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Abstract

Although sarcopenia, age-associated loss of muscle mass and strength, is neither accelerated nor exacerbated by depletion of muscle stem
cells, satellite cells, we hypothesized that adaptation in sarcopenic muscle would be compromised. To test this hypothesis, we depleted satellite
cells with tamoxifen treatment of Pax7¢<tR-DTA mice at 4 months of age, and 20 months later subjected the plantaris muscle to 2 weeks
of mechanical overload. We found myofiber hypertrophy was impaired in aged mice regardless of satellite cell content. Even in the absence
of growth, vehicle-treated mice mounted a regenerative response, not apparent in tamoxifen-treated mice. Further, myonuclear accretion
occurred in the absence of growth, which was prevented by satellite cell depletion, demonstrating that myonuclear addition is insufficient to
drive myofiber hypertrophy. Satellite cell depletion increased extracellular matrix content of aged muscle that was exacerbated by overload,
potentially limiting myofiber growth. These results support the idea that satellite cells regulate the muscle environment, and that their loss
during aging may contribute to fibrosis, particularly during periods of remodeling. Overload induced a fiber-type composition improvement,
independent of satellite cells, suggesting that aged muscle is very responsive to exercise-induced enhancement in oxidative capacity, even with
an impaired hypertrophic response.
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Sarcopenia, age-associated loss of muscle mass and strength, con- one’s ability to live an independent life (2). Currently, resistance
tributes to weakness and frailty (1). Frailty limits performance of exercise training is the most effective countermeasure to com-
activities of daily living and is the leading risk factor for falls in bat sarcopenia, as it preserves and in some cases enhances mus-
the elderly adult. In fact, as life expectancy continues to increase, cle mass (3,4). In response to resistance exercise, muscle stem
loss of muscle mass and strength is the primary determinant in cells, satellite cells, fuse with myofibers to increase myonuclear
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number as myofiber cytoplasmic volume increases. Satellite cell
abundance and myonuclear accretion correlate with increases
in myofiber size in response to resistance exercise training in
humans (5) and mechanical overload in rodents (6,7). Thus,
age-associated reduction in satellite cells (8-10) and satellite
cell activity (11-13) have been assumed to negatively impact
the adaptability of aged muscle to respond to growth stimuli,
contributing to an impaired (14-16) or completely abolished
(17) growth response. However, although satellite cells normally
fuse into growing myofibers, they are not necessary for effec-
tive myofiber hypertrophy (18). Using the Pax7“<*®-DTA mouse
that allows for the specific and conditional depletion of satellite
cells in adult muscle through tamoxifen-dependent Cre recombi-
nation, we showed that although regeneration was significantly
blunted following satellite cell depletion, robust increases in
muscle mass occurred in response to hypertrophic stimuli, sug-
gesting that a compensatory mechanism exists in adult muscle
that enables growth independent of satellite cell fusion. These
results support the idea that myonuclear accretion is not requi-
site for muscle growth; existing myonuclei can support a larger
volume of cytoplasm in response to a growth stimulus (18).
Similarly, muscle regrowth after atrophy does not require satel-
lite cells in young adult mice (19,20). We found that satellite
cell-depleted mice showed normal recovery of muscle mass and
function after atrophy in a hind-limb suspension and reloading
paradigm (20). These results clearly demonstrate that myofiber
size adaptation to different activity levels is not dependent on
myonuclear number.

More recently, we reported that following tamoxifen treat-
ment of Pax7%<**-DTA mice, satellite cells do not recover even
after 20 months (21). A detailed analysis of multiple muscles
revealed that the life-long reduction of satellite cells did not
accelerate nor exacerbate sarcopenia; however, we hypothesized
that the muscle hypertrophic response, which is impaired with
age (reviewed in ref. 22), would be further compromised by satel-
lite cell depletion. Thus, the purpose of this study was to deter-
mine if the plasticity observed in young adult muscle in response
to overload in the absence of satellite cell activity is maintained
in old age.

Methods

Mouse Model

The Pax7¢<"™+Rosa26™* (here referred to as Pax7“<**-DTA) strain
was generated by crossing Pax7¢<ERVCeER and Rosa26P™PTA strains.
Both parental strains are on a 129/C57BL6 background. The Pax7¢rR-
DTA genetic mouse model allows for the specific and inducible deple-
tion of satellite cells upon tamoxifen treatment, through activation of
the diphtheria toxin A gene only in Pax7-expressing cells (18). All ani-
mal procedures were conducted in accordance with institutional guide-
lines, as approved by the institutional animal care and use committee
of the University of Kentucky. Mice were housed in a temperature- and
humidity-controlled, but nonpathogen free room, and maintained on a
14:10-hour light:dark cycle with food and water ad libitum.

Experimental Design

Adult male Pax7¢<ER-DTA mice were administered by intraperito-
neal injection either vehicle (15% ethanol in sunflower seed oil)
or tamoxifen (2.0 mg/day) for five consecutive days at 4 months
of age, 2 hours prior to lights out. Following 20 months (at

24 months of age), vehicle- and tamoxifen-treated mice were ran-
domly divided into sham or synergist ablation (SA) groups (17 =
4-8 mice/group).

SA Surgery

Following a 20-month recovery period after vehicle or tamoxifen
treatment, mice were subjected to either sham or SA surgery to
induce hypertrophy of the plantaris muscle as described in detail
(18). Briefly, following anesthetization (95% oxygen and 5% iso-
flurane gas), the gastrocnemius and soleus muscles were surgically
removed through an incision in the hind limb. Sham surgeries
involved similar procedures without gastrocnemius and soleus
muscle excision. After 2 weeks, mice were anesthetized and the
plantaris muscles excised followed by euthanization via cervical
dislocation.

Histochemistry/immunohistochemistry

Muscles were mounted in freezing medium and frozen in lig-
uid nitrogen-cooled isopentane and stored at -80°C prior to
cryosectioning (7 pm). For Pax7 (satellite cells), muscle sections
were fixed in 4% paraformaldehyde (PFA) followed by epitope
retrieval using sodium citrate (10mM, pH 6.5) at 92°C for 20
minutes. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide in phosphate-buffered saline for 7 minutes
followed by an additional Mouse-on-Mouse Blocking Reagent
(Vector Laboratories, Burlingame, CA) step. Incubation with
Pax7 antibody (Developmental Studies Hybridoma Bank, Iowa
City, IA) was followed by a biotin-conjugated secondary anti-
body and streptavidin-horseradish peroxidase from a Tyramide
Signal Amplification kit (Invitrogen, Carlsbad, CA). Tyramide
Signal Amplification-Alexa Fluor 488 was used to visualize anti-
body binding. Tissue was incubated for 10 minutes with 4,6’
diamidino-2-phenylindole (DAPI) (10 nM; Invitrogen), washed,
and mounted.

For fiber cross-sectional area determination and myonuclei
counting, a dystrophin antibody (Vector) was applied to fresh fro-
zen sections followed by Texas Red-conjugated goat anti-mouse
secondary antibody (#601-109-121; Rockland Immunochemicals
Inc., Gilbertsville, PA) and DAPI staining. For identification of
myonuclei that had undergone DNA replication, following dystro-
phin detection, sections were fixed in absolute methanol, treated
with 2N HCI to denature DNA and neutralized with 0.1-borate
buffer (BORAX), pH 8.5. 2-Bromo-deoxyuridine antibody incu-
bation was followed by biotin-conjugated goat anti-mouse sec-
ondary antibody and streptavidin—fluorescein isothiocyanate
(FITC). Sections were postfixed in 4% PFA and stained with
DAPI. For extracellular matrix (ECM) accumulation, muscle sec-
tions were pre-fixed in 4% PFA, and then incubated with Texas-
Red-conjugated a-wheat germ agglutinin (1 mg/mL; Invitrogen
W21405).

For fiber typing, unfixed sections were incubated in antibodies
against myosin heavy chain (MyHC) types 1, 2a, and 2b (type 1:
BA.DS5; 2a: SC.71; and 2b: BEF3, Developmental Studies Hybridoma
Bank) in addition to dystrophin (Vector). MyHC type 2x expres-
sion was assumed from unstained fibers. Fluorescent-conjugated
secondary antibodies against various mouse immunoglobulin sub-
types were applied to visualize MyHC expression (Gt anti-Ms IgG2b
AF647 1:250 #A21242, Gt anti-Ms IgG1 AF488 1:500 #A21121,
Gt anti-Ms IgM AF555 1:250 #A21426; Invitrogen) and dystrophin
(Texas-Red-conjugated goat anti-mouse; Rockland). Sections were
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postfixed in 4% PFA prior to mounting, unless 2-bromo-deoxyur-
idine detection was performed.

Image Acquisition and Quantification

Images were captured with an upright microscope (Axiolmager M1;
Zeiss, Gottingen, Germany). Myofiber frequency distribution, cross-
sectional area, and fiber type were quantified using a newly devel-
oped image segmentation algorithm (23,24). All other images were
quantified with Zeiss Axiovision rel. software (v4.8). Satellite cell
abundance was assessed using Pax7 staining and only those cells that
were Pax7+ and DAPI* were counted. Wheat germ agglutinin stain-
ing was quantified using the threshold intensity programs within the
Zeiss Axiovision imaging software.

Myonuclear Accretion on Single Isolated Fibers

Plantaris muscles were fixed in situ at resting length in 4% PFA
for 48 hours. Single myofibers were isolated by 40% NaOH diges-
tion, as previously described (18). Single myofibers were stained
with DAPI and nuclei from 15-25 myofibers per animal (7 = 4-8
mice/group) within a given segment were counted by z-stack analy-
sis using the Axiolmager M1 microscope. Axiovision software was
used to measure myofiber dimensions and myonuclear number per
myofiber segment.

Statistics

All data were analyzed with SigmaPlot v12.0 software (Systat
Software, San Jose, CA) via a two-factor analysis of variance (eg,
vehicle/tamoxifen x sham/surgery) or where appropriate a Student’s
t-test, for each dependent variable under consideration. If a sig-
nificant interaction was detected, Bonferroni post hoc analysis was
employed to determine the source of the significance. Statistical sig-
nificance was accepted at p <.05. Data are reported as mean = stand-
ard error of the mean.

Results

The Age-Attenuated Growth Response to Overload

Is Further Impaired by Satellite Cell Depletion

To evaluate the role of satellite cells in aged muscle growth adaptation,
Pax7%<ER-DTA mice were treated at 4 months of age with vehicle or
tamoxifen and 20 months later subjected to either sham or synergist
ablation (SA) surgery, removing the gastrocnemius and soleus muscles
thereby overloading the plantaris, for 2 weeks (SA-2). The plantaris
muscles from the aged mice were sarcopenic, with muscles from the
sham group weighing approximately 20% less than those from young
adult, 5-month-old Pax7%<*®-DTA mice (21). Immunohistochemistry
(IHC) with an antibody against Pax7 showed effective satellite cell
depletion was maintained in the 24-month-old mice and that the
large increase in satellite cell abundance in response to 2 weeks of
overload, apparent in vehicle-treated mice, was abolished (Figure 1A,
representative images are shown in Supplementary Figure 1A and B).
IHC with an antibody against dystrophin showed no increase in mean
myofiber cross-sectional area in response to overload in either vehi-
cle- or tamoxifen-treated mice (Figure 1B, representative images are
shown in Supplementary Figure 1C and D). Figure 1C shows in aged
mice, regardless of treatment, an absence in the characteristic right-
ward shift in fiber size distribution that occurs in adult mice following
2 weeks of overload and results in increased frequency of fibers in
the 1,200-2,000 um2 range (18,25). Overload did cause a significant

increase in the number of very small fibers (<200 pm?) preferentially
in muscles with their full complement of satellite cells (Figure 1C). The
increased frequency of small fibers in vehicle SA-2 plantaris muscles
likely contributes to the different relative fiber frequencies between
vehicle- and tamoxifen-treated mice in the 800-1,199 pm? range fol-
lowing overload. In addition to increased abundance of small fibers
with overload, the abundance of centrally nucleated fibers increased
only in vehicle-treated mice (Figure 1D). These observations support
the conclusion that overload induces a muscle regenerative response
that is dependent on satellite cells. Although satellite cell proliferation
and fusion appear to occur in aged mice, this is not associated with
myofiber hypertrophy.

Overload-Induced Myonuclear Accretion Is Absent

in Satellite Cell-Depleted Aged Muscle

Mechanical overload of muscle is normally associated with myo-
nuclear accretion to maintain a constant myonuclear domain as the
myofiber hypertrophies. Although myofiber growth was impaired in
the aged mice, we wanted to determine if myonuclear addition still
occurred. Myonuclei were counted using two methods: on cross sec-
tions following dystrophin IHC and DAPI staining (Supplementary
Figure 1C and D), and following DAPI staining of isolated, fixed
myofibers (Supplementary Figure 1E and F). Overload increased
the number of myonuclei on cross sections in vehicle-treated mice,
whereas no myonuclear accretion was apparent in tamoxifen-treated
mice (Figure 2A). These results were confirmed counting nuclei on
single fibers (Figure 2B). Further, a subset of mice were provided
2-bromo-deoxyuridine in their drinking water during the 2 weeks of
overload and the vehicle-treated mice showed a significantly higher
number of myofibers with 2-bromo-deoxyuridine-labeled nuclei
(Figure 2C), indicating that the nuclei had undergone DNA replica-
tion and subsequently fused into the fiber. Thus, the lack of growth
response in the aged mice is not due to an inability of satellite cells
to provide new myonuclei.

Life-Long Satellite Cell Depletion Contributes

to Extracellular Matrix AccumulationThat Is
Exacerbated by Overload

Although we did not see an overall increase in myofiber CSA in aged
mice following 2 weeks of overload, we did observe an approximate
20% increase in whole muscle mass in both vehicle- and tamoxifen-
treated SA-2 mice (Figure 3A). This is significantly lower than the
doubling in muscle mass we routinely observe in young adult mice
(18,25). Staining with a-wheat germ agglutinin showed that over-
load significantly increased ECM accumulation in both satellite cell-
depleted (Figure 3B and C, quantified in D) and vehicle-treated mice
(Figure 3D). Tamoxifen treatment and overload appeared additive
so that the overall ECM accumulation was highest in satellite cell-
depleted, overloaded muscle (Figure 3D).

Overload-Induced Fiber-Type Changes are

Independent of Satellite Cells

Although aged muscle did not mount a hypertrophic response to
overload, the fiber-type composition adapted to increased demand,
regardless of satellite cell number. A representative image of a
plantaris muscle cross section following IHC with isoform-specific
MyHC antibodies shows the distribution of type 2a, 2b, and 2x fib-
ers (Supplementary Figure 2). Overload resulted in an increase in
type 2b fiber frequency with a corresponding decrease in relative
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Figure 1. Attenuated growth response in aged animals is altered with satellite cell depletion. (A) Quantification of satellite cells in the plantaris was evaluated
with Pax7 immunohistochemistry and demonstrated robust depletion in both sham and overloaded (SA-2) tamoxifen-treated Pax7¢*tR-DTA mice. Two weeks
of overload induced a significant increase (400%) only in vehicle-treated Pax7°*¥"-DTA mice. 'Significant difference between vehicle and tamoxifen treatment,
p < .05. *Significant difference between sham and SA-2, p <.05. (B) No increase in mean myofiber cross-sectional area (CSA) following overload in vehicle- and
tamoxifen-treated Pax7¢°tR-DTA mice. (C) Increased frequency of small fibers (<200 um?) in vehicle-treated SA-2 Pax7¢tR-DTA mice. No hypertrophic response
to overload occurred in both vehicle- and tamoxifen-treated SA-2 Pax7¢¥-DTA mice as evidenced by a lack of a rightward shift in the myofiber CSA distribution.
1Significant difference between vehicle and tamoxifen treatment, p < .05. *Significant difference between sham and SA-2, p < .05. (D) Increased frequency of
fibers containing one or more central nuclei following overload occurs only in vehicle-treated Pax7°°t*-DTA mice. *Significant difference between sham and

SA-2, p < .05.

abundance of 2x fibers, irrespective of satellite cell number. In addi-
tion, type 2a fibers increased in abundance (Figure 4). Thus, aged
muscle adapts to 2 weeks of overload by altering fiber-type composi-
tion that is not affected by satellite cell content.

Discussion

The old mice in this study failed to increase myofiber size in response
to overload, independent of satellite cell number, suggesting that sat-
ellite cell loss over time is not causing the impaired growth response
associated with aging. This is in contrast to recent work showing
impaired but significant hypertrophy in response to overload in mice
of a comparable age, correlated to reduced satellite cell abundance
(16). This may be due to the different surgical techniques to induce
compensatory overload, a greater duration of time (6 weeks) the
plantaris muscle was mechanically overloaded, and also the degree
of sarcopenia observed prior to overload in that study. Ballak and
colleagues utilized the synergist denervation model of hypertrophy,
an approach that minimizes the inflammatory response to surgery,

relative to SA, and has a unique growth time course as a result (26).
In spite of the lack of growth observed in our study, results sup-
port several conclusions regarding the role of satellite cells in aged
muscle adaptation: (a) overload induced by SA causes a regenera-
tive response in aged muscle that is dependent on satellite cells,
but independent of hypertrophy; (b) myonuclear accretion occurs
in response to overload, even in the absence of growth, which is
prevented by satellite cell depletion; (c) satellite cell depletion exac-
erbates overload-induced ECM accumulation in aged muscle; and
(d) aged muscle fiber-type adaptation is responsive to overload and
not contingent on satellite cells. Implications of each conclusion are
discussed in the following sections.

Aged Muscle Hypertrophy and Regeneration
Responses to Overload are Distinct

It has been firmly established in adult mice that muscle regeneration
is dependent on satellite cells (18,27-29). Overload of the plantaris
muscle by SA elicits a regenerative response in adult mice (18), which
may be more severe in aged mice, as they appear more sensitive to



Journals of Gerontology: BIOLOGICAL SCIENCES, 2016, Vol. 71, No. 4 465

A *

1.4 1
1.2 1

o
Qo 14
L
= 0.8 1
% 0.6
2
9, 0.4
S 02 -
0 T 1
Sham SA-2
OVehicle Sham
B m Tamoxifen Sham
= * O Vehicle SA-2
2 10 S Tamoxifen SA-2
<@
o 81
Qo
g 61
=3
o
S 4
3 2
©
>
Z o0 . .
H+ Sham SA-2

+
25 4

15 A

% BrdU+ Fibers

54 T\
0 BN\
Vehicle SA-2 Tamoxifen SA-2

Figure 2. Overload-induced myonuclear accretion is absent in satellite
cell-depleted aged muscle. (A) Myonuclear accretion occurs following
overload only in vehicle-treated Pax7¢*f"-DTA mice as measured with
immunohistochemistry with an antibody against dystrophin and DAPI
co-stain on plantaris cross sections. (B) Myonuclear accretion occurs
following overload only in vehicle-treated Pax7°*fR-DTA mice as measured
on fixed, single myofibers stained with DAPI. *Significant difference between
sham and SA-2, p < .05. *Significant difference between sham and SA-2,
p < .05. (C) Incorporation of myonuclei positive for 2-bromo-deoxyuridine
is attenuated in satellite cell-depleted plantaris muscle following overload.
1Significant difference between vehicle and tamoxifen treatment, p < .05.

contraction-induced injury (30). Vehicle-treated mice in this study
showed evidence of muscle regeneration, indicated by an increase
in very small fibers, likely due to de novo fiber formation, as well as
an increase in centrally nucleated fibers. Overload was also associ-
ated with a nearly 4-fold increase in satellite cell number, compa-
rable with the increase observed in young adult mice in response
to 2 weeks of overload (18,25). However, the increase in satellite
cell abundance and the regenerative response did not contribute to
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Figure 3. Life-long satellite cell depletion contributes to extracellular matrix
(ECM) accumulation that is exacerbated by overload. (A) Plantaris muscle wet
weight increased in both vehicle- and tamoxifen-treated Pax7¢t:-DTA mice
following 2 weeks of overload. *Significant difference between sham and
SA-2, p < .05. (B and C) Representative plantaris images of tamoxifen-treated
sham (B) and SA-2 (C) Pax7°"-DTA mice stained with wheat germ agglutinin,
which binds N-acetyl-glucosamine found in the ECM. Scale bar = 100 um. (D)
Quantification of wheat germ agglutinin staining demonstrates increased ECM
content following life-long satellite cell depletion that is enhanced following
2 weeks of overload. tSignificant difference between vehicle and tamoxifen
treatment, p < .05. *Significant difference between sham and SA-2, p < .05.

increased myofiber size in vehicle-treated mice, supporting the idea
that regeneration and hypertrophy are different processes mecha-
nistically. Both the increase in satellite cell abundance and markers
of muscle regeneration were abrogated in tamoxifen-treated mice in
response to overload, without significant effect on mean fiber cross-
sectional area. Thus, 24-month-old mice were unable to mount a
muscle growth response regardless of satellite cell abundance and
independent of muscle regeneration.
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weeks of overload induced a similar shift in plantaris fiber-type distribution
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Myonuclear Accretion Occurs Independently of

Muscle Growth

Satellite cell proliferation in response to overload of the plantaris
muscle is normally associated with fusion into growing myofibers
to maintain a fairly constant myonuclear domain (18). However, we
previously demonstrated that considerable growth can occur in the
absence of myonuclear accretion and the original intent of this study
was to determine if aged muscle maintained the ability to undergo
compensatory growth in the absence of satellite cells. However,
myofiber CSA did not increase in response to overload in either treat-
ment group, in spite of the fact that myonuclear accretion occurred in
the vehicle-treated group. In muscle with the normal satellite cell con-
tent, the hypertrophic stimulus activated satellite cells, and induced
proliferation and fusion, with no increase in myofiber size. Thus, sat-
ellite cells are required to add a myonucleus in response to overload,
presumably to increase the biosynthetic capacity of the myofiber, but
this is insufficient to drive growth in aged muscle. Together, these data
support the idea that the myonuclear domain is plastic and plays little
role in controlling myofiber size, and suggest that satellite cell therapy
geared toward increasing myonuclei may fail to halt sarcopenia or to
augment a growth response in aged muscle.

Life-Long Satellite Cell Depletion Exacerbates
Overload-Induced Increases in ECM Accumulation

We previously demonstrated that depletion of satellite cells early in
adulthood results in elevated ECM accumulation in the plantaris
muscle as the mice age (21). In this study, we demonstrate that 2
weeks of overload in aged mice exacerbates ECM deposition, par-
ticularly in satellite cell-depleted muscle. By contrast, in 4-month-old
mice, longer periods of overload (4-8 weeks) are required to elicit a
fibrotic response following satellite cell depletion (25). Results from
in vitro experiments suggest that a secreted factor from satellite cells
inhibits ECM gene expression in fibroblasts (25). We hypothesize
that the excessive ECM accumulation may contribute, at least in
part, to the small observed increase in plantaris whole muscle wet
weight in response to overload, while at the same time, restricting
myofiber hypertrophy in aged muscle. This is consistent with the
observation in young adult satellite cell-depleted muscle that growth
plateaus with chronic overload, coincident with excessive ECM

accumulation (25). These results show that satellite cells regulate
the myofiber extracellular environment, especially during periods of
remodeling, and that loss of satellite cells during aging may contrib-
ute to muscle fibrosis. Thus, reduction in the satellite cell pool over
time in degenerative diseases such as muscular dystrophies may con-
tribute not only to impaired regenerative capacity but also directly
to fibrosis (31,32).

Overload Restores Age-Associated Fiber-Type
Composition

Previous plantaris analyses demonstrated an age-associated shift
of glycolytic fast-twitch fiber types: a loss of 2b and increase in 2x
MyHC isoform-expressing fibers (21). In humans, increased MyHC
2x fiber frequency is characteristic of poor metabolic health and
physical inactivity (33). Two weeks of overload restored the muscle
to a fiber-type distribution more closely resembling that of young
animals, regardless of satellite cell content. The increase in type 2b
fiber frequency is opposite to the work of Ballak and colleagues (16),
who report a decrease in 2b fibers with overload in aged mice. This
discrepancy may be due to the fact that the muscle in that study was
overloaded for 6 weeks. We identified type 2x myofibers by absence
of staining with type 1-, 2a-, or 2b-specific antibodies, so it is likely
underestimating the degree of adaptation due to the possibility of
hybrid 2x-expressing fibers. We also observed an increase in the rela-
tive frequency of MyHC 2a fibers, the most oxidative-type 2 fiber
type. That these dramatic changes in fiber type occur following only
2 weeks of overload in aged mice is remarkable given that fiber-
type shifts (ie, increased 2a abundance) in young adult mice do not
occur by 2 weeks, but are observed following 8 weeks of overload
(25). It is possible that with a longer period of overload, type 2b
fiber frequency would begin to decline (16), associated with a further
increase in type 2a oxidative fibers. Taken together, these results sug-
gest that fiber type in aged mice is highly responsive to exercise, par-
ticularly the largest myofibers expressing fast-twitch isoforms most
affected by age-associated fiber atrophy (34).

In summary, although age blunts the hypertrophic response to
overload, fiber-type composition in aged muscle is highly responsive
to loading, irrespective of satellite cell abundance. Thus, improve-
ments in oxidative capacity and endurance, independent of growth,
may be derived from resistance training in older adults. A major
function of increased satellite cell abundance with resistance
training may be to limit fibrosis, thereby promoting growth and
remodeling.

Supplementary Material

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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