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Abstract

The human synovium contains mesenchymal stem cells (MSCs), which are multipotential non-hematopoietic progenitor
cells that can differentiate into a variety of mesenchymal lineages and they may therefore be a candidate cell source for
tissue repair. However, the molecular mechanisms by which this can occur are still largely unknown. Mouse primary cell
culture enables us to investigate the molecular mechanisms underlying various phenomena because it allows for relatively
easy gene manipulation, which is indispensable for the molecular analysis. However, mouse synovial mesenchymal cells
(SMCs) have not been established, although rabbit, cow, and rat SMCs are available, in addition to human MSCs. The aim of
this study was to establish methods to harvest the synovium and to isolate and culture primary SMCs from mice. As the
mouse SMCs were not able to be harvested and isolated using the same protocol for human, rat and rabbit SMCs, the
protocol for humans was modified for SMCs from the Balb/c mouse knee joint. The mouse SMCs obtained showed superior
proliferative potential, growth kinetics and colony formation compared to cells derived from muscle and bone marrow.
They expressed PDGFRá and Sca-1 detected by flow cytometry, and showed an osteogenic, adipogenic and chondrogenic
potential similar or superior to the cells derived from muscle and bone marrow by demonstrating in vitro osteogenesis,
adipogenesis and chondrogenesis. In conclusion, we established a primary mouse synovial cell culture method. The cells
derived from the mouse synovium demonstrated both the ability to proliferate and multipotentiality similar or superior to
the cells derived from muscle and bone marrow.
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Introduction

Mesenchymal stem cells (MSCs) are multipotential non-

hematopoietic progenitor cells that can differentiate not only in

vitro, but also in vivo, into a variety of mesenchymal lineages such as

osteoblasts, chondrocytes and adipocytes. Although MSCs were

initially isolated from bone marrow [1], they are now able to be

isolated from various types of adult mesenchymal tissue, such as

the synovium, skeletal muscle, and adipose tissue, in addition to

bone marrow [2,3,4].

The synovium has a high regenerative capacity, as evidenced by

its full healing after surgical and chemical synovectomy in rabbits

[5,6,7]. The osteophytes observed at the synovium–cartilage

junction in osteoarthritis are usually accompanied by excess

cartilage formation [8]. When partial-thickness defects in the

articular cartilage were formed in rabbits, the synovial membrane

extension contributed to the repair of the cartilage [9].

Reconstructed ligaments are recovered by synovial tissue in the

natural course of the healing processes [10]. All of these findings

suggest that the synovium plays an important role in tissue repair

in the joint.

Human synovial MSCs have a higher capacity for proliferation

and greater chondrogenic potential than those from other cell

sources, such as bone marrow [11]. The synovium can be collected

relatively easily under the arthroscopy, while marrow aspiration is

necessary for bone marrow collection. Thus, synovial MSCs are

considered to be one of the appropriate candidate cell sources for

tissue repair, especially for articular cartilage repair, and are now

being investigated clinically as a treatment for cartilage defects

[12]. Despite the impressive data reported from various investiga-

tions, there are still a lot of obstacles facing clinical research for

a complete articular cartilage repair. Numerous basic research

questions related to the developmental origin of these cells, their

proposed pluripotency, and their molecular mechanisms of tissue

repair, especially the regulation of cartilage differentiation, are also

still largely unanswered [13].

Mouse primary cell culture has enabled investigators to perform

research to elucidate the molecular mechanisms of the phenomena

because of the relatively easy gene manipulation in such cells,
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Figure 1. Microscopic photograph of a mouse knee to harvest the synovium. The knee joints were exposed by a midline skin incision (A).
The quadriceps of the mice was microscopically resected at the middle (B) and reversed distally (C). As the femur, reversed patella and patellar
ligament were exposed (D), the synovium on the infra-patellar fat pad could be easily visualized for resection purposes (E).
doi:10.1371/journal.pone.0045517.g001
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which is indispensable for the molecular analysis. However, one of

the obstacles we are currently confronting and have to overcome

in this field is that mouse synovial MSCs have not been isolated

and are not available for basic research, whereas rabbit [14], cow

[15], and rat synovial MSCs [16] have been isolated, and are

available for research, in addition to human synovial MSCs.

The aim of this study was to establish a primary synovial

mesenchymal cell (SMC) culture method for cells isolated from the

synovium of mouse knee joints, and to characterize these cells and

determine whether they can function as MSCs.

Materials and Methods

Tissue Collection
Ten 10-week-old female Balb/c mice were prepared for the

study. The synovium in the infra-patellar fat pad of these mice was

harvested [details in the Results (Figure 1)]. Bone marrow was

flushed from the femur and tibia of these mice. Muscle was

obtained from their quadriceps. The protocol of this study was

approved by the Institutional Animal Care and Use Committee of

Juntendo University (Registration Number: 971, Permit Number:

220084, 230017). All experimental procedures were performed

following the guidelines for the care and use of animals of

Juntendo University.

Isolation and Culture of Mouse Cells
The mouse SMCs could not be isolated using the same protocol

as that used for the isolation of human, rat and rabbit SMCs.

Therefore, the protocol for human SMC culture had to be

modified to obtain the appropriate conditions. The details of the

methods used for the isolation and culture of mouse SMCs were

also described in the Results (Figure 1 and Table 1). The

reagents used in this study were phosphate buffered saline (PBS),

collagenase (Wako, Osaka, Japan), deoxyribonuclease I (DNase I:

Sigma-Aldrich, St Louis, MO, USA) and Dulbecco’s modified

Eagle’s medium (DMEM: Wako). Nucleated cells from the bone

marrow were isolated with a density gradient (Ficoll-Paque;

Amersham Biosciences, Uppsala, Sweden). Colony forming cells

derived from muscle were used as muscle derived cells for this

study. The muscle was digested in 0.1% collagenase 0.005%

deoxyribonuclease I in DMEM at 37uC for 1 hour, and filtered

through a 70-mm nylon filter (Becton Dickinson, Franklin Lakes,

NJ, USA) The nucleated cells were plated in 6-well dishes for 24

hours in complete culture medium [DMEM containing 10% fetal

bovine serum (FBS), 100 unit/mL penicillin and 100 mg/ml

streptomycin (Invitrogen, Carlsbad, CA, USA)] and incubated at

37uC with 5% humidified CO2. The medium was changed every

3–4 days thereafter and then were cultured for 14 days as passage

0.

Cell Expansion Assay
To compare the survival of the cells, cells derived from the

synovium, muscle and bone marrow were replated every 14 days.

The number of cells that were able to be replated ten times was

counted. A Kaplan-Meier survival analysis was conducted to

compare the survival rates of the cells.

Nucleated cells derived from the synovium, muscle and bone

marrow were clonally expanded for 14 days, and cells at passage 2

were plated at 2,000 cells/cm2 on 60-cm2 dishes. Then, the cells

were replated at 2,000 cells/cm2 every 14 days until passage 10.

For the growth kinetics study, the cells derived from mouse

synovium, muscle and bone marrow at passage 4 were plated at

1,000 cells/cm2 and counted with a hemocytometer every two

days until 14 days.

Colony-forming Efficacy
The cells at passage 4 were replaced at 1000 cells per 60-cm2

dish, incubated for 14 days, and stained with 0.5% crystal violet in

4% paraformaldehyde for 5 minutes. The cells were then washed

twice with distilled water, and the number of colonies per dish was

determined. Colonies less than 2 mm in diameter and faintly

stained colonies were ignored.

Flow Cytometry
One million cells at passage 3 were suspended in 500 ml PBS

containing 20 mg/ml of antibody. After incubation for 30 minutes

at 4uC, the cells were washed with PBS and suspended in 1 ml

PBS for the analysis. Fluorescein isothiocyanate (FITC)-, phyco-

erythrin (PE)- or allophycocyanin (APC)- coupled antibodies

against mouse CD29, CD34, CD117, and CD140á were obtained

from eBioscience (San Diego, CA, USA). The CD44, CD45,

CD106, and Sca-1 antibodies were from BioLegend (San Diego,

CA, USA). For the isotype controls, FITC-, PE- or APC-coupled

nonspecific rat and hamster IgG (eBioscience) was substituted for

the primary antibody. The details of the antibodies used for flow

cytometry are shown in Table 2. Cell fluorescence was evaluated
by flow cytometry using a FACSAria instrument (Becton

Dickinson, Franklin Lakes, NJ, USA), and the data were analyzed

using the CellQuest software program (Becton Dickinson).

Osteogenesis in a Colony-forming Assay
One thousand cells were plated in 60-cm2 dishes and cultured in

complete medium for 7 days. The medium was switched to

calcification medium that consisted of complete medium supple-

Table 1. The conditions for the isolation of mouse
mesenchymal cells from the mouse knee joint.

Human*/Rat**/
Rabbit*** Mouse

Minced size 2–3 mm Less than 1 mm

Collagenase concentration 0.2–0.3% 0.1%

Collagenase reaction time 1–3 hr 15 min

Deoxyribonuclease (DNase) I 2 +

*[11], **[16], ***[14].
doi:10.1371/journal.pone.0045517.t001

Table 2. Monoclonal antibody list.

Antigen Labeling Clone Isotype

CD29 PE HMb1-1 Armenian Hamster IgG

CD34 FITC RAM34 Rat IgG2a,k

CD44 APC IM7 Rat IgG2b,k

CD45 APC 30-F11 Rat IgG2b,k

CD106(VCAM-1) PE 429 Rat IgG2a,k

CD117(c-kit) PE 2B8 Rat IgG2a,k

CD140á(PDGFRá) APC APA5 Rat IgG2a,k

Sca-1 FITC D7 Rat IgG2a,k

APC: allophycocyaninFITC: Fluorescein isothiocyanate, PE: phycoerythrin.
VCAM-1: vascular cell adhesion molecule 1.
PDGFRa: platelet derived growth factor receptor alpha.
doi:10.1371/journal.pone.0045517.t002
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mented with 1 nM dexamethasone (Sigma-Aldrich), 20 mM

glycerol phosphate (Sigma-Aldrich), and 50 mg/ml ascorbate-2-

phosphate (Sigma-Aldrich) for an additional 21 days. The

osteogenic medium was replaced every 3–4 days. The dishes were

subsequently stained with fresh 0.5% alizarin red solution, and the

number of alizarin red–positive colonies was determined. Colonies

less than 2 mm in diameter and faintly stained colonies were

ignored. The same calcification cultures were then stained with

crystal violet, and the total number of cell colonies was determined

[11,16].

Adipogenesis in a Colony-forming Assay
One thousand cells were plated in 60-cm2 dishes and cultured in

complete medium for 7 days. The medium was then switched to

adipogenic medium that consisted of complete medium supple-

mented with 10 nM dexamethasone, 0.5 mM isobutylmethyl-

xanthine (Sigma-Aldrich), and 50 mM indomethacin (Sigma-

Aldrich) for an additional 21 days. The adipogenic medium was

replaced every 3–4 days. The adipogenic cultures were fixed in 4%

paraformaldehyde, stained with fresh 0.5% oil red O solution, and

the number of oil red O–positive colonies was determined.

Colonies less than 2 mm in diameter and faintly stained colonies

were ignored. The same adipogenic cultures were subsequently

stained with crystal violet, and the total number of cell colonies

was determined [11,16].

In vitro Chondrogenesis
26105 cells were placed in a 15-ml polypropylene tube (BD

Falcon, Franklin Lakes, NJ, USA) and centrifuged at 4506g for 10

minutes. The pellet was cultured at 37uC with CO2 in 400 ml of
chondrogenic medium that contained 500 mg/ml recombinant

human bone morphogenetic protein 7 (rhBMP7: Stryker biotech,

Table 3. Primers for specific polymerase chain reaction.

Primer Forward Reverse

b-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT

C/EBPâ ACCGGGTTTCGGGACTTGA CCCGCAGGAACATCTTTAAGTGA

Col1a1 GACATGTTCAGCTTTGTGGACCTC GGGACCCTTAGGCCATTGTGTA

Col2a1 GGGCTCCAATGATGTAGAGATG CCCACTTACCAGTGTGTTTCG

Col10a1 GCATCTCCCAGCACCAGA CCATGAACCAGGGTCAAGAA

FABP4 TGGGAACCTGGAAGCTTGTCTC GAATTCCACGCCCAGTTTGA

Lpl AGAGGCTATAGCTGGGAGCAGAAAC GCAAGGGCTAACATTCCAGCA

PPARã GCCCAGGCTTGCTGAACGTGAAG CACGTGCTCTGTGACGATCTGCC

Sox9 CAGCAAGACTCTGGGCAAG TCCACGAAGGGTCTCTTCTC

Osteocalcin GACCATCTTTCTGCTCACTCTG GTGATACCATAGATGCGTTTGTAG

Osteopontin CAGTGATTTGCTTTTGCCTGTTTG GGTCTCATCAGACTCATCCGAATG

Runx2 GCACAAACATGGCCAGATCA AAGCCATGGTGCCCGTTAG

C/EBPâ: CCAAT/enhancer binding protein beta, FABP4: Fatty Acid Binding Protein 4, Lpl: Lipoprotein Lipase, PPARã: Peroxisome Proliferator-Activated Receptor gamma,
RUNX2:Runt-related transcription factor 2.
doi:10.1371/journal.pone.0045517.t003

Figure 2. A comparison of the mouse SMC proliferation potentials following digestion by different collagenase reaction times. (A)
and by the presence or absence of DNase I (B). DNase I; deoxyribonuclease I, SMC; synovial mesenchymal cell. * indicates p,0.05.
doi:10.1371/journal.pone.0045517.g002
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Cambridge, MA, USA) in high-glucose DMEM supplemented

with 10 ng/ml transforming growth factor â3 (TGFâ3; R&D

Systems, Minneapolis, MN, USA), 100 nM dexamethasone,

50 mg/ml ascorbate-2-phosphate, 40 mg/ml proline (Sigma-Al-

drich), 100 mg/ml pyruvate (Sigma-Aldrich), and 1:100 diluted

ITS+ Premix (Becton Dickinson). The medium was replaced every

3–4 days for 21 days. For the microscopy studies, the pellets were

embedded in paraffin, cut into 5-mm sections, and stained with

toluidine blue and type II collagen [17].

Quantitative Real-time Polymerase Chain Reaction (qRT-
PCR)
Total RNA from cultured cells and cultured pellets was

prepared by using the Absolutely RNA Nanoprep Kit (Stratagene,

La Jolla, CA, USA) according to the manufacturer’s instructions.

Complementary DNA (cDNA) was synthesized using the Tran-

scriptor High Fidelity cDNA Synthesis Kit (Roche Applied

Science, Mannheim, Germany) with a random hexamer primer.

The qRT-PCR analyses of osteogenesis and adipogenesis were

performed with the ABI Prism 7700 Sequence Detection System

(Applied Biosystems, Foster City, CA, USA) using SYBR Green I

PCR reagents (TOYOBO, Osaka, Japan) under the following

condition; initial denaturation for 10 minutes at 94uC followed by

40 cycles consisting of 15 seconds at 94uC and 1 minute at 60uC.
The copy number was expressed as the number of transcripts per

nanogram total RNA. Experimental samples were matched to

a standard curve generated by amplifying serially diluted products

using the same PCR protocol. The amounts of mRNA were

shown as relative quantities in comparison to that of b-actin
mRNA.

To evaluate chondrogenesis, a LightCycler 480 instrument

(Roche Applied Science) was used with the FastStart Taqman

Probe Master (Roche Applied Science). The qRT-PCR conditions

were as follows: 2 minutes at 50uC and 10 minutes at 95uC,
followed by 40 cycles of 15 seconds at 95uC and 1 minute at 60uC.
Normalization was performed using b-actin. Quantification was

performed using the comparative Ct method [15].

For the qRT-PCR analysis, primers for the following target

genes were used (Table 3): Runt-related transcription factor 2

(RUNX2), Osteocalcin, Osteopontin and Type I collagen for

osteogenesis, Peroxisome proliferator-activated receptor ã

(PPARã), CCAAT/enhancer binding protein â (C/EBPâ), Fatty

acid binding protein 4 (FABP4) and Lipoproteinlipase (Lpl) for

adipogenesis, Sex determining region Y-box 9 (Sox9), Type II and

Type X collagen to evaluate chondrogenesis.

Statistical Analysis
To assess significance of difference, the log rank test was used

for the Kaplan-Meier survival analysis and the Mann-Whitney U

test was used for other analyses. P values less than 0.05 were

considered to be significant.

Results

Harvesting the Synovium from the Mouse Knee Joint
Mice were fixed in the supine and legs extended position. The

knee joints were exposed by a midline skin incision (Figure 1A).
As the mouse synovium was too small and fragile to be isolated by

a common lateral approach of the knee joint, the isolation of

synovium was difficult. Thus, the quadriceps reversing approach

was used, as explained below. The quadriceps was transversely

resected at the middle (Figure 1B) and reversed distally

(Figure 1C), enabling us to distinguish between the patella and

patellar ligament (Figure 1D). As a result, the synovium of the

infra-patellar fat pad attached to the patellar ligament could easily

be seen and resected from the patellar ligament (Figure 1E).

Isolation and Culture of SMCs
The mouse SMCs could not be isolated using the same protocol

used for the isolation of human, rat and rabbit SMCs, as shown in

Table 2 [11,14,16,18]. When the mouse synovium was harvested

and treated according to the conditions for human, rat, and rabbit

cells, the cell proliferation was poor, and the cells became flat. In

most cases, the cells harvested under the conditions used for

human, rat and rabbit cells were not able to be cultured even twice

(data not shown). Therefore, the protocol for human SMC culture

had to be modified to obtain the appropriate conditions for

isolation of mouse SMCs. We determined that the collagenase

concentration for the mouse synovium had to be reduced to 0.1%

for the mouse from 0.2–0.3% that used for human synovium

(Table 1). In addition, a 15-minutes collagenase reaction time

(Table 1), which was also reduced from 1–3 hours, which is the

time used for human cells [11], was determined to be appropriate

for the isolation and culture of SMCs based upon the results of

comparison of the cell growth (Figure 2A). Although DNase was

not used for human cells, the supplementation with DNase I in the

isolation medium showed the superior isolation and culture results

for the mouse SMCs in comparison to that without DNase I

(Figure 2B).

Based on these results, the methods used for the isolation and

culture of mouse SMCs were determined as follows: The harvested

synovial tissue was minced into pieces (less than 1 mm) with

a surgical knife, washed thoroughly with PBS to remove

hematopoietic cells, and treated with 0.1% collagenase and

0.005% DNase I in DMEM at 37uC for 15 minutes. The digested

cells were filtered through a 70-mm mesh nylon filter. The quantity

of the harvested tissues was measured and the isolated cells were

counted using a hemocytometer (Table 4). The nucleated cells

from the tissues were placed in 6-well dishes for 3 hours in

complete culture medium and incubated at 37uC with 5%

humidified CO2. Nonadherent cells were removed by changing

the medium. The medium was changed every 3–4 days thereafter.

The nucleated cells were cultured for 14 days at passage 0.

Expansion Capacity of Mouse SMCs
To examine the characteristics of the mouse SMCs obtained by

the established conditions, described above, several experiments

were conducted. First, the functional capacity for self-renewal was

examined. All of the mouse SMCs we obtained were able to

survive until passage 10, while the mouse primary cultured cells

derived from muscle and bone marrow showed survival rates of

70% and 50%, respectively (Figure 3A). As statistical analysis

revealed that the survival rate of mouse SMCs was significantly

superior in comparison to that of cells derived from bone marrow

(Figure 3A). Next, the growth kinetics of mouse SMCs was

examined. The proliferation of mouse SMCs was superior or

Table 4. Date on the cell samples.

Sample size Nucleated cell no.

Bone marrow 0.15 (0.02) (ml) 1.726107 (1.906106) (cells/ml)

Synovium 1.29 (0.16) (mg) 4.356104 (8.366103) (cells/mg)

Muscle 13.84 (4.59) (mg) 3.736104 (9.106103 ) (cells/mg)

Data (SD) (unit).
doi:10.1371/journal.pone.0045517.t004
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Figure 3. The expansion ability of mouse SMCs. (A): The survival rate of the cells. (B and C): The growth of the cells. (D): Crystal violet staining.
(E): Quantification of the colony-forming ability. * and ** indicate p,0.05, and ,0.01, respectively.
doi:10.1371/journal.pone.0045517.g003

Mouse Synovial Multipotential Mesenchymal Cells

PLOS ONE | www.plosone.org 6 September 2012 | Volume 7 | Issue 9 | e45517



similar to that of cells from mouse muscle and bone marrow

(Figures 3B and 3C). The colony-forming number of mouse

SMCs was significantly higher in comparison to that of mouse

bone marrow and was higher than that of cells derived from

muscle (Figures 3D and 3E).

Epitopic Properties of Mouse SMCs
Among the eight antigens examined, the rate of positivity for

CD34 (a hematopoietic progenitor cell antigen), CD45 (a

hematopoietic cell marker), and CD 117 (a stem cell factor

receptor) in SMCs was less than 2% (Figure 4). The positive

ratios for CD29 and CD44 in the SMCs and cells derived from

muscle and bone marrow were 90% or over. The positive ratio of

CD106 (VCAM-1) in SMCs and cells derived from muscle and

bone marrow was less 10%. The positive ratio of CD140á

(PDGFRá) in SMCs was 50% or over, which was significantly

higher than that in the cells derived from both muscle and bone

marrow. The Sca-1 (mesenchymal stem cell maker) positive ratios

in SMCs and cells derived from muscle and bone marrow were all

approximately 30%, and no significant differences in the positivity

were observed between the three cell types (Figure 4).

Differentiation Potential of Mouse SMCs
Osteogenesis. To evaluate the osteogenic potential of the

SMC populations, cells were cultured in osteogenic medium. All

cells were calcified and positive for alizarin red staining

(Figure 5A). The ratio of alizarin red-positive colonies in the

SMCs was significantly increased in comparison to that in cells

derived from bone marrow and was higher than that in cells

derived from muscle (Figures 5A and 5B). qRT-PCR showed

the expression levels of osteocalcin and type I collagen in SMCs

and cells derived from muscle to significantly increase in

comparison to those in cells derived from bone marrow. The

expression levels of the mRNA for RUNX2 and osteopontin in

SMCs were also higher than those in the cells derived from muscle

and bone marrow (Figure 5C).
Adipogenesis. The adipogenic potential of the cells in the

three populations was also compared. Lipid vesicles were observed

in both SMCs and cells derived from muscle, and were less

observed in cells derived from bone marrow (Figure 6A). The oil
red-O positive colony rate, which was calculated by dividing the

number of oil red-O positive colonies (Figure 6A, upper lane) by
the number of total colonies of the same culture (Figure 6A, lower
lane) was determined. The oil red-O positive colony rate in the

SMCs was significantly increased in comparison to that in cells

derived from bone marrow and was also higher than that in the

cells derived from muscle (Figure 6B). qRT-PCR demonstrated

the expression levels of PPARã, C/EBPâ and FABP4 in SMCs to

significantly increase in comparison to those in cells derived from

bone marrow and higher than those in cells derived from muscle.

The expression levels of the mRNA for Lpl in SMCs were also

higher than those in the cells derived from muscle and bone

marrow (Figure 6C).
Chondrogenesis. The in vitro chondrogenesis pellet culture

was performed to evaluate the chondrogenic potential of three cell

populations. During the in vitro chondrogenesis, the pellet in-

creased in size and weight, which was attributable to the

production of extracellular matrix [11]. The pellet from all three

cell populations became spherical after 21 days of culture

(Figure 7A). While the size of the pellets in these three

populations was similar (Figure 7B), the weight of the pellet

from SMCs was significantly heavier in comparison to that from

the cells derived from bone marrow (Figure 7C). The pellets from

SMCs and cells derived from muscle and bone marrow consisted

of extensive cartilage matrix (Figure 7D). A subsequent qRT-

PCR study demonstrated that the pellets from all three popula-

tions expressed Sox9, type II and type X collagen, and their

expression levels increased time-dependently (Figure 7E).

Discussion

In this study, we determined the appropriate conditions for the

isolation of SMCs from mouse knee joints (Table 2, Figures 1
and 2). The cells derived from mouse synovium demonstrated

a capacity for self-proliferation (Figure 3) and multipotentiality

(Figures 5–7), both characteristics of MSCs.

There have been several reports in which synovial cells were

isolated from mouse arthritic joints and cultured for sebsequent

experiments [19,20]. There were also previous studies in which

synovial cells were isolated from normal mouse knee joints

[21,22,23]. However, these studies did not examine and/or

describe an appropriate condition for the isolation and culture of

mouse synovial cells, and furthermore they also did not examine

their multipotentiality as MSCs. The current study is the first

report that elucidated the appropriate conditions for the isolation

and culture of mouse synovial cells, and demonstrated their

proliferative capacity and multipotentiality.

The synovium is a thin layer of tissue that lines the joint space

and covers a subsynovium [24]. Depending on its anatomical

position, the subsynovium comprises either a fibrous or an adipose

synovium, the latter is commonly called the infra-patellar fat pad.

In humans, fibrous synovium-derived MSCs, which were

harvested from the inner side of the joint capsule overlaying the

non-cartilaginous area of the femoral condyle, and adipose

synovium- (infra-patellar fat pad) derived MSCs were similar in

terms of their cell morphological features, epitope profiles, colony-

forming efficacy, chondrogenic, osteogenic, and adipogenic

potential [25]. In this study, we microscopically isolated the

mouse synovium from the infra-patellar fat pad, as isolation of the

synovium from the infra-patellar fat pad is relatively easy in

comparison to that from the joint capsule in mice.

The chondrogenic potential of synovial cells derived from rabbit

synovium was initially reported in the 1990’s [26,27]. In 2001, it

was revealed that human synovial cells contained MSCs, which

showed multipotentiality for bone, adipose tissue and cartilage [2].

Figure 4. The epitopic properties of mouse SMCs. The flow
cytometric analysis of mouse SMCs (blue bars), muscle–derived cells
(red bars), and bone marrow derived cells (green bars). The values are
the means and SD of the percent expression for each cell-surface
protein. VCAM-1: vascular cell adhesion molecule 1, PDGFRa: platelet
derived growth factor receptor alpha.
doi:10.1371/journal.pone.0045517.g004
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Since then, these conditions for the isolation of human synovial

cells have been used to isolate the mesenchymal cells of the

synovium from rats and rabbits [14,16]. However, it was found in

this study that these conditions cannot be used for isolating mouse

synovial cells. This may, at least in part, be due to the cytotoxicity

of the collagenase used for the isolation of synovial cells that differs

between humans, rats, rabbits and mouse cells, as both the

collagenase reaction time and concentration had to be reduced

(Table 2 and Figure 2) [28].
Human synovial cells containing MSCs can be cultured for

more than 10 passages [2]. The mouse SMCs in this study also

showed similar self-duplicating ability (Figure 3). This indicates

Figure 5. The osteogenic potential of mouse SMCs. (A): Calcified colonies stained with alizarin red (upper lane) and total colony number (lower
lane). (B): The ratios of alizarin red–positive colonies to the total colonies. (C): qRT-PCR analyses for RUNX2, osteocalcin, osteopontin and type I
collagen for osteogenesis.
doi:10.1371/journal.pone.0045517.g005
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that the mouse SMCs isolated under the conditions established in

this study contain MSCs similar to human SMCs.

In comparison to bone marrow- and muscle-derived cells, the

synovium-derived cells showed better proliferation potential in this

study (Figure 3). Similar observations have been made for cells

derived from the synovium, bone marrow, and muscle of both

humans and rats. However, care should be exercised in

interpreting this findings, because the passage number of cells in

which the CFU assay was conducted in this study (passage 4 or 5)

was different from that of previous studies (passage 1 to 3) [11,16].

This was because the number of colonies that formed was too

small to carry out effective comparisons at passage 1 to 3 in mice,

so this assay was conducted using cells at passage 4 or 5

(Figures 3D and 3E).

Figure 6. The adipogenic potential of mouse SMCs. (A): Oil red O (upper lane) and total colony number (lower lane). (B): The ratios of Oil red-O
positive colonies to total colonies. (C): qRT-PCR analyses for PPARã, C/EBPâ, FABP4 and Lpl for adipogenesis.
doi:10.1371/journal.pone.0045517.g006
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The involvement of MSCs in mouse bone marrow in pro-

liferation was first reported in 1976 [29]. On the other hand, it is

believed that although the isolation and expansion of human bone

marrow cells is relatively easy [30], rodent bone marrow is difficult

to expand [29,31,32]. The current study revealed that the viability

and expandability of mouse SMCs were superior to those of mouse

bone marrow cells (Figure 3). This suggests that mouse SMCs

could provide not only for a cell source of MSCs, but also for

elucidating the molecular mechanisms underlying the regeneration

and differentiation of MSCs.

Muscle-derived cells, including in a cell line (C2C12) and

primary cultured cells, have been shown to have multipotentiality

[33,34,35,36]. While there are several isolation methods used to

obtain cells from muscle, we used the simple plate culture

technique [11,16,37]. Muscle satellite cells are deeply associated

with muscle stem or progenitor cells and actually showed

multipotentiality in previous studies [3,38,39]. However, it is

Figure 7. The chondrogenic potential of mouse SMCs. (A): Representative macroscopic findings of the pellets on a 1-mm scale. (B): The pellet
size. (C): The wet weight of the pellets. (D): The histological features after staining with toluidine blue (upper lane) and immunohistochemistry for
type II collagen (lower lane). Scale bar = 100 mm (E): qRT-PCR analyse for Sox9, type II and type X collagen.
doi:10.1371/journal.pone.0045517.g007
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necessary to use flow cytometry to isolate these satellite cells

[40,41,42], and they are present at a very low frequency in whole

muscle cells, making their isolation difficult even when using flow

cytometry for selection [43,44,45]. In addition, the use of flow

cytometry is associated with a risk for contamination. Thus, it is

not feasible to use muscle satellite cells for clinical applications.

There has been no definitive consensus about the expression

patterns of the surface antigens of mouse MSCs. However, the

expression patterns of mouse MSCs observed in this study were

similar to those of mouse bone marrow [46,47,48]. The PDGFRá

positive cells in murine MSCs showed superior proliferative

potency and differentiation ability [46]. Similarly, the PDGFRá

expression frequency in SMCs was significantly higher than that in

muscle-derived cells and bone marrow-derived cells in mice

(Figure 4). The frequency of Sca-1 positivity, which is one of the

markers for MSCs, for synovium-, muscle- and bone marrow-

derived cells were all approximately 30%, and no significant

differences in the Sca-1 positive frequency were observed between

them (Figure 4). This may be explained by fact that the Sca-1

positive frequency in Balb/c mice was approximately 30%, while

that in NMRI mouse bone marrow cells was 50–60% [46,48].

The osteogenetic potential of mouse SMCs was significantly

superior compared to that of mouse bone marrow (Figures 5A
and B). This was similar to that of human SMCs [11]. Consistent

with this result, the RUNX2 expression of mouse SMCs was

higher, but not significantly higher, than that of mouse bone

marrow (Figure 5C). This result was also similar to that in human

SMCs [11].

The adipogenic potential of mouse SMCs was significantly

greater compared to that of mouse bone marrow (Figures 6A
and 6B). In both humans and rats, the SMCs also showed

superior adipogenic potential. This can be explained by the fact

that both PPARã and C/EBPâ expression in mouse SMCs were

significantly increased in comparison to the levels in mouse bone

marrow (Figure 6C). These results regarding the adipogenic

potential of mouse SMCs are consistent with previous studies using

human and rat cells [11,16].

In this study, the chondrogenetic potential of the cells was

examined by a pellet culture system (Figure 7). Better extracel-
lular matrix production was generally observed in cells derived

from the human synovium by the pellet culture system. Potent

cartilage matrix formation was observed in the mice in this study,

however, it was not as prominent as that observed in human

SMCs (Figure 7A–D) [11]. With regard to the mRNA expression

levels of the genes encoding Sox9, type II and type X collagen,

which have a crucial role inchondrogenesis on days 7 and 14, the

mouse SMCs showed higher expression levels of these genes in

comparison to those of mouse muscle- and bone marrow-derived

cells (Figure 7E). From these results, we concluded that the

mouse SMCs that we obtained have chondrogenic potential

similar or superior to that of cells derived from mouse muscle and

bone marrow.

Tissue engineering techniques using MSCs have been in-

vestigated as new treatments for tissue repair [49]. While the

synovium is thought to be an appropriate cell sources for tissue

engineering [50,51,52,53], the molecular mechanisms are largely

unknown. The mouse SMCs harvested by the established method

in this study are expected to enable us to analyze the complex

network of signaling pathways that regulates the proliferative and

differentiation potential of synovial MSCs by conducting both in

vivo and in vitro analyses of genetically modified experimental

models.

In conclusion, primary mouse SMCs culture method was

established by determining the conditions for isolation of the cells.

The cells derived from mouse synovium demonstrated both the

ability to proliferate and multipotentiality similar or superior to the

cells derived from muscle and bone marrow.
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