
Introduction

With a predicted doubling of the aged population from 1990 to
2020, bone-related diseases are predicted to be a major healthcare
challenge where effective treatment strategies are lacking [1]. This
has spurred the WHO supported global organization, ‘The Bone
and Joint Decade’, to encourage research in the prevention, diag-
nosis and treatment of musculoskeletal disorders [2]. Bone 
marrow derived mesenchymal stromal cells (MSC), being a readily
available cell source with high proliferative capacity and multi-
lineage differentiation potential, have been intensively studied as a
potential therapeutic cell source in bone diseases. Although the
positive therapeutic efficacy of MSC in patients has been widely
reported [2, 3], it must be noted that the efficacy of MSC therapy

in both animals and patients is in fact extremely low [4–6].
Compared to the 1–2% successful engraftment of MSC in vivo [2],
the low efficiency of MSC osteogenesis in vitro is seldom reported.
The low efficiency of MSC osteogenesis in vitro may reflect the
poor osteogenic performance of these cell grafts in vivo.
Additionally, MSC of various species showed limited proliferative
capacities, displaying senescence after approximately 12 pas-
sages (40 population doublings) for human MSC [6, 7], 20 pas-
sages for rhesus monkey MSC [8], 4 passages (22 population
doubling) for rat MSC [9], and varying lifespan for mouse MSC,
ranging from 10 passages [10] to more than 80 population dou-
blings [11–13]. This increasing senescence of MSC during serial
passage will limit the available number of cells upon ex vivo
expansion and confine their therapeutic efficacy within a limited
time window. Besides increasing senescence, the physiology 
of MSC changes with serial passage and their multi-lineage differ-
entiation capacity also diminishes [8, 14]. Additionally, it is recognized
that MSC are composed of highly heterogeneous sub-populations
that display variable differentiation capability and proliferation
rates [15, 16]. The application of MSC sub-population with poor
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osteogenic potential and short lifespan will undoubtedly decrease
the therapeutic efficacy. Hence, we suggested that the efficacy of
MSC therapy could be enhanced by the purification of a MSC sub-
population with high osteogenic potential and prolonged lifespan
within in vitro culture. In this study, we attempted to isolate such
an MSC sub-population from mice rather than human, because of
the high inter-batch variability and inconsistent availability of
donated human material. The osteogenic potential of the isolated
mouse MSC (mMSC) sub-population was well characterized both
in vitro and in vivo.

Materials and methods

Mice

Female C57BL/6 (C57) and Balb/c (Bc) mice, 6–8 weeks old, were pur-
chased from the Laboratory Animals Center and housed in the satellite
Animal Holding Unit of the National University of Singapore. All experimen-
tal protocols involving animals were approved by the Institutional Animal
Care & Use Committee of the National University of Singapore.

Isolation and enrichment of mMSC

After C57 mice were killed by CO2 asphyxiation, both femurs and tibiae
were dissected out. The ends of each femur and tibiae were removed to
expose the bone marrow cavity. Bone marrow from the femurs and tibiae
of the same mouse were cultured in 5 ml of complete media (CM): mesen-
cult basal medium (Catalogue# 05501, Lot# 07B21265, StemCell
Technologies, Inc., Vancouver, BC, Canada) containing mesenchymal stem
cell stimulatory supplements (Catalogue# 05502, Lot# 06M20759,
StemCell Technologies, Inc.) and 1% penicillin–streptomycin solution (PS,
Sigma-Aldrich, St. Louis, MO, USA) in T25 flasks at 37�C, 5% CO2 and
95% humidity for 3 days. Non-adherent cells were discarded, and adherent
cells attained confluence after 3–5 days. The confluent cells were detached
with 0.05% Trypsin/ethylenediaminetetraacetic acid (EDTA) (Invitrogen,
San Diego, CA, USA) at 37�C for 2 min., for subsequent serial passage.

Cells without any enrichment (M1, n � 10) were grown up to passage
(P) 5 with a split ratio of 1:2, and a seeding density of 5 � 103 cells/cm2

after P5. Cells enriched by silica depletion were grown up to P2 at a split
ratio of 1:2 and detached at 100% confluence. Two different methods were
used to enrich mMSC at P2. One method involved incubating these cells
(M2, n � 7) at 1 � 106 cells/ml within a 15 ml conical tube with 100 �g/ml
of silica microspheres (diameter range from 1.00–2.49 �m, Catalogue#
SS04N, Bangs Laboratories, Inc., Fishers, IN, USA) in RPMI-1640 media
(Sigma-Aldrich) without heat-inactivated foetal bovine serum (FBS,
HyClone, Logan, UT, USA) at 37�C for 1 hr. The other method involved
incubating these cells (M4, n � 4) at 1 � 106 cells/ml with 100 �g/ml of
silica microspheres in RPMI-1640 media and 5% of FBS at 37�C for 4.5
hrs. Cells and silica microspheres were mixed every 20 min. Subsequently,
the cells were resuspended in 4 ml of phosphate-buffered saline (PBS) and
layered onto Ficoll-Paque PREMIUM (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). Interlayer cells were collected from Ficoll after cen-
trifugation at 300 � g for 30 min. at room temperature and washed with
PBS twice. The cells were cultured in CM at 1 � 104 cells/cm2. M1, M2 and
M4 were derived from bone marrow explants of different mice.

To remove the small amount of remaining haematopoietic cells after silica
depletion, cells were negatively selected at P3 with a Lineage Cell Depletion
Kit (130-090-858, Miltenyi Biotec, Inc., Bergisch Gladbach, Germany) follow-
ing the manufacturer’s instructions. The negatively selected cells were then
seeded in CM at 1 � 104 cells/cm2. Upon reaching confluence, the cells were
detached and characterized by flow cytometric analysis. After P5, cells were
seeded at 5 � 103 cells/cm2 and attained confluence around 3–4 days. Cell
surface molecular profile was characterized every other passage after P2. Cell
growth dynamics from P5 onwards were graphed as the logarithm of total 
cell numbers from P5 to the testing day with 2 as the base (y-axis) against 
the accumulated days up to the testing day (x-axis).

Colony-forming units assay

M2 cells at P8 (M2P8), M4 cells at P8 (M4P8) and M2 cells at P39
(M2P39) were seeded into 6-well plates at 10 cells/cm2, 50 cells/cm2 and
100 cells/cm2 in duplicates. Culture media was changed every 3–4 days.
On day 10, cells were stained with 0.25% crystal violet (Sigma) for 10 min.
After photomicrographs were taken under an inverted fluorescence micro-
scope (Olympus IX70, Tokyo, Japan), the dye was extracted with 1 ml of
10% acetic acid per well. When the colour was uniform, every 200 �l
aliquot was transferred into each well of a 96-well flat bottom plate and the
absorbance was read at 600 nm using the TECAN INFINITE M200
microplate reader (Tecan Group Ltd., Männedorf, Switzerland).

Differentiation of mMSC

Osteogenic differentiation
M1 at P9, M2 and M4 at P10, M2 at P32 (abbreviated as M1P9, 
M2P10, M4P10 and M2P32, respectively) were induced in Dulbecco’s 
minimum essential medium (DMEM) containing 10% FBS, 10 mM sodium 
�-glycerophosphate (Sigma), 50 �g/ml ascorbate-2-phosphate (Sigma),
10�8 M dexamethasone (Sigma) and 1% PS for 28 days. During differen-
tiation, MSC were separately cultured in T75 flasks for flow cytometric
analysis, and in 6-well culture plates (2 � 103 cells/cm2) for characteriza-
tion. Cells were cultured in CM as controls. Medium was collected from the
6-well culture plates on day 14 and day 28, respectively, for alkaline phos-
phatase (ALP) quantitative assay [17, 18]. On day 28, cells were stained
with alizarin red (pH4.1, Sigma) for 30 sec.

Chondrogenic differentiation
M1P9, M2P10, M4P10 and M2P32 were induced in DMEM containing 1%
insulin-transferrin-selenium (ITS) Premix (BD Biosciences, San Jose, CA,
USA), 10 ng/ml transforming growth factor (TGF-)�1 (R&D Systems,
Minneapolis, MN, USA), 50 �g/ml ascorbate-2-phosphate, 10�7 M dexam-
ethasone, 40 �g/ml L-proline (Sigma), 1% sodium pyruvate (Sigma), 1%
nonessential amino acids (Invitrogen), 1% Glutamax (Invitrogen) and 1% PS
at 2.5 � 105 cells/tube in 3-D pellet culture for 28 days. Pellets cultured in
media without TGF-�1 served as the controls. The differentiation was con-
firmed by toluidine blue staining and sulphated glycosaminoglycan (s-GAG)
quantitation using Blyscan Glycosaminoglycan Assay kit (Biocolor Ltd.,
Newtownabbey, Northern Ireland, UK), as previously described [17, 18].

Adipogenic differentiation
M1P9, M2P10, M4P10 and M2P32 were induced in DMEM containing 10%
FBS, 5 �g/ml Insulin (Sigma), 60 �M Indomethacin (Sigma), 50 �M 
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3-isobutyl-1-methylxanthine (Sigma), 10�7 M dexamethasone and 1% PS
at 2 � 105 cells/well within 6-well plates for 7–10 days. Cells were stained
with 0.36% of oil-red-O (Sigma) for 1 hr. After being imaged, the dye was
extracted by 100% isopropanol at room temperature for 10 min. Every 200 �l
of dye extraction was transferred into one well of a 96-well flat bottom
plate and the absorbance was read at 500 nm using the microplate reader.

Flow cytometry analysis

For flow cytometry analysis, 2 � 105 cells were suspended in 10 �l of PBS
for binding with each specific antibody. Briefly, cells were incubated with rat
anti-mouse CD16/CD32 (mouse FcR blocking reagent, Pharmingen, BD
Biosciences San Diego, CA) antibody at 4�C for 5 min., followed by the addi-
tion of fluorescence conjugated monoclonal antibodies of Sca-1 (553335,
Pharmingen), CD11b (130-081-201, Miltenyi Biotec, Inc.), CD29 (555005,
Pharmingen), CD34 (11-0341, eBioscience, San Diego, CA, USA), CD44
(11-0441, eBioscience), CD45 (130-091-609, Miltenyi Biotec, Inc.), CD73
(550741, Pharmingen), CD90.2 (553003, Phamingen), CD105 (12-1051,
eBioscience), CD117 (130-091-730, Miltenyi Biotec, Inc.), MHC-Ib (11-
5999, eBioscience) and MHC-II (11-5322, eBioscience), respectively, at 4�C
for 30 min. Cells were then washed with PBS once and fixed in 1%
paraformaldehyde for analysis by using the CyAnTM ADP Analyzer
(Beckman Coulter, Fullerton, CA, USA) and Summit v4.3.

In the case of cells stained for intracellular osteocalcin (OC), the cells
were fixed in 4% paraformaldehyde at room temperature for 5 min. and
washed with PBS once, prior to incubation in perm buffer (PBS containing
1% FBS, 10% rabbit serum, 5 mM EDTA [6381-92-6, Duchefa Biochemie,
Netherlands] and 0.1% Saponin [Sigma]) at room temperature for 30 min.,
and incubation with anti-mouse CD16/CD32 antibody at 4�C for 5 min. and
Goat anti-mouse OC antibody (BT-592, 1:250, Biomedical Technologies, Inc.,
Stoughton, MA, USA) [19] at 4�C for 45 min. Cells were then washed with
perm buffer once and incubated with Cy5 Rabbit anti-goat IgG (81-1616,
1:500, Zymed Laboratories, Invitrogen) at 4�C for 15 min. Cells were subse-
quently washed with PBS and fixed in 1% paraformaldehyde for analysis.

Karyotyping of mMSC chromosomes

Metaphase spreads preparation
Subconfluent M2 at P25, P35, P45 and P55 were incubated in Colcemid
(0.25 �g/ml, Invitrogen) at 37�C for 6 hrs and detached. The cell pellet was
suspended in hypotonic KCl (0.075 M) at 37�C for 15 min. and was fixed
in chilled Carnoy’s fixative (glacial acetic acid: absolute methanol � 1: 3).
Metaphase spreads were prepared by dripping the fixed cell suspension
from 20 cm above the pre-cleaned slides (Fisher Scientific, Inc.,
Pittsburgh, PA, USA) and drying on a 65�C hotplate. The short hypertonic
treatment time and low height of dripping cell suspension were meant to
prevent the formation of broken metaphases. The slides were aged at room
temperature for 10 days before G-banding.

Giemsa banding
Slides with murine metaphase spreads were immersed for 30 sec. in a coplin
jar containing 2.5% trypsin/0.9% NaCl mixture, followed by washing with
0.9% NaCl solution twice. The slides were then stained with Gurr’s Giemsa
working solution for 5 min., followed by washing in Gurr’s 6.8 buffer
(Invitrogen) twice. The slides were air-dried and cover slipped with Cytoseal
60 (Cole-parmer, USA Vernon Hills, IL). Metaphase analysis was performed
with a Zeiss Axioplan microscope (Carl Zeiss GmbH, Oberkochen, Germany).

Allo-immunogenicity testing of mMSC

One-way mixed lymphocyte culture in vitro
C57 and Bc mononuclear cells (MNC) were obtained by Ficoll fractionation at
300 � g for 20 min. For stimulators, M2P5, M2P14, M2P5DOC (differentiated
osteogenic cells) and M2P10DOC as well as C57 MNC were inactivated by 
25 �g/ml of mitomycin C in darkness at 37�C for 20 min. prior to being sus-
pended in RPMI-1640 containing 5% FBS, 50 �M 2-mercaptoethanol
(Sigma) and 1% PS. C57 MNC and Bc MNC were suspended at 1 � 106

cells/ml, while M2P5, M2P14, M2P5DOC and M2P10DOC were suspended 
at 105 cells/ml. Ten thousand M2P5/M2P14/ M2P5DOC/ M2P10DOC were 
co-cultured with 105 of Bc MNC or were added into the co-culture of 105 of
Bc MNC and 105 of C57 MNC in triplicates within a 96-well U Bottom Plate in 
0.2 ml/well of medium for 6 days. Sixteen hours before harvesting, tritium-
labelled thymidine (0.5 �Ci/well, Bio-Rad Laboratories, USA) was added into
the co-culture. Counts per minute (CPM) of tritium was recorded with a 
liquid scintillation counter (PerkinElmer, Waltham, MA, USA).

Allogeneic transplantation and osteogenic 
differentiation in vivo
After anaesthesia, Bc mice were injected subcutaneously with 5 � 106 of
M1P14 and M2P14 in 200 �l of PBS in both sides of the abdominal wall. The
successful injection showed protrusion of skin at the injection sites were
labelled with gentian violet. At 12 days after implantation, the whole skin
around the injection area were cut, fixed and embedded in OCT compound
media (Jung, Leica Microsystems, Wetzlar, Germany). Specimens were sec-
tioned at 6 �m in thickness. The slides were permeabilized and blocked in
perm buffer (the same as that for flow cytometric analysis) at 37�C for 30 min.
The slides were stained with primary antibodies (MHC-Ib [1:12.5], and anti-
bodies to osteogenic markers, such as anti-mouse ALP antibody [B4-78,
bone and liver specific, DSHB, Iowa City, IA, USA; diluted to 5 �g/ml], anti-
mouse osteopontin [OPN] antibody [MPIIIB10, DSHB, diluted to 5 �g/ml],
Goat anti-mouse OC antibody [diluted at 1:50]) in perm buffer at room tem-
perature for 1 hr and subsequently with secondary antibody (Qdot655 Goat
anti-mouse IgG [diluted at 1:200] for ALP and OPN detection, Cy5 Rabbit
anti-goat IgG [diluted at 1:100] for OC detection) at room temperature for 1
hr. Slides were mounted in VECTASHIELD Mounting Medium (H-1200,
Vector Laboratories, Burlingame, CA, USA) and observed under fluorescence
microscope. Besides fluorescence staining, haematoxylin and eosin staining
was performed to demonstrate tissue morphology as well as alizarin red
staining to investigate the existence of mineral deposition.

Statistical analysis

Quantitative data were analysed by SPSS 11.5 for windows (SPSS, Inc.,
Chicago, IL, USA) using ANOVA. A value of P 	 0.05 was considered signif-
icantly different.

Results

mMSC enrichment and expansion

With normal passaging, CD11b�, CD45�, CD117� and lineage�

cells would be limited to 5% or less of the total cell population
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after eight passages (data not shown). When duration of
trypsinization was shortened to 2 min., the detached cells would
be free of haematopoietic cell contamination with 99% purity at
P6 (Fig. 1). With silica incubation, monocytes and macrophages
that engulf silica became heavy and consequently sediment to the
bottom of the tube after centrifugation in Ficoll. After 4.5 hrs
incubation with silica, the contamination of CD11b� cells
decreased from 81.86 
 10.96% (mean 
 S.E.) at P2 to 13.96 

3.03% upon reaching confluence at P3. However, when bone
marrow cells were incubated with silica for 1 hr, the contamina-
tion by CD11b� cells decreased to only 46.11 
 10.54% upon
reaching confluence at P3. Subsequently, these cells were then
subjected to negative selection at P3. Upon reaching confluence
at P5, the contamination by haematopoietic cells was reduced to
within 1% (Fig. 1).

As in previous studies, mMSC displayed a much slower
rate of proliferation compared to MSC isolated from other
species. With our protocol, it took approximately 5–7 days to
attain confluence in the first two passages, at a split ratio of
1:2. Higher passage splitting ratio of mMSC caused a delay or
stoppage of growth. After silica treatment, the time duration
to attain confluence would range from 5 to 16 days. However
at a seeding density of 5 � 103 cells/cm2, the proliferation
rate would speed up from the fifth passage onwards, with the

time duration required to attain confluence being shortened
to 3–4 days.

Phenotypic analysis

All cells showed strong expression of CD29 and CD44 (data not
shown) regardless of passage number or treatment with silica.
When bone marrow cells were not incubated with silica (M1, 
Fig. 1A), they did not express CD11b, CD45, CD117 and other
haematopoietic lineage markers at P6, while displaying strong
expression of Sca-1, CD105 and CD90, as well as low level expres-
sion of CD34 and CD73. After 1 hr incubation with silica followed
by Ficoll fractionation, M2 (Fig. 1B) at P5 were negative for
expression of CD11b, CD45, CD90, CD105, CD117 and other
haematopoietic lineage markers, but displayed positive expression
of CD34, Sca-1 and CD73. At an identical passage number, M4
(Fig. 1C), which were incubated with silica for 4.5 hrs, displayed
strong expression of Sca-1 and CD105, but were negative for
other tested markers. During prolonged culture of M2, the expres-
sion of CD34, Sca-1, CD73 and CD105 was analysed at even pas-
sage numbers. The results show that the expression of CD34
completely diminished by passage 36 (Fig. 1D) and that of Sca-1
completely diminished by passage 40 (data not shown). However,

Fig. 1 Surface molecule profile of M1P6, M2P5, M4P5 and M2P36. (A) The surface molecule profile of M1 at P6 which were not treated with silica. (B)
The surface molecule profile of M2 at P5 which were incubated with silica for 1 hr and were negatively selected. (C) The surface molecule profile of M4
at P5 which were incubated with silica for 4.5 hrs and were negatively selected. (D) The surface molecule profile of M2 at P36. Open peaks were
unstained cells as negative control, solid peaks were cells stained with corresponding antibodies after FcR blocking.
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M2 did not express CD105 but did express CD73 at the same level
until the last passage in culture.

Cell morphology and tri-lineage differentiation
capability

The cultured mMSC displayed heterogeneous morphology, with
mixture of predominantly spindle-shaped fibroblastic cells and
small rounded cells, together with a minority of giant flat cells.
M2P39 appeared to have the smallest cell size (Fig. 2M), while
M1P9, M2P10 and M4P10 were similar (Fig. 2A, E and I). M1P9,
M2P10, M4P10 and M2P32 displayed tri-lineage differentiation
potential on day 28 of osteogenesis (Fig. 2C, G, K and O) and
chondrogenesis (Fig. 2B, F, J and N), as well as on day 10 of 
adipogenesis (Fig. 2D, H, L and P) after induction. However, the
differentiation potential was different in each lineage. M1
osteogenic nodules were small and disperse, whereas M2P10,
M4P10 and M2P32 osteogenic nodules were dense. As observed
macroscopically, a higher percentage of M2 entered osteogenesis
(Fig. 3A and B) as compared to M4 (Fig. 3C). Under microscopic
observation (Fig. 2), more chondrogenic cells of typical morphol-
ogy with dense cartilaginous matrix were displayed by M1P9,
M2P10 and M2P32 compared to M4P10. A much lower percent-
age of mature fat cells were observed in M1P9, M2P10 and
M2P32 than in M4P10. The lipid droplets in M2P32 had a small
and immature morphology.

To further characterize the difference between M2 and M4,
quantitative assays of osteogenesis, chondrogenesis and adi-
pogenesis were performed on M2P10, M2P32 and M4P10. On
day 28 of osteogenic differentiation, there was much more
intracellular synthesis of OC in M2P10 compared to M4P10

(Fig. 3G). The ALP activity of both M2P10 and M2P32
decreased with further extension of osteogenesis (Fig. 3E).
Low ALP activity was displayed by M4P10 at the starting point
of differentiation, but the ALP activity gradually increased up to
day 28 and then decreased thereafter. On day 28 of differentia-
tion, the ALP activity of M4 was significantly higher than that
of both M2P10 and M2P32 (P 	 0.01). After an extension of 
14 days and 28 days of differentiation, the ALP activity of M4
remained significantly higher than that of M2 (P 	 0.01).
Interestingly, the expression of CD73 was maintained during
the osteogenesis of M2P10, which was also manifested in
M4P10 during osteogenic differentiation (Fig. 3H). Upon
extraction of oil red from adipogenic progenitors of M2 and
M4, M4P10 showed significantly higher absorbance than
M2P10 and M2P32 (P 	 0.01) (Fig. 3D). In chondrogenic dif-
ferentiation, M2 demonstrated significantly higher level of 
s-GAG/DNA, when compared to the control media (*, P	0.05;
**, P	0.01), while M4 did not (Fig. 3F). Chondro-differentiated
M2 also secreted significantly higher s-GAG synthesis than
chondro-differentiated M4 in a single cell level (P 	 0.05).
Upon comparison of M2P10 and M2P32, the level of 
s-GAG/DNA decreased with longer passage cells (P 	 0.05).

Colony-forming unit assay

Both M2P8 and M2P39 displayed dense and compact colonies
with clear boundaries, while M4P8 displayed less compact, more
diffuse colonies (Fig. 4). Upon extraction of crystal violet dye,
M2P39 showed the highest concentration of dye, while M4P8
showed the lowest. The difference between them was significant
(*, P 	 0.05; **, P 	 0.01).

Fig. 2 M1P9, M2P10, M4P10 and M2P32 mor-
phology and tri-lineage differentiation. (A)
Morphology of M1P9 (4�). (B) Chondrogenesis
of M1P9 for 28 days (20�). (C) Osteogenesis of
M1P9 for 28 days (10�). (D) Adipogenesis of
M1P9 for 10 days (20�). (E) Morphology of
M2P10 (4�). (F) Chondrogenesis of M2P10 for
28 days (20�). (G) Osteogenesis of M2P10 for
28 days (10�). (H) Adipogenesis of M2P10 for
10 days (20�). (I) Morphology of M4P10 (4�).
(J) Chondrogenesis of M4P10 for 28 days
(20�). (K) Osteogenesis of M4P10 for 28 days
(10�). (L) Adipogenesis of M4P10 for 10 days
(20�). (M) Morphology of M2P32 (4�). (N)
Chondrogenesis of M2P32 for 28 days (20�).
(O) Osteogenesis of M2P32 for 28 days (10�).
(P) Adipogenesis of M2P32 for 10 days (20�).
Yellow scale bars represent 500 �m.
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Fig. 3 Comparison of tri-lineage differentiation
capability and CD73 expression on M2 and M4.
(A) Osteogenesis of M2P10 for 28 days. (B)
Osteogenesis of M2P32 for 28 days. (C)
Osteogenesis of M4P10 for 28 days. (D)
Quantity of oil red extracted from adipogenic
progenitors of M2P10, M2P32 and M4P10. (E)
ALP activity of osteogenic progenitors of
M2P10, M2P32 and M4P10. Dark bars are con-
trols, representing the ALP activity of the same
cells cultured in mMSC complete medium. (F)
Quantity of s-GAG synthesis per cell of chon-
drogenic progenitors of M2P10, M2P32 and
M4P10. Dark bars are controls, representing
the same cell pellet cultured in chondrogenic
differentiation media without TGF-�1. (G)
Synthesis of osteocalcin by day-28 osteogenic
progenitors of M2P10 (left) and M4P10 (right)
detected by intracellular fluorescent staining.
Open peaks were controls, representing cells
stained with the secondary antibody. (H)
Expression of CD73 by day-28 osteogenic pro-
genitors of M2P10 (left) and M4P10 (right).
Open peaks were controls, representing
unstained cells. All bars in D, E and F represent
mean 
 S.E. of duplicates of two independent
experiments (*, P 	 0.05; **, P 	 0.01).

Fig. 4 M2 showed rapid proliferation and long-term
survival in vitro. (A) M2P8 colonies at seeding density
of 10, 50, 100 cells/cm2 (from left to right) and mor-
phology of a typical colony (1.25�). (B) M2P39
colonies at seeding density of 10, 50, 100 cells/cm2

(from left to right) and morphology of a typical colony
(1.25�). (C) M4P8 colonies at seeding density of 10,
50, 100 cells/cm2 (from left to right) and morphology
of a typical colony (1.25�). Black scale bars represent
2 mm. (D) Quantity of crystal violet extracted from
M2P39, M2P8 and M4P8. All bars represent mean 

S.E. of duplicates of two independent experiments 
(*, P 	 0.05; **, P 	 0.01). (E) Cell doubling times
against culture days in vitro of M2 after P5.
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Long-term survival and karyotyping

M2 could be cultured for more than 70 passages in vitro (Fig. 4),
which approximates to about 275 doublings. Cell doubling was cal-
culated after P5. The maximal number of mMSC in one T75 flask was
approximately 6.48 
 1.71 � 106 cells from P17 to P34. One extra
day of culture would not significantly increase the cell number at
confluence. After 67 passages, the proliferation rate slowed down.
By Giemsa banding, majority of M2 revealed normal diploid kary-
otype (Fig. 5A) in all tested passage numbers of cells. Less than 5 % of
cells were aneuploid in all tested cells (Fig. 5B). No time-dependent
increase in number of aneuploid cells was observed. Additionally, 
various euploid M2 were detected in different copy numbers, such as

3N, 4N and 5N. No cells with �5N ploidy were seen. Polyploidy cells
were less than 8% of total cells at P25 and P35, while they increased
up to approximate 20% of total cells at P45 and P55.

Immunological properties

M2 had low expression of MHC-Ib and negative expression of
MHC-II at P5 (Fig. 6). With continuous passage (M2P36) and
osteogenic differentiation from M2P5, the expression of MHC-Ib

was hardly detected.

Fig. 5 Chromosomal analysis of M2 cells in different passage numbers.
(A) A typical karyogram of M2. (B) The percentage of aneuploid cells,
polyploid cells and normal cells in passage 25, 35, 45 and 55 of M2.

Fig. 6 Immune properties of M2 with prolonged culture and differentiation.
(A) Expression of MHC-Ib (Top) and MHC-II (bottom) of M2P5. (B)
Expression of MHC-Ib (Top) and MHC-II (bottom) of M2P36. (C)
Expression of MHC-Ib (Top) and MHC-II (bottom) of M2P5 differentiated
osteogenic cells (DOC). Open peaks were controls, representing unstained
cells. (D) Two combinations of mixed lymphocyte culture. One was the co-
culture of naïve Balb/c (Bc) mononuclear cells (MNC) with M2P5 or M2P14
or M2P5DOC or M2P10DOC. For this group, x-axis labels are ‘No C57
MNC’. Dark bars were controls, representing the count per minute of Bc
MNC alone without the addition of any other cells in each test. The other
combination was the co-culture of Bc MNC and inactivated C57BL/6 (C57)
MNC in the presence of M2P5 or M2P14 or M2P5DOC or M2P10DOC. For
this group, x-axis labels are ‘C57 MNC co-culture’. The dark bars are con-
trols, representing the count per minute of Bc MNC under the stimulation
of inactivated C57 MNC in the same testing. Bars represent mean 
 S.E.
of triplicates of two independent experiments (*, P 	 0.05; **, P 	 0.01).
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In mixed lymphocyte culture (Fig. 6), M2P5, M2P14,
M2P5DOC and M2P10DOC exerted distinct effects on the prolifer-
ation of Bc MNC. In the absence of C57 MNC, M2P5 did not induce
proliferation of naïve Bc MNC but instead significantly inhibited
proliferation (P 	 0.05). However, M2P14 had no inhibitory effect
on naïve Bc MNC. After differentiation, both M2P5DOC and
M2P10DOC showed significant stimulatory effect on Bc MNC pro-
liferation (P 	 0.01). In the co-culture of Bc MNC with inactivated
C57 MNC, M2 at P5 significantly inhibited the proliferation of Bc
MNC (P 	 0.05), but had no significant inhibitory effect at P14.
Interestingly, M2P5DOC significantly inhibited the proliferation of
Bc MNC (P 	 0.05), whereas M2P10DOC significantly enhanced
its proliferation (P 	 0.01).

Osteogenic differentiation in vivo

Although M1 displayed similar high proliferative capacity and
osteogenic potential as M2 in vitro, the skin protuberance, which
was caused by M1 subcutaneous injection, disappeared after 
12 days after injection. By staining with MHC-Ib antibody, only a
small group of M1 cell grafts were detected at injection sites of
abdominal skin specimens (Fig. 7A). In contrast to M1, the skin
protuberance caused by M2 injection could be observed after 
12 days. After cutting through the centre of the M2 protuberance,
a white area could be observed (Fig. 7B). Upon cryosectioning and
immunofluoresence staining, low levels of ALP could be detected
in M1 graft specimens (Fig. 7E), while low level of ALP as well as
moderate levels of OPN and OC could be detected in M2 graft
specimens (Fig. 7F, H and J). By haematoxylin and eosin staining,
M2 graft area (Fig. 7D) showed much more plentiful matrix and
higher cell density than M1 graft area (Fig. 7C). There were red
blood cells filling in blood vessel-like tissue gaps in M2 graft area.
And leucocytes infiltration could be observed in both M1 and M2
graft areas. With further alizarin red staining, stained areas indica-
tive of mineral deposition could be observed scattering in M2 graft
specimens (Fig. 7L).

Discussion

Our attempt to isolate a sub-population of MSC with high
osteogenic potential was carried out in the mouse, which is an
important mammalian model system for both scientific and pre-
clinical investigations before proceeding to human systems. To
date, several publications have reported a variety of different
methods for isolating and expanding mMSC, including the use of
different isolation and expansion media containing serum from
different species [20], varying seeding densities and various
enzymes for detachment [21], suspension culture [22], and seed-
ing on fibronectin substratum [12, 23] as well as the use of cul-
ture media containing different growth factor combinations [12,
13, 23–25]. In enriching mMSC from bone marrow, the greatest

technical challenge is the removal of haematopoietic cells, in par-
ticular monocytes and macrophages. Previously, it was reported
that bone marrow monocyte-macrophages play an important role
in the proliferation and differentiation of haematopoietic cells 
in vitro [26]. Besides shortening trypsinization time, this study 
utilized silica for achieving this goal. Distinguished from previous
published methods, the principle of using dense silica particles
here is the rapid silica uptake by cultured macrophages which
consequently caused cellular apoptosis upon internalization [27].
Additionally, the silica-loaded cells can be separated from the rest
of the cell population by Ficoll fractionation. Results showed
abrupt decrease of CD11b� cells after silica depletion. And fol-
lowed by further negative selection, a highly purified population of
CD11b�CD45�CD117�lineage� bone marrow cells with 99%
purity can be attained as early as P5.

Another major goal of this study was to isolate mMSC with a
high capacity for differentiation into the osteogenic lineage. In this
study, M1, M2 and M4 were plastic adherent and could be suc-
cessfully induced into the tri-lineages. By fulfilling these criteria
[28], all of them can thus be defined as MSC. However, M2 was
much more efficient in osteogenic and chondrogenic differentia-
tion compared to M4 in vitro, both qualitatively and quantitatively.
Furthermore, high efficiency of osteogenic and chondrogenic dif-
ferentiation was maintained up to late passage number (P32) of
M2. Moreover, ALP, OPN and OC synthesis could readily be
detected in M2 grafts as early as 12 days after implantation even
by ectopic subcutaneous injection. Although M1 showed high
osteogenic potential in vitro, most of them were lost after 12 days
of implantation, and those remaining cell grafts demonstrated lit-
tle deposition of osteogenic proteins and matrix. This implies that
the M2 cell population is easily localized and is innately commit-
ted to the osteogenic lineage. It is well known that OC is expressed
only at the terminal stage of osteogenesis, playing a role in bone
mineralization [29, 30]. By alizarin red staining, small areas of
mineral deposit had been detected in M2 graft. This further sug-
gests that some M2 graft cells might undergo mineralization as
early as 12 days after engraftment. Thus, the properties of better
localization and enhanced osteogenic potential would make M2 a
better candidate in cellular therapy of bone diseases.

In this study, a key difference was that M2 was derived after 
1 hr incubation with silica, whereas M4 was derived after 4.5 hrs
incubation with silica. This suggests that the bone marrow sub-
population with the greatest osteogenic potential might have the
tendency to engulf silica particles after 1 hr incubation. Another
implication is that within a heterogeneous bone marrow popula-
tion, cells with high capacity for osteogenesis might proliferate
much faster than cells with high capacity for adipogenesis. Recent
studies reported that the osteogenic differentiation of MSC could
be enhanced by internalization of silica nanoparticles and that the
survival of MSC was not adversely affected by the internalization
[31, 32]. Nevertheless, this observed stimulation of osteogenesis
was limited. It is unclear whether the silica utilized in this study
had any influence on the osteogenic differentiation of M2. In the
tri-lineage differentiation, we observed that CD73 expression by
M2 was maintained to the terminal stage of osteogenesis. CD73
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Fig. 7 In vivo osteogenic differentiation of
M1P14 and M2P14. (A) Twelve days after
subcutaneous injection of M1P14, only a
small area of abdominal skin specimens
were stained with MHC-Ib antibody (green)
under microscopic observation (10�),
which showed the existence of cell grafts.
(B) After cutting across the protuberance of
abdominal skin injected with M2P14, a
white area (as pointed by red arrows) could
be seen in the skin layers subcutaneously.
(C) Haematoxylin and eosin staining view of
the M1P14 graft specimens (10�). (D)
Haematoxylin and eosin staining view of the
white area of M2P14 graft specimens
(10�). Blood vessel examples filled with
red blood cells are pointed by red arrows.
And some matrix-rich areas are indicated by
blue arrows. (E) ALP staining (red) could be
detected in M1P14 cell graft area (green)
(20�). (F) ALP staining (red) could be
detected in M2P14 cell graft area (green)
(20�). (G) No OPN staining could be
detected in M1P14 cell graft area (green)
(20�). (H) OPN staining (red) could be
detected in M2P14 cell graft area (green)
(20�). (I) No OC staining could be detected
in M1P14 cell graft area (green) (20�). (J)
OC staining (red) could be detected in
M2P14 cell graft area (green) (20�). (K)
Alizarin red staining showed absence of
mineral deposition in M1P14 graft speci-
mens (20�). (L) Alizarin red staining
showed some positively stained areas of
mineral deposition (as indicated by red
arrows) in M2P14 graft specimens (20�).
Cell nuclei in all pictures were stained with
DAPI (blue).
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was also expressed by osteogenic progenitors of M4 but not by
undifferentiated M4 and its differentiated adipocytes. This would
imply that CD73 expression might be a candidate marker for
osteogenesis by mMSC. Indeed, this phenomenon was also simi-
larly observed in human and rat MSC [33, 34].

Another goal of this study was to isolate an mMSC subpopu-
lation with high proliferative capacity in vitro. In previous studies,
mMSC exhibited a limited duration of survival ex vivo [10], and
their survival was dependent upon supplementation of the culture
medium with appropriate combination of growth factors [11–13].
In our protocol, M2 could proliferate steadily for more than 
70 passages without the need for any growth factor supplemen-
tation. However, there may be a caveat to this in that spontaneous
transformation of mMSC had been observed in culture by other
groups. Zhou et al. reported increased chromosome number and
multiple Robertsonian translocations at P3 that were coincident
with the loss of contact inhibition [35], while Miura et al.
observed mMSC transformation around P15 [36]. In our study,
we also observed aneuploidity and polyploidity in M2, but these
were at low frequency in cells up to P35. At the same time, con-
tact inhibition was maintained.

Because of the quality of MSC being dependent on the age and
health status of the donor, autologous MSC may not be optimal for
the treatment of aged patients [37, 38]. It is important to identify a
subpopulation of MSC suitable for allogeneic transplantation. In
this study, the immune properties of M2 were thoroughly evaluated
at early and late passage numbers, as well as before and after
osteogenic differentiation. From our results, M2 displayed
immuno-privileged and immuno-inhibitory properties at P5. It is
well established that the immuno-inhibitory effect is a fundamental
property of all stromal cells [39]. However, on further analysis, the
immuno-stimulatory effect was manifested at P14 and after
osteogenic differentiation; whereas the expression of MHC-I and -II
molecules did not change along with serial passage and differenti-
ation in vitro. This would imply that the observed alteration in
immunogenicity was not initiated by MHC molecules and that the
immune rejection of MSC could not be predicted by changes in
expression of classical MHC molecules in vitro. Indeed, the same
phenomenon had also been observed with rabbit MSC [40].
However, the expression of MHC molecules on rabbit MSC was
induced after implantation [40], so did mMSC. As a consequence,
leucocytes infiltration was observed at allogeneic mMSC graft area.
Interestingly, the in vitro immuno-inhibitory effect of M2P5 on Bc
MNC proliferation by C57 MNC stimulation was maintained by
M2P5DOC but weakened at P14 and was reversed by M2P10DOC.
This suggests that although the immunogenicity of mMSC
increased with serial passage and terminal differentiation, the
immuno-inhibitory effect of osteogenic cells differentiated from
mMSC at early passage numbers could be maintained at the same
level as that of their undifferentiated mMSC progenitors, until per-
haps the tenth passage. However, the survival of M2P14 cell grafts
12 days after subcutaneous injection in Bc mice suggests that
these cells might display additional mechanisms to protect them-
selves from the attack of allogeneic immune cells. This protective

effect could not be detected by in vitro mixed lymphocyte culture.
On day 12 after implantation, M2 cell grafts were matrix embedded,
with high deposition of OPN and OC. It is possible that bone-asso-
ciated extracellular matrix produced rapidly after implantation
might hinder physical interaction between the implanted allogeneic
M2 cells and host immune cells, thereby conferring a protective
effect. Indeed, less leucocytes infiltration was observed in the
matrix-rich area of M2 graft. Another possibility is that mMSC
exerted a balance of inhibitory and stimulatory effect on the growth
of immune cells. This balance might skew towards stimulation with
serial passage and differentiation in vitro, while it might skew
towards inhibition upon encountering some unspecified factors 
in vivo. A third possibility is that the implanted mMSC selectively
support the activity of those regulatory haematopoietic cells by
means of cell-to-cell contact or secreted cytokines.

To conclude our findings, a subpopulation of plastic-adherent
mMSC with high capacity for osteogenic differentiation was iso-
lated by silica depletion and negative selection. These cells could
proliferate extensively in vitro with normal karyotype and could
survive at an ectopic site within a competent allogeneic immune
system without compromise to their osteogenic potential.
Additionally, the property of easy localization makes these cells an
ideal candidate cell source for improving the local integration of
MSC grafts. Their therapeutic efficacy and efficiency could be fur-
ther testified in mouse bone-related disease and transgenic mod-
els, which are important research tools to provide critical solu-
tions to similar problems in human beings. In addition, the
methodology used to isolate osteogenic sub-populations of
mMSC might also be applicable for isolating osteogenic sub-
populations of human MSC.

Based on our data, it is obvious that none of tested surface
molecules is a specific marker of mMSC, since tri-lineage differ-
entiation was observed with mMSC populations deficient in some
of these surface molecules. And each population had different
capacity of tri-lineage differentiation. Nevertheless, the results
would still imply that MSC expressing the combination of a num-
ber of these molecules might have higher capacity to differentiate
into certain lineages. Thus, M2 may provide a good model system
for tissue engineering of bone and regenerative medicine, as well
as the discovery of new osteogenic surface markers. After implan-
tation, mineral accumulation was only observed in some areas of
M2 graft tissue. This result further certifies the contemporary
understanding that MSC are a heterogeneous cell population
which contains cells at different developmental stages. Areas that
demonstrate mineralization may represent a group of cells which
proceed to bone formation faster. Therefore, M2 may also provide
a good model system to identify bona fide MSC and osteogenic
progenitors. Although silica can be used effectively to remove
macrophages and monocytes with high affinity for internalizing
silica particles, it is still necessary to use negative selection to
remove the remaining contaminating cells. Further optimization of
silica particle size and incubation time for mMSC isolation may
improve the efficiency of removing the unwanted haematopoietic
subpopulation.
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