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Increased Expression of Activating Factors in Large
Osteoclasts Could Explain Their Excessive Activity
in Osteolytic Diseases
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Abstract Large osteoclasts (�10 nuclei) predominate at sites of pathological bone resorption. We hypothesized this
was related to increased resorptive activity of large osteoclasts and have demonstrated previously that larger osteoclasts
are 8-fold more likely to be resorbing than small osteoclasts (2–5 nuclei). Here we ask whether these differences in
resorptive activity can be explained by differences in expression of factors involved in osteoclast signaling, fusion,
attachment, and matrix degradation. Authentic rabbit osteoclasts and osteoclasts derived from RAW264.7 cells showed
similar increases in c-fms expression (1.7- to 1.8-fold) in large osteoclasts suggesting that RAW cells are a viable system for
further analysis. We found 2- to 4.5-fold increases in the expression of the integrins av and b3, the proteases proMMP9,
matMMP9 and pro-cathepsinK, and in activating receptors RANK, IL-1R1, and TNFR1 in large osteoclasts. In contrast,
small osteoclasts had higher expression of the fusion protein SIRPa1 and the decoy receptor IL-1R2. The higher expression
of activation receptors and lower expression of IL-1R2 in large osteoclasts suggest they are hyperresponsive to extracellular
factors. This is supported by the observation that the resorptive activity in large osteoclasts was more responsive to IL-1b,
and that this increased activity was inhibited by the IL-1 receptor antagonist, IL-1ra. This increased responsiveness of
large osteoclasts to IL-1 may, in part, explain the pathological bone loss noted in inflammatory diseases. The heterogeneity
in receptor expression and the differential response to cytokines and their antagonists could prove useful for selective
inhibition of large osteoclasts actively engaged in pathological bone loss. J. Cell. Biochem. 101: 205–220, 2007.
� 2007 Wiley-Liss, Inc.
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Osteoclasts (OC) are multinucleated cells
whose primary function is the resorption of
mineralized bone matrix. Depending on the
species, OCs involved in normal bone remodel-
ing contain on average 3–10 nuclei [Piper et al.,
1992]. In disease states involving pathological

bone loss such as inflammatory arthritis,
periodontal disease and Paget’s disease, large
OCs predominate in the areas of excessive
resorption [Arend and Dayer, 1990; Aota et al.,
1996; Singer and Roodman, 1996; Smith et al.,
1997]. In Paget’s disease, OCs have been
detected that were 100 mm in diameter and
contained up to 100 nuclei [Singer and Rood-
man, 1996].

Several studies have investigated whether
OC size is linked to resorptive activity. Piper
et al. [1992] demonstrated a decrease in volume
of resorption per nucleus as the number of
nuclei per cell increased, while Lees et al. [2001]
found that resorption per nucleus was not
different between large (greater than 10 nuclei)
and small OCs (containing 2–5 nuclei). Inter-
estingly however, Lees et al. [2001] observed
that approximately 40% of the large OCs were
actively resorbing in the population while only
�6% of the small OCs were doing likewise. They
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also found that intracellular pH was lower in
resorbing cells than in non-resorbing ones and
was lower in large OCs than in small ones [Lees
and Heersche, 2000]. One of the essential
enzymes in OC pH regulation is the proton
pumping vacuolar-type ATPase (V-ATPase)
[Nordstrom et al., 1997]. Manolson et al.
[2003] showed that mRNA expression of the
‘‘a3’’ V-ATPase subunit in OCs derived from
rabbit long bones, and protein expression in
RAW-cell derived OCs was significantly
increased in large compared to small OCs.

Based on the observation that the percentage
of large OCs that is actively resorbing is
8 times greater than the percentage of small
OCs actively resorbing when the cells are
maintained in the same culture media [Lees
et al., 2001], we hypothesize that differences in
signaling receptor expression allow the cells to
respond differently to activating factors within
their environment. To test this hypothesis, we
quantified the expression levels of receptors
for interleukin-1 (IL-1), tumor necrosis factor-a
(TNFa), Receptor activator of nuclear factor
kappa-B ligand (RANKL) and monocyte/macro-
phage-colony stimulating factor (M-CSF), all
key factors in the inflammatory response and
implicated in OC activation. Additional factors
found to be involved in OC activation, fusion and
attachment were also investigated.

MATERIALS AND METHODS

Materials

The RAW 264.7 cell line (RAW) was obtained
from American Type Culture Collection
(ATCC catalog # TIB-71). Dulbecco’s modified
Eagle’s medium, a-MEM, antibiotics (penicillin/
streptomycin, fungizone) and sterile fetal
bovine serum (GIBCO #12318-028) were
obtained from Invitrogen. Antibodies to IL-
1R1, TNFR1, c-fms, SIRPa1, and integrin b3

were obtained from Santa Cruz, as were HRP
conjugated secondary antibodies to mouse,
rabbit and goat. Antibodies to RANK, and
IL-1R2 were obtained from R&D Systems and
integrin av from BD biosciences. Monoclonal
antibody to GAPDH was obtained from Abcam,
while those for MMP-9 and cathepsin K were
kindly provided by Dr. John Mort (McGill).
Antibody to SHIP was kindly provided by
Dr. Gerald Krystal (University of British
Columbia). Phosphatase Substrate (catalog
#P4744-1G), p-nitrophenol (catalog # 104-8),

Fast Red Violet LB Salt (catalog # F-1625)
and Naphtol AS-MX (catalog# N-5000) were
obtained from Sigma.

In Situ Hybridization

Dispersed rabbit OCs used for in situ hybri-
dization were obtained from dissected shafts of
the femorae, tibiae, humeri and radii of 1-day-
old New Zealand white rabbits as previously
described [Kanehisa and Heersche, 1988; Lees
and Heersche, 1999; Manolson et al., 2003].

Oligonucleotide PCR probes designed to
encode rabbit c-fms (from Genbank accession
numbers R86522, R86582, R86469, R86465) are
as follows: sense 50-gct cta gaa gtg gga gtt ccc
ccg-30; and antisense 50-gac gtc gac ctc cag cag
gaa agt tga gc-30. Restriction sites to XbaI and
SalI in the forward and reverse strands respec-
tively were incorporated into the oligonucleo-
tides. Template RNA was obtained from rabbit
OCs using the mRNA Capture Kit (Boehringer
Mannheim) as described in Manolson et al.
[2003]. cDNA was generated using Superscript
One Step PCR system (GibcoBRL) following
manufacturers instructions and RT-PCR was
performed as follows: 15 min at 458C, 2 min at
948C, followed by 40 cycles of 15 s at 948C, 30 s at
608C, 1 min at 688C, and a final step of 5 min
at 728C. The resulting 313 bp cDNA fragment
was cloned into XbaI and SalI sites of Bluescript
(KS-) and sequenced. 35S-labels were generated
with plasmids for c-fms linearized with restric-
tion enzymes at 30 and 50 ends. c-fms linearized
with NotI overnight (O/N) at 378C was used to
generate the antisense probe and XhoI was
used to obtain the sense strand. Linearized
cDNA was phenol extracted and then used to
synthesize the radiolabeled cRNA probe incor-
porating 35S-UTP (1100 Ci/mmol) via an RNA
labeling kit (Promega).

Labeled antisense and sense mRNA probes
against c-fms were hybridized to OC mRNA.
Single Stranded probe was resuspended in
hybridization buffer (1� Denhardt’s solution,
20 mM Tris pH 8.0, 5 mM EDTA, 10 mM
phosphate pH 6.8, 50% deionized formamide,
10% dextran sulfate (as a 50% solution), 50 mM
DTT, 500 mg/ml tRNA (Sigma) in ddH2O, 50 mg/
ml polyA RNA (BCL)) and heat denatured
immediately before use with 50,000–100,000
cpm added per slide. Pretreatment of OCs on
slides included 18 min in 0.2N HCl, 5 min 2�
SSC and permeabilization for 7 min with 5 mg/
ml proteinase K. Slides were immersed in 4%
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paraformaldehyde in PBS for 15 min, followed
by 10 min in acetic acid triethanolamine buffer.
They were then washed once in PBS and once in
ddH2O, dehydrated using 30, 60, 80, and 95%
ethanol, then air dried. Slides were incubated
with probe O/N at 558C in humidified chambers.
After hybridization slides were washed in 2�
SSC, 50% formamide, 10 mM DTT, RNase
buffer, 0.1� SSC, dipped in NTB-2 Kodak
emulsion (Amersham) at 428C and subse-
quently stored in desiccated lightproof boxes
at 48C. After 3–14 days, the slides were
developed for 4 min in Kodak D19 developer,
rinsed with water and fixed for 5 min. Counter-
staining of OCs was carried out using malachite
green. In situ hybridization data was normal-
ized by expressing the data on a per nucleus
basis. This can easily be done, because in cells in
culture, as opposed to histological sections from
OCs in situ, the total number of cells can be
counted accurately.

Silver grains per cell were quantified by light
microscopy using Imagepro Plus 4.1 (media
cybernetics, des Moines, Iowa). Quantification
was performed on individual OCs and
results expressed as grains/nucleus. Statistical
analysis was performed using the unpaired,
two-tailed Student’s t-test.

Differentiation and Isolation of Large and
Small OCs From the RAW 264.7 Cell Line

Populations of at least 75–80% large
(�10 nuclei) or 80–95% small (2–5 nuclei)
OCs were obtained as described in [Manolson
et al., 2003]. Culture dishes were visually
inspected until at least 80% of the total nuclei
were contained within small (2–5 nuclei) OCs
(generally day 5) or until at least 75% of the total
nuclei were within large (�10 nuclei) OCs
(generally day 8) as defined previously [Man-
olson et al., 2003]. Prior to protein and/or RNA
isolation, remaining mononuclear cells were
removed by gently washing the dishes with
3� 10 ml phosphate buffered saline (PBS)
without Ca2þ and Mg2þ.

Gradient Separation of Large and Small OCs

OCs were generated with 200 ng/ml sRANKL
in 100 mm dishes as outlined above for 4–5 days
until a mixed OC population was obtained. OCs
were then separated on a FBS gradient as
described by Collin-Osdoby et al. [2003] with the
modifications detailed below. Briefly, dishes
were washed in Moscona’s High Bicarbonate

buffer (MHB) pH 7.2 (137 mM NaCl, 2.68 mM
KCl, 0.4 mM NaH2PO4, 12 mM NaHCO3, 11 mM
dextrose, with addition of antibiotic-antimyco-
tic solution (Gibco# 15240-096)), then incubated
at 378C for 15 min in MHB. MHB was replaced
with a collagenase-trysin solution in Hank’s
Balanced Salt Solution (Gibco#14175-095)
for 5 min at 378C, then washed 3� in PBS
and a solution of protease (EC 3.4.24.31 sigma
P-8811)-EDTA was added for 15–20 min at
378C. Cells were then removed from the plate by
gently pipetting over the monolayer of cells,
with resulting suspensions collected and
centrifuged at 100g for 5 min. Pellets were
resuspended in MHB and added to the top of a
40%/70% step gradient of FBS in MHB and left
to stand undisturbed for 30 min at room
temperature. Three fractions were then
removed and pelleted as described in Collin-
Osdoby et al. [2003]. Large OCs were found in
the ‘‘bottom’’ 12 ml fraction while small OCs
remained in the ‘‘middle’’ 16 ml fraction. Cells
were then either replated for TRAP staining
and counting, or, to obtain protein, pellets were
resuspended in serum-free DMEM to wash out
excess FBS and repelleted by centrifuging once
more at 100g for 5 min. Pellets were then
resuspended in RIPA lysis buffer and protein
obtained as described below for immunoblotting
experiments.

Protein Isolation

Protein was harvested from RAW-cell derived
OCs using three separate methods: TRIzol,
RIPA, and octyl-b-D-glucoside, as some methods
were found to yield better immunoblotting
results for certain proteins under investigation.
These methods are described below.

Cells were initially harvested using TRIzol
reagent (Life Technologies) to isolate total
RNA and protein from the cells, following
manufacturer’s instructions. RNA storing solu-
tion (Ambion) was used to dissolve RNA pellets
at 48C. Protein pellets were dissolved in 1%
SDS.

The method used to isolate protein was later
changed to obtain better yields. One such
method employed RIPA buffer for isolation [50
mM Tris, 150 mM NaCl, 1% Triton-X, 1% SDS,
0.5% sodium deoxycholate]. Briefly, cells were
washed with cold PBS-Mg2þand -Ca2þ. Cells
were then scraped into approximately 1 ml
RIPAþ complete protease inhibitor cocktail
(Roche) which were added to cell culture dishes.
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The whole cell lysate was left on ice 20 min with
vortexing, then centrifuged at �14,000 rpm at
48C, for 15 min. Protein concentrations were
determined and then used to adjust the
amounts for immunoblotting.

Octyl-b-D-glucoside was adopted for isolation
of integrin proteins, following methodology
adapted from Ha et al. [2003]. Briefly, cells
were washed with cold PBS-Mg2þand -Ca2þ.
Cells were scraped into lysis buffer (TNE Buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA)þ 0.5% Brij 58,þ60 mM Octyl Glucoside,
and þ0.3% sodium deoxycholate) including
protease inhibitors. The whole cell lysate was
incubated on ice for 1 h, and then centrifuged at
14,000 rpm for 30 min at 48C. The soluble
fraction was kept.

TRIzol extractions were found to work best for
soluble factors MMP-9 and Cathepsin K. RIPA
isolations were found to yield the best results for
detection of RANK, IL-1R1, IL-1R2, TNFR1,
SHIP, and SIRPa1, while detection for integrins
was best using the octyl-b-D-glucoside protein
isolation method.

Immunoblotting

Protein titrations from 5 to 100 mg were run
on 8–10% mini SDS–PAGE gels. Protein
was transferred to nitrocellulose (Amersham
Hybond-ECL) using full immersion transfer
apparatus (Bio-Rad) on ice at 75 V, 150 mAmps
for 1 h (or 130 mAmps for 1.5 h). Transfer was
confirmed by staining with 0.2% Ponceau-S in
acetic acid. Blots were then blocked in Tris
buffered saline Tween-20 (TBS-T)þ 5% milk
solution for 1 h. Primary antibodies were added
at appropriate dilutions in TBS-Tþ 5% milk
and the blots incubated at 48C O/N. GAPDH was
detected by probing with anti-GAPDH and was
used as a control. Blots were then washed in
TBS-T, after which appropriate secondary
antibody was added at concentrations of
1:1,000–1:5,000 in TBS-Tþmilk incubated at
room temperature for 1 h. Blots were then
washed and developed using ECL reagents
(Amersham Biosciences). Images were captured
using GeneSnap (Syngene). Quantification
and analysis were performed using GeneTools
(Syngene) as previously described [Manolson
et al., 2003]. Briefly, to ensure that the chemi-
luminescent signals from the immunoblots
were within the linear range, each protein
sample was run on the SDS–PAGE as a series
of four serial dilutions. Multiple exposure times

were recorded using a CCD camera, and an
exposure was used for quantification only if the
obtained signal reflected the serial dilution of
the sample. For each separate gel, the absolute
value obtained at each of the four protein
concentrations was divided by the absolute
value obtained for GAPDH. GAPDH was used
to normalize the signal between different
samples as in situ hybridization had revealed
no difference in GAPDH gene expression
between large and small OCs [Manolson et al.,
2003]. Receptor/GAPDH ratios were then
plotted against mg of protein loaded per lane
and a linear regression line was fitted using the
method of least-squares. The slope of this linear
regression line was then used to compare the
relative expression of the various factors
between different experiments.

Tartrate-Resistant Acid Phosphatase
(TRAP) Staining

Culture dishes were washed with PBS-Ca2þ

and -Mg2þ, then fixed with 2.5% gluteraldehyde
for 5–10 min. Staining for TRAP was carried out
according to the protocol described in BD
Biosciences Technical Bulletin #445 with minor
modifications. Briefly, TRAP staining solution
consisting of 50 mM acetate buffer, 30 mM
sodium tartrate, 0.1 mg/ml Naphtol AS-MX
phosphate, 0.1% Triton X-100, and 0.3 mg/ml
Fast Red Violet LB stain was added to fixed cells
for 10–20 min until desired staining intensity
was reached. TRAP solution was removed and
cells were washed 3� 10 ml with dH2O.

TRAP Assay

Assay for TRAP enzyme activity was adapted
from a Sigma protocol as previously described in
Voronov et al. [2005]. Briefly, cells were lysed in
citrate buffer containing 0.1% Triton X-100.
Lysate was added to ELISA plates containing
phosphatase substrate (p-nitrophenol phos-
phate) and 40 mM tartrate acid buffer and
incubated at 378C for 30 min. The reaction was
then stopped with the addition of cold 2N
NaOH. Absorbance was measured at 405 nm
in a plate reader, and activity calculated
from standard curve generated using p-nitro-
phenol standards. TRAP activity was normal-
ized to total protein (determined using the
Bradford assay (Bio-Rad protein assay catalog#
500–0006)) as well as to total number of
nuclei counted after TRAP and hematoxylin
staining of a second, identical 96-well plate run
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in conjunction with that used for the TRAP
assay.

RT-PCR

Primers for RT-PCR of IL-1R1 and IL-1R2
were generated from mouse sequences
retrieved from Genbank. Primers used were as
follows: IL-1R1 sense: 50-gctctagacatagtgctttgg-
tacaggga-30; IL-1R1 antisense 50-gacgtcgactca-
tagtcttggattttctcc-30; IL-1R2 sense: 50-gctctag-
atgaactgacctgaatgaattca-30; IL-1R2 antisense
50-gacgtcgactcccagaaacactttacacggga-30 with
annealing temperatures of 62 and 608C, respec-
tively. Primers and annealing temperatures for
GAPDH, TRAP, and RANK are previously
described in Haynes et al. [1999], Battaglino
et al. [2002] and Mori et al. [2002], respectively.
RNA was first DNase I treated according to
the manufacturer’s instructions (Invitrogen).
Reverse transcription of 3 mg RNA was also
carried out following instructions outlined by
the manufacturer of Revert-aid H Minus First
Strand cDNA synthesis kit (Fermentas). PCR
reaction was then carried out using HotStar Taq
(Qiagen) in 50 ml reaction volumes consisting of
1� PCR buffer, 0.2 mM dNTPs, 0.5 mM of
each primer, 1.5 mM MgCl2 (2.5 mM for IL-
1R1), 1.25 U HotStar Taq DNA polymerase and
5–7 ml of cDNA from the RT reaction. The PCR
reaction was initiated at 958C for 15 min,
followed by 30–40 cycles of 948C for 45 s, 608C
(or appropriate annealing temperature) for
1 min, 728C for 1 min and ending with 728C for
10 min for all reactions. Expected fragments
310 bp (RANK), 407 bp (IL-1R1), 307 bp (IL-
1R2), 465 bp (TRAP), and �280 bp (GAPDH)
were run on 2% agarose gels at 75 V for �1.5 h.
Images were captured using GeneSnap
(Syngene) followed by semi-quantification and
analysis of band intensities normalized to
GAPDH levels using GeneTools (Syngene).

Resorption Assay

Osteoclastic activity in the presence or
absence of IL-1b (1 and 10 ng/ml) and/or
IL-1ra (50 ng/ml) was assessed using either
osteologicTM or bone/dentin disks. Dentin slices
were cut using a Diamond wire histosaw
(Delaware Diamond Knives, Inc.) of �200 nm
thickness from dentin kindly provided by Dr. R.
Harrison at the University of Toronto. Size
separated OCs generated from RAW cells were
plated onto resorbable disks in 96-well dishes
and left to resorb for 48 h. Cells were then fixed,

TRAP stained and counted. Cells were removed
from dentin slices using bleach and sonication,
after which time, resorption pits were stained
for 30 s to 1 min with 1% toluidine blue, washed
in PBS and dried. Osteologic disks were
stained as previously described [Voronov et al.,
2005]. Analysis of resorption pits was carried
out using OpenLabTM Software (Improvision).

Statistics

Statistics were carried out using SPSS
12.0 for windows using the independent
samples t-test. Results were considered statis-
tically significant if P< 0.05.

RESULTS

c-fms mRNA Levels are Higher in
Large OCs than in Small OCs

M-CSF is essential for OC differentiation into
functional multinucleated cells and has also
been linked to OC activity [Sherr et al., 1988;
Lees and Heersche, 1999; Roodman, 1999; Boyle
et al., 2003; Tanaka et al., 2003; Teitelbaum and
Ross, 2003]. Therefore, the receptor for M-CSF,
c-fms, was investigated as being a possible
determinant for differences between large and
small OCs.

Using 35S-RNA sense and antisense probes in
three sets of experiments, we demonstrated
RNA expression in large and small OCs isolated
from rabbit long bones. We found 107.8�
22.3 grains per nucleus in large OCs and
65� 5 grains per nucleus in small OCs, a
1.7-fold difference (Fig. 1A,B). No signal was
obtained using the control sense probe (data not
shown). These OC populations consist of cells
containing anywhere from 3 to 25 nuclei. We
selected two size categories, small (�5 nuclei)
and large (�10 nuclei) to create two distinct
non-overlapping categories [Lees and Heersche,
2000; Lees et al., 2001; Manolson et al., 2003].
To define OC size, the number of nuclei per OC
rather than surface area, was selected since
surface area does not necessarily relate to OC
size because migrating OCs tend to be spread
out while stationary OCs tend to have a more
rounded shape [Lakkakorpi and Vaananen,
1996]. Moreover, cytoplasmic volume has been
shown to correlate with nuclei number [Lakka-
korpi and Vaananen, 1996]. We also observed
that 7.5% of small OCs had>108 grains/nucleus
which is the average number of grains/nucleus
for large OCs. This correlates with our previous
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observation that the proportion of small OCs
resorbing was approximately 6% [Lees et al.,
2001].

In Large OCs Differentiated From RAW
Cells c-fms Protein Expression is Higher

Than in Small OCs

The number of OCs that can be obtained from
rabbit long bones is insufficient for larger scale
experiments. Therefore, the RAW cell line was
used to generate large and small OCs as
previously described in Manolson et al. [2003].

To validate the RAW cell system, we com-
pared c-fms mRNA expression in authentic
rabbit OCs with c-fms protein expression in
OCs derived from RAW cells. Immunoblots
(Fig. 1C,D) revealed c-fms protein expression
was 1.8-fold higher in large OCs than in small
OCs. Immunoblotting experiments were nor-
malized to GAPDH levels, as it was previously
shown that GAPDH mRNA and protein levels in
the large and small OCs do not differ [Manolson
et al., 2003]. This difference was similar to that
observed with regard to mRNA expression in
rabbit long bone OCs, suggesting that RAW
derived OCs are comparable to authentic rabbit

OCs in this regard. Similarities between rabbit
OCs and the RAW-derived OCs were also found
previously for RNA and protein expression of
the a3 V-ATPase subunit [Manolson et al.,
2003]. Distinctions noted between the large
and small OCs using this model system could
result from differences in culture time rather
than differences in size. To address this issue we
compared results from size fractionated OCs to
our current model.

Obtaining Enriched Populations of Large and
Small OCs Either by Time of Differentiation or by
Size Fractionation Yield Similar Results Showing
that Interleukin-1 Receptors are Differentially

Expressed in Large and Small OCs

Interleukin-1 (IL-1) is a predominant
cytokine in inflammatory conditions such as
rheumatoid arthritis and is also implicated in
OC activation [Pacifici et al., 1991; Jimi et al.,
1999; Dayer, 2003]. IL-1 is known to have two
receptors, IL-1 receptor type I (IL-1R1) and IL-1
receptor type II (IL-1R2), of which IL-1R1 is the
signaling (or activating) receptor and IL-1R2 is
a decoy receptor unable to signal due to its
lack of a cytoplasmic tail [Dinarello, 1998].

Fig. 1. c-fms mRNA and protein expression are higher in large
compared to small OCs. A: In situ hybridization was performed
on large and small rabbit long bone OCs with 35S-labeled RNA
probes to the M-CSF receptor, c-fms. B: Quantification of in situ
hybridization was performed by counting individual grains in
large (striped bars) and small (white bars) cells using Image-Pro
Plus 4.1 software (Media Cybernetics, L.P.). To account for
differences in cell size, results were normalized by expressing the
number of grains per cell as grains per nucleus. Results are
expressed as means� the standard error. N¼ 40 for small,
N¼ 15 for large OCs aP<0.01 by unpaired, two tailed Student’s
t-test. Similar results are seen in repeated experiments.C: Whole

cell extracts from enriched populations of large (Large) and small
(Small) RAW-derived OCs were run on SDS–PAGE gels as a
series of dilutions and immunoblotted as described in Materials
and Methods. Results from a typical experiment are shown in
subpart C. Similar results are seen with additional experiments.
D: Immunoblots were quantified and normalized to GAPDH
expression. Results were expressed as relative expression
between large and small OCs, with expression of large OCs set
at 100%. Numbers reflect the mean of three separate experiments
in which populations of large (striped bars) and small (white bars)
OCs were enriched as described in methods. bP<0.001.
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Immunoblotting of protein from enriched
populations of large and small OCs at days 3–
5 or days 5–8 respectively, revealed that IL-1R1
expression was 2-fold higher in large OCs
(P< 0.05). Conversely, IL-1R2 was higher in
small OCs by approximately 1.5-fold (P< 0.01)
(Fig. 2A,B).

The distinctions noted between the large and
small OCs could result from differences in
culture time rather than differences in size. To
address this issue, large and small OCs were
obtained from RAW cells uniformly cultured for
5 days and size separated by a 40%/70%
FBS step gradient (Fig. 2C,D). Replating OCs
isolated from each gradient layer stained for
TRAP and counted demonstrated that at least
80% of OCs obtained from a respective layer
represented the population of interest (large
OCs vs. small OCs) (Fig. 2D). Similar to the
results shown in Figure 2B, IL-1R1 was 1.8-fold
higher in large OCs compared to small OCs and

IL-1R2 was increased 1.5-fold in small OCs
compared to large OCs (Fig. 2E,F). This shows
that comparable results are obtained from
enriched populations of large and small OCs
irrespective of the fashion in which the popula-
tions were obtained. Considering the limited
yield resulting from step gradient size fractio-
nation and its labor-intensity, all subsequent
studies on large and small OCs were carried
out obtaining enriched populations after 5 and
8 days of culture.

Interleukin-1 Receptor RNA is Differentially
Expressed in Large and Small OCs

To ask whether the differences in IL-1
receptor expression were transcriptionally
or translationally regulated, RT-PCR was
performed using mRNA isolated from large
and small OCs. We found that RNA expression
for IL-1R1 was 3-fold higher in large OCs
compared to small OCs while the expression of

Fig. 2. Interleukin-1 Receptors are differentially expressed in
OCs derived from enriched populations of large and small OCs.
Protein extracts from enriched populations of large (Large) and
small (Small) RAW-derived OCs isolated at day 5 or day 8
respectively were run on SDS–PAGE and immunoblotted as
described in Materials and Methods. Results from a typical single
experiment are reflected in subpart A. Similar results were
obtained in other experiments. B: Numbers reflect the mean of
three separate experiments. OCs grown in 200 ng/ml sRANKL for
5 days were separated according to size using gradient separation
as described in Materials and Methods. Results from a typical
single experiment are reflected in subparts C–F. C: Cells were

replated and left in culture for 24 h and fixed, TRAP stained and
counted. D: The number of cells counted were expressed as a
percentage of total cells in the culture dish. E: Protein extracts
from enriched populations of OCs obtained via gradient
separation were run on SDS–PAGE gels and immunoblotted
with antibodies to IL-1R1 and IL-1R2 as described in materials
and methods. F: Immunoblots in subpart E were quantified and
normalized to GAPDH. To compare between experiments,
results were expressed as relative expression between large and
small OCs, with expression of large OCs set at 100%. cP< 0.05,
aP<0.01. Numbers reflect the mean of three separate experi-
ments.
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IL-1R2 was 2.1-fold higher in small OCs
compared to large OCs (Fig. 3A,B).

Interleukin-1 Preferentially Stimulates
Resorptive Activity of Large OCs

Considering that large OCs had higher
expression of the activating receptor, IL-1R1,
and lower expression of the decoy receptor
IL-1R2, and further considering that IL-1b is
increased in inflammatory situations, we
hypothesized that IL-1b would result in
increased resorption by large OCs. To test this
hypothesis, resorption assays were carried out
on populations of large and small RAW-derived
OCs isolated by FBS step gradients in the
presence and absence of IL-1b and its antago-
nist IL-1ra. No differences in resorptive activity
were noted in the absence of IL-1b. In the

presence of 1 ng/ml IL-1b, large OCs resorbed
more area per OC (Fig. 4) and had a greater area
per pit than small OCs (Fig. 4). This difference
was eliminated by the additional presence of
the IL-1 antagonist IL-1ra. Ten-fold higher
concentrations of IL-1b (10 ng/ml) did not result
in significant differences between large and
small OCs suggesting that the higher levels of
the decoy receptor IL-1R2 in the small OCs are
being saturated. These results are consistent
with our hypothesis that differential expression
of IL-1R1 and IL-1R2 in large and small OCs
result in a differential resorptive activity in
response to extracellular factors.

Enzyme Markers of OC Activity are
Higher in Large OCs

Expression of enzymes characteristic of and
abundant in OCs such as the gelatinase Matrix
Metalloproteinase-9 (MMP-9) and the cysteine
protease Cathepsin K (CatK) [Delaisse et al.,
2003] were higher in large OCs (Fig. 5C,D) than
in small ones.

RNA expression for TRAP was similar in
large and small OCs (Fig. 5A,B) and TRAP
activity, used as an indirect measure of TRAP
protein expression, also demonstrated no
differences between large and small OCs when
normalized to either total cell protein (Fig. 5E)
or to the number of nuclei (data not shown).

Receptors for Receptor Activator of Nuclear
Factor kappa B Ligand (RANKL) and TNFa
are More Highly Expressed in Large OCs

than in Small Ones

We examined receptors for factors that have
been shown to be important in OC activation.
Two of these receptors, RANK and Tumor
Necrosis Factor Receptor 1 (TNFR1), belong to
the same protein superfamily [Boyle et al., 2003;
Wittrant et al., 2003]. As shown in Figure 6C,D,
both receptors are higher in large OCs than in
small ones by approximately 2.5- and 2-fold for
RANK and TNFR1 respectively. This was also
true for RANK mRNA expression which was
2-fold higher in large OCs than in small ones
(Fig. 6A,B).

Src Homology 2-containing
Inositol-5-phosphatase (SHIP) protein Expression

is Higher in Large OCs than in Small Ones

Knockout of SHIP in mice was shown by
Takeshita et al. [2002] to result in osteoporosis

Fig. 3. RNA for Interleukin-1 receptors IL-1R1 and IL-1R2 are
differentially expressed between large and small OCs. A: RNA
extracted from enriched populations of large (Large) and small
(Small) RAW-derived OCs were subjected to RT-PCR as
previously described. Results from a typical experiment are
reflected in subpart A. Similar results were obtained from other
experiments. B: PCR bands in subpart A were quantified and
normalized to GAPDH. To compare between experiments,
results were expressed as relative expression between large and
small OCs, with expression of large OCs set at 100%. Numbers
reflect the mean of three separate experiments. cP<0.05,
aP<0.01.
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Fig. 4. Interleukin-1b preferentially stimulates resorption by
large OCs. OCs derived from RAW cells were size separated on
an FBS step gradient into two populations of large and small
osteoclasts as described in Materials and Methods. The two
populations were then replated onto dentin disks and allowed to
resorb for 48 h in the presence of IL-1b (1 and 10 ng/ml) and in the

presence or absence of inhibitor IL-1ra (50 ng/ml). Osteoclasts
were visualized and counted by TRAP staining and resorption
pits were stained with toluidine blue and quantified using image
analysis. The results are presented as mean� standard error of
the mean (n¼ 2). Similar results were obtained in two other
experiments.

Fig. 5. Extracellular Proteases, cathepsin K and MMP-9, are
increased in large compared to small OCs while TRAP expression
and activity was not significantly different between the two
populations. A, B: RNA from large and small OCs grown as
previously described, was subjected to RT-PCR with primers to
TRAP. Bands run on agarose gel were then quantified and
normalized to GAPDH. To compare between experiments,
results were expressed as relative expression between large and
small OCs, with expression of large OCs set at 100%. Numbers
reflect the mean of three separate experiments� standard error of
the mean. C: Protein extracts from enriched populations of large
(Large) and small (Small) RAW-derived OCs were run on SDS-
PAGE as described in Materials and Methods. Results from a

typical experiment are shown in subpart C. Similar results were
obtained in other experiments. D: Immunoblots in subpart C
were quantified and normalized to GAPDH. To compare
between experiments, results were expressed as relative expres-
sion between large and small OCs, with expression of large OCs
set at 100%. Numbers reflect the mean of three separate
experiments. cP< 0.05. E: RAW-cell derived OCs grown in 96-
well dishes for enriched populations of large and small OCs were
assayed for TRAP enzyme activity (mg PNP) as described in
Materials and Methods. TRAP activity was then normalized to
total protein, expressed as mg PNP/mg protein and compared by
relative expression with the higher activity set to 100%.
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due to increased OC number and size and it
was proposed that SHIP is a negative regulator
of OC activation in the RANKL signaling path-
way [Takeshita et al., 2002; Boyle et al.,
2003; Kalesnikoff et al., 2003]. We therefore
investigated the expression of this protein in
large and small OCs. We found SHIP expression
to be 1.3-fold higher in large OCs compared to
small ones (Fig. 6C,D) (P< 0.05).

Integrin Components av and b3 Expressions
are both Higher in Large OCs Compared

to Small Ones

Attachment of OCs to bone is required
for resorption and occurs through integrins
abundant in OCs. avb3 is the most abundant
integrin in OCs and inhibition of avb3 inhibited
OC bone resorption [Nakamura et al., 2003].
Evaluation of expression of the av subunit of
this integrin in large and small OCs revealed a
2.2-fold increase in large OCs, while that of
integrin subunit b3 revealed a 4.5-fold increase
in large OCs compared to small (Fig. 7A,B).

Expression of Fusion Receptor Signal-regulatory
Peptide (SIRPa1) is Higher in Small OCs

OCs and macrophages are derived from the
same lineage of cells [Vignery, 2000] and thus
share many features. SIRPa1 is a receptor
implicated in macrophage fusion, resulting in
multinucleated giant cells [Saginario et al.,
1995]. Vignery proposed SIRPa1 to have a
similar role in OC fusion and found that mono-
nuclear and small multinuclear osteoclastic
cells express more SIRPa1 than larger OCs
[Vignery, 2000]. They suggested that SIRPa1
expression was controlling OC fusion rates and
OC size. We demonstrate here using immuno-
blot detection of SIRPa1, that this receptor is
significantly increased in the small OCs com-
pared to large OCs, with a noted 1.6-fold
increase in small (P< 0.05) (Fig. 7A,B).

DISCUSSION

We have shown previously that large OCs as a
population are more active resorbers than small
OCs, and that the reason for this is that the

Fig. 6. Signaling molecule SHIP, as well as receptors for RANKL
and TNFa, show higher expression in large OCs. A, B: RNA
extracted from enriched populations of large (Large) and small
(Small) RAW-derived OCs were subjected to RT-PCR. Results
from a typical experiment are reflected in subpart A. B: PCR
bands in subpart A were quantified and normalized to GAPDH.
To compare between experiments, results were expressed as
relative expression between large and small OCs, with expres-
sion of large OCs set at 100%. Numbers reflect the mean of three
separate experiments. aP<0.01, cP<0.05. C: Protein extracts

from enriched populations of large (Large) and small (Small)
RAW-derived OCs were run on SDS–PAGE as a series of
dilutions described in Materials and Methods. Results from a
typical experiment are shown in subpart C, with similar results
obtained in other experiments. D: Immunoblots in subpart C
were quantified and normalized to GAPDH expression. To
compare between experiments, results were expressed as
relative expression between large and small OCs, with expres-
sion of large OCs set at 100%. Numbers reflect the mean of three
separate experiments; cP< 0.05.
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proportion of large OCs in a resorptive state is
greater (40%) than that of small OCs (6%) [Lees
et al., 2001]. Here we tested the hypothesis that
differences in resorptive activity could arise
from differences in activation mechanisms
evolving from different receptor expression
levels in larger and smaller OCs. We found
that the expression of activating receptors
(c-fms, IL-1R1, TNFR1, RANK, integrins av,
and b3) and activity in response to IL-1b was
higher in the larger OCs while the expression
of inhibitory and fusion receptors (IL-1R2,
SIRPa1) was lower in the large OCs.

We used isolated rabbit OCs and RAW cell
derived OCs for our studies. Initial experiments
were single cell assays carried out using OC
populations obtained from the rabbit long

bones. To look for novel differences between
large and small OCs using proteomic and
genomic analysis it was necessary to obtain
larger numbers of OCs. There are two published
methods of obtaining enriched populations of
OC-like cells in which at least 75% of the cells
have �5 or �10 nuclei: RAW cells could be
cultured for varying periods of time [Manolson
et al., 2003], or alternatively, RAW cells could be
cultured for a uniform time and then size
separated using a 40%/70% FBS step gradient
[Collin-Osdoby et al., 2003]. Both methods
yielded similar results with respect to IL-1
receptor expression (Fig. 2). We defined
small OCs as having 2–5 nuclei and large OCs
as �10 nuclei to create non-overlapping cate-
gories of OCs [Lees and Heersche, 2000; Lees
et al., 2001]. The fact that the numbers of large
OCs increase with time in culture indicates that
large and small OCs represent different stages
of maturation. The same would be the case in
vivo. The real question in vivo is why in
certain areas large OCs predominate. This has
likely to do with apoptosis since cytokines such
as IL-1, TNFa and RANKL increased in these
inflammatory states are pro-survival factors
[Jimi et al., 1998; Glantschnig et al., 2003]. The
fact remains we have shown before that
large authentic rabbit OCs are more effective
resorbers and display different levels of the
ATPase subunit a3 expression; characteristics
which were shown by Lees et al. [2001]
[Manolson et al., 2003]. We have shown here,
and previously [Manolson et al., 2003] that
these differences are similar in rabbit OCs and
RAW-cell derived OCs.

In the present series of experiments, we found
similar differences between large and small
rabbit OCs and large and small RAW-derived
OCs. We found a 1.7-fold higher expression of
c-fms mRNA expression in large versus small
authentic rabbit OCs (Fig. 1) and a 1.8-fold
higher expression of c-fms protein in large
versus small RAW-derived OCs. Using the
RAW-derived OCs, we found that large OCs
also had higher expression levels of IL-1R1
while small OCs had higher expression levels of
the decoy receptor, IL-1R2 (Figs. 2 and 3). Using
an adjuvant arthritis rat model, Xu et al. [1996]
found that OCs in normal bone express both
IL-1R1 and IL-1R2, while OCs in arthritic
bone primarily expressed the type I receptor.
Assuming that based on the evidence by others
[Aota et al., 1996] that OCs in arthritic bone are

Fig. 7. Integrin subunits av and b3 protein, as well as fusion
receptor signal-regulatory peptide (SIRPa1) show increased
expression in small compared to large OCs. A: Protein extracts
from enriched populations of large (Large) and small (Small)
RAW-derived OCs were run on SDS–PAGE as a series of
dilutions and immunoblotted as described in Materials and
Methods. Results from a single experiment are shown in subpart
A, with similar results obtained in other experiments. B:
Immunoblots in (A) were quantified and normalized to GAPDH.
To compare between experiments, results are expressed as
relative expression between large and small OCs, with expres-
sion of large OCs set at 100%. Numbers reflect three separate
experiments. aP< 0.01, cP< 0.05.
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larger [not reported by Xu et al., 1996], these
results would be similar to ours. Our results
also parallel those of Wei et al. [2005] who
showed increased IL-1R1 RNA expression and
decreased IL-1R2 expression in bone marrow
macrophages differentiated over 4 days of
exposure to RANKL.

We defined two categories of OCs based on
the number of nuclei per cell (2–5 nuclei and
�10 nuclei). We decided on this parameter
rather than measuring cell size by surface area
because OCs in the migratory phase are spread
out, and have a large surface area whereas the
same cell can assume a more rounded shape
when stationary and then has a smaller
surface area [Kanehisa and Heersche, 1988;
Lakkakorpi and Vaananen, 1996]. As expected,
when evaluated separately, the category of cells
containing 6–9 nuclei had characteristics that
were in between (results not shown).

To address whether the enzymes required for
degrading the organic matrix of bone are also
increased, the expression of the two most
important OC proteinases, cathepsin K and
MMP-9 was assessed. We found a 2- to 3-fold
higher expression in large compared to small
OCs (Fig. 5). Increased expression of MMP-9
may have broader implications regarding
pathological bone loss since MMP-9 is thought
to release TGF-b and ICAM and degrade IL-1b
[Delaisse et al., 2003]. There is also data
suggesting that MMPs generate collagen frag-
ments that could activate OCs, possibly through
the integrin avb3 [Holliday et al., 1997; Caldwell
et al., 1998; Chiusaroli et al., 2003]. Finally,
MMP-9 is thought to be associated with activa-
tion of the cytokines TNFa and IL-1 from
inactive forms [McCawley and Matrisian,
2001; Nabeshima et al., 2002]. In each case,
increased MMP-9 activity would be expected to
increase osteoclastic activity beyond a corre-
sponding linear increase in matrix degradation.
Subsequently, increases in receptors TNFR1
and its related family member RANK may be a
result of increased activation of these cytokines
leading to increases in expression of their
receptors [Komine et al., 2001; Kwan Tat
et al., 2004].

Two proteins implicated in regulation of OC
signaling and fusion, and therefore size, are
SHIP and SIRPa1 and thus were obvious
choices to explore. SHIP has been shown to
be a negative regulator of the RANKL signaling
pathway by dephosphorylating phosphatidyli-

nositol-3,4,5-trisphosphate thereby blocking
phosphatidylinositol-3-kinase-initiated signal-
ing [Takeshita et al., 2002]. SHIP�/� OCs are
hypersensitive to M-CSF and RANKL, are
unusually large (containing up to 100 nuclei
similar to pagetic OCs) and have increased
resorptive activity resulting in severe osteo-
porotic SHIP�/� mice [Takeshita et al., 2002].
We hypothesized that the large OCs in our
model system would express a lower amount of
SHIP than the small OCs, but found instead a
small but significant 1.3-fold higher expression
in the large compared to small OCs (Fig. 6).
These results suggest that SHIP expression
may not be directly related to increased resorp-
tive activity noted in inflammatory diseases.
Rather, the slight increase in SHIP expression
could be viewed as an attempt to downregulate
the cell’s response to signaling through the
sRANKL/RANK pathway since our model does
employ a high RANKL level.

We also found an increase in SIRPa1 in small
compared to large RAW-derived OCs (Fig. 7),
paralleling results obtained by Han et al. [2000],
in rat alveolar macrophages. SIRPa1 (AKA p84/
BIT/SHPS-1) has been implicated in macro-
phage fusion through interaction with CD47
[Han et al., 2000; Vignery, 2000; Seiffert et al.,
2001; Liu et al., 2002; Oshima et al., 2002].
Vignery [2000] suggested that increased
expression of this receptor on small OCs makes
them more prone to fusion than larger OCs. Our
results are compatible with this view.

The integrin avb3 is a key player in bone
remodeling both through its direct involvement
in regulating resorption and indirectly through
transduction of inside-out and outside-in sig-
nals involved in OC differentiation, migration
and apoptosis [Duong et al., 2000; van der Flier
and Sonnenberg, 2001; Hynes, 2002]. Other
integrins were also reported on OCs at lower
levels such as: avb1 (vitronectin/fibronectin
receptor), a2b1 (collagen/laminin receptor) and
avb5 [Nesbitt et al., 1993]. However, during
osteoclastogenesis b3 expression increases and
associates with the av subunit resulting in
increased avb3 expression [Boissy et al., 1998]
and in their predominance over other integrins
on the mature OC surface. Since the av subunit
is found on OCs and pre-OCs associated with
other integrin subunits and b3 only appears
after 2 days in culture [Boissy et al., 1998], with
its expression is restricted to OCs, megakaryo-
cytes, and platelets [Helfrich et al., 1992], it is
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not surprising to see a dramatically higher b3

expression (4.5-fold) compared to av (2.2-fold) in
large OCs compared to small ones (Fig. 7).
This suggests that b3 is not only a marker
of osteoclastogenesis, but provides some
important functional/signaling role predomi-
nant in large and/or aggressively resorbing
OCs. Interestingly, in another series of experi-
ments not reported here, after treatment with
an anti-avb3 blocking antibody [Wilder, 2002]
large authentic rabbit OCs were less susceptible
to detachment than small OCs (Gramoun et al,
submitted), possibly as a result of the increased
levels of integrin expression.

IL-1 has been shown to influence various
signaling pathways within OCs [Troen, 2003;
Blair et al., 2005] and various cytokine levels in
vivo that affect OC function (i.e., TNF and
RANKL [Nukaga et al., 2004; O’Gradaigh et al.,
2004]). To this end, we asked if differences in the
expression level of IL-1 receptors or differences
in OC response to IL-1 exist. Immunoblotting
demonstrated increased levels of IL-1R1 in
large OCs and IL-1R2 in small OCs (Fig. 2).
RT-PCR further revealed that the increases
in receptor levels were mirrored by increases
in mRNA suggesting transcriptional regulation
(Fig. 3). It has been shown recently that in
mouse bone marrow macrophages, RNA
expression of the IL-1 receptors during
osteoclastogenesis is influenced by prolonged
exposure to RANKL [Wei et al., 2005] in that
RANKL decreased IL-1R2 expression and
increased IL-1R1 expression in 4 days of
culture. Furthermore, as previously mentioned,
differential IL-1 receptor expression has been
noted in OCs derived from arthritic and osteo-
porotic females with pathological OCs primarily
expressing IL-1R1 RNA [Xu et al., 1996; Sunyer
et al., 1999].

Few IL-1 receptors need to bind IL-1 to
initiate IL-1 signaling events. Furthermore,
IL-1 receptor expression is generally low
(reviewed in Dinarello [1996]). Considering
this, we hypothesized that the 1.5- to 3-fold
changes we noted in IL-1 receptor levels
between large and small OCs could result in
substantial alterations to resorptive activity in
response to identical extracellular stimulants.
We sought to test this hypothesis by assaying
the changes in the resorptive capacity of large
and small OCs to IL-l and its antagonist.

Supporting our hypothesis, we found that
large OCs were indeed more responsive to low

concentrations of IL-1b and that this increased
activity was suppressed by the antagonist
IL-1ra. Although the number of pits were equal
(data not shown), large OCs resorbed more bone
per OCs, with each resorption pit having a
larger surface area than small OCs in response
to 1 ng/ml IL-1b (Fig. 4). This increased activity
was suppressed by 50 ng/ml IL-1ra.

Although small OC did not respond to 1 ng/ml,
they did have a small increase in activity
to 10 ng/ml IL-1b. This likely results from the
1.5-fold higher concentration of IL-1R2 on
small OCs as it would necessitate higher
concentrations of IL-1b to saturate the decoy
receptors.

Considering the differences in RANK expres-
sion between large and small OCs one
might also expect sRANKL to result in similar
differences in resorption. Nevertheless, the
presence of 50 ng/ml sRANKL in similar
resorption assays did not result in any signifi-
cant differences (data not shown). Instead the
addition of sRANKL resulted in further differ-
entiation and fusion of OCs in the cultures,
minimizing the differences between the two
groups.

Lees et al. [2001] showed similar resorptive
differences between large and small OCs
using a rabbit co-culture system. The dif-
ferences in activity were not in response to a
specific exogenous factor added to culture, but
rather to a variety of factors produced by the
accompanying stromal cells. In contrast, using
OCs derived from RAW cells we did not see
any differences in resorptive activity between
the two populations without the addition of a
stimulant to the culture system (i.e., IL-1b).

As mentioned previously, large OCs are more
prevalent in sites of bone loss resulting from
inflammatory diseases. The increase in OC size
likely results from the increased level of
sRANKL and other inflammatory cytokines,
which in turn results from the increased
presence of inflammatory cells [Kong et al.,
1999]. Here we show that as size increases, so do
the levels of activating receptors (IL-1R1, c-fms,
RANK, TNFR1), which in turn, makes the OC
hyperresponsive to exogenous signals. This
‘‘vicious cycle’’ may explain the pathological
bone loss prevalent in many inflammatory
conditions [Takayanagi, 2005; Sato and
Takayanagi, 2006]. Current therapeutics inhi-
biting action of cytokines such as IL-1, TNFa
and RANKL have proven effective in decreasing
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bone erosion in pathological diseases such as
inflammatory arthritis [Feldmann et al., 1996;
Dayer, 2002; Bezerra et al., 2005]. An ideal
antiresorptive therapeutic agent would reduce
pathological resorption while maintaining the
normal remodeling activity that is required for
sustaining bone integrity. The heterogeneity in
receptor expression between large and small
OCs shown here could provide the groundwork
for designing methods for selective inhibition
and/or destruction of the most active OCs.
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