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Abstract
Background: Mesenchymal stem cells (MSCs) in synovial �uid increase after traumatic meniscus injuries.
However, MSC kinetics in synovial �uid may differ for knees with degenerative meniscus injuries.
Furthermore, the combination of surgical repair and synovial MSC transplantation has been found to
improve clinical symptoms in patients with degenerative meniscus injury, and in this treatment, only the
operation procedure without MSC transplantation might increase MSCs in synovial �uid; if so, soluble
factors in synovial �uid will be involved. The purpose is this study was to examine whether MSCs exist in
synovial �uid of knees with degenerative meniscus injury, to investigate whether MSCs in synovial �uid
increase after harvest of synovium and meniscus repair, and to explore what soluble factors in synovial
�uids affect the number of MSCs in synovial �uid.

Methods: Subjects were 7 patients with degenerative meniscus injury who underwent meniscal repair and
synovial MSC transplantation. Synovial �uid (Pre) was aspirated from knees before harvest of synovium
and meniscus repair. After 2 weeks, synovial �uid (Post) was aspirated again before transplantation of
synovial MSCs. A half volume of the synovial �uid was plated and cultured for 2 weeks to count the
colony formation. The other half was used for antibody array analysis, and the correlation coe�cients
between the signal intensity and colony number were measured in 503 factors. Factors with high
correlation coe�cients were veri�ed by migration assay.

Results: While cell colonies derived from synovial �uid (Pre) were hardly observed, greater numbers of
colonies from synovial �uid (Post) were demonstrated. Of the 503 factors, calcitonin gene-related peptide
(CGRP) and hepatocyte growth factor (HGF) had high correlation coe�cients between colony number
and expression level. Both CGRP and HGF promoted migration of synovial �uid MSCs.

Conclusions: MSCs in synovial �uid were hardly seen in knees with degenerated meniscus injury. They
signi�cantly increased 2 weeks after harvest of synovium and meniscus repair. Both CGRP and HGF in
synovial �uid can possibly induce MSCs from synovium into synovial �uid.

Background
Mesenchymal stem cells (MSCs) are a promising cell source for regenerative medicine for a wide range
of applications (1). While MSCs in synovial �uid are hardly detected in normal knees, they increase after
injuries of anterior cruciate ligament (2) and cartilage (3), and their gene pro�les are similar to those of
the synovium. A previous study reported that MSCs in synovial �uid also increase after traumatic
meniscus injury (4). In animal studies, exogenous synovial MSCs promoted meniscus healing (5–9).
These studies suggest that MSCs in synovial �uid increase after traumatic meniscus injury and
contribute to spontaneous meniscus healing. Degenerative tears of the meniscus occur frequently in
middle-aged or older persons and are usually located at the posterior horn of the medial meniscus (10).
They are generally slowly developing tears without traumatic onset and typically involve a horizontal
cleavage of the meniscus. As pathological conditions differ between traumatic and degenerative
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meniscus tears, the kinetics of MSCs in synovial �uid may also be different between them. The �rst
purpose of our study is to examine whether MSCs exist in the synovial �uid of knees with degenerative
meniscus injury.

Symptomatic degenerative tears are a common clinical problem, and when surgery is required, the usual
choice is arthroscopic partial meniscectomy rather than meniscal repair due to the poor healing potential
of the meniscus (11). However, meniscectomy increases the risk of osteoarthritis (OA) (12–14). A
previous study found that the combination of surgical repair and synovial MSC transplantation improved
the clinical symptoms in patients with a complex degenerative tear of the medial meniscus (15). However,
the previous report suggested that agitation of the synovial surface increased synovial �uid MSCs (16).
Therefore, only the operation procedure including harvest of synovium and meniscus repair might
increase MSCs in synovial �uid. If so, quantifying MSCs in synovial �uid after those procedures would
provide useful information for cell therapy. Thus, the second purpose of this study is to investigate
whether MSCs in synovial �uid increase after harvest of synovium and meniscus repair.

Previous reports have indicated some factors in synovial �uids that are involved in traumatic and
degenerative meniscus tears (17, 18). In addition, MSCs other than those derived from the synovium
exhibit chemotaxis to various humoral factors (19–21). These suggest that recruitment of MSCs from the
synovium into synovial �uid involves humoral factors in synovial �uid. However, these humoral factors
were hardly investigated (17). If such humoral factors are revealed, they will lead to the development of
cell-free regenerative medicine for meniscus. The third purpose of this study is to explore what humoral
factors in synovial �uid affect the number of synovial �uid MSCs.

Methods
Collection of Synovial Fluids

This study was approved by the Medical Research Ethics Committee of Tokyo Medical and Dental
University, and informed consent was obtained from all study subjects.  

The subjects were 7 patients who had complex degenerative tears of the medial meniscus and underwent
meniscal repair and synovial MSC transplantation. Their ages ranged from 29 to 60 years old. The
meniscus symptoms, which included feeling instable in addition to pain, developed gradually in all
patients, and the duration of the meniscus symptoms ranged from 4 months to 4 years. OA patients who
were diagnosed as Kellgren–Lawrence grades 2-4 were not included. According to arthroscopic
observation, all patients had complex degenerative meniscal tears, including a horizontal tear and �ap
tear at the avascular area of the middle and posterior segment of the medial meniscus.

            Synovial �uid (Pre) was aspirated from knees with degenerative meniscus injury before harvest of
approximately 0.5 g synovium (consisting of approximately 20 pieces by pituitary rongeur) and meniscus
repair (Fig. 1). After 2 weeks, synovial �uid (Post) was aspirated again before transplantation of synovial
MSCs.
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Cultures of Synovial Fluid MSCs

Synovial �uid was �ltered through a 70-μm nylon �lter (Greiner Bio-One, Kremsmünster, Austria) to
remove debris, and a half volume of the synovial �uid was plated in 6 culture dishes of 60 cm2 (Thermo
Fisher Scienti�c, Waltham, MA, USA) in complete culture medium: α-modi�ed essential medium (α-MEM;
Thermo Fisher Scienti�c, Waltham, MA, USA) containing 10% fetal bovine serum (FBS) (Thermo Fisher
Scienti�c), 100-U/mL penicillin, 100-μg/mL streptomycin, and 250-ng/mL amphotericin B (Thermo Fisher
Scienti�c). The dishes were incubated at 37°C with 5% humidi�ed CO2. After 24 hours, the nonadherent
cells were washed out with phosphate-buffered saline (PBS). Fourteen days after initial plating, 3 dishes
were stained with 0.5% crystal violet (Wako, Osaka, Japan) in 4% paraformaldehyde for 10 minutes for
colony formation analysis. Colonies less than 2 mm in diameter and faintly stained colonies were
ignored. The other 3 dishes were harvested with 0.25% trypsin and 1-mM ethylenediaminetetraacetic acid
(EDTA) (Invitrogen, CA, USA) (Passage 0), and the number of isolated cells were counted. Then, the cells
were replated at 500 cells/cm2 in a 145-cm2 culture dish (Thermo Fisher Scienti�c) and cultured for 14
days for surface epitopes and differentiation analyses.

Surface Epitopes

 For synovial �uid MSCs from 7 donors, surface markers were examined using a FACSVerse instrument
(Becton, Dickinson and Company; BD, NJ, USA). The cells were suspended in FACS buffer (2%FBS, 5mM
EDTA in PBS) using Hank’s balanced salt solution (HBSS) at a density of 5 × 105 cells/mL and stained
for 30 minutes with the antibodies CD44 (APC-A), CD90 (PerCP-Cy5.5-A), CD73 (V450-A), CD105 (PE-A),
CD31 (PE-Cy7-A), and CD45 (FITC-A) (all from BD) and Ghost Dye Violet 510 for dead cells (Tonbo
Biosciences, CA, USA). BD FACSuite software (BD) was used for the analysis.

Differentiation Assay

Differentiation assay was conducted as previously described.(22) For chondrogenesis, 2.5 × 105 cells
were transferred to a 15-mL tube (BD Falcon) and cultured in chondrogenic induction medium containing
10-ng/mL transforming growth factor-β3 (Miltenyi Biotec Japan, Tokyo, Japan) and 500-ng/mL bone
morphogenetic protein 2 (BMP-2, Infuse; Medtronic, Minneapolis, MN); this medium was changed every 3-
4 days. After 21 days, the cell pellets were embedded, sectioned, and stained with safranin‐o and fast
green (Wako, Tokyo, Japan).

Calci�cation was studied by plating 100 cells in a 60-cm2 dish and culturing for 14 days in α-MEM with
10% FBS. Adherent cells were subsequently cultured in an osteogenic induction medium containing 50-
μg/mL ascorbic acid 2‐phosphate (Wako), 10-nM dexamethasone (Wako), and 10-mM
β‐glycerophosphate (Sigma-Aldrich, St Louis, MO, USA); this medium was changed every 3-4 days. After
14 days, calci�cation was assessed by alizarin red (Sigma-Aldrich) staining.

Adipogenesis was evaluated by plating 100 cells in a 60-cm2 dish and culturing for 14 days to allow
colony formation. Adherent cells were cultured in an adipogenic induction medium supplemented with
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100-nM dexamethasone, 0.5-mM isobutylmethylxanthine (Sigma-Aldrich), and 50-mM indomethacin
(Sigma-Aldrich) for an additional 14 days; this medium was changed every 3-4 days. Adipocyte colonies
were stained with oil red-o (Sigma-Aldrich).

Antibody Array Analyses

            After �ltration, the half volume of synovial �uid (Post) was cryopreserved at ‐80°C and used to
assess the expression levels of 507 proteins using RayBiotech’s L‐Series human antibody array L-507
membrane kit (RayBiotech, Peachtree Corners, GA, USA) according to the manufacturer’s instructions.
Brie�y, all synovial �uid samples were diluted 100 times, followed by quanti�cation and biotinylation.
Overnight incubation of the membrane array with biological samples at 4°C resulted in the binding of
proteins to corresponding antibodies. Signals were visualized using horseradish peroxidase (HRP)-
conjugated streptavidin and were imaged by Chemi Doc XRS (Bio-Rad Laboratories, Hercules, CA, USA).
The �nal spot intensities were measured as the original intensities, subtracting the background. The data
were normalized to Angiopoietin-like 1 for the positive controls, as this did not change in amount among
patients. The correlation coe�cients between the signal intensity and the colony number per dish were
measured.

Transwell Migration of Synovial Fluid MSCs

After being cultured for 5-7 days with α-MEM containing 10% FBS, the medium was changed to α-MEM
containing 0.5% FBS and incubated for 24 hours for serum starvation. A total of 5 x 104 synovial �uid
MSCs were seeded to the upper chambers with 8-μm Transwell microporous membranes (Cell Culture
Insert; Falcon, Franklin Lakes, New Jersey, USA) in 24-well plates (Falcon, Franklin Lakes, New Jersey,
USA) (Fig. 2). The cells in the upper chambers were allowed to migrate across the membrane at 37°C and
5% CO2. Calcitonin gene-related peptide (CGRP) (Sigma-Aldrich, St Louis, MO, USA) at a concentration of

10-8 M, 10-10 M, and 10-12 M or hepatocyte growth factor (HGF) (Peprotech, Rocky Hill, NJ, USA) at a
concentration of 10 ng/mL, 1.0 ng/mL, and 0.1 ng/mL was added in the lower chamber containing α-
MEM with 0.5% FBS. After 6 hours, the upper chambers were stained with 0.5% crystal violet in 4%
paraformaldehyde for 10 minutes. MSCs that did not migrate across the pores were wiped out with a
cotton swab, and the number of MSCs on the lower side of the membrane was counted by light
microscopy (BZ-X700, Keyence Co., Ltd, Osaka, Japan).

 

Statistical Analysis

All data were statistically evaluated using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). All
data were expressed in dot plots. Each statistical analysis method is described in the �gure legends. P
values less than 0.05 were considered statistically signi�cant.

 



Page 7/20

Results
Colony Formation Before and After Arthroscopic Surgery

While cell colonies derived from synovial �uid (Pre) were hardly observed, a much greater number of
colonies derived from synovial �uid (Post) were demonstrated (Fig. 3A). Synovial �uid volume increased
signi�cantly 2 weeks after harvest of synovium and meniscus repair (Fig. 3B). The mean colony number
per dish signi�cantly increased from 1.9 ± 4.5 to 36.0 ± 17.4 (Fig. 3C). The mean cell number per dish
increased from 15 ± 40 x 103 to 370 ± 230 x 103 (Fig. 3D).

Properties of Colony-Forming Cells in Synovial Fluid

Colony-forming cells in synovial �uid were mostly spindle shaped (Fig. 4A). They expressed CD44, CD73,
CD 90, and CD105 at high rates and did not express CD31 and CD45 (Fig. 4B). Colony-forming cells
differentiated into cartilage positively stained with safranin-o, calci�ed positively stained with alizarin red,
and differentiated into adipocytes stained with oil red-o (Fig. 4C).

Relationship Between Protein Level and Colony Number in Synovial Fluid MSCs

Antibody array analyses showed that the signal intensity for 503 factors in synovial �uid (Post) varied in
7 donors (Fig. 5A). Of the 503 factors, 8 had a correlation coe�cient between colony number and
expression level of higher than 0.70 (Fig. 5B). Among these factors, those with a p value less than 0.05
and commercially available were CGRP and HGF.

Chemotactic Effect of CGRP and HGF on Synovial Fluid MSC Migration

Both CGRP and HGF promoted migration of synovial �uid MSCs (Fig. 6A). Quanti�cation analyses
showed that 10-8 M of CGRP signi�cantly induced the migration of MSCs (Fig. 6B). HGF at 10 ng/mL
also signi�cantly induced the migration of MSCs. The combination of 10-8-M CGRP and 10-ng/mL HGF
further promoted the migration of MSCs (Fig. 7AB).

Discussion
We could detect MSCs in synovial �uid (Post). Cells derived from synovial �uid formed cell colonies
consisting of spindle-shaped cells and were positive for CD44, CD73, CD90, and CD105, negative for
CD31 and CD45, and had multipotentiality. These properties were identical to those of MSCs.(23)

Assuming the colony number is the MSC number, MSCs in synovial �uid (Pre) were detected in only 1
among 7 donors. A previous study reported that the mean MSC number per synovial �uid was 253 (/mL)
in 22 donors with traumatic meniscus injury.(4) In this study, the mean MSC number per millilitre of
synovial �uid (Pre) was 1 (/mL) in 7 donors with degenerative meniscus injury. In a comparison, the MSC
number in the synovial �uid was much lower for degenerative meniscus injury than for traumatic
meniscus injury. This may be due to differences in pathology. For example, according to Brophy,
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compared to a torn degenerative meniscus, a torn traumatic meniscus expressed higher in MMP-1 and
MMP-3,4 which have important physiological roles in cell migration, invasion, and proliferation.(17, 24) A
degenerative meniscus tear is considered more di�cult to heal spontaneously compared to a traumatic
meniscus tear.(25, 26) This difference may be due to the difference in the MSC number in the synovial
�uid after meniscus injury.

The number of MSCs was signi�cantly higher in the synovial �uid (Post) than in the synovial �uid (Pre).
This indicates that arthroscopic procedures for harvest of synovium and meniscus repair increased MSCs
in the synovial �uid in 2 weeks.

The mean MSC number per donor in synovial �uid (Post) was 432 (= 36 × 3 × 4). For a degenerative tear
of the medial meniscus, we transplanted autologous synovial MSCs onto the repaired meniscus.(15) The
number of MSCs for transplantation was 50 × 106 on average.(15) Assuming that the colony formation
rate is 50%,(27) 25 × 106 colony-forming cells were transplanted. This suggests that the number of MSCs
we transplanted was 58 × 103 (= 25 × 106/ 432) -fold higher than that of MSCs in the synovial �uid (Post).
The contribution of endogenous MSCs in the synovial �uid after harvest of synovium and meniscus
suture will be much lower than transplantation of synovial MSCs for repaired meniscus with degenerative
injury.

The signal intensity of CGRP correlated with the colony number per dish in 7 donors, and CGRP promoted
migration of synovial �uid MSCs. CGRP is a neuropeptide released from C nerve �bers and not only has a
pain-transmitting action but also is involved in neuropathic in�ammation.(28, 29) The content of CGRP
was determined according to previous studies about the concentration of CGRP in the knee joint.(30, 31)
Regarding CGRP related to MSCs, Zhang et al. demonstrated that CGRP at 10− 6-10− 9 M promoted
migration of human umbilical cord MSCs and that CGRP was a key chemokine in the migration of
umbilical cord MSCs to the spinal lesion site in rats.(32) Chen et al. reported that 10− 6-10− 10 M CGRP
promoted proliferation of bone marrow MSCs in a dose-dependent manner and that CGRP played a role
in adjusting bone mass and strength in ovariectomized rats.(33) In the current study, HGF signal intensity
was also correlated with colony number per dish in 7 donors, and HGF promoted migration of synovial
�uid MSCs. HGF is secreted by mesenchymal cells and has effects for morphogenesis, angiogenesis,
in�ammation, tissue repair, etc. on various cells.(34) The HGF content was determined according to
previous studies about the concentration of HGF in knee joints of primary OA patients.(35) Regarding
HGF related to MSCs, Ponte et al. reported that 50-ng/mL HGF promoted migration of TNFα-primed bone
marrow MSCs.(19) We �rst revealed the chemotactic effect of CGRP and HGF on synovial �uid MSCs.
These 2 factors acted additively, suggesting different receptors and signaling pathways for CGRP(36)
and HGF.(37)

We examined the relationship between the MSC number and protein concentration in synovial �uid. The 2
factors that were highly correlated were CGRP and HGF, which were con�rmed to promote the migration
of synovial �uid MSCs. In addition, these factors have already been reported to promote the migration of
MSCs, though they were not found to derive from synovium.(32, 33) This suggests that other factors that



Page 9/20

showed a high relationship between the MSC number and protein concentration in the synovial �uid
might also promote the migration of synovial �uid MSCs in the migration assay we performed.

We propose three limitations. First, when we aspirated synovial �uid, we did not do pumping, for which
we would have injected 20 mL of saline and aspirated native synovial �uid with 20 mL of saline. If we
had performed pumping, we might have aspirated a higher amount of synovial �uid. Second, of the 8
factors with a correlation coe�cient between the colony number and expression level of 0.7 or higher,
only CGRP and HGF were investigated for the migration assay. The other 6 factors may also promote the
migration of synovial �uid MSCs. Third, the migration assay does not completely mimic the biological
phenomenon in which MSCs are induced from the synovium into the synovial �uid. We do not know
whether CGRP and HGF really mobilize MSCs from the synovium into the synovial �uid unless we inject
CGRP and HGF into the knee joint and quantify MSCs in the synovial �uid.

Conclusions
In conclusion, MSCs in synovial �uid were hardly seen in knees with degenerated meniscus injury.
Though they increased 2 weeks after harvest of synovium and meniscus repair, the number of MSCs in
the synovial �uid was much lower than that of synovial MSCs in the case of transplantation in clinical
situations. Both CGRP and HGF in synovial �uid could possibly induce MSCs from the synovium into the
synovial �uid.

Abbreviations
MSCs
Mesenchymal stem cells; CGRP:calcitonin gene-related peptide; HGF:hepatocyte growth factor;
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morphogenetic protein 2
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Figure 1

Schematic study design for cell cultures. Synovial �uid (Pre) was aspirated from knees with degenerative
meniscus tears before harvest of synovium and meniscus repair. After 2 weeks, synovial �uid (Post) was
aspirated again before transplantation of synovial MSCs. Half of the synovial �uid was plated on 6
dishes; 3 were used for colony assays, and the other 3 were used for cell number analysis, etc. The other
half of synovial �uid (Post) was used for antibody array analysis.
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Figure 2

Schematic study design for chemotaxis assay. Synovial �uid MSCs were seeded in the upper chamber
with an 8-μm Transwell microporous membrane. Factor(s) were added in the lower chamber. After 6
hours, the upper chamber was carefully removed and stained with crystal violet. MSCs that had not
migrated across the pores were wiped out, and the number of MSCs on the lower side of the membrane
were counted by light microscopy.
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Figure 3

Analyses of synovial �uid MSCs after two weeks of culture. (A) Representative images of cell colonies
stained with crystal violet. (B) Synovial �uid volume. (C) Colony number per dish. (D) Cell number per
dish. *p < 0.05 by the Wilcoxon matched-pairs signed-rank test (n = 7).
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Figure 4

Properties of synovial �uid MSCs. (A) Morphology of synovial �uid MSCs stained with crystal violet. (B)
Surface epitopes. (C) Multipotentiality.



Page 18/20

Figure 5

Relationship between expression levels in synovial �uid and colony number per dish in synovial �uid
MSCs. (A) Heat map of expression levels in synovial �uid (Post) by antibody arrays in 7 donors. Green to
red indicates low to high protein expression. (B) Scatter diagrams showing the relationship between
colony number per dish and expression levels. Only those with a correlation coe�cient exceeding 0.70 are
demonstrated (r = correlation coe�cient, p = probability, n = 7).
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Figure 6

Chemotactic effect of CGRP alone and HGF alone on synovial �uid MSC migration. (A) Representative
images of migrated cells. (B) Quanti�cation of migrated cell number. *p < 0.05 by ordinary one-way
analysis of variance test followed by Holm-Sidak’s multiple comparisons (n = 3).
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Figure 7

Chemotactic effect of the combination of CGRP and HGF on synovial �uid MSC migration. (A)
Representative images of migrated cells. (B) Quanti�cation of migrated cell number. *p < 0.05; **p < 0.01
by ordinary one-way analysis of variance test followed by Holm-Sidak’s multiple comparisons (n = 3).


