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Abstract Peri-articular bone resorption is a feature of
arthritis due to crystal deposition and rheumatoid disease.
Under these conditions, the synovial fluid contains
numerous inflammatory cells that produce cytokines and
growth factors which promote osteoclast formation. The
aim of this study was to determine whether inflammatory
synovial fluid stimulates the formation of osteoclasts.
Synovial fluid from rheumatoid arthritis (RA), pyrophosphate arthropathy (PPA) and osteoarthritis (OA) patients
was added to cultures (n=8) of human peripheral blood
mononuclear cells (PBMCs) in the presence and absence of
macrophage colony-stimulating factor (M-CSF) and the
receptor activator of NF-κB ligand (RANKL). Osteoclast
formation was assessed by the formation of cells positive
for tartrate-resistant acid phosphatase (TRAP) and vitronectin receptor (VNR) and the extent of lacunar resorption.
The addition of 10% OA, RA and PPA synovial fluid to
PBMC cultures resulted in the formation of numerous
multinucleated or mononuclear TRAP+ and VNR+ cells
which were capable of lacunar resorption. In contrast to
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PBMC cultures incubated with OA synovial fluid, there
was marked stimulation of osteoclast formation and resorption in cultures containing inflammatory RA and PPA
synovial fluid which contained high levels of tumour
necrosis factor alpha, a factor which is known to stimulate
RANKL-induced osteoclast formation.
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Introduction
Bone resorption is a common feature of a number of
inflammatory joint conditions including rheumatoid arthritis (RA) and crystal (e.g. urate, pyrophosphate) arthropathy. In both RA and acute crystal arthritis, the synovial
fluid is characterised as inflammatory; it contains abundant
neutrophil polymorphs and other leucocytes, including
macrophages and lymphocytes [12, 29]. These activated
inflammatory cells produce abundant cytokines and growth
factors as well as proteolytic enzymes and immune
components that are known to promote osteoclastic bone
resorption [11].
Osteoclasts are multinucleated cells which are specialised to carry out lacunar bone resorption [4]. Osteoclasts
are formed by the fusion of mononuclear osteoclast precursors that are found in the bone marrow and the
monocyte fraction of peripheral blood; osteoclasts can
also be formed from tissue macrophages, including synovial macrophages [13, 14]. Osteoclast formation occurs in
the presence of macrophage colony-stimulating factor
(M-CSF) and receptor activator of nuclear factor κ beta
ligand (RANKL), a tumour necrosis factor (TNF)-related
protein [26, 33]. RANKL is expressed on the membrane of
osteoblasts, some fibroblasts (e.g. synovial fibroblasts) and
inflammatory cell (e.g. T lymphocyte) populations, and is
released locally as a soluble factor [16]. Osteoclastogenesis
involves binding of RANKL to the receptor activator of
NF-κB (RANK), which is present on osteoclast precursors.
This process is inhibited by osteoprotegerin (OPG), a
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soluble decoy receptor for RANK, which is produced by
many cells, including osteoblasts, synovial fibroblasts and
T lymphocytes [16, 37, 40].
The concentration of inflammatory cytokines, such as
TNFα and interleukin (IL)-1, is elevated in the synovial
fluid of various forms of inflammatory arthritis [28, 32].
This is of interest because it has recently been shown that
inflammatory cytokines can influence the expression of
RANKL and OPG by bone stromal cells [15, 16]; this
cytokine effect could account for the recent observation
that the soluble RANKL to OPG ratio is increased in the
synovial fluid of patients with RA compared with those
with OA [22]. The increase in inflammatory cytokines
found in various forms of inflammatory and non-inflammatory arthritis may also directly contribute to osteoclast
formation and bone resorption under these conditions
because it has recently been shown that cytokine factors,
such as TNFα, IL-6 and IL-11, are capable of inducing
osteoclast differentiation (in the presence of M-CSF) by a
RANKL-independent mechanism [8, 21, 24, 25].
In this study, we have sought to determine the effect of
inflammatory and non-inflammatory synovial fluid on
osteoclast formation and lacunar resorption. We have
analysed the effect of synovial fluid taken from uninflamed
OA joints and compared it with that of inflammatory
synovial fluid taken from joints affected by RA and crystal
(pyrophosphate) arthritis on monocyte–osteoclast differentiation. Our findings indicate that inflammatory synovial
fluid is capable of stimulating osteoclast formation and
that, in this way, it may contribute to the joint destruction
that occurs under these conditions.

clinical, radiological and relevant serological examination
as well as histology of the synovial tissues (Fig. 1) [2].
Using the grading system of Krenn et al. [23] for the degree
of synovitis, the inflammatory changes in the joints
examined ranged from 0 to 1 in OA, 2 to 3 in RA and 1
to 3 in PPA. Each synovial fluid was defined as inflammatory or non-inflammatory on the basis of the white
blood cell count per cubic millimetre (WBC/mm3) as
previously described [12, 29]; non-inflammatory synovial
fluids contained less than 1,500 WBC/mm3, and inflammatory synovial fluids contained more than 1,500 WBC/
mm3. The presence of typical, positively birefringent
crystals in PPA synovial fluid samples was confirmed by
polarization microscopy. A sample of each fluid was also
sent for microbiological culture to confirm the absence of
infection. Each synovial fluid sample was incubated with
hyaluronidase (1,000 U/ml) at 37°C for 45 min and then
centrifuged at 700×g for 10 min to remove all cells.

Materials and methods
Reagents
All cell incubations were performed in alpha minimal
essential medium (αMEM) (Gibco, UK) supplemented
with glutamine (2 mM), benzyl penicillin (100 IU/ml) and
streptomycin (10 μg/ml). Positive control cultures were
supplemented with 10% foetal bovine serum (FBS). Test
cultures were supplemented with 10% RA, pyrophosphate
arthritis (PPA) or OA synovial fluid. Cell cultures were
incubated at 37°C in a humidified atmosphere with 5%
CO2. Hyaluronidase was purchased from Sigma-Aldrich
(UK). Amgen Inc. (Thousand Oaks, CA, USA) kindly
provided the soluble RANKL. Human M-CSF was
purchased from R&D Systems (UK).
Preparation of synovial fluid
Synovial fluid was aspirated from the hip and knee joints of
five seropositive RA patients (five women; average age,
49.3 years), six OA patients (four women and two men;
average age, 67.7 years) and three PPA patients (one
woman and two men; average age, 66.6 years). The patient
diagnoses of OA, RA and PPA were made on the basis of

Fig. 1 Representative histology of a OA, b RA and c PPA
synovium of joints from which synovial fluid was obtained. In RA
and PPA synovium, there is, respectively, a diffuse and focal chronic
inflammatory cell infiltrate. Haematoxylin and eosin, original
magnification ×40
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Aliquots of the synovial fluid were then placed in vials and
stored at −80°C.
Isolation and culture of human monocytes
The peripheral blood of eight healthy male donors (age
25–40) was collected into tubes containing EDTA, diluted
1:1 in αMEM, layered over Ficoll-Hypaque (Pharmacia,
UK) and centrifuged at 693×g for 18 min at 4°C. The
peripheral blood mononuclear cell (PBMC) layer was
removed and washed in αMEM, and the cell pellet was
then resuspended in αMEM/FBS. The number of PBMCs
in the cell suspension was counted in a haemocytometer
after lysis of red cells with a 5% v/v acetic acid solution.
PBMCs (2×105) were added to 4-mm-diameter dentine
slices and 6-mm-diameter glass cover-slips and incubated
for 2 h at 37°C in 5% CO2. After 2 h of incubation, nonadherent cells were then removed by vigorous washing.
Dentine slices and glass cover-slips were then transferred
to 16-mm-diameter wells of a 24-well tissue culture plate
and incubated for up to 21 days in αMEM supplemented
with 10% RA, PPA or OA synovial fluid in the presence
and absence of human M-CSF (25 ng/ml) and RANKL
(30 ng/ml). Positive controls consisted of PBMCs cultured
in the presence of 10% FBS with M-CSF (25 ng/ml) and
RANKL (30 ng/ml). The culture medium and respective
supplements were entirely replaced every 3 days.
Analysis of CD44 receptor expression on human
PBMCs by flow cytometry
Cells were washed once in 1 ml wash buffer (PBS containing 0.5% BSA), resuspended in 100 μl wash buffer and
labelled with mouse anti-human CD44 (R&D Systems)
or an isotype control mouse IgG2 for 30 min. After
washing, cells were labelled with a rabbit anti-mouse
fluorescein isothiocyanate (FITC)-conjugated secondary
antibody (Dako) for 30 min. Cells were then washed twice
in PBS and resuspended in 300 μl PBS for flow cytometric
analysis. The level of FITC fluorescence was measured
using a FACSCalibur flow cytometer (Becton Dickinson).
Cytochemical assessment of osteoclast formation
Cell preparations on cover-slips at 24 h and 14 days
were assessed histochemically for the expression of the
osteoclast-associated enzyme, tartrate-resistant acid phosphatase (TRAP). Histochemical staining for TRAP was
carried out using a commercially available kit (Sigma,
UK). Cell preparations were fixed in citrate/acetone solution and stained for acid phosphatase, using naphthol
AS-BI phosphate as a substrate, in the presence of 1.0 M
tartrate; the product was reacted with fast garnet GBC salt
[30]. Cell preparations on cover-slips were also stained
immunohistochemically by an indirect immunoperoxidase
technique with the monoclonal antibody 23C6 (Serotec,

UK), which is directed against CD51; the vitronectin
receptor (VNR), a highly osteoclast-associated antigen
[10]; 3G5, a mouse anti-human CD44 (anti-CD44 v3,
subclass IgG2a) (R&D Systems Europe) expressed by
PBMC and osteoclasts; Tuk 4 (Dako, Japan), which is
directed against CD14, a monocyte antigen which is not
expressed by osteoclasts [5, 20]; and M7254 (Dako, UK),
which is directed against CD3, a T-cell marker. The cell
preparations on cover-slips were counterstained with
haematoxylin. Positive controls for CD14+ and CD44+
staining consisted of cell preparations on cover-slips of
peripheral blood monocytes and, for VNR staining, osteoclasts from giant cell tumour of the bone. Negative controls
consisted of cover-slips with no added primary antibody
and isotype control for each antibody (IgG2 or IgG1).
Functional evidence of osteoclast differentiation
Functional evidence of osteoclast differentiation was determined by a lacunar resorption assay system using cell
culture on dentine slices [13, 17]. Dentine provides a
smooth-surface mineralised substrate for the assessment of
lacunar resorption. After cells had been cultured on dentine
slices for 24 h and for 3, 7, 10, 14, 18 and 21 days, the
slices were removed from the wells, rinsed in PBS and
placed in 0.25% trypsin for 15 min. The slices were then
washed vigorously in distilled water and left overnight in
1 M ammonium hydroxide. The dentine slices were then
sonicated to remove cell debris and stained with 0.5%
toluidine blue. Dentine slices were examined by light
microscopy and the percentage surface area of lacunar
resorption in each dentine slice then measured using Adobe
PhotoShop 5.5 image analysis software.
Ultrastructural evidence of osteoclast differentiation
Ultrastructural evidence of osteoclast differentiation was
determined by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). SEM was
performed after cells had been cultured on dentine slices
for 24 h and for 3, 7, 10, 14, 18 and 21 days. The cell
cultures on dentine slices were fixed in a 4% glutaraldehyde solution and then dehydrated by passing through
graded alcohols and then through graded hexamethyldisilazane solution (Sigma, UK) before being air dried. The
dentine slices were then mounted onto aluminium stubs
using double-sided Sellotape, sputtered with gold and
examined using a Philips SEM 505 scanning electron
microscope. TEM was performed after cells had been
cultured on dentine slices for 15 days. The cell cultures
were fixed with 2.5% glutaraldehyde/0.1 M cacodylate
buffer, pH 7.2, postfixed in osmium tetroxide, dehydrated
by passing through graded alcohols and then embedded in
epoxy resin. Serial thin sections were cut and then stained
with uranyl acetate and lead citrate before examination in a
Joel 1200EX transmission electron microscope.
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The effect of OA, RA and PPA synovial fluid
on osteoclast resorption activity
The effect of OA, RA and PPA synovial fluid on osteoclast
resorption activity was determined using cultures of mature
osteoclasts obtained from two giant cell tumours of bone.
Giant cell tumour tissue was curetted with a scalpel blade
and the resultant cell suspension added to dentine slices in
96-well tissue culture plates. Cells were settled on the
dentine slices for 2 h, washed in MEM, and then placed in
24-well tissue culture plates containing 1 ml MEM/FCS
and 10% RA, PPA or OA synovial fluid. Cell cultures were
incubated for 24 h, after which time the extent of lacunar
resorption was assessed as described above.
Enzyme-linked immunosorbent assay for OPG/TNFα
Aliquots of synovial fluid were assayed to determine the
concentration of OPG and TNFα by an enzyme-linked
immunosorbent assay (ELISA) system (Duoset; R&D
Systems). The 96-well plates were coated with 2 μg/ml
mouse monoclonal anti-human OPG or with mouse monoclonal anti-human TNFα (R&D Systems). The OPG
standard curve was generated using recombinant human
OPG (R&D Systems) at concentrations from 2,000 to
31.25 pg/ml, and the TNFα standard curve was generated
using recombinant human TNFα from 1,000 to 15.65
pg/ml (R&D Systems). The secondary antibodies were
biotinylated anti-human OPG and anti-human TNFα
(R&D Systems) at 200 ng/ml, and detection was done
using streptavidin–horseradish peroxidase (R&D Systems). The reaction was stopped after 30 min of incubation
in the dark by addition of 50 μl 2 M H2SO4. The plate was
read at 450 nm on a Dynatech plate reader using Revelation
software.

monocytes and not osteoclasts. Flow cytometry and immunohistochemistry showed that isolated PBMCs incubated for 24 and 72 h on glass cover-slips in the presence of
M-CSF and RANKL also expressed CD44, an antigen
which is associated with substrate adhesion and cell–cell
fusion (Fig. 2).
The effect of inflammatory (RA, PPA) and noninflammatory (OA) synovial fluid on osteoclast
formation
In control cultures, PBMCs were incubated for up to
21 days with 10% FBS in the presence of M-CSF and
RANKL. Under these conditions, numerous TRAP+ and
VNR+ multinucleated cells were seen in 14-day cultures on
cover-slips, and numerous resorption pits were formed in
21-day cultures on dentine slices. Substitution of RA, PPA
or OA synovial fluid for either M-CSF or RANKL in
these monocyte cultures did not result in the formation of
TRAP+/VNR+ cells.
PBMCs incubated for up to 21 days with 10% RA, PPA
or OA synovial fluid, in the presence of M-CSF and
RANKL, also showed formation of TRAP+ and VNR+
cells and evidence of lacunar resorption (Figs. 3, 4 and 5a).
In contrast to PBMC cultures incubated in the absence
of synovial fluid, where TRAP+ and VNR+ cells first
appeared after 5 and 7 days of incubation, respectively,
TRAP+ and VNR+ mononuclear and multinucleated cells

Statistical analysis
Each experiment was carried out in triplicate. Data are
presented as the mean percentage lacunar resorption +/−
standard error of the mean. Statistical analysis on measurements of mean percentage area resorbed was performed using Student’s t test. Values less than p=0.05 were
considered significant.

Results
Phenotypic characteristics of isolated PBMCs
Isolated PBMCs incubated for 24 h on glass cover-slips, in
the presence or absence of synovial fluid, expressed the
monocyte/macrophage marker CD14 and were negative for
CD3 and the osteoclast markers TRAP and VNR. Twentyfour-hour PBMC cultures on dentine slices showed no
evidence of lacunar resorption. Isolated cells thus expressed the cytochemical and functional phenotype of

Fig. 2 Seventy-two-hour PBMC cultures incubated with M-CSF
and RANKL, analysed for CD44 expression by a flow cytometry
utilizing antibodies directed against CD44 and its isotype IgG2
and by b immunohistochemistry showing expression of the
CD44 receptor on mononuclear cells. Original magnification ×400
immunoperoxidase

73

Fig. 3 Fourteen-day PBMC cultures incubated with M-CSF and
RANKL, showing a large multinucleated TRAP+ cells in control
cultures and b numerous small largely mononuclear TRAP+ cells, in
the presence of 10% RA synovial fluid, and c large multinucleated
VNR+ cells in control cultures and d small multinucleated
mononuclear VNR+ cells, in the presence of 10% RA synovial
fluid. Original magnification ×200

were seen as early as 3 days after PBMC cultures containing 10% OA, RA or PPA synovial fluid were
commenced.
More TRAP+ and VNR+ cells were formed in PBMC
cultures to which RA and PPA synovial fluids were added.
The majority of TRAP+ and VNR+ cells present in
synovial-fluid-treated cultures appeared mononuclear.
Few large TRAP+ and VNR+ multinucleated cells were
formed in PBMC cultures containing synovial fluid, most
multinucleated cells being relatively small and containing
less than four nuclei. A significant increase in the number
of VNR+ cells was noted in PBMC cultures treated with
10% RA and PPA compared to OA synovial fluid (Fig. 4).
The latter was not significantly different from control
cultures to which FBS was added. TEM examination of the
mononuclear cells formed in PBMC cultures on dentine
slices in 10% RA synovial fluid showed that actively

Fig. 4 Mean number of VNR+ cells formed in 14-day PBMC
cultures incubated with M-CSF and RANKL in the presence of 10%
FBS (control) and 10% OA, RA and PPA synovial fluid. *p<0.005
and ***p<0.0001 relative to control

Fig. 5 SEM photomicrograph of an 18-day PBMC culture on a
dentine slice incubated with M-CSF, RANKL and 10% RA synovial
fluid showing a low- and b high-power views of lacunar resorption
and c low-grade surface resorption. Size bar=10 μm

resorbing mononuclear cells had a well-developed ruffled
border, a characteristic ultrastructural feature of osteoclasts
(Fig. 6).
The effect of inflammatory (RA, PPA)
and non-inflammatory (OA) synovial fluid on lacunar
resorption.
In PBMC control cultures, lacunar resorption on dentine
slices was first detected on day 14 of culture (Fig. 5a).
However, in PBMC cultures to which OA, RA or PPA
synovial fluid was added, resorption began between the
seventh and tenth day of incubation. Extensive resorption
pit formation was noted in PBMC cultures to which
RA and PPA synovial fluids were added; this increased
resorption was significant both relative to control PBMC

Fig. 6 TEM photomicrograph of an 18-day PBMC culture on a
dentine slice incubated with M-CSF, RANKL and 10% RA synovial
fluid showing a mononuclear cell with a ruffled border [shown in
(b) at high power] actively resorbing bone and c multinucleated cell
resorbing bone. N nucleus, MV microvilli. In (a) and (c), size
bar=10 μm, and in (b), the size bar=2 μm
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cultures and to cultures containing OA synovial fluid
(p=0.03 and p=0.02, respectively) (Fig. 7). Although most
resorption seen in the cultures was lacunar in type, a form
of non-lacunar resorption characterised by superficial
roughening of the dentine surface was also noted both
around resorption pits and in direct relation to cells on the
bone surface (Fig. 5b). PBMC cultures to which 10% OA
synovial fluid had been added showed a similar level of
resorption to that seen in control cultures. The addition of
synovial fluid from OA, RA and PPA joints had no
significant difference on the extent of lacunar resorption by
mature osteoclasts isolated from giant cell tumour of bone
(Fig. 8); this finding suggests that the increased resorption
seen in cultures treated with RA and PPA synovial fluid
was due to increased osteoclast formation rather than
increased osteoclast resorption activity.
TNFα and OPG concentration in OA, RA and PPA
synovial fluids
Although there was some variation in the concentration
of TNFα in the synovial fluid samples taken from individual RA (5.7–20 pg/ml) and PPA (4.7–8.2 pg/ml)
joints, the concentration of TNFα in RA and PPA joint
synovial fluid was higher than that seen in OA joint fluid,
where the TNFα concentration was much less variable
(4.3–5.5 pg/ml). Osteoclast formation and lacunar resorption were most pronounced in PBMC cultures to which RA
and PPA synovial fluids containing the highest levels of
TNFα were added. Only small variations in the concentration of OPG were observed in OA, RA and PPA joints,
all fluids tested exhibiting OPG concentrations below
3.5 pg/ml.

Discussion
Mononuclear osteoclast precursors are present in the
synovial macrophage population of RA and OA joints,
and osteoclast formation by these cells occurs in the
presence of M-CSF and RANKL [13, 17]. Variations in the

Fig. 7 Mean percentage area resorption produced by osteoclasts
formed in PBMC cultures incubated with M-CSF and RANKL in
the presence of 10% non-inflammatory (OA) and inflammatory
(RA/PPA) synovial fluid. *p<0.05 relative to 10% OA synovial fluid

Fig. 8 Mean percentage area resorption produced by mature
osteoclasts isolated from giant cell cultures incubated in the
presence of 10% non-inflammatory (OA) and inflammatory (RA/
PPA) synovial fluid

cellular and humoral composition of synovial fluid reflect
changes in the synovial tissues with which the fluid is in
continuity. Normal synovial fluid is a dialysate of plasma,
containing hyaluronan, glycoproteins, albumin and small
quantities of larger proteins decreasing in amount with an
increase in molecular size. In inflammatory synovial fluid,
increasing amounts of all proteins, including high molecular weight proteins found in the plasma, enter the joint.
These factors may significantly influence cell differentiation and function, as may cytokines and growth factors
produced by activated fibroblasts and leucocytes found in
inflamed synovial tissue. RA synovium contains a significant macrophage infiltrate; this is reflected in the high
number of macrophages found in the synovial fluid of
inflamed RA joints. The extent of synovial macrophage
infiltration correlates strongly with the degree of joint
erosion in arthritis [42], and increased osteoclast formation
has been noted in cultures of synovial macrophages from
RA compared with OA joints [17].
In the present study, we have shown that the synovial
fluid derived from inflamed (RA/crystal arthropathy) joints
stimulates RANKL-induced macrophage–osteoclast differentiation. We found that the addition of synovial fluid to
monocyte cultures incubated with RANKL and M-CSF
resulted in the formation of mononuclear cells and small
multinucleated cells that expressed TRAP and VNR,
markers of the osteoclast phenotype; these cells possessed
a ruffled border and fulfilled the essential functional
criterion of osteoclasts, being capable of lacunar resorption. We also found that inflammatory synovial fluid from
RA and PPA joints markedly stimulated osteoclast formation and lacunar resorption. In the presence of noninflammatory OA synovial fluid, osteoclast formation and
lacunar resorption were similar to that seen in control
cultures, but in the presence of RA and PPA synovial fluid,
there was a twofold increase in lacunar resorption relative
to OA and control cultures.
In the presence of 10% synovial fluid, many of the
TRAP+/VNR+ cells in monocyte cultures were either
mononuclear or contained fewer than four nuclei. These
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cells exhibited cytochemical, functional and ultrastructural
characteristics of osteoclasts, being TRAP+/VNR+ and
capable of lacunar resorption pit formation; these cells also
had a ruffled border, an area of membrane specialisation
which is essential for bone resorption. Mononuclear cells
that express the cytochemical and functional characteristics
of osteoclasts have previously been noted in cultures of
marrow cells and tissue macrophages [6, 7, 34]. Our
findings are similar to those of a recent study which found
that a significant proportion of bone-resorbing osteoclasts
that form in cultures of synovial fluid macrophages are
small and contain fewer than four nuclei [1]. The reason
for the limited capacity mononuclear phagocytes incubated
in synovial fluid to form polykaryons is not known, but it
may be related to the fact that synovial fluid contains
abundant hyaluronic acid. The CD44 receptor, which we
have shown in this study to be expressed by monocytes, is
indispensable for cell fusion, and fusion of mononuclear
phagocytes is associated with osteoclast differentiation
[41]. Since CD44 is the principal receptor for hyaluronic
acid [3], it is possible that occupancy of the CD44 receptor
by hyaluronic acid and its breakdown products results in a
limited capacity of this macrophage population to carry
out cell fusion. Occupancy of the CD44 receptor by hyaluronic acid and CD44 antibodies has been reported to
inhibit cell fusion without altering osteoclast resorption
activity [19, 39].
There was an increase in the number of bone-resorbing
cells formed in monocyte cultures to which inflammatory
(RA and PPA) synovial fluids were added compared with
OA synovial fluid. Although most of the resorption carried
out by these cells was lacunar in type, many of the cells
exhibited a form of low-grade (non-lacunar) resorption of
the dentine surface. This type of resorption has previously
been described in arthroplasty-derived and tumour-derived
macrophage cultures [18, 35]; however, the extent of the
low-grade resorption seen in the monocyte cultures treated
with inflammatory synovial fluid was much more extensive
than in previous studies, and it is possible that the mononuclear and small multinucleated osteoclastic cells that
form in cultures treated with RA and PPA synovial fluid
exhibit an increased capacity for this type of resorption.
The resorption activity of mature osteoclasts was not
stimulated when inflammatory synovial fluid was added to
cultures of osteoclasts derived from giant cell tumours of
bone. This suggests that the increased resorption that
followed the addition of inflammatory synovial fluid
occurred through stimulation of osteoclast formation rather
than mature osteoclast activity. Pigmented villonodular
synovitis (PVNS) is a condition in which there is periatricular bone resorption associated with heavy macrophage and giant cell infiltrate in synovial tissues. The giant
cells in PVNS exhibit the phenotypic characteristics of
mature osteoclasts [9, 31]. These osteoclast-like giant cells
are most likely formed from synovial macrophages, and
stimulation of osteoclast formation under this condition
may be similarly promoted by a factor present in PVNS
synovial fluid, which is known to contain giant cells.

Levels of RANKL are known to be increased in RA
compared with OA synovial fluid [22], but it is unlikely
that RANKL alone represents the pro-osteoclastogenic
factor in inflammatory synovial fluid because osteoclast
formation did not occur when inflammatory synovial fluid
was added to monocyte cultures (in the presence of
M-CSF). Likewise, although M-CSF has been reported to
be increased in RA synovial fluid [38], M-CSF is unlikely
to be the factor promoting osteoclast formation in inflammatory synovial fluid because the addition of inflammatory synovial fluid to monocyte cultures (in the presence
of RANKL) did not stimulate osteoclast formation and
resorption. It has been noted that the level of OPG in
synovial fluid is decreased in RA compared with OA joints
[22]. We measured the concentration of OPG by ELISA
and found in our samples that it was not significantly
different in OA, RA and PPA joint fluids. RANKL, however, is known to exist in a soluble form, and it remains
possible that the RANKL to OPG ratio could be increased
by stimulation of RANKL production by fibroblasts and
activated T and B lymphocytes, all of which have been
shown to support osteoclast formation in RA [36, 40].
The synovial membrane and synovial fluid in RA and
crystal arthritis are known to contain large amounts of
TNFα [28, 32], and TNFα has been reported to stimulate
RANKL-induced osteoclastogenesis by modulating stromal cell expression of RANKL and OPG [15, 16].
Osteoclast differentiation, however, could not have been
stimulated by stromal cells in inflammatory synovial fluid
because our cultures contained only monocytes. Recent
studies have shown that TNFα can stimulate osteoclast
formation from marrow precursors in the presence of
permissive levels of RANKL [27], and it is possible that the
high levels of TNFα in inflammatory synovial fluid could
have stimulated osteoclast formation in this way. Another
means whereby TNFα in inflammatory synovial fluid
could have stimulated osteoclast formation is through a
RANKL-independent mechanism. We and others have
shown that TNFα (in the presence of M-CSF) can induce
osteoclast formation from mouse marrow precursors and
human monocytes and macrophages [8, 21, 24]. We have
also recently shown that TNFα can induce osteoclast
formation from synovial fluid macrophages isolated from
RA and PPA joints [1]. Whether TNFα alone or in concert
with other growth factors and cytokines stimulates osteoclast formation by RANKL-dependent and/or RANKLindependent mechanism in inflammatory arthritis is not
certain, but a role for TNFα is suggested by our finding that
the most extensive resorption was seen in the monocyte
cultures to which RA and PPA inflammatory synovial
fluids containing the highest levels of TNFα were added.
Acknowledgements This study was approved by the Oxford
Research Ethics Committee. The authors wish to thank all the
volunteers who kindly donated blood samples for this study. We also
extend our thanks to Dr. David Lacey, Amgen Inc., for providing the
soluble RANKL. This work was funded by Action Research and the
Frances and Augustus Newman Foundation. I.A. is the recipient of a
Research into Ageing DPhil studentship.

76

References
1. Adamopoulos IE, Sabokbar A, Wordsworth BP, Carr A,
Ferguson DJ, Athanasou NA (2006) Synovial fluid macrophages are capable of osteoclast formation and resorption.
J Pathol 208:35–43
2. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF,
Cooper NS, Healey LA, Kaplan SR, Liang MH, Luthra HS et al
(1998) The American Rheumatism Association 1987 revised
criteria for the classification of rheumatoid arthritis. Arthritis
Rheum 31:315–24
3. Aruffo A, Stamenkovic I, Melnick M, Underhill CB, Seed B
(1990) CD44 is the principal cell surface receptor for hyaluronate. Cell 61:1303–13
4. Athanasou NA (1996) Cellular biology of bone-resorbing cells.
J Bone Joint Surg Am 78:1096–112
5. Athanasou NA, Quinn J (1990) Immunophenotypic differences
between osteoclasts and macrophage polykaryons: immunohistological distinction and implications for osteoclast ontogeny
and function. J Clin Pathol 43:997–1003
6. Athanasou NA, Quinn J, Ferguson DJ, McGee JO (1991) Bone
resorption by macrophage polykaryons of giant cell tumour of
tendon sheath. Br J Cancer 63:527–533
7. Athanasou NA, Quinn J, Bulstrode CJ (1992) Resorption of
bone by inflammatory cells derived from the joint capsule of
hip arthroplasties. J Bone Joint Surg Br 74:57–62
8. Azuma Y, Kaji K, Katogi R, Takeshita S, Kudo A (2000)
Tumor necrosis factor-alpha induces differentiation of and bone
resorption by osteoclasts. J Biol Chem 275:4858–4864
9. Darling JM, Goldring SR, Harada Y, Handel ML, Glowacki J,
Gravallese EM (1997) Multinucleated cells in pigmented
villonodular synovitis and giant cell tumor of tendon sheath
express features of osteoclasts. Am J Pathol 150:1383–1393
10. Davies J, Warwick J, Totty N, Philp R, Helfrich M, Horton M
(1989) The osteoclast functional antigen, implicated in the
regulation of bone resorption, is biochemically related to the
vitronectin receptor. J Cell Biol 109:1817–1826
11. Feldmann M, Brennan FM, Maini RN (1996) Role of cytokines
in rheumatoid arthritis. Annu Rev Immunol 14:397–440
12. Freemont A, Denton J (1991) Atlas of synovial fluid cytopathology. Kluwer Academic Publishers, Boston
13. Fujikawa Y, Quinn JM, Sabokbar A, McGee JO, Athanasou
NA (1996) The human osteoclast precursor circulates in the
monocyte fraction. Endocrinology 137:4058–4060
14. Fujikawa Y, Sabokbar A, Neale S, Athanasou NA (1996)
Human osteoclast formation and bone resorption by monocytes
and synovial macrophages in rheumatoid arthritis. Ann Rheum
Dis 55:816–822
15. Hofbauer LC, Lacey DL, Dunstan CR, Spelsberg TC, Riggs
BL, Khosla S (1999) Interleukin-1beta and tumor necrosis
factor-alpha, but not interleukin-6, stimulate osteoprotegerin
ligand gene expression in human osteoblastic cells. Bone
25:255–259
16. Hofbauer LC, Khosla S, Dunstan CR, Lacey DL, Boyle WJ,
Riggs BL (2000) The roles of osteoprotegerin and osteoprotegerin ligand in the paracrine regulation of bone resorption.
J Bone Miner Res 15:2–12
17. Itonaga I, Fujikawa Y, Sabokbar A, Murray DW, Athanasou
NA (2000) Rheumatoid arthritis synovial macrophage–osteoclast differentiation is osteoprotegerin ligand-dependent.
J Pathol 192:97–104
18. Itonaga I, Schulze E, Burge PD, Gibbons CL, Ferguson D,
Athanasou NA (2002) Phenotypic characterization of mononuclear and multinucleated cells of giant cell reparative
granuloma of small bones. J Pathol 198:30–36
19. Kania JR, Kehat-Stadler T, Kupfer SR (1997) CD44 antibodies
inhibit osteoclast formation. J Bone Miner Res 12:1155–1164
20. Knapp W, Dorken B, Gilks WR, Rieber EP, Schmidt RE, Stein
H, von dem Borne AEGK (1989) Leukocyte typing IV: white
cell differentiation antigen. Oxford University Press, New York

21. Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M,
Kotake S, Nakagawa N, Kinosaki M, Yamaguchi K, Shima N,
Yasuda H, Morinaga T, Higashio K, Martin TJ, Suda T (2000)
Tumor necrosis factor {alpha} stimulates osteoclast differentiation by a mechanism independent of the ODF/RANKL-RANK
interaction. J Exp Med 191:275–286
22. Kotake S, Udagawa N, Hakoda M, Mogi M, Yano K, Tsuda E,
Takahashi K, Furuya T, Ishiyama S, Kim KJ, Saito S,
Nishikawa T, Takahashi N, Togari A, Tomatsu T, Suda T,
Kamatani N (2001) Activated human T cells directly induce
osteoclastogenesis from human monocytes: possible role of T
cells in bone destruction in rheumatoid arthritis patients.
Arthritis Rheum 44:1003–1012
23. Krenn V, Morawietz L, Haupl T, Neidel J, Petersen I, Konig A
(2002) Grading of chronic synovitis—a histopathological
grading system for molecular and diagnostic pathology. Pathol
Res Pract 198(5):317–325
24. Kudo O, Fujikawa Y, Itonaga I, Sabokbar A, Torisu T,
Athanasou NA (2002) Proinflammatory cytokine (TNFalpha/
IL-1alpha) induction of human osteoclast formation. J Pathol
198:220–227
25. Kudo O, Sabokbar A, Pocock A, Itonaga I, Fujikawa Y,
Athanasou NA (2003) Interleukin-6 and interleukin-11 support
human osteoclast formation by a RANKL-independent mechanism. Bone 32:1–7
26. Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess
T, Elliott R, Colombero A, Elliott G, Scully S, Hsu H, Sullivan
J, Hawkins N, Davy E, Capparelli C, Eli A, Qian YX, Kaufman
S, Sarosi I, Shalhoub V, Senaldi G, Guo J, Delaney J, Boyle WJ
(1998) Osteoprotegerin ligand is a cytokine that regulates
osteoclast differentiation and activation. Cell 93:165–176
27. Lam J, Takeshita S, Barker JE, Kanagawa O, Ross FP,
Teitelbaum SL (2000) TNF-[alpha] induces osteoclastogenesis
by direct stimulation of macrophages exposed to permissive
levels of RANK ligand. J Clin Invest 106:1481–1488
28. Lettesjo H, Nordstrom E, Strom H, Nilsson B, Glinghammar B,
Dahlstedt L, Moller E (1998) Synovial fluid cytokines in
patients with rheumatoid arthritis or other arthritic lesions.
Scand J Immunol 48:286–292
29. McCarty D (1993) Synovial fluid. In: McCarty D, Koopman
WJ (eds) Arthritis and allied conditions. Lea & Febiger,
Philadelphia
30. Minkin C (1982) Bone acid phosphatase: tartrate-resistant acid
phosphatase as a marker of osteoclast function. Calcif Tissue
Int 34:285–290
31. Neale SD, Kristelly R, Gundle R, Quinn JM, Athanasou NA
(1997) Giant cells in pigmented villo nodular synovitis express
an osteoclast phenotype. J Clin Pathol 50:605–608
32. Partsch G, Steiner G, Leeb BF, Dunky A, Broll H, Smolen JS
(1997) Highly increased levels of tumor necrosis factor-alpha
and other proinflammatory cytokines in psoriatic arthritis
synovial fluid. J Rheumatol 24:518–523
33. Quinn JM, Elliott J, Gillespie MT, Martin TJ (1998) A
combination of osteoclast differentiation factor and macrophage-colony stimulating factor is sufficient for both human
and mouse osteoclast formation in vitro. Endocrinology
139:4424–4427
34. Quinn JM, Whitty GA, Byrne RJ, Gillespie MT, Hamilton JA
(2002) The generation of highly enriched osteoclast-lineage cell
populations. Bone 30:164–170
35. Sabokbar A, Fujikawa Y, Neale S, Murray DW, Athanasou NA
(1997) Human arthroplasty derived macrophages differentiate
into osteoclastic bone resorbing cells. Ann Rheum Dis 56:
414–420
36. Shigeyama Y, Pap T, Kunzler P, Simmen BR, Gay RE, Gay S
(2000) Expression of osteoclast differentiation factor in rheumatoid arthritis. Arthritis Rheum 43:2523–2530

77
37. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS,
Luthy R, Nguyen HQ, Wooden S, Bennett L, Boone T,
Shimamoto G, DeRose M, Elliott R, Colombero A, Tan HL,
Trail G, Sullivan J, Davy E, Bucay N, Renshaw-Gegg L,
Hughes TM, Hill D, Pattison W, Campbell P, Boyle WJ et al
(1997) Osteoprotegerin: a novel secreted protein involved in
the regulation of bone density. Cell 89:309–319
38. Smith JB, Bocchieri MH, Smith JB Jr, Sherbin-Allen L,
Abruzzo JL (1990) Colony stimulating factor occurs in both
inflammatory and noninflammatory synovial fluids. Rheumatol
Int 10:131–134
39. Sterling H, Saginario C, Vignery A (1998) CD44 occupancy
prevents macrophage multinucleation. J Cell Biol 143:837–847

40. Takayanagi H, Iizuka H, Juji T, Nakagawa T, Yamamoto A,
Miyazaki T, Koshihara Y, Oda H, Nakamura K, Tanaka S
(2000) Involvement of receptor activator of nuclear factor
kappaB ligand/osteoclast differentiation factor in osteoclastogenesis from synoviocytes in rheumatoid arthritis. Arthritis
Rheum 43:259–269
41. Vignery A (2000) Osteoclasts and giant cells: macrophage–
macrophage fusion mechanism. Int J Exp Pathol 81:291–304
42. Yanni G, Whelan A, Feighery C, Bresnihan B (1994) Synovial
tissue macrophages and joint erosion in rheumatoid arthritis.
Ann Rheum Dis 53:39–44

