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The repair process for osteochondral defects after
transplantation of synovial MSCs is of considerable inter-
est. In a rabbit study, osteochondral defects were first filled
with cartilage matrix, then the integrated border region
between bone and cartilage progressed upward, and finally,
the entire thickness of the regenerated cartilage became
similar to that of the neighboring cartilage [7]. A similar
repair process was reported with bone marrow MSCs in a
rabbit model [28]. By contrast, when chondrocytes were
transplanted, the osteochondral defect was filled with car-
tilage matrix and this was preserved without remodeling
[29]. In the current study, Patient 2 had an osteochondral
defect. According to MRI examinations, the defect
appeared to be filled with cartilaginous tissue at 6 months,
then the bone defect was almost completely filled with
bony tissue and the surface of the lateral femoral condyle
was partially covered with cartilaginous tissue thereafter
(Fig. 5). Similar repair processes were observed in the
osteochondral defect after transplantation of synovial
MSCs in rabbits and humans although it required a longer
time in humans than in rabbits.

According to histologic biopsy specimen analyses,
fibrous tissue was observed at the surface in three of four
specimens. Nakamura et al. [16] reported that placing a
synovial MSC suspension on the osteochondral defect for
10 minutes promoted cartilage repair, and sequential
arthroscopic observations showed the cartilage defect was
first covered with the formation of a membrane before
cartilage repair in a pig model. In the current clinical study,
11, 12, 14, and 18 months may be too short for the repaired
cartilage to mature after transplantation of synovial MSCs.
Even in chondrocyte implantation, 12 months seemed to be
too short for the repaired cartilage to mature according to
histologic analyses [22].

We found that we could prepare an average of 47 million
passage 0 synovial MSCs expanded with autologous human
serum. Synovial MSCs could be transplanted arthro-
scopically without a scaffold. For this small, initial case
series, transplantation of synovial MSCs was effective in
terms of MRI, arthroscopic or histologic qualitative findings,
and Lysholm score. Transplantation of synovial MSCs may
be less invasive than mosaicplasty and autologous chon-
drocyte implantation. The conclusive observation of the
effectiveness of this treatment will require comparative
studies, especially with more established arthroscopic pro-
cedures, such as marrow stimulation techniques.
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ABSTRACT: Even though mouse studies have various advantages, harvesting an adequate number of synovial mesenchymal stem cells
(MSCs) is difficult in mice. We investigated whether the total yield of MSCs increased in synovium with inflammation in mice.
Infrapatellar fat pads (IFPs) were harvested from 10 knees of 5 mice 3, 7, and 14 days after intraarticular injection of carrageenan. Ten
IFPs were also harvested from untreated knees as a control. Seven days after initial plating, the total yield of cells was compared among
the 4 groups (n=4-6). The harvested cells were analyzed for multipotentiality and surface epitopes. Furthermore, knee synovitis was
compared among the 4 groups in histology. The number of cells in the 3 and 7 days treated group was significantly higher than the other
groups. The harvested cells had characteristics of MSCs. Synovitis in the 3 and 7 days treated groups was significantly severer than the
other groups. There seemed to be a relationship between the synovitis score and the total yield of cells derived from IFPs. In mice, it
became possible to increase the yield 50-fold by inducing inflammation. This method makes it possible to analyze the molecular
mechanisms of cartilage regeneration of synovial MSCs in mice models. © 2014 The Authors. Journal of Orthopaedic Research published

by Wiley Periodicals, Inc. on behalf of the Orthopaedic Research Society.J Orthop Res 33:246-253, 2015.
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Mesenchymal stem cells (MSCs) play important roles
in the repair of the human body as well as in normal
homeostasis." MSCs were first isolated from bone
marrow,” and can be isolated from various mesenchy-
mal tissues including synovium.>® Synovium is a
thin layer of tissue that lines the joint space and
covers a subsynovial tissue, such as infrapatellar fat
pad (IFP), which fills the anterior knee compartment.
We previously demonstrated that MSCs derived from
IFP and those from fibrous synovium on the femur
bone had comparable proliferation and chondrogenic
potentials and were higher than those of MSCs
derived from subcutaneous adipose tissue in humans
and rats.”® These results indicate that IFP can be
the source of synovial MSCs, and that synovial MSCs
are an attractive cell source for cartilage and menis-
cus regeneration.

It would be useful to establish a method to prepare
synovial MSCs in mice. Practically, the use of mice is
a cost-effective and efficient way to accelerate re-
search. Mice are small, have a short generation time
and an accelerated lifespan, keeping the costs, space,
and time required to perform research manageable.
Mouse systems contribute to the elucidation of the
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molecular mechanisms of the phenomena for investi-
gators because of the relatively easy gene manipula-
tion in such cells, which is indispensable for the
molecular analysis.

Our previous studies described that MSCs in synovi-
al fluid obtained from anterior cruciate ligament (ACL)
injury, meniscus injury, and osteoarthritis patients
were much more in number than those obtained from
healthy volunteers.®'* These results indicate that
many more MSCs exist in knees in unhealthy condi-
tions, such as injury or inflammation. We hypothesized
that IFPs in inflammatory conditions have many more
MSCs than normal IFPs. Carrageenan, a polysaccha-
ride made from a type of seaweed, is recognized as a
cause for arthritis used as a model of acute inflamma-
tion.’> ™ The aim of this study was to investigate
whether the total yield of MSCs derived from IFP
increased in inflammatory conditions induced by injec-
tion of carrageenan into the knee joints in mice.

MATERIALS AND METHODS

Animals

Animal care and all experiments were conducted in accor-
dance with the guidelines of the animal committee of Tokyo
Medical and Dental University. C57BL/6J mice were pur-
chased from Oriental Yeast Co. Ltd (Tokyo, Japan). Mice
were housed under a 12-h light-dark cycle and allowed food
and water ad libitum.

Synovitis Induced by Carrageenan

Eight-week-old female C57BL/6J mice were used for this
study. Mice were anesthetized by the inhalation of 5%
isoflurane in oxygen. A small skin incision was created to
expose the bilateral knee joints. After that, 31-gauge needles
with Hamilton syringes (Hamilton Company, Ren, NV) were
inserted through the lateral infrapatellar area toward the
intercondylar space of the femur in a deep knee-flexed



position. Then, A-carrageenan (30 ug in 5pl saline: Sigma—
Aldrich, St. Louis, MO) was injected into bilateral knee joints
for inducing synovitis.

Isolation and Culture of Mouse Cells From IFPs

Infrapatellar fat pads (IFPs) were harvested from 10 knees of
5 mice 3, 7, and 14 days after intraarticular injection of
carrageenan. Ten IFPs were also harvested from untreated
knees as a control group. Ten IFPs were minced and digested
in a 1 mg/ml collagenase (Wako, Osaka, Japan) for 15 min and
passed through a 40-um filter (Becton Dickinson, Franklin
Lakes, NJ).!® Dissociated cells and undigested IFPs were
cultured together in a culture dish of 10-cm? (Nalge Nunc
International, Rochester, NY) in Dulbecco’s modified Eagle’s
medium (DMEM: Wako) containing 10% fetal bovine serum
(FBS: Invitrogen, Carlsbad, CA), 100U/ml penicillin and
100 mg/ml streptomycin (Invitrogen) and 5ng/ml recombinant
human FGF-2 (BioVision, Milpitas, CA) at 37°C with 5%
humidified CO,. Seven days after initial plating, nonadherent
cells, debris and remaining IFPs were washed out with PBS
and then the attached cells were harvested with 0.25% trypsin
and 1mM EDTA (Invitrogen), and the number of isolated cells
was counted as passage 0 with hemocytometer (Fig. 1).

Colony-Forming Assay
One thousand cells in the 3-days treated group were plated
and cultured for 7 days in 10-cm? dishes. The dishes were
then stained with 0.5% crystal violet (Wako) in 4% parafor-
maldehyde for 5 min.

Chondrogenesis
One hundred thousand cells in the 3-days treated group
were placed in a 15-ml polypropylene tube (Becton Dick-

Injection of carrageenan into
the knee joint
— 0

nP

3 days

MOUSE SYNOVIAL MSCs 247

inson) and centrifuged at 450g for 10 min. The pellets were
cultured at 37°C with 5% COs in 400wl chondrogenesis
medium that contained 1,000 ng/ml BMP-7 (Stryker Biotech,
Hopkinton, MA) in high-glucose DMEM (Invitrogen) supple-
mented with 10ng/ml transforming growth factor-B3 (R&D
Systems, Minneapolis, MN), 100nM dexamethasone, 50 ng/
ml ascorbate-2-phosphate, 40 wg/ml proline, 100 wg/ml pyru-
vate (Sigma—Aldrich, St. Louis, MO), and 50 mg/ml ITS +
Premix (Becton Dickinson). The medium was replaced every
3—4 days for 21 days. For microscopy, the pellets were
embedded in paraffin, cut into 5-pm sections, and stained
with toluidine blue and type II collagen antibody.®

Adipogenesis

One thousand cells in the 3-days treated group were plated
in 10-cm® dishes and cultured in complete medium for
7 days. The medium was then switched to an adipogenesis
medium that consisted of complete medium supplemented
with 100 nM dexamethasone, 0.5 mM isobutylmethylxanthine
(Sigma—Aldrich), and 50nM indomethacin (Wako) for an
additional 14 days. The adipogenic cultures were fixed in
10% formalin and stained with fresh Oil Red-O (Sigma-—
Aldrich) solution.!”

Calcification

One thousand cells in the 3-days treated group were plated in
10-cm? dishes and cultured in complete medium for 7 days. The
medium was switched to a calcification medium that consisted
of complete medium supplemented with 1nM dexamethasone
(Sigma—Aldrich), 20mM B-glycerol phosphate (Wako), and
50 pg/ml ascorbate-2-phosphate for an additional 14 days. These
dishes were fixed in 10% formalin in PBS and stained with
40 mM alizarin red solution (pH 4.1; Sigma—Aldrich).'®

Evaluation of
synovitis in histology

g . 14 days
Control

Cell counting
Multipotentiality
Flow cytometry

Harvest of 10 IFPs
Digestion

Culture of dissociated cells
and undigested IFPs

Filtration

Figure 1. The study scheme. Carrageenan was injected into the knee joints of 5 mice (8-week old). Ten infrapatellar fat pads (IFPs)
were harvested 3, 7, and 14 days after the injection. Ten IFPs were also harvested from untreated mice as a control group. Then IFPs
were minced, digested, and filtered. Dissociated cells and undigested IFPs were cultured together. Seven days after plating, expanded
cells were harvested for analyses. Whole knee joints were also examined for histological evaluation of synovitis 3, 7, and 14 days after
the injection and of untreated synovium.
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Epitope Profile

One million cells were suspended in 500l FACS staining
buffer (0.2% BSA fraction V and 0.09% Sodium azide in PBS)
containing 20 pg/ml antibodies. After incubation for 60 min
at 4°C, the cells were washed with PBS and resuspended in
1ml FACS staining buffer for flow cytometric analysis.
Fluorescein isothiocyanate (FITC), phycoerythrin (PE), peri-
dinin chlorophyll protein-Cy5.5 (PerCP-Cy5.5), or Alexa
Fluor 647-coupled antibodies against CD11b, CD44, CD45,
CD73, CD90, and CD105 (Becton Dickinson) were used. For
isotype controls, FITC-, PE-, PerCP-Cy5.5-, or Alexa Fluor
647-coupled nonspecific rat immunoglobulin G (IgG; Becton
Dickinson) was substituted for the primary antibody. Cell
fluorescence was evaluated by flow cytometry using a
FACSVerse instrument (Becton Dickinson). The data were
analyzed using FACSuite software (Becton Dickinson).

Histological Analyses of the Knee Joint

The knee joints were dissected, fixed in 4% PFA (paraformal-
dehyde; Sigma-Aldrich) in the fixed angle (30 degrees),
decalcified in 20% EDTA (ethylenediaminetetraacetic acid in
PBS, pH 7.4), and embedded in paraffin. Five-micrometer-
thick sagittal sections of medial weight-bearing regions were

,.}

e
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Z

3 )7‘;:;.
3 days 7 days

prepared and stained with hematoxylin and eosin (H&E) for
the histological evaluation of synovitis. The severity of
synovitis was evaluated according to the synovitis scoring
system described by Krenn et al.'® Compactly, synovitis was
evaluated for enlargement of the synovial cell layer, density
of the resident cells and inflammatory infiltrate, in which a
full score was 9 and a lower score indicated no synovitis.
This synovitis scores were calculated as the total of the
synovium attached to the anterior and posterior horn of the
meniscus in the knee joint as denoted in the right panel of
Figure 5B.

Immunostaining for Macrophage Infiltration Into Synovial
Membrane

Mouse macrophage specific F4/80 staining was performed
as described by Blom et al.? Briefly, sections were depar-
affinized, rinsed with PBS, and then incubated in 3% Hy0,
in methanol for 30 min at room temperature to deactivate
endogenous peroxidase. After blocking with normal rabbit
serum (Vector Laboratories, CA) for 30 min, sections were
incubated with rat anti-mouse monoclonal F4/80 antibody
(1:2000 dilution: AbD Serotec, Raleigh, NC) at 4°C over-
night. After extensive washing with PBS, signals were

14 days

after injection  after injection after injection Zeimiet
B *
*
£ (x109 ——
L= 500
o
g 400
o
= 300
2
8 200
®
@ 100
(&]
S - =R
% 3 days 7 days 14 days Control
> (0=6)  (=5)  (n=4)  (n=4)
Carrageenan *:1p<0.05

Figure 2. Morphology and the yield of cells derived from IFPs 7 days after the initial plating. (A) Appearance of expanded cells.
(B) The yield of cells derived from 10 IFPs. Average values with standard derivation are shown (*p < 0.05 by Tukey—Kramer test).
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visualized by the Vectastain ABC kit (Vector Laboratories).
Therefore, sections were counterstained using hematoxylin.

Statistical Analysis
Statistical analyses were performed using the Tukey—
Kramer test and p values less than 0.05 were considered
significant for Figures 2B and 5B. Correlation analysis was
used for Figure 6.

RESULTS

Morphology and Yields of Cells Derived from IFPs

The dissociated cells and undigested IFPs were ex-
panded for 7 days. They showed a spindle shape
irrespective of carrageenan treated periods (Fig. 2A).
The yield of cells in the 3-days treated group was
significantly higher than in the control and in the 14-
days treated groups (p < 0.05). The yield of cells in the
7-days treated group was less than in the 3-days
treated group but still significantly higher than in the
control and in the 14-days treated groups (p <0.05)
(Fig. 2B).

Characteristics as MSCs

The cells derived from IFPs treated with carrageenan
for 3 days formed colonies (Fig. 3A). They differentiat-
ed into chondrocytes (Fig. 3B), adipocytes (Fig. 3C)
and were calcified (Fig. 3D) when cultured in the
differentiation medium. They expressed CD44, CD73,
and CD90 at high rates; CD105 at a moderate rate;
and did not express CD11b or CD45 (Fig. 4). The cells
derived from IFPs had characteristics of MSCs.

Histological Analyses of Synovitis Induced by Carrageenan
The synovial membrane thickened and its cellularity
increased 3 days after intraarticular injection of
carrageenan, thickened synovial membrane became
dense at 7 days, then its cellularity decreased at
14 days (Fig. 5A). There were numerous F4/80-positive
macrophages in the lining cell layer and subsynovial
fat layer at 3 days. F4/80-positive macrophages were
localized to the lining cell layer at 7 and 14 days.
Krenn’s synovitis score’® showed that synovitis in the
3 and 7 days treated group were severer than in the
other groups (Fig. 5B).

Relationship between Synovitis and Yield of Cells

To analyze the relationship between synovitis and the
yield of cells, we plotted the synovitis score at the X-
axis and the yield of cells at the Y-axis. There seemed
to be a relationship between the synovitis score and
the total yield of cells derived from 10 IFPs. The
correlation coefficient was 0.84 (Fig. 6).

DISCUSSION

In this study, we demonstrated that the cells derived
from mouse IFPs adhered to culture dishes, formed
cell colonies, differentiated into chondrocytes and

adipocytes, and were calcified. The cells also expressed
CD44, CD73, and CD90 at a high rate, CD105 at a
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(Crystal violet)
¥ = f‘-_{\\

7200 pm

Chondrogenesis Chondrogenesis
(Toluidine blue) (Collagen type 2)

4

Adipogenesis
(oil red-0)

Calcification
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Figure 3. Colony-forming ability and multipotentiality of the
cells derived from IFPs. (A) Representative cell colonies stained
with crystal violet. (B) Cartilage pellet and its histological
sections stained with toluidine blue and type 2 collagen. (C)
Adipocytes stained with Oil Red-O. (D) Calcification stained with
alizarin red.

moderate rate, and did not express CD11b or CD45.
These are consistent with the definition of MSCs by
the position statement of the International Society for
Cellular Therapy.

There were some reports in which mouse synovial
cells were used for experiments.??~2% However, it is not
easy to prepare mouse synovial cells because mouse
synovial tissue is very small, and these reports did not
mention the detailed methods concerning where to
harvest synovium, how many mice were used, how to
expand etc. We recently reported the detailed method
to prepare mouse synovial MSCs.’® In this current
study, we were able to obtain 50 times more mouse
synovial MSCs by inducing inflammation.

We induced synovitis by intraarticular injection of
carrageenan. Carrageenan is a sulphated mucopoly-
saccharide extracted from the seaweeds Chondrus spp.
and Gigartina spp., commonly known as Irish moss or
carrageen moss from red Scottish seaweed.?® These
seaweeds were known for its remarkable capacity to
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Figure 4. Surface epitopes of the cells expanded from IFPs. Representative histograms are shown as black and isotype controls are

shown as gray.

stimulate local inflammation dominated by intense
macrophage aggregation and by fibroblastic prolifera-
tion.?” Carrageenan-induced arthritis is a well-estab-
lished experimental animal model used to investigate
inflammation-mediated articular cartilage degradation
in rats, mice and rabbits with a localized synovial
inflammatory response, which is indicated by synovial
hyperplasia and macrophage accumulation.?®2°

In our study, the total yield of MSCs from synovium
increased over a 3 days period along with synovitis, in
which a great number of macrophages accumulated.
Anton et al. demonstrated that MSCs derived from
bone marrow were migrated by IL-8, CCL-2 and CCL-
5 secreted by macrophage in migration assay.*® These
suggest that inflammation increases the yield of mouse
synovial MSCs and that some cytokines secreted by
macrophages induce migration of MSCs.

We demonstrated that the correlation coefficient
was 0.84 between the synovitis score and the total
yield of synovial MSCs. Correctly, we should analyze a
relationship between synovitis and the yield of MSCs
from the same individual mouse. However, it was
difficult practically because once IFP was harvested
from the knee in order to isolate cells, and the same
knee was not unusable for evaluation of synovitis in
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histology. Therefore, we analyzed with different indi-
vidual mice. In these mice, mice strains, age, sex and
experimental conditions were unified. Generally, the
correlation coefficient in the analysis of the same
individuals is higher than that of the different individ-
uals. In this study, although different individual mice
were used for the synovitis score and for the yield of
MSCs, the correlation coefficient for them was rela-
tively high. Consequently, we concluded that total
yield of MSCs from synovium is correlated with
synovitis.

It was unclear whether the inflammation affects the
function of MSCs derived from IFPs. It would be
interesting to compare surface epitopes and multi-
potentiality among the 3, 7, and 14 days treated and
control groups. It was effectively impossible to perform
these experiments because yields of MSCs at passage
0 in the 7 and 14 days treated and control groups were
too low. Previously, we compared MSCs derived from
synovial fluid collected just before and 6 days after
anterior cruciate ligament operations in humans for
multipotentiality and surface epitopes. Though synovi-
al fluid before the operation was transparent and
synovial fluid 6 days after the operation was bloody,
suggesting this contained a great number of inflamma-
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Figure 5. Histological analyses for synovitis induced by carrageenan. (A) Sagittal sections of mice knee joint, stained with H&E and
F4/80 antibody for macrophage, 3, 7, and 14 days after injection of carrageenan and as a control. (B) Synovitis score. Severity of
synovitis evaluated by scoring system. Average values with standard derivation are shown. For the synovitis score described by Krenn

et al.,

tory cells, there were no differences of properties as
MSCs between two populations.” This supports the
claim that inflammation does not affect function of
MSCs, but a different result was also reported.
Mohanty et al. compared MSCs derived from one
marrow of wild mice and IL-1 antagonist knockout
mice showing similar phenotypes to rheumatoid ar-
thritis. MSCs derived from mice with rheumatoid
arthritis had greater colony-forming, adipocyte differ-
entiation, and osteoblast differentiation capacity than
those from normal mice.?!

anterior and posterior synovium was evaluated as denoted in the right panel (*p < 0.05 by Tukey—Kramer test).

In this study, carrageenan-induced inflammation
resulted in a good yield of MSCs. Though there is a
possibility that these MSCs had characteristics of
tumorigenesis, we do not think so for the following two
reasons. Firstly, the morphologies of the cells derived
from IFPs appeared to be the same regardless of the
presence or absence of inflammation induced by carra-
geenan. Secondly, there were no obvious differences of
proliferation of the MSCs at passage 1 among 4 groups
including the control, 3, 7, and 14 days treated groups
(data not shown). There seem to be no reports
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Figure 6. Relationship between the synovitis score and the
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standard derivation are shown in each value.

demonstrating that MSCs acquire tumorigenesis at
passage 0.

Our purpose was to investigate whether the total
yield of MSCs increased in synovium with inflamma-
tion in mice. We estimated that the peak of the
inflammations induced by intraarticular injection of
carrageenan was around the third day after injection
according to the previous papers. Bang et al. and Gong
et al. demonstrated that the peaks of inflammation of
hind-paw or knees were the same from 1 to 4 days
after the local injection of carrageenan.’*3? Silvan
et al. revealed that the peak of inflammation of hind-
paw was at 3 days after the local injection of carra-
geenan.®* Rocha et al. showed that the peaks of
inflammation of hind-paw were at 2 and 3 days after
the local injection of carrageenan.?® Kim reported that
the peaks of inflammation of hind-paw were at 3 and
4 days after the local injection of carrageenan.®® These
indicated that the peak of inflammation of IFPs was
around 3 days after the intraarticular injection of
carrageenan.

Tissue regeneration techniques using MSCs have
been considered as new treatments for tissue repair.?’
In the field of cartilage regeneration, synovial MSC is
a promising tool because of a higher chondrogenic
potential compared to MSCs derived from other
tissues.®®® However, the detailed mechanisms in carti-
lage differentiation of synovial MSCs had been un-
clear. It is possible to collect plenty of synovial MSCs
in mice by our method, which could lead to the
elucidation of the molecular mechanism of cartilage
differentiation capacity of synovial MSCs because
mouse studies have a variety of advantages such as
the relative ease of use in gene manipulation. In this
study, we used C57BL/6 mice because most of geneti-
cally modified mice have a genetic background of
C57BL/6, the most widely used strain.

It has been difficult to obtain a sufficient number of
synovial MSCs in mice but it was possible to increase
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the yield more than 50 fold by inducing inflammation.
The total yield of MSCs from synovium appeared to be
correlated with inflammation in synovium. This meth-
od makes it possible for us to analyze the molecular
mechanisms of cartilage regeneration of synovial
MSCs in mice models.
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