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The effects of heavy resistance training and detraining
on satellite cells in human skeletal muscles
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The aim of this study was to investigate the modulation of satellite cell content and
myonuclear number following 30 and 90 days of resistance training and 3, 10, 30, 60 and 90 days
of detraining. Muscle biopsies were obtained from the vastus lateralis of 15 young men (mean
age: 24 years; range: 20–32 years). Satellite cells and myonuclei were studied on muscle cross-
sections stained with a monoclonal antibody against CD56 and counterstained with Mayer’s
haematoxylin. Cell cycle markers CyclinD1 and p21 mRNA levels were determined by Northern
blotting. Satellite cell content increased by 19% (P = 0.02) at 30 days and by 31% (P = 0.0003)
at 90 days of training. Compared to pre-training values, the number of satellite cells remained
significantly elevated at 3, 10 and 60 days but not at 90 days of detraining. The two cell cycle
markers CyclinD1 and p21 mRNA significantly increased at 30 days of training. At 90 days
of training, p21 was still elevated whereas CyclinD1 returned to pre-training values. In the
detraining period, p21 and CyclinD1 levels were similar to the pre-training values. There were
no significant alterations in the number of myonuclei following the training and the detraining
periods. The fibre area controlled by each myonucleus gradually increased throughout the
training period and returned to pre-training values during detraining. In conclusion, these
results demonstrate the high plasticity of satellite cells in response to training and detraining
stimuli and clearly show that moderate changes in the size of skeletal muscle fibres can be
achieved without the addition of new myonuclei.
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Satellite cells are mononucleated cells located between
the sarcolemma and the basal lamina of muscle fibres
(Mauro, 1961). Satellite cells represent muscle precursor
cells; their activation and subsequent proliferation give rise
to daughter cells that can undergo the following fates:
(1) generate new muscle fibres, (2) provide additional
myonuclei to the parent fibre or (3) return to a quiescent
status. In response to resistance training, it has been
shown that satellite cells can either generate new muscle
fibres, or provide new myonuclei to the parent fibres or
produce daughter cells that become stem cells themselves
(for review see Allen et al. 1999). Thus, satellite cells
might undergo any of these three pathways in response
to resistance exercise in humans. At present, it is unclear
how the fate of daughter cells is determined. It is well
established that a period of resistance training enhances
protein synthesis in human skeletal muscles (Adams, 1998;

Booth et al. 1998; Tipton & Wolfe, 1998; Rennie et al.
2004). The enhancement of protein synthesis might be
mediated by pre-translational (alteration in the abundance
of mRNA), translational (alteration in protein synthesis
per unit of mRNA) or post-translational (transformation
of the protein such as phosphorylation) events (Booth
et al. 1998; Tipton & Wolfe, 1998). It is suggested that
changes in the translational efficiency are responsible
for the early stages of protein synthesis enhancement
(Laurent et al. 1978). Later in the time course of protein
synthesis enhancement, it appears that pre-translational
events become critical (abundance of mRNA) (Adams,
1998). In this respect, adult skeletal muscle fibres are
multinucleated cells where each myonucleus controls the
production of mRNA and protein synthesis over a finite
volume of cytoplasm, a concept known as the DNA unit or
myonuclear domain (Cheek, 1985; Hall & Ralston, 1989).
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For mRNA content to increase, two possible pathways
have been described: (1) each myonucleus has to increase
the transcription rate of given genes (Carson et al. 1996);
(2) satellite cell nuclei have to be incorporated into the
parent fibre providing additional myonuclei (Allen et al.
1999). There is evidence supporting the hypothesis that
in normal skeletal muscles, the transcriptional activity
of individual myonuclei is not maximal (Newlands et al.
1998). This suggests that the transcriptional capacity of
existing myonuclei can sustain increased protein synthesis
following resistance training. In this case, the size of each
myonuclear domain would increase, i.e. each myonucleus
would control a greater amount of cytoplasm (Giddings &
Gonyea, 1992). Once the transcriptional activity of existing
myonuclei reaches a maximum level, additional myonuclei
provided by satellite cell proliferation and fusion to the
myofibre become required to support a greater cytoplasmic
volume (Allen et al. 1995; Hikida et al. 1998; Kadi &
Thornell, 2000). At the present time, there is a paucity of
literature on the possible modulation of satellite cells and
myonuclear number to accommodate exercise-induced
hypertrophy in normal human muscles. Moreover, none
of the studies has gathered a complete set of information
on the time course of the modulation of satellite cells
and myonuclear number in response to resistance training
in human skeletal muscles. In addition, the effects of
detraining on these muscular parameters have not been
previously addressed. Given the above discussion, the aim
of the present investigation was to study the modulation
of satellite cell content and myonuclear number following
30 and 90 days of resistance training and following 3, 10,
30, 60 and 90 days of detraining.

Methods

Subjects

Fifteen young healthy men (age: 24 ± 1 years
(mean ± s.e.m.), height: 181 ± 2 cm, body weight:
75.4 ± 2.4 kg pre-training, 76.9 ± 2.1 kg post training,
75.9 ± 2.1 kg post detraining) gave their informed consent
to participate in the study, which was approved by the
ethical committee of Copenhagen and Frederiksberg
(KF01-010/01) and conformed with the standards set
by the Declaration of Helsinki. All subjects were not
engaged in any organized sports activities and had not
performed any heavy resistance training at least 1 year
prior to entering the study.

Training

The subjects performed a heavy resistance-training
programme for 3 months. The training programme

was progressive; that is, loading levels were monitored
continuously and adjusted throughout the entire training
period to maintain muscle loading as muscle strength
increased (Andersen et al. 2003). In short, the subjects
conducted the training programme 3 times a week
(38 training sessions within a 90 day period). Four
different resistance-training exercises for the legs were
performed: hack squat, incline leg press, knee extensions
and hamstring curl. The exercises were performed in
4–5 series of 6–12 repetitions, corresponding to 6–12 RM
(repetition maximum). Additionally, a number of upper
body exercises were performed. All training sessions were
surveyed and supervised. After the training period the
subjects entered a 3 month detraining period, in which
they returned to their everyday life with an activity level
as prior to entering the study, meaning that the subjects
did not perform any resistance (or endurance) exercises
during the detraining period.

Muscle sampling

Needle muscle biopsies were obtained from the mid-
portion of the vastus lateralis muscle. A total of eight
biopsies were obtained from each subject; prior to
resistance training, after 30 and 90 days of resistance
training and after 3, 10, 30, 60 and 90 days of detraining.
In the trained state, biopsies were obtained 24 h after
the last training session. All biopsies were obtained in
the right leg. After obtaining the muscle biopsies, these
were quickly freed from visible blood and mounted in an
embedding medium and frozen in isopentane cooled by
liquid nitrogen and stored at −80◦C for analysis.

Immunohistochemical analysis

Five micrometre thick cross-sections were cut at −20◦C
using a cryostat microtome (Zeiss, HM560), mounted on
glass slides, and air-dried at room temperature. Satellite
cells were visualized using a monoclonal antibody against
CD56 (dilution 1 : 100, cat. no. 347740, Becton Dickinson)
(Schubert et al. 1989; Kadi et al. 1999a,b; Kadi et al.
2004). The anti-CD56, which is similar to the anti-leu19
antigen, recognizes the neural cell adhesion molecule
(NCAM), a cell–cell recognition glycoprotein expressed
during the early stages of myogenesis and in satellite cells.
Muscle cross-sections were air dried, rinsed for 20 min
in phosphate-buffered saline (PBS), and incubated for
20 min with diluted normal blocking goat serum. Sections
are then incubated for 2 h at 37◦ with primary mouse
antibody diluted in bovine serum albumin. Slides are
washed in PBS for 15 min and incubated for 30 min with
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diluted biotinylated goat anti-mouse secondary antibody
(dilution 1 : 200 in normal serum, Vector Laboratories,
BA-9200). The slides are then washed for 20 min in PBS
and incubated for 30 min with Vectastain ABC reagent
(Vector Laboratories, PK-6100). For the visualization
of primary antibody binding, the diaminobenzidine
(DAB) substrate kit for peroxidase (Vector Laboratories,
SK-4100) was used. Sections are then rinsed, counter-
stained with Mayer’s haematoxylin, cleared and mounted
using mountex.

The visualization of myonuclei was done at high
magnification (objective × 40 or × 60). In few cases, the
determination of the position of some nuclei whether
outside or inside the fibre can be difficult to achieve.
Theoretically, this problem can be solved by labelling the
basal lamina with an antibody against laminin. However,
in practice, the few nuclei that are difficult to assess
without the use of laminin staining are also difficult
to assess using the laminin staining (in this case the
nuclear staining is localized on both sides of the laminin
staining). We have assessed this issue by comparing the
number of myonuclei counted on sections stained with
the anti-CD56 and counterstained with haematoxylin
with that counted on sections where laminin staining
is added. We did not observe any differences between
the two counts. Therefore, the use of CD56 antibody
and a counterstaining with haematoxylin allows a reliable
distinction between myonuclei inside the fibres and nuclei
outside the fibres. Moreover, we have noted that the
immunohistochemical staining using DAB gives the fibre
cytoplasm a slight tint that allows the distinction between
the fibres and the surrounding connective tissue. Satellite
cells were identified as brown rims that contained a nucleus
(Fig. 1). The sections were visualized using light micro-
scopy. Images were acquired with a digital camera (SPOT
Insight, Diagnostic Instruments, Inc.) connected to the
microscope (Nikon EclipseE400).

Myonuclei and satellite cells were counted on each fibre.
In each muscle cross-section, f fibres, m myonuclei and s
satellite cells were counted. The number of myonuclei per
muscle fibre (m/f ) and the number of satellite cells per
fibre (s/f ) were calculated.

Analysis of mRNA

mRNA levels were determined by Northern blotting using
cloned PCR products as previously described (Jonsdottir
et al. 2000). The primers for PCR on human skeletal muscle
cDNA were; p21 (TCA AAG GCC CGC TCT ACA TC,
GTA CCA CCC AGC GGA CAA GT), CyclinD1 (GTG
GGG TTC TAG GCA TCT CT, ATC GTA GGA GTG

GGA CAG GT), GAPDH (GAA CAT CAT CCC TGC
CTC TAC T, GTC TAC ATG GCA ACT GTG AGG A).
Two different unrelated ‘constitutive’ RNA, 28S rRNA
and GAPDH mRNA, were measured and the 28S rRNA
normalized for the GAPDH mRNA (Schjerling, 2001).
28S rRNA increased significantly at the 30 training day
time point only (Fig. 4). Whether this is due to more
28S rRNA or less GAPDH mRNA cannot be determined.
However, it is more likely that 28S rRNA increases than
that GAPDH mRNA decreases during resistance training,
which increases protein synthesis and metabolic demand.
Therefore, we have chosen to use GAPDH mRNA as
internal control. The interpretation of the normalized data
should take this choice into account.

Statistical analysis

Data are presented as mean ± standard error except
for mRNA data, which were log-transformed before
statistical calculations and presented as back-transformed
means ± geometric standard error. The statistical
significance of the differences between groups was
analysed by one-way repeated measures ANOVA. When
a significant F ratio was found, the Bonferroni post hoc
test was used to compare mean values. Results were
considered significant at P < 0.05.

Figure 1. Identification of satellite cells and myonuclei
Muscle cross-section stained with the antibody against CD56 (brown
colour) and counterstained with Mayer’s haematoxylin. Myonuclei are
blue, and satellite cells are surrounded by a brown rim. The arrowhead
indicates a satellite cell and arrows show myonuclei.
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Results

The number of satellite cells increased gradually during the
training period (Fig. 2). By 30 days of resistance training,
the number of satellite cells was significantly enhanced
(P = 0.02). At 90 days, the number of satellite cells was
further enhanced (P = 0.0003) as compared with the
increase observed at 30 days of resistance training. Satellite
cell content increased by 19.3% at 30 days of training and
by 31.4% at 90 days of training. When pre-training satellite
cell values are taken as a reference, the number of satellite
cells remained statistically elevated at 3 (P = 0.003), 10
(P = 0.0001) and 60 (P = 0.02) days of detraining. The
difference in satellite cell frequency between pre-training
values and the 30 days of detraining time point approached
the significance level (P = 0.07). Compared to the values
observed at the end of the resistance-training period, the
number of satellite cells per fibre decreased gradually in
the detraining period.

The two cell cycle markers CyclinD1 and p21 mRNA
both increased after the first 30 days of training, 2- and
6-fold, respectively. At the end of the training period
(90 days), p21 mRNA was still 3-fold elevated
whereas CyclinD1 mRNA had almost returned to
pre-training values (30% increase, P = 0.094).
Throughout the detraining period the levels of
p21 and CyclinD1 mRNA were both similar to the
pre-training values (Figs 3 and 4).

This study showed that there were no significant
alterations in the number of myonuclei following the
resistance and the detraining periods. The mean number
of myonuclei per cross-sectional area of myofibre averaged
2.85 before training and 2.82 by the end of the
third month of resistance training (Fig. 5). The myo-
nuclear number remained constant throughout the entire
detraining period. We noted that both the mean value

Figure 2. Satellite cell number
The number of satellite cells per muscle fibre before training (Pre),
after 30 (T30) and 90 (T90) days of training and following 3 (D3),
10 (D10), 30 (D30), 60 (D60) and 90 (D90) days of detraining.
∗ Significantly different from Pre; # significantly different from T90.

and the standard deviation for myonuclei at the end
of the detraining period (2.99 ± 0.19) were higher than
pre-training values (2.85 ± 0.08).

The training period induced a gradual increase in the
cross-sectional area of muscle fibres (Fig. 6). The increase
in fibre area reached 6% at 30 days and 17% at 90 days.
The enhancement of the area of muscle fibres reached
the significance level at 90 days of training. During the
detraining period, the area of muscle fibres gradually
decreased.

In the present study, we investigated changes in the area
controlled by each myonucleus, i.e. changes in the size of
the myonuclear domain. Before the training period, the
area controlled by each myonucleus averaged 1522 µm2.
The myonuclear domain gradually increased throughout
the resistance-training period (Fig. 7). Compared to
pre-training values, the myonuclear domain was
significantly increased at 90 days of training and remained
elevated 3 days following the end of the training period.
After the third day of detraining, the myonuclear
domain gradually decreased. At 30 days of detraining,
the myonuclear domain had returned to pre-training
values.

Discussion

The possibility of enhancing satellite cell pool in human
skeletal muscles has important clinical implications, as

Figure 3. Northern blot of p21 and CyclinD1
A, Northern example for one subject before training (Pre), after
30 (T30) and 90 (T90) days of training and following 3 (D3), 10 (D10),
30 (D30), 60 (D60) and 90 (D90) days of detraining. B, staining of the
ribosomal RNA with SYBR green before blotting is shown below.
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satellite cells are undifferentiated quiescent precursors able
to divide and differentiate to accommodate the demands
of growth. In this respect, a main outcome from the
present investigation was the elevation of satellite cell
number following 30 and 90 days of resistance training.
Our results are in agreement with previous studies showing
an increase in satellite cell frequency following resistance
training (Kadi, 2000; Roth et al. 2001). Our study shows
that 30 days of resistance training are sufficient to induce an
increase in satellite cell pool and that an additional 60 days
of training further enhances satellite cell frequency. It is

Figure 4. Quantification of p21 and CyclinD1 mRNA
mRNA for the cell-cycle markers p21 (A) and CyclinD1 (B) and the 28S
rRNA (C) after 30 (T30) and 90 (T90) days of training and following
3 (D3), 10 (D10), 30 (D30), 60 (D60) and 90 (D90) days of detraining.
The RNA levels are normalized to GAPDH mRNA and are relative to the
pre-training value for each subject. ∗ Significantly different from
pre-training value (pre-training value = 1); # significantly different
from T90.

Figure 5. Myonuclear number
The mean number of myonuclei per muscle fibre before training (Pre),
after 30 (T30) and 90 (T90) days of training and following 3 (D3), 10
(D10), 30 (D30), 60 (D60) and 90 (D90) days of detraining.

also shown, for the first time, that the increase in satellite
cell numbers following the training period is maintained
for a long time after the cessation of training.

Although satellite cell proliferation occurs in response to
growth/hypertrophy or following necrosis/regeneration,
there are major differences between these two conditions
(Grounds, 1998). Resistance training causes minor fibre
damage and results mainly in hypertrophy compared to the
classical regeneration response of skeletal muscles where
there is clear evidence of myofibre necrosis stimulating an
inflammatory response and repair of the damaged area by
new sarcolemmal formation (Grounds, 1998). Although
resistance training causes minor injury to myofibres, it
has been shown that satellite cells may become activated
and replicate even on fibres where overt necrosis is not
detectable at light microscopical level (Darr & Schultz,
1987; Grounds, 1998).

The enhancement of satellite cell frequency has
been previously observed in overloaded animal models

Figure 6. Fibre area
Mean cross-sectional area of muscle fibres before training (Pre), after
30 (T30) and 90 (T90) days of training and following 3 (D3), 10 (D10),
30 (D30), 60 (D60) and 90 (D90) days of detraining. ∗ Significantly
different from Pre; # significantly different from T90.

C© The Physiological Society 2004



1010 F. Kadi and others J Physiol 558.3

(Schiaffino et al. 1972; Snow, 1990) and during chronic
low-frequency stimulation (Putman et al. 1998). More
recently, we reported a significant increase in the frequency
of satellite cells (29% increase) in 11 men, between 70 and
80 years, in response to 14 weeks endurance training at
a work load corresponding to 65–95% of peak oxygen
consumption (Charifi et al. 2003). The enhancement of
muscle size following the usage of anabolic steroids in
humans is also accompanied by an enhancement of the
number of satellite cells (Kadi et al. 1999a; Sinha-Hikim
et al. 2003).

It is suggested that the activation of satellite cells
in skeletal muscles following various stimuli would
provide additional satellite cells (Bischoff, 1994; Schultz
& McCormick, 1994). As observed in the present study,
an enhancement of the satellite cell pool occurs in
response to resistance training indicating that training is an
efficient means to improve the growth capacity of skeletal
muscles. In contrast to the cellular response observed
following resistance training, proliferating satellite cells in
denervated muscles do not appear to fuse to the parent
myofibre and are lost from the muscle either by emigration
or cell death (McGeachie & Grounds, 1989). For this
reason, there is a decrease in the number of satellite
cells following long-term denervation (Rodrigues-Ade &
Schmalbruch, 1995).

The present study also shows an increase in CyclinD1
mRNA during training (day 30), which indicates the
activation and proliferation of satellite cells (Adams et al.
1999). Furthermore, the even more pronounced up-
regulation in p21 mRNA at 30 and 90 days of training but
not at 3 days of detraining indicates that the proliferating
satellite cells exit the cell cycle to form new quiescent
satellite cells (Adams et al. 1999; Zhang et al. 1999; Hawke

Figure 7. Myonuclear domain
Myonuclear domain before training (Pre), after 30 (T30) and 90 (T90)
days of training and following 3 (D3), 10 (D10), 30 (D30), 60 (D60)
and 90 (D90) days of detraining. ∗ Significantly different from Pre;
# significantly different from T90.

et al. 2003). Taken together, the increase in CyclinD1 and
p21 mRNA levels indicates that during the resistance-
training period, extensive cell divisions occurred and
resulted in the increase in the number of satellite cells.
Presumably, alterations in cyclinD1 and p21 mRNA reflect
division and differentiation of satellite cells, although other
cell types such as fibroblasts might also contribute to
the changes observed at the level of these two cell cycle
markers.

A common outcome from resistance training is an
increase in the cross-sectional area of muscle fibres. In
the present study, the hypertrophy of individual muscle
fibres was not accompanied by an enhancement of the
myonuclear number indicating that existing myonuclei
supported the enlargement of muscle fibres. Thus, each
myonucleus was able to support a larger cytoplasmic area.
The theoretical amount of cytoplasm supported by a single
myonucleus in a muscle fibre has been termed the DNA
unit or the myonuclear domain (Cheek, 1985). Muscle
hypertrophy could give rise to an increase in the number
of domains (by increasing the number of myonuclei) or an
increase in the size of existing domains (Edgerton & Roy,
1991). In the present study, the significant increase in the
size of nuclear domains indicates that existing myonuclei
were able to control a greater volume of cytoplasm. In
fact, significant increases in myonuclear number have been
reported in studies where muscle fibres had hypertrophied
by more than 26% (Cabric & James, 1983; Allen et al.
1995; Hikida et al. 1998; Roy et al. 1999; Kadi & Thornell,
2000) but not by 6.8–15.5% (Giddings & Gonyea, 1992).
In the present study, the area of muscle fibres increased
by 6.7% at 30 days and by 17% at 90 days of resistance
training. Altogether, these results suggest that until a
certain limit of hypertrophy is reached, an increase in the
area of muscle fibres can occur without the addition of new
myonuclei. Existing myonuclei are able to increase their
protein synthesis and support a moderate enhancement of
the cytoplasmic area.

It is well established that resistance training enhances
protein synthesis following a single exercise session and
that protein synthesis remains elevated for ∼24 h (Rennie
et al. 2004). Increased protein synthesis at this time range
indicates that existing myonuclei in muscle fibres have
the ability to respond quickly to resistance training by
enhancing their translational capacity. Repeated bouts of
resistance exercises under a long-term training period
would lead to a greater increase in the size of muscle fibres
and would put existing myonuclei under a greater strain.
This would result in the addition of new myonuclei to
allow further hypertrophy of muscle fibres.
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The fact that resistance training increased satellite cell
content but did not enhance the myonuclear number
relates to previous observations in denervated muscles
(McGeachie, 1985). Indeed, in experimental denervation,
the proliferation of satellite cells does not lead to an
increase in the number of myonuclei (McGeachie, 1985).
In this respect, previous studies (Enesco & Puddy, 1964;
Moss & Leblond, 1971) suggested that only a sub-
population of satellite cells could provide myonuclei to the
muscle fibre. In vitro experiments showed that satellite cells
are not a homogenous population. When plated and grown
at clonal density, colonies derived from single satellite cells
showed a wide range of sizes (Schultz & Lipton, 1982;
Zammit & Beauchamp, 2001). This colony size diversity
suggests that satellite cells in a mature muscle may have
different fates and thus do not contribute equally to the
formation of new myonuclei (Schultz & Lipton, 1982;
Zammit & Beauchamp, 2001). Thus, different satellite cell
populations would preferentially provide new myonuclei,
participate in the formation of new muscle fibres or
generate new satellite cells. The exact nature of the
signalling pathways determining whether satellite cells
continue to divide to form new muscle fibres or give rise to
new satellite cells or fuse with the parent fibre to increase
the myonuclear number are currently undefined.

Detraining was associated with a gradual decrease in
the area of muscle fibres. Thus, the size of the myonuclear
domain returned to pre-training values. This indicates
that existing myonuclei were able to control a larger
cytoplasmic area for a period of 90 days of training and
returned to their initial workload by 30 days of detraining.

The number of satellite cells per fibre remained
significantly elevated at 3, 10 and 60 days of detraining.
Thus, the increase in satellite cell numbers is maintained
for a long time after the cessation of training. At 90 days
of detraining, the number of satellite cells per fibre had
returned to pre-training values. The gradual decrease in
satellite cell number during the detraining period might
indicate that resistance training caused minor myofibre
damage (necrosis being not detectable at the light micro-
scopic level), resulting in the fusion of satellite cells with
the parent myofibre or in the formation of new myofibres
(Grounds, 1998).

At 90 days of training only p21 mRNA had increased
significantly whereas CyclinD1 mRNA only demonstrated
a trend towards an increase (P = 0.094). As discussed
earlier, although changes in CyclinD1 and p21 mRNA
might reflect the activation status of cell types other than
satellite cells, our result supports the concept that at the end
of the training period satellite cell proliferation is reduced.
The rapid decrease in p21 mRNA at 3 days of detraining

indicates that the arrest of training was associated with a
termination of satellite cell activation.

In conclusion, the present results clearly demonstrate
the high plasticity of satellite cells in response to exercise
training and provide new insights into the long-term
effects of training followed by detraining. Moderate
changes in the size of skeletal muscle fibres can be achieved
without the addition of new myonuclei, which indicates
that existing myonuclei are able to support a certain level
of muscle fibre hypertrophy.
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