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Sarcopenia is defined as the loss of skeletal muscle mass and function due to age, and represents a major cause of
disability in the elderly population. The contributing factors to the onset of sarcopenia are not well defined, but
appear to involve age-dependent changes in both the tissue microenvironment and muscle progenitor cell (MPC)
population. MPC transplantation has the potential to be a novel therapy for treatment of muscle dysfunction due to
aging or injury, but has not shown significant clinical efficacy to date. The goal of this research was to use a rat
model of skeletal muscle injury to examine the differential effects of age on MPC survival, differentiation, and
tissue regeneration after transplantation. Fluorescently labeled MPCs, derived from young (YMPCs) and adult
(AMPCs) donor rats, were transplanted in the injured tibialis anterior (TA) muscles of young, adult, and aged rats.
Our results demonstrated that integration and maturation of YMPCs into mature myofibers were dependent on the
age of the host microenvironment; whereas, the integration and maturation of AMPCs were less dependent on age
and more dependent on intrinsic cellular changes. These data suggest that the age of both the host microenvi-
ronment and cells for transplantation must be considered when designing cell therapy regimens.
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Introduction

Age-associated declines in muscle function and
healing are a major cause of disability in the elderly

population. Regenerative medicine provides new biological
tools and approaches to better understand and potentially
remedy this progressive loss of muscle function. Cellular
therapies are being developed to replace and/or repair
damaged tissues for use when the host stem cell population
is impaired or depleted; however, the use of cell therapy in
the clinic has resulted in little success to date.1,2

While much emphasis has been devoted to the type and
source of cells for efficacious therapy, the research performed
examining the role of the microenvironment of the damaged
tissue in promoting or repressing tissue regeneration and
healing has been controversial. In an article published in
Nature over a decade ago, Conboy et al., used heterochronic
parabiotic pairings of young and old mice to demonstrate the
presence of a ‘‘youthful’’ circulating factor that enhanced
muscle regeneration in the old animals,3 which has since been
identified as growth differentiation factor-11 (GDF-11).4,5

Several recent publications have been published disputing
the ability of GDF-11 to enhance regeneration in older ani-
mals,6,7 including data from our group.8 Alternatively, Brack
et al., suggested that an increased concentration of circulat-
ing Wnt detected in serum from older mice can reduce Notch
signaling, which is required for maintenance of muscle pro-
genitor cell (MPC) potential and can push MPCs toward
myofibrogenic differentiation,9,10 ultimately resulting in im-
paired tissue regeneration and poor functional recovery after
injury.

In addition to circulating factors, extrinsic components
of the tissue microenvironment have been implicated in
the performance of MPCs after injury in older animals.11–14

Muscles in aged animals contain a higher percentage of
fibrogenic and adipogenic cells that directly influence the
outcome of regeneration after injury.15 Fibro/adipogenic
precursor cells (FAPs) are connective tissue cells that are
directly involved in the deposition of fibrotic and adipogenic
tissue in skeletal muscle16–19 and are necessary for normal
skeletal muscle regeneration.15,20,21 Moreover, it has been
demonstrated that the extracellular matrix (ECM) from aged
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animals can promote fibrogenic differentiation of MPCs,22

leaving the damaged tissue incompatible to cellular therapies
due to acute inflammatory responses and the formation of
scar tissue. Furthermore, age-related changes in muscle vas-
cularization and innervation can have direct effects on the
regenerative capacity of MPCs after injury.23,24

Successful clinical application of stem cell therapy will
rely on a thorough understanding of the molecular and cel-
lular processes that regulate normal tissue regeneration (i.e.,
wound healing). Successful regeneration or engineering of
complex tissues, such as skeletal muscle, requires an under-
standing of the interactions of multiple tissue components of
skeletal muscle, including the ECM, autocrine, and paracrine
interactions of diverse resident cell types, inflammatory
responses, vascularization, innervation, and proper mechani-
cal transduction. The consideration of these factors during the
design of present therapies is generally lacking, and may
explain the limited clinical success of cell therapy.

Animal models of muscle tissue loss traditionally utilize
arterial ligation, injection of myotoxins, the excision/
removal of muscle tissue, or amputation.25–28 However,
these models lack the clinical manifestation of most muscle
injuries in humans, in which the damaged muscle tissue
progressively degenerates and a nonregenerative environ-
ment remains. The injured tissue is often incompatible to
cellular therapies due to acute inflammation, formation of
scar tissue, and lack of vascularity and innervation. We have
developed and characterized a model of compression/
ischemia reperfusion injury in the hind limbs of rats29 that
mimics the damage to the muscular, vascular, and neural
components, such as is seen in patients after crush injuries
or blunt force trauma. Although several groups have pre-
viously examined age-related changes in the microenvi-
ronment and satellite cell activation,30–32 our complex
injury model provides a unique setting to identify age-
dependent changes in the microenvironments (i.e., vascu-
lature, neuromuscular junctions [NMJs], etc.) of uninjured
and injured tissue, as well as the interactions between the
microenvironment and the progenitor cells used for therapy.

In this study, MPC transplantation was used as a means to
examine extrinsic (host age) and intrinsic (transplanted
cells) effects on the ability of different aged animals to re-
cover from injury. The characterization of the survival and
myogenic capacity of MPCs, as well as their ability to aid in
functional recovery after injury, in different-aged animals
was performed to identify the key players and processes
involved in muscle regeneration that could be further tar-
geted for therapeutic intervention.

Materials and Methods

MPC culture

MPC harvest and culture. MPCs were harvested from
young (4 weeks) and adult (11–12 months) female Lewis
rats as previously described.29 Cells were expanded in
Dulbecco’s modified Eagles’ medium (Hyclone, Thermo
Scientific, Logan, UT) low glucose containing 10% horse
serum, 20% fetal bovine serum, 1% chick embryo extract
(Sera Laboratories International Ltd., United Kingdom), and
1% penicillin/streptomycin at 37�C with 5% CO2. MPCs (no
later than passage 2) were labeled with a GFP-expressing
lentivirus immediately before use.

MPC characterization. Flow cytometry of labeled cells
was performed to confirm similar infection efficiency and
signal strength. An IncuCyte (Essen Bioscience, Ann Arbor,
MI) real-time live-cell imager was used to determine the
growth curves of MPCs harvested from young (YMPCs) and
adult (AMPCs) rats. Cells were seeded in 12-well plates
(70,000 cells per well) and placed into the IncuCyte. Plate
confluence was measured every 2 h for 8 days, using a
software platform supplied by the manufacturer.

RNA and quantitative PCR analyses. Total RNA was
isolated from the rat TA muscle using the PerfectPure RNA
Fibrous Tissue Kit (5 Prime, Inc., Gaithersburg, MD) as
previously described.33Quantitative PCR (qPCR) was per-
formed to measure the transcripts of myogenic, fibrogenic,

FIG. 1. Timeline and ex-
perimental design. Baseline
isometric torque was deter-
mined before injury. MPCs
were transplanted 4 days af-
ter injury and muscle func-
tion was measured 14 days
after injury before tissue
harvest. MPC, muscle pro-
genitor cell.
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and FAP markers in both populations of cells. qPCR was
performed in 20-mL reactions in 96-well plates using cDNA
samples generated from 12.5 ng of total RNA. TaqMan
probes (Applied Biosystems) specific for rat genes are as
listed: GAPDH (NM_017008.3), Pax7 (NM_001191984.1),
PDGFRa (NM_012802.1), Tcf4 (NM_053369.1), and CTGF
(NM_022266.2). qPCR was performed using SYBR green
(Applied Biosystems/Life Technologies, Carlsbad, CA) in
an ABI 7300 Real-Time PCR System. GAPDH was used
as an endogenous control for the normalization of gene
expression.

Animal studies

Injury model. All animal studies were performed in
strict accordance with the Wake Forest University Institu-
tional Animal Care and Use Committee and NIH standards.
Young (2–3 months), adult (11–12 months), and aged (18

months) male Lewis rats were acquired from Harlan La-
boratories (Indianapolis, IN). Injury was induced in rats as
previously described.33,34 In brief, prenatal blood pressure
cuffs were secured on the hindlimb proximal to the anterior
muscle compartment of anesthetized rats and held at a
pressure of 120–140 mmHg for 3 h. Animals were eutha-
nized 14 days after injury for histological analyses. At least
three animals were used for each experiment.

Cell injections. Postlabeling, MPCs were resuspended
in phosphate-buffered saline (PBS) and a total of 1 · 106

MPCs, in a total 100 mL volume, were injected into the
proximal, midbelly, and distal regions of the injured ti-
bialis anterior (TA) muscle of rats under general anesthesia
4 days postinjury. Previous data have shown that this
number of cells is sufficient for retention and detection in
the muscle 14 days after injury.35 Control animals were
injected with 100 mL PBS alone.

FIG. 2. Characterization of
MPCs. (A) The growth curve
of YMPCs and AMPCs
measured as percent plate
coverage using IncuCyte
real-time live-cell imaging.
Quantitative PCR analysis of
Pax7 (B), CTGF (C), Tcf4
(D), and PDGFRa (E). RNA
was harvested from cells
isolated from two different
rats per group (young and
adult). AMPC, MPCs de-
rived from adults; YMPCs,
MPCs derived from young.
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In vivo muscle function. Contractile function (i.e., torque–
frequency relationship) of the left anterior crural muscles was
measured in vivo as previously described.33,34 In brief, the left
hindlimb of anesthetized rats was clamped, and the left foot
was secured to a custom-made footplate that is attached to the
shaft of an Aurora Scientific 305C-LR-FP servomotor, which
in turn was controlled using a PC. Electrical stimulus was
applied to the left common peroneal nerve. Contractile func-
tion of the anterior crural muscles was assessed by measuring

maximal isometric torque as a function of stimulation fre-
quency (1–200 Hz). Data were recorded using a PC loaded
with a custom-made LabVIEW�-based program (provided by
the U.S. Army Institute of Surgical Research).

Histology and microscopy

Injured and the contralateral uninjured TA muscles were
harvested from animals 14 days after injury, weighed and

FIG. 3. TA wet weight and
rat body weight analysis. (A)
Rat body weight was mea-
sured as percent change from
day 0 to 14 after injury. (B)
TA wet muscle weight cor-
rected for rat body weight.
Adult muscles injected with
YMPCs were significantly
heavier than adult muscles
injected with PBS or
AMPCs. *p < 0.02 (C) TA
wet muscle weight corrected
to uninjured contralateral
muscle. PBS, phosphate-
buffered saline.

FIG. 4. GFP+ myofiber morphology. H&E
stain of a cross-sectional cut of uninjured
(A) and injured (B–D) skeletal muscle. Re-
generating myofibers (white arrow) and de-
generating myofibers (white arrowhead) are
present. Immunohistochemistry using an
antibody against GFP and DAB counterstain
showed mature GFP+ myofibers (MF, black
arrow), angulated myofibers (AF, white ar-
row), and single MPCs (arrowheads) were
detected alongside mature host fibers (E, F)
in all experimental groups. Image is of
young mouse muscle injected with YMPCs,
but is representative of all groups. (F) Chi-
meric myofibers derived from host tissue
and transplanted cells were identified by the
presence of GFP+ and GFP- nuclei (inset,
arrow).
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then either frozen in OCT for cryosectioning or fixed in 10%
neutral buffered formalin, and processed for paraffin embed-
ding. Serial sections (8mm) were analyzed for tissue mor-
phology using standard H&E staining. All microscopic images
were acquired with a Leica DM400B upright fluorescent
microscope (Leica Microsystems, Wetzlar, Germany) and a
Retiga-2000RV camera (Qimaging, Surrey, BC, Canada).

Tissue analyses. Immunohistochemistry against GFP
was used to identify transplanted cells (GFP antibody [B2],
Santa Cruz Biotechnology, Santa Cruz, CA). Laminin (L9393;
Millipore-Sigma, St. Louis, MO) and DAPI were used to label
cell membranes and nuclei, respectively, for fluorescent im-
aging. Adobe Photoshop (Adobe, San Jose, CA) was used to
measure myofiber cross-sectional area (CSA) from H&E and/
or GFP stained sections. The numbers of GFP+ regenerating
fibers, GFP+ degenerating fibers, and nonintegrated GFP+

MPCs were counted from GFP-stained sections and identified
as previously described.29 In brief, degenerating fibers were
counted as myofibers containing three or more centrally lo-
cated nuclei, angular in shape, and/or anucleated. Regenerating
fibers were identified as having two or less centrally located
nuclei. ImageJ was used to quantitate fibrosis using Masson’s
trichrome-stained sections. At least 10 slides from at least 3
animals were used for each analysis.

Statistics

All functional data were analyzed using GraphPad Prism
Software (GraphPad Software, San Diego, CA) or Microsoft

Excel (Redmond, WA). Each functional and morphological
measure was compared among groups using two-way
ANOVA. In the event of a significant ANOVA, post hoc
means comparison testing was performed with Fisher’s LSD
correction or with Tukey’s HSD tests. Statistical significance
was achieved at p < 0.05. Data are presented as mean – SEM.

Results

The time line and experimental design are outlined in
Figure 1. The MPCs used in this study were derived from
whole limb muscles of different-aged rats and therefore are
a heterogeneous population of cells. More than 70% of the
harvested cells express the myogenic marker Pax7+ (Sup-
plementary Fig. S1; Supplementary Data are available on-
line at www.liebertpub.com/tec). The growth curve and cell
markers (myogenic and fibrogenic) of YMPCs and AMPCs
were assessed to identify potential differences in growth and
cellular composition that could affect survival after trans-
plantation. No differences were detected in the growth
curves of YMPCs and AMPCs, determined using an In-
cuCyte real-time live-cell imager, up to 8 days after plating
(Fig. 2A). Moreover, no differences were detected in Pax7
(myogenic), CTGF (fibrogenic), Tcf4 (FAPs), and PDGFRa
(FAPs) transcripts, suggesting that both populations of cells
are similar (Fig. 2A–D).

MPCs were infected with a lentivirus expressing GFP
before injection into the injured TA muscles of young, adult,
and aged rats 4 days after injury. Control animals were in-
jured and treated with saline. Flow cytometry was used to

FIG. 5. Immunofluorescent images of
GFP+ myofibers. GFP-immunofluorescence
of longitudinally cut muscle tissue was used
to indicate the morphology of GFP+ myofi-
bers derived from YMPCs (left column) and
AMPCs (right column) in the injured TA
muscle of young, adult, and aged rats.
Myofibers containing centrally localized
nuclei (arrows) and necrotic myofibers
(arrowheads) were noted. Green (GFP+

myofibers), red (laminin), blue (DAPI).
400 · magnification. TA, tibialis anterior.
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determine the labeling efficiency for each experiment,
which was found to be consistent for both the YMPCs and
AMPCs (Supplementary Fig. S2). Rats were weighed at the
beginning and end of the experiment and the percent weight
change over that time did not differ between the treatment
groups (PBS, YMPCs, AMPCs; Fig. 3A). TA muscles were
excised 14 days after injury (10 days postinjection), weighed,
and examined for GFP expression. When corrected for body
weight, the muscles from the young animals were heavier
than those of adult or aged rats, regardless of treatment
(Fig. 3B). When corrected for the contralateral uninjured
muscle, treatment had no effect on muscle weight (Fig. 3C).
Actual body and muscle weights are listed in Supplementary
Tables S1 and S2.

A heterogeneously mixed morphology of GFP+ and host
myofibers were detected in the TA muscles of all experi-
mental groups (Fig. 4), with evidence of large mature myo-
fibers (peripherally located nuclei, black arrows), smaller

regenerating myofibers (centrally located nuclei, white
arrows), and single MPCs (black arrowheads), regardless
of host age (Fig. 4A–F). The presence of myofibers con-
taining both GFP+ and GFP- nuclei demonstrated the
ability of transplanted MPCs to integrate with the host
tissue to form chimeric fibers (Fig. 4F, arrows and inset).
However, qualitative differences in the GFP+ myofibers
from the different experimental groups were noted, despite
the ability of YMPCs and AMPCs to form myofibers after
transplantation (Fig. 5). Longitudinal sectioning and fluo-
rescent staining showed many striated GFP+ myofibers,
with centrally localized nuclei, were found in the muscles
injected with YMPCs, regardless of the age of the host
(Fig. 5, left panels, arrows). However, muscle from adult
and aged rats injected with YMPCs also contained many
necrotic GFP+ myofibers (Fig. 5, left panels, arrowheads).
Transplanted AMPCs were also able to form striated myofi-
bers in all animals (Fig. 5, right panels, arrows), however, an

FIG. 6. Characterization of the morphology of GFP+ myofibers. (A) The number of myofibers was determined by
counting GFP+ and nonlabeled myofibers from all tissue sections that contained GFP+ staining and graphed as the percent of
GFP+ myofibers per non-GFP labeled myofibers. Young rats injected with YMPCs had a significant increase in GFP+

myofibers over adult and aged rats injected with YMPCs (*p < 0.002). There was a trend in decreased myofibers derived
from AMPCs compared with myofibers derived from YMPCs in adult and aged rats (**p < 0.06). (B) CSA of GFP+ myofibers
was determined as the averaged GFP-CSA controlled to rat weight and then the CSA of host myofibers. Young rats with
YMPCs had a significantly smaller CSA compared with adult and aged rats (**p < 0.002). AMPCs showed significantly larger
CSA compared with adult rats and compared AMPCs in young and aged rats (**p < 0.01) and YMPCs in adult rats (*p < 0.01).
Aged rats injected with AMPCs showed significantly smaller CSA compared with aged rats with YMPCs (*p < 0.001). (C)
The numbers of healthy, regenerating, degenerating myofibers, and (D) nonintegrated GFP+ MPCs were counted from at least
10 high powered fields (HPFs) as described in Materials and Methods section. For each experimental condition, data were
acquired from three or more rats. Data are expressed as means – SEM. CSA, cross-sectional area.
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increase in necrotic and/or vacuolated myofibers was pres-
ent in all muscles receiving AMPCs (Fig. 5, right panels,
arrowheads).

Quantitative analyses of GFP+ myofibers confirmed these
observations (Fig. 6). The number of GFP+ myofibers de-
rived from YMPCs was the same regardless of age of host
(Fig. 6A). However, there was a significant increase in GFP+

myofibers derived from AMPCs in young rats compared
with adult and aged rats (Fig. 6A). The CSA of GFP+

myofibers derived from YMPCs was significantly smaller in
young rats compared with adult and aged rats, even when
differences in animal weight were considered (Fig. 6B).
However, the CSA of GFP+ myofibers derived from AMPCs
remained the same regardless of the age of the host and
was significantly different from the CSA of YMPC derived
myofibers in aged rats (Fig. 6B). Moreover, a greater number
of GFP+ myofibers derived from AMPCs were found to be
degenerating, regardless of host age, at 14 days postinjury
(Fig. 6C). It is of interest to note the decrease or lack of
nonintegrated YMPCs in the adult and aged rats, respectively
(Fig. 6D), which may be a reflection of the inability of these
cells to survive in the older tissue microenvironment.

We have previously shown that the muscles of aged rats
contain a significant amount of fibrosis after injury com-
pared with similarly treated muscles from young and adult
rats.33 To determine the effect of MPC transplantation on
tissue fibrosis, we quantitated the fibrotic areas represented
on Masson’s trichrome-stained slides. No change in fibrosis
was detected between the muscles compared with uninjured
muscles from young and adult animals in any of the cell-
injected groups, but an unexpected significant decrease in
fibrosis was noted in the PBS-treated muscles (Fig. 7).
Muscles from aged animals showed a significant increase in
fibrosis compared with uninjured muscle regardless of the
treatment group (Fig. 7). These data are consistent with our
previous results.33

Finally, assessment of the in vivo torque production of
the anterior muscle compartment was used as a measure of

recovery of muscle function after injury (Fig. 8). Isometric
torque curves for 7 and 14 days after injury are shown in
Figure 8A. At day 14 postinjury, adult rats injected with
YMPCs showed a significant improvement of peak iso-
metric torque and greater to that detected in the other age
groups (Fig. 8B). It is of interest to note that transplantation
of AMPCs in the aged animals seem to result in decreased
peak isometric torque at 14 days postinjury, although this is
not statistically significant.

Discussion

Sarcopenia is the age-dependent loss of muscle mass and
function, and is a common cause of mobility disabilities in
the elderly population. There is a plethora of current re-
search examining the causes of sarcopenia using rodent
models of aging and injury, but many of these models do not
accurately mimic the human pathology of muscle dysfunc-
tion in a clinically relevant manner. This is especially im-
portant for muscle injury models to assess stem and
progenitor cell therapy as well as the role of the microen-
vironment. We have recently demonstrated a decreased
ability of older animals to recover muscle mass and function
using a rat model of compression injury.33 The data pre-
sented herein further utilized this model of injury to ex-
amine the ability of different aged MPCs to integrate into
the skeletal muscle of young, adult, and aged rats and to aid
in the recovery of muscle function after injury.

The role of the muscle microenvironment has been shown
to play a major role in regulating efficient tissue regeneration.
For example, grafting experiments showed better regenera-
tion when tissues from older animals were transplanted into
younger animals,36 and heterochronic parabiosis experiments
indicated the importance of ‘‘young’’ circulating factors for
tissue regeneration.3,35–37 In addition, successful integration
of transplanted donor satellite cells (young and aged) into
their natural niche was shown to be dependent on the pres-
ervation of the native microenvironmental niche, as well as
the properties of the host satellite cells.38 Our data further
support these studies indicating that the host microenviron-
ment’s age has a profound effect on the success of cellular
therapies via support of cell survival and tissue integration.
Transplanted MPCs derived from both young (YMPCs) and
adult (AMPCs) donors were able to integrate into damaged
muscle and form mature striated myofibers, regardless of
host age (Figs. 5 and 6). The number of GFP+ myofibers
formed from YMPCs did not change regardless of host age.
However, transplanted AMPCs formed significantly fewer
mature myofibers, in comparison to YMPC-injected mus-
cles and young rats, in both adult and aged rats suggesting
that the microenvironment of these animals, unlike the
microenvironment of the young rats, was not able to sustain
MPC survival, differentiation, integration, and maturation
of myofibers. However, the significant increase in the CSA
of YMPC-derived myofibers suggests either faster growth
of the surviving myofibers or myofiber hypertrophy.

Among the many factors implicated in the development
of sarcopenia are decreased capillary to fiber ratios, de-
creased numbers of NMJs per fiber, muscle fiber-type
switching, increased chronic inflammation, increased intra-
muscular collagen deposition, and myosteatosis.31,35,37,39,40

All of these factors are ‘‘external’’ influences that effect the

FIG. 7. Quantification of fibrosis in cell-injected injured
muscle. Masson’s trichrome stained slides were used to
calculate area fibrosis. Total area fibrosis was determined
14 days after injury as described in Materials and Methods
section. Data were normalized to fibrosis of the contralateral
uninjured muscles. For each experimental condition, data
were acquired from three or more rats. Data are expressed as
means – SEM. *p < 0.001 versus all other treatment groups
and ages, **p < 0.06 versus uninjured and AMPCs.
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function of muscle tissue, and their roles in the functional
decline seen in the elderly have not been clearly defined.
When we examined the regenerative status of the MPCs
transplanted into the different-aged animals, we found that
the majority of GFP+ myofibers derived from YMPCs were
regenerating as indicated by centrally located nuclei with
few degenerating fibers, regardless of host age. In contrast,
GFP+ myofibers derived from AMPCs were mostly degen-
erating in all aged animals (Fig. 6D). These data suggest that
the age of the transplanted cells is an additional factor for
consideration in the regenerative ability of the tissue.

Age-dependent changes in satellite cell proliferation and
differentiation have also been identified as contributing
factors to sarcopenia. Previous reports revealed that a bal-
ance between Notch and Wnt signaling is required for the
proper balance of satellite cell proliferation and differentiation,

respectively,3,9,41 and that the reduction in Notch activation
in aged muscle resulted in decreased proliferation of MPCs
with subsequent decreased ability to repair damaged mus-
cle.41 TGFb is thought to regulate impaired satellite cell
activation and muscle repair through the Wnt/Notch path-
ways and has been shown to be antimyogenic and more
active in aging muscle.36 Although misregulation of these
pathways has implicated a satellite cell-specific role in de-
creased tissue healing in the aged, these pathways do not
address the other phenomenon seen in older tissue, such as
denervation, fiber-type switching, chronic inflammation, and
increased collagen and adipose deposition.

It is interesting to note the lack of nonintegrated GFP+

MPCs in aged muscle transplanted with YMPCs and the
trend of decreased numbers of both cell types in the adult
and aged muscle (Fig. 6D). These data suggest that the

FIG. 8. Measurement of peak isometric torque in young, adult, and aged rats after MPC transplantation. Peak isometric
torque was measured as described in Materials and Methods section before and 7 and 14 days after injury. (A–C) Isometric
torque force curves 7 days after injury and (D–F) isometric torque force curves 14 days after injury. (G) Force mea-
surements were normalized to peak isometric torque of uninjured muscle. For each experimental condition, the number of
rats used was three or more. Data are expressed as means – SEM. Adult injected with YMPCs versus young and aged
injected with YMPCs, *p < 0.002. Adult injected with YMPCs versus PBS and AMPCs, **p < 0.003.
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YMPCs may be more sensitive to the host microenviron-
mental factors rather than intrinsic cellular factors, whereas
the AMPCs are more limited by intracellular factors than the
microenvironment of the host. In other words, the micro-
environment of the young and adult, but not aged, animals is
permissive of YMPC survival and integration. The YMPCs
that survived the aged ‘‘microenvironment’’ were those that
were able to fully integrate into the host tissue, resulting in
many fully differentiated GFP+ myofibers and no noninte-
grated MPCs. In contrast, AMPCs had a decreased ability to
form stable mature myofibers in any aged host. This may be
due to the increased and persistent fibrosis seen in the in-
jured muscles from aged animals (Fig. 7), which is consis-
tent with our previously published data.33

Functional improvement is the goal of any regenerative
medicine therapy. To date, satellite cell (MPC) therapy for
muscle dysfunction has shown little clinical success.42–46

We have previously shown that adult and aged rats show a
delayed and compromised regenerative response after injury,
respectively.33 Young rats have a remarkable ability to re-
generate after injury and therefore are a poor model for testing
therapeutic regimens. This is demonstrated in Figure 8, where
the young rats, regardless of treatment, have recovered 40%
peak isometric torque 14 days after injury. Adult rats trans-
planted with YMPCs showed a significant improvement in
peak isometric torque compared with young and aged animals
and compared with PBS or AMPC treatment (Fig. 8B). Aged
rats showed a trend in decreased peak torque in muscle
transplanted with AMPCs, which may be due to increased
inflammation or persistent collagen deposition.

Conclusion

Our data demonstrated that the loss of regenerative ca-
pacity in skeletal muscle due to aging is dependent on both
microenvironmental and intrinsic cellular changes. For ef-
fective cell therapy, both these factors must be taken into
consideration, and they may be the overriding reasons for
the current clinical failures.
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