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The purpose of this study was to compare murine mesenchymal stem cells (MSCs) isolated from bone
marrow (BM) and adipose tissue (AT) for the selection of suitable MSCs in cell therapy of an airway allergic
animal model. We compared MSCs of BALB/c mice derived from BM and AT with respect to prolifera-
tion potential, immunophenotype, and multilineage differentiation capacity. In proliferation potential,
MSCs from AT (ASCs) showed higher fibroblastoid colony-forming units frequencies and colony-forming
efficiency than MSCs from BM (BMSCs). The flow cytometry analysis showed that both ASCs and BMSCs
esenchymal stem cells
one marrow
dipose tissue
llergy
ice

expressed MSCs-related antigens (CD90 and CD105), whereas they did not express hematopoiesis-related
antigens (CD45 and CD11b). There was no significant difference in adipogenic, osteogenic, and chondro-
genic differentiation between the murine ASCs and BMSCs. In conclusion, the present study has shown
that ASCs had higher CFU-F frequencies and colony-forming efficiency than BMSCs. ASCs and BMSCs pre-
sented a similar surface immunophenotype and multilineage differentiation capacity. Therefore, ASCs in

ore
easy
BALB/c mice might be a m
the abundance, relatively

ntroduction

Mesenchymal stem cells (MSCs) found in many adult tissues
re multipotent cells able to self-renew and differentiate into mul-
iple lineages including bone (Delorme and Charbord, 2007; Liu et
l., 2007; Titorencu et al., 2007), fat (Delorme and Charbord, 2007;
iu et al., 2007), cartilage (Delorme and Charbord, 2007; Liu et al.,
007), and muscle (Bhagavati and Xu, 2004; Delorme and Charbord,
007) in the appropriate microenvironment. MSCs may be useful

n the repair or regeneration of damaged tissues in Osteogenesis
mperfecta, myocardial infarction, injured lung, and stroke (Horwitz
t al., 2001; Li et al., 2002; Shake et al., 2002; Rojas et al., 2005). In
ddition, MSCs possess immunomodulatory properties with thera-
eutic potential to prevent graft-versus-host disease in allogeneic
ematopoietic cell transplantation (Le Blanc et al., 2004). Recently
e demonstrated that MSCs also can ameliorate experimental air-
Please cite this article in press as: Jang H-J, et al. Adipose tissue-derived s
Histochemica (2010), doi:10.1016/j.acthis.2010.05.003

ay allergic diseases such as allergic rhinitis and asthma (Cho et
l., 2009; Cho and Roh, 2009).

MSCs isolated and cultured from bone marrow (BM) (BMSCs)
nd adipose tissue (AT) (ASCs) appear to be morphologically similar
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useful material for cell therapy of the airway allergic experiment due to
harvesting and high proliferation potential.

© 2010 Elsevier GmbH. All rights reserved.

and express very similar cell-surface markers (Musina et al., 2005;
Kern et al., 2006; Bieback et al., 2008; Peng et al., 2008). However,
recent studies have demonstrated that MSCs isolated from sev-
eral different sources are not a homogenous population and that
their differentiation potential may vary depending on the sources
and the species (Im et al., 2005; Yoshimura et al., 2007; Hayashi
et al., 2008; Koga et al., 2008). In a comparison of human MSCs
isolated from BM, umbilical cord blood, and AT, all three sources
presented a similar capacity for chondrogenic and osteogenic dif-
ferentiation however, they differed in their adipogenic potential
(Rebelatto et al., 2008). It has been shown that major differences
were observable in the frequencies of colony and their expansion
potential, although there are no significant differences concerning
the morphology and immune phenotype of human MSCs derived
from various sources (Bieback et al., 2008). In the study of MSCs
derived from BM, cartilage, and AT in the rat, ASCs showed the
highest proliferation potential, followed by MSCs derived from BM
and cartilage and MSCs from three sources displayed osteogenic,
adipogenic, and chondrogenic differentiation potential (Peng et al.,
2008).

The mouse is a suitable experimental model to study the
immune modulating effect of MSCs in an airway allergic animal
tem cells for cell therapy of airway allergic diseases in mouse. Acta

model. Although the selection of ideal murine MSCs is apparently
crucial for the outcome of in vivo airway allergic experiments
with MSCs, there are no reports comparing the properties of
MSCs according to tissue sources in mice, especially BM and
AT.

dx.doi.org/10.1016/j.acthis.2010.05.003
dx.doi.org/10.1016/j.acthis.2010.05.003
http://www.sciencedirect.com/science/journal/00651281
http://www.elsevier.de/acthis
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The purpose of this study was to compare murine MSCs isolated
rom BM and AT for the selection of suitable MSCs in cell therapy
f an airway allergic animal model.

aterials and methods

nimals

Eight-week-old female BALB/c mice bred in the specific
athogen free animal facility were used. The animal study protocol
as approved by the Institutional Animal Care and Use Committee

f the Pusan National University School of Medicine.

solation and culture of MSCs

AT was obtained from abdominal fat of BALB/c mice. Because
he amount of stromal cells obtained from AT and BM of each

ouse is too small, AT and BM were collected from ten BALB/c
ice. To isolate mouse AT stromal cells, adipose tissue was washed

xtensively with an equal volume of phosphate-buffered saline
PBS), and digested with 0.075% collagenase type I (Sigma–Aldrich,
t. Louis, MO) at 37 ◦C for 30 min. Enzyme activity was neutral-
zed with �-modified Eagle’s medium (�-MEM, Sigma–Aldrich, St.
ouis, MO) containing 10% fetal bovine serum (FBS) and centrifuged
t 1200 × g for 10 min to obtain a pellet. The pellet was filtered
hrough a 100 �m nylon mesh to remove cellular debris and incu-
ated overnight at 37 ◦C/5% CO2 in control medium (�-MEM, 10%
BS, 100 unit/ml of penicillin, 100 �g/ml of streptomycin). Fol-
owing incubation, the plate was washed extensively with PBS to
emove residual non-adherent red blood cells. The resulting cell
opulation was maintained at 37 ◦C/5% CO2 in control media.

BM was collected from femurs and tibias of BALB/c mice. BM was
xtruded by inserting a 22-gauge needle into the shaft of the bone
nd flushed out with 1 ml Hanks’ balanced salt solution (Invitrogen,
arlsbad, CA).

Mononuclear cells from BM were separated by centrifugation
t 1000 × g for 20 min in a Ficoll-Hypaque (Sigma–Aldrich, St.
ouis, MO) gradient (density = 1.077 g/cm2) suspended in control
edium at a concentration of 1 × 106 cells/cm2. The mononu-

lear cells were immunodepleted of granulomonocytic cells using
D11b micromagnetic beads (Miltenyi Biotec, Bergish-Gladbach,
ermany). Cultures were maintained at 37 ◦C in a humidified atmo-
phere containing 5% CO2. One-week later, when the monolayer
f adherent cells has reached confluence, cells were trypsinized
0.05% trypsin-EDTA; Sigma–Aldrich, St. Louis, MO), resuspended
n �-MEM containing 10% FBS, and subcultured at a concentration
f 2000 cells/cm2. The 3rd or 4th passage of the ASCs was used for
xperiments.

olony-forming assay

To evaluate colony number per nucleated cells, mononuclear
ells from BM and stromal vascular cells from AT were plated at
06 cells/100 cm2 dish in three dishes each and cultured for 7 days.
fter 7 days of primary culture, dishes were washed twice with
BS, fixed with 4% paraformaldehyde, and stained with 0.5% crys-
al violet for 5 min. The number of cell colonies from each dish was
ounted at a magnification of ×100 under an optical microscope.
olony numbers per nucleated cell of ASCs and BMSCs were cal-
ulated. Colonies less than 2 mm in diameter and faintly stained
olonies were ignored.
Please cite this article in press as: Jang H-J, et al. Adipose tissue-derived s
Histochemica (2010), doi:10.1016/j.acthis.2010.05.003

To evaluate colony number per adherent cells, 100 adherent
ells at passages 1 and 2 were re-plated and cultured for 7 days
n 100 cm2 dishes. The cells were subsequently fixed with 4%
araformaldehyde, stained with 0.5% crystal violet for 5 min, and
ashed twice with distilled water. Colony number per adherent
 PRESS
ica xxx (2010) xxx–xxx

cell of ASCs and BMSCs at passages 2 and 3 was then counted.
Colonies less than 2 mm in diameter and faintly stained colonies
were ignored.

The cell number per colony of ASCs and BMSCs at passages 2 and
3 was also evaluated from the mean number of total cells divided
by the mean number of colonies.

Immunophenotypic analysis

Flow cytometric analysis was used to characterize the phe-
notypes of the ASCs and BMSCs. At least 50,000 cells (in 100 �l
PBS/0.5% BSA/2 mmol/L EDTA) were incubated with FITC-labeled
monoclonal antibodies against mouse CD105, CD90, CD45, CD11b
(BD Biosciences Clontech, Palo Alto, CA) or with the respective iso-
type control. After washing the labeled cells were analyzed by flow
cytometry using a FACS Calibur flow cytometer and the Cell Quest
Pro software (BD Biosciences, San Diego, CA).

Multilineage differentiation of ASCs and BMSCs

ASCs and BMSCs were analyzed for their capacity to differentiate
toward the adipogenic, osteogenic, and chondrogenic lineages.

Adipogenic differentiation was induced by culturing ASCs and
BMSCs for 2 weeks in adipogenic media (1 �M dexamethasone,
100 �g/ml 3-isobutyl-1 methylxanthine (IBMX), 5 �g/ml insulin,
and 60 �M indomethacin, 10% FBS in �-MEM) and assessed using
an Oil Red O stain as indicator of intracellular lipid accumulation.
Prior to staining, the cells were fixed 15 min at room temperature
in 70% ethanol. The cells were incubated in 2% Oil Red O reagent
for 1 h at room temperature. Excess stain was removed by washing
with 70% ethanol, followed by several changes of distilled water.
In order to quantify the ratio of adipogenic differentiation, optical
densities were measured at 510 nm with a spectrophotometer after
samples were treated with isopropyl alcohol.

Osteogenic differentiation was induced by culturing ASCs and
BMSCs for 2 weeks in osteogenic media (0.1 mM dexamethasone,
10 �M �-glycerophosphate, and 50 �g/ml ascorbic acid, 10% FBS
in �-MEM) and examined for extracellular matrix calcification by
Alizarin red S staining. For Alizarin Red S staining, the cells were
fixed with 70% ethanol and washed with distilled water. The cells
were incubated in 2% Alizarin red solution for 15 min at room tem-
perature. The cells were washed several times with distilled water.
In order to evaluate alkaline phosphatase (ALP) activity, which is
recognized as an early osteoblastic marker, samples were treated
with 100 �l 50 mM p-nitrophenyl phosphatase hexahydrate con-
taining 1 mM MgCl2, and incubated for 20 min at 37 ◦C. Optical
densities were measured at 405 nm with a spectrophotometer.

Chondrogenic differentiation was induced using the micro-
mass culture technique. Briefly, 10 �l of a concentrated MSC
suspension (3 × 105 cells/ml) was plated into the center of each
well and allowed to attach at 37 ◦C for 2 h. Chondrogenic media
(CM, 1% FBS, 0.1 mM dexamethasone (Sigma–Aldrich, St. Louis,
MO), 50 �g/ml ascorbic acid, ITS + 1 (insulin–transferrin–selenium;
Sigma–Aldrich, St. Louis, MO), 10 ng/mL TGF-�1 (Sigma–Aldrich,
St. Louis, MO), 10 ng/mL in �-MEM) was gently overlaid so as not
to detach the cell nodules, and cultures were maintained in CM
for 4 weeks prior to analysis. Chondrogenesis was confirmed by
immunohistochemistry.

Micromass were harvested after 4 weeks culture and immedi-
ately frozen in optimum cutting temperature medium. 10 �m thick
sections were cut, fixed in 4% paraformaldehyde. For collagen type
tem cells for cell therapy of airway allergic diseases in mouse. Acta

II staining, sections were blocked with 10% horse serum, incubated
with purified anti-mouse collagen type II antibody (BD Bioscience,
San Jose, CA) for 1 h, and washed with PBS (pH 7.4). Cells with bound
antibodies were detected with a peroxidase substrate kit (Vectas-
tain ABC kit; Vector Laboratories, Burlingame, CA). Sections were

dx.doi.org/10.1016/j.acthis.2010.05.003
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ig. 1. Morphology of adherent cells after initial plating. Fibroblastoid adherent cell
ar = 30 �m.

ashed, counterstained with hematoxylin, and examined by light
icroscopy.

tatistical analysis

Data were presented as mean ± SEM. The statistical significance
as assessed by unpaired t test using the SPSS software package

version 12.0, SPSS Inc., IBM, Chicago, IL). A value of p < 0.05 was
onsidered to be significant.

esults
Please cite this article in press as: Jang H-J, et al. Adipose tissue-derived s
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solation characteristics of ASCs and BMSCs

At an initial plating density of 1 × 106 cells/cm2, both BM- and
T-derived fibroblastoid cells formed a monolayer 4–5 days after

nitial plating (Fig. 1). The number of fibroblastoid colony-forming

ig. 2. Colony-forming assays of MSCs from adipose tissue (ASCs) and bone marrow (BM
assage 1 was significantly higher in ASCs than BMSCs. However colony number per adhe
SCs and BMSCs. Data expressed mean ± SEM, *p < 0.001.
ed from adipose tissue (A) and bone marrow (B) were similar in morphology. Scale

units (CFU-F) per 1 × 106 mononuclear cells in the BM and 1 × 106

stromal vascular cells in the AT was named as CFU-F frequencies.
CFU-F frequencies were 35 ± 5 in BM and 350 ± 25 in the AT. The
colony number per nucleated cell, namely colony-forming effi-
ciency at passage 1, was much higher in AT than BM (p < 0.001).
Although colony number per adherent cell and cell number per
colony at passages 2 and 3 were higher in AT than BM, there were
no significant differences between AT and BM (Fig. 2).

Immunophenotypic characterization
tem cells for cell therapy of airway allergic diseases in mouse. Acta

Cultures of ASCs and BMSCs were analyzed for expression
of cell-surface markers. ASCs and BMSCs were negative for the
hematopoietic lineage marker, CD45 and CD11b. The percentage
of CD105 and CD90 positive cells was 20.5%, 57.8% in BMSCs and
21.6%, 55.6% in ASCs, respectively (Fig. 3).

SCs). The colony number per nucleated cell, namely colony-forming efficiency at
rent cell and cell number per colony at passages 2 and 3 did not differ between the

dx.doi.org/10.1016/j.acthis.2010.05.003
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ig. 3. Immunophenotypic analysis of MSCs from adipose tissue (ASCs) (A) and bon
nd positive expression for CD105 and CD90.

dipogenic differentiation capacity

Adipogenic differentiation was demonstrated by the accumula-
ion of neutral lipid vacuoles indicated by Oil Red O staining. After
dipogenic induction, a significant fraction of the cells contained
ultiple, intracellular lipid-filled droplets that stained by Oil Red
in the ASCs and BMSCs (Fig. 4A and B), although there was no

ed staining in the control ASCs and BMSCs group (Fig. 4C and D).
ptical densities were significantly higher in both ASCs and BMSCs
roup than in the control group (p < 0.001). However, there was no
ignificant difference between the ASCs and BMSCs group (Fig. 5).

steogenic differentiation capacity
Please cite this article in press as: Jang H-J, et al. Adipose tissue-derived s
Histochemica (2010), doi:10.1016/j.acthis.2010.05.003

Osteogenic differentiation was confirmed by the detection of an
steogenic phenotype consisting of an increased expression of ALP
nd the deposition of Alizarin Red S stained mineralized matrix.
alcification appeared as red regions within the cells monolayer.

ig. 4. Adipogenic differentiation of MSCs from adipose tissue (ASCs) and bone marrow
ipid-filled droplets stained with Oil Red O in the ASCs (A) and BMSCs (B) under adipoge
ultured with non-inductive medium. Scale bar = 50 �m. Results are a representative of fo
row (BMSCs) (B). Flow cytometry showed negative expression for CD45 and CD11b

Consistent with osteogenesis, several red regions in Alizarin red S
staining, indicative of calcified extracellular matrix, were observed
in ASCs and BMSCs treated for 2 weeks in osteogenic media (Fig. 6A
and B). No red regions were detected in control ASCs and BMSCs
group (Fig. 6C and D). ALP activities were significantly higher in both
ASCs and BMSCs group than control group (p < 0.001). However,
there was no significant difference between the ASCs and BMSCs
group (Fig. 7).

Chondrogenic differentiation capacity

Compared with control group, chondrogenic differentiation of
ASCs and BMSCs was confirmed by the formation of a sphere in
tem cells for cell therapy of airway allergic diseases in mouse. Acta

micromass culture. The size of a sphere was not different between
ASCs and BMSCs group. Chondrogenesis was further studied by
analyzing the expression of a cartilage-specific type II collagen.
There was no significant difference in the expression of collagen
type II between the ASCs and BMSCs group (Fig. 8).

(BMSCs). Adipogenesis was detected by the formation of multiple, intracellular
nic differentiation condition. The control groups of ASCs (C) and BMSCs (D) were
ur independent experiments.

dx.doi.org/10.1016/j.acthis.2010.05.003
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Fig. 5. Spectrophotometric analysis of Oil Red O staining of ASCs and BMSCs. Optical
densities were significantly higher in both ASCs and BMSCs than control group.
However, there was no significant difference between the ASCs and BMSCs group
(C). Data expressed mean ± SEM (n = 4, each group). (*), (†) p < 0.001.

Fig. 7. Analysis of alkaline phosphatase activity. Optical densities were significantly
higher in both ASCs and BMSCs than control group. However, there was no signif-
icant difference between the ASCs and BMSCs group. Data expressed mean ± SEM
(n = 4, each group). (*), (†) p < 0.001.

Fig. 6. Osteogenic differentiation of MSCs from adipose tissue (ASCs) and bone marrow (BMSCs). Osteogenesis was demonstrated by several dark red regions stained with
Alizarin Red S, indicative of calcified extracellular matrix in the ASCs (A) and BMSCs (B) under osteogenic differentiation condition. The control groups of ASCs (C) and BMSCs
(D) were cultured with non-inductive medium. Scale bar = 50 �m. Results are a representative of four independent experiments. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.).

Fig. 8. Chondrogenic differentiation of MSCs from adipose tissue (ASCs) and bone marrow (BMSCs). Chondrogenesis was demonstrated by the formation of a sphere and
type II collagen expression in the ASCs (A) and BMSCs (B). There was no difference in the size of a sphere and the immunohistochemical staining for type II collagen between
the ASCs and BMSCs group. Scale bar = 50 �m. Results are a representative of four independent experiments.

dx.doi.org/10.1016/j.acthis.2010.05.003
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iscussion

MSCs consist of multipotent progenitors capable of differenti-
ting into various different tissues (Delorme and Charbord, 2007).
n contrast with stem cells derived from the embryo or fetus, adult

SCs are not ethically restricted and easy to obtain. MSCs were first
dentified in the BM by their adherence to plastic dishes and form-
ng the colonies with a fibroblast-like morphology (Friedenstein
t al., 1996). Several recent studies have shown that human MSCs
re also present in other tissues, such as muscle (Asakura et al.,
001), periosteum (De Bari et al., 2001a,b), synovium (De Bari et al.,
001a,b), and subcutaneous adipose tissue (Zuk et al., 2002). MSCs

solated and cultured from various tissues appear to be morpholog-
cally quite similar in the expression of commonly used cell-surface

arkers (Musina et al., 2005). BMSCs have been isolated from vari-
us species, including rabbit (Johnstone et al., 1998), rat (Javazon et
l., 2001), and mouse (Peister et al., 2004). Although properties of
SCs from different species and tissues have partially similar char-

cteristics, significant differences have been observed according to
issue source and species (Im et al., 2005; Yoshimura et al., 2007;
ieback et al., 2008; Hayashi et al., 2008; Koga et al., 2008; Rebelatto
t al., 2008). For example, it has been shown that synovium-derived
SCs were superior to MSCs from other sources for clinical applica-

ion (Sakaguchi et al., 2005). Recently, strain-dependent variations
n the amount of MSCs derived from BM in mice have been reported
Peister et al., 2004; Sung et al., 2008). The MSCs of C57BL/6 strain
howed the highest number of CFU-F among all strains of mice,
nd CFU-F of the ASCs were significantly greater than that of the
M and compact bone MSCs in all strains of mice, suggesting that
57BL/6 ASCs might be the best source of MSCs in mice (Sung et al.,
008).

In view of clinical applications of MSC-based cell therapy for air-
ay allergic disease, such as allergic rhinitis and asthma, suitable
SCs for in vivo immunomodulatory effect of MSCs in airway aller-

ic animal model have to be determined. Because BALB/c mice are
stablished airway allergic mouse models in view of the fact that
ALB/c mice, with Th2 tendency, respond well to allergen stim-
lation, whereas C57BL/6 mice, with Th1 tendency, respond less
ell (Okano et al., 1999), female BALB/c mice were used to iso-

ate MSCs from BM and AT in this study. We have analyzed MSCs
rom mouse BM and AT from the standpoint of the frequencies of
olonies, colony-forming efficiency, colony number per adherent
ells, cell number per colonies, immunophenotype, and multilin-
age differentiation capacity.

CFU-F frequencies, namely the colony number per nucleated
ells, derived from synovium, periosteum, AT, and muscle is much
igher than that derived from BM in both rat and human (Sakaguchi
t al., 2005; Yoshimura et al., 2007). In human, cell number per
olony is much greater in BM than in other mesenchymal tissues,
nd consequently, the expansion potential of BM cells is similar
ith that of other tissue-derived cells (Sakaguchi et al., 2005). On

he other hand, in rat, cell number per colony is lower in BM than in
ther mesenchymal tissues, resulting in a lower expansion poten-
ial of rat BMSCs (Yoshimura et al., 2007). In this study, CFU-F
requencies and colony-forming efficiency in mice was significantly
igher in AT than BM, although there is no significant difference in
he colony number per adherent cell and cell number per colony
etween AT and BM, indicating that the proliferation potential of
SCs in mice is much higher than BMSCs and ASCs could be obtained

n larger quantities than BMSCs.
Several previous reports have documented the expression of
Please cite this article in press as: Jang H-J, et al. Adipose tissue-derived s
Histochemica (2010), doi:10.1016/j.acthis.2010.05.003

henotypic markers in MSCs (Sun et al., 2003; Bhagavati and Xu,
004; Yamamoto et al., 2007; Sung et al., 2008). Immunopheno-
ypic analysis of this study showed that the surface marker profiles
or ASCs and BMSCs in the BALB/c mice were compatible with those
reviously reported for MSCs. Both ASCs and BMSCs were positive
 PRESS
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for CD90 and CD105 expression, whereas they were negative for
CD11b and CD45 expression.

Multiple lineage differentiation potential has been considered
an important quality of stem cells. In the present study, MSCs from
AT and BM in the BALB/c mice were verified to posses osteogenic,
adipogenic, and chondrogenic potential. Although several stud-
ies showed that BMSCs have exhibited superior capacity towards
osteogenic and chondrogenic differentiation and inferior capacity
to adipogenic differentiation than ASCs in the human and rat (Liu
et al., 2007; Yoshimura et al., 2007; Peng et al., 2008), there was no
significant difference in multiple lineage differentiation capacity
between the murine ASCs and BMSCs in this study.

This study revealed similarities and differences between murine
BMSCs and ASCs. Both ASCs and BMSCs can be regarded as potential
materials for stem cell therapy experiments in the airway allergic
disease mouse model. It is thought that the differentiation potential
is not the first choice, but abundance, frequency, and prolifera-
tion potential are more important in therapeutic experiments of
MSCs for airway allergic animal model. However, it is difficult to
obtain sufficient quantities of MSCs from BM. Subcutaneous adi-
pose tissues are easy accessible, more abundant and a less invasive
alternative source of MSCs present in every individual.

In conclusion, ASCs had higher CFU-F frequencies and colony-
forming efficiency than BMSCs. Therefore, ASCs in BALB/c mice
might be a more useful material for cell therapy of the airway aller-
gic experimental studies owing to the abundance, relatively easy
harvesting, and high proliferation potential.
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