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Summary. Primary synovial chondromatosis (PSC) is a rare disorder of the

synovium typi®ed by cartilaginous nodule formation within the synovial

membrane. Fibroblast growth factor receptor 3 (FGFR3) is a recently

described speci®c marker of mesenchymal precartilaginous stem cells.

Expression patterns of FGFR3 and its speci®c ligand, fibroblast growth

factor 9 (FGF 9), were evaluated both in situ and in cell cultures. Histologi-

cally, cells at the periphery of the cartilage nodules express FGFR3 and

PCNA (proliferating cell nuclear antigen). Elevated levels of FGF 9, its

speci®c ligand, have been found in synovial ¯uids of patients with synovial

chondromatosis. Synoviocytes but not chondrocytes from affected patients

express FGF9 in culture. This pattern is absent in normal synovium and

cartilage. Downregulation of FGF9 may provide a possible nonoperative

therapy for PSC.
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Primary synovial chondromatosis (PSC) is a disorder

typi®ed by the production of cartilage nodules by synovial

cells; some of the nodules eventually ossify. Classi®ca-

tion of this disorder is uncertain. Some authors have

found that the cartilage cells do not express cell prolif-

eration-related antigens and thus have suggested that

the process is a reactive one (Apte & Athanasou 1992).

The synovial cells appear to be reactive as they express

leucocyte common antigen, CD68 and HLA-DR (Apte &

Athanasou 1992). The cells in PSC have normal diploid

chromosomes in contrast to cells of malignant lesions

such as chondrosarcomas (Coughlan et al. 1995). On

the other hand, other authors have suggested that while

no proliferation activity takes place in PSC, expression of

C-erb B-2 occurs in about half of the cells (Davis et al.

1996). Cell proliferation studies of PSC specimens indi-

cate that the disorder is most probably a metaplasia of

synovium. However, mean DNA content, the percentage

of hyperploid cells and the percentage of aneuploid cells

are all signi®cantly higher in PSC than in enchondromas.

This implies that a component of the cells in PSC must

undergo a proliferative process. Therefore PSC appears

to occupy an intermediate position between proliferating

malignant lesions such as chondrosarcomas and resting
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benign lesions such as enchondromas (Davis et al.

1998a).

The current study explores possible factors respon-

sible for metaplasia of synovial cells in cases of PSC.

Recently, fibroblast growth factor receptor 3 (FGFR3)

was described as a marker of mesenchymal stem cells

(Robinson et al. 1999a,b). FGFR3 allows the isolation of

precartilaginous cells. These residual stem cells are

present in minute amounts in all normal mesenchymal

tissues. They are capable of responding to mitogenic

factors and differentiating into multiple types of mesen-

chymal tissue. The current study examines their role in

PSC pathogenesis.

Materials and Methods

Samples

Five specimens of each of the following diagnoses were

used for immunohistochemical studies: PSC, secondary

synovial chondromatosis in osteoarthritis (SSC), foetal

cartilage and normal articular cartilage.

Surgical discard material from ®ve cases of PSC was

used for cell culture experiments. Both synovia and

cartilage were grown separately as explant cultures.

In previous studies, we have demonstrated that this

method of cell culture of mesenchymal-originated tissue

encourages the migration of mesenchymal progenitor

cells with spindle-shaped ®broblast-like morphology,

onto the culture dish and yields a uniform culture of

mesenchymal progenitor cells expressing FGFR3

(Nevo et al. 1998). During the last decade, reconstruction

of articular surfaces has been performed using auto-

logous chondrocytes cultured in vitro (Brittberg et al.

1994). During this procedure biopsies of synovia and

articular cartilage were performed. The cells were cul-

tured in vitro and their numbers expanded. At the second

stage the cells were transplanted into cartilage defects.

Cells from such biopsies taken from joints with traumatic

articular cartilage defects were used as controls.

Synovial ¯uid samples from PSC patients and from

joints with traumatic chondral fractures were collected

and compared using western blotting analysis for the

presence of fibroblast growth factor 9 (FGF 9), the

speci®c ligand of FGFR3 (Hecht et al. 1995).

Histochemical evaluation

Alcian blue staining at pH 1.0 and pH 2.5 were performed

to assess proteoglycan content in both cell cultures and

surgical tissue specimens. Staining was carried out as

previously described (Robinson et al. 1993).

Immunohistochemical evaluation

Immunohistochemical studies were performed on tissue

blocks from patients af¯icted by PSC. SSC (loose bodies

removed during total knee replacement) specimens were

used as a control group.

The following antibodies were evaluated: anti-FGFR3

(Santa Cruz, Santa Cruz, CA, USA), FGF 9 (Cytolab,

Rehovot, Israel), collagen type II (Developmental Hybrid-

oma Bank, Iowa City, IA, USA) and proliferative cell

nuclear antigen (PCNA) (Dako, Glostrup, Denmark).

Detailed immunohistochemical procedures used in our

laboratory were previously described (Robinson et al.

1994). This technique prevents deterioration of antigens

during decalci®cation. In brief, samples are placed in

formalin solution (4%, pH 7.4) containing 0.5% cetyl-

pyridinium chloride for 24 h. They are later transferred

to 4% formalin solution for another 24 h. The samples

measuring up to 1.5 cm in thickness underwent decalci-

®cation in ethylene-diamine tetra-acetic acid (EDTA,

which was previously shown to minimize antigen altera-

tion during decalci®cation (Mori et al. 1988)) for 10 days,

dehydrated with alcohol and embedded in paraf®n. The

blocks were sectioned by a standard microtome into

5-micron thick slices. Sections were glued to polylysine-

coated glass slides. The paraf®n was removed with xylol.

The slides were later rehydrated in serial alcohol and

stained with Mayer's haematoxylin and eosin. Separation

of stained vs. unstained cells is easy to perform.

Cell cultures

Methodology of obtaining cultures from explants of skele-

tal tissues was previously described (Nevo et al. 1993).

In short, samples removed from the joint including syno-

via and cartilage nodules were placed in Dulbecco's

minimal essential medium (DMEM) growth medium

under sterile conditions. The samples were immediately

shipped to our tissue culture laboratory at Tel Aviv

University. Tissue fragments were minced into 1 mm

cubes. These cubes were partially dried on the surface

of 25 cm2 tissue culture ¯asks, to promote attachment.

The ¯asks were later ®lled with minimal amounts of

DMEM (to which 10% foetal calf serum ± FCS was

added). Cells started to migrate out of the cubes after

7 days. The cells were later trypsinized and collected.

Manipulation of the cellular phenotypes was performed in

FAD medium as previously described (Grigeriadis et al.

1989) by the addition of FGF2 (basic FGF, 25 nanogram

per ml), ascorbic acid (50 microgram per ml) and

dexamethasone (0.4 microgram per ml). In prior studies,

this cell culture protocol has been shown to stimulate a
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cell population of mesenchymal stem cells present in

bone marrow. The culture is greatly enriched with

precartilaginous mesenchymal progenitor cells. These

are later able to undergo chondrogenic differentiation

(Butnariu et al. 1996).

Immunohistochemistry of cell cultures

Immunohistochemical stains of the cells were performed

using the same antibodies as used for the tissue sec-

tions. Experiments were carried out in 24 well plates.

5000 cells were seeded in a well. Cultures were kept for

96 h (till about 50% con¯uent, approximately 10 000 cells

per well). Total cell numbers per culture were determined

using a Coulter counter (Model Industrial D, Coulter, UK).

Image analysis of cell cultures

Image analysis was used to quantify the numbers of cells

positively stained by antibodies. The following protocol

was followed: cell cultures were photographed using a

video camera mounted on a microscope. The images

were digitized using a video card (Capture-to-Go, MARGI

systems inc., Fremont, CA, USA). The images were

analysed using the Scion image analysis software

(Scion Corp., Frederic, MD, USA). In con¯uent cultures

the number of stained cells per ´ 400 magni®cation ®eld

was measured in 10 random ®elds. Total number of cell

nuclei was counted as well. The ratio was represented as

percentage of cells stained in the culture. This protocol

applied to the quanti®cation of FGFR3 and collagen type

II staining in cell cultures. Alcian blue at pH 1 stains

preferentially sulphated proteoglycans such as aggrecan.

Cultures stained by it yield a diffuse staining in the cultures.

Thus in this case a more representative measure of the

amount of aggrecan present is a quanti®cation of the

average staining intensity expressed in grey scale levels

of the culture. Scion image analysis software employs a

scale with 256 grey scale levels. 0 represents absolute

white and 255 represents absolute black. The images

are converted to 256 levels grey scale image for analysis.

Isolation of FGF9 from synovial ¯uids

Specimens of 1±2 ml of synovial ¯uids were collected

from patients suffering from PSC, SSC, osteoarthritis,

rheumatoid arthritis, and cartilage fracture, torn menis-

cus and tear of the anterior cruciate ligament. Samples

were removed during arthroscopy or arthrotomy, prior to

any joint lavage to avoid dilution. Samples were imme-

diately placed in sterile culture ¯asks and kept frozen at

ÿ20 8C until analysis.

For the FGF 9 isolation procedure the thawed synovial

¯uid samples were diluted (1 : 1, volume per volume) with

phosphate buffered saline (PBS) and centrifuged for

3 min at 960 g, to discard the formed precipitate. The

precipitate is composed mainly of ¯oating synovial cells

and cryoprecipitate. Fifty mL of dense heparin-Sepharose

beads (Pharmacia, Uppsala, Sweden) were added to the

supernatant of each sample. The suspensions were

constantly mixed on a rotary shaker overnight at 4 8C.

The beads with the absorbed ®broblast growth factors

were collected by centrifugation. The beads were

washed once with 0.5 M NaCl and then resuspended in

small volume of ´ 5 sample buffer containing: glycerol,

10% SDS (sodium dodacyl(lannyl) sulfate), b-mercapto-

ethanol (2 : 1 : 1, volume per volume) with a few drops of

bromo-phenyl-blue, and boiled for 5 min. The super-

natants were collected by centrifugation. They were

separated on 12% SDS-polyacrylamide (SDS-PAGE)

gels for 60±90 min, at 110 mV under reducing conditions

and further processed by Western immunoblotting.

Western immunoblotting of FGF 9

Proteins separated on SDS-PAGE gels were electro-

phoretically transferred to nitrocellulose membranes

(Schleicher & Schuell, Dassel, Germany), 120 min at

200 mA. The nitrocellulose membranes were blocked

for 30 min with 10% milk in PBS. Then anti-FGF 9

(polyclonal, dilution 1 : 2000, Cytolab. Rehovot, Israel)

was added. Solutions were incubated overnight at 4 8C.

After 24 h the immunocomplexes were washed three

times with 1% Tween 20 in PBS (PBS-T). A secondary

immunological reagent incubated for 45 min at room

temperature was used for tracing. Protein A (dilution

1 : 10 000) or goat antirabbit antibodies (dilution 1 : 20 000)

conjugated with horseradish peroxidase (Amersham,

Buckinghamshire, UK), further interacted with the ECL Kit

(Amersham, Buckinghamshire, UK) producing a light

reaction, measured on a Kodak X-Omat AR ®lm

(Eastman Kodak, Rochester, NY, USA) to be visualized

within minutes.

The identi®cation of the proper molecular weight bands

FGF 9 (27 kDa) was compared to authentic marker

proteins.

Results

Histological immunohistochemical staining of tissue

sections

It is well known that synovial chondromatosis is typi®ed

by direct metaplasia of synovial cells into cartilage

FGF 9 FGFR3 involvement in synovial chondromatosis
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(Figure 1). Staining by anti-FGFR3 occurs at the margins

of the cartilage nodules. The margins contain tissues

whose features are intermediate between cartilage and

synovium. The border areas contain FGFR3 positive

cells apparently undergoing differentiation into cartilage

(Figure 2). Positive staining by PCNA (Figure 3), an

indicator of cellular proliferation, is limited to these same

cells. These cells occupy less than 1% of the specimen

area. FGF 9 is expressed in a patchy manner within the

D. Robinson et al.

186 q 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 183±189

Figure 1. The boundary of synovium

and cartilage contains a layer that

secretes a small amount of

proteoglycans as evidenced by slight
staining by alcian blue. In this layer

direct metaplasia of synovial cells into

cartilage occurs (alcian blue pH 1,
Original magni®cation ´ 100).

Figure 2. Cells in the super®cial layer (SUPERFICIAL) of
cartilage are uniformly stained by antibodies to FGF receptor

3. Cells in the deep layer (DEEP) that are typically

cartilaginous do not stain. Neither do cells in the synovium
(synovia) stain by these antibodies (diaminobenzidine, anti-

FGFR3 antibody, 1 : 100 dilution, Original magni®cation ´ 400).

Figure 3. Cells in the super®cial-transitional zone of the

cartilaginous nodules express PCNA as a marker of cell

proliferation. This antigen is not expressed in either the
synovia or the deeper areas of typical cartilage

(diaminobenzidine, anti-PCNA, Original magni®cation ´ 400).



synovium (not shown) and in a speci®c and limited layer

of cells in the super®cial part of the cartilage nodule

(Figure 4). Specimens of secondary chondromatosis

contain few if any PCNA-positive and FGFR3-positive

cells and no staining by anti-FGF 9 antibodies are

observed in the synovium. As expected the cartilage

nodules in PSC contain type II collagen (Figure 5).

Immunohistochemical studies of cell cultures

Cell cultures of synovial ®broblast-like cells from primary

synovial chondromatosis but not from normal synovia

demonstrate FGFR3 expression. In synovial cells from

PSC, only 43 6 6% of the cells were FGFR3 positive. All

cultures were negative for collagen type II. PSC-derived

cultures were positively stained by anti-FGF9 antibodies.

Staining by anti-FGF 9 antibodies occurs only in PSC

cells and not in other cultures of synoviocytes (Figure 6).

Chondrocytes derived from cartilage nodules undergo

de-differentiation in monolayer culture. Collagen type II

expression does not occur. Synthesis of aggrecan, a

high molecular weight proteoglycan as assessed by

staining intensity by alcian blue pH 1, is minimal (23 6 8

grey levels). FGFR3 expression is intense at ®rst. How-

ever, longer term cultures (over 2 weeks) form nodules

composed of multilayers. These cells have regained the

chondrogenic phenotype, expressing collagen type II

(38 6 4%) as well as producing aggrecan (alcian blue

staining at pH 1, 126 6 5 grey levels). In these areas,

expression of FGFR3 is absent.

Synovial ¯uids of PSC patients contain signi®cant

levels of FGF 9 as demonstrated by Western blotting.

On the other hand, synovial ¯uids from other joint pathol-

ogies do not contain FGF 9 (Figure 7).

Discussion

In both PSC and SSC, loose bodies are formed within the

joint cavity. The bodies are composed of cartilage and

bone and are quite similar histologically. The principal

difference is that in PSC the bodies are embedded within

synovial tissue, which appears to undergo a direct meta-

plasia into cartilage (Abraham & Canoso 1993; Crotty et

al. 1996). PSC is a benign lesion, and the cells are diploid

(Coughlan et al. 1995). However, 15% recurrence rate

seems to indicate an aggressive potential which is also

indicated by the relatively frequent (5%) transformation

rate (Davis et al. 1998a). Davis et al. have shown that

while synovial chondromatosis does not show intensive

proliferative activity, the cells do express c-erb B-2. This

antigen is commonly expressed in chondrosarcomas but

FGF 9 FGFR3 involvement in synovial chondromatosis
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Figure 4. Cells in the super®cial layer of the cartilaginous

layer express FGF 9, the speci®c ligand of FGF receptor 3
(diaminobenzidine, anti-FGF 9 antibodies, Original

magni®cation ´ 200).

Figure 5. Deep layer matrix contains collagen type II, the

synovia and super®cial zone do not contain collagen type II
(diaminobenzidine, anticollagen type II, Original magni®cation

´ 200).



is not found in other benign cartilage lesions or in articular

cartilage (Davis et al. 1996). Some PSC lesions are not

diploid, and contain a higher DNA content than enchon-

dromas, which are benign cartilage lesions (Davis et al.

1998a). Cytogenetic analysis appears to indicate that

PSC is the result of clonal proliferation (Mertens et al.

1996). Our results are consistent with these observa-

tions. A few cells in the periphery of the cartilage nodules

are PCNA-positive as well as FGFR3-positive. Appar-

ently in culture these cells rapidly proliferate and become

dominant in cultures of patients with PSC. Studies such

as Davis's that analyse DNA pro®le of the lesions (Davis

et al. 1998a) show relatively normal DNA content, as

most cells of the lesions do not proliferate. In previous

studies we have demonstrated that mesenchymal stem

cells are typi®ed by FGFR3 expression as well as by their

capacity in vitro to undergo a chondrogenic differentia-

tion into mature cartilage (Davis et al. 1998a; Nevo et al.

1998). Such cells are found in bunions and appear to be

responsible for growth of the lesions (Robinson et al.

1999a). These cells are known to occur within bone

marrow and synovia and are capable of induction of

cartilage and bone (Kadiyala et al. 1997).

In synovial ¯uid from PSC, in contrast to other synovial

¯uids, high levels of FGF 9 are expressed. FGF 9 is the

primary ligand of FGFR3 and is capable of maintaining

D. Robinson et al.

188 q 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 183±189

Figure 6. Cell cultures of synovia from

patients without PSC do not express

FGF 9 (a). In cell cultures from joints

af¯icted by PSC, many of the cells
express FGF 9 (b) (diaminobenzidine,

anti-FGFR3 antibody, 1 : 100 dilution,

Original magni®cation ´ 400).

Figure 7. Western blot analysis of
synovial ¯uids from patients (secondary

synovial chondromatosis (secondary),

PSC (primary)). Only synovial ¯uid from
PSC contains FGF 9 (F9). Part of the

FGF 9 is in a dimeric form (Dimer).



mesenchymal stem cells in a proliferative status prior to

their ®nal differentiation (Hecht et al. 1995; Nevo et al.

1998). The existence of excess FGF 9 in synovial ¯uid of

PSC patients can explain the induction of cartilage for-

mation by residual mesenchymal stem cells of the syno-

vium. The lack of FGF 9 in other pathologies involving

cartilage injuries and loose body formation explains why

in these situations there is no proliferation in the loose

bodies. The existence of these activated mesenchymal

stem cells within the synovium explains why removal of

loose bodies alone is not suf®cient in PSC (Ogilvie &

Saleh 1994) while it is adequate in secondary synovial

chondromatosis.

Our results demonstrate that the majority of the

cartilaginous cells in the specimen do not proliferate, as

has been found by most previous authors (Apte &

Athanasou 1992; Davis et al. 1998b). Only a subpopu-

lation of cells actively proliferates. This subpopulation

expresses FGFR3, indicating a mesenchymal stem cell

origin. These mesenchymal stem cells undergo rapid

proliferation and become dominant in the cultures. As

these cells stain positively by FGF 9 it is assumed that

they secrete it as well. Thus an autocrine feedback

loop is formed. Such a loop is typical for malignant

cells.

In conclusion, it appears that, similar to the situation in

bunions, cartilage nodule formation in PSC involves

recruitment of FGFR3 positive mesenchymal stem cells.

Apparently, this recruitment is due to the secretion of FGF

9 by the synovia and some of the recruited mesenchymal

cells. Inhibition of FGF 9 might offer a nonoperative

method for treating PSC.
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