Human Mesenchymal Stem Cells in Synovial Fluid Increase in the Knee
with Degenerated Cartilage and Osteoarthritis
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ABSTRACT: We investigated whether mesenchymal stem cells (MSCs) in synovial fluid (SF) increased in the knee with degenerated
cartilage and osteoarthritis. SF was obtained from the knee joints of 22 patients with anterior cruciate ligament (ACL) injury during
ACL reconstruction, and cartilage degeneration was evaluated arthroscopically. SF was also obtained from the knee joints of 6 healthy
volunteers, 20 patients with mild osteoarthritis, and 26 patients with severe osteoarthritis, in which the grading was evaluated radio-
graphically. The cell component in the SF was cultured for analyses. Synovium (SYN) and bone marrow (BM) were also harvested
during total knee arthroplasties. The MSC number in SF was correlated with the cartilage degeneration score evaluated by arthrosco-
py. The MSC number in the SF was hardly noticed in normal volunteers, but it increased in accordance with the grading of osteoarthri-
tis. Though no significant differences were observed regarding surface epitopes, or differentiation potentials, the morphology and gene
profiles in SF MSCs were more similar to those in SYN MSCs than in BM MSCs. We listed 20 genes which were expressed higher
in both SYN MSCs and SF MSCs than in BM MSCs, and 3 genes were confirmed by quantitative RT-PCR. MSCs in SF

increased along with degenerated cartilage and osteoarthritis.
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Mesenchymal stem cells (MSCs) can be defined as be-
ing derived from mesenchymal tissue and having the
functional capacity for self-renewal, commonly identi-
fied by colony-forming unit fibroblast assay’ and gen-
eration of a number of differentiated progeny.? We
previously reported that MSCs in synovial fluid (SF)
from anterior cruciate ligament (ACL) injury patients
were 100 times more in number than those from
healthy volunteers, and that the MSC number was
positively correlated with post-injury period.® During
ACL reconstruction, cartilage degeneration was also
observed at high rates,* and ACL transection is one of
the most widely used animal models for cartilage de-
generation.® Therefore, there seems to be three inter-
correlations among three conditions; ACL injury,
cartilage degeneration, and MSCs in SF. The first pur-
pose of this study was to investigate a direct relation
between the number of MSCs in SF and cartilage de-
generation in the ACL injured knees.

The existence of MSCs in SF of osteoarthritis knees
was first reported by Jones et al.® They further
reported in 2008 that MSCs in SF numerically in-
creased in early osteoarthritis.” This review is of value
because it shed light on the roles of MSCs in SF of
osteoarthritis knees. However, the design of their
study seemed to be inappropriate. All SF examined
was obtained from patients with unexplained knee
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pain and from those who underwent arthroscopy. Fur-
thermore, the nonosteoarthritis group they studied
consisted of individuals with meniscal tears in addi-
tion to individuals without damage to the articular
cartilage. Our second purpose was to investigate more
strictly whether MSCs in SF increased in the knee
with osteoarthritis.

MSCs can be obtained from various tissues, and
they contain common features. However, an increasing
number of reports have described variant properties
dependent on cell sources.® ! In ACL injured knees,
the gene profile of SF MSCs was more similar to that
of synovium (SYN) MSCs than to that of bone marrow
(BM) MSCs,® however, different pathological condi-
tions may have led to different properties of synovial
MSCs. Our third purpose was to perform patient-
matched quantitative comparisons of the properties
of SF MSCs, synovial MSCs, and BM MSCs. The
properties examined included cell morphology, surface
epitopes, chondrogenic, adipogenic, and osteogenic
differentiation potentials, and gene profiles.

MATERIALS AND METHODS

Synovial Fluid Derived from ACL Injury Patients

The study was approved by an institutional review board,
and informed consents were obtained from all study subjects.
SF was obtained from the knee joints of 22 patients with
ACL injury of the knees during ACL reconstruction under
spinal anesthesia. The average age was 26 years, and the
range was 12-45 years. During the operation, 6 areas con-
sisting of medial femoral condyle, medial tibial plateau, later-
al femoral condyle, lateral tibial plateau, patella, and
femoral groove of cartilage were evaluated arthroscopically
as 1 (normal), 2 (softening), 3 (fissure), 4 (more than half
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cartilage thickness), 5 (less than half cartilage thickness), 6
(full thickness cartilage defect), or 7 (bone defect), respective-
ly, and the total number®?® was calculated for the cartilage
degeneration score.

Synovial Fluid Derived from Osteoarthritis Patients

Synovial fluid was obtained from the knee joints of 6 healthy
volunteers, 35-year old on average, ranging from 30 to 45,
and from 20 patients with osteoarthritis of the knee at
Grades 1 and 2 of Kellgren—Lawrence at our outpatient clin-
ic. The patients were 50-year old on average, ranging from
40 to 60. SF was also obtained from the knee joints of 26
patients with osteoarthritis of the knee at Grades 3 and 4 of
Kellgren-Lawrence during total knee arthroplasty under spi-
nal anesthesia. The patients were 75-year old on average,
ranging from 65 to 85. Kellgren—Lawrence grading was eval-
uated by radiographs of weight bearing posterior—anterior
view at 45° of flexion of the knee.'?

Cultures of Colony-Forming Cells in Synovial Fluid

Synovial fluid was diluted with phosphate-buffered saline
(PBS), filtered through a 70 pm nylon filter (Becton Dickin-
son, Franklin Lakes, NeJ) to remove debris, and plated in six
culture dishes of 60 cm? (Nalge Nunc International, Roches-
ter, NY) in complete culture medium: o-modified essential
medium (a-MEM; Invitrogen, Carlsbad, CA) containing 10%
fetal bovine serum (Invitrogen), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 250 ng/ml amphotericin B (Invitrogen).
The dishes were incubated at 37°C with 5% humidified CO,.
After 24 h, the adherent cells were washed with PBS. Four-
teen days after initial plating, three dishes were stained with
0.5% crystal violet (Wako, Osaka, Japan) in 4% paraformal-
dehyde for 5 min, and the number of colonies was counted.
Colonies less than 2 mm in diameter and faintly stained colo-
nies were ignored. The other three dishes were harvested
with 0.25% trypsin and 1 mM EDTA (Invitrogen; Passage 0),
replated at 500 cells/em? in a 145-cm? culture dish (Nalge
Nunc International) and cultured for 14 days for further
analyses.

In Vitro Differentiation Assay

For chondrogenesis, 250,000 cells were placed in a 15 ml
polypropylene tube (Becton-Dickinson, Franklin Lakes, NJ),
centrifuged at 450g for 10 min, and cultured in chondrogene-
sis medium containing 1,000 ng/ml BMP-7 (Stryker Biotech,
Hopkinton, MA), 10 ng/ml transforming growth factor-B3
(R&D Systems, Minneapolis, MN), and 100 nM dexametha-
sone (Sigma—Aldrich Corp., St. Louis, MO) for 14 days. For
microscopy, the pellets were embedded in paraffin, cut into
5 wm sections, and stained with toluidine blue.?

For adipogenesis, cells were cultured in adipogenic medi-
um which consisted of complete medium supplemented with
100 nM dexamethasone (Sigma—Aldrich Corp.), 0.5 mM iso-
butyl-methylxanthine (Sigma—Aldrich Corp.), and 50 uM in-
domethacin (Wako) for 21 days. The adipogenic cultures
were fixed in 4% paraformaldehyde and then stained with
fresh oil red-O solution.'* For quantification, isopropyl aleo-
hol was added to the stained culture dish. After 5 min, the
absorbance of the extract was assayed by a spectrophotome-
ter at 510 nm after dilution to a linear range.'®

For osteogenesis, cells were cultured in osteogenesis medi-
um that comprised complete medium consisting of 1 nM
dexamethasone, 10 mM B-glycerol phosphate (Wako), and
50 wg/ml ascorbate-2-phosphate (Sigma—Aldrich Corp.) for
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21 days. The dishes were stained with 0.5% alizarin red
solution.'® For alkaline phosphatase activity (ALP), the cells
were harvested with lysis buffer (0.1 M Tris—HCI, 5 mM
MgCly, 2% Triton-X 100, and 1 mM phenylmethylsulfonyl
fluoride) and sonicated. An aliquot (10 pl) of supernatant
was added into 100 pl 50 mM p-nitrophenylphosphatase
hexahydrate containing 1 mM MgCl,, and the mixture was
incubated at 37°C for 30 min. The absorption at 405 nm was
measured with a spectrophotometer. ALP activity repre-
sented millimoles of p-nitrophenol release after 30 min of in-
cubation at 37°C.'6

Isolation and Culture of Synovium and Bone Marrow MSCs
During total knee arthroplasty, SYN and BM were also col-
lected. SYN was harvested from the bony side of the supra-
patellar pouch, digested in a 3 mg/ml collagenase D solution
(Roche Diagnostics, Mannheim, Germany) for 3 h. BM was
aspirated from the tibia, and the nucleated cells were sepa-
rated with a Ficoll density gradient (Ficoll-Paque; Pharmacia
Biosystems, Uppsala, Sweden). Nucleated cells from SYN
and BM were plated in a 60-cm? dish and cultured in a simi-
lar method as described earlier.

Epitope Profile

One million cells were resuspended in 200 pl PBS containing
20 pg/ml antibody. After incubation for 30 min at 4°C, the
cells were washed with PBS and re-suspended in 1 ml
PBS for flowcytometric analysis. Fluorescein isothiocyanate
(FITC)- or phycoerythrin (PE)-coupled antibodies against
CD34, CD45, CD90, and CD146 (BD), CD44 (eBioscience,
San Diego, CA), CD105, CD166 (Ancell, Bayport, MN), and
CXCR4 (R&D Systems) were used. For STRO-1 staining, the
cells were incubated for 30 min with an antibody against
STRO-1 (mouse IgM; Genzyme-Techne Minneapolis, MN).
The cells were then incubated with a secondary antibody
(fluorescein-conjugated goat anti-mouse IgM; Vector Labora-
tories, Burlingame, CA) for 30 min. For D7-FIB staining,
the cells were incubated for 30 min with an antibody against
D7-FIB (mouse IgG; Serotec, Kidlington, UK). The cells were
then incubated with a secondary antibody (fluorescein-
conjugated rabbit anti-mouse IgG; Serotec) for 30 min. The
cells were also incubated with a secondary antibody (fluores-
cein-conjugated rabbit anti-goat IgG; Southern Biotech,
Birmingham, AL) for 30 min. For isotype control, FITC- or
PE-coupled nonspecific mouse immunoglobulin G (IgG; BD)
was substituted for the primary antibody. Cell fluorescence
was evaluated by flow cytometry using a FACSCalibur
instrument (BD). The data were analyzed using CellQuest
software (BD).

Microarray Analysis

Three samples in each group were analyzed. Human ge-
nome-wide gene expression was examined on a total 28,000
genes with the Human Gene 1.1 ST Array (GeneChip;
Affymetrix, Santa Clara, CA). Total RNA was prepared from
colony-forming cells (Passage 1) derived from SYV, SF, and
BM using TRIzol solution (Invitrogen). Sense-strand ¢cDNA
probes for hybridization were synthesized using the WT
Expression Kit for Affymetrix GeneChip Whole Transcript
Expression Arrays (Ambion, Foster City, CA). The micro-
array data were analyzed using the Robust Multichip
Average method!” (Bioconductor, http://www.bioconductor.
org). A heatmap was constructed by hierarchical clustering
on highly differentially expressed genes which show >5.0- or



<0.2-fold changes in any pairs of samples (SYV/SF, SYV/BM,
and SF/BM). To identify the genes showing (1) high expres-
sions in both SYV and SF, and (2) low expressions in BM,
expression values in triplicates were averaged and filtered by
the following threshold for fold changes; SYV/BM > 5 and
SF/BM > 5; and listed in descending order of SYV/BM.

Quantitative Real-Time PCR

First-strand ¢DNAs were synthesized using a Transcriptor
First-strand ¢cDNA synthesis kit (Roche Applied Sciences,
Indianapolis, IN), and Q-PCR analyses were performed using
a LightCycler 480 Probe Master system (Roche). B-Actin was
used as an internal control. Relative mRNA expression levels
were calculated as described by Niikura et al.'® PCR primers
were as follows: SMOC2 5-AAGGAAGTATACCCAGG
AGCAA-3' (forward), 5-GTGTAGCTGTGACACTGGACCT-3'
(reverse); GPR133 5-TATACGCGGGACAATTCCAT-3" (for-
ward), 5'-AAATAGGACATGAGTCCAA TAGGG-3' (reverse),
SFRP4 5-GCCTGAAGCCATCGTCAC-3' (forward), 5'-CCAT-
CATGTCTGGTGTGATGT-3' (reverse); B-actin 5-ATTGGC-
AATGAGC GGTTC-3 (forward), 5-TGAAGGTAGTITTCGT-
GGATGC-3 (reverse).

RESULTS

Synovial Fluid MSCs and Cartilage Degeneration

A large number of colonies consisting of spindle
shaped cells were observed after 14 days culturing of
cell components in SF of the knee with ACL injury
(Fig. 1A). The colony-forming cells differentiated into
chondrocytes, adipocytes, and calcified when cultured
in the differentiation medium (Fig. 1B). These findings
indicate that colony-forming cells, which originally
existed in syonvial fluid, had characteristics of MSCs.
The MSC number in the SF was correlated to the car-
tilage degeneration score evaluated with arthroscopy
(Fig. 10C).

Synovial Fluid MSCs and Osteoarthritis

Representative culture dishes indicated that the colo-
ny number of SF MSC increased according to the
radiological osteoarthritis grading by Kellgren—Law-
rence (Fig. 2A). Comparing the normal (Grade 0), mild
(Grades 1 and 2), and severe (Grades 3 and 4) osteoar-
thritis groups, the MSC number in the SF increased
along with the grading of the osteoarthritis (Fig. 2B).

Comparison among Synovium MSCs, Synovial Fluid MSCs,
and Bone Marrow MSCs from Osteoarthritis Patients

Morphologically, SF MSCs appeared to be closer to
SYN MSCs than to BM MSCs, in that SYN MSCs and
SF MSCs were narrower, and their nuclei were more
obvious (Fig. 3A). For surface epitopes, 3 populations
of MSCs were positive for CD44, CD90, CD105, and
negative for CD34, CD45. These results were identical
to those of distinctive MSCs, and there were no signifi-
cant differences of surface epitopes among the 3 popu-
lations (Fig. 3B). After MSC pellets were cultured in
chondrogenic medium, they became cartilage pellets
whose matrix appeared as purple from toluidine blue
staining in the 3 populations (Fig. 3C). There were no
significant differences of pellet weights, an indicator of
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Figure 1. Colony-forming cells in synovial fluid derived from
ACL injury patients. (A) Representative cell colonies stained
with crystal violet and cell morphology. (B) Multidifferentiation
potential. (C) Relationship between cartilage degeneration score
and colony number of synovial fluid MSCs per synovial fluid vol-
ume (ml; 72 = 0.64, P = 0.002 by correlation analysis).

cartilage matrix synthesis, among the 3 populations
(Fig. 3D). After culturing in adipogenic medium, lipids
showing red by oil red-O staining were observed in the
3 populations (Fig. 3E). There were no significant dif-
ferences of absorbance at 510 nm for extraction of oil
red-O among the 3 populations (Fig. 3F). In addition,
there were no significant differences of ALP activity
among the 3 populations of MSCs both when MSCs
were cultured in osteogenesis medium containing
10 mM B-glycerol phosphate and in osteogenesis medi-
um containing 20 mM B-glycerol phosphate (Fig. 3G).

Comparison of the Gene Expression Profiles among
Synovium MSCs, Synovial Fluid MSCs, and Bone Marrow
MSCs from Osteoarthritis Patients

Hierarchical clustering analysis demonstrated that
gene profiles in SF MSCs were more similar to those
in SYN MSCs than to those in BM MSCs (Fig. 4A). To
demonstrate specific genes which were expressed
higher in both SYN MSCs and SF MSCs than in BM
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Figure 2. MSCs in synovial fluid derived from osteoarthritis
patients. (A) Representative dishes for colonies of synovial fluid
MSCs according to the Kellgren—-Lawrence grading system. (B)
Relationship between the osteoarthritis grading and the colony
number of synovial fluid MSCs per synovial fluid volume (ml).
Average values are shown as bars (P = 0.002 by Kruskal-Wallis
test; *P < 0.05 by Steel-Dwass test).

MSCs, 20 genes are listed in Table 1. For SMOC2,
GPR 133, and SFRP4 genes, which are listed as the
top 38, quantitative RT-PCR analyses were performed
in five other donors with osteoarthritis, and expres-
sions of these genes were much higher in SYN MSCs
and SF MSCs than in BM MSCs (Fig. 4B).

DISCUSSION

In this study, we directly demonstrated a correlation
between number of MSCs in SF and cartilage degener-
ation in the ACL injured knees. However, variability
still seems to exist in a population with a minimum
cartilage degeneration score which is shown in
Figure 1C. The number of SF MSCs per volume was
119 + 92 in ACL injured knees, while it was 60 £ 52
in Grade 1, 2 osteoarthritis knees, and 115 + 109 in
Grade 3, 4 osteoarthritis knees. Though the degree of
cartilage degeneration was much higher in Grade 3, 4
osteoarthritis knees, the number of SF MSCs per vol-
ume was similar between ACL injured knees and
Grade 3, 4 osteoarthritis knees. This will be due to
that ACL injury itself affected the number of SF MSCs
in addition to the cartilage degeneration.® More de-
tailed analysis will be of value in the same population
from the standpoints of post-injury period, stability of
the knee, appearance of ACL remnants, and so on.
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Figure 3. Comparison among synovium MSCs, synovial fluid
MSCs, and bone marrow MSCs from osteoarthritis patients. (A)
Representative morphologies. (B) Surface epitopes of MSCs. Posi-
tive expression rates are displayed as the average and standard
deviation (n = 5). (C) Chondrogenesis. (D) Wet weight of the car-
tilage pellets. (E) Adipogenesis. (F) Quantification of adipogene-
sis by absorbance at 510 nm for extraction of oil red-O. (&)
Alkaline phosphatase activity. MSCs were cultured in osteogene-
sis medium containing 5 and 10 mM B-glycerol phosphate.

Though the existence of MSCs in SF from the knee
with osteoarthritis patients was previously reported,®”
we first demonstrated that the MSC number in SF in-
creased along with radiological osteoarthritis grading.
Our previous study showed that autologous SF en-
hanced expansion of MSCs in tissue culture of SYN
from osteoarthritis patients.'® These results suggest
one mechanism by which SF derived from osteoarthri-
tis promotes mobilization of SYN MSCs into SF. Simi-
lar to ACL injured knees, variability also still seems
to exist in the mild and severe osteoarthritis groups,
respectively. A future study to analyze osteoarthritis
of the same grade from the standpoints of spur forma-
tion, SYN conditions, subjective scores, and so on
would be important.

Here, SF MSCs were more similar to SYN MSCs
than to BM MSCs from the morphological and gene
profile views. However, similar characteristics between
SF MSCs and SYN MSCs may be due to the environ-
mental cues; both kinds of MSCs are constantly ex-
posed to the same cytokines and growth factors in the
knee joint, the environment of both kinds of MSCs is
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Figure 4. Comparison of the gene expression profiles among
synovium MSCs, synovial fluid MSCs, and bone marrow MSCs
from osteoarthritis patients. (A) Hierarchical clustering analysis
(n = 3). (B) Quantitative RT-PCR analysis for the top three
genes shown in Table 1. Relative amount of PCR products to that
in bone marrow MSCs are displayed as the average and standard
deviation (n =5; *P < 0.05 by Steel-Dwass test). The tissues
were harvested from five donors in addition to the donor ana-
lyzed in the microarray.

Table 1.
Than in Bone Marrow MSCs (BM)
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quite different from that of BM, and, thus resulting in
a similar gene expression pattern. The gene expression
pattern of MSCs that are recruited from BM through
systemic circulation may change after they are sent to
SF. It would be quite interesting to examine whether
BM MSCs which incubate in SF resemble the pheno-
types as they do in SYN MSCs.

There were no significant differences of surface epit-
opes among SYN MSCs, SF MSCs, and BM MSCs.
One of the surface epitopes we examined was D7-FIB,
whose antigen is a fibroblast-specific molecule of un-
known function. According to Jones et al.,?* D7-FIB is
a marker of BM MSCs, and CD45"°"D7-FIB"LNGFR"
BM cells express classic markers of cultured MSCs
CD73/SH3, CD105/SH2, and CD106/VCAM.?! In our
results, the positive rate for D7-FIB was less than 20%
in the 3 populations of MSCs.

In SF MSCs, the differentiation potentials were not
correlated to the cartilage degeneration score and to
the MSC number in SF. In 10 donors we examined, SF
MSCs differentiated into all three lineages, though the
quantitative values varied. SF MSCs had common
properties in all donors, however, each property varied
individually.

The volume of SF taken from the patients was
9.9 4+ 6.9 ml in Grade 1, 2 osteoarthritis knees, and
11.1 4+ 9.5 ml in Grade 3, 4 osteoarthritis knees. There

Specific Genes Which Were Expressed Higher in Both Synovium MSCs (SYB) and Synovial Fluid MSCs (SF)

Fold Ratio of Expression

No. GenBank No. Gene Name Symbol SYV/BM SF/BM SYV/SF
1 NM_022138 SPARC-related modular calcium binding 2 SMOC2 13.4 13.8 1.0
2 NM_198827  Secreted frizzled-related protein 4 GPR133 13.1 10.5 1.2
3 NM_003014 Peptidase inhibitor 16 SFRP4 11.9 8.5 14
4 NM_153370 Transmembrane and tetratricopeptide repeat PI16 9.8 8.2 1.2
containing 1
5 NM_175861 Calcium channel, voltage-dependent, beta 4 subunit TMTC1 9.0 6.1 1.5
6 NR 030672 KIAA1324-like KIAA1324L 8.9 8.1 1.1
7 NM_000726  Calcium channel, voltage-dependent, beta 4 subunit ~ CACNB4 8.5 6.2 14
8 NR_002196  H19, imprinted maternally expressed transcript H19 8.4 6.6 1.3
9 BC006141 Erythrocyte membrane protein band 4.1-like 3 EPB41L3 7.8 6.1 1.3
10 BC101809 Prostaglandin I2 (prostacyclin) synthase PTGIS 7.8 8.8 0.9
11 NR 001284  Tenascin XA TNXA 7.7 10.3 0.7
12 NM_004753 Dehydrogenase/reductase (SDR family) member 3 DHRS3 7.6 6.2 1.2
13 NM_020858 Sema domain, transmembrane domain (TM), and SEMA6D 6.5 5.5 1.2
cytoplasmic domain (semaphorin), 6D
14 NM_198148 Carboxypeptidase X (M14 family), member 2 CPXM2 6.4 4.8 1.3
15 NM_001276  Chitinase 3-like 1 (cartilage glycoprotein-39) CHI3L1 6.3 5.5 1.1
16 NM_002214 Integrin, beta 8 ITGBS8 6.2 5.0 1.2
17 NM_015419 Matrix-remodeling associated 5 MXRA5 6.2 5.7 11
18 NM_000062  Serpin peptidase inhibitor, clade G (C1 SERPING1 6.0 44 14
inhibitor), member 1
19 NM_005807 Proteoglycan 4 PRG4 5.6 8.4 0.7
20 NM_001354  Aldo-keto reductase family 1, member C2 AKRI1C2 5.3 5.2 1.0

The genes are listed in descending order of SYV/BM. Genes in bold were confirmed by real-time PCR.
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was a weak tendency between SF volume and synovial
MSC number per SF volume in the osteoarthritis
knees (data not shown). In this study, only SF with
translucency viewed with naked eyes were analyzed,
and the blood test for CRP was negative in most cases.
However, the volume of SF is one of the indexes for
inflammation in the osteoarthritis knee. Mild inflam-
mation undetectable with our examinations might
have affected the number of SF MSCs in the osteoar-
thritis knees.

The volume of SF taken from the patients was
3.8 & 3.1 ml in ACL injured knee, and there was no
tendency between SF volume and synovial MSC num-
ber per SF volume. In ACL injury knees, several other
factors in addition to cartilage degeneration, as men-
tioned above, might have affected SF MSCs and negat-
ed the factor of SF volume.

We demonstrated that the MSC number in SF in-
creased along with the radiological grading of osteoar-
thritis as shown in Figure 2B. The age distribution of
the three groups was different; the average age was 35
in the normal group, 50 in the mild group, and 75 in
the severe osteoarthritis group. This may have influ-
enced the data because several studies have reported
that aging affects properties of MSCs derived from
several kinds of mesenchymal tissues, though the sub-
jects diagnosed were elderly people with osteoarthritis
or osteoporosis in most of the previous studies.?®?3 To
remove the factor of aging, normal control groups at
the same age are required, however, it is practically
difficult to collect SF from elderly people with normal
knees.

We showed 20 specific genes whose expression was
higher in both SYN MSCs and SF MSCs in comparison
to that in BM MSCs. We further confirmed expressions
of the top three genes by RT-PCR. SMOC2 stands for
SPARC-related modular calcium binding 2. SPARC
(secreted protein acidic and rich in cysteine) is highly
expressed during embryogenesis, and its expression
becomes more restricted in adult tissues.** SMOC-2 is
expressed highly in the heart, muscle tissue, spleen,
and ovary.?® Only the function of SMOC2 reported
previously involves stimulation of endothelial cell pro-
liferation.?® In comparison with normal cartilage,
SMOC-2 mRNA expression was higher in osteoarthri-
tis cartilage.?” GPR133 encodes a G-protein-coupled
receptor (GPCR). GPCRs are involved in osteoclast
function and regulation of bone mineral density and
cell growth.?® A genome-wide association study recent-
ly demonstrated that genetic variation in GPR133 was
associated with body height.?® SFRP4 stands for se-
creted frizzled-related protein 4. Secreted frizzled-re-
lated protein is one of the regulators for the Wnt
signaling pathway, which regulates various normal
and pathological developmental processes of many
organs. Some studies reported that SFRP4 is a nega-
tive regulator of peak bone mineral density.?° In most
genes listed in Table 1, including the three genes men-
tioned above, their relationships to SYN or SF remains
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unknown, however, these genes would be interesting
as signatures in that they distinguish the SYN and SF
MSCs from BM MSCs. This knowledge would be great-
ly helpful to clarify the mechanisms of treatment for
osteoarthritis. For example, we would be able to an-
swer the question about the tissue origin of the MSCs,
which appear in the degenerated site of articular carti-
lage induced by abrasion arthroplasty.

What is the role of MSCs in SF? MSCs are postulat-
ed to participate in tissue homoeostasis, remodeling,
and repair by ensuring the replacement of mature
cells lost to physiological turnover, senescence, injury,
or disease. Stem cell populations are found in most
adult tissues, and in general, their differentiation po-
tential may reflect the local cell population.®? Develop-
mentally, intraarticular tissues are differentiated from
common progenitors, referred to as common interzone
cells.3r SYN MSCs have a high chondrogenic poten-
tial® 1% intraarticular injection of SYN MSCs promot-
ed cartilage regeneration in rabbit cartilage defect
model®?; and intraarticular injection of SYN MSCs
contributed to meniscal regeneration in a rat meniscus
defect model.?® We speculate that synovial tissue may
serve as a reservoir of stem cells that mobilize follow-
ing intraarticular tissue diseases and migrate to the
site to participate in the repair response.

Why is the number of SF MSCs increased in accor-
dance with the degree of cartilage degeneration? In
the adult cartilage, because of enzymatic activities and
the mechanical stress imposed onto the joints, carti-
lage damage always occurs. In normal circumstances,
this is compensated by the turnover of the matrix com-
ponents synthesized by chondrocytes. Thus, in normal
adult articular cartilage, there is an equal balance be-
tween anabolism and catabolism. In osteoarthritis, ca-
tabolism becomes stronger than the anabolic capacities
of chondrocytes, the cartilage matrix degenerates, and
the joint cartilage gets damaged.®* We speculate that
MSCs were mobilized from SYN through SF toward
degenerative cartilage. Seemingly, the number of mo-
bilized MSCs is limited, therefore osteoarthritis pro-
gresses in its natural course. Our next step is to
investigate whether intraarticular injection of SYN
MSCs can inhibit the progression of osteoarthritis.

In conclusion, the MSC number in SF was correlat-
ed to cartilage degeneration evaluated with arthrosco-
py in the ACL injured knees. The MSC number in SF
increased along with the radiological grading of osteo-
arthritis. SF MSCs were more similar to SYN MSCs
than to BM MSCs from the morphological and gene
profile views.
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Abstract

Purpose  Although various surgical procedures have
attempted to restore valgus stability in medial knee inju-
ries, so far none has achieved satisfactory results. The
purpose of this study was to assess clinical outcome for
patients with grade 3 valgus instability who were treated
according to our surgical management strategy.

Methods Eighteen patients with both acute and chronic
grade 3 medial knee injuries, all of which had combined
cruciate ligament injuries, were treated with a proximal
advancement of both the superficial medial collateral lig-
ament (MCL) and posterior oblique ligament together with
underlying deep MCL and joint capsule, in conjunction
with cruciate ligament reconstructions in chronic phase.
Augmentation with doubled semitendinosus tendon was
added in 7 patients whose medial knee stability had been
considered to be insufficient with only the proximal
advancement procedure. They were evaluated preopera-
tively and at final follow-up.

Results Manual valgus laxities at 0° and 30°, as well as
side-to-side difference in medial joint opening in stress
radiograph, were significantly improved at final follow-up.
The Lysholm knee scale was also significantly improved.
Median values of the subjective evaluations of the patients’
satisfaction, stability and sports performance level mea-
sured with visual analogue scale at final follow-up were 82
(60-100), 94 (71-100) and 88 (60-100), respectively.
Conclusions Clinical outcomes of our surgical manage-
ment strategy were reasonable in terms of restoring medial
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knee stability. This treatment protocol can help determine
the surgical management of grade 3 medial knee injuries
combined with cruciate ligament injuries.

Level of evidence Retrospective case series, Level IV.

Keywords Medial collateral ligament (MCL) - Medial
knee injury - Operative procedure - Posterior oblique
ligament - Multiple ligament injury

Introduction

Even though medial knee injury is one of the most common
injuries of the knee joint, its treatment strategy is still a
matter of controversy. Although some reports have rec-
ommended simultaneous surgical treatment for both ante-
rior cruciate ligament (ACL) and medial collateral
ligament (MCL) injuries if ACL injury is accompanied by
grade 2 MCL injury with valgus laxity [2, 8, 26], it is
generally accepted that the majority of patients who sustain
incomplete or isolated complete MCL tears can be treated
nonoperatively [3, 6, 12, 14, 28]. Both animal and human
clinical studies have shown that MCL has excellent healing
capacity [1, 18, 25, 31]. On the other hand, in cases of
complete medial knee injuries combined with cruciate
ligament injuries, complex and problematic instability
could be pronounced, because the functional deficiency of
one ligament might affect the healing of the others [19].
However, for lack of evidence [20], the treatment of
complete medial knee injuries associated with combined
ligamentous injuries still continues to be controversial as to
whether the medial knee structures should be treated non-
operatively or operatively [7, 10, 11, 15, 29]. In addition, in
cases of surgical treatment, whether the medial knee
structures should be repaired in acute phase [4, 16, 27] or
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should be reconstructed in chronic phase [7, 17, 33] is also
controversial.

In this case series, acute complete medial knee injuries
associated with combined cruciate ligament injuries have
been treated conservatively until knee range of motion is
recovered, and the following surgical management strategy
has been applied in chronic phase; (1) a proximal
advancement of both the superficial MCL and posterior
oblique ligament (POL) together with underlying deep
MCL and joint capsule is performed for residual grade 3
valgus instability in conjunction with cruciate ligament
reconstructions. (2) Augmentation with doubled semiten-
dinosus tendon is added in cases that are considered to be
insufficient with only the proximal advancement proce-
dure. The purpose of this study was to assess the clinical
outcome for patients with grade 3 valgus instability who
were treated according to our surgical management strat-
egy. The hypothesis underling this study was that the sur-
gical management strategy applied in this case series could
restore medial knee stability in patients with grade 3
medial knee injuries with concomitant cruciate ligament
injuries.

Materials and methods

Between 1997 and 2007, 24 patients with grade 3 valgus
laxity combined with cruciate ligament injuries were
treated according to our surgical management strategy. The
grade of valgus laxity was defined with manual valgus test
in both 0° and 30° of flexion as grade 1-3 according to the
grading of Fetto and Marshall [8]. Among those patients,
18 patients with no history of ligamentous injuries in
contralateral knee, no history of injuries in ipsilateral knee
and with a minimum follow-up of 2 years were included in
this study. They comprised 9 male and 9 female patients
with a median age at the time of surgery of 24 years (range
17-44 years). The median time from the surgery to the
latest follow-up was 26 months (range 24-75 months).
Informed consent was obtained from each patient enrolled
in this study.

Of these 18 patients, 10 patients had been treated at our
institution as acute injuries, while the remaining 8 patients
were diagnosed with chronic grade 3 medial knee injuries.
Combined cruciate ligament injuries were observed in all
patients, with anterior cruciate ligament (ACL), posterior
cruciate ligament (PCL) and both ACL and PCL injuries in
14, 1 and 3 patients, respectively. For chronic combined
ligament injuries, we essentially attempted to surgically
correct all the instabilities. For acute cases combined with
cruciate ligament injuries, they were initially treated con-
servatively, followed by subsequent operative treatment for
residual grade 3 valgus instability combined with cruciate

ligament reconstructions after swelling had subsided and
range of motion was recovered, thereby avoiding limited
recovery of range of motion after the surgery due to ar-
throfibrosis. The combined cruciate ligament injuries were
reconstructed using semitendinosus tendon, bone-patellar
tendon-bone or quadriceps tendon graft. Medial knee
injuries were treated using only the proximal advancement
procedure even in chronic cases if the underlying joint
capsule was strong enough to obtain sufficient valgus sta-
bility. Meanwhile, augmentation with doubled semitendi-
nosus tendon was added in 7 patients in whom only the
proximal advancement procedure was considered to be
insufficient, such as in patients in whom valgus instability
would be expected to remain with only the proximal
advancement procedure due to insufficient strength of
remaining MCL and joint capsule, in contact sports ath-
letes, in patients with PCL injury and in patients with
general laxity and valgus alignment. Concomitant meniscal
surgeries (either meniscectomy or meniscal repair) were
performed in 5 patients. The median length of time from
injury to surgery was 5 months (range 2—156 months).

Surgical technique

A 3-4 cm longitudinal incision was made on the femoral
attachment of the superficial MCL[22]. After an incision
was made on the femoral fascia overlying superficial
MCL and POL, torn or slack superficial MCL was
identified, and proximal insertion of the superficial MCL
was released transversely from the attachment site with a
knife. The POL, the medial joint capsule and the deep
MCL were released from the femoral fascia and from the
femoral bone anteriorly and posteriorly. The attachment
sites of the superficial and deep MCL and the medial
joint capsule were decorticated with a small curette or a
small rasp. Four Krackow sutures [21] using No. 5
braided polyester sutures were placed at the anterior,
middle and posterior part of the superficial MCL and the
POL together with underlying deep MCL and joint
capsule. Two anchor staples were placed 10 mm proxi-
mal to the proximal insertion of the superficial MCL
parallel to the insertion site. Sutures placed at the ante-
rior and middle part of the superficial MCL were tied to
the anteriorly placed anchor staple, and sutures placed at
the posterior part of the superficial MCL and the POL
were tied to the posteriorly placed anchor staple. Each
suture was tied with manual maximum pull at 30° of
flexion (Fig. la).

Augmentation with doubled semitendinosus tendon was
added in patients in whom only the proximal advance-
ment procedure was considered to be insufficient. Semi-
tendinosus tendon was harvested, and Krackow sutures
using No. 5 braided polyester sutures were placed at both
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Gracilis

Sartorius

Fig. 1 Surgical technique. a Proximal advancement procedure. Four
Krackow sutures were placed at the anterior, middle and posterior part
of the superficial MCL and the POL together with underlying deep
MCL and joint capsule. Sutures placed at the anterior and middle part
of the superficial MCL (red) were tied to the anteriorly placed anchor
staple (red), and sutures placed at the posterior part of the superficial
MCL and the POL (blue) were tied to the posteriorly placed anchor
staple (blue) with manual maximum pull at 30° of flexion.
b Augmentation with doubled semitendinosus tendon (yellow).

ends of the tendon. An anchor staple was placed at the
distal insertion site of the superficial MCL. A Krackow
suture using a No. 5 braided polyester suture was also
placed at the stranded side of the doubled tendon and tied
to the proximal leg of the anchor staple. The sutures
placed at both ends were tied to the anchor staples placed
at the proximal site with manual maximum pull at 30° of
flexion in conjunction with the fixation of the proximal
advancement procedure. The augmented tendon was
sutured to the surrounding superficial MCL and the
medial capsule with multi-stitches of 3-0 absorbable
sutures (Fig. 1b).

Postoperative treatment

A postoperative rehabilitation programme for isolated ACL
reconstruction was applied to patients with ACL recon-
struction, whereas one for isolated PCL reconstruction was
applied to patients with PCL reconstruction and to patients
with both ACL and PCL reconstruction. Namely, range of
motion exercise from full extension to 120° of flexion was

Q Springer

-/ Superficial MCL
Semimembranosus
Deep MCL

Semitendinosus

Krackow sutures were placed at both ends of the semitendinosus
tendon. An anchor staple was placed at the distal insertion site of the
superficial MCL (black). A Krackow suture was also placed at the
stranded side of the doubled tendon and tied to the proximal leg of
the anchor staple. The sutures placed at the both ends were tied to the
anchor staples placed at the proximal site with manual maximum pull
at 30° of flexion in conjunction with the fixation of the proximal
advancement procedure

started at 2 days after the surgery. Twenty kilogram partial
weight bearing was allowed at 2 days and was gradually
increased. Crutches were removed at 4 weeks. Patients
with PCL reconstruction were allowed restricted walking
in extended position with a knee brace for 4 weeks, and
open kinetic chain active knee flexion exercise was pro-
hibited for 3 months. Instead, passive protective knee
flexion exercise and closed kinetic chain knee flexion
exercise were encouraged. Running was allowed at
3-6 months with progressive squatting exercise, and
patients progressed to full activity at 6-10 months.

Evaluation

The knee joint condition at the preoperative and the latest
follow-up period was evaluated based on side-to-side dif-
ferences between the injured and uninjured leg. A full
evaluation was performed by 2 examiners blindly and
independently on the same day. If differences were found
between the 2 examiners, a re-evaluation was performed
together until consensus was obtained. The difference in
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the range of motion between the two knees was recorded,
with knee extension and flexion angle described in 1° and
5° increments, respectively.

Manual knee laxity tests for ACL (Lachman test and
pivot shift test) and PCL (posterior drawer test) were gra-
ded according to the International Knee Documentation
Committee (IKDC) form [13]. The anterior knee laxity
measured with the KT-1000 arthrometer (MEDmetric, San
Diego, CA) at manual maximum pull was expressed as the
difference between the injured and uninjured legs in
0.5-mm increments.

Valgus instability was evaluated with manual valgus test
in both 0° and 30° of flexion, and the differences between
the injured and uninjured legs were categorized as nega-
tive, 1+, 24 or 3+ in the same manner. Valgus instability
was also assessed with valgus stress radiographic exami-
nation according to the IKDC form (knee in 20° of flexion,
applied stress force 134 N), and the differences in length of
the medial joint opening between the injured and uninjured
legs were measured in 1-mm increments.

The Lysholm knee scale was used as a general knee
evaluation method [30]. The subjective evaluations of the
patients’ satisfaction, stability and sports performance level
compared to pre-injury level were measured on a 100-mm
visual analogue scale (VAS) in 1-mm increments at final
follow-up.

Table 1 Pre- and postoperative valgus knee stability in 18 patients

Statistical analysis

Statistical analyses were performed by use of a paired t-test
for KT measurement and valgus stress radiographic
examination. Wilson signed-rank test was used for Lys-
holm score, Lachman test, pivot shift test, posterior drawer
test and manual valgus test. Significance level was set at
P < 0.05. The results are shown as the median with range.

Results

There was no patient with a greater than 5° extension or
10° flexion deficit at final follow-up, while two patients
with PCL reconstruction required postoperative manipula-
tion at the time of anchor staple removal because of 15° of
flexion deficit. There were no other significant intraopera-
tive or postoperative complications during the study period.

Valgus knee stability

Manual valgus tests in 0° and 30° were both significantly
improved at the final follow-up (Table 1). Valgus laxities
in 0° were 2+ in 9 patients and 1+ in 9 patients preoper-
atively and became negative in all patients except one
(P < 0.001). Valgus laxities in 30° were 34 in 11 patients

Patient Combined Augmentation Comments 0° 30°
ligamentous surgery with ST*
Pre-op Post-op Pre-op Post-op
I ACL None 2+ - 3+ I+
2 ACL None 1+ - 3+ -
3 ACL Yes Judo player 2+ - 3+ 1+
4 ACL None 1+ - 3+ 1+
5 ACL Yes Insufficient strength of remaining 24 - 3+ -
MCL and joint capsule
6 ACL None 2+ - 3+ -
7 ACL None 1+ - 2+ 1+
8 ACL None 1+ - 2+ -
9 ACL/PCL None Both ACL and PCL were injured 24 - 2+ 2+
10 PCL Yes PCL was injured 24 - 3+ -
11 ACL None 1+ - 3+ -
12 ACL Yes Judo player 2+ - 3+ -
13 ACL/PCL Yes Both ACL and PCL were injured 1+ - 3+ I+
14 ACL None 1+ - 2+ 1+
15 ACL Yes Valgus knee, general laxity 2+ - 34+ -
16 ACL None 1+ - 24 -
17 ACL None Soccer player, hyperextended knee 2+ 1+ 2+ 24
and general laxity
18 ACL/PCL Yes Both ACL and PCL were injured 1+ - 2+ -

# 8T semitendinosus tendon
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Table 2 Clinical results

Pre-op” Post-op” P
Valgus stress radiograph 6 (3-13) 1 (0-2) 0.004
(mm)”
Lysholm score 81 (41-94) 91 (70-100)  0.001

KT measurements (mm)© 7.0 (4.5-16.0) 2.0 (0.0-6.0) <0.001

? Results are shown as the median (range)
P Results from 7 patients in whom preoperative valgus stress radio-
graph was taken

¢ Results from 17 patients with ACL reconstruction

and 24+ in 7 patients and became negative in 10 patients,
1+ in 6 patients and 2+ in 2 patients (P < 0.001). Pre-
operative valgus stress radiograph was taken only in 7
patients in chronic phase, as grade 3 valgus instability was
obvious with manual stress test in the rest of the patients. In
addition, we wanted to avoid the possible risk of further
injury of an intact or partially torn cruciate ligament by
applying a large clinical valgus load to a knee with a severe
medial knee structure injury especially in acute phase [23].
Side-to-side difference in medial joint opening in valgus
stress radiograph was significantly improved in those 7
patients (Table 2). Postoperative valgus stress radiograph
was taken in all patients, and the overall result was 1 mm
(0-3) at final follow-up. None of the patients showed side-
to-side differences in medial joint opening greater than
2 mm, except one patient with 3 mm side-to-side differ-
ence that also showed 1+ valgus laxity at 0° of flexion
(patient 17).

Lysholm knee scale and subjective assessments

The total score on the Lysholm knee scale was significantly
improved (Table 2). The subjective evaluations of the
patients’ satisfaction, stability and sports performance level
compared to pre-injury level measured with VAS were 82
(60-100), 94 (71-100) and 88 (60-100) out of 100,
respectively.

Anteroposterior stability

In patients with ACL reconstruction, reasonable ACL-
relevant stability was obtained. Lachman test was nega-
tive in 13 out of 17 patients, and pivot shift was negative
in 12 patients at final follow-up. KT measurement was
also improved significantly (Table 2). However, 4 out of
5 patients with pivot shift positive also showed at least
1+ valgus laxity in 30°. In patients with PCL recon-
struction, posterior drawer test became negative in 3 out
of 4 patients; however, 2+ instability remained in
one patient in whom valgus instability also remained
(patient 9).

_@_ Springer

Discussion

The most important finding of the present study was that
the clinical outcomes of our surgical management strategy
were found to be reasonable in terms of restoring medial
knee stability in patients with grade 3 medial knee injuries
with concomitant cruciate ligament injuries. Seventeen out
of 19 patients could regain satisfactory valgus stability,
whereas valgus laxity with concurrent residual laxity of
reconstructed cruciate ligaments progressed in two patients
postoperatively.

In the treatment of complete medial knee injuries
combined with cruciate ligament injuries, some surgeons
have recommended surgical primary repair and have
reported relatively good results [16, 27, 32]. However, the
most problematic complication could be postoperative
stiffness that requires manipulation [27]. On the other
hand, several surgeons reported that MCL reconstruction
using hamstring tendons [33] or an artificial ligament [17]
showed good results without the incidence of arthrofibro-
sis. Their limitations could be relatively complicated sur-
gical methods and that only the anterior part of the
superficial MCL was reconstructed. On the other hand,
importance of POL has been reported and stressed [5, 9].
The advancement procedure was first reported by Mauck
[24] as the advancement and reattachment of its distal
insertion. This procedure is useful in a way that the method
is relatively simple, while the problem of this method is
that the quality of the remaining ligamentous tissue
is unreliable. Also, only the superficial portion of the MCL
is restored with this procedure.

Results from previous studies regarding repair or
reconstruction of the medial knee structures in the setting
of the multi-ligament-injured knee have not been reported
to be successful. Ibrahim et al. [16] reported 18 patients
with complete MCL ruptures combined with ACL and PCL
injuries that underwent MCL repair in conjunction with
ACL and PCL reconstruction. While 89% of patients were
found to have clinically stable knees, mean postoperative
Lysholm score was 79.2 and mean Tegner score decreased
from 7.6 preoperatively to 4.7. Owens et al. [27] reported
11 knee dislocation patients with complete MCL ruptures
that underwent primary repair of all torn ligaments. All
patients obtained clinically stable knees; however, 27% of
patients had stiff knees that required manipulation. In a
recent randomized clinical trial, Halinen et al. [10, 1]
randomized 47 patients with combined ACL and grade 3
MCL injuries into 2 groups. The MCL injury was treated
with primary repair in group 1 (n = 23) and nonopera-
tively in group 2 (n = 24). In both groups, the ACL injury
was treated with early reconstruction. In this study, they
could not show any differences with respect to subjective
function of the knee, postoperative stability, return to
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activities, Lysholm score and overall IKDC evaluation.
Rather, range of motion and muscle power were better in
the nonoperatively treated group. Bin et al. [4] reported a
two-stage protocol for knee dislocations. In this study, 10
patients sustained MCL injuries and were treated with
repair. The collateral ligaments were repaired within
2 weeks after injury, and ACL/PCL reconstruction was
performed after swelling had subsided. Even though inci-
dence of arthrofibrosis was lowered with their protocol,
only 70% of patients could restore valgus stability. Yoshiya
et al. {33] reported 22 patients with combined ligament
knee injuries that underwent operative management of the
associated cruciate ligament injuries and MCL recon-
struction using autograft semitendinosus/gracilis tendons.
Four out of 22 patients showed grade 1 medial instability in
this case series. More recently, Ibrahim et al. [17] reported
successful results of 15 patients with multi-ligament
reconstructions including MCL reconstruction using an
artificial ligament. In this case series, 14 out of 15 patients
had stable knees in manual valgus stress testing at 30°
flexion. However, the authors failed to show knee func-
tional scores, such as Lysholm score and IKDC score, in
those patients.

Compared to these previous studies, the present study
seemed to show better clinical results. Seventeen out of 18
patients recovered sufficient valgus stability in valgus
stress radiograph, and the median Lysholm score was 91.
This is probably because 1) the surgical technique used in
this study (not only superficial MCL and POL are
advanced, but also underlying deep MCL and joint capsule
are pulled up together) might be better than normal primary
repair and 2) we followed our surgical management pro-
tocol that defined indication for augmentation with doubled
semitendinosus tendon.

There might be some potential problems on the proximal
advancement procedure performed in the present study.
First, this method is a nonanatomical procedure as the
proximal attachment sites are advanced proximally. How-
ever, we tried to retain the functions of each repaired lig-
ament by tying the superficial MCL and the POL to the
anterior and posterior leg of the anchor staple, respectively.
Second, the POL might have been overtightened in this
case series. The POL was tied with manual maximum pull
at 30° of flexion in our procedure, while the POL became
tightest and its valgus load response became highest near
full extension [9]. This could have overconstrained the
knee, resulting in the entire surgical repair stretching out in
the cases with residual laxity. Another problem might be
that it is sometimes difficult to judge whether augmentation
with doubled semitendinosus tendon is necessary. In this
case series, valgus laxity became gradually manifested in
two patients in whom immediate postoperative stability
seemed good enough with only the proximal advancement

procedure. One was a soccer player with hyperextended
knee and general joint laxity (patient 17), where we should
have added the augmentation. Another was the first patient
with PCL injury (patient 9), where both 2+ valgus insta-
bility in 30° of flexion and 2+ posterior instability
remained. After this patient, we added the augmentation in
all patients with PCL injury, in whom both valgus and
anteroposterior stability were improved at final follow-up.
This might be because the functional deficiency of one
ligament might affect the healing of the others more sig-
nificantly in patients with PCL injury, and because more
robust medial stabilization might be needed. The results
from patients with ACL injury were not satisfactory either.
Five patients showed pivot shift test positive, and 4 out of
the 5 patients also showed at least 14 valgus laxity in 30°.
This might also be because residual valgus instability
might affect the healing of reconstructed ACL, resulting in
concurrent residual laxity of ACL. These results indicate
that there is still room for improvement in the treatment
strategy.

There are also some potential limitations in this study.
First, for patients with PCL reconstruction, we evaluated
posterior instability with posterior drawer test, which is
subjective for assessment of posterior tibial translation.
PCL stress radiographic examination should have been
performed to evaluate posterior instability more objec-
tively. Second, a limited number of patients with preop-
erative radiograph could weaken the evidence that valgus
instability was improved in this case series. However, we
believe that significant improvement in manual valgus test
in both 0° and 30° supports the effectiveness of our surgical
management strategy. Third, this is a case series of mixed
cohort of grade 3 valgus instability with combined cruciate
ligament injuries. The patients with augmentation with
semitendinosus tendon are also mixed in this study, due to
the limited number of patients. Comparative study with
larger number of cases is required to further evaluate the
optimal treatment strategy for grade 3 valgus instability
combined with cruciate ligament injuries.

Conclusion

Clinical outcomes of our surgical management strategy
were found to be reasonable in terms of restoring medial
knee stability in patients with grade 3 medial knee injuries
with concomitant cruciate ligament injuries. Although
valgus laxity with concurrent residual laxity of recon-
structed cruciate ligaments progressed in some patients,
which indicates that the treatment strategy should be
improved further, this treatment protocol can help deter-
mine the surgical management of grade 3 medial knee
injuries combined with cruciate ligament injuries.
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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 PDGFRa 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 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 casily 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 arc now
being investigated clinically as a treatment for cartilage defects
[12]. Despite the impressive data reported from various investiga-

Mesenchymal stem cells (MSCs) are multipotential non-
hematopoictic progenitor cells that can differentiate not only
vitro, but also i vive, 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 regencrative 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 arc usually accompanied by excess
cartilage formation [8]. When partial-thickness defects in the
articular cartilage were formed in rabbits, the synovial membranc
cxtension 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

PLOS ONE | www.plosone.org

tions, there are still a lot of obstacles facing clinical rescarch 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, arc also
still largely unanswered [13].

Mouse primary cell culture has enabled investigators to perform
rescarch to clucidate 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, onc of
the obstacles we are currently confronting and have to overcome
in this ficld is that mouse synovial MSCs have not been isolated
and arc not available for basic research, whercas 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 tbia 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 SMCis 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-Paquec;
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 37°C for 1 hour, and filtered
through a 70-um 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 pg/ml
streptomyecin (Invitrogen, Carlshad, CA, USA)] and incubated at
37°C with 5% humidificd CO,. The medium was changed every
3—4 days thereafter and then were cultured for 14 days as passage
0.

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) | - +

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

PLOS ONE | www.plosone.org
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Table 2. Monoclonal antibody list.

Antigen Labeling Clone Isotype

cD29 PE HMb1-1 Armenian Hamster igG
CD34 FITC RAM34 Rat 1gG2ak

CD44 APC M7 Rat igG2b,k

CD45 APC 30-F11 Rat 1gG2b,k
CD106(VCAM-1) PE 429 Rat IgG2a,k
CD117(c-kit) PE 2B8 Rat IgG2a,k
CD1403(PDGFR4) APC APAS5 Rat IgG2a,k

Sca-1 FITC D7 Rat lgG2a,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

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/ cm? on 60-cm? dishes. Then, the cells
were replated at 2,000 cells/cm? 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/em? and counted with a hemocytometer cvery two
days until 14 days.

Colony-forming Efficacy

The cells at passage 4 were replaced at 1000 cells per 60-cm”
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 diamcter and faintly
stained colonies were ignored.

Flow Cytometry

One million cells at passage 3 were suspended in 500 ul PBS
containing 20 pg/ml of antibody. After incubation for 30 minutes
at 4°C, 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 CD1404 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 cvaluated
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-cm? dishes and cultured in
complete medium for 7 days. The medium was switched to
calcification medium that consisted of complete medium supple-
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mented with 1 nM  dexamethasone (Sigma-Aldrich), 20 mM
glycerol phosphate (Sigma-Aldrich), and 50 ug/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. Colonics
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-cm? 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-
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Table 3. Primers for specific polymerase chain reaction.

Primer Forward Reverse

B-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT
C/EBPA ACCGGGTTTCGGGACTTGA CCCGCAGGAACATCTTTAAGTGA
Col1at GACATGTTCAGCTTTGTGGACCTC GGGACCCTTAGGCCATTGTGTA
Col2atl GGGCTCCAATGATGTAGAGATG CCCACTTACCAGTGTGTTICG
Col10a1 GCATCTCCCAGCACCAGA CCATGAACCAGGGTCAAGAA
FABP4 TGGGAACCTGGAAGCTTGTCTC GAATTCCACGCCCAGTTTGA

Lpl AGAGGCTATAGCTGGGAGCAGAAAC GCAAGGGCTAACATTCCAGCA
PPAR& GCCCAGGCTTGCTGAACGTGAAG CACGTGCTCTGTGACGATCTGCC
Sox9 CAGCAAGACTCTGGGCAAG TCCACGAAGGGTCTCTTCTC
Osteocalcin GACCATCTTTCTGCTCACTCTG GTGATACCATAGATGCGTTTGTAG
Osteopontin CAGTGATTTGCTTTTGCCTGTTTG GGTCTCATCAGACTCATCCGAATG
Runx2 GCACAAACATGGCCAGATCA AAGCCATGGTGCCCGTTAG
C/EBP4: CCAAT/enhancer binding protein beta, FABP4: Fatty Acid Binding Protein 4, Lpl: Lipoprotein Lipase, PPAR&: Peroxisome Proliferator-Activated Receptor gamma,
RUNX2:Runt-related transcription factor 2.

doi:10.1371/journal.pone.0045517.t003

xanthine (Sigma-Aldrich), and 50 {M 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 colonics
was determined [11,16].

In vitro Chondrogenesis

2%10° cells were placed in a 15-ml polypropylenc tube (BD
Falcon, Franklin Lakes, NJ, USA) and centrifuged at 450 xg for 10
minutes. The pellet was cultured at 37°C with GOy in 400 pl of
chondrogenic medium that contained 500 pg/ml recombinant
human bone morphogenctic protein 7 (thBMP7: Stryker biotech,

=g-DNase | (-) /ﬁ%
108 ~m-DNase | (+) S
-
107 /
y, po g
i
108 -~

0 1 2 3 4 5
Passage

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 | (B). DNase |; deoxyribonuclease I, SMC; synovial mesenchymal cell. * indicates p<<0.05.

doi:10.1371/journal.pone.0045517.g002
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Table 4. Date on the cell samples.

Sample size Nucleated cell no.

Bone marrow 1.72%107 (1.90x10°) (cells/ml)
435x10* (8.36x10°) (cells/mg)

3.73x10% (9.10%10% ) (cells/mg)

0.15 (0.02) (ml)
1.29 (0.16) (mg)
13.84 (4.59) (mg)

Synovium

Muscle

Data (SD) (unit).
doi:10.1371/journal.pone.0045517.t004

Cambridge, MA, USA} in high-glucose DMEM supplemented
with 10 ng/ml transforming growth factor 43 (TGFa3; R&D
Systems, Minncapolis, MN, USA), 100 nM dexamethasone,
50 pg/ml ascorbate-2-phosphate, 40 ftig/ml proline (Sigma-Al-
drich), 100 pg/ml pyruvate (Sigma-Aldrich), and 1:100 diluted
I'I'S+ 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-um 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 ¢DNA Synthesis Kit (Roche Applied
Science, Mannheim, Germany) with a random hexamer primer.

The gRT-PCR analyses of osteogenesis and adipogenesis were
performed with the ABI Prism 7700 Sequence Detection System
(Applicd Biosystems, Foster City, CA, USA) using SYBR Green 1
PCR reagents (I'OYOBO, Osaka, Japan) under the following
condition; initial denaturation for 10 minutes at 94°C followed by
40 cycles consisting of 15 seconds at 94°C and 1 minute at 60°C.
The copy number was expressed as the number of transcripts per
nanogram total RNA. Experimental samples were matched to
a standard curve gencrated by amplifying serially diluted products
using the same PCR protocol. The amounts of mRNA were
shown as relative quantides in comparison to that of B-actin
mRNA.

To evaluate chondrogenesis, a LightCycler 480 instrument
(Roche Applied Science) was used with the FastStart Tagman
Probe Master (Roche Applied Science). The qRT-PCR conditions
were as follows: 2 minutes at 50°C and 10 minutes at 95°C,
followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C.
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), Ostcocalcin, Osteopontin and Type I collagen for
ostecogenesis, Peroxisome proliferator-activated  receptor 4
(PPARZ), CCAAT/enhancer binding protein 4 (C/EBPa), 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.
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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 casily
be seen and resected from the patellar ligament (Figure 1E).

Isolation and Cuilture 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 DNasc 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 1
(Figure 2B).

Based on these results, the methods used for the isolation and
culture of mousc 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
hematopoictic cells, and treated with 0.1% collagenase and
0.005% DNase I in DMEM at 37°C for 15 minutes. The digested
cells were filtered through a 70-pum 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 37°C with 5%
humidified COy. 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

T'o 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
cxamined. 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
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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
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