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Chondrogenic Differentiation Potential than Synovium in Other Locations
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Abstract

Purpose: There were two aims of the present study. (i) to determine differences in chondrogenic potential between
synovial cells located in the transitional zone between the articular cartilage and the synovial membrane and those
cells in other locations and (ii) to determine the location of mesenchymal stem cells in the synovium.

Methods: Synovium was obtained from two different locations in 8-week-old male Sprague-Dawley rats. In Group
A, the synovium was harvested from the transitional zone between the articular cartilage and the synovial membrane
in the femoral condyle. In Group B, the synovium was harvested from an area 5 mm medial to the transitional zone
of the femoral condyle. Synovial cells in both groups were isolated and cultured in monolayer culture system and the
proliferation of cells in the first passage was compared between Groups A and B. In addition, passage 3 cells were
pellet-cultured to induce chondrogenesis for the evaluation of the chondrogenic potential of the synovial cells.

The expression of anti-ATP-binding cassette G-subfamily member 2 (ABCG2), a mesenchymal stem cell marker,
was assessed using a real-time polymerase chain reaction in both groups. In a related procedure, both knees of
8-week-old male mice were harvested and cut axially. The synovium in the transitional zone between the cartilage and
synovial membrane was examined immunohistochemically by staining with an ABCG2 monoclonal antibody.

Results: The synovial cells in Group A demonstrated greater proliferation potential than those in Group B. Synovial
cells derived from Groups A showed greater chondrogenic differentiation potential than those in B with respect to pellet
size or the intensity of staining with toluidine blue. ABCG-2 expression was significantly higher in Group A than in
Group B and ABCG2-stained cells were more prevalent in the synovium of the transitional zone than in the synovium
located in other locations.

Conclusion: The synovium in the transitional zone between the articular cartilage and the synovial membrane
contains mesenchymal stem cells and has a greater chondrogenic differentiation potential than synovium located in
other sites.

tissue or had developed secondary degenerative change. Allard et al.
[9] studied the structure of the synovium-cartilage junction. In the
synovium-cartilage junction, a wedge-shaped tongue of tissue was
found to cover the cartilage surface. In the superficial zone, fibroblastic-
shaped cells are seen in continuity with the adjacent synovial lining
cells. They described that the periosteal tissue adjacent to the synovium-
cartilage junction has the potential to repair cartilage defects. Thus,
recently the role of the synovium in the transitional zone between the
articular cartilage and the synovial membrane in cartilage repair has
been documented [1,10-13]. Those reports indicate that the synovium
in the transitional zone between the articular cartilage and the synovial
membrane may have the potential to repair cartilage defects.
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Introduction and our Previous Research

Recently, synovial-derived mesenchymal cells have been the focus
of much attention in the orthopaedic field, because several studies
have demonstrated that these cells have multipotent stem cells which
can differentiate several lineages under appropriate differentiating
conditions [1-6]. Therefore, there is a possibility that synovium which
contains synovial mesenchymal stem cells can contribute to cartilage
repair in vivo. As a matter of fact, when we perform arthroscopy of the
knee or total knee arthroplasty for patients with osteoarthritis (OA)
or rheumatoid arthritis, we sometimes observe invasion of synovium
in the transitional zone between the articular cartilage and synovial
membrane into the cartilage defect as if the synovium is repairing the
cartilage defect.

We previously reported the role of the synovium in the transitional
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In 1996, Hunziker EB and Rosenberg LC [7] reported the
recruitment of mesenchymal cells from the synovial membrane into
the partial-thickness cartilage defect. They histologically found a
continuous layer of mesenchymal cells extending from the synovial
membrane across the superficial tangential zone of normal articular
cartilage into the defect, indicating that the cells that were recruited
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for the repair process were synovial in origin. Rothwell [8] reported
on synovium transplantation onto the articular cartilage defect of the
sheep knee joint. At one year after transplantation, the grafted area had
been largely replaced by fibrocartilage of variable differentiation. At
two years after transplantation, much fibrocartilage appeared to have
undergone either redifferentiation into disorganized fibrochondroid
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zone between the cartilage and synovium membrane in cartilage
defects in vivo [14]. Here, we describe a brief summary of the study.

Using 8-week-old Sprague Dawley (SD) rats and green fluorescent
protein (GFP) transgenic rats, a full-thickness cartilage defect was
created at the medial condyle of the femur and the synovium 5 x 5
mm extending up to the cartilage defect was resected in the left knee
(cartilage defect without synovium group) but not resected in the right
knee (cartilage defect with intact synovium group). In the cartilage
defect of the synovium transplantation group, after the creation of
a full-thickness cartilage defect and resection of the synovium, the
synovium of the GFP rats was transplanted into the unilateral knee.
We evaluated the repaired tissue in cartilage defects histologically
and immunohistochemically and the expression of aggrecan and type
IT collagen in the repaired tissue was also investigated using reverse
transcriptase-polymerase chain reactions (RT-PCR). Those evaluations
were done at 2, 4, 6 and 8 weeks after surgery. At 6 and 8 weeks after
surgery, we found that the defect was filled with cartilage-like tissue
in the cartilage defect with intact synovium group and in the cartilage
defect with synovium transplantation group, but not in the cartilage
defect without synovium group. GFP positive cells were observed in
the repaired tissue and expression of aggrecan and type II collagen was
found in the cartilage defect with synovium transplantation group.
Our conclusion was that the synovium in the transitional zone between
the articular cartilage and the grafted synovial membrane invades the
cartilage defects where the cells could be detected as GFP-positive
cells. They considered that those cells might take part in the repair and
induce chondrogenesis.

The next step should be to determine the different types of
chondrogenic potential of synovial cells depending on their location
or the localization of mesenchymal stem cells in the synovium. Thus,
the aims of the present study were (1) to determine the differences in
chondrogenic potential between synovial cells in the transitional zone
and those cells in another location and (2) to clarify the location of
mesenchymal stem cells in the synovium.

Materials and Methods

The experimental protocol of the present study was approved by the
Ethics Committee of Hiroshima University. The study was performed
on 8-week-old male Sprague-Dawley rats and 8-week-old male wild-
type mice.

Rat studies

Six Sprague-Dawley rats were anesthetized using sodium
pentobarbital (50 mg/kg, i.p.) and their knee joints were opened via
the paramedian approach. In Group A, synovium was harvested from
the transitional zone between the articular cartilage and the synovial
membrane at the femoral condyle; in Group B, the synovium was
harvested from an area 5 mm medial to the transitional zone of the
femoral condyle. Bilateral samples were taken from each rat in Groups
A and B, yielding 12 samples per group.

Proliferative potential in monolayer culture: All synovial tissues
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich, St. Louis,
OM) and penicillin-streptomycin-fungizone (Bio-Whittakar, ML) on
6-cm dishes for 4 days at 37'C under 5% humidified CO,. When the
synovial cells were attached to the dishes, the synovium was removed.
Adherent synovial cells identified on the culture dishes were then
cultured in monolayers in the same medium described above in 10-cm
dishes. The medium was changed every 3™ day to remove nonadherent

cells until the cells reached confluence. At confluence, synovial cells
were plated at an initial density of 50 cells/cm? (passage 1). Thereafter,
cells were replated at a density of 50 cells/cm” every 14 days until their
expansion potential was lost. At the end of each passage, the number of
cells on each plate was counted and used for intergroup comparisons of
the proliferation potential of synovial cells.

Chondrogenic potential in pellet culture: In addition to the
culture conditions described above, 2.5 x 10° cells from passage 3
of each sample were placed in a 15-mL polypropylene tube (Becton
Dickinson, Franklin Lakes, NJ) and centrifuged for 5 min at 1500 r.p.m.
The supernatant was eluted, the pellets were resuspended in 1 mL
DMEM and samples were centrifuged again for 5 min at 1500 r.p.m.
This procedure was repeated a second time and the resulting cell pellets
were cultured at 37°C under 5% humidified CO, in chondrogenic basal
media consisting of DMEM supplemented with 50 pg/mL ascorbate-2-
phosphate (Sigma-Aldrich, St. Louis, MO), 40 pug/mL proline (Nacalai
Tesque, Kyoto, Japan), 50 pg/mL ITS-A supplement (Invitrogen,
Carlsbad, CA), 1.25 mg/mL bovine serum albumin (Sigma-Aldrich,
St. Louis, MO), 10 ng/mL transforming growth factor (TGF)-B3
(Sigma-Aldrich, St. Louis, MO), 100 nM dexamethasone (Sigma-
Aldrich, St. Louis, MO) and 500 ng/mL bone morphogenetic protein 2
(Yamanoushi Pharmaceutical, Tokyo, Japan)) using a modified version
of Johnstone’s technique [15,16]. After 3 weeks in culture, the size
and the weight of the cell pellets were measured and then the pellets
were embedded in paraffin, cut into 5-um sections and stained with
Toluidine blue, to evaluate the degree of chondrogenesis.

Real-time polymerase chain reaction: The expression of anti- ATP-
binding cassette G-subfamily member 2 (ABCG2) as a mesenchymal
stem cell marker was assessed using real-time polymerase chain
reaction (PCR) of the synovium from both groups. Published reports
have identified the ABCG2 gene in stem cells in a variety of tissues and
have suggested that it may be a useful marker for stem cells [17,18].

RNA was obtained from each synovial cell sample using the
Qiagen RNA isolation kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s instructions. For cDNA synthesis, mRNA (1.0 ug)
was reverse transcribed (QuantiTect” Reverse Transcription; Qiagen,
Tokyo, Japan). Real-time PCR analysis using gene-specific primer pairs
was performed using the Qiagen QuantiTect® SYBR Green PCR Kit
(Qiagen, Tokyo, Japan) according to the manufacturer’s instructions.
SYBR Real-Time PCR was performed using a MiniOpticon Real-Time
PCR Detection System (Biorad Laboratories, Hercules, CA, USA)
with the following thermal profiles: 95°C for 10 min, followed by 40
cycles of 15 s at 94°C, 30 s at 60°C and 30 s at 72°C. All experiments
were performed in duplicate. Primer sequences for rat ABCG2 were
as follows:

sense 5'-CTCTCCCCCCAGCATTTCA-3;
and antisense, 5'-CTGGGAACTGCTGCCATGG-3'.
Mouse studies

Rat ABCG2 monoclonal antibodies (mAbs) was not available
at the time of the experiment. The present study, with ABCG2
as the cell marker, required the use of mice rather than rats for
immunohistochemical evaluation of mesenchymal stem cells.

Six 8-week-old male wild-type mice were used. The mice were
anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and their
knee joints were opened via the paramedian approach. The soft tissue
around the knee was removed and the femoral condyles were dissected
and cut axially. For immunohistochemical studies, the synovium in the
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transitional zone between the cartilage and synovial membrane was
stained with ABCG2 mADb, as described below.

Tissue samples were embedded in OCT compound for frozen
sectioning. Samples were cross-sectioned into 6 pum slices, mounted
on silane-coated glass slides, air-dried before being fixed with 4.0%
paraformaldehyde at 4°C for 5 min and then stained as follows.
Sections were washed three times with cold phosphate-buffered saline
(PBS) for 3 min each time, permeated with 0.1% Triton X-100 in PBS
for 30 min at room temperature and blocked with 0.1% Triton X-100
in 10% goat serum for 1 h at room temperature. Sections were then
incubated overnight at 4°C with a mouse mAb against ABCG2 (1:100;
Chemicon International, Billerica, MA). The following day, sections
were washed with PBS, incubated with anti-mouse IgG antibody for
30 min at room temperature and then incubated at room temperature
with a biotinylated goat anti-mouse immunoglobulin and streptavidin-
peroxidase conjugate for 30 min. The streptavidin-peroxidase was then
visualized using diaminobenzidine. Slides were dehydrated before
being mounted with mounting medium.

Statistical Analysis
Data are expressed as the mean+SD.

In the study of proliferative potential, the accumulated cell number
of Groups A and B was analyzed using the Mann-Whitney test. P <
0.05 was considered significant.

In the study of Real-Time PCR, the ratio of ABCG2 expression
between Groups A and B was analyzed using the Mann-Whitney test.
P < 0.05 was considered significant.

Results
Cell culture

Proliferative potential of synovial cells: Synovial cells in Groups
A and B retained the ability to proliferate up to passage 9. In passage 7,
the accumulated cell number of Group A and B was 11.10x10°+0.663
and 9.42x10°+0.409, respectively. In passage 8, the accumulated cell
number of Group A and B was 12.44x10%40.477 and 10.14x10°+0.195,
respectively. In passage 9, the accumulated cell number of Group A and
B was 14.08x10°+£0.239 and 11.44x10°+0.182, respectively. Significant
differences were found between Groups A and B in passage 7, 8 and 9
(P < 0.05).

The synovium in Group A demonstrated a higher proliferation rate
compared with that in Group B (Figure 1).

Histological findings for pellet cultures: During in vitro
chondrogenesis, the pellets increased in size and weight due to the
production of extracellular matrix, indicating that the measurement of
the size and the weight of the pellets is an easy and useful method to
evaluate the chondrocyte differentiation potential of a group of cells.

Cartilage-like tissue stained with Toluidine blue was found in both
groups (Figure 2).

Synovial cells derived from Groups A showed greater chondrogenic
differentiation potential than those in B with respect to pellet size or the
intensity of staining with Toluidine blue.

Real-time PCR studies

Real-time PCR measurements showed that the expression of
ABCG2 mRNA was 1.25 + 0.11-folds higher in Group A than in Group
B (P < 0.05) (Figure 3).

Immunohistochemical evaluation of ABCG2 staining

ABCG2-stained cells were more prevalent in the synovium of the
transitional zone than in the synovium located elsewhere (Figure 4).

Discussion

As we stated in the introduction, in a previous study, we observed
that synovium located in the transitional zone between the articular
cartilage and the synovial membrane invaded cartilage defects and
exhibited chondrogenic potential in vivo [14]. Other studies have
shown that synovial cells can differentiate into chondrocytes in vitro
[1-3,10]. One study harvested synovium from the knees of New
Zealand white rabbits, which was then isolated and cultured in agarose
suspension with TGF-p, before being identified as type II collagen-
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Figure 1: Proliferation potential of cultured synovial cells in Group A (in
which the synovium was harvested from the transitional zone between the
articular cartilage and the synovial membrane at the femoral condyle) and
Group B (in which the synovium was harvested from an area 5 mm medial
to the transitional zone of the femoral condyle). The synovium from Group
A exhibited a higher proliferation rate than did the synovium from Group B.
(*, **, ***: P<0.05).

Group A

Group B

Figure 2: Examination of chondrogenesis in pellet cell cultures in Group A
(in which the synovium was harvested from the transitional zone between the
articular cartilage and the synovial membrane at the femoral condyle) and
Group B (in which the synovium was harvested from an area 5 mm medial
to the transitional zone of the femoral condyle). Cartilage-like tissue (stained
with Toluidine blue) was found in both groups. Synovial cells derived from
Group A showed greater chondrogenic differentiation potential than those in
B with respect to pellet size and the intensity of staining with Toluidine blue.
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Figure 3: Real-time polymerase chain reaction measurement of ABCG2
expression in Group A (in which the synovium was harvested from the
transitional zone between the articular cartilage and the synovial membrane
at the femoral condyle) and Group B (in which the synovium was harvested
from an area 5 mm medial to the transitional zone of the femoral condyle).
ABCG2 mRNA expression was 1.25 + 0.11-fold higher in Group A than in
Group B (*P<0.05).

ABCG?2 positive cells

Figure 4: Immunohistochemical evaluation of staining using an ABCG2
monoclonal antibody. A: ABCG2-stained cells were more prevalent in the
synovium of the transitional zone than in the synovium located elsewhere.
(x200) B: Magnification image of ABCG2-stained cells in the transitional
zone. (x400).

positive cells, which are indicative of chondrogenesis [4]. In another
study, de Bari et al. [1] isolated human multipotent mesenchymal stem
cells from the synovium and demonstrated that these cells were capable
of chondrogenesis, osteogenesis, myogenesis, and adipogenesis under
certain culture conditions, indicating that the synovium is capable of
multipotent differentiation. In yet another study, Sakaguchi et al. [5]
reported that synovium-derived mesenchymal stem cells had greater
potential for both proliferation and chondrogenesis in vitro than
mesenchymal stem cells derived from the bone marrow, periosteum,
adipose tissues, or muscles.

Following on from these studies, the next challenge is to identify
the location of mesenchymal stem cells with the greatest potential for
proliferation and chondrogenesis. Recent studies have documented
a role for the synovium located in the transitional zone between the
articular cartilage and the synovial membrane in repairing cartilage
defects [9,11-14,19-21]. We orthopaedic knee surgeons sometimes
observe a synovium invasion from the transitional zone between

the articular cartilage and the synovial membrane in to the adjacent
cartilage defect of the femoral condyle in osteoarthritic or rheumatoid
arthritic knees, as if the synovium moves to repair the defect.

In our present rat study, we demonstrated that synovium from the
transitional zone had greater proliferative potential than synovium
located in other locations, as well as higher ABCG2 expression (as
demonstrated by real-time PCR). These results indicate that the
synovium in the transitional zone between the articular cartilage
and the synovial membrane may have greater proliferative potential
because of a resident population of mesenchymal stem cells. We also
demonstrated greater chondrogenic differentiation potential in the
synovial cells derived from the transitional zone, as shown by the larger
pellet size and dense toluidine blue staining. Thus, the assessment of
synovial chondrogenic potential requires further investigation using
other indices, such as quantitative evaluation of glycosaminoglycan.

In the present mouse study, we identified the mesenchymal stem
cells in the synovium in the transitional zone between the articular
cartilage and the synovial membrane using immunohistochemical
staining for ABCG2. Many mesenchymal stem cells were found in the
synovium from the transitional zone between the articular cartilage
and the synovial membrane. A recent study in humans identified
a perivascular niche of postnatal mesenchymal stem cells in the
bone marrow [22]. In addition, Riiger et al. [23] reported finding a
population of cells that expressed CD34 on their surface but lacked
the endothelial cell marker CD31 in synovial tissue from patients with
rheumatoid arthritis and OA. By identifying endothelial precursor
cells in the synovial tissue from these patients, Riiger et al. [23] provide
evidence of vasculogenesis induced by precursor cells that arise in situ
or from circulating progenitors. Taken together, these findings, along
with those of the present study, suggest that the perivascular niche of
postnatal mesenchymal stem cells in the synovium reported by Shi et
al. [22] is located in the transitional zone between the articular cartilage
and the synovial membrane.

We recognize several limitations in this study. First, PCR
evaluation was not controlled without any house-keeping genes. The
second limitation is that we did not use rat’s ABCG2 antibodies for
immunohistochemical staining, because it was not commercially
available at the time of the experiment. We should perform further
study using rat’s ABCG2 antibodies to obtain more convincing data.
The immunohistochemical staining of ABCG2 in this study was also
lacking control groups.

In conclusion, the synovium in the transitional zone between the
articular cartilage and the synovial membrane seems to have a greater
potential for repairing cartilage defects than synovium in other areas.
It is likely that this increased potential arises from the fact that the
synovium in this region contains a resident population of mesenchymal
stem cells.
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