure 2 Mean (±SEM) relative mRNA expression for MyoD (A), myogenin (B) and myostatin (C) prior to, after 
2 weeks of single leg knee immobilization, and following 6 weeks of subsequent natural rehabilitation. * 
Significantly different from before values (P<0.05). 
  

 

Figure 3 Mean (±SEM) relative protein expression for Myostatin 52kDa (A) and 26kDa (B) prior to, 
after 2 wks of single leg knee immobilization and following 6 weeks of subsequent natural rehabili-
tation. Protein expression is expressed in arbitrary units per mg protein. * significantly different 
from baseline values (P<0.05). 
 

Muscle protein expression 
Skeletal muscle protein expression of the larger myostatin propeptide, detected at the 
52kDa band, was significantly reduced (30±9%) following immobilization (P<0.05; Figure 
3A) before returning to baseline levels after 6 weeks of natural rehabilitation. No signif-
icant changes in muscle protein expression of the myostatin C-terminal (active) dimer, 
detected at 26 kDa, occurred over time (Figure 3B). 

DISCUSSION 
The present study shows that two weeks of one-legged knee immobilization results in a 
considerable loss of skeletal muscle mass and strength. On a myocellular level, we ob-
served a decrease in both type I and II muscle fiber cross sectional area (CSA) without 
parallel changes in muscle fiber type specific myonuclear or satellite cell content. Addi-
tionally, following 6 weeks of natural rehabilitation, muscle mass, strength and muscle 
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fiber size had returned to baseline levels. 
Skeletal muscle disuse following limb immobilization has repeatedly been shown to 
lead to extensive loss of skeletal muscle mass and strength in vivo in humans. In line, 
we report that 2 weeks of single leg immobilization leads to a ~350 g loss of leg lean 
mass in healthy young men (Table 1). In accordance, we also observed a 9±2% decrease 
in quadriceps CSA with immobilization. Furthermore, this disuse atrophy was accompa-
nied by a 22±3% decline in leg strength. On a muscle fiber level, previous studies have 
shown that in response to 3-21 days of limb immobilization muscle fiber size declines 
by 10-20% (16, 24, 45, 55). Whereas some studies suggest that muscle disuse atrophy 
occurs predominantly in type I muscle fibers (9, 13, 24), others have reported a reduc-
tion in both type I and type II muscle fiber size (18, 45, 55). In the present study, we 
report that immobilization leads to both type I and type II muscle fiber atrophy (from 
7107±537 to 6326±359 µm2 and from 7735±534 to 6696±457 µm2, respectively; Table 
2).  
Skeletal muscle satellite cells are known to play a significant role in skeletal muscle 
growth and regeneration and, as such, have been implicated as important regulators of 
muscle mass maintenance (14, 38). In previous studies using different models of muscle 
fiber atrophy, it has been demonstrated that a decline in muscle fiber size is often ac-
companied by a reduction in the number of skeletal muscle satellite cells (26, 47, 48). It 
has been hypothesized that a decline in satellite cell content may precede the observed 
changes in muscle fiber size (38), and therefore be causative rather than simply a con-
sequence. Thus, in the present study we assessed muscle fiber type dependent changes 
in the satellite cell pool size in response to 2 weeks of immobilization. In contrast to 
studies that applied models of prolonged muscle disuse (46, 48), the present study 
shows that type I and II muscle fiber atrophy following short-term muscle disuse is not 
accompanied by any measurable changes in satellite cell content (Table 3; effect of 
time P=0.162). This infers that, in healthy young individuals a decline in satellite cell 
content is not a mechanistic prerequisite for subsequent muscle atrophy induced by 
short-term muscle disuse.  
Aside from quantitative changes in satellite cell content, we also wanted to provide 
more insight into the molecular myogenic response to limb immobilization. We deter-
mined the changes in the mRNA expression of two important myogenic regulatory 
factors; MyoD and myogenin. The progression of satellite cells through the various 
stages of the myogenic program is known to be mediated by the expression of these 
factors and it has been suggested that the expression of MyoD is required to directly 
activate satellite cells through proliferation and differentiation (28). Further, under the 
action of myogenin satellite cells are committed to the process of terminal differentia-
tion (54). Though no significant changes in MyoD gene expression were observed, we 
did observe a significant increase in myogenin mRNA expression in response to immobi-
lization. This may indicate that after the 2 week immobilization period the satellite cell 
pool becomes more active. We speculate that an increase in myogenin expression fol-
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lowing immobilization may be representative of a counter-regulatory response aiming 
to attenuate muscle loss during short-term muscle disuse. 
As a member of the transforming growth factor β (TGF-β) family of proteins, myostatin 
is known to be a strong negative regulator of skeletal muscle mass in animals (27, 29) 
and humans (36). Mechanistically, myostatin has been suggested to regulate muscle 
mass by negatively influencing satellite cell differentiation via the myogenic regulatory 
factors, in particular MyoD and myogenin (2, 22, 31, 34) and/or via inhibition of muscle 
protein synthetic pathways (1, 35, 44). While myostatin has been shown to be of key 
importance in the restoration of muscle mass following a period of disuse (19), its role 
in muscle disuse atrophy per se has not been assessed in humans. In the present study, 
we show a 30±9% decline in myostatin protein (52 kDa; larger myostatin propeptide) 
expression with a non-significant increase myostatin mRNA expression in response to 
immobilization (Figure 3A and 2C, respectively). The dis-connect between myostatin 
protein and mRNA expression is in line with previous work in the field (8, 21) and is 
attributed to a smad-7 dependent negative feedback loop through which increased 
myostatin protein expression is associated with decreased myostatin mRNA expression 
(8). We speculate that the observed reduction in whole muscle myostatin protein ex-
pression following immobilization is likely instrumental in the counter regulatory re-
sponse to attenuate further muscle loss. 
Despite the substantial loss of skeletal muscle mass following immobilization, we show 
that leg lean mass, Quadriceps muscle CSA and muscle strength returned to baseline 
values within six weeks of recovery without any specific rehabilitative program. In ac-
cordance, myostatin protein expression had increased back to pre-immobilization levels 
(Figure 3). Also, the repeated measures ANOVA does not reveal a significant difference 
in muscle fiber size between pre-immobilization and 6 weeks after natural rehabilita-
tion (post-hoc analyses, P=0.115). However, numerically, muscle fiber size does not 
appear to have fully recovered 6 weeks after the immobilization period, especially in 
type I muscle fibers (Table 2). It could be suggested that muscle fiber size is still return-
ing back to baseline, which would be in line with the non-significantly higher number of 
type I muscle fiber satellite cells after 6 weeks of natural rehabilitation. Overall though, 
it appears that in these healthy young subjects no specific intervention is necessary to 
regain the lost muscle mass and function following two weeks of one-legged knee im-
mobilization. However, recent studies suggest that more clinically compromised elderly 
people have a reduced ability to regain skeletal muscle mass after a period of muscle 
disuse (18, 41). Future research should aim to provide insight into the cellular mecha-
nisms responsible for a potentially attenuated muscle fiber growth after period of mus-
cle disuse in more compromised populations.  
In the present study, muscle disuse atrophy was induced by means of single leg cast 
immobilization. In contrast to ULLS and brace immobilization, a plaster cast will result in 
the most severe local physical inactivity. Consequently, the single leg cast immobiliza-
tion model will yield the most robust reduction of muscle mass within a short time 
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period. Hence, the results of the present study do not necessarily translate to other 
models of muscle disuse atrophy e.g. ULLS, brace immobilization and/or bed rest, as in 
these models (limited) weight bearing activities and/or joint movement can still be 
performed. In addition, caution should be taken in translating these results to more 
clinical conditions in which muscle fiber atrophy progresses over a much longer time 
period like in sarcopenia, cachexia and/or spinal cord injury.  
We conclude that 2 weeks of muscle disuse leads to considerable loss of skeletal mus-
cle mass and strength. The loss of muscle mass is attributed to both type I and type II 
muscle fiber atrophy, and is not accompanied by a decline in satellite cell content in 
either fiber type. These data provide compelling evidence that a decline in satellite cell 
content is not a mechanistic prerequisite for immobilization induced muscle atrophy.  
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ABSTRACT 
Introduction: Skeletal muscle satellite cell content has been reported to increase follow-
ing a single bout of exercise. Data on muscle fiber type-specific satellite cell (SC) con-
tent and/or SC activation status are presently lacking. The objective of this study was to 
determine the impact of a single bout of exercise on muscle fiber type-specific SC con-
tent and activation status following subsequent overnight recovery. 

Methods: Eight healthy males (age: 20±1 yrs) performed a single bout of combined 
endurance and resistance type exercise. Muscle biopsies were collected before and 
immediately after exercise, and following 9 h of post-exercise, overnight recovery. 
Muscle fiber type-specific SC and myonuclear content, and SC activation status were 
determined by immunohistochemical analyses. SC activation status was assessed by 
immunohistochemical staining for both DLK1 and Ki-67.  

Results: Muscle fiber size and fiber area per nucleus were greater in type II compared 
with type I muscle fibers (P<0.05). At baseline, no differences were observed in the 
percentage of SC staining positive for DLK1 and/or Ki67 between fiber types. No signifi-
cant changes were observed in SC content following 9 h of post-exercise, overnight 
recovery. However, the percentage of DLK1 positive SC had increased significantly dur-
ing overnight recovery, from 22±5 to 41±5% and from 24±6 to 51±9% in the type I and II 
muscle fibers, respectively. No changes were observed in the percentage of Ki-67 posi-
tive SC. 

Conclusion: A single bout of exercise activates both type I and II skeletal muscle fiber SC 
within a single night of post-exercise recovery, preceding the subsequent increase in SC 
content.  
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INTRODUCTION 
Skeletal muscle fibers contain hundreds of myonuclei and according to the myonuclear 
domain theory every nucleus can only control the required gene expression over a 
finite amount of cytoplasm, referred to as the myonuclear domain (2, 7). Hence, chang-
es in muscle fiber size should be accompanied by changes in myonuclear domain 
and/or changes in the number of myonuclei per fiber (23, 24). However, as myonuclei 
are post-mitotic they are unable to generate new myonuclei. Consequently, the ability 
for more extensive muscle fiber hypertrophy depends on a small pool of myogenic 
precursors, termed satellite cells (SC) (18). In adult muscle tissue, SC are typically quies-
cent but can become activated in response to various stimuli, such as exercise. After 
proliferation, SC either differentiate to form new myonuclei or return to quiescence, 
thereby replenishing the resident pool of SC through self-renewal (12, 18, 53). In ac-
cordance, myonuclear and SC content have been shown to increase in response to 
more prolonged exercise training, with concomitant increases in muscle fiber size (19, 
23, 29, 36-38, 42, 46, 50). 
The activation, proliferation, and differentiation processes of the SC represent im-
portant regulatory steps for the SC pool to expand, allowing muscle hypertrophy to 
occur during more prolonged resistance type exercise intervention. Several studies 
have demonstrated an increase in mixed muscle SC content following merely 1 to up to 
as much as 8 days after performing a single bout of exercise (10, 11, 13, 32, 34, 35). 
Some studies even reported an increase in SC content within 24 h after performing a 
bout of exercise (13, 32, 35). Clearly, the activation process of the SC must take place 
well within 24 h of post-exercise recovery. So far, data on SC activation following exer-
cise in human skeletal muscle tissue are scarce (40, 52). A few markers have been sug-
gested to be indicative of SC activation status, including Delta-like 1 homolog (DLK1) 
(11, 15, 29, 51) and Ki-67 (28, 34). In mice skeletal muscle, DLK1 depletion has been 
shown to result in defective muscle development and a delayed regenerative response 
(51). From both cell culture and in vivo animal data using knockout and over-expression 
models, Waddell et al. (51) suggested that DLK1 might act to inhibit SC proliferation and 
self-renewal and promote SC differentiation. Studies in human skeletal muscle support 
the notion that DLK1 is crucial during muscle development (3). Furthermore, DLK1 has 
been shown to co-localize with SC in vivo in human skeletal muscle (3, 26, 28). Howev-
er, the precise role of DLK1 in adult myogenesis and the SC adaptive response following 
a single bout of exercise remains to be established. 
The Ki-67 antigen is regarded a marker for proliferating cells and has been reported to 
be expressed during the mid-G1-phase, with increased expression during the S and G2 
phase and peaking in the M phase of the cell cycle (16). The number of Ki67 positive SC 
has been shown to increase 48 h after an anabolic stimulus in vivo in human skeletal 
muscle (28). In this study the authors speculate that the number of SC expressing Ki-67 
may already increase within the first 12 h of post-exercise recovery (28). So far no stud-



66  |  C h a p t e r  4  

ies have assessed both DLK1 and Ki-67 during recovery from a single bout of exercise. 
Moreover, no studies have aimed to assess SC activation status in a muscle fiber type-
specific manner, which has recently been reported to be of particular relevance (45, 
46). Consequently, the present study determines the impact of a single bout of com-
bined resistance and endurance type exercise on skeletal muscle SC content and activa-
tion status in a muscle fiber type-specific manner in vivo in humans. 
Most studies assess the impact of a single bout of exercise in the morning following an 
overnight fast. However, in daily practice exercise is generally performed in the evening 
with post-exercise recovery during subsequent overnight sleep (4). We hypothesize 
that SC activation status and/or SC content will increase during overnight recovery 
following a single bout of exercise. Therefore, we measured muscle fiber type-specific 
SC content and SC activation status in muscle tissue collected before and immediately 
after exercise and following subsequent overnight recovery. This study provides more 
insight in the timeline and regulation of the SC as myogenic precursors that allow the 
skeletal muscle adaptive response to exercise to occur.  

METHOD 

Subjects 
Eight healthy, male volunteers (age: 20±1 yrs; height 1.77±0.03 m; weight: 65±2 kg) 
participated in this study (see Table 1). All participants were recreationally active, which 
was defined as participating in sports activities less than 3 times per week, but not on a 
regular and/or competitive basis. Subjects were informed about the nature and risks of 
the experimental procedures before written consent was obtained. The study was ap-
proved by the Medical Ethical Committee of the Maastricht University Medical Centre+, 
The Netherlands, and complied with the guidelines set out in the Declaration of Helsin-
ki. This study is part of a greater project on the impact of exercise on skeletal muscle 
adaptation. 

Screening 
All subjects participated in 2 screening sessions separated by at least 5 days. In the 
morning, after an overnight fast, body composition was determined by the hydrostatic 
weighing method. Body fat percentage was calculated using Siri’s equation (44) and leg 
volume was measured by anthropometry (20). Thereafter, subjects were familiarized 
with the exercise equipment and exercise procedures. Proper lifting technique was 
demonstrated and practiced for each of the upper-body exercises (chest-press, shoul-
der press and lat pull-down) and the 2 lower limb exercises (leg press and leg exten-
sion). Thereafter, maximum strength for the 2 leg exercises was estimated using the 
multiple repetition testing procedure (30). In the 2nd screening session, subjects’ one 
repetition maximum (1-RM) was determined for the 2 leg exercises (49). In addition, 
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subjects performed an incremental exhaustive exercise test on an electronically braked 
cycle ergometer (Lode Excalibur, Groningen, The Netherlands) to measure maximal 
oxygen uptake (VO2max) and workload capacity (Wmax) (25). 

Table 1 Subjects’ characteristics

Age (yr) 20±1

Height (m) 1.77±0.03

Weight (kg) 65.3±1.5

BMI (kg/m2) 20.9±0.6

Body fat% (Siri) 10.9±1.6

1RM leg press (kg) 203±9

1RM leg extension (kg) 116±4

Wmax (W) 285±14

VO2max (mL·min-1) 3306±221

Values are means±SEM; n =8. BMI, body mass index; 1RM, subject’s 
one repetition maximum; Wmax, maximal oxygen uptake; VO2max, 
and workload capacity. 

Diet and activity prior to and during the experiments 
All subjects received a standardized diet the evening prior to the experimental day (3.7 
MJ, consisting of 62 Energy% (En%) carbohydrate, 16 En% protein, and 22 En% fat) and 
during the entire experimental day (0.17±0.01 MJ·kg bw-1·d-1, consisting of 61±0.6 En% 
carbohydrate, 13±0.2 En% protein and 26±0.7 En% fat). Subjects’ energy requirements 
were calculated using the Harris and Benedict equations (17) with a physical activity 
index of 1.7 (39). The investigators provided the subjects with measured amounts of all 
food products and subjects ingested all meals and snacks at predetermined time inter-
vals. All participants were instructed to refrain from any sort of exhaustive physical 
labor and to keep their diet as constant as possible 2 days prior to the experimental 
day.  

Exercise protocol 
After 10 min of warming-up on the cycle ergometer (50% Wmax), subjects cycled 4 
times 5 min at 65% Wmax, alternated by 4 times 2.5 min at 45% Wmax. After a 5 min 
resting period, participants started with the resistance type exercise protocol, consist-
ing of an upper- and lower-body workout. The upper-body workout was performed 
with a workload set at 40% of the total body-weight in which subjects completed 5 sets 
of 10 repetitions on 3 upper-body machines (chest-press, shoulder press and lat pull-
down). A resting period of 1 min between sets was allowed. This was followed by a 
lower-limb workout, which consisted of 9 sets of 10 repetitions on the leg press ma-
chine (Technogym BV, Rotterdam, The Netherlands) and 9 sets of 10 repetitions on the 
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horizontal leg press machine (Technogym). On both machines, 3 sets were completed 
at 55% of 1-RM, 3 at 65% 1-RM and 3 at 75% 1-RM, with 2 min rest periods between 
sets. Finally, participants performed 2 sets of 30 abdominal crunches. All subjects were 
verbally encouraged during the exercise program to complete the entire protocol with-
in ~120 min. 

Muscle biopsy 
Muscle biopsies were obtained from the middle region of the vastus lateralis muscle 15 
cm above the patella and approximately 2 cm away from the fascia by means of the 
percutaneous needle biopsy technique described by Bergström et al. (5). Muscle biop-
sies were taken before and immediately after cessation of exercise, and following 9 h of 
post-exercise, overnight recovery. The pre- and post-exercise muscle biopsies were 
taken through the same incision, with the needle pointed in distal and proximal direc-
tion, respectively. The biopsy at 9 h of post-exercise, overnight recovery was taken 
from the contralateral leg. Muscle biopsies were carefully freed from any visible fat and 
blood. Thereafter ~20 mg tissue was rapidly frozen in liquid nitrogen cooled isopentane 
and embedded in Tissue-Tek (Sakura Finetek Europe BV, The Netherlands), with anoth-
er ~25 mg directly frozen in liquid nitrogen. Muscle biopsies were stored at –80 ºC for 
subsequent histochemical analysis to determine myocellular characteristics and qualita-
tive real-time qRT-PCR analyses to assess the changes in mRNA expression of several 
myogenic regulators. 

Immunohistochemical analysis  
From all muscle biopsy samples, 5 µm thick cross-sections were cut at -20 ºC using a 
cryostat. Muscle samples collected before and immediately after exercise and after 
following post-exercise recovery from each individual subject were mounted together 
on uncoated glass slides, and air-dried for 30 min at room temperature before being 
stored at –20ºC for subsequent analyses. Serial cross-sections were stained for muscle 
fiber typing and muscle fiber SC content. First antibodies used were directed against 
MHC-I (A4.951, Developmental Studies Hybridoma Bank [DSHB], Iowa City, IA; dilution 
1:20), laminin (polyclonal rabbit anti-laminin; Sigma, Zwijndrecht, The Netherlands; 
dilution 1:50), DLK1 (monoclonal Anti-human Pref-1/DLK1/FA1 antibody; R&D systems, 
Minneapolis, U.S.; dilution 1:50), Ki-67 (Monoclonal Ki-67; Biocare Medical, Concord, 
CA, U.S.; dilution 1:200 ), and CD56 (BD biosciences, San Jose, CA; dilution 1:40). CD56 
has been extensively used in various studies for the identification of SC (6, 13, 14, 22, 
23, 46, 48, 50). DLK1 has been suggested to mark activated SCs. In addition, DLK1 has 
been shown to be colocalized with CD56 in human skeletal muscle (26, 29). The Ki-67 
protein has been suggested to be associated with cell proliferation (43). The latter has 
already been used in previous studies to identify proliferating SC (28, 33, 34). Appropri-
ate secondary antibodies were applied: goat anti-mouse IgG1 (Alexa488), goat anti-
mouse IgG2b (Alexa555), goat anti-rabbit IgG (Alexa555), goat anti-rabbit IgG 
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(Alexa350), and goat anti-rat IgG (Alexa350). Nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI; Molecular Probes; 0.238 μM). Staining procedures for muscle fiber 
typing have been described previously (46-48). In short, muscle cross-sections were air-
dried for 30 min at room temperature, before being fixated (5 min acetone). Again 
slides were air-dried and incubated at room temperature with primary antibodies di-
rected against laminin and MHC-I (dilution 1:50 and 1:25, respectively) diluted in 0.05% 
Tween-PBS, for 60 min. Slides were then washed (3*5 min PBS). Thereafter, slides were 
incubated for 30 min at room temperature with the appropriate secondary anti-body 
diluted together with DAPI (0.283 µM) in 0.05% Tween-PBS. After a final wash, slides 
were mounted with cover glasses using Mowiol (Calbiochem, Amsterdam, The Nether-
lands). The latter resulted in laminin stained in red, nuclei in blue, and MHC-I green 
(Figure 1). 
For the identification and co-localization of SC with DLK1 or Ki-67, muscle cross-sections 
were air-dried for 30 min at room temperature, before being fixated (5 min acetone). 
Again slides were air-dried and incubated at 4°C with primary antibodies directed 
against CD56 (dilution 1:40) and DLK1 (dilution 1:50) or only CD56 diluted in 0.05% 
Tween-PBS for 24 h. The next day slides were washed (3*5 min PBS). Subsequently, 
slides were incubated for 30 min with the appropriate secondary anti-body diluted in 
0.05% Tween-PBS. Slides were then washed (3*5 min PBS). Slides were incubated at 
room temperature with antibodies against laminin (dilution 1:25) or laminin with Ki-67 
(dilution 1:200) diluted in 0.05% Tween-PBS, for respectively 60 and 120 min. Again, 
slides were washed (3*5 min PBS). Thereafter, slides were incubated for 30 min with 
appropriate secondary anti-body, diluted together with DAPI (0.283 µM) in 0.05% 
Tween-PBS. After a final wash, slides were mounted with cover glasses using Mowiol. 
This staining procedure resulted in laminin stained in blue, nuclei in blue, CD56 in green 
and DLK1 or Ki-67 in red (Figure 1). 

Data analyses  
From the biopsy slides, all images were captured using fluorescence microscopy with a 
Nikon E800 fluorescence microscope (Nikon Instruments Europe) coupled to a Basler 
A113 C progressive scan color CCD camera with a Bayer color filter. Epifluorescence 
signal was recorded using a Texas Red excitation filter (540–580 nm) for laminin, DLK1 
or Ki-67, a DAPI UV excitation filter (340–380 nm) for the nuclei and laminin, and a FITC 
excitation filter (465–495 nm) for either MHC-I or CD56. Image processing and quanti-
tative analyses were done using Lucia 4.81 software package, as described previously 
(46, 48). All image recordings and analyses were performed by an investigator blinded 
to subject coding and/or study design. 

From the fiber type stained muscle cross-sections, images were captured at a 120x 
magnification. Laminin was used to determine cell borders, and all fibers within each 
image were identified as either type I or type II muscle fibers. Within each image, the 
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number of fibers, the mean fiber cross-sectional area (csa), the number of myonuclei 
per fiber, and the mean fiber area per nucleus (fiber csa/#myonuclei) were assessed for 
the type I and II muscle fibers. Fiber circularity was calculated as (4π·csa)/(perimeter)2. 
No differences in fiber circularity were observed over time or between fiber types. All 
images from the fiber type analyses were printed and a poster of the entire muscle 
section was prepared to identify type I and type II muscle fibers on serial muscle cross-
sections (i.e. sections stained for SC analyses). 

Figure 1 Representation of fiber type-specific analyses of skeletal 
muscle satellite cell content and activation status. (A/B-I) MHC-
I+Laminin+Dapi staining from serial section of A/B-II – A/B-IV; the 
marked area represents the same area as presented in frames A/B-II –
A/B-IV. (A-II) CD56+Dapi+laminin+DLK1. (B-II) CD56+Dapi+laminin+Ki-
67. (A/B-III). CD56 staining only. (A-IV) DLK1 staining only. (B-IV) Ki-67 
staining only. Numbers indicate the type I and II muscle fibers. Arrows 
point at the satellite cell in quiescent, activated or proliferating state.  
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From the SC stained muscle cross-sections, images were captured at a 240x magnifica-
tion to allow clear SC localization. Laminin was used to visualize cell borders. Fiber typ-
ing was determined by matching the serial muscle fiber type slides. SC were deter-
mined at the periphery of each fiber and stained positive for both DNA (DAPI) and 
CD56. The number of SC per muscle fiber, the proportion of SC [#SC/(#SC + #myonu-
clei)], and the number of SC per fiber area (in mm2) were calculated for the type I and II 
muscle fibers separately. To determine the activation status, co-localization of SC with 
DLK1 or Ki-67 was assessed in all muscle samples. Both markers were assessed on serial 
muscle sections with at least 30 µm between the different sections to ascertain the 
uniqueness of the myonuclei/SC counted. The number of FA1+ or Ki-67+ SC per muscle 
fiber, the proportion of DLK1+ or Ki-67+ SC, and the number of FA1+ or Ki-67+ SC per 
fiber area (in mm2) were calculated for the type I and II muscle fibers separately. In 
addition, the proportion of SC staining positive for DLK1+ or Ki-67+ [#SC staining posi-
tive for DLK1 or Ki67/ #SC], were calculated for the type I and type II muscle fibers. A 
total of 721±48, 689±28 and 694±59 muscle fibers were analyzed for each muscle biop-
sy sample collected before (t=-2 h), immediately after (t=0 h) exercise and following 9 h 
of overnight, post-exercise recovery. 

RNA isolation 
To provide more insight in the SC adaptive response following a single bout of exercise, 
gene expression analyses was performed for several key proteins implicated in SC acti-
vation, proliferation and/or differentiation. RNA was isolated from homogenized mus-
cle samples using the TRIzol/RNeasy method. Briefly, approximately 25 mg of each 
muscle sample was homogenized in a total of 1.0 mL TRIzol Reagent (Invitrogen Corpo-
ration, Canada) using a glass homogenizer (2 mL Kontes, Kimble Kontes, Germany). 
After the addition of chloroform, RNA was isolated as the liquid phase supernatant. 700 
µL of the liquid phase was transferred into a Qiagen RNeasy mini spin column and RNA 
was purified by using the RNeasy mini kit (Cat. # 74106), following the manufacturer’s 
instructions (Qiagen Sciences, USA). The RNA was quantified using a spectrophotome-
ter (NanoDrop 1000, Thermo Scientific, USA) and RNA integrity was assessed using a 
bioanalyzer (Agilent 2100, Agilent Technologies Canada Inc.). Average RIN values were 
7.5±0.5.  
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Table 2 qRT-PCR Primer Sequences 

Gene Name Forward Sequence Reverse Sequence NCBI Gene  
ID Number 

Myostatin 5’-TGGTCATGATCTTGCTGTAAC-3’ 5’- TGTCTGTTACCTTGACCTCTA-3’ 2660 
Follistatin 5’-AGTCCAGTACCAAGGCAGATG-3’ 5’-GGTCACACAGTAGGCATTATT-3’ 10468 

 DLK1 5’-CTGCCTGCCTGGATGTGAT-3’ 5’-AGACAGCCTGGATAGCGGATA-3’ 28514 
MyoD 5’-GGTCCCTCGCGCCCAAAAGAT-3’ 5’-CAGTTCTCCCGCCTCTCCTAC-3’ 4654 
Myf5 5’-ATGGACGTGATGGATGGCTG-3’ 5’-GCGGCACAAACTCGTCCCCAA-3’ 4617 

Myogenin 5’-CAGTGCACTGGAGTTCAGCG-3’ 5’-TTCATCTGGGAAGGCCACAGA-3’ 4656 
MRF4 5’-CCCCTTCAGCTACAGACCCAA-3’ 5’-CCCCCTGGAATGATCGGAAAC-3’ 4618 

GAPDH 5’-CCTCCTGCACCACCAACTGCTT-3’ 5’-GAGGGGCCATCCACAGTCTTCT-3’ 2597 
DLK1, Delta like-1; Myf5, myogenic factor 5; MRF4, muscle-specific regulatory factor 4 (Myf6); MyoD, myo-
genic determination factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase 
 

Reverse Transcription (RT) 
Individual samples were reverse transcribed in 20 µL reactions using a commercially 
available kit (High Capacity cDNA Reverse Transcription Kit; Applied Biosystems, USA) 
according to the manufacturer’s instructions. The cDNA synthesis reaction was carried 
out on an Eppendorf Mastercycle epgradient thermal cycler (Eppendorf, Canada).  

Quantitative Real-Time Polymerase Chain-Reaction (qRT-PCR) 
Individual 25 µL reactions were prepared in 0.2 mL Eppendorf twin.tec PCR plates (Ep-
pendorf, Canada) and run in duplicate for each time-point. Primers are listed in Table 2 
and were re-suspended in 1X TE buffer (10 mM Tris-HCl, 0.11 mM EDTA) and stored at -
20°C prior to use. In each reaction tube, 1.0 µL of cDNA and 7.5 µL of ddH2O were add-
ed to 16.5 µL of a master mix containing 12.5 µL of RT2 Real-Time SYBR Green/Rox PCR 
master mix (SuperArray Bioscience Corp., USA) along with 2 µL of the specific forward 
and reverse primers. qRT-PCR reactions were carried out using a Eppendorf Mastercy-
cler ep realplex2 real-time PCR System (Eppendorf, Canada). mRNA expression was 
calculated using the delta Ct method (2-Δct) and fold changes from baseline were calcu-
lated using the delta-delta Ct method (27). Gene expression was normalized to the 
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH ex-
pression did not differ between time-points. 

Statistics 
All data are expressed as means±SEM. Data were analyzed using a two-way repeated 
measures ANOVA with time (before exercise, after exercise and following overnight 
recovery) and fiber type (type I vs II) as within subject factors. In case of a significant 
interaction, separate analyses were performed for time effects in the type I and II mus-
cle fibers. Next, post-hoc tests were performed to locate significant differences; Bonfer-
roni correction was applied to adjust for multiple testing. For analysis of the mRNA 
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expression a one-way repeated measures ANOVA was performed with time as within 
subject factor, using the 2-∆Ct method (arbitrary units). Statistical significance was set at 
P<0.05. All calculations were performed using SPSS 15.0 (Chicago, IL). 

RESULTS 

Muscle fiber type distribution and fiber area 
Muscle fiber type composition showed 57±5% type I and 43±5% type II muscle fibers. 
The proportion of muscle fiber area occupied by type I and type II muscle fibers was 
55±6 and 45±6%, respectively. Muscle fiber area was significantly greater in type II 
compared with type I fibers (6513±392 vs 5986±347 µm², respectively; P<0.05). No 
changes were observed in fiber type distribution and/or muscle fiber size after 9 h of 
post-exercise recovery (Table 2). 

Table 3 Muscle fiber area and myonuclear content

Fiber 
type 

Before
exercise 

After
exercise 

Overnight  
recovery 

Muscle fiber CSA (µm²) I 5943±401 5797±322 5421±239 
 II 6580±442* 6235±515* 6295±444* 
Nuclei/fiber I 4.0±0.5 3.3±0.2 3.2±0.2 
 II 3.8±0.4 3.1±0.3 3.2±0.2 
Fiber area/nucleus (µm²) I 1574±136 1796±117 1723±111 
 II 1835±182* 2082±143* 2046±157* 
Data represent means±SEM. CSA: fiber cross-sectional area; *: significantly different compared with type I 
muscle fibers (P<0.05). No significant changes over time in either type I or type II muscle fibers. 
 

Myonuclear number and satellite cell number 
The number of myonuclei did not differ between type I and II muscle fibers (Table 3). 
Yet, fiber area per nucleus was significantly larger in type II compared with type I mus-
cle fibers (1835±182 vs 1574±136 µm², respectively; P<0.05). SC content was signifi-
cantly higher in type I compared with type II muscle fibers (0.08±0.01 vs 0.07±0.01, 
respectively; P<0.05). In accordance, the number of SC per mm2 fiber area was signifi-
cantly higher in type I compared with the type II muscle fibers (13.7±1.4 vs 10.2±1.0, 
respectively; P<0.05; Table 4). However, no significant differences were observed in the 
number of SC relative to the number of nuclei between fiber types. The number of 
myonuclei and/or fiber area per nucleus did not change over time. Though no signifi-
cant changes were found in SC number per muscle fiber and per mm2 fiber area over 
time, we did observe a significant increase in the number of SC when expressed relative 
to the number of nuclei in both type I and type II muscle fibers (Table 4). 
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Table 4 Muscle fiber type-specific satellite cell content

Fiber type Before
exercise 

After
exercise 

Overnight 
recovery 

Number of SC/fibers I 0.08±0.01* 0.08±0.01* 0.10±0.01* 
 II 0.07±0.01 0.07±0.01 0.08±0.01 
Number of SC/mm2 I 13.7±1.4* 14.4±1.7* 18.8±2.2* 
 II 10.2±1.0 11.8±1.5 13.3±1.5 
Number of SC/myonuclei (%) I 2.1±0.3 2.6±0.3 3.2±0.4** 
 II 1.8±0.2 2.4±0.3 2.8±0.4** 
Data represent means±SEM. SC: satellite cell; SC/mm2: the number of SC per millimeter squared; 
SC/myonuclei (%): the number of SCs as a percentage of the total number of myonuclei (ie, number of myo-
nuclei + number of SCs); I: type I muscle; II: type II muscle.*: Significantly different compared with type II 
muscle fibers (P<0.05). **: Significantly different compared with pre-exercise (P<0.05).  
 

 

 
Figure 2 The percentage of satellite cells staining positive for Delta like homolog 1 (DLK1) (A) and 
Ki-67 (B) before and after a single exercise bout of exercise and following subsequent overnight 
recovery in type I and II muscle fibers. *: Significant time-effect. No significant differences were 
observed between type I and type II muscle fibers. 

Satellite cell activation status 
DLK1: Baseline DLK1 expression was observed in 22±5 and 24±6% of the SC present in 
the type I and II muscle fibers, respectively (Figure 2A). The percentage of SC stained 
positive for DLK1 per muscle fiber did not differ between fiber types. Over time a signif-
icant increase was observed in the percentage of SC expressing DLK1 (from 22±5 to 
41±5% and from 24±6 to 51±9% in the type I and II muscle fibers, respectively; Figure 
2A). In accordance, the number of SC stained positive for DLK1 expressed per muscle 
fiber, per mm2 fiber area, or as a percentage of the total number of myonuclei all 
showed a significant increase over time (Table 5). Ki-67: In all muscle samples, the 
number of SC stained for Ki-67 were quite low. At baseline, only 4±2 and 7±3% of the 
SC expressed Ki-67 in the type I and II muscle fibers, respectively (Figure 2B). The per-
centage of SC expressing Ki-67 did not differ between fiber types. In addition, there 
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were no significant changes in the percentage and/or number of SC expressing Ki-67 
following exercise. 

Table 5 Satellite cell activation status 

 Fiber 
type 

 

Before exer-
cise 

After
exercise 

Overnight 
recovery 

Number of SC DLK1+ cells/fiber I 0.02±0.01 0.03±0.01 0.04±0.01* 
 II 0.01±0.01 0.02±0.01 0.04±0.01* 
Number of SC DLK1+ cells/mm2 I 4.3±1.4 4.1±1.2 8.2±1.9* 
 II 2.7±0.7 2.3±0.9 7.2±1.6* 
Number of SC DLK1+ cells/myonuclei (%) I 0.5±0.1 0.9±0.3 1.4±0.4* 

 II 0.4±0.1 0.6±0.2 1.3±0.3* 
Data represent means±SEM. SC: Satellite cell. SC DLK1+ cells/mm2: the number of SC staining positive for 
DLK1 per millimeter squared; SC DLK1+ cells/myonuclei (%): the number of SCs staining positive for DLK1 as a 
percentage of the total number of myonuclei (ie. Number of myonuclei + number of SCs); I: type I muscle; II: 
type II muscle.*: Significant time-effect (P<0.05). No differences between muscle fiber types. 

 

 

 
Figure 3 Changes in mRNA expression following a single bout of exercise and after subsequent 
overnight recovery. Fold changes were calculated using 2- ∆∆Ct method with genes of interest 
normalized to GAPDH. Values represent means±SEM. *: Significantly different compared with pre-
exercise values. 
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mRNA expression 
Whereas MyoD mRNA expression did not change following the single bout of exercise, 
Myf5 mRNA expression tended (P=0.088) to increase over time. Both MRF4 and myog-
enin mRNA expression showed a significant time-effect during post-exercise overnight 
recovery. MRF4 mRNA expression increased 2.6 fold (P<0.05) during the 9 h recovery 
phase (Figure 3). Furthermore, post-hoc analyses of myogenin mRNA expression re-
vealed a tendency for an overnight increase (P=0.06 versus pre-exercise and P=0.08 
versus post-exercise values). Though no changes were observed in follistatin mRNA 
expression, a significant decrease in myostatin mRNA expression was observed imme-
diately after exercise (Figure 3). DLK1 mRNA expression did not change over time (Fig-
ure 3). 

DISCUSSION 
The present study shows that a single bout of combined resistance and endurance type 
exercise activates skeletal muscle SC in both type I and II muscle fibers during subse-
quent overnight recovery in healthy, young men. The latter precedes measurable in-
creases in type I or II muscle fiber SC content.  
SC activation, proliferation, and differentiation following an acute bout of exercise is 
generally believed to be essential to allow skeletal muscle hypertrophy following suc-
cessive bouts of exercise in humans. The latter is supported by previous work in ro-
dents that failed to show muscle hypertrophy in response to overloading in SC ablated 
muscle (1, 41). However, more recent work in mice (31) suggests that SC hold a more 
direct role in muscle fiber repair and/or generation of new muscle fibers and not mus-
cle fiber hypertrophy per se. Whether the apparent discrepancy in the literature is 
attributed to differences between species remains a topic of debate. Despite this con-
troversy, substantial increases in mixed muscle fiber SC content have been observed 
well within 24 h of recovery from a single bout of exercise in vivo in humans (13, 32, 
35). In the present study, we assessed muscle fiber type-specific SC content immediate-
ly after and following 9 h of post-exercise overnight recovery. A second muscle biopsy 
was collected immediately after exercise to assess a possible acute SC response to ex-
ercise. Even though we did not expect to detect any measurable increases in SC content 
within a 9 h timeframe, we already observed a tendency for SC number to increase 
(P=0.10 and 0.08 with SC numbers expressed per muscle fiber or per muscle fiber area, 
respectively; Table 4). When SC number was expressed as a percentage of the total 
number of myonuclei, SC content was already significantly increased following the 9 h 
of post-exercise recovery. Although this finding may to some extent be attributed to a 
non-significant lower number of myonuclei at 9 h post exercise, we clearly observed an 
overall tendency for SC content to increase, which agrees with previous work reporting 
a significant increase in SC content 24 h after a single bout of eccentric exercise (13, 32, 
35). This tendency for an increase in SC content following overnight recovery implies 
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that SC activation, and/or proliferation must occur well within 9 h of post-exercise re-
covery. Therefore, in the present study we aimed to assess SC activation status during 
these early stages of post-exercise recovery, i.e. immediately after and following 9 h of 
overnight recovery. 
To identify the activation status of SC using immunohistological analyses of human 
skeletal muscle tissue, various markers have been suggested (21). As a member of the 
epidermal growth factor superfamily, DLK1 has been shown to play an important role in 
skeletal muscle development. Recent in vitro and animal studies suggest that DLK1 
affects the SC fate choice between self-renewal and differentiation (51), with a peak 
expression observed at the stage of differentiation (3). However, human data are cur-
rently lacking. In resting human skeletal muscle, reports on SCs expressing DLK1 have 
been rather inconsistent. Whereas some studies report that DLK1 is expressed in up to 
80% of the SCs (29), others show it is virtually absent in basal resting conditions (3). The 
latter would be in line with the suggestion that DLK1 expression peaks during the active 
stages of the cell cycle and is closely associated with differentiation (51). In the present 
study, ~23% of the SC pool expressed DLK1 at baseline, with no difference between 
fiber types. It seems unlikely that in the resting condition such a large proportion of SC 
is activated, nor does this finding likely represent differentiating SC as (massive) differ-
entiation would not be expected to occur within 9 h of post-exercise recovery. In a 
recent study by Lindstrom et al. (2010), it has been suggested that training status af-
fects DLK1 expression in SCs during resting conditions. Subsequently, it could be specu-
lated that in the present study habitual physical activity prior to the exercise bout might 
account for some degree of DLK1 expression in the baseline muscle biopsy samples. 
Besides resting conditions, little is also known about the change in DLK1 expression 
after a single bout of exercise in vivo in human skeletal muscle tissue. A single bout of 
eccentric exercise has been shown to increase the number of DLK1 mononuclear 
cells/myonuclei in healthy young men (11). However, no changes in the number of SC 
expressing DLK1 were observed in response to a 36-km run (29). Here, we show that 
the proportion of SC expressing DLK1 increased from 22±5% to 41±5% in type I and 
from 24±6% to 51±9% in type II muscle fibers, during post-exercise overnight recovery 
(Figure 2A). The progression of SC through the stage of proliferation and/or differentia-
tion is known to be mediated by the expression of different myogenic regulatory fac-
tors (MyoD, Myf-5, Myogenin and MRF4) and negatively regulated by myostatin. In line 
with the greater DLK1 expression in the SC, the present study shows that 9 h following 
a single bout of exercise, both myogenin (3.4 fold) and MRF4 (2.6 fold) expression are 
upregulated. In addition, myostatin mRNA expression was reduced immediately follow-
ing cessation of exercise (Figure 3). The changes in post-exercise mRNA expression of 
these key regulatory proteins are in line with previous reports (40) and suggest that SC 
can change from a quiescent to a more active state within a few hours of post-exercise 
recovery. In accordance, we suggest that DLK1+ SC represent the progenitor cells that 
have been activated and, as such, are progressing through the cell cycle stages of pro-
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liferation, differentiation and/or self-renewal.  
To further characterize SC activity in response to exercise, we assessed the presence of 
Ki-67 in the SC in our tissue samples. Ki-67 is selectively expressed in cells during the 
active stages of the cell cycle (16) and has been applied successfully in previous studies 
to assess SC proliferation status in skeletal muscle tissue (8, 28, 33, 34). These studies 
have shown that during resting conditions the number of proliferating SC is quite low 
(28, 34). In agreement, we observed a percentage of merely 5±2% of proliferating (Ki-
67+) SC in mixed muscle tissue at baseline (Figure 2B). No significant differences in the 
percentage of proliferating SC was observed between muscle fiber types (4±2% and 
7±3% in the type I and II muscle fibers, respectively). So far, only few studies have 
looked at the number of proliferating SC using Ki-67 during recovery from a muscle-
loading stimulus (34). Data on the impact of exercise on SC proliferation during the 
early stages (0-24 h) of post-exercise recovery, preceding an increase in SC content, are 
entirely lacking. In this study, we observed no significant changes in the proportion of 
proliferating SC 9h after cessation of exercise (Figure 2B). It could be suggested that SC 
are not yet proliferating within the first 9 h of post-exercise recovery. However, the 
latter is unlikely as the substantial rise in DLK1 positive cells and the observed tendency 
for SC content to increase should require an increased proliferative drive of the SC pool. 
The fact that we were unable to detect a measurable increase in Ki-67 positive SC could 
be attributed to numerous factors, which include a minimal amount of Ki-67 protein 
that is being expressed during proliferation, a high turnover rate of the protein, and/or 
simply a low affinity of the applied Ki-67 antibody. Overall, the present study is the first 
to show that the proportion of SC expressing DLK1 increases substantially in both type I 
and type II muscle fibers during 9h of post-exercise overnight recovery, without an 
apparent increase in Ki-67 expression. Although the mechanism by which DLK1 controls 
the SC adaptive response following a single bout of exercise remains largely unknown, 
the mRNA expression provides further evidence that the number of active SCs is in-
creased well within 9 h following a single bout of exercise. Further characterization of 
the DLK1 protein is required to reveal its significance in SC commitment during post-
exercise recovery. 
In this study we assessed skeletal muscle fiber SC content as well as the activation sta-
tus in a fiber type dependent manner. The latter has become more relevant since fiber 
type-specific changes in SC content have been observed in the elderly (48, 50). Moreo-
ver, SC content has been reported to increase in a fiber type-specific manner following 
subsequent resistance type exercise training (46, 50). In the present study we imple-
mented both resistance and endurance type exercise to allow both type I and type II 
muscle fiber recruitment and, as such, to define potential differences in SC activation 
and subsequent proliferation during overnight recovery from a single bout of exercise. 
No difference in SC activation status was observed between the type I and II muscle 
fibers following overnight recovery from exercise (Figure 2). Clearly, muscle fiber re-
cruitment leads to an early SC activation pattern that seems independent of fiber type. 
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The early stages of post-exercise recovery set the stage for the subsequent increase in 
SC content, allowing skeletal muscle to remodel (21, 45). As such, the signaling pro-
cesses leading to SC activation, proliferation, and differentiation are likely instrumental 
to the skeletal muscle adaptive response. Changes in the initial response and associated 
timeline of SC lineage determination may be responsible for the blunted skeletal mus-
cle adaptive response to resistance type exercise training in the elderly (9, 13). Obtain-
ing more insight in the initial stages of SC signaling in response to various anabolic 
stimuli may be of important clinical relevance to develop more effective exercise, nutri-
tion, and/or pharmaceutical intervention strategies to increase muscle mass and func-
tion in both health and disease. 
We conclude that a single bout of combined resistance and endurance type exercise 
activates both type I and II muscle fiber SC during subsequent overnight recovery. The 
latter occurs well before measurable increases in SC content.  

  



80  |  C h a p t e r  4  

REFERENCES 
1. Adams GR, Caiozzo VJ, Haddad F, and Baldwin KM. Cellular and molecular responses to increased 

skeletal muscle loading after irradiation. Am J Physiol Cell Physiol 283: C1182-1195, 2002. 
2. Allen DL, Roy RR, and Edgerton VR. Myonuclear domains in muscle adaptation and disease. Muscle 

Nerve 22: 1350-1360, 1999. 
3. Andersen DC, Petersson SJ, Jorgensen LH, Bollen P, Jensen PB, Teisner B, Schroeder HD, et al. 

Characterization of DLK1+ cells emerging during skeletal muscle remodeling in response to myositis, 
myopathies, and acute injury. Stem Cells 27: 898-908, 2009. 

4. Beelen M, Koopman R, Gijsen AP, Vandereyt H, Kies AK, Kuipers H, Saris WH, et al. Protein coingestion 
stimulates muscle protein synthesis during resistance-type exercise. Am J Physiol Endocrinol Metab 295: 
E70-77, 2008. 

5. Bergstrom J. Percutaneous needle biopsy of skeletal muscle in physiological and clinical research. Scand 
J Clin Lab Invest 35: 609-616, 1975. 

6. Charifi N, Kadi F, Feasson L, and Denis C. Effects of endurance training on satellite cell frequency in 
skeletal muscle of old men. Muscle Nerve 28: 87-92, 2003. 

7. Cheek DB. The control of cell mass and replication. The DNA unit--a personal 20-year study. Early human 
development 12: 211-239, 1985. 

8. Christov C, Chretien F, Abou-Khalil R, Bassez G, Vallet G, Authier FJ, Bassaglia Y, et al. Muscle satellite 
cells and endothelial cells: close neighbors and privileged partners. Mol Biol Cell 18: 1397-1409, 2007. 

9. Conboy IM, Conboy MJ, Smythe GM, and Rando TA. Notch-mediated restoration of regenerative 
potential to aged muscle. Science (New York, NY 302: 1575-1577, 2003. 

10. Crameri RM, Aagaard P, Qvortrup K, Langberg H, Olesen J, and Kjaer M. Myofibre damage in human 
skeletal muscle: effects of electrical stimulation versus voluntary contraction. J Physiol 583: 365-380, 
2007. 

11. Crameri RM, Langberg H, Magnusson P, Jensen CH, Schroder HD, Olesen JL, Suetta C, et al. Changes in 
satellite cells in human skeletal muscle after a single bout of high intensity exercise. J Physiol 558: 333-
340, 2004. 

12. Dhawan J, and Rando TA. Stem cells in postnatal myogenesis: molecular mechanisms of satellite cell 
quiescence, activation and replenishment. Trends Cell Biol 15: 666-673, 2005. 

13. Dreyer HC, Blanco CE, Sattler FR, Schroeder ET, and Wiswell RA. Satellite cell numbers in young and 
older men 24 hours after eccentric exercise. Muscle Nerve 33: 242-253, 2006. 

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

15. Floridon C, Jensen CH, Thorsen P, Nielsen O, Sunde L, Westergaard JG, Thomsen SG, et al. Does fetal 
antigen 1 (FA1) identify cells with regenerative, endocrine and neuroendocrine potentials? A study of 
FA1 in embryonic, fetal, and placental tissue and in maternal circulation. Differentiation 66: 49-59, 2000. 

16. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, and Stein H. Cell cycle analysis of a cell 
proliferation-associated human nuclear antigen defined by the monoclonal antibody Ki-67. J Immunol 
133: 1710-1715, 1984. 

17. Harris JA, and Benedict FG. A Biometric Study of Human Basal Metabolism. Proc Natl Acad Sci U S A 4: 
370-373, 1918. 

18. Hawke TJ, and Garry DJ. Myogenic satellite cells: physiology to molecular biology. J Appl Physiol 91: 534-
551, 2001. 

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

20. Jones PR, and Pearson J. Anthropometric determination of leg fat and muscle plus bone volumes in 
young male and female adults. J Physiol 204: 63P-66P, 1969. 

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



S a t e l l i t e  c e l l  a c t i v a t i o n  d u r i n g  o v e r n i g h t  r e c o v e r y |  81  

 

22. Kadi F, Charifi N, and Henriksson J. The number of satellite cells in slow and fast fibres from human 
vastus lateralis muscle. Histochem Cell Biol 126: 83-87, 2006. 

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

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

25. Kuipers H, Verstappen FT, Keizer HA, Geurten P, and van Kranenburg G. Variability of aerobic 
performance in the laboratory and its physiologic correlates. Int J Sports Med 6: 197-201, 1985. 

26. Lindstrom M, Pedrosa-Domellof F, and Thornell LE. Satellite cell heterogeneity with respect to 
expression of MyoD, myogenin, Dlk1 and c-Met in human skeletal muscle: application to a cohort of 
power lifters and sedentary men. Histochem Cell Biol 134: 371-385, 2010. 

27. Livak KJ, and Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR 
and the 2(-Delta Delta C(T)) Method. Methods 25: 402-408, 2001. 

28. Mackey AL, Kjaer M, Charifi N, Henriksson J, Bojsen-Moller J, Holm L, and Kadi F. Assessment of satellite 
cell number and activity status in human skeletal muscle biopsies. Muscle Nerve 40: 455-465, 2009. 

29. Mackey AL, Kjaer M, Dandanell S, Mikkelsen KH, Holm L, Dossing S, Kadi F, et al. The influence of anti-
inflammatory medication on exercise-induced myogenic precursor cell responses in humans. J Appl 
Physiol 103: 425-431, 2007. 

30. Mayhew JL, Prinster JL, Ware JS, Zimmer DL, Arabas JR, and Bemben MG. Muscular endurance 
repetitions to predict bench press strength in men of different training levels. J Sports Med Phys Fitness 
35: 108-113, 1995. 

31. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R, et al. Effective fiber 
hypertrophy in satellite cell-depleted skeletal muscle. Development 138: 3657-3666, 2011. 

32. McKay BR, De Lisio M, Johnston AP, O'Reilly CE, Phillips SM, Tarnopolsky MA, and Parise G. Association 
of interleukin-6 signalling with the muscle stem cell response following muscle-lengthening contractions 
in humans. PLoS One 4: e6027, 2009. 

33. McLoon LK, and Wirtschafter J. Activated satellite cells in extraocular muscles of normal adult monkeys 
and humans. Invest Ophthalmol Vis Sci 44: 1927-1932, 2003. 

34. Mikkelsen UR, Langberg H, Helmark IC, Skovgaard D, Andersen LL, Kjaer M, and Mackey AL. Region 
specific prostaglandin blockade inhibits satellite cell proliferation in human skeletal muscle following 
eccentric exercise. J Appl Physiol 2009. 

35. O'Reilly C, McKay B, Phillips S, Tarnopolsky M, and Parise G. Hepatocyte growth factor (HGF) and the 
satellite cell response following muscle lengthening contractions in humans. Muscle Nerve 38: 1434-
1442, 2008. 

36. Olsen S, Aagaard P, Kadi F, Tufekovic G, Verney J, Olesen JL, Suetta C, et al. Creatine supplementation 
augments the increase in satellite cell and myonuclei number in human skeletal muscle induced by 
strength training. J Physiol 573: 525-534, 2006. 

37. Petrella JK, Kim JS, Cross JM, Kosek DJ, and Bamman MM. Efficacy of myonuclear addition may explain 
differential myofiber growth among resistance-trained young and older men and women. Am J Physiol 
Endocrinol Metab 291: E937-946, 2006. 

38. Petrella JK, Kim JS, Mayhew DL, Cross JM, and Bamman MM. Potent myofiber hypertrophy during 
resistance training in humans is associated with satellite cell-mediated myonuclear addition: a cluster 
analysis. J Appl Physiol 104: 1736-1742, 2008. 

39. Plasqui G, and Westerterp KR. Seasonal variation in total energy expenditure and physical activity in 
Dutch young adults. Obes Res 12: 688-694, 2004. 

40. Psilander N, Damsgaard R, and Pilegaard H. Resistance exercise alters MRF and IGF-I mRNA content in 
human skeletal muscle. J Appl Physiol 95: 1038-1044, 2003. 

41. Rosenblatt JD, Yong D, and Parry DJ. Satellite cell activity is required for hypertrophy of overloaded adult 
rat muscle. Muscle Nerve 17: 608-613, 1994. 



82  |  C h a p t e r  4  

42. Roth SM, Martel GF, Ivey FM, Lemmer JT, Tracy BL, Metter EJ, Hurley BF, et al. Skeletal muscle satellite 
cell characteristics in young and older men and women after heavy resistance strength training. J 
Gerontol A Biol Sci Med Sci 56: B240-247, 2001. 

43. Scholzen T, and Gerdes J. The Ki-67 protein: from the known and the unknown. J Cell Physiol 182: 311-
322, 2000. 

44. Siri WE. The gross composition of the body. Adv Biol Med Phys 4: 239-280, 1956. 
45. Snijders T, Verdijk LB, and van Loon LJ. The impact of sarcopenia and exercise training on skeletal muscle 

satellite cells. Ageing Res Rev 8: 328-338, 2009. 
46. Verdijk LB, Gleeson BG, Jonkers RA, Meijer K, Savelberg HH, Dendale P, and van Loon LJ. 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: 332-339, 2009. 

47. Verdijk LB, Jonkers RA, Gleeson BG, Beelen M, Meijer K, Savelberg HH, Wodzig WK, et al. Protein 
supplementation before and after exercise does not further augment skeletal muscle hypertrophy after 
resistance training in elderly men. Am J Clin Nutr 89: 608-616, 2009. 

48. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg HH, and van Loon LJ. Satellite cell content is 
specifically reduced in type II skeletal muscle fibers in the elderly. Am J Physiol Endocrinol Metab 292: 
E151-157, 2007. 

49. Verdijk LB, van Loon L, Meijer K, and Savelberg HH. One-repetition maximum strength test represents a 
valid means to assess leg strength in vivo in humans. J Sports Sci 27: 59-68, 2009. 

50. Verney J, Kadi F, Charifi N, Feasson L, Saafi MA, Castells J, Piehl-Aulin K, et al. Effects of combined lower 
body endurance and upper body resistance training on the satellite cell pool in elderly subjects. Muscle 
Nerve 38: 1147-1154, 2008. 

51. Waddell JN, Zhang P, Wen Y, Gupta SK, Yevtodiyenko A, Schmidt JV, Bidwell CA, et al. Dlk1 is necessary 
for proper skeletal muscle development and regeneration. PLoS One 5: e15055, 2010. 

52. Yang Y, Creer A, Jemiolo B, and Trappe S. Time course of myogenic and metabolic gene expression in 
response to acute exercise in human skeletal muscle. J Appl Physiol 98: 1745-1752, 2005. 

53. Zammit PS, Golding JP, Nagata Y, Hudon V, Partridge TA, and Beauchamp JR. Muscle satellite cells adopt 
divergent fates: a mechanism for self-renewal? J Cell Biol 166: 347-357, 2004. 

  



|  83  

 

 

CHAPTER 5 

Eccentric exercise increases satellite cell 
content in type II muscle fibers 

 

 

 
 
 
 
 

Naomi M. Cermak 
Tim Snijders 

Bryon R. McKay 
Gianni Parise 
Lex B. Verdijk 

Mark A. Tarnopolsky 
Martin J. Gibala 

Luc J.C. van Loon 
 

Medicine & Science in Sports & Exercise 2013 45:230-237 



84  |  C h a p t e r  5  

ABSTRACT 
Introduction: Satellite cells (SCs) are of key importance in skeletal muscle tissue growth, 
repair and regeneration. A single bout of high-force eccentric exercise has been 
demonstrated to increase mixed muscle satellite cell (SC) content following 1-7 d of 
post-exercise recovery. However, little is known about fiber type specific changes in SC 
content and their activation status within 24 h of post-exercise recovery. 

Methods: Nine recreationally active young men (23±1 y) performed 300 eccentric ac-
tions of the knee extensors on an isokinetic dynamometer. Skeletal muscle biopsies 
from the vastus lateralis were collected pre- and 24 h post-exercise. Muscle fiber type 
specific SC content and the number of activated SCs were determined by immunohisto-
chemical analyses. 

Results: There was no difference between type I and II muscle fiber SC content prior to 
exercise. SC content significantly increased 24 h post-exercise in type II muscle fibers 
(from 0.085±0.012 to 0.133±0.016 SCs per fiber, respectively; P<0.05) whereas there 
was no change in type I fibers. In accordance, activation status increased from pre- to 
24 h post-exercise as demonstrated by the increase in the number of DLK1+ SCs in type 
II muscle fibers (from 0.027±0.008 to 0.070±0.017 SCs per muscle fiber P<0.05). Alt-
hough no significant changes were observed in the number of Ki-67+ SCs, we did ob-
serve an increase in the number of PCNA+ SCs after 24 h of post-exercise recovery.  

Conclusion: A single bout of high-force eccentric exercise increases muscle fiber SC 
content and activation status in type II but not type I muscle fibers.  
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INTRODUCTION 
Satellite cells (SCs) are skeletal muscle precursor cells that reside between the basal 
lamina and sarcolemmal membrane of their associated muscle fibers. In adult muscle, 
SCs are normally mitotically and metabolically quiescent (30). However, SCs can be-
come activated in response to various stimuli, including exercise. Following prolifera-
tion, SCs either differentiate donating their nuclei to existing myofibers, fuse together 
to form new myotubes or return to quiescence, thereby maintaining the resident basal 
pool of SCs through self-renewal (6, 12, 40). In accordance, myonuclear and satellite 
cell (SC) content has been shown to increase in response to more prolonged exercise 
training, with a concomitant increase in muscle fiber size (15, 20, 28, 29, 34, 37). 
During exercise training, SC activation, proliferation, and differentiation are key regula-
tory steps in the expansion of the SC pool that is required to allow for skeletal muscle 
reconditioning. Skeletal muscle SC content has been reported to increase by 30-150% 
after 24 h of recovery from a single bout of high-force eccentric exercise (7, 21, 26). 
Recent studies indicate that SC activation, proliferation, and differentiation following 
various stimuli are likely to occur in a fiber type specific manner (32, 34). However, it 
remains unknown whether acute exercise produces muscle fiber type specific changes 
in SC content. 
In advance of proliferation, SCs must become activated from the quiescent state. Re-
cent work has provided several markers to determine the number of active SCs in hu-
man skeletal muscle tissue. Markers such as DLK1 (5, 8, 20, 39), Ki-67 (19, 24) and PCNA 
(21) have been applied to evaluate the activation status of the SC pool in vivo in human 
skeletal muscle. In line with previous comments, no data are presently available regard-
ing potential fiber type specific activation of SCs during recovery from a single bout of 
high-force eccentric exercise. Moreover, various types of exercise show different fiber 
type recruitment patterns and, depending on the intensity of the exercise, display large 
differences in type I or II muscle fiber recruitment (25). High-force eccentric exercise is 
generally associated with more selective type II muscle fiber recruitment (25, 26) and 
type II muscle fiber damage (9, 10, 38). Therefore, we tested the hypothesis that a 
single bout of high-force eccentric exercise would lead to a more specific type II muscle 
fiber dependent increase in SC activation status and subsequent SC enumeration. 
To assess whether SCs are activated in a fiber type specific fashion we enumerated SCs 
following a high intensity eccentric leg extension protocol known to selectively activate 
type II fibers to a greater degree. For the first time we demonstrate that high force 
eccentric exercise activates SCs in a fiber type dependent manner, resulting in a fiber 
type specific increase in SC content following 24 h of post-exercise recovery. 
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METHODS  

Subjects 
Nine healthy, active men (23±1 y; 73±2 kg; 1.79±0.01 m) were recruited for the study. 
All subjects were habitually engaged in a variety of recreational exercise pursuits but 
none were trained in any particular sporting event. Their peak oxygen uptake 
(VO2peak), determined using on-line gas collection system (Moxus Modular VO2 Sys-
tem, AEI Technologies, Inc., Pittsburgh, PA) during a ramp test to exhaustion on an 
electronically braked cycle ergometer (Lode BV, Excalibur Sport V2.0, The Netherlands), 
was 52±3 mL•kg-1•min-1. Subjects were informed about the nature and risks of the 
experimental procedures before written consent was obtained. The experimental pro-
tocol was approved by the Hamilton Health Sciences/Faculty of Health Sciences Re-
search Ethics Board and conformed to all declarations on the use of human subjects as 
research participants.  

Experimental protocol 
Subjects initially reported to the laboratory on several occasions to become familiar 
with the experimental procedures and measurement devices. At least one wk following 
familiarization, subjects returned to the laboratory for a needle biopsy sample from the 
vastus lateralis muscle of a randomized leg. At least one wk following the pre-exercise 
(baseline) biopsy, subjects performed an acute bout of high-force eccentric exercise 
using a protocol (2) previously shown to induce ultrastructural muscle damage and 
reduced volitional force-generating capacity. Twenty-four hours following cessation of 
exercise, subjects returned to the lab for a post-exercise needle biopsy.  

Exercise protocol  
The exercise protocol consisted of 300 high-force eccentric actions of the knee exten-
sors performed on an isokinetic dynamometer (Biodex-System 3, Biodex Medical Sys-
tems, Inc., NY, USA). The protocol was based on the work of Beaton and colleagues (2) 
and was divided into 15 sets of 20 repetitions at a speed of 0.52 rad/s with 1 min rest 
intervals between sets.  

Physical activity and nutritional controls 
Subjects maintained their habitual diet over the course of the experiment. Diet was 
recorded for 24 h prior to and over the course of the pre-exercise measurements and 
food intake patterns were replicated prior to and during the post-exercise measure-
ment period. All muscle biopsies were performed in the morning following an overnight 
fast. Subjects refrained from caffeine ingestion and alcohol for 24 h prior to the pre and 
post-exercise measurement periods. Subjects also refrained from using any non-
steroidal anti-inflammatory drugs (NSAID) between the pre and post-exercise meas-
urement periods. Subjects did not perform any exhaustive physical activity for 48 h 



S a t e l l i t e  c e l l s  a n d  e c c e n t r i c  e x e r c i s e |  87  

 

prior to the pre-exercise measurements and the high-force eccentric exercise trial. Pre-
exercise and 24 h post-exercise measurements for a given subject were collected at the 
exact same time of day.  

Muscle biopsy sampling 
Muscle biopsies were obtained from the middle region of the vastus lateralis muscle 15 
cm above the patella and approximately 2 cm deep to the fascia by means of the percu-
taneous needle biopsy technique described by Tarnopolsky et al (33). Muscle biopsies 
were taken before and 24 h following the single bout of high-force eccentric exercise. 
Muscle biopsies were carefully freed from any visible fat and blood. Thereafter, ~40 mg 
tissue was embedded in Tissue-Tek (OCT, Tissue-Tek, Sakura Finetek, USA) and rapidly 
frozen in liquid nitrogen cooled isopentane. Muscle biopsies were stored at –80 ºC for 
subsequent histochemical analysis to determine myocellular characteristics. 

Immunohistochemical analysis  
Using a cryostat at -20ºC, all muscle biopsy samples were oriented in a cross-sectional 
direction and were cut in 5 µm sections. For each subject, muscle samples collected at 
pre- and 24 h post-exercise were mounted together on uncoated glass slides, and al-
lowed to air-dry for 30 min at room temperature before being stored at –20ºC for sub-
sequent analyses. Muscle cross-sections were stained for SC content and activation 
status using primary antibodies against CD56 (BD biosciences, San Jose, CA; dilution 
1:40), Pax7 (neat; Developmental Studies Hybridoma Bank [DSHB], Iowa City, IA), DLK1 
(monoclonal Anti-human Pref-1/DLK1/FA1 antibody; R&D systems, Minneapolis, USA; 
dilution 1:50), Ki-67 (Monoclonal Ki-67; Biocare Medical, Concord, CA, USA; dilution 
1:200), and PCNA (ab15497, Abcam Inc., USA; dilution 1:200). In addition, cross-
sections were stained for muscle fiber typing using primary antibodies against MHC-I 
(A4.951, [DSHB], Iowa City, IA; dilution 1:20) and laminin (polyclonal rabbit anti-laminin; 
Sigma, Zwijndrecht, The Netherlands; dilution 1:50). Secondary antibodies used were: 
goat anti-mouse IgG1/IgG (AlexaFluor488, Invitrogen, Molecular Probes Inc., USA, (dilu-
tion 1:200), goat anti-mouse IgG2b (Alexa555, dilution 1:500), goat anti-rabbit IgG 
(Alexa555, dilution 1:500), goat anti-rabbit IgG (Alexa350, dilution 1:133), goat anti-rat 
IgG (Alexa350, dilution 1:133) and goat anti-rabbit biotinylated IgG (Vector Labs, dilu-
tion 1:200) followed by streptavidin conjugated (Alexa594, Invitrogen Canada, dilution 
1:200). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; Molecular 
Probes; 0.238 μM).Muscle fiber type staining was performed as described previously 
(34-36). Briefly, after acetone fixation, muscle cross-sections were incubated for 60 min 
at room temperature with anti-laminin and anti-MHC-I, diluted in 0.05% Tween-PBS. 
Slides were then washed (3x5 min 1xPBS) and incubated for 30 min at room tempera-
ture with the appropriate secondary antibodies diluted together with DAPI (0.238 μM) 
in 0.05% Tween-PBS.  
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Figure 1 Representation of fiber type-specific analyses of skeletal muscle satellite 
cell content and activation status. (A) MHC-I+Laminin+Dapi staining from serial 
section of B; the marked area in A represents the same area as presented in 
frame B. The marked area in B is the same area as in i-iv. (i) 
Dapi+laminin+CD56+DLK1. (ii) Dapi+laminin. (iii) CD56 only. (iv) DLK1 only. Num-
bers indicate the type I and II muscle fibers. Image i-iv illustrates a CD56+/DLK1+ 
nucleus (top arrow) and a CD56+ nucleus (bottom arrow). 

 
After a final wash, slides were mounted with cover-slips using Mowiol (Calbiochem, 
Amsterdam, The Netherlands). The latter resulted in laminin stained in red, nuclei in 
blue, and MHC-I in green (Figures 1 and 2).For the muscle fiber type specific identifica-
tion and co-localization of SCs (CD56) with DLK1 or Ki-67, serial muscle cross-sections of 
the muscle fiber type slides were fixated in acetone (5 min) and then incubated at 4°C 
for 24 h with anti-CD56 and DLK1 or only anti-CD56 diluted in 0.05% Tween-PBS. Follow-
ing incubation, slides were washed (3x5 min 1xPBS) and incubated for 30 min with the  
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Figure 2 Representative image of a human muscle cross-section stained with 
CD56, Ki-67 and DAPI. Area inside the box is separated to show (i) Dapi+CD56+Ki-
67, (ii) Dapi (iii) CD56 only, (iv) Ki-67 only. Image i-iv illustrates a CD56+ nucleus 
positive for Ki-67. Scale bar = 50µm. 

 
appropriate secondary antibodies diluted in 0.05% Tween-PBS. Slides were then 
washed and incubated at room temperature with anti-laminin, or anti-laminin with 
anti-Ki-67 diluted in 0.05% Tween-PBS, for 60 and 120 min respectively. Following incu-
bation, slides were again washed and incubated for 30 min with appropriate secondary 
antibodies, diluted together with DAPI (0.283 µM) in 0.05% Tween-PBS. After a final 
wash, slides were mounted with cover-slips using Mowiol. This staining procedure re-
sulted in laminin stained in blue, nuclei in blue, CD56 in green, and DLK1 or Ki-67 in red 
(Figures 1 and 2). For the identification and co-localization of mixed muscle fiber SCs 
(Pax7) with PCNA, muscle sections were co-stained with cell-cycle marker PCNA. Stain-
ing procedures were as described previously (21). Briefly, following blocking (10% goat 
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serum; GS), sections were incubated with anti-Pax7 overnight at 4°C, washed and then 
incubated with the appropriate secondary antibody. After re-blocking in 5% GS, slides 
were incubated with anti-PCNA overnight. After several washes (1xPBS), sections were 
incubated in the appropriate secondary antibodies for 2 h. Sections were then washed, 
incubated with DAPI, and then washed and mounted with a fluorescent mounting me-
dium (Dako, Canada Inc., Canada). This staining procedure resulted in nuclei in blue, 
Pax7 in green, and PCNA in red (Figure 3). 

 

 

Figure 3 Representative image of a human muscle cross-section stained with Pax7, PCNA and DAPI. Area 
inside the box is separated to show (i) Dapi+Pax7+PCNA. (ii) Dapi. (iii) only Pax7. (iv) only PCNA. Image i-iv 
illustrates a Pax7+ nucleus negative for PCNA (top arrow) and a Pax7+/PCNA+ nucleus (bottom arrow). Scale 
Bar = 50µm. 
 

Data analyses 
RGB-images were recorded and processed as described previously using a Nikon E800 
fluorescence microscope (Nikon Instruments Inc., Europe) or a Nikon Eclipse 90i Micro-
scope (Nikon Instruments Inc., USA). All image recordings and analyses were performed 
by an investigator blinded to subject coding and/or study design and staining specificity 
was determined with the appropriate negative controls for each stain.  
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Images from fiber type stained muscle cross-sections were captured at a 20x objective. 
Within each image, the number of fibers, the mean fiber cross-sectional area (CSA), the 
number of myonuclei per fiber, and the mean fiber area per nucleus (fiber 
CSA/#myonuclei) were assessed for type I and II muscle fibers. Fiber circularity was 
calculated as (4π•CSA)/(perimeter)2. No differences in fiber circularity were observed 
over time or between fiber types. For mixed muscle and fiber type specific SC analyses, 
images were captured at a 40x objective to allow clear SC localization. Laminin was 
used to visualize the basement membrane. Fiber typing was determined by matching 
the serial muscle fiber type slides. SCs were determined at the periphery of each fiber 
and stained positive for both DNA (DAPI) and CD56 or Pax7. The number of SCs per 
muscle fiber was calculated for mixed muscle and type I and II muscle fibers separately. 
To determine the activation status, co-localization of SCs with cell-cycle markers DLK1, 
Ki-67, or PCNA was assessed in all muscle samples. Mixed muscle DLK1+, Ki-67+ and 
PCNA+ SCs per muscle fiber were calculated. The proportion of SCs staining positive for 
DLK1, Ki-67 or PCNA [#SCs staining positive for DLK1, Ki-67, or PCNA/ #SCs] were then 
calculated. In addition, the number and proportion of DLK1+ and Ki-67+ SCs were also 
calculated for type I and type II muscle fibers separately. We were unable to reliably 
quantify fiber type specific SCs and Ki-67 in 1 subject and DLK1 in 2 subjects. An average 
of 424±53, and 440±34 muscle fibers were analyzed for muscle fiber typing and 279±77 
and 296±82 muscle fibers were used to assess SC content and activation status in each 
muscle biopsy sample collected prior to exercise and after 24 h of post-exercise recov-
ery.  

Statistical analyses 
All mixed muscle fiber data were analyzed using a two-tailed paired t-test (Sigma Stat 
3.1, Point Richmond, California). All fiber type specific data were analyzed using a two-
factor (fiber type x time) repeated measures analysis of variance (ANOVA). The level of 
significance for all analyses was set at P<0.05 and significant interactions and main 
effects were subsequently analyzed using a Tukey post hoc test.  

RESULTS 

Muscle fiber type distribution and fiber area 
Muscle fiber type composition was 44±5% type I and 56±5% type II muscle fibers. The 
proportion of muscle fiber area occupied by type I and type II muscle fibers was 37±5 
and 63±5%, respectively. Muscle fiber area was significantly greater in type II compared 
with type I fibers (6833±611 vs 6039±478 µm², respectively; P<0.05). No differences 
were observed in fiber type distribution and/or muscle fiber size before exercise and 
after 24 h of recovery from the single bout of high-force eccentric exercise (Table 1). 
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Figure 4 Mean number of satellite cells (SC) in type I and type II muscle fibers before (pre) and 24 
h after (post) 300 high-force eccentric actions of the knee extensors (A). Mean number of satellite 
cells (SC) in type I and II muscle fibers that stained positive for DLK1 before (pre) and 24 h after 
(post) 300 high-force eccentric actions of the knee extensors (B). *Significantly different compared 
with pre-exercise value (P<0.05); Values are means±SEM. 
 

Myonuclear and satellite cell content 
No changes in mixed muscle myonuclear content and myonuclear domain size were 
observed between pre and 24 h post-exercise samples (Table 1). Furthermore, when 
expressed per fiber type, myonuclear content and myonuclear domain showed no sig-
nificant changes over time (Table 1). For mixed muscle, the number of SCs per muscle 
fiber did not change after 24 h of recovery (from 0.091±0.009 to 0.114±0.011, respec-
tively; P=0.15). However, when SC content was expressed in a fiber type specific man-
ner the number of SCs per type II muscle fiber increased significantly after 24 h of re-
covery (from 0.085±0.012 to 0.133±0.016, respectively; P<0.05; Figure 4A) whereas no 
changes in type I muscle fiber SC content were observed (Figure 4A).  

Satellite cell activation status 
DLK1: Pre-exercise mixed muscle DLK1 expression was observed in 38±9% of all SCs. 
The number of SCs expressing DLK1 per muscle fiber increased significantly over time 
(from 0.029±0.006 to 0.057±0.011, respectively P<0.05). When the number of DLK1+ 
SCs was expressed per muscle fiber type, no significant differences were observed be-
tween type I and type II muscle fibers at baseline (0.034±0.007 and 0.027±0.008, re-
spectively). However, 24 h after exercise, the number of SCs expressing DLK1 had in-
creased in the type II muscle fibers only (from 0.027±0.008 to 0.070±0.017, respective-
ly; P<0.01; Figure 4B).  
Ki-67: No Ki-67+ SCs were observed in any of the pre-exercise samples. No significant 
changes in the percentage of SCs expressing Ki-67 were observed over time. In the 
muscle biopsy samples obtained after 24 h of post-exercise recovery, Ki-67 protein 
expression became apparent in 4 out of 8 subjects. Three out of these 4 subjects 
showed a 4-20% increase in Ki-67+ SCs in the type I or II muscle fibers, whereas one 
subject revealed a 42% and 78% increase in the percentage of SCs expressing Ki-67 in 
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the type I and type II muscle fibers respectively, following 24 h of post-exercise recov-
ery. 

 

Figure 5 Mean number of 
satellite cells (SC) in mixed 
muscle fibers that stained 
positive for PCNA before (pre) 
and 24 h after (post) 300 high-
force eccentric actions of the 
knee extensors. *Significantly 
different compared with pre-
exercise value (P<0.01). Values 
are means±SEM. 

PCNA: In the pre-exercise samples, 13±3% of the SCs expressed PCNA. The percentage 
of SCs stained positive for PCNA increased significantly 24 h following high-force eccen-
tric exercise (from 13±3 to 34±3%; P<0.001). In accordance, the number of PCNA+ SCs 
expressed per muscle fiber increased from pre to 24 h post-exercise (0.02±0.01 vs. 
0.07±0.01, respectively; P<0.05; Figure 5). 

DISCUSSION 
The present study is the first to demonstrate that a single bout of high-force eccentric 
exercise activates SCs and augments SC content following 24 h of post-exercise recov-
ery in a muscle fiber type specific manner. Twenty-four hours following a single session 
of high-force eccentric exercise, type II muscle fiber SC activation status was increased 
and accompanied by a 73±29% increase in SC number whereas type I muscle fibers 
showed no changes in SC activation status or content.  
In the present study, we assessed the impact of a single session of high-force eccentric 
exercise on subsequent SC activation and enumeration in a muscle fiber type depend-
ent manner. We particularly selected eccentric exercise, as this has been reported to 
result in selective recruitment (25, 26) and damage of the type II muscle fibers (9, 10, 
38). In the present study, mixed muscle SC content tended (P=0.15) to increase follow-
ing 24 h of post-exercise recovery. Previous work has either reported a measurable (7, 
21, 23, 27) or no measurable (20) increase in SC content following 24 h of recovery 
from a single bout of exercise. The apparent discrepancy in the literature is likely at-
tributed to the lack of fiber type specificity in the assessment of SC content in these 
studies. Many of the changes in SC content in senescent muscle (36) or following pro-
longed resistance-type exercise training (34, 37) are fiber type specific. Therefore, it is 
important to consider fiber type specific changes in SC content as demonstrated in the 
present investigation. Despite the lack of significant changes in mixed muscle SC con-
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tent, we observed a substantial 73±29% increase in type II muscle fiber SC content 
(Figure 4). In contrast, no changes could be observed in type I muscle fiber SC content. 
These findings imply that previous reported findings on the proposed impact of exer-
cise on subsequent expansion of the SC pool may have been hampered by the lack of 
fiber type dependent analyses. Clearly, the observation of such a fiber type specific 
impact of eccentric exercise on the increase in the SC content punctuates the need for 
the acquisition of fiber type specific data.  
Satellite cell activation is a necessary component of the myogenic program in advance 
of division. Therefore, in the present study we also assessed fiber type specific SC acti-
vation status in muscle biopsy samples taken before exercise and after 24 h of post-
exercise recovery. Various tissue markers have been suggested to identify the activa-
tion status of SCs by immunohistological staining (14, 19-21). DLK1 is a member of the 
epidermal growth factor super-family and is believed to play an important role in skele-
tal muscle myogenesis (8). Previous in vivo studies in humans have already shown that 
DLK1 is co-localized within muscle SCs (1, 18, 19). In addition, we have previously re-
ported that the number of DLK1+ SCs increases within a post-exercise recovery period 
as short as 9 h (31). In the present study we observed no baseline differences in the 
number of DLK1+ SCs between type I and type II muscle fibers. A significant increase in 
DLK1+ SCs (199±88%) was observed after 24 h of post-exercise recovery in the type II 
muscle fibers only. The greater number of SCs expressing DLK1 agrees with the type II 
muscle fiber type specific increase in SC content.  
We further characterized fiber type specific SC activation status using cell markers Ki-67 
and PCNA. Ki-67 is selectively expressed in cells during the active stages of the cell cycle 
(11) and has previously been successfully applied to assess SC activation status in skele-
tal muscle tissue (4, 19, 24). These studies have demonstrated that during resting con-
ditions, the number of proliferating SCs is quite low (19, 24). In accordance, we did not 
find any SCs co-expressing Ki-67 in our pre-exercise muscle samples. To date, only a few 
studies have examined the number of proliferating SCs using Ki-67 following exercise 
(24) or electrical stimulation (19). In the present study, we observed an increase in the 
number of Ki-67+ SCs in 4 out of the 8 subjects in both muscle fiber types. Consequent-
ly, no significant changes in the proportion of SCs expressing Ki-67 were observed 24 h 
after the single bout of eccentric exercise. However, the substantial rise in both SC 
content and the number of DLK1+ SCs implies that the proliferative drive of the SC pool 
may be increased. Therefore, we also used PCNA as an alternative marker that has 
previously been used to identify SCs during the active stages of the cell-cycle (21). To 
establish whether PCNA would yield different results in the present study we co-stained 
Pax7 with PCNA. We observed that 13±3% of the SCs were PCNA+ at baseline. Moreo-
ver, this proportion of PCNA+ SCs had increased significantly to 34±2% following 24 h of 
recovery. However, the PCNA protein has a relatively long half-life time (±20 h) com-
pared with the Ki-67 protein (60-90 min) (3, 13), which will likely result in the detection 
of ‘residual’ PCNA expression, even when the SCs are exiting the M Phase of the cell 
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cycle. The latter may explain the difference between the Ki-67 and PCNA results ob-
served in the current study. It could be speculated that PCNA does not merely repre-
sent a marker of SCs that are proliferating, but also detects those SCs that have under-
gone proliferation within a certain time frame prior to muscle biopsy collection. In fact, 
those SCs expressing PCNA may have already progressed further through the myogenic 
program, and thus may include SCs returning to quiescence (i.e. self-renewal) as well as 
SCs progressing towards terminal differentiation. Unfortunately, as fiber type specific 
staining for SCs with PCNA has so far proven unsuccessful we did not obtain fiber type 
specific data. 
In the present study, we demonstrate a significant increase in SC number 24 h after 
performing an exercise bout composed of 300 eccentric actions. These data seem to be 
at odds with McKay et al. (22) who did not show a significant increase in the number of 
SCs in the S phase of the cell cycle until 48 h after performing a bout of resistance-type 
exercise (80 repetitions at 75% of 1 repetition maximum). In contrast, the presented 
data are supported by work from others (7, 27) as well as earlier studies by McKay and 
colleagues (21, 23), all of whom report significant increases in SC enumeration within 
24 h after high-force eccentric exercise. Clearly, a lower-intensity concentric stimulus 
(75% of subject’s 1RM x 80 contractions; (22) may not elicit the same level of response 
compared with higher-intensity eccentric stimuli (100% MVC x 300 eccentric actions 
(21, 23). Consequently, it is more than likely that the mode of exercise, the contraction 
type, and the intensity level at which the exercise is performed modulate the level and 
timeline of post-exercise SC activation and enumeration.  
Recent studies clearly indicate that fiber type specific changes in SC content and activa-
tion status are of considerable interest (31, 34, 37). The present study shows that in 
response to a single bout of high-force eccentric exercise a substantial increase in SC 
activation status and a concomitant rise in SC content occurs in a type II muscle fiber 
specific manner. These results support the notion that SCs respond to anabolic stimuli 
in line with the expected fiber type recruitment pattern (38). The latter may have im-
portant clinical relevance to develop more effective nutritional and/or exercise inter-
ventions in an effort to modulate muscle structure and function in both health and 
disease with particular relevance concerning the preferential type II muscle fiber atro-
phy with aging (16, 17, 36).  
In conclusion, a single bout of high-force eccentric exercise induces a type II muscle 
fiber specific increase in SC activation and enumeration within 24 h of post-exercise 
recovery in young, healthy men. This study stresses the need for more fiber type specif-
ic assessment of SC activation, proliferation, and differentiation upon various anabolic 
stimuli in both health and disease.  
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ABSTRACT 
Introduction: Skeletal muscle satellite cells (SCs) have been shown to be instrumental in 
the muscle adaptive response to exercise. The present study determines age-related 
differences in SC content and activation status following a single bout of exercise.  

Methods: Ten young (22±1 years) and 10 elderly (73±1years) men performed a single 
bout of resistance type exercise. Muscle biopsies were collected before and 12, 24, 48 
and 72 h after exercise. SC content and activation status were assessed in type I and 
type II muscle fibers by immunohistochemistry. Myostatin and MyoD protein and mes-
senger RNA (mRNA) expression were determined by Western blotting and rtPCR, re-
spectively. 

Results: In response to exercise, it took 48 h (young) and 72 h (elderly) for type II mus-
cle fiber SC content to exceed baseline values (P<0.01). The number of myostatin+ SC in 
type I and II muscle fibers was significantly reduced after 12, 24, and 48 h of post-
exercise recovery in both groups (P<0.01), with a greater reduction observed at 24 and 
48 h in the young compared with that in the elderly men (P<0.01).  

Conclusion: The increase in type II muscle fiber SC content during post-exercise recov-
ery is delayed with aging and is accompanied by a blunted SC activation response. 
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INTRODUCTION 
The age-related loss of skeletal muscle mass is characterized by a reduction in muscle 
fiber cross-sectional area and number, and specific type II muscle fiber atrophy (25, 54). 
This decline in type II muscle fiber cross-sectional area is accompanied by a muscle fiber 
type-specific decline in the number of skeletal muscle satellite cells (SCs) (54). These 
SCs represent a small pool of myogenic precursor cells, which are essential for muscle 
fiber maintenance, repair, and growth. Although SCs typically reside in a quiescent 
state, they can become activated following exercise and/or skeletal muscle fiber dam-
age (32, 37). Following activation, SCs can proliferate and subsequently differentiate to 
form new myonuclei, or return to a quiescent state to replenish the resident pool of 
SCs. 
Physical activity has been shown to stimulate muscle protein synthesis, resulting in net 
muscle protein accretion (41, 57). However, it has been suggested that adequate SC 
activation, proliferation, and differentiation are required to allow substantial muscle 
fiber hypertrophy during more prolonged exercise training (13, 40). The progression of 
SCs through the various stages of activation, proliferation, and/or differentiation is 
mediated by the expression of different myogenic regulatory factors, or MRFs (MyoD, 
Myf-5, Myogenin, and Mrf4) (60). In addition, myostatin has been suggested to be of 
key importance in SC function during muscle fiber growth (20, 46). As a member of the 
transforming growth factor-β (TGF-β) family, myostatin acts as a strong negative regu-
lator of skeletal myogenesis (22, 35). It has been suggested that myostatin may be a 
crucial mediator in the age-related loss of muscle mass (46). An inability to properly 
downregulate myostatin may be of significant importance in the reduced myogenic 
capacity typically observed in aged human skeletal muscle in response to anabolic 
stimuli (24, 34). Likewise, the upregulation and/or downregulation of messenger RNA 
(mRNA) expression of the MRF proteins in response to a single bout of resistance type 
exercise has been shown to be altered in elderly (6, 10), which might be indicative of 
impairments in SC function in senescent muscle.  
In support of a reduced SC responsiveness with aging, previous studies have indicated 
that the exercise-induced increase in SC content may be attenuated in the elderly. 
Dreyer et al. (2006) showed that 24 h following a single bout of eccentric exercise, the 
increase in SC content was greater in young (+141%) when compared with that in elder-
ly (+51%) men. In a more recent study, McKay et al. (2012) assessed changes in type I 
and type II muscle fiber SC content during 48 h of post-exercise recovery in young and 
elderly men. This study showed that type II muscle fiber SC content increased in the 
young but not in the elderly men during the first 48 h of post-exercise recovery (34). 
The inability to properly increase the SC pool size in response to exercise might con-
tribute to the reduced skeletal muscle adaptive response to exercise training that has 
typically been observed in the elderly (18, 39) and may predispose to the development 
of sarcopenia. Even though McKay et al. (2012) did not show any detectable increases 
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in type II muscle fiber SC content following a single bout of exercise, it has been well 
established that in response to prolonged resistance type exercise training, type II mus-
cle fiber hypertrophy is accompanied by a concomitant increase in type II muscle fiber 
SC content in healthy elderly (23, 52). So far, only limited data exist on the time-
dependent changes in SC content and activation status during post-exercise recovery in 
human skeletal muscle. A more comprehensive understanding of the timeline of the 
changes in SC activation, proliferation, and differentiation during post-exercise recovery 
in both young and elderly adults is required to understand the potential underlying 
mechanisms responsible for the blunted increase in muscle mass and strength ob-
served in senescent muscle. Therefore, in the present study, we assessed type I and 
type II muscle fiber SC content and activation status following 12, 24, 48, and 72 h of 
recovery from a single bout of resistance type exercise in both young and elderly men. 
This is the first study to show that the increase in type II muscle fiber SC content is de-
layed and accompanied by a blunted SC activation response in healthy elderly men. 

METHODS 

Participants 
Ten healthy young (22±1 years) and 10 healthy elderly (73±1 years) men were recruited 
to participate in this study. Participants were informed about the nature and risks of 
the experimental procedures before their written consent was obtained. The study was 
approved by the Medical Ethical Committee of the Maastricht University Medical Cen-
tre+, and complied with the guidelines set out in the Declaration of Helsinki. Medical 
history of all participants was evaluated and a resting electrocardiogram was per-
formed before selection. Exclusion criteria were defined that would preclude successful 
participation in the exercise session, which included (silent) cardiac or peripheral vascu-
lar disease and orthopedic limitations. Body composition (fat and fat-free mass) was 
determined by Dual Energy X-Ray Absorptiometry scan (DEXA; Hologic Inc., Bedford, 
USA). Lean mass and percentage body fat were determined on a whole body level and 
for specific regions (e.g., trunk and legs). Next, all eligible men participated in an orien-
tation trial to become familiarized with the resistance type exercise protocol and the 
equipment. Proper lifting technique was demonstrated and then practiced by the par-
ticipants for each of the two lower-limb exercises (leg press and leg extension). Subse-
quently, maximal strength (one-repetition maximum, or 1-RM) was determined by 
using the multiple repetitions testing procedure during two separate visits (28).  

Protocol 
At 08:00 h, following 24 h of a controlled diet, participants reported to the lab after an 
overnight fast. Following 30 min of supine rest, a muscle biopsy was taken from the M. 
vastus lateralis. Thereafter, participants were provided with a standardized breakfast. 



S a t e l l i t e  c e l l  r e s p o n s e  a f t e r  e x e r c i s e  i n  y o u n g  a n d  o l d |  103  

 

After breakfast, participants rested for 30 min after which they performed a single bout 
of exercise. The single bout of resistance type exercise consisted of two different exer-
cises. Participants performed 6 sets of 10 repetitions at 75% 1-RM on the horizontal leg 
press machine (Technogym BV, Rotterdam, The Netherlands) and six sets of 10 repeti-
tions at 75% 1-RM on the leg extension machine (Technogym BV). A resting period of 2 
min between sets was allowed. The entire protocol required approximately 40 min to 
complete. All participants were verbally encouraged during the test to complete the 
whole protocol. Before and after the exercise session, a 5-10 min warm up/cooling 
down at low intensity was performed on a cycle ergometer. At the end of the exercise 
protocol, the participants rested for 3 h in a supine position. At 12:30 h, participants 
received a standardized lunch, after which participants were provided with a standard-
ized dinner for the same evening. At 20:30 h, participants reported back to the labora-
tory for collection of a muscle biopsy and blood sample (t=12 h). Exactly 24, 48, and 72 
h after the start of the exercise, a third, fourth, and fifth muscle biopsy and blood sam-
ple were collected.  

Diet and physical activity standardization  
During the entire 4-day intervention period, all participants consumed a controlled diet. 
Participants’ energy requirements were calculated using the Harris and Benedict equa-
tions with a physical activity index of 1.4 (11). On average, the young men consumed 
150±6 kJ·kg bw-1·d-1, consisting of 70±1 En % carbohydrate, 13±1 En% protein (equal to 
1.16±0.03 g protein·kg bw-1·d-1) and 20±1 En % fat. Elderly men consumed 125±4 kJ·kg 
bw-1·d-1, consisting of 65±1 En % carbohydrate, 15±1 En % protein (equal to 1.11±0.04 g 
protein·kg bw-1·d-1) and 22±1 En % fat. All volunteers were instructed to refrain from 
any sort of heavy physical exercise 3 d before the first test day until the day of the last 
blood and muscle biopsy sampling. 

Muscle biopsy 
Muscle biopsies were obtained from the middle region of the vastus lateralis muscle, 
~15 cm above the patella and approximately 2 cm away from the fascia by means of the 
percutaneous needle biopsy technique described by Bergström et al. (1975). Muscle 
biopsies were carefully freed from any visible fat and blood, with one part embedded in 
Tissue-Tek (Sakura Finetek Europe B.V., Zoeterwoude, Netherlands) and rapidly frozen 
in liquid nitrogen cooled isopentane, while another part was directly frozen in liquid 
nitrogen and stored at –80 ºC for subsequent histochemical and biochemical analysis, 
respectively. 
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Figure 1 Representation of skeletal muscle satellite cells (SC) and MyoD in mixed muscle fibers. A: Lam-
inin (yellow) + Dapi (blue) + Pax7 (green) + MyoD (red). B: Laminin + Pax7. C: Laminin + MyoD. D: Pax7 + 
MyoD. E: Dapi + Pax7. F: Dapi + MyoD. Arrows point at SCs. Asterisk indicates an activated SC. 

Immunohistochemical analysis  
From all muscle biopsy samples, 5-µm-thick cross-sections were cut at -20 ºC using a 
cryostat. Muscle samples collected before and after 12, 24, 48, and 72 h of post-
exercise recovery from each individual participant were mounted together on uncoated 
glass slides and air-dried for 3 h at room temperature before being stored at –20 ºC for 
subsequent analyses. All muscle cross sections were stained with antibodies against 
Pax7 (supernatant from growing cells; neat; DSHB), myostatin (near C-terminus; 1:100; 
AB3239; Millipore, Etobicoke, ON, Canada) previously validated to detect the C-
terminal (active) myostatin (2, 12); MyoD1 (anti-MyoD1; clone 5.8A; Dako, Burlington, 
ON, Canada); A4.951 [myosin heavy chain type I (MHCI; slow isoform); supernatant; 
neat; DSHB], and laminin (1:1000; L8271, Sigma- Aldrich, Oakville, ON, Canada, and 
Abcam ab11575, Abcam, Cambridge, MA, USA). Appropriate secondary antibodies were 
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applied: Dylight 488 (1:500, Thermo Scientific, Ontario, ON, Canada), Alexa Fluor 594, 
(1:500, Invitrogen, Molecular Probes, Carlsbad, CA, USA), biotinylated secondary anti-
body, (1:200; Vector Canada, Burlington, ON, Canada) streptavidin-594 fluorochrome 
(1:500; Invitrogen, Molecular Probes), Alexa Fluor 488 (1:500), Alexa Fluor 594 (1:500), 
and Alexa Fluor 647 (1:500); Alexa Fluor 350 (1:20), Alexa Fluor 488 (1:500), Alexa Fluor 
647 (1:500). The immunohistochemical staining procedures were adapted from previ-
ously published methods (34, 48). All stained muscle samples were viewed with the 
Nikon Eclipse 90i microscope outfitted with a high-resolution QImaging camera for 
fluorescence detection (Nikon Instruments, Melville, NY, USA), and images were cap-
tured with a 40X objective and analyzed using the Nikon NIS Elements AR 3.0 software 
(Nikon Instruments). Fiber circularity was calculated as (4π•cross-sectional area 
(CSA)/(perimeter)2. For each subject, fiber type distribution (fiber%: number of type I 
fibers/total fiber number), fiber CSA fiber area percentage (CSA%: the area percentage 
occupied by type I fibers, calculated by multiplying type I fiber% and type I CSA, and 
then dividing by total area), number of SCs per fiber, and number of SC per square 
millimeters of muscle fiber area were determined for the type I and type II muscle fi-
bers, separately. In addition, we determined the number of SC stained positive for My-
oD or Myostatin (see Figure 1 and 2 for representative images of the immunohistologi-
cal analyses, respectively). As described previously (26), at least 75 type I and 75 type II 
muscle fibers were included to make a reliable estimation of SC content in human mus-
cle biopsy samples (Table 1). Slides were masked for both groups and time points. Due 
to technical difficulties, MyoD+ SCs were only assessed in mixed muscle fiber in 14 out 
of 20 participants (6 young and 8 elderly men), whereas the number of myostatin+ SCs 
was determined in type I and type II muscle fibers separately in all participants (10 
young and 10 elderly men). Representative images of the immunohistological analyses 
are provided in Figures 1 and 2. 
 

Table 1 Characteristic of immunohistological analyses

  Young Old 

  Type I Type II Type I Type II 

Fiber number Pre 112±10 109±8 103±18 87±11 

 12 h 114±17 120±14 116±9 101±9 

 24 h 105±13 104±12 86±9 97±12 

 48 h 94±11 86±6 99±12 97±11 

 72 h 96±9 102±7 99±13 91±8 

Values are means±SEM; Fiber number: the number of fibers included in the fiber type-specific immunohisto-
logical analyses of satellite cell content 
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Figure 2 Representation of fiber type-specific analyses of skeletal muscle 
satellite cell (SC) content and myostatin in both a healthy old (Ai) and young 
(Aii) man. Ai-ii: MHCI (green) + laminin (green) + Dapi (blue) + Pax7 (red) + 
myostatin (yellow) staining. B: MHCI + laminin + Pax7. C: MHCI + laminin + 
myostatin. D: MHCI + laminin + Dapi. E: Dapi + Pax7. F: Dapi + myostatin. G: 
Dapi only. H: Pax7 only. I: myostatin only. Arrows point at the SCs. 

Quantitative rtPCR 
Total RNA was isolated from 10-20 mg of frozen muscle tissue using Trizol® Reagent 
(Invitrogen), according to the manufacturer’s protocol. Total RNA quantification was 
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carried out spectrophotometrically at 260 nm (NanoDrop ND-1000 Spectrophotometer, 
Thermo Fisher Scientific, USA), and RNA purity was determined as the ratio of readings 
at 260/280 nm. The first-strand complementary DNA (cDNA) was synthesized from 1-µg 
RNA sample using iScriptTM cDNA synthesis kit (BIO-RAD). Taqman PCR was carried out 
using 7300 Real Time PCR system (Applied BioSystems, USA) with 2 µL of cDNA (diluted 
five times), Mastermix: Taqman® Gene Expression Mastermix (Applied Biosytems) was 
added resulting in a total volume of 25 µL. Taqman primer/probe sets were obtained 
from Applied Biosystems (Taqman® Gene Expression Assays): myogenin, MyoD, and 
myostatin; primers are listed in Table 2. Each sample was run in duplicate. The house-
keeping gene hydroxymethylbilane synthase (HMBS) was used as an internal control. 
The thermal cycling conditions used were 2 min at 50oC, 10 min at 95oC, followed by 40 
cycles at 95oC for 15 s and 60oC for 1 min. Ct values of the target gene were normal-
ized to Ct values of the internal control HMBS, and final results were calculated accord-
ing to the 2-∆∆Ct method. The muscle biopsy attained before the single bout of exercise 
was used as a reference and given a value of 1, and fold changes at 12, 24, 48, and 72 h 
of post-exercise recovery were calculated. 

Table 2 qRT-PCR probes 

Gene Name Probe number NCBI Gene 
ID Number 

Myostatin Hs 00193363 2660
MyoD Hs 00159528 4654
Myogenin Hs 00231167 4656
HMBS Hs 00609297 3145

MyoD, myogenic determination factor; HMBS, hydroxymethylbilane synthase

Western blotting 
From each muscle sample frozen for biochemical analyses, 30-40 mg was homogenized 
in Tris buffer (50 mM, 1mM EDTA, 1mM EGTA, 0.1% Nonidet P40, 0.1% 2-
mercaptoethanol pH 7.4) supplemented with the following protease and phosphatase 
inhibitors: aprotinin 2mg/mL, leupeptin 2mg/mL, benzamidine 300 mM, and PMSF 100 
mM. After homogenization, each muscle extract was centrifuged for 5 min at 10,000 g 
(4ºC) and supernatant was used as nuclear fraction. Sample buffer was added to the 
supernatant to a final concentration of 60 mM Tris, 5% glycerol,and 20 mg/mL SDS, 
0.1mM DTT, 20 µg/mL bromophenol blue and was then boiled for 5 min at 100 ºC and 
subsequently cooled on ice. Immediately before analyses, the muscle extraction sample 
was warmed to 50 ºC and centrifuged for 1 min at 3,000 g (RT). Total amount of sample 
loaded on the gel was based on weight (3.125 mg muscle per lane). Protein samples 
were run on a 4-15% Criterion Tris-HCl gel (Biorad Order No. 3450027) for 10 min at 50 
V (constant voltage) and 1 h 40 min at 120 V (constant voltage) and transferred onto a 
polyvinylidene difluoride membrane (PVDF) in 1 h 30min at constant 500 mA. Specific 



108  |  C h a p t e r  6  

proteins were detected by incubation with specific antibodies in 1% bovine serum al-
bumin (BSA) in 0.1% phosphate-buffered saline (PBS)-Tween 20 after blocking in 1% 
BSA in 0.1% PBS-Tween (Sigma Order No. A6003-25G). The antibodies used in this study 
were anti MyoD (37 KD; rabbit polyclonal IgG, Santa Cruz sc-760), anti Myostatin (50 
KD; rabbit polyclonal IgG; Santa Cruz sc-6885-R) and anti α-actin (42 KD; mouse mono-
clonal IgM; Sigma A2172). Following incubation, membranes were washed (3 x 5 min) in 
0.1%PBS-Tween 20 and incubated (1 h at RT) with the appropriate secondary antibody, 
polyclonal rabbit anti-mouse IgG-HRP (Dako, P0161) and polyclonal swine anti-rabbit 
IgG-HRP (Dako, P0399) dissolved in % BSA 0.1 % PBS-Tween 20. After a final wash step 
(3 x 5 min) in 0.1% Tween20-PBS the membranes were incubated with Supersignal 
West Dura Extended Duration Substrate (Thermo Scientific, No. 340760) for 1 min. 
Visualization and quantification of the protein bands were enabled by Biorad universal 
hood II and Chemidoc XRS camera and Quantity One 4.6.5 software, respectively. 

Statistics 
All data are expressed as means±SEM. An independent samples Student’s t test was 
used to compare differences between groups at baseline. Data were analyzed using a 
two-way repeated measures ANOVA with group (young vs old) as between-subject 
factor and time (before exercise (pre-) vs 12, 24, 48, or 72 h post-exercise recovery) and 
fiber type (type I vs II) as within-subject factors. In the two-way repeated measures 
ANOVA design, post-exercise time points were compared with baseline values only and 
Bonferroni corrections were applied to account for multiple comparisons to baseline. 
Separate analyses (within groups or within fiber type) were performed in case signifi-
cant interactions and Bonferroni corrections were applied to correct for multiple test-
ing. Statistical significance was set at P<0.05. All calculations were performed using 
SPSS 19.0 (Chicago, IL). 

RESULTS 

Subject characteristics 
Characteristics of both groups are presented in Table 3. Muscle strength as assessed by 
1-RM; both leg press and leg extension were significantly lower in the elderly (168±8 
and 84±3 kg, respectively) compared with that in the young men (214±7 and 137±4 kg, 
respectively; P<0.001). In accordance, leg lean mass was significantly lower in the older 
compared with the young men (18.4±0.5 vs 21.1±0.4 kg, respectively; P<0.001).  

Muscle fiber cross-sectional area and fiber type distribution 
No significant differences were observed in type I muscle fiber cross-sectional area 
between groups. In contrast, type II muscle fiber cross-sectional area was significantly 
smaller in the older compared with that in the young men (5574±371 vs 7584±390 µm2, 
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respectively; P<0.01). Furthermore, in the healthy young men, muscle fiber cross-
sectional area was significantly greater in type II compared with type I fibers (P<0.01; 
Table 4). In contrast, type II muscle fiber cross-sectional area was significantly smaller 
than type I muscle fiber cross-sectional in the elderly men (P<0.01; Table 4). No differ-
ences in fiber type distribution (fiber % and/or CSA%) nor in fiber circularity were ob-
served between young and elderly men (Table 4). In addition, no changes were ob-
served in muscle fiber cross-sectional area, fiber type distribution, and/or fiber circular-
ity within the 72 h of post-exercise recovery (data not shown).  

Table 3 Subjects’ characteristics

 Young Old
Age (yr) 22±1 73±1*
Height (m) 1.82±0.02 1.75±0.02* 
Weight (kg) 76±2 79±3
BMI (kg/m2) 23.0±0.6 25.7±0.8* 
Whole body lean mass (kg) 58.4±1.2 55.9±1.9
Leg lean mass (kg) 21.1±0.4 18.4±0.5* 
Whole body fat (%) 15±2 22±1*
1-RM leg press (kg) 214±7 168±8*
1-RM leg extension (kg) 137±4 84±3*
Values are means±SEM; n =10 per group. BMI, body mass index; 1RM, one repetition 
maximum; * significantly different compared with young men. 

 

Table 4 Muscle fiber distribution and fiber area

 Fiber type Young Old 
Fiber circularity I 0.77±0.01 0.75±0.01 
 II 0.77±0.01 0.72±0.01 
Fiber type distribution (Fiber%) I 51±3 56±5 
 II 49±3 44±5 
Fiber type distribution (CSA%) I 47±4 57±4 
 II 53±4 43±4 
Muscle fiber CSA (µm²) I 6316±486 6566±364 

 II 7584±390# 5574±371#* 
Data represent means±SEM. CSA: cross-sectional area. #: significantly different compared with type I muscle 
fibers (P<0.05). *: Significantly different compared with young (P<0.05).  

Satellite cell content 
At baseline, the number of SCs in the type II muscle fibers was significantly lower in the 
elderly compared with that in the young men (0.077±0.005 vs 0.102±0.007 SCs per 
muscle fiber, respectively; P<0.01). The number of SC per type I muscle fiber had signif-
icantly increased after 12 (+14±5 and +10±7%; P<0.01), 48 (+42±12 and +40±8%; 
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P<0.001), and 72 h (+49±18 and +45±19%; P<0.001) of recovery when compared with 
pre-exercise values in both the young and the elderly men, respectively (Figure 3A). At 
24 h post-exercise, type I muscle fiber SC content tended to be greater compared to 
baseline values in both groups (Figure 3A; P=0.052). Type II muscle fiber SC content was 
significantly increased at 48 (+34±11% P<0.001) and 72 h (+48±15%; P<0.001) after the 
single bout of exercise in the healthy young men, with a non-significant increase also 
observed at 24 h (P=0.052). In contrast, type II muscle fiber SC content was only in-
creased after 72 h of post-exercise recovery (+34±11%) in the older men (Figure 3B; 
P<0.001). When expressed per millimeter squared, we observed similar changes in SC 
contents during post-exercise recovery in both the young and older men. The number 
of SCs per millimeter squared in type I muscle fibers had increased significantly after 24 
(P<0.01), 48 (P<0.001), and 72 h (P<0.001) of post-exercise recovery when compared 
with baseline values in both the young and older men (Table 5). Whereas the number 
of SCs per millimeter squared in type II muscle fiber was significantly increased at 24 
(P<0.01), 48(P<0.001), and 72 h (P<0.001) after cessation of exercise in the healthy 
young men, changes in type II muscle fiber SC content in the older men were not ob-
served until after 72 h of post-exercise recovery (Table 5). 
 

 

Figure 3 Mean number of satellite cells (SCs) per muscle fiber in both type I (A) and type II (B) 
muscle fibers before (pre) and 12, 24, 48, and 72 h after a single bout of resistance in young (n=10) 
and old (n=10) men. Values represent means±SEM. *: indicates significant group effect (P<0.01). 
**: indicates significant effect of time compared with pre-exercise value (P<0.01). ***: indicates 
significant effect of time compared with pre-exercise value in young men only (P<0.01). Bar indi-
cates the effect of time is present in both groups 
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Table 5 Type I and II muscle fiber satellite cell content

 Group Fiber
Type  

Pre 12 h 24 h 48 h 72 h 

Nr of SC/mm2 Young I 16.6±1.7 18.4±2.9 20.0±2.7* 22.0±1.9* 23.4±3.0* 
 Old I 11.6±1.2 13.1±1.4 16.1±1.3* 16.7±2.0* 16.5±3.0* 
 Young II 14.0±1.0 13.7±1.0 17.7±1.4* 18.5±1.3* 20.3±2.0* 
 Old II 14.4±1.9 15.7±1.5 14.8±1.3 15.4±1.3 19.4±2.0* 

Data represent means±SEM. SC: Satellite cell. * Significantly different compared with pre-exercise values.  
 

MyoD+ satellite cells 
At baseline, MyoD was expressed in 25-30% of all SCs with no significant differences 
between groups (see Figure 1 for representative image of the immunohistological stain-
ing). In response to the single bout of resistance type exercise the number of mixed 
muscle MyoD+ SCs per fiber was significantly increased at all time points when com-
pared with pre-exercise values (Figure 4; P<0.01) in the healthy young men. In contrast, 
mixed muscle MyoD+ SCs per fiber was increased after 24 (P<0.001), 48 (P<0.001), and 
72 h (P<0.001) of post-exercise recovery in the elderly men. In addition, we observed a 
significantly greater increase in the number of MyoD+ SCs in the young compared with 
the elderly men at 48 h after a single bout of exercise (time x group interaction, 
P=0.027; Figure 5). 

 Figure 4 Changes in mixed mus-
cle MyoD+ satellite cells (SC) per 
muscle fiber before and 12, 24, 
48, and 72 h after a single bout 
of resistance type exercise in 
young (n=6) and old (n=8) men. 
Values represent means±SEM. *: 
indicates significant effect of 
time compared with pre-exercise 
value (P<0.01). #: indicates 
significant time x group interac-
tion, increase from pre-exercise 
value is smaller in old compared 
with young men (P<0.01). Bar 
indicates the effect of time is 
present in both groups. 
 

Myostatin+ satellite cells  
At baseline, myostatin was expressed in 70-80% of all SCs with no differences between 
type I and type II muscle fibers (see Figure 2 for representative image of the immuno-
histological staining). In addition, before exercise the proportion of myostatin+ SCs did 
not differ between groups. In response to the single bout of resistance type exercise, 
both groups showed a substantial decline in the percentage of myostatin+ SCs at all 
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time points when compared to pre-exercise values (Figure 5a,b; P<0.001). However, at 
12 (P<0.01) and 48 h (P<0.01) after exercise cessation, the reduction in the percentage 
of myostatin+ SCs was significantly higher in the young compared with that in the elder-
ly men (Figure 5a,b). Furthermore, both groups showed a larger decrease in the propor-
tion of myostatin+ SCs in type II compared to type I muscle fibers at 12 and 24 h after 
the single bout of resistance type exercise.  

 

Figure 5 Proportion of myostatin+ satellite cells (SC) in both type I (A) and type II (B) muscle fibers 
before (pre) and 12, 24, 48, and 72 h after a single bout of resistance exercise in young (n=10) and 
old (n=10 ) men. Values represent means±SEM. *: indicates significant effect of time compared 
with pre-exercise value (P<0.01). #: indicates significant time x group interaction, decrease from 
pre-exercise value is larger in young compared with old men (P<0.01). Bar indicates the effect of 
time is present in both groups. 
 

mRNA expression 
MyoD mRNA expression increased significantly at 12 (±3 and ±6 fold, respectively; 
P<0.01) and 24 h (±2 and ±2 fold, respectively; P=0.03) after the single bout of re-
sistance type exercise in both young and elderly men (Figure 6A). The increase in MyoD 
mRNA expression over time did not differ between groups. In contrast, myogenin 
mRNA expression revealed a larger increase in the young (9.3±2.3 fold) compared with 
the elderly men (3.6±0.5 fold) at 12 h after the single exercise bout (Figure 6B; time x 
group interaction P=0.04). At 24 (P=0.02) and 48 h (P=0.03), myogenin mRNA expres-
sion was increased in both groups, with a tendency for a larger increase in the young 
compared with the elderly men at 48 h post-exercise recovery (time x group interac-
tion, P=0.056). Myostatin mRNA expression was substantially lowered at 24 (P<0.01), 
48 (P<0.001), and 72 h (P<0.001) after the single exercise bout, with no differences 
between groups (Figure 6C). 
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Figure 6 Changes in MyoD (A), myogenin (B), and myostatin (C,) mRNA expression before (pre) and 12, 24, 48, 
and 72 h after a single bout of resistance exercise in young (n=10) and old (n=10) men. Fold changes for 
mRNA expression were calculated using 2-∆∆Ct method with genes of interest normalized to HMBS. *: indi-
cates significant effect of time compared with pre-exercise value (P<0.01). #: indicates significant time x 
group interaction, increase from pre-exercise value is smaller in old compared with young men (P<0.01). Bar 
indicates the effect of time is present in both groups. 
 

Protein expression 
The increase in MyoD protein expression tended to be greater in the young compared 
to the elderly in response to the single bout of resistance type exercise (Figure 7A time 
x group interaction P=0.092). In contrast, myostatin protein expression was significantly 
increased after 12 h of post-exercise recovery in the elderly men, whereas no changes 
were observed in the young men (Figure 7B; time x group interaction P=0.021). In addi-
tion, myostatin protein expression tended to be increased in both groups at 72 h of 
post-exercise recovery in both the young and elderly men (Figure 7B; main effect of 
time P=0.061) 

 

Figure 7 Changes in MyoD (A) and myostatin (B) protein expression 12, 24, 48, and 72 h after a 
single bout of resistance type exercise in young (n=10) and old (n=10) men. Values represent 
means±SEM. *: indicates significant effect of time compared with pre-exercise value (P<0.01) 

DISCUSSION 

In the present study, we show that both type I and type II muscle fiber SC contents 
increase within 72 h of recovery from a single bout of resistance type exercise in 
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healthy young and elderly men. However, the post-exercise increase in type II muscle 
fiber SC content is delayed in the elderly when compared with that in the younger men. 
In addition, we observed an attenuated decline in the number of myostatin+ SCs in the 
elderly when compared with the young men during recovery from exercise. 
Exercise training has been established as an effective interventional strategy to stimu-
late skeletal muscle growth in both young and elderly people (7, 9, 17, 23, 27, 38, 51, 
53). The recruitment of SCs has been hypothesized to be imperative for sustained skel-
etal muscle hypertrophy to occur in response to anabolic stimuli (1, 43-45). Although 
some studies (29) have recently suggested that satellite cells are not necessary for 
muscle fiber growth in animal models, almost all human studies (14, 40, 52, 55) involv-
ing resistance type exercise training show that muscle fiber hypertrophy is accompa-
nied by myonuclear accretion, suggesting a contributing role of satellite cells. In line 
with previous studies (3, 5, 32, 34, 37, 47), we show that SC content increases by 49±18 
and 48±15% in the type I and type II muscle fibers during 72 h of post-exercise recovery 
in healthy young men (Figure 3). Previous work has failed to show such measurable 
increases in type II muscle fiber SC content within 48 h of post-exercise recovery in 
elderly men (34). In agreement, we observed no changes in type II muscle fiber SC con-
tent during the initial 48 h of post-exercise recovery in our elderly subjects. However, 
we extend on previous work by showing a significant 34±11% increase in type II muscle 
fiber SC content following 72 h of post-exercise recovery in the older men (Figure 3B). 
Interestingly, the increase in type II muscle fiber SC content assessed after 72 h of post-
exercise recovery did not significantly differ between the healthy young and elderly 
men. This is the first study to show that the SC pool in the type II muscle fibers increas-
es in response to a regular bout of resistance type exercise in both young and elderly 
men, but this response is delayed in older compared with younger men. 
To understand the mechanisms responsible for the delayed SC response to exercise in 
the older population, we determined the expression of MyoD and myogenin at the 
different time points. It is well established that MyoD acts to promote SC proliferation 
and transition of cells into differentiation (36), while myogenin is known to drive termi-
nal differentiation (58). In line with previous studies (33, 42, 59), we show that MyoD 
and myogenin mRNA expression are substantially upregulated in both young and elder-
ly men during the first 12 to 48 h of post-exercise recovery. However, at 12 h post-
exercise, the increase in myogenin mRNA expression was significantly greater in the 
young (9±2 fold) compared with that in the elderly men (4±1 fold). As mRNA expression 
is determined in mixed muscle tissue, changes in MyoD and myogenin mRNA expres-
sion do not necessarily reflect changes in SC function. Therefore, we also determined 
MyoD protein expression in the nuclear fraction of the muscle and assessed the num-
ber of MyoD+ SCs in response to the single bout of exercise. In the present study we 
show that MyoD expression tended to increase to a greater extent in the young (3 fold 
increase) compared to the elderly (no change) after 12 h of post-exercise recovery. In 
agreement, we observed a significant increase in the number of MyoD+ SCs at 12 h of 
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recovery in the young men, whereas no changes were observed in the elderly men 
(Figure 4). The number of MyoD+ SCs was significantly higher at 24, 48, and 72 h after 
exercise in both the young and older men when compared with baseline values, with a 
significantly greater increase observed after 48 h of post-exercise recovery in the young 
compared to the older men (Figure 5). These results indicate that the SC regulatory 
pathways are activated to a lesser extent in the old compared with the healthy young 
during post-exercise recovery. This supports the idea that SC responsiveness is delayed 
and/or attenuated in healthy elderly men.  
Myostatin has been shown to be a strong negative regulator of skeletal muscle growth. 
In animals, aging is accompanied by an increase in muscle myostatin concentrations 
(19). In vitro studies have demonstrated that myostatin completely blocks myoblast 
proliferation and differentiation by the downregulation of MyoD (20, 49, 50). Likewise, 
the rate of SC proliferation in vivo has been reported to be significantly increased in 
myostatin knockout mice (30, 31, 56). In contrast, pharmacological blockage of the 
myostatin/Activin A pathway appears to induce muscle fiber hypertrophy with little to 
no fusion of satellite cells to the myofiber (21, 30, 31, 56). However, these in vitro and 
animal studies do not address the potential role of myostatin during muscle fiber 
growth in more physiological situations, like in response to a single bout of exercise or 
during adaptation to prolonged resistance type exercise training in (aging) humans. In 
human skeletal muscle, myostatin protein expression has been reported to be 2-fold 
higher in healthy elderly men when compared with that in young controls (34). In addi-
tion, McKay et al. (2012) have recently shown that myostatin can be located within the 
SC in human skeletal muscle tissue and reported that the percentage of myostatin+ SCs 
declines in skeletal muscle tissue during 48 h of post-exercise recovery. In line with 
these previous findings, the present study shows that the percentage of myostatin+ SCs 
decreases substantially during recovery from exercise in both young and older men in 
response to a single bout of exercise (Figure 4). However, after 12 and 48 h of post-
exercise recovery the decline in the number of myostatin+ SCs was significantly smaller 
in the elderly when compared with the young. These results are in line with the blunted 
increase in the number of MyoD+ SCs observed at the same time points. We speculate 
that during recovery from exercise, healthy elderly men are less able to downregulate 
myostatin in the SCs compared with their young controls. Such a reduced capacity to 
downregulate myostatin may be instrumental for the attenuated increase in SC number 
and, subsequently, a blunted myogenic response to prolonged exercise training. 
Besides determining the localization of myostatin within the SC, we also assessed mus-
cle myostatin mRNA and protein expression during post-exercise recovery. In the nu-
clear fraction of the muscle biopsy samples, myostatin protein expression was signifi-
cantly upregulated within the first 12 h after exercise in the older men, whereas it had 
remained unchanged in the younger men. The upregulation of myostatin protein ex-
pression and/or translocation to the SC during post-exercise recovery provides further 
evidence that a blunted post-exercise myogenic response in the healthy elderly men 
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may be mediated by myostatin. In contrast to myostatin protein expression, myostatin 
mRNA expression decreased significantly during post-exercise recovery, which is sup-
ported by many previous reports (4, 15, 34). Previous studies have shown that there is 
a Smad-7- dependent negative feedback loop through which increased myostatin pro-
tein expression is associated with decreased myostatin mRNA expression (8, 16). Such a 
relation may partly explain the observed discrepancy between myostatin mRNA and 
protein in the present study. Clearly, more research is warranted to elucidate the pre-
cise role of myostatin in skeletal muscle adaptation during post-exercise recovery, and 
the potential changes with aging herein. 
Overall, the results from this study clearly indicate that the SC adaptive response during 
recovery from a single bout of resistance type exercise is attenuated in the elderly sub-
jects. This attenuated response may play an important role in the proposed reduced 
capacity of senescent muscle to increase muscle mass and/or fiber cross-sectional area 
after prolonged resistance type exercise training (18, 39). It could be speculated that 
after a single exercise session, elderly subjects require a more extensive recovery time 
between exercise bouts to optimize post-exercise reconditioning and, as such, maxim-
ize muscle hypertrophy. Studies that assess SC content and activation status at longer 
time intervals are required to elucidate the time it takes for SC content to peak in both 
young and elderly people during post-exercise recovery. Alternatively, elderly people 
may require subsequent bouts of exercise to increase SC content to the same level as 
healthy young individuals.  
We conclude that type I and type II muscle fiber SC content increase during 72 h of 
recovery from a single bout of resistance type exercise in both healthy young and elder-
ly men. The increase in type II muscle fiber SC content during post-exercise recovery is 
delayed in the elderly and is accompanied by a blunted SC activation response. 
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ABSTRACT 
Introduction: Skeletal muscle satellite cells (SCs) play an important role in the myogenic 
adaptive response to exercise. It remains to be established whether nutrition plays a 
role in SC activation in response to exercise. In the present study we assessed whether 
dietary protein alters the SC response to a single bout of resistance exercise. 

Methods: Twenty healthy young (21±2 years) males were randomly assigned to con-
sume a 4 d controlled diet that provided either 1.2 g protein·kg body weight-1·d-1 (nor-
mal protein diet; NPD) or 0.1 g protein·kg BW-1·d-1 (low protein diet; LPD). On the sec-
ond day of the controlled diet, subjects performed a single bout of resistance exercise. 
Muscle biopsies from the vastus lateralis were collected prior to and after 12, 24, 48, 
and 72h of post-exercise recovery. SC content and activation status were determined 
using immunohistochemistry. Protein and mRNA expression were determined using 
Western blotting and rtPCR. 

Results: The number of myostatin+SCs decreased significantly at 12, 24 and 48 h (range: 
-14 to -49 %; P<0.05) after exercise cessation, with no differences between groups. 
Whereas the number of myostatin+SCs returned to baseline in the type II fibers on the 
NPD after 72h of recovery, the number remained low on the LPD. At the 48 and 72 h 
time point, myostatin protein expression was elevated (86±26 and 88±29 %, respective-
ly) on the NPD (P<0.05), whereas it was reduced at 72 h (-36±12 % compared to base-
line) in the LPD group (P<0.05). 

Conclusion: This study demonstrates that dietary protein intake does not modulate the 
post-exercise increase in SC content but modifies myostatin expression in skeletal mus-
cle tissue. 
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INTRODUCTION 
Skeletal muscle stem cells, also known as satellite cells (SCs), are thought to play an 
important role in the myogenic adaptive response to exercise. SCs reside in a niche 
between the basal lamina and the sarcolemma of their associated muscle fiber. Nor-
mally SCs remain in a quiescent state, however, in response to exercise and/or muscle 
damage SCs can become activated and subsequently proliferate and differentiate. SCs 
either differentiate to form new myofibers, fuse with existing fibers, or return to a qui-
escent state, replenishing the resident pool of SC through self-renewal (1). The progres-
sion of SCs through the myogenic program is mediated by the expression of different 
myogenic regulatory factors (MRFs) (e.g. MyoD, Myf-5, Myogenin and Mrf4). The acti-
vation, proliferation, and differentiation processes of the SCs represent important regu-
latory steps that ultimately determine their fate in supporting skeletal muscle fiber 
adaptation. In addition to the MRFs, myostatin has been identified as a key regulator in 
the SC response to exercise and/or muscle damage. In animal muscle, reduced myo-
statin expression has been shown to result in substantial muscle hypertrophy (2, 3). 
More recent work by McKay et al. (4) suggests that in humans, myostatin is a strong 
negative regulator of the SC myogenic response to an acute bout of resistance exercise. 
In accordance, as myostatin has been reported to negatively regulate SC activation and 
self-renewal (5), inhibition of myostatin expression may represent an important myo-
genic stimulus to allow skeletal muscle hypertrophy in response to prolonged re-
sistance exercise training (6).  
Prolonged resistance exercise training has been well-established as an effective inter-
ventional strategy to augment skeletal muscle mass and strength (7-9). A single bout of 
resistance exercise increases muscle protein synthesis as well as breakdown rates, 
allowing skeletal muscle to recondition (10-12). Ingestion of dietary protein following a 
single session of resistance exercise further stimulates muscle protein synthesis rate, 
and reduces muscle protein breakdown, allowing net muscle protein accretion (10, 12). 
In accordance, it has been demonstrated that protein supplementation can augment 
the increase in skeletal muscle mass in response to prolonged resistance exercise train-
ing (13). To turn short-term changes in net muscle protein balance into more long-term 
muscle fiber hypertrophy, additional myonuclei are prerequisite (14, 15). As myonuclei 
are post-mitotic, skeletal muscle SCs are required to provide new myonuclei during 
post-exercise recovery. It has been well characterized that protein availability can sig-
nificantly influence muscle protein synthesis rates following exercise (16-18), which 
may be translated into long-term benefits (13). It could be speculated that dietary pro-
tein can also modulate the SC response during post-exercise recovery, in a feed-
forward manner as to prepare the muscle’s intrinsic potential for long-term adaptation. 
However, no data exist on the impact of protein intake on the acute SC response after 
exercise. Therefore, in the present study we assessed SC content and activation status 
combined with associated myocellular signaling during 3 days of recovery from a single 
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bout of resistance exercise while ingesting a normal protein (13 En%) or low protein (<2 
En%) diet. We hypothesized that the acute SC response to a single bout of exercise 
would be attenuated by an acute restriction of dietary protein intake. 

METHODS 

Subjects 
Twenty, healthy male volunteers (age: 21±2 y; height 1.82±0.01 m; bodyweight: 78±2 
kg) participated in this study (Table 1). All participants were recreationally active, which 
was defined as participating in non-competitive sporting activities being performed less 
than 3 times a week. Subjects were informed about the nature and risks of the experi-
mental procedures before their written consent was obtained. The study was approved 
by the Medical Ethical Committee of the Maastricht University Medical Centre+, and 
complied with the guidelines set out in the Declaration of Helsinki. Exclusion criteria 
were defined that would preclude successful participation in the exercise session, 
which included (silent) cardiac or peripheral vascular disease and orthopedic limita-
tions. After inclusion, all subjects were randomly assigned to consume either a con-
trolled normal protein diet (NPD) or low protein diet (LPD). Body composition (fat and 
fat-free mass) was determined by Dual Energy X-Ray Absorptiometry scan (DEXA; Ho-
logic Inc., Bedford, USA). Lean mass and percentage body fat were determined on a 
whole body level and for specific regions (e.g. trunk and legs). In addition, all subjects 
performed a familiarization trial to become experienced with the research protocol and 
the equipment. Proper lifting technique was demonstrated and then practiced by the 
subjects for each of the 2 lower-limb exercises (leg press and leg extension). Subse-
quently, maximal strength (one-repetition maximum, or 1RM) was estimated by using 
the multiple repetitions testing procedure during 2 separate visits (19). All strength 
tests were completed at least 2 weeks before the start of the experimental protocol.  

Protocol 
At 08:00 h, following 24 h of the controlled diet, subjects reported to the lab after an 
overnight fast. Following 30 min of supine rest, a muscle biopsy was taken from the M. 
vastus lateralis. Thereafter, subjects were provided with a standardized breakfast. Next, 
subjects performed a single bout of resistance exercise, consisting of two different 
exercises. Subjects performed 6 sets of 10 repetitions at 75% 1-RM on the horizontal 
leg press machine (Technogym BV, Rotterdam, The Netherlands) and 6 sets of 10 repe-
titions at 75% 1-RM on the leg extension machine (Technogym BV). A resting period of 
2 min between sets was allowed. The entire protocol required approximately 40 min to 
complete. All subjects were verbally encouraged during the test to complete the entire 
protocol. Before and after the exercise session, a 5-10 min warm up / cooling down was 
performed on a cycle ergometer. At the end of the exercise protocol the subjects rested 
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for 3 h in a supine position. At 12.30 h subjects received a standardized lunch, after 
which subjects were provided with a standardized dinner to be consumed at 18.00 h 
that evening. On the same day subjects reported back to the laboratory at 20.30 h for a 
second muscle biopsy sample collection (t=12 h). Next, muscle biopsies were taken in 
an overnight fasted state exactly 24, 48, and 72 h after the start of the single exercise 
bout. During the 72 h post-exercise recovery all subjects adhered to either a standard-
ized normal protein (13 En% protein) or low protein (<2 En% protein) diet. 

Table 1 Subjects’ characteristics 

 NPD group LPD group

Age (y) 22±1 21±1

Height (m) 1.82±0.02 1.83±0.03

Weight (kg) 75.9±1.8 79.2±3.0

BMI (kg/m2) 23.0±0.6 23.7±0.8

Whole body lean mass (kg) 58.4±17.2 59.7±18.8

Leg lean mass (kg) 21.1±0.4 22.3±0.9

Leg fat (%) 15.1±1.7 16.9±1.8

Leg press (kg) 214±7 235±9

Leg extension (kg) 137±4 138±5

Values are means±SEM; n=10 per group, 1RM, subject’s one repetition maximum, BMI: 
body mass index, LPD: low protein diet group, NPD: normal protein diet group. 

Diet control and physical activity  
During the entire 4 d intervention period all subjects consumed a controlled diet. Sub-
jects were randomly assigned to consume either a normal protein diet (NPD; 13 En% 
protein) or a low protein diet (LPD; <2 En% protein) (Table 2). For each subject the 
meals were customized and were provided as pre-packages meals, drinks and snacks. 
Energy intake was based upon the Harris and Benedict equations (20), with a physical 
activity index of 1.4 (21). All volunteers refrained from any sort of heavy physical exer-
cise 3 d prior to the first test day until completion of the experiment. 
 

Table 2 Specification of controlled dietary intake 

 NPD group LPD group
Energy, MJ/d 11±0.3 11±0.6

Protein, g/d 88±2.7 11±0.4 *

Carbohydrate, g/d 474±11 502±22

Fat, g/d 60±4 56±6

Values are means±SEM; n=10 per group, LPD: low protein diet group, NPD, normal 
protein diet group. * significantly different compared with NPD (P<0.0001). 
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Muscle biopsy 
Muscle biopsies were obtained from the middle region of the vastus lateralis muscle 15 
cm above the patella and approximately 2 cm away from the fascia by means of the 
percutaneous needle biopsy technique described by Bergström et al. (22). Muscle biop-
sies were carefully freed from any visible fat and blood, with one part embedded in 
Tissue-Tek (Sakura Finetek Europe B.V., Zoeterwoude, Netherlands) and rapidly frozen 
in liquid nitrogen cooled isopentane, and another part frozen directly in liquid nitrogen, 
before being stored at –80 ºC for subsequent biochemical and histochemical analysis. 

Immunohistochemical analysis  
From all muscle biopsy samples, 5 µm thick cross-sections were cut at -20 ºC using a 
cryostat. Muscle samples collected before and after 12, 24, 48 and 72 h of post-exercise 
recovery from each individual subject were mounted together on uncoated glass slides, 
and air-dried for 3 h at room temperature before being stored at –20 ºC for subsequent 
analyses. All muscle cross-sections were stained with antibodies against Pax7 (neat; 
DSHB); myostatin (near C terminus; 1:100; AB3239; Millipore, Etobicoke, ON, Canada) 
previously validated to detect the C-terminal (active) myostatin (23, 24); A4.951 [myo-
sin heavy chain type I (MHCI; slow isoform); neat; DSHB]; laminin (1:1000; L8271, Sig-
ma- Aldrich, Oakville, ON, Canada; and Abcam ab11575, Abcam, Cambridge, MA, USA). 
Appropriate secondary antibodies were applied: Dylight 488 (1:500, Thermo Scientific, 
Ontario,ON, Canada), Alexa Fluor 594 (1:500, Invitrogen, Molecular Probes, Carlsbad, 
CA, USA), biotinylated secondary antibody (1:200; Vector Canada, Burlington, ON, Can-
ada), streptavidin-594 fluorochrome (1:500; Invitrogen, Molecular Probes), Alexa Fluor 
488 (1:500), Alexa Fluor 594 (1:500), Alexa Fluor 647 (1:500), Alexa Fluor 350 (1:20). 
Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, 0.238 µM; Molecular 
Probes). The immunohistochemical staining procedures were adapted from previously 
published methods (4). In short, for co-immunofluorescence staining (MHCI, Laminin, 
Pax7 and Myostatin) sections were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 
10 min followed by several washes in PBS. Sections were then covered for 60 min in a 
blocking solution containing 2% BSA, 5% FBS, 0.2% Triton X-100, 0.1% sodium azide. 
Following blocking, sections were incubated in the primary antibody at 4ºC overnight. 
After several washes, sections were then incubated in the appropriate secondary anti-
bodies. Sections were then re-fixed in 4% PFA to prevent migration of the secondary 
anti-bodies and re-blocked in 10% GS in 0.01% Triton X-10 (Sigma-Aldrich). The sections 
were then incubated in the second primary antibody, followed by incubation in the 
appropriate secondary antibody. Sections were then washed with PBS and DAPI was 
applied for nuclear staining. All stained muscle samples were viewed with the Nikon 
Eclipse 90i microscope outfitted with a high-resolution QImaging camera for fluores-
cence detection (Nikon Instruments, Melville, NY, USA), and images were captured and 
analyzed using the Nikon NIS Elements AR 3.0 software (Nikon Instruments). SC quanti-
fication was conducted on ≥125 muscle fibers per subject per  
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Figure 1 Representation of fiber type specific analyses of skeletal 
muscle satellite cell (SC) and myostatin. A: MHCI (green) + Laminin 
(green) + Dapi (blue) + Pax7 (red) + myostatin (yellow) staining. B: 
MHCI+laminin+Pax7). C: MHCI+Laminin+myostatin. D: 
MHCI+laminin+Dapi. E: Dapi+Pax7. F: Dapi+myostatin. G: Dapi only. H: 
Pax7 only. I: myostatin only. 

 
time point, and images were obtained with the ×40 objective. SC were determined by 
identifying DAPI+ Pax7+ cells within the myofiber (laminin).The number of SCs per mus-
cle fiber, the proportion of SCs [number of SCs/(number of SC + number of myonuclei) x 
100], and the number of SCs per fiber area (in mm2) were calculated for the type I and 
type II muscle fibers separately. Within each image the number of myonuclei (number 
of myonuclei – number of SC) per muscle fiber were assessed for the type I and type II 
muscle fibers. In addition, SC activation was assessed by the presence of myostatin 
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staining inside the SC. A DAPI+Pax7+myostatin+ cell within the myofiber was consid-
ered a quiescent SC, and a DAPI+Pax7+Myostatin- cell within in the myofiber was con-
sidered to be an activated SC. Slides were masked for both group and time point (See 
Figure 1 for representative images of the staining). 

Quantitative rtPCR 
Total RNA was isolated from 10-20 mg of frozen muscle tissue using Trizol® Reagent 
(Invitrogen), according to the manufacturer’s protocol. Total RNA quantification was 
carried out spectrophotometrically at 260 nm (NanoDrop ND-1000 Spectrophotometer, 
Thermo Fisher Scientific, USA), and RNA purity was determined as the ratio of readings 
at 260/280 nm. The first strand cDNA was synthesized from 1 µg RNA sample using 
iScriptTM cDNA synthesis kit (BIO-RAD). Taqman PCR was carried out using 7300 Real 
Time PCR system (AppliedBioSystems, USA), with 2 µL of cDNA (diluted 5 times), Mas-
termix: Taqman® Gene Expresseion Mastermix (AppliedBiosytems), total volume was 
25 µL. Taqman primer/probe sets were obtained from Applied Biosystems (Taqman® 
Gene Expression Assays): myogenin, MyoD, and myostatin. Each sample was run in 
duplicate. The housekeeping gene hydroxymethylbilane synthase (HMBS) was used as 
an internal control. The thermal cycling conditions used were: 2 min at 50oC, 10 min at 
95oC, followed by 40 cycles at 95oC for 15 s and 60oC for 1 min. Ct values of the target 
gene were normalized to Ct values of the internal control HMBS, and final results were 
calculated according to the 2-∆∆Ct. The muscle biopsy attained before the single bout of 
exercise was used as a reference and given a value of 1, and relative fold changes at 12, 
24, 48 and 72 h of post-exercise recovery were calculated. 

Western blotting 
Each muscle sample frozen for biochemical analyses was homogenized in Tris buffer 
(50mM, 1mM EDTA, 1mM EGTA, 0.1% Nonidet P40, 0.1% 2-mercaptoethanol pH 7.4) 
supplemented with the following protease and phosphatase inhibitors: Aprotinin 
2mg/mL, Leupeptin 2mg/mL, Benzamidine 300 mM and PMSF 100 mM. After homoge-
nization, each muscle extract was centrifuged for 5 min at 10,000 g (4ºC). The pellet 
was homogenized with nuclear protein isolation buffer (Hepes 20mM, 25% Glycerol, 
NaCl 500 mM, MgCl2 1.5 mM, EDTA 0.2 mM, Aprotinin 2mg/mL, Leupeptin 2mg/mL, 
Benzamidine 300 mM and PMSF 100 mM, pH 7.9) and centrifuged for 5 min at 3,000 g 
(4ºC). After homogenization, each muscle extract was centrifuged for 5 min at 10,000 g 
(4ºC) and sample buffer (final concentration: 60 mM Tris, 5% glycerol, 20 mg/mL SDS, 
0.1mM DTT, 20 µg/mL bromophenolblue) was added to the supernatant. The superna-
tant was boiled for 5 min at 100 degrees and cooled on ice. Supernatant was used as 
nuclear fraction. 
Immediately before analyses, the muscle extraction sample was warmed to 50 ºC and 
centrifuged for 1 min at 3,000 g (RT). Total amount of sample loaded on the gel was 
based on weight (3.125 mg muscle per lane). Protein samples were run on a 4-15% 
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Criterion Tris-HCl gel (Biorad Order No. 3450027) for 10 min at 50 V (constant voltage) 
and 1 h 40 min at 120 V (constant voltage) and transferred onto a polyvinylidene difluo-
ride membrane (PVDF) in 1 h 30min at constant 500 mA. Specific proteins were detect-
ed by incubation with specific antibodies in 1% BSA in 0.1% PBS-Tween 20 after block-
ing in 1% BSA in 0.1% PBS-tween (Sigma Ordre No. A6003-25G). The antibodies used in 
this study were anti MyoD (37 KD; rabbit polyclonal IgG, Santa Cruz sc-760), anti Myo-
statin (50 KD; rabbit polyclonal IgG; Santa Cruz sc-6885-R) and anti α-actin (42 KD; 
mouse monoclonal IgM; Sigma A2172). Following incubation membranes were washed 
(3 x 5 min) in 0.1%PBS-Tween 20 and incubated (1 h at RT) with the appropriate sec-
ondary antibody, polyclonal rabbit anti-mouse IgG-HRP (Dako, P0161) and polyclonal 
swine anti-rabbit IgG-HRP (Dako, P0399) dissolved in 1% BSA 0.1% PBS-Tween 20. After 
a final wash step (3 x 5 min) in 0.1% Tween20-PBS the membranes were incubated with 
Supersignal West Dura Extended Duration Substrate (Thermo Scientific, No. 340760) for 
1 min. Visualization and quantification of the protein bands was enabled by Biorad 
universal hood II and Chemidoc XRS camera and Quantity One 4.6.5 software, respec-
tively. 

Statistics 
All data are expressed as means±SEM. An independent samples student T-test was 
used to compare differences between groups at baseline. Furthermore, data were ana-
lyzed using a two-way repeated measures ANOVA with group (NPD or LPD) as between 
subject factor and time (before exercise (pre), and after 12, 24, 48, or 72 h of post-
exercise recovery) and fiber type (type I vs II) as within subject factors. In the two-way 
repeated measures ANOVA design post-exercise time points were compared with base-
line values only and Bonferonni corrections were applied to account for multiple com-
parisons to baseline. In case of significant time x group or fiber type x group interaction, 
additional analyses were performed for NPD and LPD separately by the use of one-way 
repeated measures ANOVA. In case of a significant time x fiber type interaction, type I 
and type II muscle fibers were analyzed separately and Bonferroni correction was ap-
plied to correct for multiple testing. Levene’s test for equality of variance was used; in 
the case of unequal variance, independent samples student T-test was performed for 
unequal variances. Statistical significance was set at P<0.05. All calculations were per-
formed using SPSS 19.0 (Chicago, IL). 

RESULTS 

Subjects’ characteristics 
Subjects’ characteristics are presented in Table 1. No differences in age, weight, height, 
BMI, whole body lean mass, leg lean mass, leg fat percentage, 1RM leg press and 1RM 
leg extension were observed between groups. 
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Dietary intake 
No differences were observed in total energy intake between groups (Table 2). Dietary 
protein intake was significantly lower in the LPD compared with the NPD group 
(P<0.001; Table 2). Subjects in the NPD group consumed 1.16±0.03 g protein·kg-1 BW·d-

1, whereas subjects in the LPD group consumed 0.14±0.01 g protein·kg-1 BW·d-1 
(P<0.001; Table 2). 

 

Figure 1 Number of satellite cells (SC) in type I (A) and type II (B) muscle fibers before (pre) and 
after 12, 24, 48 and 72 h after a single bout of resistance exercise in healthy young men who 
consumed a normal or low protein diet for 4 days. Values represent means±SEM. n=10 per group 
*: Significantly different compared with pre-exercise values (P<0.05). Bar indicates the effect of 
time similar for both groups. LPD: low protein diet group; NPD: normal protein diet group. 

Muscle fiber type distribution and fiber area 
No group differences in the percentage of type I and type II muscle fibers and/or per-
centage of muscle area occupied by type I and type II muscle fibers were observed 
between groups (Table 3).  

Table 3 Muscle fiber type composition and muscle fiber size

 Fiber type NPD group LPD group 
Fiber type distribution (%) I 52±4 58±3 
 II 48±4 42±3 
Fiber type distribution (%CSA) I 47±4 56±3 
 II 53±4 44±3 
Muscle fiber CSA (x 1000 µm²) I 6.3±0.5 6.2±0.3 
 II 7.6±0.4* 6.9±0.3* 
Myonuclear content (n/fiber) I 3.6±0.3 3.6±0.3 
 II 3.5±0.2 3.4±0.3 
Myonuclear domain (x 1000 µm²) I 1.8±0.1 1.8±0.1 

 II 2.2±0.1* 2.1 ±0.2* 
Data represent means±SEM, n=10 per group. CSA: fiber cross-sectional area, LPD: low 
protein diet, NPD: normal protein diet. * Significantly different compared with type I fibers 
(P<0.05).  
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In both groups, muscle fiber cross-sectional area and myonuclear domain size was sig-
nificantly greater in type II compared with type I fibers (Table 3; P<0.05). No changes 
were observed in fiber type distribution, myonuclear domain size and/or muscle fiber 
size within 72 h of post-exercise recovery in either group (data not shown). 

Myonuclear and satellite cell content 
No changes were observed in the number of myonuclei per type I and type II muscle 
fiber in both groups during post-exercise recovery. In contrast, the number of SCs per 
type I and type II muscle fiber was significantly greater at 24, 48, and 72 h compared to 
pre-exercise values in both the LPD and NPD group (Figure 1; P<0.05). In addition, in 
both groups we observed that type I muscle fiber SC content was increased within the 
first 12 h of post-exercise recovery when compared with baseline values (Figure 1; 
P<0.0001). When SC content was expressed in proportion to the number of myonuclei 
or per squared millimeter of fiber area, SC content had increased significantly at 24, 48 
and 72 h following exercise in both the NPD and LPD group (Table 4; P<0.01). 

Table 4 Satellite cell content  

 Group Pre 12 h 24 h 48 h 72 h 

Type I SC (%) NPD 2.9±0.5 3.4±0.4 4.5±0.5 * 4.4±0.5 * 4.5±0.6 * 
 LPD 2.7±0.6 2.7±0.4 3.3±0.6 * 3.9±0.4 * 4.9±0.7 * 
Type II SC (%)  NPD 3.2±0.6 3.2±0.4 4.2±1.0 * 5.0±0.6 * 5.1±0.8 * 
 LPD 3.4±0.3 3.7±0.4 5.2±0.8 * 5.0±0.6 * 4.9±0.5 * 
Type I SC (mm2) NPD 17.1±1.9 19.2±3.3 21.5±2.6 * 22.9±2.0 * 25.0±3.0 * 
 LPD 14.7±1.9 15.6±2.0 17.4±2.2 * 21.5±2.0 * 22.8±2.5 * 
Type II SC (mm2) NPD 13.3±0.8 14.2±1.0 18.7±1.1 * 18.8±1.5 * 21.3±2.1 * 
 LPD 15.5±1.8 14.9±1.7 16.4±1.8 * 21.5±1.6 * 21.4±1.5 * 

Data represent means±SEM, n=10 per group. LPD: low protein diet, NPD: normal protein diet, SC: satellite 
cell.* Significantly different compared with pre-exercise values (P<0.05).  

Myostatin+ satellite cells 
Prior to exercise, the proportion of myostatin+ SCs was 76±3 and 76±4% in the type I 
and type II muscle fibers. No differences were observed between groups. The number 
of myostatin+ SCs declined significantly in response to the single bout of resistance 
exercise in both groups (Figure 2). After 12, 24 and 48 h of post-exercise recovery both 
groups showed a similar decline in the number of myostatin+ SCs per muscle fiber (Fig-
ure 2; P<0.001). The decline was significantly greater in the type II (-49±5% in NPD 
group and -40±10% in LPD group) compared with type I (-26±6% in NPD group and -
17±11% in LPD group) muscle fibers at 12 and 24 h, respectively (P<0.05). In the NPD 
group, the number of myostatin+ SCs returned to baseline 72 h after the single bout of 
exercise in both type I and II muscle fibers. In contrast, in the LPD group the number of 
myostatin+ SCs remained significantly depressed in the type II muscle fibers at 72 h of 
post-exercise recovery (Figure 4; P<0.05). 
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Figure 2 Number of myostatin+ (Mstn) satellite cells (SC) in type I (A) and type II (B) muscle fibers 
before (pre) and after 12, 24, 48 and 72 h after a single bout of resistance exercise in healthy 
young men. Values represent means±SEM. n=10 per group.*: Significantly different compared 
with pre-exercise values (P<0.05). Bar indicates the effect of time is similar for both groups. LPD: 
low protein diet group; NPD: normal protein diet group. 

mRNA expression 
MyoD mRNA expression increased significantly at 12 and 24 h after the single bout of 
resistance exercise, with no differences between groups (Figure 3A; P<0.05). In addi-
tion, myogenin mRNA expression increased substantially during the first 12 h of post 
exercise recovery (P<0.05). Furthermore, in both groups myogenin mRNA expression 
remained elevated at 24 and 48h after exercise cessation (Figure 3B; P<0.05). In the 
NPD group, myostatin mRNA expression was significantly lower at 24 (-76%), 48 (-64%), 
and 72 h (-65%) when compared with pre-exercise expression levels (Figure 3C; 
P<0.05). In contrast, the LPD group showed a smaller reduction in myostatin mRNA 
expression, which was only different from baseline after 48 h (-40%) of post-exercise 
recovery (Figure 3C; P<0.05). 

 

Figure 3 Changes in MyoD, myogenin and myostatin mRNA expression 12, 24, 48 and 72 h after a single bout 
of resistance exercise in healthy young men. Values represent means±SEM. n=10 per group. *: Significantly 
different compared with pre-exercise values (P<0.05). Bar indicates the effect of time is similar for both 
groups. LPD: low protein diet group; NPD: normal protein diet group. 

Protein expression 
MyoD protein expression was significantly increased at 12 h after exercise with no dif-
ferences between groups (Figure 4A; P<0.05). In the NPD group, myostatin protein 



P r o t e i n  i n t a k e  a n d  p o s t - e x e r c i s e  s a t e l l i t e  c e l l  r e s p o n s e |  133  

 

expression was significantly elevated after 48 (86±26%) and 72 h (88±29%) of post-
exercise recovery (Figure 4B; P<0.05). In contrast, myostatin protein expression was 
significantly reduced (-36±12%) in the LPD group at 72 h post-exercise compared to 
baseline (Figure 4B; P<0.05). 

 

Figure 4 MyoD and myostatin protein expression before (pre) and after 12, 24, 48 and 72 h after a 
single bout of resistance exercise in healthy young men. A.U.: Arbitrary Units. Values represent 
means±SEM. n=10 per group. *: Significant increase compared with pre-exercise value(s) (P<0.05). 
#: Significant decrease compared with pre-exercise value (P<0.05). Bar indicates the effect of time 
is similar for both groups. LPD: low protein diet group; NPD: normal protein diet group. 

DISCUSSION 

In the present study we report that acute dietary protein intake restriction does not 
affect the increase in SC content in type I and type II muscle fibers after a single bout of 
resistance exercise. We observed that the number of myostatin+ SCs declined substan-
tially during the first 48 h of post-exercise recovery, after which they returned to base-
line values. However, when dietary protein intake was severely reduced, the number of 
myostatin+ SCs remained suppressed in the type II muscle fibers. In agreement, skeletal 
muscle myostatin protein expression was significantly lower during recovery from exer-
cise when dietary protein intake was restricted. 
During post-exercise recovery, SCs are thought to be the sole source for providing new 
myonuclei, thereby supporting skeletal muscle reconditioning. In accordance, in the 
present study we show that SC content increases substantially within 72 h of post-
exercise recovery (Figure 1). Expansion of the SC pool is consistent with previous work 
showing similar changes in SC content anywhere between 12 to 192 h after a single 
bout of exercise (4, 25-29). A rapid increase in SC content was observed in both type I 
and type II muscle fibers during post exercise recovery (Figure 1). Similar changes over 
time were observed when the SC pool size in both type I and type II muscle fibers were 
expressed relative to the number of myonuclei and/or per millimeter squared (Table 4). 
Interestingly, type I muscle fiber SC expansion occurred as early as 12 h into post-
exercise recovery, whereas it took at least 24 h to observe a detectable expansion in 
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type II muscle fiber SC content. This study confirms that changes in SC content in re-
sponse to a single bout of exercise are fiber type specific (4, 28, 30, 31). This emphasiz-
es the importance of fiber type specific assessment of SC content and/or activation 
status in human skeletal muscle. 
During post-exercise recovery, dietary protein intake is essential to support the in-
crease in myofibrillar muscle protein synthesis, thereby allowing net muscle protein 
accretion (10, 12, 18). However, for more long-term muscle adaptation, SCs are re-
quired to provide additional myonuclei to allow muscle fiber hypertrophy. Whether 
dietary protein intake is prerequisite to allow a proper SC response during recovery 
from a single bout of resistance exercise has not yet been investigated. We hypothe-
sized that dietary protein intake and subsequent precursor availability drives the SC 
response to exercise in a feed forward signaling manner. Therefore, we compared the 
post-exercise change in SC content between subjects consuming 1.2 g protein·kg BW-

1·d-1 (13 En% protein) and subjects who restricted their dietary protein intake to less 
than 0.1 g protein·kg BW-1·d-1 (<2 En% protein). In healthy young men, dietary protein 
intake typically ranges between 1.1-1.3 g protein·kg BW-1·d-1 (7, 32-34). This is consid-
erably more than the 0.656 g protein·kg BW-1·d-1 that is considered to be the minimum 
amount of dietary protein required to sustain skeletal muscle mass (35). Though the 
protein intake restriction in the LPD intervention group is severe and should not be 
translated to a normal physiological situation, it does provide a first insight in the po-
tential importance of protein intake on the post-exercise SC response. To assess the 
impact of such an acute reduction in protein intake per se on the post-exercise SC re-
sponse, all subjects consumed the diet during the 4-day intervention period, starting 24 
h prior to exercise. The current study shows that an acute reduction in dietary protein 
intake does not affect the increase in muscle fiber SC content with an overall 64±19 and 
52±23% increase in SC content during 72 h of recovery in the type I and II fibers, respec-
tively, with no differences between groups (Figure 1). These data are the first to show 
that the SC response to exercise is essentially dissociated from dietary protein intake 
and is likely evolutionary conserved. 
The process of SC activation, proliferation, and differentiation following exercise re-
quires the orchestration of a group of transcription factors collectively referred to as 
the myogenic regulatory factors (1). It has been well established that MyoD acts to 
promote SC proliferation and transition of cells into differentiation (36), while myogen-
in is known to drive terminal differentiation (37). In human skeletal muscle, MyoD and 
myogenin expression have been reported to increase considerably during the first few 
hours/days after a single bout of exercise. Consistent with previous work (38-41), we 
report that MyoD mRNA and protein expression increased following a single bout of 
resistance exercise (Figure 3A and 4A). In addition, we observed a substantial increase 
in myogenin mRNA expression (Figure 3B), with the peak value observed at 12 h after 
exercise cessation. However, it is important to note that the 12 h post-exercise muscle 
biopsy sample was taken in the evening (20:30 h) in a post-prandial state, whereas all 
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other muscle biopsy samples were taken in the morning after an overnight fast. As 
such, we cannot exclude a potential effect of the post-prandial vs fasting state on the 
changes observed at the 12 h time point. Nonetheless, no significant differences were 
observed between the NPD and LPD group in the increase in MyoD and myogenin ex-
pression during post-exercise recovery. The exercise induced upregulation of MyoD and 
myogenin allows the SCs to become activated and to progress through the cell cycle 
thereby proliferating to increase the SC pool size, supporting muscle reconditioning. 
However, we observed no significant changes in type I and type II muscle fiber myonu-
clear content, suggesting that SCs have not yet differentiated to a detectable level with-
in the 72 h of post-exercise recovery in both groups. 
Besides the important role of MRFs in determining SC fate, myostatin has been report-
ed to be a strong negative regulator of skeletal muscle growth in both animal (3, 42, 43) 
and human models (44). Subsequently, myostatin has been hypothesized to act as a 
negative regulator of SC activation (5). In support, myostatin has been shown to be 
highly expressed in quiescent SCs and is significantly down-regulated during SC activa-
tion (45). Furthermore, myostatin has been shown to completely block myoblast prolif-
eration in C2C12 cells (46, 47). However, previous in vivo animal work on the proposed 
role of myostatin in SC function has yielded many discrepant findings. Whereas some 
studies indicate that myostatin acts as a negative regulator of SC activation (5, 48, 49), 
others have not been unable to confirm these findings (50-52). The potential role of 
myostatin in SC activation during a more complex physiological setting such as post-
exercise recovery remains largely unknown. Only one previous study co-localized, via 
immunohistochemistry, myostatin within the SCs before and after performing a single 
bout of resistance exercise (4). This study by McKay et al. (4) demonstrated that the 
percentage of myostatin+ SCs in human skeletal muscle decreases within the first 48 h 
after exercise. In addition, they showed that the post-exercise decline in the number of 
myostatin+ SCs was accompanied by a concomitant increase in the percentage of My-
oD+ SCs and number of SCs in the S-phase of the cell cycle (4), indicative of an increase 
in SC activation. We extend on these data (4) by assessing the number of myostatin+ 
SCs and skeletal muscle myostatin expression for up to 72 h into post-exercise recovery. 
Our data show that after the initial decline in the number of myostatin+ SCs within the 
first 48 h of post-exercise recovery, the number of myostatin+ SCs increases and re-
turns to baseline levels after 72 h (Figure 2A-B). The return of the number of myo-
statin+ SCs towards baseline levels suggests a return of the SC to quiescence by 72 h (4, 
5). In accordance, myostatin protein expression was shown to be increased at 48 and 
72 h (86±26 and 88±29%, respectively) compared to pre-exercise values. In contrast, in 
the present study we also observed that myostatin mRNA expression was down-
regulated at 24, 48 and 72 h after performing a single bout of resistance exercise. The 
apparent disconnect between the changes in myostatin expression and the number of 
myostatin+ SCs is explained by the fact that we use Western blotting and real time PCR 
analyses to assess myostatin protein and mRNA expression in mixed muscle tissue, 
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respectively. In contrast, using immunohistochemistry we assess the co-localization of 
myostatin within the SCs. As such, it is not surprising that the timing and/or direction of 
changes in myostatin expression and the number of myostatin+ SC do not necessarily 
follow the same direction. Moreover, even myostatin mRNA and protein expression 
levels seem discongruent. It has previously been suggested that a smad-7 dependent 
negative feedback loop exists through which increased myostatin protein expression is 
associated with decreased myostatin mRNA expression (53, 54). However, such a rela-
tion cannot fully explain the observed discrepancy between myostatin mRNA and pro-
tein in the present study, especially at the 24h time point. Clearly, though the exercise 
induced decrease in myostatin mRNA expression is in line with previous reports (4, 38, 
41, 54-56) more research is warranted to elucidate the intricate myostatin signaling 
during post-exercise recovery in human skeletal muscle, and more specifically the ex-
pression or translocation of myostatin out of the SC. 
It has previously been hypothesized that myostatin expression is also regulated by nu-
tritional intake. However, results from various animal studies on the impact of different 
nutritional protocols on myostatin expression yield conflicting results. Whereas some 
do observe changes in myostatin expression in response to changes in nutrient intake 
(57-59), others do not (60, 61). This discrepancy can most likely be attributed to the 
different study designs, type of nutritional protocols used, and/or studied species. In 
human skeletal muscle, it has been shown that muscle myostatin mRNA expression is 
affected by dietary protein provision immediately before and after a single bout of 
resistance exercise (33, 55). The present study is the first to assess whether dietary 
protein intake alters myostatin expression on multiple levels (in SCs, mRNA and protein 
expression) in muscle biopsy samples taken at regular time points after a single bout of 
resistance exercise. At baseline, no significant differences were observed in the number 
of myostatin+ SC and/or protein expression between groups. In contrast to the NPD 
group, we show that the number of myostatin+ SCs remained substantially reduced in 
the type II muscle fibers in the LPD group throughout the entire recovery period (Figure 
2B). In addition, whereas in the NPD group myostatin protein expression increased 
significantly at 48 and 72h of post-exercise recovery, muscle myostatin protein expres-
sion remained low in the LPD group (Figure 4B). These differences between groups are 
likely due to differences in protein intake per se, but may also reflect a response to the 
acute change in dietary protein intake in the LPD group. Regardless though, the results 
seem to indicate that under conditions of insufficient protein intake SC activation is 
maintained over a prolonged period of time during post-exercise recovery. Beside SC 
activation, myostatin has also been suggested to modulate post-exercise muscle syn-
thesis, e.g. through inhibiting mTOR induced protein synthesis (62, 63). The muscle 
protein synthetic response has been reported to be transient and can be increased up 
to 48 h after a single bout of exercise (64). In agreement, we show an increase in myo-
statin protein expression at 48 and 72 h of post-exercise recovery, which may indicate 
that stimulation of muscle protein synthesis following exercise has worn off. In con-
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trast, when insufficient protein is ingested we observed a significant decline in myo-
statin protein expression after 72 h of exercise cessation. We speculate that the altered 
myostatin response in the LPD group may represent a compensatory attempt to allow 
muscle reconditioning to occur when ample dietary protein derived amino acids be-
come available. 
Although it remains to be established through which molecular pathways the proposed 
feedback coupling between the post-exercise SC signaling response and food availabil-
ity is regulated, the present findings provide further evidence that post-exercise myo-
statin expression can be modulated by dietary protein intake. This opens up a wide 
range of new research questions in which we need to address how physical activity and 
nutrition interact to allow proper muscle reconditioning. Insight in this intricate interac-
tion will be of key importance to support skeletal muscle mass maintenance and muscle 
adaptation in both health and disease. 
We conclude that SC content and activation status change in a time- and muscle fiber 
type dependent manner during 72 h of post-exercise recovery from a single bout of 
resistance exercise. In addition, the post exercise skeletal muscle adaptive response is 
changed by the availability of dietary protein, as evidenced by an extended disinhibition 
of myostatin expression during post-exercise recovery when dietary protein intake is 
restricted. 
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ABSTRACT 
Introduction: It has been demonstrated that protein ingestion prior to sleep increases 
muscle protein synthesis rates during overnight recovery from an exercise bout. How-
ever, it remains to be established whether dietary protein ingestion prior to sleep can 
effectively augment the skeletal muscle adaptive response to prolonged resistance type 
exercise training. In the present study we assessed the impact of dietary protein sup-
plementation prior to sleep on muscle mass and strength gains during prolonged re-
sistance type exercise training.  

Methods: Forty-four healthy young men (22±1 y) were randomly assigned to a progres-
sive, 12-wk resistance type exercise training program (3 session/wk). One group con-
sumed a protein supplement containing 27.5 g protein, 15 g carbohydrate, and 0.1 g fat 
every night prior to sleep. The other group received a non-caloric placebo. Muscle hy-
pertrophy was assessed on a whole-body (DXA), limb (CT), and muscle fiber (biopsy) 
level prior to and after 12 weeks of training. Strength was assessed regularly by one-
repetition maximum (1RM) strength testing.  

Results: Muscle strength (total 1RM) increased following 12 wks of resistance type 
exercise training to a significant greater extent in the protein compared with the place-
bo supplemented group (+164±11 kg and +130±9 kg, respectively; P<0.0001). In addi-
tion, quadriceps muscle cross-sectional area increased in both groups over time 
(P<0.0001), with a greater increase in the protein supplemented group (+8.4±1.1 vs 
+4.8±0.8 cm2, respectively; P<0.05). Both type I and type II muscle fiber size increased 
following resistance type exercise training (P<0.0001), with a greater increase in type II 
muscle fiber size in the protein (+2319±368 µm2) compared with the placebo 
(+1017±353 µm2; P<0.05) group.  

Conclusion: Protein ingestion prior to sleep represents an effective dietary strategy to 
augment muscle mass and strength gains during prolonged resistance type exercise 
training in healthy young males. 
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INTRODUCTION 
Resistance type exercise training represents an effective interventional strategy to 
augment skeletal muscle protein accretion (1, 2). A single bout of resistance type exer-
cise stimulates both muscle protein synthesis and breakdown rates, albeit the latter to 
a lesser extent (1, 3, 4). Though exercise improves net muscle protein balance, net 
muscle balance remains negative in the absence of nutrient intake (1, 3). Protein inges-
tion following exercise stimulates muscle protein synthesis, inhibits muscle protein 
breakdown, resulting in net muscle protein accretion during the acute stages of post-
exercise recovery (5-7). Therefore, it has been suggested that protein supplementation 
can further augment the muscle adaptive response to prolonged resistance type exer-
cise training. However, studies investigating the impact of protein supplementation on 
muscle mass and strength gains during more prolonged resistance type exercise train-
ing tend to report discrepant findings. Whereas some studies report greater gains in 
muscle mass, muscle fiber size, and/or muscle strength following dietary protein sup-
plementation during prolonged resistance-type exercise training (8-16), others have 
failed to confirm such findings (17-24). In a recent meta-analysis, Cermak et al. (25) 
showed that these discrepant findings may be largely explained by differences in study 
design and/or the number of participants included in the study. Other important fac-
tors that may contribute to the observed discrepancy on the proposed benefits of pro-
tein supplementation are the source and quantity of protein that is provided as well as 
the timing of protein supplementation (25). In recent studies, we have demonstrated 
that protein provided prior to sleep is properly digested and absorbed resulting in mus-
cle protein accretion throughout overnight sleep (26, 27). When athletes were provided 
with a bolus of dietary protein immediately prior to sleep muscle protein synthesis 
rates were ~22% higher during post-exercise overnight sleep when compared to the 
ingestion of a placebo (27). Consequently, we concluded that protein feeding prior to 
sleep may represent an effective interventional strategy to further augment the skele-
tal muscle adaptive response to exercise training and, as such, to improve exercise 
training efficiency. We hypothesized that dietary protein supplementation provided 
prior to sleep will further augment the gains in muscle mass, strength and muscle fiber 
size during more prolonged resistance type exercise training in healthy young men. 
Therefore, we subjected 44 healthy young men to a 12 wks resistance type exercise 
training program (three exercise sessions per week) during which they were provided 
with a protein supplement (27.5 g protein·d-1) or a non-caloric placebo. Prior to and 
after the intervention period, we determined muscle mass on a whole-body, limb and 
muscle fiber level and assessed muscle strength.  
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METHODS 

Subjects 
A total of 44 healthy young men (22±1 y) volunteered to participate in a 12-wk re-
sistance type exercise training intervention program, with or without additional protein 
supplementation. Three subjects dropped out during the study, one because of a road 
accident, one because of pneumonia and one because of time availability. Medical 
history was evaluated, and a blood sample was taken to assess blood HbA1c content 
and fasting plasma glucose levels. Participants were excluded when HbA1C content 
exceeded 6.5% or fasting plasma glucose level was higher than 7 mmol/L. Additional 
exclusion criteria that would preclude successful participation in the intervention pro-
gram included (diagnosed) lactose intolerance and/or dairy protein allergy, COPD 
and/or orthopedic limitations. All subjects were recreationally active, performing sports 
on a non-competitive basis between 2 and 5 h per week. None of the participants had a 
history of participating in a structured resistance type exercise training program to 
improve performance over the past 2 y. All subjects were informed on the nature and 
possible risks of the experimental procedures before their written informed consent 
was obtained. This study was approved by the Medical Ethics Committee of the Maas-
tricht University Medical Centre+, and complied with the guidelines set out in the Dec-
laration of Helsinki. 

Study design 
After inclusion, subjects were randomly allocated to either a protein (PRO) or placebo 
(PLA) supplemented group. Before, during, and after exercise training, anthropometric 
measurements (height, body mass, and leg volume), strength assessment (one repeti-
tion maximum (1RM)), computed tomography (CT), and Dual-energy X-ray absorptiom-
etry (DXA) scans were performed, and muscle biopsies and dietary intake records were 
collected. 

Exercise intervention program 
Supervised resistance type exercise training was performed three times a week for a 12 
wk period. Training consisted of a 5 min warm-up on a cycle ergometer, followed by 
four sets on both the leg press and leg extension machines (Technogym, Rotterdam, 
the Netherlands), these two exercise were performed every training. Two sets on the 
chest press and horizontal row were alternated with vertical pull-down and shoulder 
press between every training session. Each session ended with a 5-min cooling down 
period on the cycle ergometer. During the first week of the training period, the work-
load was gradually increased from 70% (10-15 repetitions) of 1RM to 80% of 1RM (8-10 
repetitions). Thereafter, training was always performed at 80% 1RM. Resting periods of 
1.5 and 3 min were allowed between sets and exercises, respectively. Workload intensi-
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ty was adjusted based on the outcome of the successive 1RM tests (performed at 
weeks 4 and 8). In addition, workload was increased when more than eight repetitions 
could be performed in three out of four sets. All training sessions were performed in 
the evening between 8.00-9.00 pm or 9.00-10.00 pm. On average, subjects attended 
91±1% and 90±1% of the scheduled exercise sessions in the PLA and PRO group, respec-
tively, with no differences between groups. 

Dietary protein supplementation 
Throughout the 12 wk intervention period, subjects consumed a 300 mL bottle contain-
ing either a placebo (placebo group, PLA) or protein drink (protein group, PRO) daily 
prior to sleep. The protein beverage contained 13.75 g casein hydrolysate (Peptopro), 
13.75 g casein, 15 g carbohydrate and 0.1 g fat (DSM, Delft, the Netherlands), providing 
746 kJ of energy. The control drink was a non-caloric placebo beverage. Beverages were 
masked for taste and smell by adding citric and vanilla additives. In addition, beverages 
were masked for color by adding titanium dioxide (E171) to the placebo drink. Placebo 
and protein drinks were provided in a randomized, double-blind manner. On average, 
subjects consumed 98±1% of the beverages, with no differences between groups. 

Dietary intake and physical activity standardization 
All participants received a snack immediately after every training session, including a 
cheese sandwich, an apple and a non-caloric beverage (total energy intake 1151 kJ ; 37 
g carbohydrates, 10 g protein and 9 g fat). Furthermore, standardized meals were pro-
vided to all subjects the evening before each test day. The subjects were instructed to 
refrain from strenuous physical activity for at least 5 d before testing. On all test days, 
subjects arrived at the laboratory by car or public transportation after an overnight fast. 
Subjects were encouraged to maintain their habitual dietary intake and physical activity 
pattern throughout the intervention program. Before the onset of the intervention 
program and in week 11 of the exercise intervention, the participants recorded 3-d 
weighted dietary intake records (Thursday–Saturday) to assess potential changes in 
daily food intake that might have occurred during the intervention period. Food intake 
records were analyzed with Eetmeter software 2005 (version1.4.0; Voedingscentrum, 
The Hague, Netherlands). 

Body composition 
Body composition was measured using DXA (Discovery A, QDR Series; Hologic, Brad-
ford, MA). Whole-body and regional lean mass, and fat mass, were determined by using 
the system’s software package Apex version 2.3 Wind River, Alameda, CA). Anthropo-
metrics were assessed using standardized procedures; bodyweight by digital scale to 
within 100 g; height by stadiometer to within 0.5 cm. Anatomical cross-sectional area 
(CSA) of the quadriceps muscle was assessed by CT scanning (Philips Brilliance 64, 
Philips Medical Systems, Best, the Netherlands) before and after 12 wk of intervention. 
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The scanning characteristics were as follows: 120 kV, 300 mA, rotation time of 0.75 s, 
and a field of view of 500 mm. The subjects were lying supine, legs extended and their 
feet secured, a 3-mm-thick axial image was taken 15 cm proximal to the base of the 
patella. The exact scanning position was measured and marked for replication at sub-
sequent visits. Muscle area of the right leg was selected between 0 and 100 Hounsfield 
units (28), after which, the quadriceps muscle was selected by manual tracing using 
ImageJ software (version 1.45d; National Institutes of Health, Bethesda, MD) (29). All 
analyses were performed by two investigators blinded to subject coding; intra-class 
correlation coefficients for inter- and intra-investigator reliability were 1.000 and 0.997, 
respectively. 

Muscle biopsy sampling 
Seven days before the onset of the intervention and after 12 wk of intervention (5 d 
after final strength testing), muscle biopsies were taken from the right leg of each sub-
ject in the morning after an overnight fast. After local anesthesia was induced, percuta-
neous needle biopsy samples (50–80 mg) were collected from the vastus lateralis mus-
cle, approximately 15 cm above the patella (30). Any visible non-muscle tissue was 
removed immediately, and biopsy samples were embedded in Tissue-Tek (Sakura 
Finetek, Zoeterwoude, the Netherlands), frozen in liquid nitrogen–cooled isopentane, 
and stored at -80 C until further analyses. 

Strength assessment 
Maximum strength was assessed by 1RM strength tests on leg press, leg extension, 
chest press, shoulder press, vertical pull down and horizontal row machines (Tech-
nogym). During a familiarization trial, proper lifting technique was demonstrated and 
practiced and maximum strength was estimated using the multiple repetitions testing 
procedure. In an additional session, at least 1 week before muscle biopsy collection, 
each subjects 1-RM was determined as described previously (31). Therefore, 1RM test-
ing is preferred to evaluate changes in muscle strength during resistance-type exercise 
training (32). Therefore, 1RM tests for leg press and leg extension machines were re-
peated after 4 and 8 wks of intervention to adjust training weights. In addition, all 1RM 
were repeated 4 d after the last training session of the intervention program. 

Immunohistochemistry  
From all biopsies, 5-µm-thick cryosections were cut at -20oC. Samples collected before 
and after 12 wks of intervention from each subject were mounted together on uncoat-
ed glass slides. Muscle biopsies were stained for muscle fiber typing as described in 
detail previously (33, 34). In short, the slides were incubated with primary antibodies 
against MHC-I (A4.840; Developmental Studies Hybridoma Bank, Iowa City, IA) and 
laminin (polyclonal laminin; Sigma, Zwijndrecht, the Netherlands). After washing, ap-
propriate secondary antibodies were applied (goat anti–mouse IgM AlexaFluor555 and 
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goat anti–rabbit IgG AlexaFluor647, respectively; Molecular Probes, Invitrogen, Breda, 
the Netherlands). Images were visualized and automatically captured at 10x magnifica-
tion with a fluorescent microscope equipped with an automatic stage (IX81 motorized 
inverted microscope; Olympus, Hamburg, Germany). Muscle fiber type (fiber%) and 
fiber CSA were measured for each separate muscle fiber. As such, mean muscle fiber 
size was calculated for the type I and type II muscle fibers separately. As a measure of 
fiber circularity, form factors were calculated by using the following formula: 
(4π·csa)/(perimeter)2. All image recordings and analyses were performed by an investi-
gator blinded to subject coding. No differences in fiber circularity were observed over 
time or between groups. Mean numbers of 149±11, and 182±14 muscle fibers were 
analyzed in the biopsy samples collected before and after 12 wk of intervention, re-
spectively. 

Statistics 
All data are expressed as means±SEMs. Baseline characteristics between groups were 
compared by means of an Independent-samples T Test. Because all data were normally 
distributed, training-induced changes were analyzed with a split plot model with treat-
ment (protein vs placebo group) and training (before vs after training) as fixed factors 
and subject as a within-treatment random factor. Muscle fiber type-specific variables 
were analyzed by adding another fixed factor (type I vs type II fibers). In case of a signif-
icant interaction, Paired-samples T Tests were performed to determine training effects 
within treatment groups or within type I or II fibers. Independent-samples T tests were 
used to determine group differences in either the pre- or post-intervention values. 
Bonferroni corrections were applied where appropriate. All analyses were performed 
by using SAS (SAS Institute Inc, Cary, NC). An α-level of 0.05 was used to determine 
statistical significance. 

RESULTS 

Participants 
Participants’ characteristics are provided in Table 1. In total 41 participants completed 
the intervention program. Two participants were excluded from the analysis, one par-
ticipant missed too many training sessions and one participant missed too many test 
beverages. Subsequently, analysis was performed on 39 participants: 20 in the PLA 
group and 19 in the PRO group. At baseline no differences in age, body mass, height, 
BMI and leg volume were observed between the PLA and PRO group (Table 1). We 
observed a significant increase in body mass from 80.0±2.5 to 81.0±2.7 kg and from 
76.2±2.1 to 78.9±2.3 kg in response to 12 wks of resistance type exercise training in 
both the PLA and PRO group, respectively (P<0.05). Body mass index increased signifi-
cantly over time (from 23.4±0.8 to 23.7±0.8 kg·m-2 and from 23.2±0.6 to 23.8±0.6 kg·m-
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2 in the PLA and PRO group, respectively; P<0.05). Furthermore, leg volume increased 
significantly in both groups in response to resistance type exercise training (from 
9.3±0.3 to 9.7±0.3 L and from 8.9±0.3 to 9.1±0.3 L in the PLA and PRO group, respec-
tively; P<0.05). No significant differences were observed between treatments. 

Table 1 Participants’ characteristics

 Placebo group Protein group 
Age (y) 21±1 23±1
Height (m) 1.85±0.02 1.82±0.02
Body mass (kg) 80.0±2.5 76.9±2.1
BMI (kg·m-2) 23.4±0.8 23.2±0.6
Leg (right) volume (L) 9.3±0.3 8.9±0.3
Values are means±SEM; BMI, body mass index. No significant differences were 
observed between groups 

Body composition 
At baseline, no significant differences were observed between the PLA and PRO group 
for any of the DXA-scan measurements. Whole-body lean mass increased throughout 
the intervention period in both the PLA and PRO group, from 63.6±1.6 to 65.3±1.7 kg 
and 62.9±1.3 to 64.8±1.4 kg, respectively (P<0.001), with no difference between the 
PLA and PRO group. Leg lean mass (left + right) increased significantly by 607±121 and 
842±129 g following 12 wks of resistance type exercise training in the PLA and PRO 
group, respectively, with no significant difference between groups. Though no signifi-
cant changes were observed in total fat mass in the PLA and PRO groups, we did show a 
significant decline in whole-body and leg fat percentage in response to 12 wks of re-
sistance type exercise training (Table 2; P<0.05). No significant differences were ob-
served between groups.  

Table 2 Body composition 

 Placebo group Protein group 
 Before After ∆ Change Before After ∆ Change 

Whole-body lean mass (kg) 63.6±1.6 65.3±1.7* 1.7±0.3 62.9±1.3 64.8±1.4* 1.9±0.4 
Trunk lean mass (kg) 30.7±0.8 31.4±0.8* 0.7±0.2 30.7±0.8 31.4±0.8* 0.6±0.2 
Leg lean mass (kg) 22.3±0.6 23.0±0.7* 0.6±0.1 21.6±0.5 22.5±0.5* 0.8±0.1 
Values are means±SEM. No training x treatment interaction was observed for any of the variables (P≥0.19). * 
Significant main effect of training (P<0.001). No significant main effect of treatment was observed for any of 
the variables. 

Skeletal muscle hypertrophy 
At baseline, no significant differences in quadriceps muscle CSA were observed be-
tween the PLA and PRO group (Figure 1). Quadriceps muscle CSA increased in both 
groups (P<0.0001), with a greater increase in the PRO compared with the PLA group 
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(+8.4±1.1 vs +4.8±0.8 cm2, respectively; P<0.05; Figure 1). Prior to intervention, no 
significant differences were observed in type I and type II muscle fiber size between 
PLA and PRO group. We observed a significant fiber type x time x treatment interaction 
(P<0.05). Separate analyses showed that type I muscle fiber size had increased in both 
the PLA and PRO group in response to 12 wks of resistance type exercise training 
(P<0.05), with no differences between groups (time x treatment interaction P=0.234). 
Type II muscle fiber size increased in both groups (P<0.0001), with a greater increase in 
the PRO compared with the PLA group (from 6017±204 to 8290±361 µm2 and from 
6371±297 to 7372±296 µm2, respectively; time x treatment interaction P<0.05; Figure 
2). 

 

Figure 1 Mean (±SEM) quadriceps 
cross-sectional area (CSA) before and 
after 12 wks of resistance type exercise 
training in healthy young men with 
(protein group; n = 19) or without 
(placebo group; n = 20) protein sup-
plementation prior to sleep. 
*Significantly different from before 
intervention, P<0.001. # Significant 
training x treatment interaction, 
P<0.05. **Significantly different from 
placebo group, P<0.05. 

 

 

Figure 2 Mean (±SEM) muscle fiber size for type I (A) and II (B) muscle fiber size before and after 
12 wks of resistance type exercise training in healthy young men with (protein group; n = 19) or 
without (placebo group; n = 20) protein supplementation prior to sleep. We observed a training x 
fiber type x treatment interaction (P<0.05). Type I and type II muscle fibers were analyzed sepa-
rately. * Significant training effect in type I and II muscle fibers was observed P<0.05 and P<0.001, 
respectively. In type I muscle fibers no training x treatment (P=0.23) interaction was observed. # 
Significant greater increases in type II muscle fiber size were observed in the protein compared 
with the placebo group, significant training x treatment interaction (P<0.05). **Significantly differ-
ent from placebo group, P<0.05. 
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Muscle fiber type composition 
At baseline, no group differences were observed in the percentage of type I and type II 
muscle fibers (fiber%) and/or the percentage of muscle area occupied by type I and II 
fibers (area%). Type I and II muscle fiber% did not change in both groups after 12 wks of 
exercise intervention (Table 3). In contrast, type II muscle fiber area% increased signifi-
cantly from 54±3% to 65±3% in the PRO group following resistance type exercise train-
ing (P<0.05), whereas no changes were observed in the PLA group. 

Table 3 Muscle fiber type composition

 Fiber Placebo group Protein group
 type Before After Before After 

Fiber % I 46±3 45±3 46±3 40±3 
 II 54±3 55±3 54±3 60±3 
CSA % I 43±3 41±3 46±3 35±3 
 II 56±3 59±3 54±3 65±3* 
Values are means±SEM; CSA, cross-sectional area. No significant differences were observed 
between groups prior to intervention. * Significant training x treatment interaction, P<0.05 
showed that muscle fiber CSA% changed due to training in the protein group only. 

Muscle strength 
At baseline no significant differences in 1RM muscle strength were observed between 
the PLA and PRO group (Table 4). After 12 wks of resistance type exercise training leg 
press and leg extension muscle strength had increased significantly in both groups 
(P<0.0001), with no differences between groups. Similarly, for the upper body exercises 
(chest press, shoulder press, and horizontal row) we observed a significant increase in 
1RM muscle strength over time (P<0.0001), with no differences between the PLA and 
PRO groups.  
 

Figure 3. Mean (±SEM) one repeti-
tion maximum (sum of all 1RM  
test) strength before and after 12 
wks of resistance type exercise 
training in healthy young men with 
(protein group; n = 20) or without 
(placebo group; n = 19) protein 
supplementation prior to sleep. 
*Significantly different from data 
observed prior to intervention, 
P<0.001. # Significant training x 
treatment interaction, P<0.05. 
**Significantly different from 
placebo group, P<0.05. 
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On the lateral pull down machine we found significantly greater muscle strength gains 
in the PRO (from 66±2 to 79±2 kg) compared with the PLA (from 67±3 to 76±3 kg) group 
(main effect of time; P<0.0001 and time x treatment interaction; P<0.05). Furthermore, 
we observed that the sum of all 1RM measurements increased to a larger extent in the 
PRO (from 615±24 to 741±26 kg) compared with the PLA (from 611±20 to 783±25 kg) 
group (main effect of time, P<0.0001; and time x treatment interaction, P<0.05; Figure 
3). 

Table 4 Muscle strength 

 Placebo group Protein group 

 Before 4 wk 8 wk After Before 4 wk 8 wk After 

Leg press (kg) 197±9 220±10* 226±9*# 238±10*# 195±6 229±9* 244±9*# 254±13*# 
Leg extension (kg) 122±5 134±4* 144±6*# 151±6*#† 114±5 135±5* 144±8*# 146±52*#† 
Chest press (kg) 86±5 - - 109±5* 88±5 - - 115±7* 
Shoulder press (kg) 80±5 - - 93±4* 85±5 - - 104±6* 
Horizontal row (kg) 62±2 - - 72±3* 62±2 - - 75±2* 
Vertical pull down (kg) 67±3 - - 76±3*‡ 66±2 - - 79±2* 
Total 1RM 615±24 - - 741±26*‡ 611±20 - - 783±25*‡ 
Values are means±SEM. No significant differences were observed between groups before the intervention. * 
Significantly different compared with before intervention (P<0.05). # Significantly different compared with 4 wk 
(P<0.05). † Significantly different compared with 8 wk (P<0.05). ‡ Significant training x treatment interaction 
(P<0.05) showed that strength gains were greater in the protein vs placebo group. 
 

Dietary intake records 
Analysis of the 3-d dietary intake records collected before and after 11 wk of resistance 
type exercise training showed no differences in total daily energy intake between 
groups and/or over time (12.0±0.7 and 11.5±0.7 MJ/d to 10.8±0.6 and 11.4±0.7 MJ/d in 
the PLA and PRO groups, respectively). We observed a significant increase in the %en-
ergy of protein intake during the 12 wk intervention period (P<0.05), with no differ-
ences between groups (Table 5). Daily protein intake averaged 1.3±0.1 g·kg-1·d-1 in both 
groups and did not change significantly during the intervention period. As a result of 
the supplementation regime, protein intake increased to 1.9±0.1 g·kg-1·d-1 in the PRO 
group (Table 5). 
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Table 5 Energy intake and macronutrient composition of the diet

 Placebo group Protein group 
 Before After Before After 

Total Energy (MJ/d) 12.0±0.7 10.8±0.6 11.5±0.7 11.4±0.7 
Carbohydrate (% of energy) 47±1 48±1 45±2 43±3 
Fat (% of energy) 35±1 34±1 36±2 35±2 
Alcohol (% of energy) 3±1 1±1 5±1 5±2 
Protein (% of energy) 15±1 17±1* 15±1 16±1* 
Protein intake (g) 101±6 103±7 99±5 106±8 
Protein intake (g·kg-1·d-1) 1.3±0.1 1.3±0.1 1.3±0.1 1.4±0.1 
Protein intake including supplement (g·kg-1·d-1) 1.3±0.1 1.3±0.1 1.3±0.1 1.9±0.1#† 
Values are means±SEM. * Significantly different compared with before intervention (P<0.05). # Significant 
training x treatment interaction (P<0.05) showed a change after training in the protein group only (P<0.001).  

DISCUSSION 

The present study shows that 3 months of resistance type exercise training increases 
skeletal muscle mass, strength, and muscle fiber size in young males. The exercise train-
ing induced gains in muscle mass and strength are shown to be further increased fol-
lowing daily supplementation with 27.5 g dietary protein consumed prior to sleep. 
It has been well-established that long-term resistance type exercise training is an effec-
tive intervention strategy to increase skeletal muscle mass and strength (8-24). In the 
present study, we show substantial increases in whole body lean mass (1.7±0.3 kg) 
following 12 wk of resistance type exercise training. The observed gains in muscle mass 
are in line with previous findings reported after 8-16 wks of resistance type exercise 
training in healthy young men (25). The increase in whole body lean mass was mainly 
attributed to an increase in leg and trunk lean mass (0.6±0.2 and 0.7±0.1 kg, respective-
ly). These gains in muscle mass were accompanied by a 6±1% increase in Quadriceps 
muscle CSA following 12 wks of resistance type exercise training. In agreement, on a 
myocellular level we also observed a significant increase in muscle fiber size in response 
to exercise training. Previous studies have reported mixed results on either type I or 
type II muscle fiber hypertrophy after prolonged resistance type exercise training. 
Whereas some demonstrate an increase in type I and/or type II muscle fiber size (8-10, 
35), others have been unable to demonstrate muscle fiber hypertrophy in response to 
prolonged resistance type exercise training (15, 36). In the present study, we report a 
significant increase in both type I (+ 483±329 µm2) and type II (+ 1017±353 µm2) muscle 
fiber size in response to exercise training. Skeletal muscle mass and/or CSA are known 
to be positively correlated with skeletal muscle strength (34, 37). In accordance we 
observed a substantial 23±2 and 25±2% increase in leg extension and leg press 
strength, respectively. 
It has been suggested that protein supplementation can further augment the skeletal 
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muscle adaptive response to prolonged resistance type exercise training (25). However, 
there is much discrepancy in the literature on the proposed benefits of protein supple-
mentation to increase muscle mass and strength, with most studies unable to report 
significantly greater increases in muscle mass or strength following prolonged re-
sistance type exercise training (17-24). In the present study, we provided additional 
protein on a daily basis prior to sleep over the course of a 12 wk resistance type exer-
cise training program. Participants in the PRO supplemented group showed greater 
gains in muscle quadriceps CSA (+10±1%) compared with the PLA group (+6±1 %) after 
the exercise intervention (time x treatment interaction, P=0.027; Figure 1). This also 
translated into a greater gain in total 1RM muscle strength in the PRO compared with 
the PLA group (Figure 3). Though leg lean mass appeared to increase to a larger extent 
in the PRO (+842±129 g) compared with the PLA (+610±129 g) group, differences be-
tween groups did not reach statistical significance (time x treatment interaction; 
P=0.192). On the muscle fiber level, we observed a significantly greater increase in type 
II muscle fiber size in the PRO group (+41±6 % or +2319±368 µm2) when compared with 
the PLA group (+19±6 % or +1017±353 µm2) in response to the 12 wk resistance type 
exercise training program (Figure 2). These results clearly show that protein supple-
mentation, as performed in the present study, further augmented the skeletal muscle 
adaptive response to prolonged resistance type exercise training. This seems to be in 
line with some (8-16) but certainly not all studies (17-24) that investigated the impact 
of protein supplementation during prolonged resistance type exercise training. The 
obvious discrepancy in the literature is likely to be attributed to differences in research 
design, but also in particularly the choice of the type, source and timing of the protein 
supplement that is provided. In the present study we provided protein prior to sleep, 
with exercise being performed in the evening on the training days. This seems to be a 
more practical strategy and may be of greater efficacy as previous studies from our lab 
have shown that protein ingestion prior to sleep is properly digested and absorbed 
during the night allowing muscle protein to be synthesized during sleep (26, 27). Die-
tary protein supplementation prior to sleep is here shown to represent a feasible and 
effective nutritional strategy to support the skeletal muscle adaptive response to pro-
longed resistance type exercise training, thereby increasing training efficiency. We can 
only speculate on the surplus benefits of the protein supplement being provided prior 
to sleep as opposed to a different time points throughout the day. However, as dietary 
protein is provided at most mean meals throughout the day we feel that dietary protein 
supplementation prior to sleep is of particular relevance, certainly under conditions 
where habitual dietary protein intake is already high (1.3±0.1 g protein per kg body 
weight in the young, recreationally active subjects included in the present study (Table 
5)). Consequently, it is quite astounding that even at such a high absolute dietary pro-
tein intake a nighttime based protein supplement was able to augment muscle mass 
and strength gains. 
In the present study, we provided participants in the PRO group with a beverage con-
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taining both carbohydrates (15 g) and protein (27.5 g), in total the supplement provided 
~746 kJ. In the control group participants received a non-caloric placebo beverage. We 
chose to provide a non-caloric placebo in the control group to prevent any shifts in 
macronutrient composition of the diet in the control group. An iso-energetic control 
supplement with carbohydrate (i.e. ~45 g CHO) could have resulted in a decline in pro-
tein intake in the control group, thereby increasing the risk of finding a false positive 
outcome regarding the proposed benefits of protein supplementation. Nonetheless, we 
observed no changes in total energy intake (including the protein supplement) over 
time in both the PRO and PLA groups (Table 5). We did show a significant increase in 
energy% protein in the diet in both groups during the intervention (Table 5). However, 
in the PRO group dietary protein intake was elevated towards 1.9±0.1 g/kg/day, where-
as protein intake in the control group remained at a level of 1.3±0.1 g/kg/d during the 3 
month intervention period (Table 5, P<0.05). 
It is evident that a discrepancy exists in the literature on the surplus benefits of dietary 
protein supplementation during prolonged resistance type exercise training. These 
discrepant findings are, at least partly, attributed to less favorable choices in the pro-
tein source and protein quantity provided, habitual protein intake and the timing of 
protein supplementation that was applied in the study. The present study confirms 
observation in our previous work that provision of dietary protein prior to sleep is well 
received and well-tolerated by the athletes and represents a feasible interventional 
strategy to augment the skeletal muscle adaptive response to resistance type exercise 
training. 
In conclusion, protein ingestion prior to sleep represents an effective dietary strategy to 
augment skeletal muscle mass and strength gains during prolonged resistance type 
exercise training in healthy young males. 
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ABSTRACT 
Introduction: Muscle fiber hypertrophy is accompanied by an increase in myonuclear 
number, myonuclear domain size, or both. Though an initial increase in myonuclear 
domain size has been suggested to be a crucial factor driving subsequent myonuclear 
accretion, there is a lack of data from prolonged exercise training in humans to corrob-
orate this view. In this study we assessed the changes in muscle fiber size, myonuclear 
and satellite cell contents at regular time points during 12 wks of resistance type exer-
cise training in healthy young men.  

Methods: Forty-four healthy young men (22±1 y) were randomly assigned to a progres-
sive, 12-wk resistance type exercise training program (3 sessions/wk) with or without 
protein supplementation. Muscle biopsies from the vastus lateralis muscle were taken 
before and after 2, 4, 8 and 12 wks of the exercise training program. Type I and type II 
muscle fiber size, myonuclear content, myonuclear domain size, and satellite cell con-
tent were assessed by immunohistochemistry.  

Results: Type I and type II muscle fiber size increased gradually in response 12 wks of 
resistance type exercise training. Myonuclear content increased significantly over time 
in type I (P<0.01) and type II (P<0.001) muscle fibers. No changes in type I and type II 
myonuclear domain size were observed at any time point throughout the training pro-
gram. Muscle fiber satellite cell content tended to increase over time in type I (P=0.064) 
and increased significantly in type II (P<0.001) muscle fibers. 

Conclusion: A temporary increase in myonuclear domain size does not drive myonucle-
ar accretion during extensive resistance type exercise training induced muscle fiber 
hypertrophy. 
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INTRODUCTION 
Skeletal muscle fibers contain hundreds of myonuclei, and it is generally believed that 
each myonucleus controls the gene expression and protein synthesis over a certain 
amount of cytoplasm, referred to as the DNA-unit or myonuclear domain (4). Hence, 
changes in muscle fiber size should be accompanied by changes in myonuclear domain 
size, myonuclear number, or a combination of both. As myonuclei are post-mitotic, an 
increase in myonuclear content must be facilitated by a pool of myogenic precursor 
cells, also known as skeletal muscle satellite cells. In adult muscle, these satellite cells 
reside in a niche positioned beneath the basal lamina of their associated muscle fiber 
and normally remain in a quiescent state. However, upon perturbation satellite cells 
can become activated after which they are able to proliferate, and subsequently differ-
entiate to form new myonuclei, or return to a quiescent state to replenish the resident 
pool of satellite cells. 
Whether myonuclear accretion is an obligatory step in the process of muscle fiber hy-
pertrophy is a highly debated topic (14). Previous animal studies have shown that mus-
cle fiber growth is attenuated or even prevented after gamma-irradiation, which abol-
ishes the potential of any cell division, including that of satellite cells (18-20). In con-
trast, more recent animal studies have reported that under specific experimental condi-
tions, muscle fiber hypertrophy is possible without satellite cell induced addition of 
new myonuclei (10, 14). Though some of the latest transgenic animal studies demon-
strate that the addition of new myonuclei is not required to allow post-natal muscle 
fiber growth (10, 14) this unlikely translates to an in vivo human model, e.g. during 
exercise induced muscle hypertrophy. In human skeletal muscle, exercise induced mus-
cle fiber hypertrophy has been shown to be accompanied by myonuclear accretion (9, 
11, 16). In contrast, others have failed to show an increase in myonuclear content fol-
lowing prolonged exercise training in healthy young and elderly men (7, 8, 15, 16, 23, 
26). To explain this discrepancy it has been hypothesized that in a physiological situa-
tion, such as in response to prolonged resistance type exercise training, two distinct 
phases of muscle fiber hypertrophy may exist (7, 8, 16, 17). This “two-phase model” 
proposes that in response to exercise training, muscle fiber hypertrophy is initially sup-
ported by an increase in myonuclear domain size. However, it is thought that the exist-
ing myonuclei can only support the underlying increase in transcriptional activity to a 
certain extent (8, 17). Subsequently, the incorporation of new myonuclei may be re-
quired to allow more extensive long-term muscle fiber growth. In other words, an initial 
(temporary) increase in myonuclear domain size has been hypothesized to be a crucial 
driving force for subsequent myonuclear accretion in response to prolonged resistance 
type exercise training. However, in humans there is only limited data on the time de-
pendent changes in myonuclear domain size and myonuclear/satellite cell content 
during prolonged resistance type exercise training induced muscle fiber hypertrophy. In 
the present study, we aimed to gain further insight in the timeline and underlying pro-
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cesses of muscle fiber hypertrophy in response to traditional resistance type exercise 
training. Therefore, we assessed type I and type II muscle fiber size, myonuclear con-
tent, myonuclear domain size, and satellite cell content in muscle biopsies taken before 
and after 2, 4, 8, and 12 weeks of resistance type exercise training in healthy young 
men. 

METHODS 

Subjects 
Forty-four healthy young men were recruited to participate in a 12 wk resistance type 
exercise intervention program, with or without additional protein supplementation. 
This study is part of a greater research project investigating the benefits of protein 
supplementation on skeletal muscle mass and strength gains in response to resistance 
type exercise training. Participants were included in an age range of 18-30 y. During an 
initial screening visit medical history was evaluated, and a blood sample was taken to 
assess blood HbA1c and fasting plasma glucose levels. Participants were excluded when 
HbA1C levels exceeded 6.5% or fasted plasma glucose levels were higher than 7 
mmol/L. All subjects were recreationally active, performing sports on a non-
competitive basis between 2 and 5 hours per week. None of the participants had a 
history of participating in a structured resistance type exercise training program over 
the past 2 y. During the intervention period a total of three participants dropped out, 
one because of a road accident, one because of pneumonia and one because he under-
estimated the time required to participate. All subjects were informed on the nature 
and possible risk of the experimental procedures before their written informed consent 
was obtained. This study was approved by the Medical Ethics Committee of Maastricht 
University Medical Centre, and complied with the guidelines set out in the Declaration 
of Helsinki. 

Exercise intervention program 
Supervised resistance type exercise was performed three times a week for a 12 wk 
period. All training sessions were performed in the evening between 8.00-9.00 pm or 
9.00-10.00 pm. During the first week of the training period, the workload was gradually 
increased from 70% (10-15 repetitions) of 1RM to 80% of 1RM (8-10 repetitions). 
Thereafter, training was always performed at 80% 1RM. Workload intensity was adjust-
ed based on the 1-RM tests (performed at weeks 4 and 8). In addition, workload was 
increased when more than eight repetitions could be performed in three of four sets. 
Training consisted of a 5 min warm-up on a cycle ergometer, followed by four sets on 
both leg press and leg extension machines (Technogym, Rotterdam, the Netherlands); 
these two exercise were performed every training session. Two sets on the chest press 
and horizontal row were alternated with two sets on the vertical pull-down and shoul-
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der press between every training session. Resting periods of 1.5 and 3 min were al-
lowed between sets and exercises, respectively. Each session ended with a 5-min cool-
ing down period on the cycle ergometer.  

Dietary protein supplementation 
Throughout the 12 wk intervention period, subjects consumed a 300 mL of a placebo 
(placebo group, PLA) or protein drink (protein group, PRO) daily before going to sleep. 
The protein beverage contained 13.75 g casein hydrolysate (Peptopro, DSM, Delft, the 
Netherlands), 13.75 g intact casein, 15 g carbohydrate (Sucrose, Suikerunie, the Nether-
lands) and 0.1 g fat (DSM, Delft, the Netherlands), providing a total of 746 kJ . The con-
trol drink was a non-caloric placebo beverage. Beverages were masked for taste and 
smell by adding citric acid and vanilla flavour. In addition, beverages were masked for 
color by adding titanium dioxide (E171) to the placebo drink. Placebo and protein drinks 
were provided in a randomized, double-blind manner.  

Muscle biopsy sampling 
Seven days before the onset of the intervention and after 2, 4, 8 and 12 wk of interven-
tion, muscle biopsies were taken from the right leg of each subject in the morning after 
an overnight fast. During the resistance type exercise training period (at 2, 4 and 8 
week of training) the exercise session planned 4 days prior to muscle biopsy collection 
was not performed, to prevent any acute effect of the last exercise bout. After local 
anesthesia was induced in the skin, percutaneous needle biopsy samples (50–80 mg) 
were collected from the vastus lateralis muscle, approximately 15 cm above the patella 
(1). Any visible non-muscle tissue was removed immediately, and biopsy samples were 
embedded in Tissue-Tek (Sakura Finetek, Zoeterwoude, the Netherlands), frozen in 
liquid nitrogen–cooled isopentane, and stored at -80° C until further analyses. 

Immunohistochemistry  
Frozen muscle biopsies were cut into 5 µm thick cryosections using a cryostat at -20°C, 
and thaw mounted on uncoated pre-cleaned glass slides. Samples from baseline and 
after 2, 4, 8 and 12 weeks of resistance type exercise training were mounted together 
on the same glass slide. Care was taken to properly align the samples for cross-sectional 
muscle fiber analyses. Muscle cross-sections were stained with antibodies against lam-
inin (polyclonal rabbit anti-laminin, dilution 1:50; Sigma, Zwijndrecht, the Netherlands), 
myosin heavy chain (MHC)-I (A4.840, dilution 1:25; Developmental Studies Hybridoma 
Bank, Iowa City, IA), and CD56 (dilution 1:40, BD Biosciences, San Jose, CA). Appropriate 
secondary antibodies were applied: goat anti-rabbit IgG Alexa647, goat anti-mouse IgM 
Alexa 555, and Streptavidin Alexa 488 (dilution 1:400, 1:500, and 1:200, respectively; 
Molecular Probes, Invitrogen, Breda, the Netherlands). Nuclei were stained with 4,6-
diamidino-2-phenylindole (DAPI, 0.238 µM; Molecular Probes). Histochemical methods 
were adapted from previous published methods (21). Images were visualised and au-
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tomatically captured at 10x magnification with a fluorescent microscope equipped with 
an automatic stage (IX81 motorised inverted microscope, Olympus, Hamburg, Germa-
ny), an EXi Aqua CCD camera (QImaging). Micromanager 1.4 software was used for 
image acquisition (5). Quantitative analyses were done using ImageJ version 1.46d 
software package (version 1.46d, National Institute of Health, MD (22)). The mean fiber 
cross-sectional area (muscle fiber size), the number of myonuclei per muscle fiber, and 
the myonuclear domain (i.e. fiber size/number of myonuclei) were determined for type 
I and type II muscle fibers separately. In addition, the number of satellite cells per mus-
cle fiber, the number of satellite cells per mm squared of muscle fiber, and the number 
of satellite cells relative to the total number of myonuclei (number of satellite cells / 
[number of myonuclei + number of satellite cells]*100%) were also assessed for type I 
and type II muscle fibers separately. All image recordings and analyses were performed 
by an investigator blinded to subject coding. Mean numbers of 327±20, 347±207, 
357±20, 323±20 and 323±20 muscle fibers were analyzed in the biopsy samples collect-
ed prior to and after 2, 4, 8 and 12 weeks of resistance type exercise training.  

Statistics 
All data are expressed as means±SEMs. Baseline characteristics between groups were 
compared by means of an independent t-test. Because all data were normally distribut-
ed, training-induced changes were analyzed with general mixed linear model with time 
(before after 2, 4, 8, and 12 weeks of exercise training) as a within-subjects factor and 
treatment (protein compared with placebo) as a between-subjects factor. Partial Pear-
son correlation coefficients (r, controlled for treatment) were calculated to assess the 
association between type I or type II muscle fiber hypertrophy, and other muscle fiber 
characteristics, e.g. baseline and delta (before vs 12 wks) changes in type I and type II 
muscle fiber myonuclear and satellite cell content, baseline muscle type I and type II 
muscle fiber size. All analyses were performed by using SPSS version 20.0 (Chicago, IL). 
An α-level of 0.05 was used to determine statistical significance. 

RESULTS 

Muscle fiber size 
Muscle fiber size increased significantly over time in both the type I and the type II 
muscle fibers in response to 12 weeks of resistance type exercise training (Figure 1A-B; 
main effect of time in type I muscle fibers: P<0.01, and type II muscle fibers: P<0.001). 
Type I muscle fiber size had increased significantly after 4 (placebo: +5±5%, protein: 
+12±6%), 8 (placebo: +9±6%, protein: +7±4%) and 12 (placebo: +6±5%, protein: 
+18±5%) weeks of resistance type exercise training (Figure 1A). In addition, we ob-
served a significant increase in type II muscle fiber size after 2 (placebo: +6±5%, pro-
tein: +18±5%), 4 (placebo: +15±5%, protein: +19±6%), 8 (placebo: +25±5%, protein: 
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+27±6%), and 12 (placebo: +19±6%, protein: +41±6%) weeks of resistance type exercise 
training (Figure 1B). No significant differences were observed in the increase in type I 
and type II muscle fiber size between the two groups over all 5 time points (time x 
treatment interaction for type I muscle fiber size: P=0.588, and for type II muscle fiber 
size: P=0.105). 

 

 

Figure 1 Mean (±SEM) muscle fiber size for type I (A) and type II (B) muscle fibers before and after 
2, 4, 8 and 12 wks of resistance type exercise training in healthy young men with (protein group; n 
= 20) or without (placebo group; n = 19) protein supplementation. * significantly different com-
pared with pre-exercise values (P<0.05); ** significantly different compared with pre and 2 wks 
after exercise (P<0.05); *** significantly different compared with pre, 2, and 4 wks after exercise 
(P<0.05). 

 

Myonuclear content and domain size 
In response to the resistance type exercise training program type I and type II myonu-
clear content increased significantly over time (Figure 2A-B; main effect of time in type I 
muscle fibers: P<0.01, and in type II muscle fibers: P<0.001). Type I muscle fiber myo-
nuclear content was significantly increased at 8 and 12 weeks of resistance type exer-
cise training (Figure 2A). Furthermore, we observed a significant increase in the number 
of myonuclei per type II muscle fiber at 4, 8 and 12 weeks of exercise training (Figure 
2B). No significant differences in the increases in type I and type II muscle fiber myonu-
clear content were observed between the placebo and protein group. No significant 
changes in type I and type II myonuclear domain size were observed at any time point 
in both the placebo and protein group (Figure 2C-D; main effect of time P=0.491 and 
P=0.326 for type I and type II fibers, respectively). 
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Figure 2 Mean (±SEM) number of myonuclei (A-B) and myonuclear domain size (C-D) for type I and 
II muscle fibers before and after 2, 4, 8 and 12 wks of resistance type exercise training in healthy 
young men with (protein group; n = 20) or without (placebo group; n = 19) protein supplementa-
tion. * significantly different compared with pre-exercise values (P<0.05); ** significantly different 
compared with pre and 2 wks after exercise (P<0.05); *** significantly different compared with 
pre, 2 and 4 wks after exercise (P<0.05); ****: significantly different compared with pre, 2, 4 and 8 
wks after exercise (P<0.05). 

 

 

Figure 3 Mean (±SEM) number of satellite cells (SC) per type I (A) and type II (B) muscle fiber 
before and after 2, 4, 8 and 12 wks of resistance type exercise training in healthy young men with 
(protein group; n = 20) or without (placebo group; n = 19) protein supplementation. * significantly 
different compared with pre-exercise values (P<0.05); ** significantly different compared with pre 
and 2 wks after exercise (P<0.05). 
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Satellite cell content 
The number of satellite cells per type I muscle fiber tended to increase after resistance 
type exercise training (Figure 3A; main effect of time P=0.064). In addition, we observed 
a robust increase in type II muscle fiber satellite cell contents after exercise training 
(Figure 3b; main effect of time P<0.0001). Compared with baseline values, type II mus-
cle fiber satellite cell contents were significantly increased at 2, 4, 8 and 12 weeks of 
exercise training, with no differences between the placebo and protein group (Figure 
3B; time x treatment interaction P=0.460). In contrast, the number of satellite cells per 
mm squared did not change over time in the type I and type II muscle fibers in both 
groups (Table 1). 

Table 1 Type I and type II muscle fiber satellite cell content

 Pre 2 4 8 12 

Type I satellite cell/myonuclei (%) 
 Placebo 2.5±0.3 3.0±0.3 2.7±0.3 2.8±0.3 2.6±0.3 

 Protein 2.0±0.2 2.7±0.2 2.4±0.2 2.9±0.2* 2.5±0.2* 

Type II satellite cell/myonuclei (%) 
 Placebo 2.4±0.3 2.7±0.3 2.7±0.3 2.9±0.3 2.3±0.3 
 Protein 2.5±0.2 2.6±0.2 2.7±0.2 3.0±0.2* 3.0±0.2* 
Type I satellite cell/mm2 
 Placebo 14.0±1.6 17.2±1.5 15.6±1.5 16.5±1.5 16.5±1.6 
 Protein 10.2±1.1 14.1±1.1 12.2±1.1 14.1±1.1 12.7±1.2 
Type II satellite cell/mm2 
 Placebo 13.1±1.6 15.0±1.6 15.1±1.6 16.1±1.7 15.1±1.6 
 Protein 12.6±1.5 12.4±1.2 13.4±1.2 14.0±1.2 13.8±1.2 
Data represent means ± SEM. Satellite cell/myonuclei (%), the number of satellite cells expressed as a per-
centage of the total number of myonuclei (i.e. number of myonuclei + number of SCs). ∗ Significantly differ-
ent compared with pre exercise values (P<0.05). 

Partial Pearson correlations 
For the type I muscle fibers, no significant correlations were observed between base-
line characteristics and the increase in muscle fiber size (Table 2). In contrast, greater 
type II muscle fiber size and myonuclear content at baseline were associated with a 
smaller increase in type II muscle fiber size after 12 weeks of resistance type exercise 
training (Table 2; baseline type II muscle fiber size: r = -0.47, P<0.01, baseline type II 
myonuclear content: r = -0.34, P<0.05). In addition, for both the type I and type II mus-
cle fibers, a greater increase in the number of myonuclei per fiber was associated with 
a greater increase in muscle fiber size in response to the training program (Table 2; type 
I myonuclei per fiber: r = 0.50, P<0.01, type II myonuclei per fiber: r = 0.45, P<0.01). 
Finally, specifically for the type II muscle fibers the increase in satellite cell content was 
also positively correlated with the increase in muscle fiber size (Table 2; r = 0.35, 
P<0.05). 
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Table 2 Partial correlations between increase in type I or type II muscle fiber size after 12 wks re-
sistance type exercise training and muscle fiber characteristics 

 Partial Pearson correlations (r)
Characteristic ∆ type I muscle fiber size 

(pre vs 12 wks) 
∆ type II muscle fiber size 

 (pre vs 12 wks) 
Baseline  
 Muscle fiber size 0.43 -0.47*
 Nuclei/fiber 0.11 -0.34*
 Satellite cells/fiber -0.28 0.01
∆ Pre vs 12 wks
 Nuclei/fiber 0.50* 0.45*
 Satellite cells/fiber 0.16 0.35*
Partial Pearson correlations were corrected for treatment group (placebo vs protein). ∗ significant 
correlation (P<0.05). 

DISCUSSION 

In the present study we show that muscle fiber hypertrophy is accompanied by a time 
dependent increase in myonuclear and satellite cell content in response to 12 weeks of 
resistance type exercise training in young men. In addition, we show that the exercise 
training induced muscle fiber hypertrophy is not accompanied by any temporary or 
permanent increase in myonuclear domain size.  
According to the myonuclear domain theory every myonucleus controls a certain 
amount of cytoplasm, referred to as the myonuclear domain (4). Accordingly, skeletal 
muscle fiber hypertrophy can be accomplished by a rise in the number of domains (by 
the incorporation of new myonuclei) or an increase in the size of the existing domains 
(6). It has been well established that muscle protein synthesis rates are increased for up 
to 24 to 48 h after a single bout of resistance type exercise (2). A post-exercise increase 
in muscle protein synthesis rate indicates that the pre-existing myonuclei have the 
ability to rapidly respond to the anabolic stimuli by enhancing their transcriptional 
activity. The cumulative effects of performing repeated bouts of exercise during a more 
prolonged exercise training program should increase the size of each domain, resulting 
in fiber hypertrophy. However, such a progressive increase in myonuclear domain size 
would put the existing myonuclei under progressively more strain. Therefore, it is as-
sumed that additional myonuclei are required to allow more extensive muscle fiber 
hypertrophy during prolonged exercise training. However, discrepant findings have 
been reported on the impact of resistance type exercise training induced muscle fiber 
hypertrophy with respect to changes in myonuclear domain size and, as such, myonu-
clear accretion. Whereas some studies (9, 16) have reported that muscle fiber hyper-
trophy is accompanied by a substantial rise in myonuclear content, others have failed 
to detect myonuclear accretion during prolonged resistance type exercise training (7, 8, 
15). To explain this apparent discrepancy it was hypothesized that the myonuclear 
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domain size can exceed to a certain threshold (e.g. ±2250 µm2), before the incorpora-
tion of new myonuclei becomes prerequisite, also referred to as “ceiling theory” (16, 
17). Unfortunately though, most of the data obtained so far are based on the assess-
ment of muscle fiber characteristics before and after cessation of a period of resistance 
type exercise training (7, 9, 16, 17). Such an approach does not provide any information 
on the timeline of the events that take place during the gradual process of muscle fiber 
hypertrophy. The present study is the first to assess whether (temporary) changes in 
myonuclear domain size may act as a driving factor in the generation and subsequent 
incorporation of new myonuclei. Therefore, muscle fiber size, myonuclear content, and 
myonuclear domain size were determined at before and after 2, 4, 8 and 12 weeks of 
prolonged resistance type exercise training in a large group healthy young males. In the 
present study we clearly show that both type I and type II muscle fiber hypertrophy are 
accompanied by a time-dependent increase in myonuclear content throughout 12 
weeks of resistance type exercise training (Figure 2A-B). However, we observed no 
changes in muscle fiber myonuclear domain size at any time point during the resistance 
type exercise training intervention (Figure 2C-D). In fact, nothing was observed to be as 
stable as myonuclear domain size over the entire 12 week training period. Interestingly, 
a significant positive correlation was observed between the increase in myonuclear 
content and the extent of muscle fiber hypertrophy in both the type I (r =0.50; P<0.05) 
and type II (r =0.45; P<0.05) muscle fibers in response to the exercise training program. 
Together, these data show that substantial increases in myonuclear domain size are not 
warranted for the generation of new myonuclei in support of extensive muscle fiber 
hypertrophy during resistance type exercise training. 
Previously, we have shown that protein supplementation augments the increase in 
muscle fiber size in response to prolonged resistance type exercise training (Chapter 8). 
In agreement with the observed greater gains in leg muscle mass and leg muscle cross 
sectional are, we report that type II muscle fiber hypertrophy is more than two fold 
greater in the protein (+41±6%) compared with the placebo supplemented group 
(+19±6%) following 12 wks of resistance type exercise training. However, when all five 
time points were included in a single ANOVA analysis time x treatment interaction no 
longer reached statistical significance (P=0.105). Besides the ceiling theory which sug-
gests an absolute threshold for myonuclear domain size (16, 17), others have speculat-
ed that it is the relative extent of muscle fiber hypertrophy that should exceed a certain 
threshold (±26%) before the incorporation of new myonuclei can become evident (8). 
Our data do not seem to support that rational as the observed increases in type II mus-
cle fiber size in the protein and placebo group (i.e. 41 vs 19%) were achieved by incor-
porating new myonuclei (Figure 2). Likewise, myonuclear domain size remained un-
changed in both groups throughout the 12 weeks of training. As such, our findings do 
not support the suggestion that muscle fiber hypertrophy should exceed a certain abso-
lute or relative threshold to elicit myonuclear accretion.  
As myonuclei are post-mitotic, exercise training induced myonuclear accretion is de-
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pendent on a pool of myogenic precursor cells, also known as skeletal muscle satellite 
cells. Though satellite cells typically reside in quiescent state, they are able to become 
active following anabolic stimuli and/or muscle fiber damage. Following activation, 
satellite cells can proliferate and differentiate to supply new myonuclei, or return to a 
quiescent state to replenish the resident satellite cell pool. Discrepant ideas have been 
reported using animal work, as some studies (18-20) report that satellite cell activation, 
proliferation, and differentiation are essential to allow post-natal muscle fiber growth 
whereas other has failed to observe any evidence for the requirement of satellite cells 
to allow hypertrophy to occur (10, 14). In the present study, we show that muscle fiber 
hypertrophy is accompanied by a time-dependent increase in satellite cell content 
during resistance type exercise training. These results confirm previous observations in 
human skeletal muscle (3, 8, 9, 12, 13, 15-17, 23, 26). It has been suggested that myo-
genic potential may, in part, be determined by the number of satellite cells present at 
baseline (17). Here, we did not observe any significant correlation between satellite cell 
content at baseline and the increase in type I and/or type II muscle fiber size in re-
sponse to prolonged resistance type exercise training (Table 2), which is consistent with 
previous work from our laboratory (24, 25). However, we do report a significant (albeit 
weak) positive correlation (r = 0.35, P<0.05) between the increase in type II muscle fiber 
satellite cell content and the extent of type II muscle fiber hypertrophy after 12 weeks 
of resistance type exercise training (Table 2). These data support the hypothesis that an 
increase in satellite cell pool size represents an important supportive factor in the pro-
cess of muscle fiber hypertrophy to resistance type exercise training in vivo in humans.  
In conclusion, resistance type exercise training induced muscle fiber hypertrophy is 
accompanied by a time-dependent increase in myonuclear and satellite cell content. 
Myonuclear domain size does not change throughout prolonged resistance type exer-
cise training and, as such, does not seem to be required to elicit myonuclear accretion 
and support subsequent muscle hypertrophy in healthy young males. 
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GENERAL DISCUSSION 
Aging is accompanied by a progressive loss of skeletal muscle mass, also known as sar-
copenia. Skeletal muscle satellite cells have been proposed to play a crucial role in mus-
cle fiber maintenance, regeneration and growth. Hence, these satellite cells may be a 
key factor in both the development and treatment of sarcopenia in later life. In this 
thesis, we studied the importance of skeletal muscle satellite cells in muscle fiber atro-
phy and exercise induced muscle fiber hypertrophy. In this final chapter we will address 
the implications of the presented findings, and discuss them in a broader perspective. 
Finally, several important aims for future research will be defined. 

THE ROLE OF SATELLITE CELLS IN SKELETAL MUSCLE FIBER ATROPHY 
The age-related loss of skeletal muscle mass is characterized by specific type II muscle 
fiber atrophy (Chapter 1, 2 and 6) (31, 33, 52, 53, 57, 62, 86, 94, 122, 124, 125). We 
(Chapter 2, 6) (60, 122-125) as well as others (22, 75, 76, 112, 126) have now consist-
ently shown that type II muscle fiber atrophy as observed with aging is accompanied by 
a reduced satellite cell content in these fibers. Since satellite cells are thought to be 
important in muscle fiber growth and regeneration, they have been implicated as a key 
regulator of skeletal muscle mass maintenance throughout life. In mice, it has been 
shown that the ablation of satellite cells induces a rapid decline in muscle fiber size 
(105). Furthermore, the muscle fiber type specific decline in satellite cell content has 
been reported to precede the age-related muscle fiber atrophy in animal muscle (16). 
Subsequently, it has been hypothesized that an age-related decline in type II muscle 
fiber satellite cell content leads to an impaired capacity for muscle fiber maintenance, 
leading to specific type II muscle fiber atrophy that is typically observed in senescent 
muscle. In line with this hypothesis, we have previously shown that satellite cell con-
tent is an important predictor of muscle fiber size in elderly men (125). However, given 
the cross-sectional nature of the data obtained from studies performed in humans, 
there is little insight whether a reduction in satellite cell content is indeed causally re-
lated to age-related muscle loss. A human research model that has been applied exten-
sively to study the mechanisms underlying skeletal muscle mass loss is limb immobiliza-
tion. This model allows the assessment of skeletal muscle atrophy in a longitudinal 
research study design. So far, only few studies have assessed the potential role of satel-
lite cells in the development of (disuse) muscle fiber atrophy in vivo in humans. Satellite 
cell content has been reported to remain unchanged when muscle fiber atrophy was 
induced by 5 days or 2 weeks of single legged knee immobilization in both healthy 
young (Chapter 3) (22) and elderly men (22, 112). Interestingly, Suetta et al. (112) even 
reported a significant increase in the number of satellite cells in both the type I and 
type II muscle fibers in response to disuse atrophy in healthy young males. Although 
muscle fiber atrophy induced by short-term disuse is not likely the ideal model to study 
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the progressive loss of muscle mass with aging, it does provide insight in the relevance 
of satellite cell content in the development muscle fiber atrophy. The first results from 
in vivo human studies, including this thesis, infer that a decline in satellite content is 
not a mechanistic prerequisite for the development of (short-term) muscle fiber atro-
phy. In more severe pathological conditions like Duchenne muscular Dystrophy or myo-
tonic dystrophy, it has been hypothesized that the exhaustion of the satellite cell pool 
may play a major role in the inability to offset degenerative events, resulting in exten-
sive muscle wasting (29, 65). However, there are no indications that exhaustion of the 
satellite cell pool occurs with muscle disuse or healthy aging. Furthermore, the lower 
satellite cell pool size in type II muscle fiber in senescent muscle does not seem to pre-
vent muscle fiber hypertrophy in healthy elderly men and women in response to pro-
longed resistance type exercise training (Chapter 2) (61, 123).  
Apart from satellite cell content, impairments in the satellite cell responsiveness to 
anabolic stimuli has also been hypothesized to contribute to the development of age-
related muscle fiber atrophy. Previous in vitro and in vivo animal studies have shown 
that satellite cell activation is impaired in senescent muscle (24). In agreement, in Chap-
ter 4 of this thesis we conclude that the increase in satellite cell content is delayed in 
senescent muscle and accompanied by a blunted satellite cell activation response dur-
ing recovery from a single bout of resistance type exercise. Besides an age-related im-
paired skeletal muscle adaptive response to exercise, it has been suggested that elderly 
people experience more difficulties when recovering from short successive periods of 
muscle disuse. In healthy young males, skeletal muscle mass and strength return back 
to baseline levels during a few weeks of recovery from a short period of muscle disuse 
either with (22, 112, 113) or without (Chapter 3) adjuvant rehabilitative exercise train-
ing. In contrast, in both animal (93, 134) and human models (22, 43, 44, 112, 113) it has 
been demonstrated that senescent muscle does not fully recover from muscle disuse 
atrophy. In addition, muscle from old animals has been shown to be less responsive to 
interventional strategies that are known to attenuate disuse atrophy, such as intermit-
tent reloading (35). Impairments in satellite cell function at a more advanced age may 
contribute to the reduced capacity to recover from disuse atrophy in elderly people (22, 
35, 112). Successive periods of muscle disuse may be responsible for the progressive 
loss of muscle mass and strength over the lifespan. The inability to fully recover from 
such events may be the cause of muscle atrophy observed with aging (32, 130, 131). 
Interestingly, recent animal studies have been provided new leads on the potential 
underlying mechanisms of impaired satellite cell function with advancing age. In animal 
muscle, it has been demonstrated that satellite cells show a clear increase in DNA dam-
age with age (110). It has been hypothesized that this substantial increase in satellite 
cell DNA damage is occurring because satellite cell are arrested in an early stage of 
myogenesis, preventing the satellite cell from completing the cell cycle. A reduction in 
the systemic levels of Growth Differentiation Factor 11 (GDF11), as observed in aged 
muscle, has been suggested may be responsible for this marked increase in satellite cell 
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DNA damage (110). Remarkable, Sinha et al. (2014) have demonstrated that the admin-
istration of recombinant GDF11 for 28 days increases the number of satellite cells with 
intact DNA, improves muscle fiber regeneration, and increases muscle fiber size and 
function in aged mice muscle. Similarly, Sousa-Victor et al. (2014) have recently demon-
strated that in mice senescent muscle, resting satellite cells lose reversible quiescence 
due to switching to an irreversible pre-senescence state, caused by the derepression of 
p16INK4a (111). Together these studies appear to suggest that specific signaling pro-
teins cause a disruption of a satellite cell activation, proliferation and/or differentiation 
during muscle fiber maintenance, regeneration and/or growth. It would be of a great 
interest to observe whether the irreversible pre-senescence state of satellite cells in 
aged muscle may explain the impaired satellite cell function observed during recovery 
from a single bout of exercise and/or a period of disuse in healthy elderly people. Alle-
viating a pre-senescent state and/or blunted post-exercise satellite cell activation re-
sponse in senescent muscle may represent a key target in the development of future 
intervention strategies to more effectively counteract the progressive loss of muscle 
mass with aging. Future research should aim to determine the underlying mechanisms 
on the transition of quiescent satellite cell to their activated state in both young and 
elderly people in response to an anabolic stimulus. Furthermore, it is important to note 
that so far most work on the importance of satellite cell function during skeletal muscle 
recovery has been performed in men. Elderly women may show greater variation in the 
response to exercise and therefore may have a greater impairment in their myogenic 
response (51, 52). As such, future research should also aim to identify gender related 
differences related to the role of satellite cells during post-exercise recovery and the 
progression of sarcopenia.  

ARE SATELLITE CELLS ESSENTIAL FOR MUSCLE FIBER HYPERTROPHY? 
During early postnatal development, and throughout childhood growth, extensive mus-
cle fiber growth is accompanied by a concomitant increase in the number of myonuclei 
(30, 90, 120). As skeletal muscle satellite cells are the only source to supply new myo-
nuclei, their contribution to muscle fiber growth appears evident. However, whether 
satellite cells are really essential for muscle fiber hypertrophy in adults remains a topic 
of great debate. The idea that satellite cells are prerequisite for muscle fiber hypertro-
phy has been conceptualized by the myonuclear domain theory, which was introduced 
by Cheek et al. (1965). The myonuclear domain theory proposes that each myonucleus 
within the muscle fiber controls the gene expression of a certain volume of cytoplasm. 
Hence, muscle fiber hypertrophy should be accompanied by an increase in myonuclear 
content, myonuclear domain size, or a combination of both. As myonuclei are post-
mitotic, myonuclear accretion can only occur through the fusion of satellite cells to the 
growing muscle fibers, thereby contributing new nuclei (80, 108). The first studies to 
test the hypothesis that satellite cells are essential to allow muscle fiber hypertrophy, 
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applied γ-irradiation to prevent satellite cell activity and, as such, to prevent the incor-
poration of new myonuclei following overload. These studies show that in satellite cell 
ablated muscle, muscle fiber growth is virtually non-existing (1, 8, 101-103). This sup-
ported the suggestion that satellite cell proliferation and subsequent myonuclear accre-
tion is required to allow muscle fiber hypertrophy to occur. In agreement, it has been 
demonstrated that postnatal muscle growth is severely blunted in Pax7 knock-out mice, 
likely due to the progressive depletion (±90%) of satellite cells during maturation (92). 
In human skeletal muscle, satellite cell content and activation status has been shown to 
increase substantially in response to a single bout of resistance type exercise (Chapter 6 
and 7) (7, 27, 28, 31, 75, 76, 85, 129), eccentric exercise (Chapter 5) (73, 74, 79, 89, 119) 
or a combination of endurance and resistance type exercise (Chapter 4). In addition, we 
(Chapter 1 and 9) (60, 123) as well as others (94, 95, 126) have shown that an increase 
in muscle fiber size is accompanied by a substantial rise in myonuclear and satellite cell 
contents following prolonged resistance and endurance type exercise training. Moreo-
ver, Petrella et al. (95) reported that the muscle hypertrophic response to prolonged 
resistance type exercise training correlates significantly with the amount of satellite 
cells present in muscle prior to the onset of exercise training in humans. In the work 
presented in this thesis (Chapter 2 and 9), we did not observe a significant correlation 
between skeletal muscle satellite cell content prior to exercise training and skeletal 
muscle hypertrophic response to prolonged training. Despite the absence of such a 
relation, we did show that a greater increase in type II muscle fiber satellite cell content 
is accompanied by a greater increase in type II muscle fiber size in healthy elderly men. 
In line with Petrella et al. (94, 95), our results presented in Chapter 2 provide further 
support for the concept that an increase in satellite cell and myonuclear content must 
play a permissive role in the skeletal muscle adaptive response to prolonged resistance 
type exercise training.  
The concept that satellite cell addition is required to allow muscle fiber hypertrophy to 
occur has recently been challenged and has since become a topic of intense debate (11, 
42, 47, 63, 66, 69, 87, 88, 100). Although the early γ-irradiation studies (8, 101-103) 
were effective in blocking satellite cell proliferation, it was speculated that cellular 
specificity was poor (70). In an attempt to address this issue McCarthy et al. (70) devel-
oped a genetic mouse model to conditionally and specifically ablate satellite cells in 
skeletal muscle to re-test the hypothesis that satellite cells are required to allow skele-
tal muscle hypertrophy. Their study showed that in normal, non-satellite cell-depleted 
muscle (i.e. sham condition), overload induced muscle fiber hypertrophy is accompa-
nied by the fusion of satellite cell-derived myonuclei (70). However, muscle fiber 
growth was similar in the tamoxifen condition, in which the muscle was virtually de-
pleted from satellite cells. Based on these results the authors concluded that satellite 
cells are not essential to allow muscle fiber hypertrophy to occur in mice muscle. How-
ever, muscle fiber regeneration was severely compromised in the satellite cell depleted 
muscle tissue. This implies that satellite cells may not be required to allow some level of 
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hypertrophy to occur, but that satellite cells are essential for the formation of new 
muscle fibers and fiber regeneration (70). In addition, others (58, 132) have shown that 
the pharmacological blockage of the myostatin/Activin A pathway induces muscle fiber 
hypertrophy without satellite cell activation and with little to no fusion of satellite cells 
to existing muscle fibers. Together, these data suggest that under specific experimental 
conditions (4, 10, 59, 70, 106, 132) the existing myonuclei have the intrinsic capacity to 
increase their governing domain to such an extent that additional myonuclei are not 
prerequisite to allow muscle hypertrophy. However, Fry et al. (2014) has recently 
demonstrated that in satellite cell depleted muscle, the existing myonuclei are only 
able to support overload induced muscle fiber hypertrophy up to a certain extent. This 
study in mice shows that after a prolonged period (8 weeks) of overload, muscle fiber 
hypertrophy is compromised in satellite cell depleted muscle tissue (34). Mechanistic 
studies in animal models are required to see whether extensive muscle fiber hypertro-
phy can be induced in transgenic models displaying dramatic defects in satellite cell 
pool size and/or function. However, such research should be evaluated with some re-
straint as satellite cell ablated muscle does not represent a normal physiological situa-
tion. In addition, obvious differences in myonuclear and satellite cell contents have 
been show to exist between species, complicating the translation of these animal stud-
ies to an in vivo human setting (13, 15).  
Most in vivo human studies are mainly descriptive, showing correlations between 
changes in myonuclear content, satellite cell number, and muscle fiber size in response 
to an anabolic stimulus. Nonetheless, such studies are crucial in understanding the role 
of satellite cell content and function in skeletal muscle fiber hypertrophy in an in vivo 
human setting. It has been hypothesized that skeletal muscle hypertrophy may occur in 
a series of specific stages. In a first response to exercise training muscle fibers can in-
crease muscle protein synthesis allowing some level of hypertrophy with an accompa-
nying increase in myonuclear domain size. However, at some stage a threshold in myo-
nuclear domain will be achieved after which further hypertrophy can only occur after 
myonuclear accretion (48, 87, 103, 104). For human muscle tissue, it has been pro-
posed that when myonuclear domain size increases beyond 2000-2500 µm2 more ex-
tensive hypertrophy requires myonuclear accretion. In Chapter 9 of this thesis we de-
scribe the changes in type I and type II muscle fiber size, myonuclear content, domain 
size and satellite cell content at regular time points during 12 weeks of resistance type 
exercise training in healthy young men. In line with previous study results we show that 
exercise training induces muscle fiber hypertrophy and that this hypertrophy is accom-
panied by a significant increase in myonuclear and satellite cell content. Despite the 
fact that we collected muscle biopsy samples before and after 2, 4, 8 and 12 weeks of 
resistance type exercise training in healthy young men, there was no apparent change 
in myonuclear domain size (Chapter 9). This leaves us with the question, what factor(s) 
trigger satellite cell activation, proliferation and differentiation to allow such a well-
orchestrated maintenance of myonuclear domain size. It could be speculated that local 
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contraction induced factors released in the immediate proximity of the satellite cell 
niche are essential in satellite cell activation response to an anabolic stimuli. Previously 
is has been reported that the release of growth factors like hepatocyte growth factor 
(HGF) (115, 116), insulin-like growth factor I (IGF1) (96), basis fibroblast growth factor 
(bFGF) (121), fibroblast growth factor (FGF) (3) and mechano-growth factor (MGF) (67) 
are able to activate satellite cells in response to muscle fiber damage. In addition, with-
in the niche of the satellite cell, signaling proteins like myostatin, Wnt and Notch have 
been demonstrated to play key roles in the process of satellite cell activation, prolifera-
tion and/or differentiation to allow myonuclear accretion to facilitate muscle fiber 
regeneration (25, 40, 64, 91). In the more systemic environment, pro-inflammatory 
cytokines like IL1, IL6 and TNF-α have also been shown to influence satellite cell func-
tion (5, 23). Though numerous studies have assessed the structural and biochemical 
cues for satellite cell activation in in vitro cell and/or in vivo animal models of muscle 
fiber regeneration, little is known to what extent these factors influence satellite cell 
activation, proliferation and/or differentiation in vivo in humans during skeletal muscle 
fiber hypertrophy. Hence, we need to design in vivo human studies to identify which 
factors trigger the transition of satellite cells from quiescent to their activated state in 
response to an anabolic stimulus. Such studies will provide critical insight in the regula-
tion of myonuclear accretion and myonuclear domain size during extensive muscle fiber 
hypertrophy within the myonuclear domain paradigm. In addition, as impairments in 
satellite cell activation are thought to be responsible for a blunted skeletal muscle fiber 
hypertrophy response after training exercise in healthy and/or more compromised 
elderly people, the identification of the specific triggers of satellite cell activation will 
also proof to be paramount in the development of novel intervention strategies to 
more effectively combat the age-related loss of skeletal muscle mass. 

MYOSTATIN, MASTER REGULATOR OF MUSCLE PLASTICITY 
Myostatin is a member of the transforming growth factor-β (TGF-β) superfamily and 
acts as a strong negative regulator of skeletal muscle growth. Myostatin is predomi-
nately expressed in skeletal muscle, although cardiac muscle and adipose tissue have 
also been reported to express it in low levels (77, 78). McPherron et al. (77) were the 
first to characterize the phenotypic response to myostatin gene mutation in mice. In 
this study they showed that inhibition or mutation of the myostatin gene resulted in 
mice that exhibited an amount of muscle mass that was typically 2-3 fold greater when 
compared with wild-type mice. This initial study was soon followed by other publica-
tions showing that naturally occurring myostatin mutations are accompanied by exces-
sive muscle fiber hypertrophy/hyperplasia as observed in double-muscled cattle, sheep, 
and dogs (38, 49). In humans, Schuelke et al. (109) reported a single case study in which 
a new born child was identified as a carrier of a myostatin null mutation, after being 
noted to have an unusual high level of muscle mass at birth. Apart from the increased 
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muscle development, the child developed normally, both physiologically and mentally 
(109). These studies provided the first clues that myostatin might be a strong negative 
regulator of muscle growth and, as such, myostatin was hypothesized to be a key factor 
in catabolic disease which may contribute to muscle wasting. In accordance, myostatin 
levels in serum and/or expression in muscle have been reported to be elevated in ani-
mal models of cachexia (26, 136), chronic kidney disease (135), glucocorticoid admin-
istration (55), burn injury (55), and also during mechanical unloading (21), and space-
flight (2, 54). Similar changes in myostatin expression have been observed in patients 
with cancer (55), HIV/aids (37), COPD (41, 46, 98), renal (114), and heart failure (17, 36, 
39). In healthy individuals, myostatin levels and expression in muscle has been demon-
strated to increase in response to prolonged bed rest (99), and limb immobilization 
(Chapter 3). In addition, elderly men and women have been shown to exhibit higher 
myostatin levels in both the circulation (133) and in skeletal muscle tissue (76) when 
compared to younger controls. Given the evidence so far, myostatin may play a key 
regulatory role in the loss of muscle mass with aging. 
Multiple mechanistic pathways through which myostatin is able to regulate skeletal 
muscle growth have already been identified. Myostatin has been demonstrated to 
induce muscle wasting by acting on the ubiquitin proteolytic system. Ubiquitin associ-
ated genes like atrogin-1, FoxO1 and MuRF-1 are upregulated under the action of myo-
statin (54). A second mechanism by which myostatin may negatively regulate muscle 
mass is by controlling myogenesis. In vitro, myostatin has been reported to block my-
oblast proliferation (117, 118), and differentiation by the down-regulation of MyoD (56) 
and upregulation of p21 (72). In addition, myostatin has been demonstrated to inhibit 
satellite cell activation and self-renewal (71). Interestingly, some (71, 72, 127), but cer-
tainly not all (4, 132), studies have shown that satellite cell proliferation and content 
are significantly higher in muscle tissue from myostatin knock-out compared with wild-
type mice. It could be speculated that myostatin plays a critical role in maintaining 
and/or returning satellite cells in a quiescent state. In accordance, in this thesis (Chap-
ter 6 and 7) we show that in resting conditions 70-80 % of the satellite cells (Pax7+ 
myonuclei) co-localize with the myostatin protein in both type I and type II muscle 
fibers in healthy young and elderly men. In the present study we provide further evi-
dence that elderly are less able to down-regulate myostatin in the satellite cell during 
post exercise recovery compared with the young (Chapter 6). Subsequently, this may, in 
part, explain the blunted increase in the number of activated satellite cells, and the 
delay in satellite cell pool expansion in response to a single bout of exercise in the el-
derly (Chapter 6) (31, 75, 76). It could be speculated that elderly may need more recov-
ery time after performing an exercise bout to optimize the post-exercise skeletal mus-
cle adaptive response. As such, studies are warranted that assess type I and type II 
muscle fiber satellite cell content, satellite cell activation status and myostatin expres-
sion at longer time interval after a single bout of exercise. Alternatively, it would be 
interesting to observe whether the performance of a second and/or third bout of exer-
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cise will alleviate the reduced satellite cell activation and/or myostatin response typi-
cally observed in healthy elderly men.  
All together the current literature suggests that myostatin represents a major factor in 
the regulation of skeletal muscle mass and function. Though the exact mechanism 
through which myostatin is able to regulate muscle fiber growth and/or atrophy are still 
under investigation, myostatin has become a promising new therapeutic target to treat 
muscle wasting diseases. Myostatin inhibitors have been shown to exhibit positive 
effects on physical performance, muscle function and muscle mass in animal models of 
cancer cachexia (9, 14, 84, 136), lung carcinoma (19) muscular dystrophy (12, 83, 97), 
unloading (81), and chronic kidney disease (135). In addition, the administration of 
myostatin inhibitors to aged animals has been demonstrated to increase aerobic exer-
cise performance (135), and attenuate the decline in muscle mass and function (82). In 
humans, most (6, 20, 45) but certainly not all (128) phase 1 and 2 trials have shown 
positive results of myostatin inhibitors on muscle mass and function in healthy young, 
elderly and/or more compromised clinical patients. It would be of great interest to 
observe whether the administration of myostatin inhibitors could alleviate the blunted 
skeletal muscle adaptive response following a single or rather multiple successive bouts 
of exercise in the elderly. In addition, it would be interesting to investigate whether 
myostatin inhibitors would enhance the recovery from disuse muscle atrophy observed 
after bed rest or immobilization. Several clinical trials are currently in progress that 
specifically investigates the therapeutic properties of myostatin inhibitor administration 
to increase muscle mass in older, clinically compromised patient groups. Together the 
results, so far, certainly suggest that inhibiting the myostatin/Activin pathway may be a 
promising approach to combat the loss of skeletal muscle mass and function during 
aging. However, whether myostatin truly is the proposed “holy grail” of the aging popu-
lation (18) remains to be established. 

GENERAL CONCLUSIONS AND FUTURE RESEARCH 
Since their discovery in 1961 (50, 68), a great body of scientific research has been de-
voted to the properties and function of skeletal muscle satellite cells. Research in the 
last 50 years suggests that skeletal muscle satellite cells are resident muscle stem cells 
responsible for supplying new myonuclei to support and/or allow skeletal muscle 
maintenance, hypertrophy and/or repair (107). However, whereas these suggestions 
are mainly derived from in vitro and animal based research, the properties and function 
of satellite cells in human skeletal muscle remain relatively unexplored. The work pre-
sented in this thesis applied an in vivo human approach to investigate the importance 
of skeletal muscle satellite cells during muscle fiber atrophy and exercise induced mus-
cle fiber hypertrophy. We provide further evidence that type II muscle fiber atrophy is 
accompanied by a fiber type specific decline in satellite cell content with aging. Alt-
hough satellite cell pool size may be an important factor in muscle fiber atrophy as 
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observed during aging, we show that a short period of disuse atrophy is not associated 
with measurable changes in the satellite cell pool size. Subsequently, a decline in satel-
lite cell content does not appear to be a proxy for the development of muscle fiber 
atrophy. 
Furthermore, we have demonstrated that a single bout of exercise represents a potent 
stimulus to increase satellite cell content in type I and type II muscle fibers in both 
young and elderly men. However, the increase in satellite cell content is delayed in the 
elderly men and is accompanied by a blunted satellite cell activation response during 
the first 72 hours of post-exercise recovery. Healthy elderly men appear to be less able 
to down-regulate myostatin in satellite cells compared to young controls after a single 
bout of resistance exercise. Hence, myostatin may be instrumental for the attenuated 
increase in satellite cell pool expansion, a blunted myogenic response to prolonged 
exercise training, and the overall development of sarcopenia. The performed experi-
ments have increased our knowledge on the role of satellite cells in muscle fiber adap-
tation in response to physical (in) activity. However, many questions remain unan-
swered. Questions that should be addressed in future research include: 

• How much time does it take for the satellite pool size to peak in response to a 
single bout of exercise in both young and elderly men? 

• What happens with the satellite cell pool size after a second and/or third bout of 
resistance type exercise?  

• Could the administration of myostatin inhibitors alleviate the blunted recovery of 
skeletal muscle in elderly after a single bout of exercise and/or a period of disuse? 

• Which factor is driving myonuclear accretion during extensive muscle fiber hyper-
trophy during exercise training?  

• How does the increase in satellite cell activation and/or content relate to the post-
exercise muscle protein synthetic response? 

• Are other cell types also able to provide new myonuclei during muscle fiber hyper-
trophy in response to an anabolic stimulus? 

• What is the role of myostatin in muscle plasticity in relation to aging? 
• To what extent does myostatin expression determine the muscle adaptive re-

sponse to prolonged resistance type exercise training? 
• Besides supplying additional myonuclei, to what extent do satellite cells contribute 

to other types of skeletal muscle fiber remodeling? (e.g. muscle fiber type transi-
tion). 

• Are skeletal muscle satellite cells able to differentiate to other cell types besides 
myonuclei? 
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The age-related progressive loss of skeletal muscle mass and function, termed sarcope-
nia, is associated with physical disabilities, the loss of independence, and an increased 
risk of developing chronic metabolic disease. Skeletal muscle satellite cells play a key 
role in the maintenance, regeneration and growth of muscle tissue. Therefore, age-
related changes in satellite cell content and/or function have been suggested to play an 
important role in the etiology of sarcopenia. In this thesis, we examined the potential 
regulatory role of satellite cell pool size and function in relation to both acute and more 
prolonged muscle atrophy and hypertrophy signals in humans. 

In Chapter 2 of this thesis we determined muscle fiber characteristics in skeletal muscle 
tissue in a large group of people with ages ranging over the entire life span. We ob-
served a decline in type II muscle fiber size with an increasing age. The type II muscle 
fiber atrophy with aging is accompanied by a muscle fiber type-specific decline in satel-
lite cell content. However, the age-related reduction in type II muscle fiber size and 
satellite cell content can be completely reversed following prolonged resistance type 
exercise training in healthy elderly men. Obviously, the reduced level of physical activity 
may play an important role in the development of type II muscle fiber atrophy and 
associated changes in satellite cell content with aging. In Chapter 3 we studied the 
impact of reducing the level of physical activity on muscle fiber size and satellite cell 
content. Young adults were subjected to 2 weeks of one-legged knee immobilization by 
means of a full leg cast. Two weeks of single legged knee immobilization resulted in a 
considerable decline in both type I and type II muscle fiber size but without any changes 
in satellite and/or myonuclear content. Subsequently, the work in this chapter suggests 
that a decline in satellite cell content is not a mechanistic prerequisite for disuse in-
duced muscle atrophy. 
Apart from satellite cell content, impairments in the satellite cell activation response to 
anabolic stimuli may also contribute to the development of sarcopenia. Chapter 4 and 
5 introduce novel immunohistological techniques that were applied to investigate 
changes in satellite cell activation status in human skeletal muscle biopsy samples. 
Skeletal muscle satellite cell activation status is shown to change within 9 hours of re-
covery after exercise. In addition, we report that changes in satellite cell content and/or 
activation status occur in a muscle fiber type-specific manner during the first 24 h after 
a single bout of exercise. These two studies emphasize the importance of analyzing 
changes in satellite cell activation, proliferation and/or differentiation in a muscle fiber 
type-specific manner in response to various anabolic stimuli in both health and disease. 
Subsequently, in Chapter 6 we determined the time-dependent changes in type I and 
type II muscle fiber satellite cell content and activation status in both healthy young 
and elderly men in response to a single bout of resistance type exercise. In this study 
we demonstrate that during post-exercise recovery the increase in satellite cell content 
is delayed with aging and is accompanied by a blunted satellite cell activation response. 
This attenuated response may be instrumental in the reduced capacity of senescent 
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muscle to respond to prolonged resistance type exercise training.  
In a further attempt to unravel the different factors involved in the satellite cell re-
sponse to an exercise stimulus, we also looked at the potential role of nutrition. It has 
been well-documented that during post-exercise recovery, dietary protein intake is 
essential to support the increase in myofibrillar muscle protein synthesis, thereby al-
lowing net muscle protein accretion. On the other hand, for more long-term muscle 
adaptation, satellite cells are required to provide additional myonuclei to allow muscle 
fiber hypertrophy. In Chapter 7, we investigated whether dietary protein intake is also 
prerequisite to allow a proper satellite response during recovery from a single bout of 
resistance type exercise. Here we show that an acute reduction in protein intake does 
not affect the increase in satellite cell content but does change the timeline of myo-
statin expression during 72 h of post-exercise recovery. We speculate that the altered 
myostatin response may represent a compensatory response to allow muscle recondi-
tioning to occur when dietary protein becomes available.  
Moving forward in the line of a combined exercise and nutritional approach, in Chapter 
8 we assessed whether dietary protein ingestion prior to sleep would have a surplus 
benefit on the increase in skeletal muscle mass and strength following 12 weeks of 
resistance type exercise training. In a previous study from our lab we have shown that 
protein ingestion prior to sleep increases muscle protein synthesis rates during post-
exercise overnight recovery. However, whether these acute changes in muscle protein 
synthesis also translate to skeletal muscle adaptation to more prolonged resistance 
type exercise training remained to be established. In agreement with earlier work, 
progressive resistance type exercise training resulted in an increase in skeletal muscle 
mass and strength in both the placebo as well as the protein supplemented group of 
healthy young men. However, the increase in skeletal muscle mass and strength was 
significantly greater in the protein supplemented group. We concluded that protein 
ingestion prior to sleep represents an effective dietary strategy to augment skeletal 
muscle mass and strength gains during prolonged resistance type exercise training in 
healthy young males. 
On the muscle fiber level, the gains in muscle mass and strength in response to the 12 
weeks training program were accompanied by both type I and type II muscle fiber hy-
pertrophy. It is generally believed that muscle fiber hypertrophy is initially supported by 
an increase in myonuclear domain size. However, the existing myonuclei can only sup-
port the underlying increase in transcriptional activity to a certain extent. Subsequently, 
the incorporation of new, satellite cell derived myonuclei may be required to allow 
more extensive long-term muscle fiber growth, as was also shown in Chapter 2. In 
Chapter 9, we specifically examined whether an initial (temporary) increase in myonu-
clear domain size represents a crucial driving force for subsequent myonuclear accre-
tion in response to prolonged resistance type exercise training. Therefore, the change 
in muscle fiber size, myonuclear domain size, myonuclear and satellite cell content 
were assessed at different time-points throughout 12 weeks of resistance type exercise 
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training. We show that muscle fiber hypertrophy is accompanied by a time-dependent 
increase in myonuclear and satellite cell content in response to 12 weeks of resistance 
type exercise training in young men. However, the exercise training induced muscle 
fiber hypertrophy is not accompanied by any temporary or permanent increase in my-
onuclear domain size. As such, changes in myonuclear domain size do not seem to be 
required to elicit myonuclear accretion and support subsequent muscle hypertrophy in 
healthy young males. 
The final chapter addresses the implications of the findings presented in this thesis, and 
identifies a number of key topics that need to be addressed in future research. This 
thesis shows that skeletal muscle satellite cells represent an important factor in exer-
cise induced muscle fiber hypertrophy. As such, an impairment in satellite cell function 
during post-exercise recovery, as observed in healthy elderly men, may be a crucial 
factor in the development of sarcopenia, and forms a primary target for intervention 
strategies aimed to counteract sarcopenia and improve muscle mass and function in 
the elderly.  
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Veroudering gaat gepaard met het verlies van spiermassa en spierkracht, ook wel sar-
copenie genoemd. Dit leidt tot beperkingen in het dagelijkse leven, verminderde zelf-
redzaamheid, een verhoogde kans op de ontwikkeling van chronisch metabole ziektes 
en een afname in de kwaliteit van leven. Spierstamcellen (ook wel satellietcellen ge-
noemd) zijn van essentieel belang voor onderhoud, regeneratie en groei van skelet-
spierweefsel. Een daling in het aantal satellietcellen en/of in hun functioneren zou 
mogelijk een belangrijke rol kunnen spelen bij het ontstaan van sarcopenie. In dit 
proefschrift worden een aantal humane studies beschreven waarin we getracht hebben 
om verder inzicht te krijgen in de precieze rol van satellietcellen bij het proces van 
spierverlies en spiergroei.  

In Hoofdstuk 2 hebben we skeletspierweefsel geanalyseerd van een grote groep ge-
zonde mensen in de leeftijdscategorie van 0 tot 86 jaar oud. In dit onderzoek laten we 
zien dat er een duidelijke daling is waar te nemen in de grootte van de type II spierve-
zels (ook wel atrofie genoemd) naarmate mensen ouder worden. Deze daling in spier-
vezel grootte gaat gepaard met een daling in het aantal satellietcellen in de type II 
spiervezels. Aangezien satellietcellen belangrijk zijn voor het onderhoud van skelet-
spierweefsel, kan de afname van het aantal satellietcellen in de type II spiervezels mo-
gelijk een belangrijke bijdrage leveren aan het ontstaan van sarcopenie. In dit onder-
zoek laten wij echter ook zien dat het uitvoeren van krachttraining leidt tot een sub-
stantiële toename in de grootte van de type II spiervezels en het aantal satellietcellen 
bij gezonde oudere mannen. Het behouden van een bepaalde mate van fysieke activi-
teit, met name met hoge intensiteit zoals bij krachttraining, zou dus een belangrijk 
onderdeel kunnen vormen binnen een interventieprogramma om het verlies van ske-
letspiermassa tijdens veroudering tegen te gaan. In Hoofdstuk 3 hebben we onderzocht 
of juist een daling in fysieke activiteit ook invloed heeft op de grootte van de spierve-
zels en het aantal satellietcellen. In dit onderzoek hebben we bij twaalf gezonde jonge 
mannen één been ingegipst voor een periode van twee weken. Gedurende deze twee 
weken zien we een duidelijke verkleining van de spiervezels. Dit ging echter niet ge-
paard met een verandering in het aantal spiercelkernen en/of satellietcellen. Dit sugge-
reert dat een daling in het aantal satellietcellen niet direct oorzakelijk is bij spiervezel-
atrofie op korte termijn. 
Naast het aantal satellietcellen, zou een verminderde functie van de satellietcel een 
cruciale rol kunnen spelen in ontwikkeling van sarcopenie op lange termijn. Hoofdstuk 
4 en 5 beschrijven nieuwe immunohistologische analyse technieken die zijn toegepast 
om veranderingen in de activatie status van de satellietcel te kunnen onderzoeken in 
humaan skeletspierweefsel. We laten zien dat de activatiestatus van de satellietcel 
verandert binnen negen uur na fysieke inspanning. Daarnaast tonen we aan dat de 
veranderingen in het aantal satellietcellen en/of activatie status van de satellietcel, 
spiervezel type specifiek zijn in de eerste 24 uur na een enkele inspanningssessie. Deze 
resultaten geven aan dat het van essentieel belang is dat de veranderingen in satelliet-
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cel activatie, proliferatie en/of differentiatie in zowel type I als type II spiervezels apart 
worden geanalyseerd. Met behulp van deze analyse technieken hebben we in Hoofd-
stuk 6 onderzocht of er verschillen aanwezig zijn in de toename van het aantal- en/of 
het functioneren van de satellietcellen tussen gezonde jonge en oudere mannen in de 
eerste dagen na fysieke inspanning. Dit onderzoek laat zien dat de toename in het aan-
tal satellietcellen tijdens herstel na inspanning vertraagd is in gezonde oudere mannen. 
Deze vertraagde toename in het aantal satellietcellen tijdens de herstel periode gaat 
gepaard met een verminderde activatie van de satellietcellen. Deze verlaagde satelliet-
cel respons zou een belangrijke oorzaak kunnen zijn voor de verminderde capaciteit van 
ouderen om een toename in spiermassa en -kracht te realiseren tijdens een krachttrai-
ningsprogramma. 
Naast fysieke inspanning vormt voeding een belangrijke anabole prikkel voor ons ske-
letspierstelsel. Het is eerder aangetoond dat de inname van eiwitten via onze voeding 
van essentieel belang is om de netto spiereiwitsynthese direct na fysieke inspanning te 
stimuleren. Om spiervezelgroei op lange termijn te bewerkstelligen is het noodzakelijk 
dat satellietcellen geactiveerd worden en prolifereren, om extra spiercelkernen te leve-
ren. Het is echter niet bekend in hoeverre eiwitinname ook van invloed is op de satel-
lietcel respons na het uitvoeren van fysieke inspanning. In Hoofdstuk 7 hebben we 
onderzocht of eiwitinname noodzakelijk is om een normale satellietcel activatie en 
proliferatie te kunnen bewerkstelligen in de eerste dagen na een enkele krachtinspan-
ningssessie. Wij tonen aan dat eiwitinname geen invloed heeft op de toename in het 
aantal satellietcellen na fysieke inspanning. We zien daarentegen wel dat de tijdslijn 
van myostatine expressie veranderd is tijdens de eerste 72 uur van herstel. De veran-
derde myostatine expressie zou wellicht een compensatie mechanisme kunnen zijn dat 
de spier in staat stelt om de adaptieve processen alsnog op gang te brengen op het 
moment dat voldoende eiwit via de voeding voor de spier beschikbaar komt. 
Hoewel ‘acute studies‘ zoals in hoofdstuk 4-7 verder mechanistisch inzicht verschaffen 
in de respons op anabole prikkels, is de vertaling naar lange termijn veranderingen in 
spiermassa en spierkracht uiteindelijk van essentieel belang. In dat kader hebben we in 
Hoofdstuk 8 gekeken naar het effect van het dagelijks innemen van een eiwitsupple-
ment voor het slapen gaan op de toename in spiermassa en spierkracht gedurende 12 
weken krachttraining in gezonde jonge mannen. Uit een voorgaande studie van onze 
onderzoeksgroep is gebleken dat het innemen van een eiwitsupplement voor het sla-
pen gaan een positief effect heeft op de spiereiwitsynthese gedurende nachtelijk her-
stel na een enkele krachtinspanningssessie. Of dit effect op de spiereiwitsynthese gedu-
rende een enkele nacht ook daadwerkelijk tot een grotere toename in spiermassa 
en/of kracht leidt wanneer dit voor een langere periode zou worden herhaald was ech-
ter nog onduidelijk. Na 12 weken krachttraining zagen we een duidelijke toename in 
spiermassa en spierkracht in zowel de placebo als de eiwit groep. De toename in de 
dwarsdoorsnede van de bovenbeenspieren en ook de toename in spierkracht waren 
echter wel significant groter in de eiwit groep in vergelijking met de placebo groep. 
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Inname van een eiwitsupplement voor het slapen gaan blijkt dus een effectieve inter-
ventie strategie om spiermassa en spierkracht verder te laten toenemen gedurende 
lange termijn krachttraining in gezonde jonge mannen. De toename in spiermassa na 
12 weken krachttraining ging gepaard met een substantiële toename in spiervezel 
grootte.  
Eerder onderzoek gesuggereerd dat een toename in spiervezel grootte aanvankelijk 
ondersteund wordt door een toename in de grootte van het ”spiercelkerndomein”; de 
theoretische hoeveelheid cytoplasma die door elke spiercelkern wordt ondersteund. De 
bestaande spiercelkernen kunnen echter deze toename in spiervezel grootte maar tot 
op een zekere hoogte ondersteunen. Voor verdere groei is het dus noodzakelijk dat 
nieuwe spiercelkernen worden ingebouwd in de spiercel. In de wetenschap wordt er 
tot op dit moment vanuit gegaan dat de aanvankelijke toename in de grootte van het 
spiercelkerndomein de drijvende kracht is om het aantal spiercelkernen te laten toe-
nemen gedurende lange termijn krachttraining. Hoofdstuk 9 beschrijft het onderzoek 
waarbij voor het eerst is gekeken naar de tijdsafhankelijke veranderingen in de grootte 
van de spiervezel, het spiercelkerndomein, het aantal spiercelkernen en satellietcellen 
op verschillende momenten gedurende 12 weken krachttraining. In dit onderzoek laten 
wij zien dat spiervezelgroei gepaard gaat met een tijdsafhankelijke toename in het 
aantal spiercelkernen en satellietcellen gedurende 12 weken krachttraining. De toena-
me in spiervezel grootte gaat echter niet gepaard met een permanente of tijdelijke 
toename in de grootte van het spiercelkerndomein. De conclusie van dit onderzoek 
luidt dan ook dat een verandering in de grootte van het spiercelkerndomein geen 
voorwaarde is om het aantal spiercelkernen te laten toenemen en zodoende spierve-
zelgroei in gezonde jonge mannen te bewerkstelligen.  
In het laatste hoofdstuk worden de onderzoeksresultaten nader bediscussieerd en 
worden specifieke doelen voor toekomstig onderzoek geformuleerd. Dit proefschrift 
toont aan dat satellietcellen een belangrijk factor zijn om inspanning geïnduceerde 
spiervezelgroei te bewerkstelligen. Een verminderde satellietcel functie bij ouderen zou 
een cruciale rol kunnen spelen in de ontwikkeling van sarcopenie. Het vormt daarmee 
een belangrijk aangrijpingspunt voor toekomstige interventies gericht op het behoud of 
het verbeteren van spiermassa en spierkracht, en daarmee het gezond ouder worden. 

  





|  203  

 

 

 

Valorization 
 



204  |  V a l o r i z a t i o n  

  



V a l o r i z a t i o n |  205  

 

At present, many scientific and societal discussions focus on the public health implica-
tions of global aging. This should not be a surprise as demographics show that the 
world’s population aged 60 years and over will triple within 50 years, from 600 million 
in the year 2000 to more than 2 billion by 2050 (1). Two thirds of the elderly population 
currently lives in the developed world, and this figure is expected to increase up to 
75%. Due to greater longevity, the subpopulation of elderly people aged 80 years and 
over is presently the fastest growing subpopulation in the developed world (1). In the 
Netherlands, it has been estimated that in the next 40 years more than 25% of the 
population will be 65 years or older (2). Furthermore, life expectancy is predicted to 
rise over the next few decades by 5 years in men and 3 years in women (CBS: Dec 
2008). This means that by the year 2050, life expectancy in the Netherlands will be 
close to 83 and 86 years in men and women, respectively (2). The quality of life during 
later stages in life is threatened by the progressive decline in muscle mass and strength, 
leading to functional impairment and disability. In 2007 more than 20% of the Dutch 
population aged 65-74 years suffered from functional impairments (CBS: Dec 2008). In 
elderly aged 75 years and over, impaired physical function was reported in more than 
40% of the population (CBS: Dec 2008). Such reduced functional performance is ac-
companied by increased morbidity and a greater need for hospitalization and/or insti-
tutionalization. Good health is essential to remain independent and to continue to 
actively take part in family and community life. Prevention and/or treatment of the 
progressive loss of muscle mass and function with aging is instrumental for elderly to 
remain independent and to delay the onset of non-communicable and chronic metabol-
ic diseases, such as heart disease, stroke, cancer, and diabetes.  
In line with previous research (3-5), Chapter 2 of this thesis provides further evidence 
that traditional resistance type exercise training is an effective intervention strategy to 
reverse the loss of skeletal muscle mass with aging, also known as sarcopenia. Even 
though there is already a general recognition that even the oldest old (85+ years of age) 
will improve functional capacity and performance in response to resistance type exer-
cise training, there is still much that can be gained by the implementation of such exer-
cise programs into our society. The assumption that exercise protocols, developed from 
small short-term intervention studies, are automatically adopted by the general public 
or specific target populations is fictitious. The translation of experimental studies per-
formed in the lab, to the practical implementation of such exercise programs in daily 
life is challenging. In order to successfully achieve this transition, a more interdiscipli-
nary approach between exercise physiologists, clinicians and health care professionals 
should be pursued. There is a great need for studies in which the findings from small 
experimental studies are translated into larger cohort studies that evaluate the feasibil-
ity, applicability and overall efficacy of resistance type exercise training programs in 
daily life. Nonetheless, research on the basal mechanisms of skeletal muscle atrophy 
and hypertrophy remains crucial to further improve existing and/or develop novel exer-
cise, nutritional and/or pharmaceutical intervention strategies to combat sarcopenia. 



206  |  V a l o r i z a t i o n  

Though many different factors are known to influence the development of sarcopenia, 
this thesis provides further evidence on the importance of skeletal muscle stem cells, or 
satellite cells, in the loss of skeletal muscle mass loss with increasing age. Skeletal mus-
cle satellite cells have been implicated as a key factor in the process of skeletal muscle 
fiber maintenance, regeneration and/or growth. To study the in vivo changes in skeletal 
muscle satellite cell number and/or function in response to aging and/or exercise train-
ing percutaneous muscle biopsy sampling is required. Subsequently, the muscle biopsy 
samples are prepared to assess satellite cell number and/or function by means of dif-
ferent analytical techniques, including immunofluorescence microscopy. Traditionally, 
the number of satellite cells has been considered to be the most important and/or 
primary parameter to assess the role of these cells in muscle atrophy and/or hypertro-
phy. Throughout this thesis we have used a novel immunohistological approach to 
assess the changes in satellite cell content and/or activation status in response to the 
loss of skeletal muscle mass with aging and/or exercise induced muscle fiber hypertro-
phy. By combining different cell markers we have shown that it is possible to distinguish 
satellite cells in different stages of the cell cycle in response to anabolic stimuli. The 
work presented in this thesis demonstrates that satellite cell function is impaired in 
healthy elderly when compared with young men. Furthermore, we show that a specific 
protein (i.e. myostatin) that needs to be inhibited to allow proper satellite cell activa-
tion, remains elevated in senescent muscle during recovery from a bout of exercise. 
This altered response may play an important role in the proposed reduced capacity of 
senescent muscle to increase mass and strength during more prolonged resistance type 
exercise training. We speculate that elderly people require a more extensive recovery 
time between exercise bouts to optimize post-exercise reconditioning and, as such, 
maximize muscle hypertrophy. Hence, this observation during post-exercise recovery in 
healthy elderly people may proof to be of key importance in the development of future 
interventions to more effectively prevent and/or treat sarcopenia and, as such, support 
healthy aging. 
Skeletal muscle tissue is known to be comprised of various muscle fiber types that facil-
itate the muscle to perform different physical tasks, i.e. from low-intensity, to repeated 
submaximal, or fast/strong maximal contractions. Consequently, different muscle fiber 
types are able to exhibit a different muscle adaptive response after exercise. In this 
thesis we demonstrate that satellite cell content and/or activation status respond in a 
muscle fiber type specific manner during recovery from exercise. As such, we show that 
it is of crucial importance to evaluate the changes in satellite cell content and/or activa-
tions status in a muscle fiber type specific manner. Furthermore, the application of the 
immunohistological techniques described in this thesis are indispensable for future 
research to further elucidate the potential role of satellite cells in the skeletal muscle 
adaptive response to exercise and/or the loss of muscle mass with aging and/or dis-
ease. 
The concept that impairments in satellite cell function in response to an anabolic stimu-
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lus may form a key factor in the development of sarcopenia could also be of great in-
terest for industry. Nutritional and/or pharmaceutical companies are always on the 
quest to develop new products/concepts to support healthy aging. Results from this 
thesis will assist to direct future research aiming at the development of novel exercise, 
nutritional and/or pharmaceutical interventions strategies to specifically impact im-
pairments in the pathways regulating satellite cell function in order to combat the loss 
of skeletal muscle mass with aging. Eventually, this will be of major importance from a 
societal perspective regarding quality of life of the individual, but also from an econom-
ic perspective regarding the enormous health care costs associated with sarcopenia. 
Apart from greater insight into the etiology of sarcopenia, the results from this thesis 
may also be translated to other clinical conditions where progressive skeletal muscle 
mass loss is commonly observed. Conditions like cancer cachexia, chronic obstructive 
pulmonary disease (COPD), neuromuscular disease, and heart failure are also character-
ized by the loss of skeletal muscle mass and strength. Little is known about how satel-
lite cells may also be involved in the regulation of skeletal muscle mass loss in these 
conditions. The identification of satellite cell function in these patient groups may have 
important implications for future intervention strategies to limit the detrimental effects 
of disease related muscle mass loss. In addition, it may contribute to the development 
of new strategies to optimize recovery from other clinical situations such as (surgery 
induced) bed rest, or immobilization after a fracture. 
Although we should realize that as individual scientists, we are all working on only a 
small piece of what is a bigger puzzle, this thesis provides important new leads for fu-
ture research. I believe that within the next decades we may be able to revolutionize 
our ideas on nutritional and/or exercise interventions to combat the age-related loss of 
skeletal muscle mass and strength and to better support healthy and active aging. 

  



208  |  V a l o r i z a t i o n  

REFERENCES 
1. WHO. What are the public health implications of global ageing? http://www.who.int/features 

/qa/42/en /index.html, 2012. 11-09-2013. 
2. CBS) CBvdS. Bevolkingsprognose 2012-2060: Langer leven, Langer werken. http://wwwcbsnl/NR/-

rdonlyres/DB34C87D-823D-49B4-AE3A3DE66CDCB1A/0/2012bevolkingprognoselangerlevenlanger- 
werken pdf 11-09-2013: 2012. 

3. Leenders M, Verdijk LB, van der Hoeven L, van Kranenburg J, Nilwik R, and van Loon LJ. Elderly Men and 
Women Benefit Equally From Prolonged Resistance-Type Exercise Training. J Gerontol A Biol Sci Med Sci 
68:769-779, 2013. 

4. Tieland M, Dirks ML, van der Zwaluw N, Verdijk LB, van de Rest O, de Groot LC, and van Loon LJ. Protein 
supplementation increases muscle mass gain during prolonged resistance-type exercise training in frail 
elderly people: a randomized, double-blind, placebo-controlled trial. Journal of the American Medical 
Directors Association 13: 713-719, 2012. 

5. Verdijk LB, Jonkers RA, Gleeson BG, Beelen M, Meijer K, Savelberg HH, Wodzig WK, et al. Protein 
supplementation before and after exercise does not further augment skeletal muscle hypertrophy after 
resistance training in elderly men. Am J Clin Nutr 89: 608-616, 2009. 

 

  



|  209  

 

 

 

Dankwoord 
 

 



210  |  D a n k w o o r d  

  



D a n k w o o r d |  211  

 

Zoals de meeste wel weten ben ik niet iemand van heel veel woorden. Vandaar dat ik 
dit dankwoord dan ook kort ga houden.  

De complete M3 research groep wil ik graag bedanken voor de ontzettend leuke en 
dynamische werksfeer. Ik heb altijd met veel plezier binnen de vele verschillende on-
derzoeksprojecten gewerkt.  

Luc, bedankt voor alle mogelijkheden die je mij hebt gegeven. De afgelopen jaren heb 
je mij klaargestoomd om mijn eigen weg te kunnen en durven vinden in de weten-
schappelijke wereld. Zonder jouw begeleiding had ik de stap naar het buitenland nooit 
met zoveel zelfvertrouwen kunnen maken. Zonder twijfel blijven we elkaar tegenkomen 
in de komende jaren. Bedankt voor een geweldige tijd in de M3 research groep. Mijn 
mening over het drinken van koffie blijft echter nog altijd onveranderd. 

Lex, ik heb ruim 7 jaar onder jouw dagelijkse begeleiding gewerkt en kan dan ook met 
een gerust hart zeggen dat ik het vak van “wetenschappelijk onderzoeker” grotendeels 
van jou heb geleerd. Ik heb al onze discussies over onderzoeksopzetten, resultaten en 
manuscripten altijd erg op prijs gesteld. Ongetwijfeld blijven onze wegen elkaar kruisen 
in de toekomst. Dank je wel voor al je steun in de laatste maanden voor mijn vertrek 
naar Canada. 

Gianni Parise, thank you for offering me the opportunity to work as a post-doctoral 
fellow at McMaster University. Without your patience and support it would not have 
been possible to fulfil my dream of working abroad in a highly respected lab as yours. I 
am very much enjoying it so far. 

Fred Hartgens en Martijn Poeze, hartelijk dank voor al de back-up die jullie mij de afge-
lopen jaren hebben gegeven bij de verschillende studies. Tevens mijn dank voor het 
afnemen van spierbiopten op de meest onmogelijke tijdstippen. 

Janneau en Rachel, zonder jullie hulp zou ik nu nog steeds in het donkere microscoop 
hok hebben gezeten. Dank jullie wel voor al de hulp die jullie mij hebben gegeven bij 
het analyseren van de spierbiopt samples. 

Naomi, your enthusiasm for science remains unparalleled. I am grateful for all the fun 
times we have had together, at work and during our many runs around Maastricht.  

Joan, bedankt voor het opzetten en uitvoeren van de western blot analyse binnen de 
verschillende studies en al je verhalen over hardlopen en wielrennen. 



212  |  D a n k w o o r d  

Joey (a.k.a. beste stagiaire ever), ik ben je eeuwig dankbaar voor het vele werk dat je 
hebt verzet binnen de projecten van dit proefschrift. Je vastberadenheid om je eigen 
weg te vinden in je wetenschappelijke en medische carrière is bewonderingswaardig.  

Bart en JW, dank jullie wel voor alle top jaren in Maastricht. We blijven contact houden 
ook al zijn we inmiddels ieder onze eigen weg gegaan. En Bart, maak je geen zorgen, 
gewoon stug volhouden! Je zal zien dat jij de volgende bent die zijn proefschrift kan 
gaan verdedigen. 

Ben Wall (a.k.a. Bennie Muur), I really want to thank you for all your great help with the 
immobilization studies. I don’t know what I would have done without you. I have en-
joyed all the great discussions we have had over past few years. 

Bryon McKay, although we have only met each other once during an ACSM conference, 
we have worked together on quite a number of projects for my dissertation. Thank you 
for all you time and effort, I have very much appreciated it. 

Alle proefpersonen die hebben deelgenomen aan de onderzoeken voor dit proefschrift 
wil ik graag bedanken voor hun tijd en inzet. Zonder jullie was dit alles absoluut niet 
mogelijk geweest. 

Hein, Cobie en Guus, bedankt voor alle hulp en steun die jullie mij en Anne hebben 
gegeven in de afgelopen jaren. Hein, bedankt voor alle hardloopschema’s die je voor 
mij hebt geschreven, hardlopen is de perfecte uitlaatklep geweest tijdens mijn promo-
tietraject. 

Lieve zusjes (Karin en Ilze), Robert en Tom en neefje Teun, ik wil jullie graag bedanken 
voor jullie ongelooflijke enthousiasme en gezelligheid, jullie betekenen allemaal heel 
veel voor mij. 

Lieve Pa en Ma, wie had ooit gedacht dat die verlegen jongen van de mavo een proef-
schrift zou schrijven? Zonder jullie ondersteuning zou mij dit nooit gelukt zijn. De moge-
lijkheden die jullie mij hebben gegeven om al mijn dromen waar te maken zal ik nooit 
vergeten. Onze beslissing om naar Canada te verhuizen was niet gemakkelijk, maar 
mede door jullie steun durven wij onze ambities na te streven. Pa, jij bent mijn grootste 
voorbeeld. 

Lieve Anne, “promoveren doe je niet alleen”. Jij weet precies waar ik het over heb, meer 
hoef ik denk ik dan ook niet te zeggen. Lieve Niels, papa zal later nog wel een keer aan 
je uitleggen waar zijn boekje over gaat. 



|  213  

 

 

 

 

Curriculum vitae 
 



214  |  C u r r i c u l u m  v i t a e  

  



C u r r i c u l u m  v i t a e |  215  

 

Tim Snijders was born April 15, 1983 in Eindhoven, the Netherlands. He attended sec-
ondary school at the Christiaan Huygens College in Eindhoven and graduated from the 
MAVO and HAVO in 1999 and 2001, respectively. He then studied Cesar Therapy at the 
Hogeschool Utrecht where he obtained his diploma in 2004. In the same year, Tim 
started the Bachelor program in Health Sciences at the Faculty of Health, Medicine and 
Life Sciences at Maastricht University. After obtaining his Bachelor degree in in 2007, he 
successfully completed the Master program in Physical Activity and Health in 2008 at 
the same University.  
After graduating, Tim worked as a research assistant and research technician at the 
Department of Human Movement Sciences at Maastricht University. In 2008 Tim was 
awarded a Kootstra Talent Fellowship for future PhD-students from the Maastricht 
University Medical Centre+. This fellowship allowed him to develop novel immunohisto-
logical staining methods to assess skeletal muscle stem cell activation status in vivo 
human skeletal muscle tissue. During this time he was able to gather the necessary 
pilot data to write a Ph.D.-research proposal under the supervision of Prof. Luc J.C. van 
Loon and Dr. Lex B. Verdijk. This project entitled: "The role of satellite cells in skeletal 
muscle fiber hypertrophy of senescent muscle" was granted by the MOVE initiative of 
the Maastricht University Medical Centre+ in 2008 and resulted in this thesis. Through-
out the years that Tim worked at the Department of Human Movement Sciences, he 
was awarded the Young Investigator Award from the European College of Sport Scienc-
es (ECSS) in 2011 and 2012, the International Student Award, and the Gatorade Sport 
Science Institute Nutrition Award from the American College of Sport Medicine (ACSM) 
in 2013. Currently, Tim Snijders works as a post-doctoral fellow at the Department of 
Kinesiology at McMaster University, Hamilton, Canada. He continues his work in the 
field of exercise physiology, with a special focus on the identification of different exer-
cise and/or nutritional intervention strategies to further augment skeletal muscle pro-
tein synthesis and muscle stem cell function in the aging population. 

  





|  217  

 

 

 

Publications 
 

  



218  |  P u b l i c a t i o n s  

Published 

Snijders T, Verdijk LB, Smeets JS, McKay BR, Senden JM, Hartgens F, Parise G, Greenhaff 
P, van Loon LJ. The skeletal muscle satellite cell response to a single bout of resistance-
type exercise is delayed with aging in men. Age (Dordr). 2014;36(4):9699.  

Groen BB, Hamer HM, Snijders T, van Kranenburg J, Frijns D, Vink H, van Loon LJ. 
Skeletal muscle capillary density and microvascular function are compromised with 
aging and type 2 diabetes. J Appl Physiol. 2014 15;116(8):998-1005 

Dirks ML, Wall BT, Snijders T, Ottenbros CLP, verdijk LB, van Loon LJ. Neuromuscular 
electrical stimulation prevents muscle disuse atrophy during leg immobilisation in 
humans. Acta Physiol (Oxf). 2014;210(3):628-41. 

Snijders T, Verdijk LB, McKay BR, Smeets JS, van Kranenburg J, Groen BB, Parise G, 
Greenhaff P, van Loon LJ. Dietary protein intake modulates muscle myostatin 
expression after a single bout of exercise. J Nutr. 2014;144(2):137-45. 

Snijders T, Wall B, Dirks ML, et al. Muscle disuse atrophy is not accompanied by 
changes in skeletal muscle satellite cell content. Clin Sci (Lond). 2014;126(8):557-66. 

Wall BT, Snijders T, Senden JM, Ottenbros CL, Gijsen AP, Verdijk LB, van Loon LJ. Disuse 
impairs the muscle protein synthetic response to protein ingestion in healthy men. J 
Clin Endocrinol Metab. 2013;98(12):4872-81  

Wall BT, Dirks ML, Snijders T, Senden JM, Dolmans J, van Loon LJ. Substantial skeletal 
muscle loss occurs during only 5 days of disuse. Acta Physiol (Oxf). 2014;210(3):600-11.  

Verdijk LB, Snijders T, Drost M, Delhaas T, Kadi F, van Loon LJ. Satellite cells in human 
skeletal muscle; from birth to old age. Age (Dordr). 2014;36(2):545-7. 

Nilwik R, Snijders T, Leenders M, Groen BB, van Kranenburg J, Verdijk LB, van Loon LJ. 
The decline in skeletal muscle mass with aging is mainly attributed to a reduction in 
type II muscle fiber size. Exp Gerontol. 2013;48(5):492-8.  

Cermak NM, Snijders T, McKay BR, Parise G, Verdijk LB, Tarnopolsky MA, Gibala MJ, van 
Loon LJ. Eccentric exercise increases satellite cell content in type II muscle fibers. Med 
Sci Sports Exerc. 2013;45(2):230-7.  



P u b l i c a t i o n s |  219  

 

Verdijk LB, Dirks ML, Snijders T, Promper JJ, Beelen M, Jonkers RA, Thijssen DH, 
Hopman MT, van Loon LJ. Reduced satellite cell numbers with spinal cord injury and 
aging in humans. Med Sci Sports Exerc. 2012;44(12):2322-30. 

Wall BT, Dirks ML, Verdijk LB, Snijders T, Hansen D, Vranckx P, Burd NA, Dendale P, van 
Loon LJ. Neuromuscular electrical stimulation increases muscle protein synthesis in 
elderly type 2 diabetic men. Am J Physiol Endocrinol Metab. 2012 303(5):E614-23  

Snijders T, Verdijk LB, Beelen M, McKay BR, Parise G, Kadi F, van Loon LJ. A single bout 
of exercise activates skeletal muscle satellite cells during subsequent overnight 
recovery. Exp Physiol. 2012;97(6):762-73.  

Snijders T, Verdijk LB, Hansen D, Dendale P, van Loon LJ. Continuous endurance-type 
exercise training does not modulate satellite cell content in obese type 2 diabetes 
patients. Muscle Nerve. 2011;43(3):393-401.  

Verdijk LB, Snijders T, Beelen M, Savelberg HH, Meijer K, Kuipers H, van Loon LJ. 
Characteristics of muscle fiber type are predictive of skeletal muscle mass and strength 
in elderly men. J Am Geriatr Soc. 2010;58(11):2069-75.  

Snijders T, Verdijk LB, van Loon LJ. The impact of sarcopenia and exercise training on 
skeletal muscle satellite cells. Ageing Res Rev. 2009;8(4):328-38.  

Submitted for publication 

Snijders T, Res PT, Smeets SJS, van Vliet S, Kranenburg J, Maase K, Kies AK, Verdijk LB, 
van Loon LJ. Protein ingestion prior to sleep increases muscle mass and strength gains 
during prolonged resistance type exercise training. Submitted in 2014. 

Burd NA, Gorissen SH, van Vliet S, Snijders T, van loon LJ. Milk and beef ingestion result 
in a similar stimulation of myofibrillar protein synthesis during postexercise recovery in 
young men. Submitted in 2014.  

Wall BT, Dirks ML, Snijders T, Stephens F, Senden JM, Verscheijden M, van Loon JL. 
Short-term muscle disuse atrophy is not associated with increased intramuscular lipid 
deposition or a decline in skeletal muscle oxidative capacity in young and older males. 
Submitted in 2014. 

  



220  |  P u b l i c a t i o n s  

Prepared for submission 

Snijders T, Smeets JSJ, van Kranenburg J, van Loon LJ, Verdijk LB. Changes in myonucle-
ar domain size do not precede muscle fiber hypertrophy during prolonged resistance 
type exercise training in healthy young men.  

Snijders T, Kramer I, Smeets JSJ, Verdijk LB, Poeze M, van Loon LJ. Extensive type II 
muscle fiber atrophy in elderly women undergoing acute hip surgery after a fall-related 
fracture.  

 

  



S p o n s o r s |  221  

 

 
Financial support for the printing of this dissertation 

was kindly provided by 

 
 
 

Nutricia Research NOC*NSF

 
 

 



Satellite cells in skeletal muscle
atrophy and hypertrophy  

Tim Snijders

Tim
 Snijders 

 
  

 
 

 
 

Satellite cells in skeletal m
uscle atrophy and hypertrophy


	CONTENTS
	Chapter 1: Introduction: The impact of sarcopenia and exercise training on skeletal muscle satellite cells
	Chapter 2: Satellite cells in human skeletal muscle; from birth to old age
	Chapter 3: Muscle disuse atrophy is not accompanied by changes in skeletal muscle satellite cell content
	Chapter 4: A single bout of exercise activates skeletal muscle satellite cells during subsequent overnight recovery
	Chapter 5: Eccentric exercise increases satellite cell content in type II muscle fibers
	Chapter 6: The skeletal muscle satellite cell response to a single bout of resistance type exercise is delayed with aging in men
	Chapter 7: Acute dietary protein intake restriction modulates muscle myostatin expression after a single bout of resistance exercise in healthy young men
	Chapter 8: Protein ingestion prior to sleep increases muscle mass gain during prolonged resistance type exercise training in young men
	Chapter 9: Changes in myonuclear domain size do not precede muscle fiber hypertrophy during prolonged resistance type exercise training in healthy young men
	Chapter 10 General discussion
	Summary
	Samenvatting
	Valorization
	Dankwoord
	Curriculum Vitae
	List of Publications



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


