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ABSTRACT: Age-dependent bone loss has been well documented in both human and animal models. Al-
though the underlying causal mechanisms are probably multifactorial, it has been hypothesized that alterations
in progenitor cell number or function are important. Little is known regarding the properties of bone marrow
stromal cells (BMSCs) or bone progenitor cells during the aging process, so the question of whether aging
alters BMSC/progenitor osteogenic differentiation remains unanswered. In this study, we examined age-
dependent changes in bone marrow progenitor cell number and differentiation potential between mature (3
and 6 mo old), middle-aged (12 and 18 mo old), and aged (24 mo old) C57BL/6 mice. BMSCs or progenitors
were isolated from five age groups of C57BL/6 mice using negative immunodepletion and positive immuno-
selection approaches. The osteogenic differentiation potential of multipotent BMSCs was determined using
standard osteogenic differentiation procedures. Our results show that both BMSC/progenitor number and
differentiation potential increase between the ages of 3 and 18 mo and decrease rapidly thereafter with
advancing age. These results are consistent with the changes of the mRNA levels of osteoblast lineage–
associated genes. Our data suggest that the decline in BMSC number and osteogenic differentiation capacity
are important factors contributing to age-related bone loss.
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INTRODUCTION

AGING IS ACCOMPANIED by a progressive loss of bone
mass, decreased bone quality, and decreased bone

strength, which together increase fracture risk.(1–4) These
changes in bone structure and biomechanical properties re-
sult from a net imbalance between bone formation and
bone breakdown. The decrease in the number and activity
of bone-forming osteoblasts and increase in the number
and activity of bone-resorbing osteoclasts are implicated in
the progression of age-related bone loss.(5) It is also pos-
sible that, whereas the number of bone marrow stromal
cells (BMSCs) is decreased,(6,7) the commitment of BMSCs
to the osteogenic lineage is also decreased because of the
alterations in the bone marrow microenvironment.(8–10) It
is known that the levels of the stimulatory factors for bone
formation such as TGF� and interleukin-11 (IL-11) are de-
creased,(11,12) and the inhibitory factors for bone formation
such as TNF� and IL-6 are increased in the bone marrow
with age.(13,14) Clinical studies have shown that decreased
bone mass is inversely correlated with an increase in mar-
row fat content (fatty marrow),(15,16) and increased marrow

fat secretes large amounts of TNF� and IL-6,(17,18) which in
turn inhibit osteoblastogenesis.(19) Thus, aging creates a
bone marrow environment that is unfavorable for BMSC
osteogenic differentiation and instead favors alternative dif-
ferentiation pathways, for example, the adipogenic differ-
entiation pathway.(16,20) To gain further insight into the
mechanisms responsible for “aging bone,” we describe the
isolation and characterization of bone marrow cells that are
capable of multilineage differentiation from these aging
mice and the impact of these changes on bone mass. Be-
cause only a fraction of these cells are actually the stem
cells, we define our cells as enriched BMSCs.

MATERIALS AND METHODS

Reagents

Magnetic beads conjugated with anti-mouse CD11b
(#558013) and CD45R/B220 (#551513) monoclonal anti-
bodies and CD11b- (#557396) and CD45-FITC (#553079)
monoclonal antibodies were purchased from BD Biosci-
ences Pharmingen; Pan DC (#130-092-465) and stem cell
antigen-1 (Sca-1) microbeads (130–092–529) were from
Miltenyi Biotec. Pan DC is a mixture of CD11c and plas-
macytoid dendritic cell antigen-1 (PDCA-1) antibodies.The authors state that they have no conflicts of interest.
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Myosin (#7784) and myogenin (#1853) monoclonal anti-
bodies were from Abcam. Goat anti-mouse IgG-Cy3 con-
jugate (#81-6515) was from Zymed Laboratories. All other
reagents were purchased from Sigma-Aldrich except where
specified.

Animals

Male C57BL/6 mice were purchased from the aged ro-
dent colony at the National Institute on Aging (Bethesda,
MD, USA). Guinea pigs (Hartley) were purchased from
Charles River Laboratories. All procedures were approved
by the Institutional Committee for Animal Care and Use
Committee (IACUC) at the Medical College of Georgia
(MCG).

Preparation of bone marrow aspirates

Six mice per age group representing mature (3 and 6 mo
old), middle-aged (12 and 18 mo old), and aged (24 mo old)
C57BL/6 mice were used for the study. The mice were
killed by CO2 overdose followed by thoracotomy. The
femora and tibias were dissected free of soft tissues and
kept in cold PBS on ice. The bones were cut open at both
ends and flushed with complete isolation media (CIM) us-
ing a 22-gauge syringe followed by filtration through a 70-
�m nylon mesh filter. CIM consisted of RPMI-1640 with
9% FBS, 9% horse serum, 100 U/ml penicillin, 100 �g/ml
streptomycin, and 12 �M L-glutamine.(21) The bone mar-
row (combined from all six mice) was dispersed with a 25-
gauge syringe to produce a single cell suspension. A small
aliquot of cells was diluted in 3% acetic acid, and the nucle-
ated cells were counted using a hemacytometer. This mar-
row aspirate was used for colony-forming unit (CFU) as-
says and BMSC isolation described below.

CFU assays

For the CFU-fibroblast (CFU-F) assay, 5 × 105 nucleated
cells were seeded in 6-well plates in duplicate and incubated
at 37°C in 5% CO2 atmosphere. Twenty-four hours after
seeding, the media that contained nonadherent cells were
removed and replaced with MesenCult media (Murine
CFU-F Assay kit; StemCell Technologies). The cells were
cultured continuously in the MesenCult media with fresh
media replaced every third day. At day 14, the cells were
washed with PBS, fixed in 4% paraformaldehyde (freshly
prepared from its parapolymer) for 30 min, and stained
with Giemsa stain. The cell density was preoptimized in a
pilot experiment using the Murine CFU-F Assay kit (Stem-
Cell Technologies) according to the manufacturer’s recom-
mendations.

CFU-F assays with a guinea pig feeder cell layer were
performed according to Kuznetsov and colleagues.(21,22) In
brief, 3 × 106–10 × 106 nucleated mouse bone marrow cells
were seeded in 25-cm2 plastic culture flasks. Three hours
after seeding, unattached cells were removed by aspiration,
and cultures were washed vigorously three times with
DMEM; 1 × 107 nucleated feeder cells in 5 ml media were
added to each 25-cm2 flask and cultured at 37°C in 5% CO2

atmosphere for 10 days with no further media replacement.
Feeder cells were guinea pig bone marrow suspensions that

were �-irradiated with 6000 R just before adding to the
flasks. Guinea pig cells were in �MEM (Hyclone) supple-
mented with 20% FBS (Atlanta Biologicals) and antibiot-
ics. Colonies were stained with Giemsa as above.

For the CFU-osteoblast (CFU-Ob) assay, 5 × 105 nucle-
ated cells were seeded in each well of 6-well plates in du-
plicate. Twenty-four hours later, the growth media were
removed from the cells and replaced with osteogenic
supplements (OSs, consisting of regular growth media
DMEM plus 50 �M ascorbic acid-2-phosphates, 10 mM
�-glycerophosphate, and 100 nM dexamethasone),(23) and
cultured in OS continuously for 12 days with fresh media
replaced every third day. The cells were washed, fixed, and
stained with Fast Red Violet LB (Sigma-Aldrich).

For the CFU-adipocyte (CFU-Ad) assay, 1 × 106 nucle-
ated cells were seeded in each well of 24-well plates in
triplicate and treated with adipogenic induction media
(DMEM containing 10% FBS, 1 �M Dex, 200 �M indo-
methacin, 10 �g/ml insulin, and 0.5 mM methylisobutylxan-
thine) for 2 days, followed by a 9-day incubation in main-
tenance media (growth medium plus 10 �g/ml insulin) with
media replaced every other day. The cells were monitored
daily using a microscope for the appearance of lipid drop-
lets. For Oil-Red O staining, the cells were washed, fixed,
and stained with Oil Red O solution as previously de-
scribed.(24) Oil Red O solution was freshly prepared by
diluting a stock solution (0.5 g of Oil Red O in 100 ml of
isopropanol) with water (6:4) followed by filtration.

Isolation of BMSCs

The BMSCs were isolated using a protocol modified
from Gimble et al.,(25) Peister et al,(26) and Tropel et al.(27)

In brief, the single cell suspension described above (Prepa-
ration of bone marrow aspirates) was plated in 175-cm2

flasks at a density of 2 × 107 cells/flask. After a 3-h incuba-
tion at 37°C in 5% CO2, the media containing nonadherent
cells were removed, and the adherent cells were washed
two times gently with PBS to reduce the degree of hema-
topoietic lineage cell contamination. The cells were cul-
tured in complete isolation media for 3–4 wk with media
change every 3–4 days. At 70–80% confluence, the cells
were lifted by incubation with trypsin/EDTA, washed, and
resuspended at a density of 5 × 106 cells/ml in PBS contain-
ing 0.5% BSA and 2 mM EDTA. Fifty microliters each of
magnetic nanoparticles conjugated to anti-mouse CD11b,
CD45R/B220, and Pan DC monoclonal antibodies was
added to every 1 × 107 total cells. The mixture of cells and
antibody-conjugated microbeads was incubated at 12°C for
30 min and placed on the IMagnet (BD Biosciences Pharm-
ingen) for 8 min at room temperature to allow magnetic
beads to migrate and attach to one side of the tubes. The
cells that were negative for these four antigens remained in
the solution and were collected and subjected to a round of
positive-selection using anti-Sca-1 microbeads. After sev-
eral washes, the cells that attached to the microbeads (Sca-
1–positive cells) were collected by removing the tube from
the magnetic field, plated at a density of 50–100 cells/cm2,
and amplified using regular growth media (DMEM with
10% FBS). These enriched BMSCs, which are “free” of
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monocytes, granulocytes, macrophages, myeloid-derived
dendritic cells (DCs), natural killer cells, B-1 cells, B lym-
phocytes, T lymphocytes, classical DCs, plasmacytoid DCs,
and macrophage progenitors, were cryopreserved or used
for the experiments.

Fluorescence-activated cell sorting analysis of
BMSCs to evaluate the efficiency of antibody
depletion and selection.

Fluorescence-activated cell sorting (FACS) analyses
were performed in the Flow Cytometry Core Laboratory at
the Medical College of Georgia using a Becton Dickinson
FACS Calibur flow cytometer. In brief, BMSCs were lifted
by trypsin/EDTA, washed twice with PBS containing 5%
heat-inactivated FBS and 0.16% sodium azide, and labeled
with FITC-conjugated monoclonal antibodies against mu-
rine CD11b, CD45 (BD Pharmingen), and Sca-1 (Miltenyi
Biotec) according to the manufacturer’s instructions. This
experiment was performed using cells that have been am-
plified for two passages after initial antibody selections. Ten
thousand cells per sample were analyzed, and an equal
amount of unlabeled cells was used for calibration. Experi-
ments were performed in triplicate.

Retroviral transfection

Retroviral transfection was performed as previously de-
scribed.(28) Briefly, the retroviral vector expressing green
fluorescent protein (GFP) was constructed in a replication
defective �U3nlsLacZ construct.(29) The LacZ sequence in
the parental �U3nlsLacZ vector was excised by XbaI and
BamHI and replaced with the full-length coding region for
GFP cDNA. XbaI and BamHI restriction sites were incor-
porated into the 5�- and the 3�-end of the PCR products,
respectively, when GFP cDNA was amplified by PCR. The
retroviral particles (Ret-GFP) were produced by transfect-
ing �U3-GILZ or �U3-GFP plasmid DNA into the retro-
viral packaging cell line 293GPG as described by Ory et
al.(29)

For infection, 2 ml of viruses prepared above was added
to the immuno-purified BMSCs prepared as above (seeded
in a 60-mm dish the previous day at ∼70% confluence) and
incubated at 37°C for 6 h in the presence of 8 mg/ml poly-
brene. The viruses were removed, and fresh media were
added to the cells.

Differentiation

For induction of osteoblast differentiation, enriched
BMSCs were plated at a density of 1 × 104 cells/cm2 in
96-well plates in triplicate. When the cells reached conflu-
ence, they were switched to osteogenic induction media
(OS) and cultured continuously for 21 days with fresh me-
dia replaced every third day. For von Kossa staining, the
cells were washed with calcium- and phosphate-free saline
solution, fixed in 4% paraformaldehyde for 30 min, and
stained with 5% silver nitrate solution for 30 min at room
temperature in the dark. The cells were washed gently with
double-distilled water, exposed to UV light for 30 min, and
counterstained with 0.1% eosin. In some experiments, the
cells were stained with 40 mM Alizarin Red S (ARS) solu-

tion (pH 4.2). Digital images were acquired by scanning
plates using a CanoScan LiDE 80 flat-bed scanner (Canon).

For adipogenic induction, BMSCs were seeded in 24-well
plates at a density of 30,000 cells/cm2. Two days after the
cells reached confluence, they were treated with adipogenic
induction media as described for the CFU-Ad assays.

For myogenic induction, BMSCs were plated at a density
of 40–50% confluence and treated with 10 nmol/ml 5-aza-
cytidine (5-aza) for 24 h. The 5-aza was washed away with
PBS (two times) and replaced with regular growth media
(DMEM) for 2–3 wk until myogenic markers were ob-
served.(30) Cells in culture were immunolabeled with anti-
bodies specific for indicated muscle proteins and detected
by Cy3-conjugated secondary antibody as described below.

Immunocytochemistry

The cells grown in chamber slides were fixed with 4%
paraformaldehyde solution for 30 min at room tempera-
ture. Slides were rinsed with PBS, blocked with 1% BSA in
PBS for 1 h at room temperature, and incubated with FITC-
conjugated anti-CD11b, CD45 (1:200 dilution), or Sca-1
(1:50 dilution) antibody for at least 1 h at room tempera-
ture. The slides were washed three times in PBS for 5 min
each, covered with coverslips, and mounted with Vecta-
shield mounting media (Vector Laboratories). Cultures
were stained by immunocytochemistry for myogenic mark-
ers, myosin, or myogenin monoclonal antibody and de-
tected by anti-mouse IgG-Cy3 conjugate. Images were vi-
sualized using a Nikon TE2000 fluorescence microscopy
equipped with a COOLSNAP Monochrome Camera and
processed with the Metamorph Imaging System.

Real-time RT-PCR analysis

Total cellular RNA was isolated from cells treated with
or without OS using TRIZOL reagent (Invitrogen) as pre-
viously described.(24) Equal amounts of total RNA (2 �g)
were reverse transcribed using TaqMan reverse transcrip-
tion reagents (Applied Biosystems), and 1 �l of the cDNA
was used as template for real-time PCR analysis using
SYBR Green Master Mix (Applied Biosystems) and a
Chromo-4 real-time PCR instrument (MJ Research) as pre-
viously described.(24) The PCR reactions were performed in
triplicate, and the levels of mRNA expression were calcu-
lated by the ��Ct method using �-actin as an internal con-
trol.(31) The primer sequences used in the PCR reactions
are listed in Table 1.

Proliferation assay (MTT)

Cells were seeded in triplicate at a density of 1 × 104

cells/cm2 in 96-well plates (7 plates/experiment). One plate
was used at each time point using a Cell Growth Determi-
nation kit (CGD-1; Sigma-Aldrich) according to the manu-
facturer’s instructions.

Statistical analysis

Results are expressed as mean ± SE. Experiments were
performed in triplicate except where noted. Data were ana-
lyzed using either ANOVA with Bonferroni posthoc testing
or unpaired t-tests, using a commercial statistical package
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(Instat; Graphpad, San Diego, CA, USA); p < 0.05 was
considered significant. Quantification of image data was
done using NIH Image J software, version 1.38.

RESULTS

Changes in BMSC frequency with aging

To determine whether the number or the differentiation
potential of the BMSC/progenitor cells is changed during
the aging process, we flushed bone marrow cells from 3-, 6-,
12-, 18-, and 24-mo-old C57BL/6 mice and performed
CFU-F (fibroblast), CFU-Ob (osteoblast), and CFU-Ad
(adipocyte) assays. We found that the number of bone mar-
row cells that are capable of forming colonies (CFU-F)
increased between the ages of 3 and 12 mo and started to
decrease after 12 mo of age (Fig. 1). A sharp decrease of
CFU-F was observed at 24 mo of age. The ability of BMSCs
to undergo adipogenic differentiation (CFU-Ad) showed a
similar pattern as seen with CFU-F (i.e., CFU-Ad increased
between ages of 3 and 12 mo and started to decrease after
12 mo, and a sharp decrease was seen at 24 mo of age).

These results suggest that the number and differentiation
potential of BMSCs continue to increase as the animals
develop from mature (3 and 6 mo old) to middle age (12 mo
old) and decrease rapidly as they age further (>18 mo). In
contrast, peak osteogenic differentiation of an enriched
BMSC population occurred at a slightly later time point (18
mo), consistent with data shown in Fig. 4. Results for these
assays were quantified using NIH Image J software (version
1.38) and are presented as bar graphs (Fig. 1, right panels).

Earlier studies suggested that a feeder cell layer is needed
to support marrow stromal fibroblast colony formation or
CFU-F assays. The feeder cells are either �-irradiated hu-
man or guinea pig bone marrow cells.(21) Evidence also
showed that the bone marrow cells are capable of forming
CFU-Fs without feeder cells.(26,32–34) To clarify whether
feeder cells are necessary, we performed CFU-F assays us-
ing lethally irradiated guinea pig bone marrow cells as de-
scribed by Kuznetsov and Gehron(21) or simply using regu-
lar growth media supplemented with 20% FBS, because
both the murine CFU-F Assay Kit and feeder cell methods
are supplemented with 20% serum in the media. Results

FIG. 1. Assays for the number of colony-forming units for fibroblasts, osteoblasts, and adipocytes. Bone marrow cells from indicated
ages of mice were cultured for 14 days in MesenCult media and stained with Giemsa (CFU-fibroblast), cultured for 12 days in
osteogenic induction media and stained with Fast Red Violet LB (CFU-osteoblast), or cultured in adipogenic induction media for 2 days
followed by a 9-day incubation in maintenance media and then stained with Oil Red O (CFU-adipocyte). Quantitative results for these
assays are shown as bar graphs on right. CFU-fibroblast and CFU-osteoblast assays were performed in duplicate in 6-well plates with
5 × 105 nucleated cells/well. CFU-adipocyte assays were performed in triplicate in 24-well plates with 1 × 106 nucleated cells/well. Only
one representative well is shown for each age group. These experiments were repeated in triplicate in two separate experiments (*p <
0.001 compared with 3 mo).

TABLE 1. PRIMERS USED IN PCR REACTIONS

Genes GenBank no. Forward (5� to 3�) Reverse (5� to 3�) Size (bp)

Runx2 NM_009820 CCACCACTCACTACCACACG TCAGCGTCAACACCATCATT 250
Col la1 U03419 CACCCTCAAGAGCCTGAGTC CGGGCTGATGTACCAGTTCT 250
Osteocalcin U11542 TTCTGCTCACTCTGCTGACC TTTGTAGGCGGTCTTCAAGC 250
�-actin NM_007393 CTGGCACCACACCTTCTACA GGTACGACCAGAGGCATACA 190
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showed that the cells cultured in DMEM with 20% FBS
actually formed slightly more colonies (>50 cells in size)
than those co-cultured with �-irradiated guinea pig bone
marrow cells at all seeding densities (Fig. 2), suggesting that
the feeder cells are not an absolute requirement for the
CFU-F assays. The numbers of colonies in each flask were
counted visually, and colony number is indicated in the
figure.

Isolation and characterization of BMSCs from
different aged mice

In addition to BMSCs, which can proliferate and form
alkaline phosphatase (ALP)+ colonies in CFU-Ob assay,
other cell populations in the bone marrow such as leuko-
cytes also express ALP and form ALP+ colonies; therefore,
CFU-Ob is not an accurate measure of true BMSC/
progenitor cells. To determine whether the osteogenic dif-
ferentiation potential of BMSCs is altered in aging, we iso-
lated BMSCs from 3-, 6-, 12-, 18-, and 24-mo-old male
C57BL/6 mice using negative immunodepletion and posi-
tive immunoselection approaches (see Materials and Meth-
ods section for detail). These BMSCs (Fig. 3A, phase) are
negative for CD11b and CD45 and positive for Sca-1, as
shown by immunolabeling of enriched cells from 18-mo-old
mice using FITC-conjugated monoclonal antibodies (Fig.
3A, bottom panels). The bone marrow cell cultures that
were not enriched by antibodies were mostly positive for
CD11b and CD45 and were negative for Sca-1 (Fig. 3A, top
panels). To confirm these results, FACS analyses were per-
formed with BMSCs isolated from all five age groups of
mice. The results showed that >88% of the cell populations

are CD11b negative, >91% are CD45 negative, and >70%
are Sca-1 positive (Fig. 3B). It was noted that the Sca-1–
positive counts were lower in FACS analysis. This was be-
cause of the lower affinity of the Sca-1 antibody (see Ma-
terials and Methods section) and decreased Sca-1
expression in a fraction of the cells during amplification,
because FACS analysis of Sca-1 antigen was performed af-
ter two rounds of amplification after initial antibody selec-
tions.

To characterize the enriched BMSCs, we treated cells
from 18-mo-old mice with osteogenic, adipogenic, and myo-
genic induction media. Results showed that these BMSCs
can differentiate into osteoblasts, adipocytes, and muscle-
like cells as shown by Alizarin Red-S staining of mineral-
ized bone matrix, Oil Red O staining of intracellular lipid
vacuoles, and immunolabeling of muscle-specific proteins
myosin and myogenin (Fig. 3C, a–c). Myosin and myogenin
are muscle-specific markers expressed in cytosol and
nucleus, respectively. Importantly, these cells have bone-
forming capacity, as shown by an in vivo transplant experi-
ment using GFP-expressing retrovirus-transduced BMSCs.
In brief, GFP retrovirus–transduced BMSCs(35) from 18-
mo-old mice were injected into the tibia of C57BL/6 mice.
Four weeks after injection, the mice were killed, and bone
tissues were sectioned and immunolabeled with GFP anti-
body. Results showed that the injected GFP-expressing
cells not only proliferate actively in bone marrow but also
differentiate into osteoblast-like lining cells or even incor-
porate into the trabecular bone (Fig. 3C, d). Together, these
results showed that our antibody-enriched BMSCs contain
a subset of multipotent stem cells.(27)

FIG. 2. Effect of guinea pig feeder cells on CFU-fibroblast colony-forming efficiency; 3 × 106 to 10 × 106 nucleated mouse bone
marrow cells were seeded in two sets of 25-cm2 plastic culture flasks. Top panels (Feeder layer): 3 h after seeding, unattached cells from
one set of the flasks were removed by aspiration, washed vigorously three times with DMEM. 1 × 107 nucleated guinea pig bone marrow
cells, freshly prepared and immediately �-irradiated (6000 R), were added to each flask (5-ml volume). The cultures were incubated for
10 days and stained with Giemsa as in Fig. 1. Bottom panels (20% FBS): 24 h after seeding, the media in the other set of the flasks were
removed, and the flasks were washed gently two times with DMEM. Five milliliters of DMEM supplemented with 20% FBS was added
to each flask, incubated, and stained as above. Colonies (>50 cells in size) were counted visually, and the number of colonies in each
flask is indicated. The white circles are used to highlight individual colonies.
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Osteogenic differentiation capacity of BMSCs from
different-aged mice

To study whether aging alters BMSC ability for osteo-
genic differentiation, we first examined ALP activity.
BMSCs isolated from different-aged mice (described
above) were cultured in osteogenic induction medium (OS)
for 10 days and stained with 1-Step NBT/BCIP buffered

substrate to visualize the surface ALP+ cell populations.
The results showed that the number of ALP+ cells increases
in an age-dependent manner in BMSCs isolated from 3- to
18-mo-old mice and decreases sharply in cells from old mice
(24 mo; Fig. 4A). In a parallel experiment, ALP activity was
measured, and similar results were obtained (Fig. 4B). It is
worth noting that the most intensive ALP staining or the
highest ALP activity was observed in BMSCs of middle-

FIG. 3. Characterization of BMSCs. (A) Marrow cell cultures (top) and antibody-enriched BMSCs from 18-mo-old mice (bottom)
were immuno-labeled with FITC-conjugated monoclonal antibodies as indicated and detected using a fluorescence microscope. (B)
FACS analysis of enriched BMSCs. BMSCs from indicated ages of mice were labeled with FITC-conjugated monoclonal antibodies
(CD45, CD11b, and Sca-1, respectively) and analyzed. Percentages of cells positive for CD45, CD11b, and Sca-1 are shown. This
experiment was performed in triplicate. (C) Multipotentiality of enriched BMSCs. BMSCs isolated from 18-mo-old mice were exposed
to osteogenic, adipogenic, and myogenic differentiation media. (a) Cells were treated with osteogenic supplements for 21 days and
stained with ARS for mineralized bone nodules. (b) Cells were treated with adipogenic induction media for 2 days, cultured in
maintenance media for 14 days, and stained with Oil Red O. (c) Cells were treated with 5-azacytidine (5-Aza) for 24 h, cultured in
regular growth media for 21 days, and immuno-labeled with indicated antibodies. These experiments were performed a minimum of
three times in triplicate. (d) Bone tissue labeled with GFP antibody to show osteoblast-like lining cells (arrows) 6 wk after injection of
GFP-BMSC into mouse tibias. Star indicates GFP-BMSC embedded in the bone. These experiments were repeated at least three times
with similar results.
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aged mice (12 and 18 mo old) but not younger ones (3 and
6 mo old).

We next asked the question of whether ALP activity, an
early osteoblast differentiation marker, can predict termi-
nal differentiation state. The cells were cultured further for
21 days and stained with silver nitrate solution (von Kossa
staining) to visualize mineralized bone nodules. Results
showed that BMSCs from all age groups of mice can form
mineralized nodules in a pattern similar to that seen in ALP
staining, but the differences are less dramatic between ma-
ture (3 and 6 mo old) and middle-aged mice (12 and 18 mo
old; Fig. 4C). The osteogenic potential of BMSCs from old
mice (24 mo old), although still present, is significantly re-
duced, which is consistent with the ALP activity (Figs. 4A
and 4B) and CFU-Ob assays (Fig. 1). Cells cultured in regu-
lar growth media (DMEM) did not mineralize regardless of
ages. These data showed that BMSCs from all age groups of
mice can undergo osteogenic differentiation and matura-
tion, but the capacity or the potential for this biological
process is significantly reduced with advancing age.

Real-time RT-PCR analysis of osteogenic
gene expression

We examined the mRNA expression profile of the os-
teoblast lineage–associated genes. As representatives of

mature, middle-aged, and aged groups, mRNA levels of
BMSCs isolated from 3-, 12-, and 24-mo-old mice were ana-
lyzed. The cells were treated with or without OS for 14 days
and harvested for total cellular RNA isolation. Equal
amounts of total RNA were reverse transcribed, and the
mRNA levels of Runx2/Cbfa1, type I collagen (Col1a1),
and osteocalcin were analyzed by real-time PCR using
CYBR Green Master Mix and the primers listed in Table 1.
Results showed that basal levels of Runx2/Cbfa1 mRNA
are higher in BMSCs from mature and middle-aged mice
than that in old mice (Fig. 5A, open bars), although the
levels did not significantly increase in response to osteo-
genic stimuli (OS, solid bars). In contrast, the levels of
Col1a1 (Fig. 5B) and osteocalcin (Fig. 5C) mRNA in-
creased in response to osteogenic stimulation. These data
suggest that the BMSCs from all ages of mice have the
intrinsic ability to differentiate into osteoblasts and form
bone but that this ability is significantly reduced with aging.

BMSC proliferation

To determine whether the observed pattern of osteo-
genic differentiation was caused by altered rates of BMSC
growth among different ages, we performed proliferation
assays. BMSCs from all five age groups of mice were plated
in triplicate in 96-well plates (1 × 104 cells/cm2), and cell

FIG. 4. Effect of aging on
BMSC osteogenic differentia-
tion. BMSCs from indicated
ages of mice were cultured in
osteogenic induction media for
10 or 21 days and assayed for
ALP activity or mineraliza-
tion. (A and B) After 10 days
of treatment, cells were fixed
with 3.7% formaldehyde, and
stained with SIGMA FAST
BCIP/NBT Buffered Substrate
(A), or lysed in 0.05% Triton
X-100 directly without fixing
and assayed for ALP activity
(B). ALP activity is given in
Sigma units normalized to pro-
tein content, where 1 Sigma
unit is equivalent to the en-
zyme activity needed to re-
lease 1 mol of p-nitrophenol
per hour. The protein concen-
tration was determined using
Bradford reagent (*p < 0.01;
+p < 0.001 compared with 3
mo). The experiment was done
in triplicate in two separate ex-
periments. (C) After 21 days
of treatment, cells were fixed
with formaldehyde and stained
with silver nitrate for mineral-
ized nodules (von Kossa stain-
ing). The cells were counter-
stained with eosin. These ex-
periments were performed a
minimum of three times in trip-
licate. Cells cultured in MDEM
did not mineralize. Only one
representative stained wells for
each age group is shown.
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proliferation was assayed every day for 7 consecutive days
using a Cell Growth Determination kit (Sigma-Aldrich). As
shown in Fig. 6, BMSCs from all age groups of mice started
to proliferate 3–4 days after seeding, and growth continued
until the end of the experiment (day 7). Thus, BMSCs from
mice of all ages had proliferative potential, although the
proliferative capacity was different among the groups.
BMSCs from mice of 3 and 6 mo of age had lower prolif-
erative rates than those of 12, 18, or 24 mo of age from day
4 onward (p < 0.001). These data suggest that the decrease
of osteogenic differentiation observed in BMSC of aged
mice was not caused by a decrease in BMSC proliferation.

DISCUSSION

We previously reported(36) that bone mass in C57Bl6
mice is relatively stable until 18 mo of age; however, be-
tween 18 and 24 mo, there was a rapid drop off in bone
mass as assessed by bone densitometry and �CT. In this
previous study, aging was associated with a decrease in os-
teoblast number, suggesting the possibility of decreased os-
teoblastic differentiation from bone progenitor cells. In this
study, we described the osteogenic differentiation capaci-
ties of BMSCs derived from mice of five different age
groups. It is known that decreased osteoblastic activity and
increased osteoclastic activity contribute to age-related
bone loss; however, little is known about the changes in
BMSCs during the aging process. Because of technical limi-
tations associated with the lack of specific surface markers,
mouse BMSCs are difficult to isolate,(26) and the majority

FIG. 5. Real-time RT-PCR analysis of osteoblast-specific gene
expression. BMSCs from 3-, 12-, and 24-mo-old mice were treated
with or without osteogenic induction media for 14 days and har-
vested for total RNA isolation. The mRNA levels of Runx2/
Cbfa1, type I collagen (Col), and osteocalcin were analyzed by
real-time RT-PCR. The PCR reactions were performed in tripli-
cate for each sample in two separate experiments (+p < 0.001;
*p < 0.01 compared with 3 mo).

FIG. 6. Effect of aging on BMSC proliferation. BMSCs from 3-,
6-, 12-, 18-, and 24-mo-old mice were plated in triplicate in 96-well
plates at a density of 1 × 104 cells/cm2, and cell proliferation was
assayed using a Cell Growth Determination kit for 7 consecutive
days. These experiments were repeated in triplicate in two sepa-
rate experiments (*p < 0.01 compared with 3 mo).
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of the studies on aging BMSCs were conducted using whole
marrow cells.(37,38) To gain insight into the role of BMSCs
in the aging process, we developed a procedure based on
several studies(25–27) and purified BMSCs from five age
groups of C57BL/6 mice. The cells isolated using this pro-
cedure are capable of undergoing osteogenic, adipogenic,
and myogenic differentiation (Fig. 3). These cells can pro-
liferate and form bone in vivo as shown by transplant of
GFP expression retrovirus–transduced cells (Fig. 3C, d).
Thus, a subpopulation of these cells meet the criteria for the
definition of pluripotent progenitor cells.(39,40) Compara-
tive studies of osteogenic differentiation indicate that os-
teogenic differentiation capacity increases in an age-
dependent manner in BMSCs isolated from mature to
middle-aged mice (3–18 mo) but decreases rapidly thereaf-
ter. These results are consistent with the CFU assays, which
showed that the numbers of colonies in CFU-F and CFU-
Ob assays increase as animals grow from mature to middle
age and decrease as they age further. Our results suggest
that the BMSCs, irrespective of age, continue to retain pro-
liferation and differentiation capacity and that the cells
from younger mice are not necessarily more potent than
that those from older ones in terms of proliferation or dif-
ferentiation (i.e., the osteogenic and adipogenic differentia-
tion capacity of BMSCs from 3- or 6-mo-old mice are not
necessarily greater than the BMSCs from 12- or 18-mo-old
mice). This conclusion is also supported by our results on
mRNA expression of the key osteogenic gene Cbfa1/Runx2
(Fig. 5), where we found that there was no statistically sig-
nificant difference in expression in Cbfa1 among BMSCs
from mice of different ages. An alternative interpretation
might be that, as the BMSCs age, a key subpopulation loses
its “stem”-like characteristics and becomes more commit-
ted to differentiate along one pathway or the other (thus
the increasing von Kossa and ALP activity in Fig. 4) until
eventually these cells become exhausted, and osteoblast
number decreases, as does BMD.(36) Data to support this
possibility comes from studies by Ogawa et al.(41) In these
studies on hematopoietic stem cells, the investigators re-
ported that the more primitive multipotential “stem-like”
cells tend to be in the dormant phase of the cell cycle. Thus,
in their isolation procedure for hematopoietic stem cells,
they placed isolated (or subcloned) cells into culture and
selected those with less proliferative capacity (<20 cells)
after 1 wk of culture. It is precisely this low proliferative
potential that they use to identify “stem cells.” For prolif-
eration data shown in Fig. 6, cells were cultured for <1 wk.
Thus, it is possible that our results are caused by the fact
that BMSCs cultures from the 3- and 6-mo-old mice have a
greater percentage of multipotential progenitor cells (with
lower proliferative capacity) and that this population de-
creases with increasing animal age.

A number of previous studies have examined the age
dependency of the proliferative and differentiation capacity
of progenitor cells from other species, and although most of
these studies are consistent with our own, that progenitor
cell number decreases with age, there are large variations in
the animal species, sex, and ages used. A study by Stolzing
and Scutt(42) used BMSCs from female Wistar rats between
3 and 56 wk of age and found that BMSCs from 56-wk-old

rats, compared with 3-wk-old animals, had significantly de-
creased CFU-f number (57% lower), size (52% lower), and
ALP expression (25% lower). Of note, in contrast to this
study, the report by Stolzing and Scutt used adult (rather
than aged) animals. A separate study by Chang et al.(43)

studied human fetal versus adult BMSCs and also found
that the adult cells showed decreased proliferation and dif-
ferentiation capacity compared with fetal cells. However,
they did not use an enriched bone marrow cell population,
and the number of ages studied was limited.

Because direct head-to-head comparison between our
study and other similar studies is not possible, we cannot
conclude that our observations are applicable to other ani-
mal strains or species. Particularly because results from
other studies have shown that remarkable variations in
growth and differentiation, potential exists even among
commonly used strains of inbred mice.(26,44) Nevertheless,
we speculate that a decrease in BMSC/progenitor number
and hormonal and structural changes in the aging bone
marrow environment may be key factors governing BMSC/
progenitor cell lineage commitment. It is also possible, how-
ever, that the BMSCs lag behind the aging of other types of
cells/tissues because the BMSCs are a special type of cell
and they are needed for repair/regeneration.

A parabiotic study by Conboy et al.(45) found that the
regenerative capacity of aging muscle satellite (progenitor)
cells was substantially restored by the exposure of these
older mice to the circulation of the younger mice in heter-
ochronic experiments. These studies suggest that the envi-
ronment plays an important role in maintaining the prolif-
erative capacity of these progenitor cells.

In summary, our studies showed that BMSC/progenitor
cell number and differentiation capacity decrease in an age-
dependent manner. This study is consistent with our previ-
ous findings(36) showing a dramatic drop-off in the ability of
mice between the ages of 18 and 24 mo to maintain a nor-
mal bone mass. We speculate, based on our findings, that
changes in BMSC number and function, together with the
changes in the bone marrow microenvironment (serum fac-
tors, etc.), may directly contribute to age-related bone loss.
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