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Abstract
Objectives: Isolation of mouse mesenchymal stem
cells (mMSCs), by the approach of plastic adherence,
has been difficult due to persistent contamination by
haematopoietic cells (HCs); we have observed that
this contamination was due to engagement between
HCs and mMSCs. The HCs can be lifted together
with the mMSCs despite their insensitivity to trypsin
digestion. Herein, we provide a single-step procedure
to rapidly segregate mMSCs from HC contaminants
using transient lower-density plastic adherence
(tLDA).
Materials and methods: The tLDA was performed
by replating bone marrow adherent cells at lower
density (1.25 · 104 cells ⁄cm2) than usual, allowing
for transient adherence of no more than 3 h, followed
by trypsin digestion. tLDA-isolated cells were evalu-
ated by immunophenotyping, multi-differentiation
potentials, immunosuppressive properties, and thera-
peutic potential as demonstrated by symptoms of
osteoporosis.
Results: The single-step tLDA method can effec-
tively eliminate the persistent HC contaminants;
tLDA-isolated cells were phenotypically equivalent
to those reported as mMSCs. The isolated cells
possessed classic tri-lineage differentiation potential
into osteogenic, adipogenic and chondrogenic

lineages and had immunosuppressive properties.
After intravenous transplantation, they migrated into
the allogeneic bone marrow and rescued hosts from
osteoporosis symptoms, demonstrating their thera-
peutic potential.
Conclusions: We have developed a simple and eco-
nomical method that effectively isolates HC-free,
therapeutically functional mMSCs from bone mar-
row cell adherent cultures. These cells are suitable
for various mechanistic and therapeutic studies in the
mouse model.

Introduction

Postnatal mesenchymal stem cells (MSCs) possess self-
renewal capacity and have the potential to differentiate
along multiple mesenchymal cell lineages (1–3). These
properties qualify MSCs to be an ideal system to study
lineage commitment and differentiation in vitro. Recent
data also suggest that MSCs are immunoprivileged, and
more importantly, can display immunosuppressive prop-
erties (4,5). MSCs are capable of migrating to some tis-
sues, particularly when such tissues are injured or suffer
pathological conditions (2,3,6). These properties make
MSCs attractive for a number of therapeutic applications
(7–12).

As demonstrated by Friedenstein and colleagues,
MSCs are relatively easy to isolate from the bone mar-
row by their physical propensity of adherence to tissue
culture plates and flasks (13,14). However, in some spe-
cies such as mice (a valuable animal model for human
diseases), MSCs can be difficult to isolate from contam-
inating haematopoietic cells (HCs) (2,15). In culture,
HCs adhere randomly, with some of them adhering to
the plastic surface, while others engage with MSCs
(16–20). In addition, the persistent contamination of
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HCs in mMSC cultures can be maintained due to
expression of growth factors and cytokines from MSCs
which support development and proliferation of hemato-
poietic progenitor ⁄ stem cells during extended culture
periods (21,22).

The conventional approach to isolate mMSCs from
HCs is by repeatedly passaging the adherent marrow cells
with repeated trypsin digestion. Trypsin-insensitive HCs
eventually become depleted from the mMSCs cultures
(23–25). However, this method is not optimal for isolation
of mMSCs, as their proliferation and differentiation poten-
tials are lost along the passages (26–28). Recently,
improvements in mMSCs isolation protocols have been
made, all of which aim to solve the problem of HC con-
tamination prominently observed in mouse marrow cul-
tures. These improvements include (i) magnetic selection
(16,29,30); (ii) cell sorting (31); (iii) limiting dilutions
(32,33); (iv) exposure to cytotoxic materials (34,35); and
(v) other unique culture systems (25,36). However,
despite these advances, the methods still have inconve-
nient effects on proliferation and differentiation properties
of isolated mMSCs, thus restricting their widespread
utility (37).

To overcome these limitations, we have developed
an improved single-step plastic-adherent method to iso-
late mMSCs from heterogeneous bone marrow cultures
using the following transient lower-density plastic
adherence (tLDA) strategy: cells are plated at a lower
density (1.25 · 104 cells ⁄ cm2) than ususal, to allow
attachment of all HCs on the plastic surface and avoid
them overlapping mMSCs. After a short-term adherent
period, less than 3 h, followed by trypsin digestion,
HCs are eliminated because unlike mMSCs, plastic-
adhering HCs cannot be lifted after trypsinization. In
this study, we demonstrate that these tLDA-isolated
mMSCs (which we call ‘tLDA-mMSCs’), have classic
tri-lineage differentiation potential, have immuno-
suppressive effects, and show homing and therapeutic
properties in a model of osteoporosis. The data presented
here demonstrate that MSCs from mouse bone marrow
can be isolated with a single-step plastic-adherent
procedure.

Materials and methods

Animals

The C57BL ⁄6 and ICR mice were purchased from the
Laboratory Animal Center of National Taiwan University
College of Medicine (Taipei, Taiwan). Mice were kept
under standard conditions, and all experimental proce-
dures were approved by the Institutional Animal Care and
Use Committee.

Isolation and culture of mouse bone marrow adherent
cells

Bone marrow cells were obtained from 6- to 8-week-old
C57BL ⁄6 mice as described previously (23,25) with the
following modifications. Initially, we plated cells and four
residual bone fragments on to 60-cm2 tissue culture
dishes (TPP, Trasadingen, Switzerland) at a density of
2 · 105 cells ⁄ cm2 in MEM alpha (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 20% foetal
bovine serum (FBS; Hyclone, Logan, UT, USA), 2 mM

L-glutamine (Invitrogen, Carlsbad, CA, USA), 100 U ⁄ml
penicillin and 100 lg ⁄ml streptomycin (Invitrogen); no
cytokines were added at any stage. All non-adherent cells
were removed after 72 h. When these primary cultures
reached 70% confluence, cells were lifted by incubation
with 0.025% trypsin ⁄0.1 mM ethylenediaminetetraacetic
acid (trypsin ⁄EDTA; Invitrogen) for 5 min at 37 �C. They
were then ready for tLDA purification and immunodeple-
tion as described below. Regular subsequent passages
were performed by replating the cells at concentration of
5 · 104 cells ⁄ cm2.

Purification of mMSCs by tLDA approach

To isolate mMSCs using the tLDA approach, lifted cells
from the primary culture were passed through a 30 lm
mesh (Miltenyi Biotec, Auburn, CA, USA) to remove cell
clumps containing both mMSCs and HCs. Then filtered
single cells were replated on to 60-cm2 tissue culture
dishes at density of 1.25 · 104 cells ⁄ cm2. These cells
were allowed to adhere for 2–3 h at 37 �C with 95% air
and 5% CO2. Then, they were lifted after incubation with
trypsin ⁄EDTA for 5 min at 37 �C. The cells that did not
separate in 5 min (which will be HCs) were discarded.
Instead of flushing the cells repeatedly after trypsin diges-
tion, dishes were only gently shaken to avoid HCs being
removed from the plastic surface. Then lifted cells were
seeded at 5 · 104 cells ⁄ cm2 and were defined as tLDA-
mMSCs.

Immunodepletion

To isolate mMSCs using immunodepletion, primary cul-
tured cells were lifted by incubation with trypsin ⁄EDTA,
resuspended in washing buffer composed of phosphate-
buffered saline (PBS) with 0.5% bovine serum albumin
(BSA; Sigma) and 2 mM EDTA, and passed through
30 lm mesh (Miltenyi Biotec) to remove cell clumps. Cell
suspensions were centrifuged at 400 g for 10 min and
supernatant was removed completely; cell pellets were
resuspended in 90 ll of washing buffer per 107 cells.
They were then incubated at 4 �C for 15 min on magnetic
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microbeads conjugated with antibodies either against
CD11b or CD45 (Miltenyi Biotec), according to the man-
ufacturer’s instructions.

Population doubling time

Mean population doubling time (PDT) was calculated
according to the equation: TD = tplog2 ⁄ (logNt ) logNo),
where Nt is number of cells harvested, No is number of
cells inoculated and t was time in culture (in h). Trypan
blue exclusion was used to count cells, with the help of a
haemocytometer (38).

Immunofluorescence

For staining of cell surface proteins, cells were washed in
PBS, fixed in 4% paraformaldehyde for 10 min, and
blocked in 0.1% BSA (Sigma) in PBS with 0.1% Tween
20 (Sigma) for 30 min. Cells were then incubated in phy-
coerythrin (PE)-coupled antibodies against mouse CD11b
and CD45 (BD Biosciences, San Jose, CA, USA) for 1 h
in the dark. For counterstaining, cells were incubated in
0.1 lg ⁄ml 4,6 diamidino-2-phenylindole (DAPI; Invitro-
gen) for 1 min, rinsed in PBS and fluorescence was
observed microscopically.

Fluorescence-activated cell sorting analysis

Cells were detached using trypsin ⁄EDTA and were
stained with antibodies against CD11b, CD29, CD31,
CD34, CD44, CD45, CD80 (B7-1), CD86 (B7-2),
CD105, CD117, stem cell antigen (Sca-1), class I (H-2Kb)
and class II (I-A) MHC molecules (eBioscience, San
Diego, CA, USA) for 30 min in the dark according to
product instructions. After fixation, 10 000 events were
acquired on a FACSCalibur (Becton Dickinson, San Jose,
CA, USA) and analysed using the FlowJo software (Tree
Star, Ashland, OR, USA). All experiments included nega-
tive controls without antibodies or with isotype controls
(eBioscience).

Tri-lineage differentiation assays

To induce adipogenic differentiation, cells were cultured
in MEM alpha (Sigma) supplemented with 10% FBS,
10 lg ⁄ml insulin (Sigma), 1 lM dexamethasone (Sigma),
0.5 mM isobutyl-methylxanthine (Sigma) and 100 lM

indomethacin (Sigma) for 2 weeks, and oil red O (Sigma)
was used for lipid droplet staining (39). Osteogenic differ-
entiation was induced by MEM alpha supplemented with
10% FBS, 0.1 lM dexamethasone, 10 mM b-glycerol-
phosphate (Sigma) and 50 lM ascorbic acid (Sigma) for
3 weeks. At day 14, committed osteogenic cells were

characterized by alkaline phosphatase (ALPase) assay,
and bone matrix mineralization was determined using aliz-
arin red S (ARS; Sigma) staining at day 21 (39). To induce
chondrogenic differentiation, a pellet culture system was
used (40). Chondrogenic induction medium consisted of
MEM alpha supplemented with 1% FBS, 6.25 lg ⁄ml
insulin, 50 lM ascorbic acid and 10 ng ⁄ml TGF-b1
(R&D Systems, Minneapolis, MN, USA). Production of
proteoglycan was characterized by toluidine blue (Sigma)
staining.

Mitogen proliferation assay and allogeneic mixed lym-
phocyte reaction

Mononuclear spleen cells from C57BL ⁄6 and BALB ⁄ c
mice were prepared using Ficoll-Paque density centrifu-
gation (1.077 g ⁄ml; Amersham Pharmacia Biotech,
Piscataway, NJ, USA), followed by two washes in RPMI
1640 (Invitrogen) supplemented with 50 lM 2-mercapto-
ethanol (Invitrogen), 10% FBS, 100 U ⁄ml penicillin and
100 lg ⁄ml streptomycin. A graded number of mitomycin
C (Sigma)-treated mMSCs was seeded in triplicate in
flat-bottom 96-well plates and maintained at 37 �C for
6 h. In mitogen proliferation assays, splenocytes (2 · 105

cells ⁄well) from C57BL ⁄6 mice containing 5 lg ⁄ml con-
canavalin-A (ConA; Sigma) were cultured with or without
mMSCs. In mixed lymphocyte reaction (MLR), respond-
ing splenocytes (2 · 105 cells ⁄well) and an equal number
of mitomycin C-treated allogeneic stimulating splenocytes
from BALB ⁄ c mice were added into the mMSC culture.
Proliferation assays were performed after 4 or 5 days
using CellTiter 96 Aqueous Nonradioactive Cell Prolifera-
tion Assay kit (Promega, Madison, WI, USA), according
to the manufacturer’s instructions. Absorbance was mea-
sured using a SpectraMax 190 ELISA plate reader
(Molecular Devices, Sunnyvale, CA, USA) at 490 nm.

Generation of GFP-expressing transgenic mice as mMSC
donors for cell transplantation studies

To provide traceable mMSCs in the transplantation stud-
ies, we generated 11 EGFP-expressing transgenic mouse
lines by pronuclear microinjection of ICR strain zygotes
with ScaI-PstI DNA fragment containing b-actin pro-
moter-driven EGFP from pCX-EGFP plasmid (41–43).
The best transgenic line that homogenously expressed
high levels of GFP in mMSCs from bone marrow was
selected by tLDA approach as described above.

Therapeutic studies of mMSCs in osteoporotic mice

To generate osteoporotic mice, 6-week-old female
C57BL ⁄6 mice were ovariectomized (OVX) by dorsal
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approach as described previously (44). Six months later,
GFP-labelled mMSCs were injected into the mice intrave-
nously (n = 7 mice ⁄group). For intravenous injection,
each mouse received 1.5 · 106 GFP-mMSCs in 200 ll
PBS on day 0, 6, 12, 18, 24, and 30. An additional group
of OVX mice was injected with PBS for comparison
(sham control). Two months later, mice were killed for
femoral microcomputerized tomography (lCT) analysis;
then bone marrow was flushed from left femurs for GFP
signal detection. The right femur bone marrow was fixed
in 10% phosphate-buffered formalin for 24 h and trans-
ferred to 70% ethanol for histological evaluation.

Histological evaluation

Femurs were dehydrated in ethanol, embedded in methyl-
methacrylate and sectioned longitudinally using a
Leica ⁄ Jung 2255 microtome (Leica, Wetzlar, Germany) at
an 8 lm thickness. Sections were processed for haemat-
oxylin–eosin staining. For immunohistological staining of
GFP protein, diluted rabbit anti-GFP polyclonal antibody
(Abcam, Cambridge, UK) and goat anti-rabbit immuno-
globulin G conjugated with biotin (Abcam) respectively
were used. Sections were then incubated with horseradish
peroxidase (HRP)-conjugated streptavidin (Abcam),
3-Amino-9-ethylcarbazole (AEC; Sigma) was added as
substrate, and samples were washed and mounted.

Microcomputerized tomography

Femoral lCT was measured as described using NI Lab-
view and MS Visual C ⁄C++ (45). A designed graphical
user interface was used for controlling all aspects of CT
system. Quantification method of the 3-dimensional bone
density from femur head of osteoporotic mice was
designed specifically for this study (Y.-T. Fang, M.-L. Jan,
H.-C. Lu, Y.-C. Ni, S.-Y. Peng, W.T.-K. Cheng and L.-H.
Shen, unpublished data).

Statistical analysis

Data were expressed as mean ± standard deviation.
Student’s t-test was used to assess significance of the
differences; P-values <0.05 were considered statistically
significant.

Results

Development of mouse bone marrow adherent cell cul-
tures

Bone marrow cells were harvested from C57BL ⁄6 mice
(2.25 ± 0.17 · 107 bone marrow nucleate cells ⁄mouse,
n = 6), seeded at a density of 2 · 105 cells ⁄ cm2 and
non-adherent cells were removed by changing medium on
day 3. Approximately, 2.03 ± 0.37 mMSC colonies
(CFU-F ⁄ cm2, n = 12) were developed on day 8. In addi-
tion to mMSCs, a large number of contaminating small
spherical cells, characterized as lymphohaematopoietic
cells, engaged on mMSCs colonies as a second layer
(Fig. 1a). Fluorescence-activated cell sorting (FACS)
analysis revealed that more than 30% of cells that arose
under CFU-F growth conditions were HCs as shown by
CD11b and CD45 expression (Fig. 1b). After trypsin
digestion, some plastic-adherent HCs could not be lifted
by trypsinization (Fig. 1c,d), however, trypsin-lifted cells
still contained many HCs when seeded at density of
5 · 104 cells ⁄ cm2 in the next passage. These HCs not
only adhered to the plastic surface, but also engaged with
plastic-adherent mMSCs (Fig. 1e,f).

Engaged HCs persistently contaminate mMSC cultures

To clarify whether persistent HC contamination resulted
from HCs engaged with mMSCs, microscope time-lapse
recording analysis was carried out. This clearly showed
that HCs engaged with mMSCs could be lifted together
with mMSCs by trypsin digestion, despite being insensi-
tive to trypsin themselves; on the other hand, HCs adhered
adjacent to, but not engaged with mMSCs were not lifted
during this process (Fig. 2a–f). Using conventional serial
passage methods, mouse bone marrow adherent cultures
were persistently contaminated with HCs. Nonetheless,
these HCs gradually declined in number with increase in
passages, and were barely detected at the 10th passage
(Fig. S1a). However, although mMSCs acquired after 10
passages were pure enough to perform experiments that
required a HC-free cell population, proliferative activity
of the mMSCs at this stage was significantly lower and
had PDT of approximately 2–3 days (Fig. S1b). These
cells became flat and polygonal in shape (Fig. S1c) and

Figure 1. HCs contaminating MSCs from mouse bone marrow adherent cultures. (a) Phase-contrast image of mMSC colony from primary bone
marrow adherent culture. A large number of small spherical cells, characteristic of lymphohaematopoietic cells (circled), engaged upon mMSC colonies
as a second layer. (b) Primary marrow adherent culture was analysed for expression of haematopoietic markers, CD11b and CD45, by flow cytometry.
(c, d) Immunofluorescence staining (red) showed CD11b (c) and CD45 (d) expression on unlifted marrow adherent cells. (e) Phase-contrast image of
mouse bone marrow plastic-adherent cells, first passage (seeding density: 5 · 104 cells ⁄ cm2). Immunofluorescence staining (red) showed CD11b+ and
CD45+ HCs either adhered to plastic (arrow) or engaged on mMSCs (arrowhead). Nuclei counterstained with DAPI (blue). Scale bars represent 100 lm
(a) and 50 lm (c–f).

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 235–248.

238 F. S.-H. Hsiao et al.



(a)

(c)

(d)

(e)

(f)

(b)

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 235–248.

Single-step isolation for mouse bone marrow MSCs 239



lacked general multi-differentiation potential towards
adipogenic, osteogenic and chondrogenic pathways
(Fig. S1d–f). Therefore, the serial passage method was
not suitable for experiments that required HC-free popula-
tion of mMSCs.

Isolation of mMSCs by tLDA approach

To segregate plastic-adherent fibroblastic cells efficiently
from HC contaminants, first, optimal dilution factors
(from 5 · 104 to 1.25 · 104 cells ⁄ cm2) that allowed for
segregation of bone marrow adherent cells to tissue cul-
ture plate surfaces were examined. In normal density cul-
ture (5 · 104 cells ⁄ cm2), most cells engaged and tightly
interacted with each other (Fig. 3a). Below this density,
adherent cells were better separated (Fig. 3b–d). When
the culture was near confluence, these cells were retrieved
by trypsin digestion. Indeed, most spherical cells (charac-
terized as HCs) remained adherent to the plastic surface
and were not easily trypsinized (data not shown). FACS
analysis revealed that the percentage of HCs gradually
declined in accordance with increasing dilutions of normal
density cultures (Fig. 3f). Nevertheless, remaining
mMSCs expanded poorly with a PDT of 48.97 ± 9.57 h
(n = 3; Fig. 3e).

Next, with a time course experiment, we looked for a
condition that would allow for rapid harvesting of mMSCs
from the lowest cell density described earlier and simulta-
neously avoid non-adherent HCs reappearing in cultures
followed by trypsin digestion. By 1 h post-culture, cells

adhered but displayed incomplete morphology, while oth-
ers floated in the medium, remaining unattached to the tis-
sue culture dish (Fig. 3g). After 2–3 h, most of the cells
adhered and showed phenotypes typical of fibroblastic
and spherical cells (Fig. 3h,i). Then, these were retrieved
by trypsin digestion. Spherical cells remained attached to
the plate and were also not easily trypsinized (data not
shown). FACS analysis revealed that presence of HCs was
barely detectable in the cell population trypsinized after
2–3 h culture (Figs 3k and 4a respectively). These cells
designated ‘tLDA-mMSCS’ had fibroblast morphology
typical of MSCs, with a PDT of 26.56 ± 0.74 h (n = 3;
Fig. 3j) compared to PDT of 48.97 ± 9.57 h of cells iso-
lated from confluent lower-density cultures (n = 3,
P < 0.05; Fig. 3e).

For all subsequent assays, we isolated mMSCs in
these defined optimal conditions (lower density at
1.25 · 104 cells ⁄ cm2; transient adherence of 2–3 h). In
general, we could obtain around 2.5 · 106 tLDA-mMSCs
from one mouse in the first passage directly after tLDA
procedure. Purified tLDA-mMSCs had viability of
98 ± 0.95% (n = 12).

Phenotype characterization of tLDA-mMSCs

tLDA-mMSCs were analysed for expression of a panel of
antigens (Fig. 4a). FACS analysis revealed that these
cells uniformly expressed Sca-1 (Ly-6A ⁄E; murine
haematopoietic and mesenchymal stem ⁄progenitor cell
marker), CD29 (b1-integrin), CD44 (Pgp-1; receptor for

(a) (b) (c)

(d) (e) (f)

Figure 2. HCs engaged and lifted together with mMSCs in primary bone marrow adherent culture. (a–f) Representative sequential frames from
time-lapse video microscopic recording, showing one HC engaged on top of mMSCs, at the beginning of the recording, which lifted together with
mMSCs by trypsin digestion within 6 min (arrowhead). HCs adjacent to but not overlapped with mMSCs (arrow) were not lifted. Scale bars represent
50 lm.
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Figure 3. Effects of seeding density and adhering time on purity and proliferative competence of isolated mMSCs. (a–d) Phase-contrast images
of mouse bone marrow adherent cells from different seeding densities demonstrated that engaged HCs (circled) gradually became depleted with increas-
ing dilutions. (e) Replating of confluent cells from lowest density culture (d, 1.25 · 104 cells ⁄ cm2) showed PDT of 48.97 ± 9.57 h. (f) After trypsin
digestion, percentage of HCs (CD11b+ and CD45+) from different density cultures (a–d) was demonstrated by FACS analysis using anti-CD11b and
anti-CD45 monoclonal antibodies. (g–i) Phase-contrast images of mouse bone marrow adherent cells after seeded at density of 1.25 · 104 cells ⁄ cm2

for 1–3 h. (j) Replating of cells after 3 h adherence (i) at density of 5 · 104 cells ⁄ cm2 had PDT of 26.56 ± 0.74 h. Scale bars represent 50 lm.
(k) After trypsin digestion, percentage HCs (CD11b+ and CD45+) from various degrees of adherent culture was demonstrated by FACS analysis using
anti-CD11b and anti-CD45 monoclonal antibodies.
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hyaluronate and osteopontin) and variable levels of
CD105 (endoglin), but did not express CD11b (integrin
aM; monocyte marker), CD34 (mucosialin), CD45
(leucocyte common antigen), CD117 (c-kit) and CD31
(platelet-endothelial cell adhesion molecule-1). In
addition, tLDA-mMSCs did not express MHC II (I-A)
and co-stimulating molecules for CD86 (B7-2), but they
did express H-2Kb and CD80 (B7-1). These data were

consistent with mMSCs isolated using magnetic beads
coupled with anti-CD11b and CD45-specific antibodies
(CD11b) ⁄CD45) mMSCs, Fig. S2).

In vitro differentiation of tLDA-mMSCs

To investigate osteogenic potential, confluent tLDA-
mMSC cultures were grown in osteogenic induction

(a)

(b)

(f) (g)

(c) (d) (e)

Figure 4. Characterization of tLDA-mMSCs. (a) FACS analysis of tLDA-mMSCs. A homogeneous confluent monolayer of tLDA-mMSCs was
trypsinized and analysed by staining with various antibodies. Respective isotype control shown as open histogram. (b–e) Osteogenic, adipogenic and
chondrogenic capabilities of tLDA-mMSCs. Osteogenic capability characterized by ALPase activity (b) and ARS staining (c) after 2 weeks’
and 3 weeks’ induction respectively. Adipogenic capability characterized by oil red O staining (d) after 2 weeks’ induction. Scale bars represent 50 lm
(b–d). Chondrogenic capability evaluated by histological section micromass pellet cultures after 3 weeks’ induction. Glycosaminoglycan content of the
pellet was revealed by toluidine blue staining (e). Scale bar represents 100 lm. (f–g) Immunosuppressive properties of tLDA-mMSCs. In mitogen prolif-
eration assays (f), responding splenocytes from C57BL ⁄ 6 mice were stimulated with ConA in absence or presence of graded numbers of autologous
tLDA-mMSC (n = 6 for each group). In MLR culture (g), responding splenocytes from C57BL ⁄ 6 mice were cultured with an equal number of mitomy-
cin C-treated BALB ⁄ c splenocytes, with or without graded number of C57BL ⁄ 6 tLDA-mMSCs (n = 6 for each group). Results shown as percentage of
cell proliferation in comparison to control cell proliferation. Data expressed as mean ± SD of triplicate of two separate experiments. Allo indicates
allogeneic splenocyte culture.
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medium. Significantly greater ALPase activity (marker of
osteoblastic differentiation), was observed on day 10
(Fig. 4b). By day 14, these cells generated mineral
nodules and more than 80% of tLDA-mMSCs showed
mineral accumulation after 21 days. ARS staining
confirmed elaborately mineralized matrix brilliant red
colour in colour (Fig. 4c).

To determine adipogenic potential, tLDA-mMSCs
were also grown to confluence and cultured in adipogenic
induction medium. Neutral lipid droplets were visible
within cytoplasm after 7 days and were easily recogniz-
able after 9 days. Lipid droplet-containing cells accounted
for more than 80% of induced tLDA-mMSC cultures as
observed on day 14, as illustrated by oil red O staining
(Fig. 4d).

Chondrogenic potential of tLDA-mMSCs was evalu-
ated by culturing cells using the pelleted micromass sys-
tem in chondrogenic induction medium. After 3 weeks of
differentiation, chondrogenesis was confirmed by tolui-
dine blue staining of sectioned micromasses showing pur-
ple stained matrix (Fig. 4e). In all differentiation
experiments, undifferentiated mMSCs were used as nega-
tive control and were consistently negative for each histo-
chemical staining (data not shown).

Immunosuppressive characteristics of the tLDA-mMSCs

It has been well documented that multipotent MSCs have
immunosuppressive properties. Specifically, they can inhi-
bit T-cell proliferation when induced by MLR or by non-
specific mitogens. To determine whether tLDA-mMSCs
had similar features, we first co-cultured mitomycin
C-treated tLDA-mMSCs from C57BL ⁄6 mice with
autologous splenocytes in the presence of ConA. tLDA-
mMSCs significantly inhibited ConA-induced splenocyte
proliferation in a dose-dependent manner. Notably, even
when only around five tLDA-mMSCs were present in the
cultures (tLDA-mMSCs-to-splenocytes ratio: 1 ⁄40,960),
they could diminish splenocyte proliferation to 61.69 ±
0.41% (n = 6) compared to corresponding negative
control (100%) without mMSCs (P < 0.05; Fig. 4f).

We also carried out experiments to determine whether
tLDA-mMSCs could inhibit allogeneic-induced T-cell
proliferation. To address this, we cultured splenocytes
from C57BL ⁄6 mice with allogeneic BALB ⁄ c mitomycin
C-treated splenocytes in C57BL ⁄6 tLDA-mMSCs cultures
(one-way MLR). Likewise, tLDA-mMSCs exhibited dose-
dependent suppression of allogeneic T-cell responses.
Although presence of up to 40 tLDA-mMSCs (tLDA-
mMSCs-to-allogeneic splenocyte ratio: 1 ⁄5,120) they had
no impact on T-cell proliferation and dramatic suppression
(>50%) was observed when 1250 tLDA-mMSCs were
present in mixed lymphocyte cultures (tLDA-mMSCs-

to-allogeneic splenocyte ratio: 1 ⁄160), as compared to
allogeneic T-cell response without mMSCs (42.18 ±
0.26%, n = 6, P < 0.05; Fig. 4g). These results showed
that tLDA-mMSCs were capable of suppressing spleno-
cyte proliferation in vitro, demonstrating their important
role in immunosuppression.

Homing and therapeutic effects of tLDA-mMSCs in a
model of osteoporotic disease

We studied function of tLDA-mMSCs in an animal model
of osteoporosis. Osteoporosis was induced by bilateral
ovariectomy of 6-week-old female mice (C57BL ⁄6). Six
months after osteoporosis induction, the mice were
injected intravenously with GFP-labelled tLDA-mMSCs
(GFP-tLDA-mMSCs, ICR strain) or PBS. Two months
post-injection, they were killed and GFP-tLDA-mMSCs
were observed in flushed bone marrow cells, under a fluo-
rescence microscope (Fig. 5a). In addition, the GFP signal
was also confirmed by immunohistochemistry (IHC),
demonstrating their homing ability to bone marrow
(Fig. 5b). Moreover, GFP-positive cells were densely dis-
tributed in cortical and trabecular bone areas (Fig. 5c).
Control tissue from osteoporotic mice injected with PBS
showed no GFP staining (Fig. 5d). By carrying out histo-
logical evaluation, it was demonstrated that tLDA-mMSC
transplantation rescued the hosts, osteoporotic mice
(Fig. 5e). Analysis of femoral lCT from mice trans-
planted with tLDA-mMSCs also showed increased bone
density from distal end of the endocortical compartment
when compared to sham controls, without substantial
change in cortical bone (Fig. 5f). Moreover, after trans-
planting GFP-tLDA-mMSCs into osteoporotic mice for
2 months, bone volume fraction became indistinguishable
when compared to normal mice (P = 0.1485).

Discussion

There are several advantages in isolating mMSCs using
tLDA method. First, the mMSCs can be readily isolated
from bone marrow cell adherent cultures within 3 h.
Second, mMSCs isolated retain good proliferative and
therapeutic potentials. Third, the mMSCs are isolated
using their native properties and no prior labelling of the
cells is required. Fourth, the tLDA method is extremely
straightforward. It can be easily established and readily
transferred to other research laboratories. Finally, as the
tLDA is a non-antigenic based method, it can be further
performed in combination with immunoselection meth-
ods, while the assays are developed for use of specific
MSC subtypes.

The mouse is a valuable model animal for human dis-
eases, with unique richness in functional genomics-related
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resources and gene-targeting-based platforms. In addition,
well-established inbred mouse strains can be used for
autotransplantation-equivalent studies between different
individuals of the same genetic background. We therefore
would like to use mMSCs for various mechanistic and
therapeutic studies. However, the standard unmodified
method based on plastic adherence has been confirmed as
unsuccessful for mMSCs isolation because of persistent

HC contamination within adherent bone marrow cultures.
In most cases, the conventional approach to eradicate
contaminating HCs from mMSC culture is by repeatedly
passaging the adherent bone marrow cells by trypsin
digestion (23–25). Consequently, HC-free mMSCs are
generally obtained after weeks of repeated passaging, with
the resulting cells showing poor proliferation and differen-
tiation activities (26–28). Herein, we have demonstrated

(a) (b)

(c) (d)

(e) (f)

Figure 5. Repair of ovariectomy-induced bone loss in mice after injection of tLDA-mMSCs. Mice undergoing osteoporotic injury were injected
intravenously with GFP-tLDA-mMSCs. (a) Phase-contrast (left) and fluorescence (right) images of bone marrow cells isolated from osteoporotic mice
2 months after injection of GFP-tLDA-mMSCs. (b–c) GFP positive signal was found in bone marrow (b), cortical bone (left) and trabecular bone (right)
(c) by IHC staining. (d) Control tissue (left: cortical bone; right: trabecular bone) from osteoporotic mice injected with PBS showed no GFP staining.
(e) Histological section of femurs taken from sham-operated mice (left), OVX mice (middle) and OVX mice receiving GFP-tLDA-mMSCs (right).
Scale bars represent 50 lm. (f) Images of lCT scans of femurs taken from sham-operated mice (left), OVX mice (middle) and OVX mice receiving
GFP-tLDA-mMSCs (right) at 10 lm resolution.
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the need to remove HCs that engage with mMSCs. These
engaged HCs can be lifted together with mMSCs despite
their insensitivity to trypsin digestion. Accordingly, we
developed the tLDA method that can efficiently and effec-
tively remove HCs from mMSCs within 3 h. The ‘lower
density’ of 1.25 · 104 cells ⁄ cm2 and ‘transient attach-
ment’ for no more than 3 h are both crucial for viability
and differentiation potential of the resulting tLDA-
mMSCs. Seeding density of 1.25 · 104 cells ⁄ cm2 is cru-
cial to separate all HCs from mMSCs. This allows all HCs
to adhere to the plastic surface directly to avoid being

lifted with mMSCs upon subculture. However, if we let
these separated cells grow to confluence (which took
4 days in our hands), PDT of resulting mMSCs was sig-
nificantly higher. For this reason, we would suggest using
the transient adherent procedure for no more than 3 h
immediately after our lower-density protocol (Fig. 6).
This step helped us to overcome the tedious and time-con-
suming mMSC isolation procedures and lowered potential
problems caused by long-term passages in vitro.

Several previous studies have introduced that very
low-density plating (50 cells ⁄ cm2) can obtain clonally

T

T

T

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6. Timeline showing stages required to
isolate tLDA-mMSCs from heterogeneous
bone marrow cultures. (a) Bone marrow
adherent cell cultures were initiated in a plastic
dish. Non-adherent cell population was removed
on day 3 and remaining adherent cells were
cultured to near confluence with medium
changes twice weekly. (b) By day 8, mMSCs
clone developed, with some HCs adhering to the
plastic surface of the dish, while others engaged
on mMSCs. (c) After trypsin digestion, some
engaged HCs were lifted with mMSCs (most
HCs were segregated from mMSCs, whereas
some of them still adhered to mMSCs). Plastic-
adherent trypsin-insensitive HCs were depleted.
(d) To isolate mMSCs using the tLDA method,
non-dispersed cells were first removed using a
30 lm mesh after trypsin digestion. (e) mMSCs
could be segregated from HCs using lower-
density culture (1.25 · 104 cells ⁄ cm2) on plastic
within 2.5 h. After being lifted by trypsin
digestion, mMSCs were retrieved from the
cultures, whereas trypsin-insensitive HCs were
depleted from recovered cells as they remained
adherent to plastic. (f) tLDA-mMSCs could be
obtained with good proliferative and therapeutic
potentials when cells were replated at a density
of 5 · 104 cells ⁄ cm2.
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expanded mMSCs from bone marrow adherent cultures
(33,39). However, this method may not be practical
enough due to the tedious culture schemes that take more
than 3 months. In addition, Miura et al. (46) demonstrated
accumulation of chromosomal instability during pro-
longed cultures ⁄passages of mMSCs. As a result, when
they used these mMSCs for therapeutic transplantation,
malignant transformation was observed. These studies
demonstrated a potential risk in using long-term repeat
cultured mMSCs for therapeutic purposes. With our
tLDA protocol, we can dramatically cut down duration of
in vitro culture ⁄manipulation, before we obtain HC-free
mMSCs for extensive transplantation or mechanistic
studies, thus significantly increasing the accuracy of the
experimental outcome.

Although immunodepletion using antibodies against
HCs expressing surface markers, CD11b+, CD34+ and
CD45+, can also be used to rapidly remove contaminated
HCs and greatly shorten mMSCs isolation procedure, this
protocol might reduce viability of mMSCs as a result of
down-regulation of genes involved in cell proliferation
and cell cycle progression (16). Moreover, obvious disad-
vantages for implementing such an isolation protocol are
cost of magnetic antibody labelling, consumption of many
non-reusable separation columns and need of specific
magnet separators. In contrast, our tLDA approach is rela-
tively simple, and no special reagents and devices are
required. In addition, this tLDA step does not require
labelling of antibodies to cells precluding impairment of
cell viability as seen for immunodepletion, in which the
magnetic labelling process is performed under cold condi-
tions using pre-cooled solutions to prevent capping of
antibodies on cell surfaces, and non-specific cell labelling.
In our observations, despite tLDA-mMSCs exhibiting
homogeneous surface markers with the CD11b) ⁄CD45)

mMSCs, purified tLDA-mMSCs had viability of 98 ±
0.95% (n = 12), compared to 84 ± 3.27% (n = 12) in the
CD11b) ⁄CD45) mMSCs.

Recently, there have been studies to discover specific
surface antigens for isolating pure populations of MSCs
from mouse bone marrow, by immunoselection (47). In
addition, a series of monoclonal antibodies initially
prepared for other cell types have also been used to char-
acterize mMSCs (48–50). Although published markers
targeting mMSCs are useful, some surface markers may
vary between different mMSC culture conditions and
mouse strains (51–54). Moreover, some immunoselection
schemes may introduce genetic and epigenetic changes
from the isolated cells (3) Therefore, isolating mMSCs
with any specific antibody has not yet provided satis-
factory results. This underscored our proposal that use of
the non-antigenic-based tLDA method might provide a
useful approach for isolating mMSCs; tLDA can also be

performed in combination with immunoselection or im-
munodepletion, if identification of a particular subtype of
mMSCs is necessary.

The tLDA-mMSCs possessed most characteristics
published for bone marrow-derived mMSCs. Using
flow cytometry, we did not find any substantial differ-
ences between tLDA-mMSCs and bone marrow-derived
mMSCs (16,25,39,55). Moreover, we validated MSC
properties by inducing differentiation of tLDA-mMSCs
along the three main mesenchymal lineages: osteoblasts,
adipocytes and chondrocytes. This multipotency allowed
us to conclude that these cells were MSCs as defined by
Pittenger et al. (56). When we transplanted GFP-labelled
tLDA-mMSCs into mice suffering from osteoporosis,
low, but clearly detectable levels of GFP-positive cells
were observed in the allogeneic bone marrow. Assays of
histopathology and lCT scans illustrated improved micro-
structure in newly formed trabecular bone tissue. These
results suggested that tLDA-mMSCs retained their capac-
ity of homing to bone marrow and also that they localized
to sites of injured bone and prevented ⁄ recovered bone loss
in mice suffering from osteoporosis.

In summary, we demonstrated a simple and effective
tLDA method to isolate HC-free mMSCs. The tLDA-
mMSCs are homogeneous with regard to surface epitopes,
have multidifferentiation potentials, have immunosuppres-
sive properties and are therapeutically functional as dem-
onstrated in the osteoporosis model. Thus, this innovative
method could significantly facilitate mMSC-based differ-
entiation studies in molecular and genetics ⁄ epigenetic
levels and MSC-mediated therapies in mouse models of
human diseases.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Presence of HCs within adherent mouse
bone marrow cultures at different passages. (a) HCs
were analysed by FACS at different passages using anti-
CD11b and anti-CD45 antibodies. (b) PDT of adherent
mouse bone marrow cells at different passages. Data are
expressed as mean ± SD, triplicate of one representative
experiment. (c) Phase-contrast image of serial-passaged
mMSCs (passage 10). Scale bars represent 50 lm. (d–f)
Osteogenic, adipogenic and chondrogenic capabilities of
serial-passaged mMSCs (passage 10). Osteogenic capabil-
ity characterized by ARS staining (d) after 3 weeks’
induction. Adipogenic capability characterized by oil red
O staining (e) after 2 weeks’ induction. Scale bars repre-
sent 50 lm. Chondrogenic capability evaluated in histo-
logical section of a micromass pellet cultures after
3 weeks’ induction. Glycosaminoglycan content of the
pellet revealed by toluidine blue staining (f). Scale bar
represents 100 lm.

Figure S2. Immunophenotype of CD11b) ⁄CD45)

mMSCs. A homogeneous confluent monolayer of
CD11b) ⁄CD45) mMSCs was trypsinized and stained
with surface antibodies as indicated, and analysed using
FACS. Plots show isotype control IgG-staining profile
(open histogram) versus specific antibody staining profile
(shaded histogram).
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