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Abstract Satellite cells are muscle stem cells capable of

replenishing or increasing myonuclear number. It is pos-

tulated that a reduction in satellite cells may contribute to

age-related sarcopenia. Studies investigating an age-related

decline in satellite cells have produced equivocal results.

This study compared the satellite cell content of young and

aging soleus muscle in rat, using four different methods:

dystrophin–laminin immunohistochemistry, MyoD immu-

nohistochemistry, electron microscopy, and light micros-

copy of semi-thin sections. The absolute quantity of

satellite cells increase with age, but satellite cell percent-

ages were similar in young and aging soleus muscles.

There were no differences in satellite cell quantity among

MyoD immunohistochemistry, electron microscopy, and

semi-thin sections. All three methods had significantly

more satellite cells than with dystrophin–laminin immu-

nohistochemistry. We conclude that satellite cell number

does not decrease with age and postulate that satellite cell

functionality may be responsible for age-related

sarcopenia.
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Introduction

Skeletal muscle fibers are multinucleated, and each myo-

nucleus governs a surrounding area of cytoplasm, called a

nuclear domain [1, 2]. Myonuclei are post-mitotic, so new

myonuclei are added via the activation of muscle-specific

stem cells, called satellite cells. Satellite cells reside

between the sarcolemma and the basal lamina of skeletal

muscle fibers. They are established early in development

and are required for postnatal growth of the fiber [3–6].

Upon activation, satellite cells proliferate and donate

daughter nuclei to the muscle fiber.

Satellite cells become activated when adult muscle

fibers are stimulated to undergo hypertrophy or reparative

processes [7]. During hypertrophy, an increase in cyto-

plasm necessitates the addition of nuclei, in order to

maintain a nuclear domain. It is postulated that without

satellite cells, muscle fibers lose their ability to increase

nuclear content and therefore cannot grow [6]. Conversely,

muscle atrophy is associated with loss of myonuclei [8, 9].

Indeed, it appears apoptosis is at least partially responsible

for age-related muscle atrophy [10]. It is unclear whether

the quantity of satellite cells also declines with age. If so,

the muscle’s ability to reverse age-related sarcopenia is

severely compromised.

In one of the first quantitative studies done on satellite

cells, Snow [11] proposed that satellite cell percentage is

decreased with aging. Subsequent studies have either

confirmed the original observation [12–14] or have found

no change with aging [15–17]. Comparison of these data is

confounded by the different animal strains, ages, and

muscles used in the studies. Equally confounding, satellite

cells are quantified in relation to myonuclear content, and

this may vary depending upon a number of factors, such as

skeletal muscle fiber type and size, and animal growth.
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Several factors may be responsible for this variability,

but it appears that the method for identifying satellite cells

may be a major problem, especially since recent studies

have suggested markedly different counts for satellite cells

using different molecular markers [18]. Although electron

microscopy is best, it is not feasible for all studies to use

this method for identification.

Therefore, the purpose of this study was to investigate

the effects of age on muscle stem cell content in the soleus

muscle of male Fisher 344 rats. A second purpose of this

study was to compare different methods of satellite cell

identification. Soleus samples from young and old rats

were independently compared by (1) a dystrohpin–lami-

nin(DL) immunohistochemical method, (2) a MyoD

immunohistochemical method, (3) electron microscopy

(EM), and (4) light microscope (LM) analysis of semi-thin

sections cut adjacent to the thin sections used for EM.

Materials and methods

Animals and muscle extraction

Young (5 months; N = 6) and old (24 months; N = 8)

male Fisher 344 rats from the NIH Aging Colony (Harlan

Labs, Indianapolis, IN) were anesthetized with xylazine

and ketamine, and the soleus muscle was removed. The

proximal portion was fixed for electron microscopy (see

details below). The distal half of the muscle was prepared

for immunohistochemistry. In brief, muscles were mounted

for cross sectioning on tongue depressors using a mixture

of tragacanth gum (Fisher Chemicals, Pittsburgh, PA) and

OCT freezing compound (Sakura Finetek, Torrance, CA),

frozen in methyl butane (Fisher Chemicals) chilled with

liquid nitrogen, then stored in sealed vials at -80�C until

sectioned. Serial cross sections were made at 6 lm thick-

ness, mounted on poly-L-lysine-coated cover glasses, and

stored at -40�C until processed. All procedures were

approved by the Ohio University Institutional Animal Care

and Use Committee.

Immunohistochemistry

To block endogenous peroxidase activity, unfixed 6 lm

sections were first incubated for 10 min at room temperature

in a 0.3% peroxidase in phosphate buffered saline (PBS)

solution. Sections were then immunostained with mono-

clonal anti-dystrophin antibody (1:80 dilution in PBS;

Sigma-Aldrich, St. Louis, MO; incubated with 1% BSA,

0.1% Tween-20 in PBS for 1.5 days), washed in washing

buffer (PBS, 1% milk powder, 0.5% Tween-20) for

2 9 15 min and then a biotinylated secondary antibody

(1:200 dilution, Vector Labs, Burlingame, CA; 60 min at

37�C) to label the sarcolemma. For blocking non-specific

protein binding, the washing buffered contained skim milk

power (1%). After processing for the avidin–biotin complex

reaction (Vector Labs, Burlingame, CA; 45 min at RT), the

same sections were then labeled with polyclonal anti-lami-

nin (1:55 dilution in PBS; Santa Cruz Biotechnology, Santa

Cruz, CA; incubated with 1% BSA, 0.1% Tween-20 in PBS

for 2 h at RT) and then a biotinylated secondary antibody

(1:200 dilution, Vector Labs, Burlingame, CA, for 60 min at

RT) to identify the basal lamina. After washing with washing

buffer (2 9 15 min), the sections were again processed for

the avidin–biotin complex (ABC) reaction (Vector Labs,

Burlingame, CA; 60 min), washed in PBS for 15 min,

followed by an immunoperoxidase procedure using metal-

enhanced diaminobenzidine (DAB; Pierce Chemical Com-

pany, Rockford, IL; 15 min). Next, the sections were lightly

fixed with buffered 4% paraformaldehyde (2 min) and the

nuclei lightly stained with Delafield’s hematoxylin (3 min)

and then permanently mounted (dehydrated with alcohol:

70% ethanol, 2 min; 95% ethanol, 2 min 100% ethanol,

2 9 2 min; HemoD 2 9 2 min; mounted with mounting

medium). This allowed the myonuclei (lying under the sar-

colemma) to be distinguished from the satellite cells (lying

between the sarcolemma and basal lamina; see Fig. 1).

The procedures for MyoD immunohistochemistry were

similar to the procedures for dystrophin immunohisto-

chemistry. In brief, 6-lm sections were fixed in a 4%

paraformaldehyde solution (10 min at 4�C), blocked in a

0.3% peroxidase in methanol solution (10 min), and then

blocked with a solution of goat serum (1.5%) in PBS for

60 min. After washing in PBS, this was followed by a

Fig. 1 Cryosection treated with anti-dystrophin and anti-laminin,

counterstained with hematoxylin. The fiber in the center has a

heterochromatic nucleus that lies between the sarcolemma and basal

lamina, and belongs to a satellite cell (sc). To the left, there is a

typical myonucleus (mn)
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60 min incubation in monoclonal anti-MyoD antibody

(1:50 dilution in PBS at 37�C; Developmental Studies

Hybridoma Bank). The sections were then incubated with a

biotinylated secondary antibody (60 min), ABC reaction

(60 min), and DAB reaction (10 min), as described above,

including hematoxylin, washing, dehydration, hemoD and

mounting with mounting medium. This procedure resulted

in the accumulation of a dark precipitate in the nuclei

containing MyoD (Fig. 2).

Cross-sectional area

Fiber cross-sectional areas (CSA) were measured using a

video-capture microscope and NIH Image software (v

1.62). Cross-sectional area was determined from three

random microscope frames per animal (*0.56 mm2,

which corresponded to 3 9 *100 muscle fibers in each

frame), or all fibers in the sample. Myonuclei were counted

at 91,000 magnification. The same histological preparation

(dystrophin/laminin) was used for determination of CSA,

satellite cells, and myonuclei. Fibers were not included if

they were damaged or located at the edge of the muscle.

Electron microscopy

For electron microscopy, the muscles were fixed for several

hours in dilute Karnovsky’s fixative (1.5% paraformalde-

hyde, 1% glutaraldehyde in 0.1 M cacodylate buffer) and

diced into smaller pieces after at least 15 min of initial

fixation. The segments were rinsed in buffer, post-fixed in

1% osmium tetroxide in cacodylate buffer, rinsed again,

then stained en bloc with 1% aqueous uranyl acetate for

30–60 min. Tissues were dehydrated, cleared in limonene

or propylene oxide, and embedded in a mixture of epon and

araldite.

Blocks were trimmed for cross or longitudinal sections,

and semi-thin sections were made at either 0.5 or 0.7 lm

thickness, mounted on microscope slides, and stained with

either 1% toluidine blue in 1% borax solution or a com-

mercial epoxy resin staining solution (Electron Microscopy

Sciences, Fort Washington, PA). Adjacent ultrathin sec-

tions were mounted on 150 mesh copper grids, stained with

aqueous uranyl acetate and lead citrate, and examined with

a Zeiss EM 109 or JEOL 1010 electron microscope.

Semi-thin sections (labeled as ‘‘light microscopy’’) were

analyzed under 91,000 magnification, and satellite cells

were differentiated from myonuclei by their thin, hetero-

chromatic appearance. Often, the satellite cell nuclei were

stained metachromatically (in the toluidine blue prepara-

tions) and were more purple than the pale myonuclei. This

same type of staining was seen in endothelial cell nuclei

between muscle fibers (Fig. 3).

For analysis by electron microscopy, a computer image

of the thick section was used to identify each fiber being

analyzed (Fig. 4). Each nucleus was examined at high

magnification (920,000) to insure correct identification of

the satellite cell or myonucleus.

Different investigators independently analyzed and

counted the nuclei and satellite cells. Each investigator

analyzed the samples by electron microscopy, immuno-

histochemistry, or light microscopy of semi-thin sections;

all counts with each method were determined indepen-

dently of the others.

Statistical analysis

A one-way analysis of variance (ANOVA) was used to

compare the dependent variable (CSA, nuclei/fiber, satel-

lite cells) across ages. A repeated measures ANOVA was

used to compare techniques (EM, LM, DL, and MyoD)

Fig. 2 Cryosection treated with anti-MyoD antibody. The fiber in the

center contains both a satellite cell (sc) and myonuclei (mn) Fig. 3 Epoxy resin-embedded 0.6-lm semi-thin section stained with

toluidine blue. A thin heterochromatic nucleus (sc) and a euchromatic

myonucleus (mn) are present in the same fiber
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across ages. T tests were used for animal and muscle mass

analyses. Significance was set at P B 0.05. Where signif-

icance was found for main effects, Fisher’s least significant

difference method was used for post-hoc analysis. Power

calculations were determined for each dependent variable

(Table 2).

Results

Animal and muscle characteristics

Body and muscle mass characteristics are shown in

Table 1. Body mass and soleus muscle mass were signifi-

cantly heavier in the aging animals, but the ratio of the

soleus/body mass did not differ between age groups. The

descriptive statistics found in Table 1 have been previously

reported [19]. Furthermore, there were no significant dif-

ferences in myofiber CSA in the soleus of aging compared

to young animals (Table 2).

Satellite cells and myonuclei

The myonuclear content is presented as number of

myonuclei per fiber for cross-sectional profile. There were

significantly more myonuclei in the aging compared with

young muscle fibers (P \ 0.05; Table 2).

Satellite cells were identified using four different tech-

niques: (1) electron microscopy; (2) dystrophin–laminin

immunohistochemistry; (3) MyoD immunohistochemistry;

(4) semi-thick sections for light microscopy. Satellite cells

are reported as the percentage of total nuclei present in the

muscle [satellite cells/(satellite cells ? myonuclei)]. The

percentage for each technique is shown in Table 3. The

satellite cell percentages were similar between the prepa-

rations for EM, MyoD, and LM, in both young and aging

soleus muscles (Table 3). However, there were signifi-

cantly fewer satellite cells as assessed by the DL immu-

nohistochemical technique compared to the quantities

obtained via either EM, MyoD, or LM (Table 3). Regard-

less of the technique, satellite cell quantity did not signif-

icantly differ between age groups.

Discussion

The main purpose of this study was to examine age-related

changes in satellite cell content in the soleus muscle.

Studies examining the effects of aging on satellite cells

have produced equivocal results. Mouse soleus muscle was

compared at 8–10, 19–20, and 29–30 months, and the

percentages of satellite cells were found by electron

microscopy to be 4.6, 4.3, and 2.4, respectively [11].

Gibson and Schultz [12] also used electron microscopy to

study rat EDL and soleus muscles at 1, 12, and 24 months

of age. The EDL had a linear decrease in satellite cell

percentage and in absolute number of satellite cells. The

soleus had a decrease in satellite cell percentage, but had

no change in absolute numbers between 1 and 24 months.

In partial agreement with the findings of Gibson and

Schultz, Shefer and colleagues [20] found a decrease in the

absolute quantity of satellite cells in both the EDL and

soleus muscles of aging mice.

Studies examining the effects of aging on satellite cells

in humans have also produced equivocal results. Studies of

human vastus lateralis muscle from 65 to 75 year olds [21]

or 58–78 year olds [15] showed that satellite cell percent-

ages do not decline with age, as measured by electron

microscopy [21] or immunohistochemistry [15]. In

Fig. 4 An electron micrograph of a fiber from a young soleus muscle

showing a normal myonucleus (mn) lying under the sarcolemma,

while a satellite cell (sc) lies above the sarcolemma. Scale bar is 1 lm

Table 1 Body and muscle mass

Young N = 6 Aging N = 8

Body weight (g) 296.0 ± 12.93 416.8 ± 9.72*

Soleus weight (g) 0.124 ± 0.015 0.144 ± 0.005*

Ratio (Soleus/body weight) 0.041 ± 0.005 0.035 ± 0.0012

All values are presented as mean ± SEM. T tests used for statistical

comparisons. Descriptive statistics found in Table 1 have been pre-

viously reported [19]

* Significance at P \ 0.05 between young and aging groups

Table 2 Skeletal muscle characteristics

Soleus

Young (N = 6) Aging (N = 8) Power (%)

CSA 2696 ± 138 2832 ± 166 100

Nuclei/fiber 2.31 ± 0.26 3.13 ± 0.06* 93

All values are presented as mean ± SEM

CSA Cross-sectional area

* Significance at P \ 0.05 between young and aging groups
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contrast, Kadi et al. [13] measured a decreased satellite cell

percentage in 70–83-year-old human tibialis anterior

muscles using neural cell adhesion molecule (NCAM) for

identification. The contrasting results may be due to either

the older age group, use of a different muscle, or using

NCAM. Sajko et al. [22] also used m-cad identification of

satellite cells in human vastus lateralis muscle to make

many measurements of the biopsies in young and old men.

They concluded that the satellite cells per volume of

muscle decline with age. In the present study, we found no

difference in satellite cell percentage between the soleus of

young and aging animals. However, the absolute number of

satellite cells and myonuclei both increase with age in

order for the satellite cell percentage to remain constant.

The aforementioned equivocal results may be due to

differences in the methods used to identify satellite cells.

The standard and most reliable means of identification is by

electron microscopy. Quiescent satellite cells are identified

by electron microscopy because they lie between the basal

lamina and sarcolemma of the fibers; they have a high

nucleus to cytoplasm ratio, few organelles, and a high ratio

of nuclear heterochromatin to euchromatin [23]. Similarly,

satellite cells may be quantified by their location, by

staining the sarcolemma (dystrophin) and the basement

membrane (laminin) with immunohistochemical methods.

Nuclei located in this region belong to satellite cells. We

chose to identify satellite cells by their location due to the

complication that specific satellite cell markers brings.

More recently, molecular markers such as transcription

factors and cell adhesion molecules have been used to label

the satellite cells (reviewed by [24, 25]). These techniques

are appealing due to the time-intensive nature of the

electron microscopy and dystrophin–laminin techniques.

However, a complication with these molecular markers is

that they may not be expressed in all stages of satellite cell

activity, and all cells may not be labeled by antibodies to

these markers. In considering the difference in labeling of

satellite cells by different markers, it is likely that differ-

ences in activation are associated with differences in cell

surface protein expression. Therefore, if active growth is

occurring, the labeling may not accurately reflect the

satellite cell content. However, we acknowledge the more

recent labeling methods with a number of specific satellite

cell markers are a valid addition to identification of satellite

cells. The use of the molecular marker for myogenic reg-

ulatory factor MyoD was chosen due to the expression of

MyoD in quiescent and activated satellite cells, which

accurately identifies muscle specific satellite cells [26].

The second purpose of this study was to compare four

different methods of quantifying satellite cells. We com-

pared the two standard methods (electron microscopy and

dystrophin–laminin) to one of the molecular markers

(MyoD), and to an under-utilized technique (semi-thin

epoxy sections). We found no difference in satellite cell

percentage between young and aging rats, regardless of the

quantification method. The satellite cell percentages were

similar among the preparations for EM, MyoD, and LM,

for both young and aging soleus muscles. Interestingly,

regardless of the age, the DL preparations yielded signifi-

cantly lower values (P \ 0.001) than with the other three

methods. The reason for this significant difference is

unclear.

To the authors’ knowledge no other study has compared

these three satellite cell identification techniques. Wernig

et al. [27] isolated mouse muscle fibers and labeled resting

satellite cells with m-cad, then embedded the fibers in

epoxy resin for semi-thin and ultra-thin sectioning. Labeled

satellite cells were identified in semi-thin sections, then

ultra-thin sections were made and examined by electron

microscopy to verify the presence of labeled satellite cells.

All cells labeled were satellite cells, and no myonuclear

labeling occurred. Their study showed that m-cad labeling

is specific to quiescent satellite cells, but it did not deter-

mine whether all quiescent satellite cells were labeled. This

was important because Beauchamp’s group, using CD-34,

myf-5, and m-cad to label myogenic cells, had found a

small number satellite cells were negative for all of these

markers [28].

A number of other factors may also influence the

acquisition of satellite cell percentage. The satellite cell

Table 3 Satellite cell percentages: comparing methods

N EM LM MyoD DL

Young 6 4.95 ± 0.71 6.25 ± 0.21 5.14 ± 0.50 2.16 ± 0.30*

Aging 8 4.97 ± 0.68 6.48 ± 0.50 4.44 ± 0.30 1.89 ± 0.16*

%Diff for 0.8 Power 47.1% 87.4% 55.8% 50.9%

All values are presented as mean ± SEM. One-way repeated measures ANOVA for main effects, Fisher’s least significant difference for post-

hoc comparisons. For any technique, there was no significant difference between age groups. %Diff for 0.8 Power: percent difference required to

obtain 80% power between age groups for a satellite cell identification technique

EM electron microscopy, LM light microscopy, DL dystrophin–laminin immunohistochemistry

* DL was significantly different from electron microscopy, light microscopy, and MyoD immunohistochemistry (P \ 0.001)
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percentage may change with or without a change in the

absolute number of satellite cells if the myonuclear popu-

lation is altered (reviewed in [29]). Muscle fiber atrophy

may affect myonuclear quantity [8, 30, 31], although others

have found no change in myonuclear numbers with atrophy

[32, 33]. Hypertrophy or muscle growth is associated with

an increased number of myonuclei [5, 15, 30, 34, 35].

However, a threshold of hypertrophy has been proposed to

exist, after which myonuclear proliferation occurs. Until

this threshold is attained, fiber growth without nuclear

addition is thought to occur [36]. Finally, different muscles

or procedures that alter fiber size may have no influence on

the regulation of myonuclear domain [37].

In the present study, based on the power calculations, we

found less than a 50% difference in satellite cell percentage

between young and aging animals. This suggests that

satellite cells may lose functionality rather than cell num-

ber, and this may underlie the loss of regenerative potential

and lead to muscular atrophy with aging [38]. It is well

known that older muscle does not function to the capacity

of the young muscle and that the proliferation potential of

satellite cells declines with age [39, 40]. The Notch sig-

naling pathway may be involved in this (reviewed in [41])

as restoring this pathway in aged muscle will re-establish

the muscle’s regenerative capacities [38, 42]. However,

satellite cells are able to take part in regeneration and self-

renewal even at older age [43, 44].

Our finding that satellite cell quantity does not

decrease supports the hypothesis that extrinsic factors are

at fault for the reduced regenerative capacity of satellite

cells. Recent studies suggest factors in the systemic

milieu may stimulate aged satellite cells. The Conboy

laboratory has demonstrated that introducing serum from

young mice to aging mice, via heterochronic parabiosis,

was able to rescue the proliferative capacity of aging

satellite cells [38]. Similarly, Shefer and colleagues have

demonstrated that the regenerative capacity of aging

satellite cells was increased when the local environment

was supplemented with fibroblast growth factor [20]. A

potential limitation of this study was the use of

24-month-old Fisher 344 rats as our aging cohort. In

most rat strains, body mass continues to increase

throughout the animal’s lifespan. However, the body

mass of the Fisher 344 strain plateaus. This may explain

why the present data are not in complete agreement with

the data of Gibson and Schultz [12], which examined

satellite quantity in the soleus of 24-month-old Sprague

Dawley rats. We believe the growth plateau seen in the

Fisher 344 strain is more applicable to human muscle

growth. Furthermore, 24 months is the age at which NIH

survival curves indicate a 50% rate of survival for this

strain and is comparable to 80 years of age in humans

[45]. According to the power analysis (Table 3), the

sample size used in this study requires a substantial

difference in the percent of satellite cells to detect sig-

nificant differences. Thus, the light microscope approach

can only detect 87% differences in percent, the MyoD

and dystrophin–laminin immunohistochemistry require

approximately 50%, and the gold-standard EM approach

slightly less. While the changes required to detect sig-

nificance are large, the values noted in each of the dif-

ferent methods employed here for analysis are similar.

Conclusion

Muscle atrophy is associated with weakness, which is a

major contributor to impaired mobility and can lead to an

increased risk of falling and fractures [46, 47]. Satellite

cells are essential for muscle growth [6] and are likely to be

involved in age-related sarcopenia. Previous research on

the role of satellite cells with aging has produced equivocal

results. This may be due to the methods used to identify

satellite cells. We have used four different satellite cell

identification methods to show that the percentage of

satellite cells in rat soleus do not decrease with aging.

Further, we demonstrated that semi-thin epoxy sections

reliably identify satellite cell quantity if electron micros-

copy is not available. Satellite cell identification is com-

parable using semi-thin epoxy section or using anti-MyoD

antibodies. Therefore, researchers may consider using

semi-thin sections to check the reliability of their primary

method of satellite cell identification.

Since satellite cells are important for regeneration and

their quantities were stable across age groups, we postulate

that satellite cells have decreased ability to respond to

hypertrophic stimuli. It is also plausible that an age-related

reduction in extrinsic factors is more responsible than any

intrinsic deficiency in the aging satellite cell. Future

research should now focus on determining whether age

affects the activation or proliferative capacity of these

satellite cells.
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