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Skeletal muscle satellite cell proportions and morphology were assessed in healthy, sedentary
young and older men and women in response to heavy resistance strength training (HRST).
Fourteen young (20–30 years) men (

 

n

 

 

 

�

 

 7) and women (

 

n

 

 

 

�

 

 7) and 15 older (65–75 years) men
(

 

n

 

 

 

�

 

 8) and women (

 

n

 

 

 

�

 

 7) completed 9 weeks of unilateral knee extension exercise training 3
days per week. Muscle biopsies were obtained from each vastus lateralis before and after train-
ing, with the nondominant leg serving as an untrained control. All four groups demonstrated a
significant increase in satellite cell proportion in response to HRST (2.3 

 

�

 

 0.4% vs 3.1 

 

�

 

 0.4%
for all subjects combined, before and after training, respectively; 

 

p

 

 

 

�

 

 .05), with older women
demonstrating the greatest increase (

 

p

 

 

 

�

 

 .05). Morphology data indicated a significant increase
in the proportion of active satellite cells in after-training muscle samples compared with before-
training samples and with control leg samples (31% vs 6% and 7%, respectively; 

 

p

 

 

 

�

 

 .05). The
present results indicate that the proportion of satellite cells is increased after HRST in young and
older men and women, with an exaggerated response in older women. Furthermore, the propor-
tion of satellite cells that appear morphologically active is increased as a result of HRST.

 

HE loss of muscle mass and strength with age, termed

 

sarcopenia

 

, can result in a loss of functional capacity in
older individuals (1,2). Although strength training is an im-

 

portant intervention for increasing muscle mass and strength
in older individuals (3,4), some evidence suggests that the
hypertrophic response of older animals and humans is re-
duced compared with that of their young counterparts (5–9).
Skeletal muscle satellite cells are important for muscle fiber
regeneration and hypertrophy (10,11). Given that skeletal

 

muscle regenerative capacity declines with age (12), age-
related changes in satellite cell activation in response to
muscle injury or overload could have important conse-
quences for older individuals (13,14). Lowe and Alway (6)
have suggested that age-related changes in satellite cell acti-
vation could contribute to age-related differences in the
muscle response to overload.

Although several investigations have demonstrated satel-
lite cell activation following muscle overload stimuli in
young and older animals (15–20), only limited research is
available regarding the role of strength training in satellite
cell activation in humans. Kadi and colleagues (21,22) re-
ported higher satellite cell proportions in male power lifters
compared with those in young untrained men. Hikida and
colleagues (23,24) have shown maintenance of myonuclear
density in young and older men following strength training,
an indication of satellite cell activation. The researchers re-

ported no change in satellite cell proportions as a result of
training, but they did observe increases in myonuclear num-
ber proportional to the increases in muscle fiber area in both
the young and the older subjects (23). Satellite cell mor-
phology was not examined in either investigation (23,24).
Kadi and coworkers (25) recently reported an increased sat-
ellite cell number in young women following 10 weeks of
strength training. To our knowledge, no data exist on the
satellite cell response of older women to heavy resistance
strength training (HRST), nor are data available about the
morphology of human satellite cells in response to HRST.
Thus, the purpose of the present investigation was to assess
satellite cell proportions and morphology, quantified by
electron microscopy, in young and older men and women in

 

response to nine weeks of HRST. We hypothesized that
satellite cell proportions and activity would be increased
similarly in all groups as a result of HRST. A complete
analysis of the satellite cell characteristics of these healthy,
sedentary subjects before training has been previously pub-
lished (26).

 

M

 

ETHODS

 

Subject Selection

 

Twenty-nine healthy, young and older men and women
who volunteered for this study had adequate biopsy material
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for subsequent analysis. The subjects consisted of seven
young (20–30 years) and eight older (65–75 years) men and
seven young and seven older women. All subjects were
medically screened by a physician who performed a health
history, physical examination, and graded maximal tread-
mill exercise test (GXT). All subjects were nonsmokers and
were free of significant cardiovascular, metabolic, or mus-
culoskeletal disorders. Individuals enrolled in the study had
not participated in a regular exercise program for at least 6
months before their recruitment. After all methods and pro-
cedures were explained to them, the subjects read and
signed a written consent form that had been approved by the
Institutional Review Boards at the Baltimore Veterans Af-
fairs Medical Center and the University of Maryland, Col-
lege Park. All subjects were reminded throughout the study
not to alter their regular physical activity levels or dietary
habits for the duration of the investigation.

 

Body Composition

 

Body composition was assessed before and after HRST
by using a Lunar DPXL dual-energy x-ray absorptiometer
(Lunar software version 1.22, GE Medical Systems, New
York, NY) as described previously (27). Subjects were in-
structed not to eat or drink for at least 8 hours prior to their
morning scan. The coefficient of variation for repeated mea-
surements of a calibration standard was less than 1.0%.
Body weight was measured weekly during an exercise ses-
sion by using a medical beam scale, and subjects were en-
couraged to maintain their before-training body weight.

 

Strength Testing

 

Muscle strength was assessed in both quadriceps unilater-
ally by means of a one-repetition maximum (1RM) test us-
ing the Keiser K-300 pneumatic variable-resistance leg
extension machine (Keiser, Fresno, CA) as described previ-
ously (27). Briefly, three training sessions were conducted
by using light resistance prior to the strength testing in order
to familiarize the subjects with the equipment, training pro-
tocol, and proper exercise technique. For the 1RM test, a re-
sistance was chosen that was thought to be slightly below
the 1RM, and the subject performed one repetition. In-
creases in resistance between 1RM trials were adjusted to
minimize the total number of trials (6–8) required before the
true 1RM was obtained, and to keep the number of trials
similar before and after training. Rest periods of 

 

�

 

60 sec-
onds were allowed between trials. The same investigator ad-
ministered the 1RM strength tests before and after training,
and all testing procedures were standardized based on spe-
cific seat and body positions. Following the 1RM test, each
subject’s five-repetition maximum (5RM) was also deter-
mined by using the same procedures to establish the initial
resistance for the first regular HRST session.

 

HRST Protocol

 

Each training session was preceded by a 3-minute warm-
up on a stationary cycle, followed by 5–10 minutes of static
stretching of both quadriceps. The training protocol con-
sisted of nine weeks of unilateral HRST of the knee exten-
sors of the dominant leg with the nondominant leg serving
as a control, as described previously (27). During the train-

 

ing sessions, the untrained leg was placed in front of the
contralateral leg extension pad to prevent voluntary contrac-
tion of that muscle. The training program consisted of five
sets of high volume, heavy resistance leg extension exercise
performed 3 days per week. The resistance for each set was
based on the subject’s 5RM. After performing a first set of
five repetitions at 50% of the original 1RM for a warm-up,
the subject performed a second set of five repetitions at the
5RM resistance following a 30-second rest period. The third
set consisted of 10 repetitions, with the first four or five rep-
etitions at the current 5RM value. The resistance was then
lowered just enough for the subject to complete one or two
additional repetitions before reaching fatigue. The process
was repeated until a total of 10, 15, and 20 repetitions were
completed for the third, fourth, and fifth sets, respectively.
The third, fourth, and fifth sets were preceded by rest peri-
ods lasting a minimum of 90, 150, and 180 seconds, respec-
tively. An exercise specialist directly supervised the exer-
cise sessions of every subject at every training session to
verify compliance with the training protocol, record resis-
tance values and provide vocal encouragement. As in-
creases in muscle strength occurred throughout the 9-week
training program, the 5RM resistance was increased 1–2 kg
during the next training session.

 

Muscle Tissue Sampling, Fixation, and Analysis

 

Detailed procedures for sampling and fixation procedures
are outlined elsewhere (27). Muscle biopsies were taken
from each m. vastus lateralis of a subject before and after
the HRST program by the same investigator, using the per-
cutaneous needle biopsy technique. The initial sampling site
determined for each subject was 14 cm (women) or 16 cm
(men) from the proximal border of the patella at the midline
of the quadriceps. The biopsy sample taken after training
was obtained at a new site 2.5 mm proximal and lateral to
the original incision, with the biopsy needle directed into
approximately the same location and depth in the muscle as
the first biopsy. The before-training biopsy occurred 1 week
prior to the familiarization sessions; the after-training bi-
opsy occurred 24–48 hours after the last training session.

Muscle samples were minced for fixation into eight to ten
0.5- to 1.0-mm cubes that were fixed in a 2% solution of
glutaraldehyde in 0.12M phosphate buffer (Millonig’s
buffer) at room temperature for 1 hour and then refrigerated
(5–10

 

�

 

C) until postfixation. The before- and after-training
tissue samples were postfixed at the same time, using 1%
osmium tetroxide, after which samples were stained with
2% uranyl acetate, dehydrated, and embedded longitudi-
nally in epoxy resin (Spurr’s). Five sample blocks were ob-
tained from each muscle biopsy sample. Thin sections (60–
70 nm) were obtained from each sample block and placed
on 75 

 

�

 

 300 copper grids. The sections on each grid were
stained with 2% uranyl acetate and 0.1% lead citrate. Pre-
pared grids were viewed on a Zeiss EM 10 CA electron mi-
croscope (Zeiss, Thornwood, NY) operated at 80 kV.

 

Assessment of Satellite Cell Proportions 
and Morphology

 

A detailed description of the analysis of satellite cells is
presented elsewhere (26). Briefly, each viable muscle fiber
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(27,28) was analyzed for total myonuclei and satellite cell
proportions by using an electron microscope, with all poten-
tial satellite cells photographed (4000-12,500

 

�

 

). Each re-
sulting micrograph was then reassessed later to ensure that
the mononucleate satellite cell was within the basement
membrane yet outside the sarcolemma of the muscle fiber
(29). All myonuclei and satellite cells were quantified, and
the satellite cell proportion [satellite cells/(myonuclei 

 

�

 

 sat-
ellite cells)] was calculated (29–31). In addition, the number
of central myonuclei, those completely surrounded by myo-
filaments and centered in a muscle fiber, (32) was assessed
for each of the four groups.

Satellite cell morphology was assessed to indirectly esti-
mate changes in satellite cell activity as a result of HRST, as
well as to determine possible age or gender differences in the
response. Each micrograph was developed into a photo-
graphic print that was scanned and converted to a graphic
computer image file. The following morphological character-
istics were examined in each satellite cell (26): satellite cell
area, satellite cell nucleus area (nuclear area), and the nuclear
area/cell area ratio, nuclear chromatin structure (percent het-
erochromatin), endoplasmic reticulum (ER) and golgi appa-
ratus, mitochondrial number, ribosomes, pinocytotic vesicles,
and the existence of disorganized myofilaments.

Cell and nuclear areas (26,33) were measured by using
UTHSCSA ImageTool imaging software (version 1.27,
University of Texas Health Science Center at San Antonio,
TX) and the nuclear area/cell area ratio was calculated. The
percentage of heterochromatin (26,34) was assessed by
using histographic–density analysis tools available in the
ImageTool software. All area measurements were obtained
in duplicate with the investigator blind to age, gender, leg,
and training time point. Reliability was assessed by the re-
peated measuring of multiple cells on separate days (Pear-
son 

 

r

 

 

 

�

 

 .99).
The organelle morphological characteristics (e.g., ER,

golgi, and mitochondria) were assessed by using the photo-
graphic prints based on semiquantitative procedures out-
lined in previous research (26,33,34). Organelles were
ranked according to the frequency and extent of their ap-
pearance, such that each organelle was described as follows:
not observed (

 

�

 

), and rarely (

 

�

 

), seldom (

 

��

 

), occasion-
ally (

 

���

 

), or frequently (

 

����

 

) observed. Changes in
cell morphology as a result of HRST were assessed within
and among groups. An increased frequency or abundance of
these organelle structures has been used previously to indi-
cate satellite cell activation indirectly (33). As such, a rating
of “Active” or “Inactive” was assigned to each cell follow-
ing the morphological analysis. For this categorization, the
investigator was similarly blind to condition and the rating
assignment was based on the general pattern of scores for
each of the morphological characteristics. All satellite cells
assigned as Active exhibited at least four organelle catego-
ries with scores of 

 

���

 

 or greater. All cells were mea-
sured in duplicate, and a reliability analysis was performed
as described above (Pearson 

 

r

 

 

 

�

 

 .96).

 

Statistical Analysis

 

Changes in satellite cell proportions as well as cell and
nuclear areas, the nuclear area/cell area ratio, and hetero-

 

chromatin percentage as a result of HRST were analyzed by
using a three-factor (Experimental Condition 

 

�

 

 Age 

 

�

 

Gender) repeated-measures analysis of variance (ANOVA).
Each subject’s mean value for each variable was used in
those analyses. The morphological characteristics of satel-
lite cells were analyzed by chi-square analysis, with
Fisher’s Exact Test used when the number of cases fell be-
low five. Statistical significance for all analyses was ac-
cepted at 

 

p

 

 

 

	

 

 .05. All data are reported as means 

 

�

 

 SE.

 

R

 

ESULTS

 

Physical Characteristics

 

Subject characteristics are presented in Table 1. All sub-
jects completed at least 27 HRST sessions over approxi-
mately 9 weeks. Both before and after HRST, the 1RM
strength values of the older men (73.7 

 

�

 

 2.9 kg and 94.6 

 

�

 

3.6 kg, respectively) and young men (79.4 

 

�

 

 8.0 kg and
99.8 

 

�

 

 8.6 kg, respectively) were significantly higher than
those of the older women (42.7 

 

�

 

 2.1 kg and 52.1 

 

�

 

 3.0 kg,
respectively; 

 

p

 

 

 

�

 

 .05). The strength of the young women
(61.9 

 

�

 

 6.6 kg and 85.1 

 

�

 

 7.1 kg, respectively) was signifi-
cantly greater than that of the older women before and after
HRST (

 

p

 

 

 

�

 

 .05). HRST resulted in a significant increase in
percent muscle strength in all groups (

 

p

 

 

 

�

 

 .05) with no sig-
nificant differences among groups.

 

Satellite Cell Proportions

 

In the trained leg, a total of 2500 myonuclei (33 central
myonuclei) were observed in 564 fibers in before-HRST
samples compared with a total of 2661 total myonuclei (36
central myonuclei) observed in 618 fibers in after-HRST
samples, with an average of 

 

�

 

90 myonuclei per subject per
time point. Including samples obtained from the control
limb, 7922 total myonuclei were observed in 1863 fibers, in-
cluding 183 satellite cells; these numbers are similar to those
found in previous work (29,35,36). The number of muscle fi-
bers analyzed before and after HRST did not differ signifi-
cantly. Within the trained leg, a total of 58 satellite cells
were evident in before-HRST samples compared with a total
of 86 satellite cells in after-HRST samples (

 

p

 

 

 

�

 

 .05). The in-
crease in satellite cell number after HRST resulted from a
significant increase observed in the older women (22 cells
observed before HRST, and 44 cells after HRST; 

 

p

 

 

 

�

 

 .05).
Figure 1 is a representative micrograph of a skeletal mus-

cle satellite cell in relation to a myonucleus. The satellite

 

Table 1. Subject Characteristics

 

Parameter Older Men Older Women Young Men Young Women

 

n

 

8 7 7 7
Age (y) 69 

 

�

 

 3 67 

 

�

 

 3 25 

 

�

 

 3 26 

 

�

 

 1
Height (cm) 173.3 

 

�

 

 4.3 157.0 

 

�

 

 6.1 180.4 

 

�

 

 10.7 168.5 

 

�

 

 5.8
Weight (kg) 83.6 

 

�

 

 10.5 71.1 

 

�

 

 8.8 93.0 

 

�

 

 18.3 69.2 

 

�

 

 6.4
% Body fat

Before HRST 30 

 

�

 

 6 41 

 

�

 

 6* 26 

 

�

 

 8 31 

 

�

 

 5
After HRST 30 

 

�

 

 5 39 

 

�

 

 7* 26 

 

�

 

 8 32 

 

�

 

 3

 

Notes

 

: Data are means 

 

�

 

 SE. HRST 

 

�

 

 heavy resistance strength training.
*Significantly greater than all other groups (

 

p

 

 

 

�

 

 .05).
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cell proportion [satellite cells/(myonuclei 

 

�

 

 satellite cells)]
increased significantly as a result of HRST in the trained leg
[omnibus 

 

F

 

(1,25) 

 

�

 

 5.60; 

 

p

 

 

 

�

 

 .05; Figure 2], with a signifi-
cant Age 

 

�

 

 Gender interaction resulting from a signifi-
cantly greater increase in proportion in the older women
compared with the other groups [

 

F

 

(3,25) 

 

�

 

 3.05; 

 

p

 

 

 

�

 

 .05;
Figure 2]. When the data for all subjects were pooled,
HRST elicited a significant increase in satellite cell propor-
tion in the trained leg (2.3 � 0.4% vs 3.1 � 0.4%, respec-
tively; p � .05). No changes in satellite cell proportion oc-
curred in the untrained (control) limb following HRST in
any of the four groups. A histochemical analysis of fiber
type and area indicated no significant differences among the
groups for fiber-type before or after HRST, no significant
change in fiber type proportions after HRST, and significant
increases in fiber area for all fiber types in all groups (un-
published observations).

The proportion of myonuclei that were central (i.e., located
within the myofibrils) was significantly higher in the older
men compared with that in all other groups before HRST
(3.3% compared with 0.5–1.0%, respectively; p � .05). This
significant difference remained after HRST, as the proportion
of central myonuclei did not change as a result of HRST.

Satellite Cell Morphology
Young women had significantly greater satellite cell ar-

eas compared with those of young and older men, both be-
fore and after HRST (p � .05), although no significant dif-
ferences were noted for nuclear area or nuclear area/cell area
ratio among the groups either before or after HRST. Be-
cause both control leg samples (before and after HRST) did
not receive the HRST stimulus and no significant changes
in satellite cell proportion or morphology were seen be-
tween the samples, the data from all untrained samples were
combined (before-training sample of the trained leg � both
control leg samples) and compared with data from the after-
HRST sample. In this analysis, a significant increase in sat-
ellite cell area and nuclear area was noted in the after-HRST
samples (p � .05; Table 2). No differences were noted for
nuclear area/cell area ratio or heterochromatin percentage
between the pooled untrained samples and the after-training
samples (Table 2).

Satellite cell morphology was assessed for each time
point and a global assignment of Active or Inactive was
assigned based on this analysis. The number and proportion
of satellite cells scored as Active increased as a result of
HRST (Figure 3). Chi-square analysis revealed a significant
difference between the proportion of active cells in after-

Figure 1. Electron micrograph representative of a human skeletal
muscle satellite cell (S) compared with a myonucleus (M; bar � 1 
m).
Note the presence of the basement membrane surrounding both nu-
clei (arrowhead), while the satellite cell is located outside of the mus-
cle fiber’s sarcolemma (separation indicated by arrow).

Figure 2. Satellite cell proportions [satellite cells/(myonuclei � sat-
ellite cells)] from the vastus lateralis muscle for healthy young and
older men and women before and after heavy resistance strength
training (HRST). Before HRST � data from dominant leg before
HRST; after HRST � data from dominant leg after HRST. All un-
trained (UT) samples � pooled data for the untrained leg only. *Sig-
nificantly different from before HRST, omnibus F(1,25) � 5.60; p �
.05. †Significant Age � Sex interaction, F(3,25) � 3.05; p � .05. Data
are means (%) � SE.

Table 2. Satellite Cell Morphological Characteristics in Trained 
Leg Samples vs All Untrained Samples

Parameters All Untrained Samples After HRST

n 94 72
Cell area (
2) 12.4 � 0.7 15.3 � 1.2*
Nuclear area (
2) 7.4 � 0.4 9.1 � 0.7*
Nucleus/cell area ratio (%) 59.1 � 1.3 60.4 � 1.4
Heterochromatin (%) 39.5 � 1.6 39.0 � 1.0

Notes: Data are means � SE. HRST � heavy resistance strength training.
“All untrained samples” are defined as any muscle sample not subjected to the
HRST stimulus (before-training samples pooled with both control leg samples).

*Significantly greater than all untrained samples (p � .05). No other signif-
icant differences.
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training muscle samples compared with all untrained mus-
cle samples (21 of 67 satellite cells in after-HRST samples
compared with 6 of 88 satellite cells from before-HRST �
control leg samples; p � .05). Although not significantly
different (p � .14), a higher proportion of active satellite
cells was found in older women than in other groups after
HRST (36% compared with 17–25%, respectively).

Active satellite cells were generally scored higher for all
morphological traits assessed, especially for ER, pinocy-
totic vesicles, and mitochondrial number. Figures 4A–4F
depict cells representative of active satellite cells or mor-
phological traits representative of active satellite cells.
Older women had more satellite cells scored with high val-
ues for lipofuscin granules, but no other significant group,
age, or gender differences were noted in cell morphology.
Lipofuscin granule content did not change as a result of
HRST. A complete analysis of the satellite cell populations
in the before-training and untrained (control leg) muscle
samples is presented elsewhere in the context of aging skel-
etal muscle (26). Cilia were noted in several satellite cells in
muscle samples from all time points, most of which were
categorized as Active (Figures 4E and 4F).

DISCUSSION

In the present investigation, satellite cell proportion in
young and older men and women was significantly in-
creased as a result of 9 weeks of HRST. Additionally, an as-
sessment of satellite cell morphology after HRST indicated
a significant increase in the proportion of active satellite
cells, cells with higher levels of mitochondria, ER, and pi-
nocytotic vesicles. Interestingly, older women demonstrated
a significantly greater increase in satellite cell proportion
(significant interaction, p � .05) and the largest increase in
the number of active satellite cells in response to HRST (p �
.14) compared to the other groups.

Substantial previous work in young and older animals has
demonstrated increases in satellite cell proportion in re-
sponse to various muscle overload stimuli (15–20), although

some reports have found no change in satellite cell activa-
tion with an overload stimulus (6,37). Umnova and Seene
(16) reported an increase in satellite cell proportion from
3.4% to 9.6% in rats following 6 weeks of treadmill exer-
cise training, and Hanzlikova and colleagues (15) reported
an increase from 5.8% to 16.6% in rats following synergist
ablation. Although the increase in satellite cell proportion
noted in the present investigation is modest (from 2.3% to
3.1%), a direct comparison with animal studies is difficult
as a result of species differences and the variable nature of
the various overload stimuli used. The HRST program used
in the present study resulted in three relatively short periods
of stimulation each week, whereas many animal studies al-
low for a constant 24-hour stimulus over days or weeks
(15,17,38). Furthermore, increases in satellite cell propor-
tion are seen most dramatically early in an intervention, pre-
sumably during the height of cell proliferation (17,30,38).
Given that the present study investigated satellite cell char-
acteristics at the end of a 9-week HRST program, we specu-
late that peak satellite cell activation likely occurred earlier
in the training period and that substantial differentiation of
cells had occurred by 9 weeks. This observation would cor-
respond well with the data of Hikida and colleagues, (23)
who demonstrated no change in satellite cell proportion af-
ter 8–16 weeks of strength training in young and older men,
and Kadi and colleagues, (25) who reported an increase in
satellite cell proportion from 3.7% to 5.4% after 10 weeks
of strength training in young women. In addition to the sig-
nificant increase in satellite cell proportion, the present data
indicated no change in the satellite cell proportions of the
untrained leg and provided morphological evidence for in-
creased cellular activity. Thus, these results provide substan-
tial evidence for satellite cell activation and proliferation in
the muscle response to HRST in young and older men and
women.

Additional evidence for satellite cell activation in humans
in response to strength training exists, although data are lim-
ited. Kadi and coworkers (21,22) recently reported satellite
cell proportions of �7% in the trapezius muscle of elite
male power lifters compared with values of �4% in un-
trained controls. Although the data were cross sectional,
satellite cell activation resulting from long-term strength
training was indicated indirectly by the maintenance of my-
onuclear density despite substantial increases in muscle fi-
ber size in the power lifters (21,22). Recently, Hikida and
coworkers (23) assessed satellite cell proportions in muscle
fiber cross sections in young and older (65 years) men fol-
lowing lower body strength training. The researchers re-
ported no differences in satellite cell proportions with age or
with strength training (�2.4% in both groups before and af-
ter training), although differences in the duration of the
strength training stimulus for young versus older men (8 vs
16 weeks) limits comparison between the groups. Hikida
and colleagues (23,24) have also observed that myonuclear
number increased proportionately to muscle fiber area in re-
sponse to strength training in both young and older men, in-
directly indicating satellite cell activation in both age
groups (39). Using an electron microscopic analysis of lon-
gitudinally oriented muscle fibers, the current investigation
indicated both an increased proportion of satellite cells and

Figure 3. Number of satellite cells labeled “Active” and “Inactive”
in before T, after T, and both UT leg samples (combined) for all sub-
jects combined. Before T � before-training samples; After T � after-
training samples; UT � untrained pooled control leg samples. *Signif-
icantly different from Before T and UT samples. Data are presented
as total cell number, with the percentage of active cells presented for
the corresponding column.
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an increased number of active satellite cells following 9
weeks of HRST, providing evidence for satellite cell prolif-
eration in both young and older men and women. In the
present investigation, increases in satellite cell proportions
and activity accompanied increases in both muscle strength

and mass (outlined in detail elsewhere; see Ref. 40) follow-
ing 9 weeks of HRST. Substantial evidence indicates that
the number of myonuclei increases in proportion to in-
creases in muscle fiber volume such that myonuclear den-
sity is maintained (24,39), and that the increase in myonu-

Figure 4. Representative micrographs of satellite cells obtained from after-training muscle samples labeled as “Active” based on morpholog-
ical criteria. For reference, Fig. 1 is representative of an inactive satellite cell. A, Satellite cell exhibiting expanded cytoplasm and endoplasmic
reticulum (ER), and numerous mitochondria (arrow; bar � 1 
m). B, Active satellite cell showing numerous mitochondria (arrowheads) and pi-
nocytotic vesicles (bar � 1 
m). C, Satellite cell (S) demonstrating expanded cytoplasm in the form of a lamellapodia (arrowheads), as well as
euchromatic chromatin appearance (bar � 2 
m). This cell appears to be traveling along the muscle fiber, over the top of myonuclei (M). D, Sat-
ellite cell exhibiting numerous pinocytotic vesicles (arrows; bar � 1 
m). Note also the wrapping of the muscle cell’s cytoplasm (arrowheads)
around the periphery of the satellite cell. E, Satellite cell exhibiting expanded cytoplasm and ER, and numerous mitochondria (arrow), along
with euchromatic chromatin appearance (bar � 1 
m). A cilium (arrowhead) also appears to be present in the cytoplasm of the cell. F, Active
satellite cell exhibiting a cilium (arrow; bar � 1 
m). Note also the substantial festooning of the nucleus in this cell, also demonstrated in A and
B. This nuclear structure was seen regularly throughout active and inactive satellite cells.
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clear number is a result of satellite cell proliferation and
differentiation (41). The present results provide further evi-
dence for satellite cell proliferation in response to HRST,
and the first evidence for a possible gender difference in the
satellite cell proliferative response. These data provide indi-
rect evidence for a role for satellite cells in the muscle mass
response to HRST.

Although the percentage is not significantly different (p �
.14), older women in the present study tended to have a
higher proportion of active satellite cells than other groups
(36% compared with 17–25%, respectively), and they dem-
onstrated the largest increase in satellite cell proportion at
the end of 9 weeks of HRST (p � .05). Alternatively, given
that satellite cell proliferation peaks early following an
overload stimulus (17,30,38), this difference might indicate
delayed satellite cell activation in the older women, if we
assume that similar increases in cell proliferation had oc-
curred earlier in the other groups. Except that the increases
in muscle fiber area as a result of HRST were not signifi-
cantly different among the groups, we have no additional
data to support or refute this alternative explanation. In pre-
vious work from our laboratory (27,42), these same older
female subjects demonstrated a significantly greater number
of muscle fibers exhibiting ultrastructural muscle damage
(17%) as a result of HRST compared with the other groups
(3–7% of fibers exhibiting damage). Muscle activity and
other possible mediators of satellite cell proliferation and
activation independent of muscle damage cannot be ruled
out as stimuli in the present study.

In summary, the data from the present investigation are
the first to indicate that HRST elicits increases in satellite
cell proportion in young and older men and women, with a
possible Age � Gender interaction in the response. Further-
more, the present data provide the only known evidence for
an increased proportion of morphologically active satellite
cells following HRST in these groups.
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