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Deficiency of osteoprotegerin (OPG), a soluble decoy receptor
for receptor activator of nuclear factor-�B ligand (RANKL), in
mice induces osteoporosis caused by enhanced bone resorp-
tion. Serum concentrations of RANKL are extremely high in
OPG-deficient (OPG�/�) mice, suggesting that circulating
RANKL is involved in osteoclastogenesis. RANKL�/� mice ex-
hibit osteopetrosis, with the absence of osteoclasts. We exam-
ined the requirements for osteoclastogenesis using OPG�/�

mice, RANKL�/� mice, and a system involving bone morpho-
genetic protein 2 (BMP-2)-induced ectopic bone formation.
When collagen disks containing BMP-2 (BMP-2-disks) or ve-
hicle were implanted into OPG�/� mice, osteoclast-like cells
(OCLs) and alkaline phosphatase-positive OCLs appeared in
BMP-2-disks but not the control disks. F4/80-positive oste-
oclast precursors were similarly distributed in both BMP-2-
and control disks. Cells expressing RANKL were detected in

the BMP-2-disks, and the addition of OPG to the disk inhibited
OCL formation. Muscle cells in culture differentiated into al-
kaline phosphatase-positive cells in the presence of BMP-2
and accordingly expressed RANKL mRNA in response to PTH.
This suggests that RANKL expressed by osteoblasts is a re-
quirement for osteoclastogenesis. We then examined how os-
teoblasts are involved in osteoclastogenesis other than
RANKL expression, using RANKL�/� mice. BMP-2- and control
disks were implanted into RANKL�/� mice, which were in-
jected with RANKL for 7 d. Many OCLs were observed in the
BMP-2-disks and bone tissues but not the control disks. These
results suggest that osteoblasts also play important roles in
osteoclastogenesis through offering the critical microenvi-
ronment for the action of RANKL. (Endocrinology 147:
3366–3374, 2006)

OSTEOCLASTS ARE BONE-RESORBING multinucle-
ated cells derived from the monocyte-macrophage

lineage (1, 2). Bone-forming osteoblasts express two cyto-
kines essential for osteoclast differentiation: receptor activa-
tor of nuclear factor-�B ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF) (1–4). Mice deficient for
M-CSF (5, 6) or RANKL (7) develop osteopetrosis, with a
complete lack of osteoclasts. M-CSF is constitutively ex-
pressed by osteoblasts, whereas the expression of RANKL is
up-regulated by osteotropic factors such as PTH and 1�,25-
dihydroxyvitamin D3 [1�,25(OH)2D3] (1–4, 8). Osteoclast
precursors bind to RANKL expressed by osteoblasts through

cell-cell interaction and differentiate into osteoclasts in the
presence of M-CSF (1–4).

Osteoprotegerin (OPG) is a soluble decoy receptor for
RANKL (1–4, 9, 10). OPG blocks osteoclastogenesis by in-
hibiting the RANKL-RANK interaction. Deficiency of OPG
in mice results in osteoporosis caused by enhanced bone
resorption (11, 12). Serum levels of RANKL are markedly
elevated in OPG�/� mice (13). A homozygous deletion of the
gene encoding OPG was reported in patients with juvenile
Paget’s disease, and the serum RANKL level was found to be
elevated in one of those patients (14). Recently we demon-
strated that circulating RANKL mainly originates from bone
in OPG�/� mice (15). These findings suggested that circu-
lating RANKL is involved in osteoclastogenesis in OPG�/�

mice. However, it is unclear whether soluble and/or mem-
brane-bound RANKL is the critical trigger for osteoclast for-
mation in vivo.

Bone morphogenetic proteins (BMPs) are pluripotent
growth factors that have been purified from the bone matrix
(16). BMP-2, -4, and -7 can induce ectopic bone formation in
animals when they are implanted with appropriate carriers
such as type I collagen into sc or muscle tissues (17–20). For
instance, BMP-2 inhibits the differentiation of myoblastic
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cells into myotubes and converts their differentiation path-
way into the osteoblast lineage (21, 22). However, it is still
unclear how osteoclast differentiation is regulated during
ectopic bone formation induced by BMPs.

In the present study, we examined the requirements for
osteoclastogenesis in vivo using OPG�/� mice and a system
involving recombinant human BMP-2-induced ectopic bone
formation. We also examined the effects of RANKL injection
on osteoclast formation in tibiae and BMP-2-induced ectopic
bone in RANKL�/� mice. Our results suggest that osteo-
blasts play important roles in osteoclast formation through
offering the critical microenvironment for the action of
RANKL as well as RANKL expression.

Materials and Methods
Mice and microcomputerized tomography (microCT)

Male OPG�/� mice (C57BL/6J) and control wild-type (WT) mice
were obtained from Japan Clea (Tokyo, Japan). RANKL�/� (C57BL/6)
mice were generated in one of the authors’ laboratories (7). All proce-
dures for animal care were approved by the Animal Management Com-
mittee of Matsumoto Dental University. For microCT analysis, heads
and femurs of OPG�/� mice and WT mice were fixed and subjected to
three-dimensional microCT analysis.

Ectopic bone formation and tissue preparation

BMP-2 produced by Genetic Institute (Cambridge, MA) was donated
to us through Astetellas Pharmaceutical (Tokyo, Japan). BMP-2 con-
taining collagen disks (Helistat; Integra Life Sciences, Plainsboro, NJ) (5
�g/disk) were prepared as described previously (23). In some experi-
ments, OPG-Fc (R&D Systems, Minneapolis, MN) (25 �g/disk) or
RANK-Fc (R&D Systems) (25 �g/disk) were added to the BMP-2-con-
taining disks. Collagen disks containing RANKL (PeproTeck, Rocky
Hill, NJ) (25 �g/disk) with or without BMP-2 were also prepared. The
disks were implanted into the left dorsal muscle pouches of mice (13, 23).
After implantation of the disks for 1 or 2 wk, mice were killed to recover
the disks with surrounding tissues. Blood samples were also collected
from the mice. In some experiments using RANKL�/� mice, the mice
were ip injected with RANKL (15 �g/injection) every 2 d for a total of
four times. Twenty-four hours after the final RANKL injection, tibiae
and implants were removed from the mice for further processing. The
implants recovered from mice after implantation for 2 wk were decal-
cified with EDTA (13, 23). Specimens were embedded in paraffin or
Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan)
(24, 25).

Histochemistry

Tartrate-resistant acid phosphatase (TRAP, a marker enzyme of os-
teoclasts) activity and alkaline phosphatase (ALP, a marker enzyme of
osteoblasts) activity in cryostat sections were detected by using enzyme
histochemistry as described (13, 25). For double staining of TRAP and
ALP, the sections were first incubated for 10 min in an acetate buffer [0.1
m sodium acetate (pH 5.0)] containing naphthol AS-MX phosphate (0.1
mg/ml; Sigma, St. Louis, MO) and fast red violet LB salt (0.6 mg/ml,
Sigma) in the presence of 50 mm sodium tartrate to detect TRAP-positive
cells. The sections were then washed with PBS and incubated for another
10 min in Tris buffer [0.1 m Tris-HCl (pH 8.5)] containing naphthol
AS-MX phosphate (0.1 mg/ml) and fast blue BB salts (0.6 mg/ml, Sigma)
to detect ALP-positive cells. TRAP-positive cells appeared as red cells,
whereas ALP-positive cells as blue cells. Serial sections were also pro-
cessed for immunohistochemistry using monoclonal antibody against
human cathepsin K (Daiichi Fine Chemical, Takaoka, Japan), polyclonal
goat antibodies against mouse matrix metalloproteinase (MMP)-9 (R&D
Systems), rat monoclonal antibody against mouse F4/80 (BMA Bio-
medicals, Augst, Switzerland), and polyclonal goat antibody against
mouse RANKL (Santa Cruz Biotechnology, Santa Cruz, CA). The bind-
ing of these antibodies to antigens was detected using mouse MOM ABC
kit (Vector Laboratories, Burlingame, CA), goat Vectostain ABC kit

(Vector Laboratories), or rat Histofine MAX-PO (R) kit, respectively
(Nichirei, Tokyo, Japan). Immunocomplexes were visualized with dia-
minobenzidine (Sigma). The sections were counterstained with
hematoxylin.

Measurements of RANKL, OPG, calcium, and TRAP5b
levels

Serum concentrations of RANKL and OPG were estimated using
respective ELISAs (R&D Systems) (13). Serum calcium concentrations
were measured using a calcium E kit (Wako, Tokyo, Japan). Serum
TRAP5b activity was measured using a mouse TRAP assay kit (SBA
Sciences, Turku, Finland) (26).

Primary muscle cell cultures

Primary muscle cells were prepared from thigh muscles of 1-d-old
mice (C57BL/6J) as described previously (22). The primary muscle cells
were inoculated at 8 � 104 cells/cm2 (6-cm culture dish) and cultured
with or without 300 ng/ml BMP-2 (R&D Systems). The culture medium
was replaced every 2 d. After culturing for 6 d, human PTH (100 ng/ml;
R&D Systems) was added to some cultures for 24 h. The cultures were
then subjected for double staining of ALP activity and troponin T using
antitroponin T monoclonal antibody (Lab Vision, Fremont, CA) (22).
Immunoreactions were visualized with a Histofine MAX-PO (R) kit
(Nichirei). Some cells were also used for total RNA extraction as de-
scribed below.

RT-PCR analysis

For RT-PCR analysis, total RNA was extracted from long bones of
OPG�/� mice and WT mice using Trizol solution (Invitrogen, Carlsbad,
CA). First-strand cDNA was synthesized from the total RNA with ran-
dom primers and subjected to PCR amplification with Ex Taq polymer-
ase (Takara Biochemicals, Shiga, Japan) using the following specific PCR
primers: mouse RANKL, 5�-CGCTCTGTTCCTGTACTTTCGAGCG-3�
(forward, nucleotides 195–219) and 5�-TCGTGCTCCCTCCTTTCAT-
CAGGTT-3 (reverse, nucleotides 757–781); mouse OPG, 5�-TG-
GAGATCGAATTCTGCTTG-3� (forward, nucleotides 575–595) and 5�-
TCAAGTGCTTGAGGGCATAC-3 (reverse, nucleotides 1275–1295);
mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5�-AC-
CACAGTCCATGCCATCAC-3� (forward, nucleotides 566–585) and 5�-
TCCACCACCCTGTTGCTGTA-3� (reverse, nucleotides 998-1017). The
PCR products were separated by electrophoresis on 2% agarose gels and
visualized by ethidium bromide staining with UV light illumination.
The numbers of PCR cycles were: 28 for RANKL and OPG and 20 for
GAPDH. The sizes of the PCR products for mouse RANKL, OPG, and
GAPDH were 587, 721, and 452 bp, respectively.

Real-time PCR analysis

For real-time PCR analysis, total RNA was extracted from cultures of
primary muscle cells. First-strand cDNA was synthesized from total
RNA with random primers and subjected to Real-time PCR amplifica-
tion using the following specific PCR primers: mouse-�1(I) collagen
(COL1A1), 5�-TCTCCACTCTTCTAGTTCCT-3� (forward, nucleotides
1248–1267) and 5�-TTGGGTCATTTCCACATGC-3� (reverse, nucleo-
tides 1498–1516); mouse RANKL, 5�-TGTACTTTCGAGCGCAGATG-3�
(forward, nucleotides 203–222) and 5�-CCCACAATGTGTTGCAGTT-
C-3� (reverse, nucleotides 382–401); and mouse PTH/PTHrP receptor,
5�-AAAGGCCATGCCTACAGACG-3� (forward, nucleotides 421–440)
and 5�-TTCACGAAGATGCTCGCGG-3� (reverse, nucleotides 701–719).
SYBR Green-based quantitative real-time PCR analysis was carried out
using the Opticon DNA engine thermocycler (MJ Research, Waltham,
MA). Triplicate reactions were carried out for each sample. The expres-
sion value of each sample was normalized by the expression level of
GAPDH.

Statistics

Data are expressed as the mean � sd of more than three samples.
Statistical analysis was performed using Student’s t test. Each experi-
ment was repeated at least three times, and similar results were
obtained.
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Results

Osteoclastogenesis in ectopic bone in OPG�/� mice

MicroCT analysis confirmed that bone mineral content
was severely reduced in femurs and alveolar bones obtained
from OPG�/� mice at age 18 wk (Fig. 1A). Many TRAP-
positive osteoclast-like cells (OCLs) were detected in prox-
imal femurs in OPG�/� mice (Fig. 1A). Although there was
no significant difference in serum calcium levels between
OPG�/� and WT mice, the serum activity of TRAP5b, a
marker of bone resorption, was significantly increased in
OPG�/� mice (Fig. 1B). Serum concentrations of RANKL
were elevated in OPG�/� mice in comparison with those in
WT mice (Fig. 1B). However, RANKL mRNA expression in
bone tissues in OPG�/� mice was comparable with that in
WT mice (Fig. 1C). These results suggested that circulating
RANKL in the serum might be responsible for the increase
bone resorption in OPG�/� mice.

We then examined the appearance of OCLs during the ec-
topic bone formation induced by BMP-2 in OPG�/� and WT
mice (Fig. 2). Collagen disks containing BMP-2 or vehicle were
implanted into OPG�/� and WT mice, and the implants were
recovered after 1 or 2 wk. TRAP-positive cells and ALP-positive
cells were observed in BMP-2-disks recovered after 1 wk, pre-
ceding the onset of calcification (Fig. 2A). TRAP-positive cells
were detected primarily in and around the layers of ALP-
positive cells. The number of TRAP-positive cells appearing in
BMP-2-disks implanted into OPG�/� mice for 1 wk was mark-
edly higher than that in BMP-2-disks implanted into WT mice
(Fig. 2, A and B). Although the mean number of TRAP-positive
cells in BMP-2-disks after 2 wk was higher in OPG�/� mice
than in WT mice, the significant difference was not recognized
between the two BMP-2-disks (Fig. 2B).

Mineralized tissues (bone) were observed in the BMP-2-
containing implants recovered after 2 wk. The number of
TRAP-positive cells was increased in BMP-2-disks recovered
after 2 wk (Fig. 2, A and B). Cells positive for cathepsin K
were also observed along the mineralized tissue in the BMP-
2-disks (Fig. 2A). Neither TRAP-positive cells nor cathepsin
K-positive cells were observed in or around the control disks
implanted into OPG�/� mice even after 2 wk (Fig. 2, A and
B). Multinucleated OCLs were usually observed in BMP-2-
disks recovered after implantation for 2 wk and occasionally
in those recovered after 1 wk (Fig. 2C). The multinucleated
cells, which appeared in the BMP-2-disks recovered after 1
wk, expressed strong TRAP activity and high levels of the
osteoclast-specific proteins cathepsin K and MMP-9 (Fig. 2C).
TRAP-positive multinucleated cells were always localized in
close contact with ALP-positive cells (Fig. 2C). We previously
reported that the serum concentration of RANKL in OPG�/�

mice was markedly increased by daily administration of
1�,25(OH)2D3 for 4 d (15). We therefore examined the effect
of daily administration of 1�,25(OH)2D3 on the appearance
of TRAP-positive cells in the control disks implanted into
OPG�/� mice. The effect of 1�,25(OH)2D3 on TRAP-positive
cell formation in BMP-2-disks was not examined because
there was a possibility that osteoblasts appearing in the BMP-
2-disks also expressed RANKL in response to1�,25(OH)2D3.
Although the serum concentrations of RANKL in OPG�/�

mice were increased to ca 30 ng/ml by 1�,25(OH)2D3 ad-
ministration, no TRAP-positive cells were detected around
or in the control implants (data not shown).

FIG. 1. Features of bone and serum parameters in OPG�/� mice. A,
MicroCT images of femurs and alveolar bones in OPG�/� mice and WT
mice (upper panels). Histological features of the femoral metaphysis
in OPG�/� mice and WT mice (lower panels) are shown. The relative
bone mineral density of femur and mandibular alveolar bone in mice
was imaged by microCT. Sections prepared from femurs were histo-
chemically stained for TRAP and then subjected to toluidine blue
staining. TRAP-positive cells appear as red cells. B, Serum levels of
calcium, TRAP5b activity, OPG, and RANKL in OPG�/� mice and WT
mice. Serum was collected from OPG�/� mice and WT mice at age 6–8
wk. Concentrations of calcium, OPG, and RANKL in serum were
estimated using respective assay kits. Serum TRAP5b activity was
estimated using a mouse TRAP assay kit. Data are expressed as the
mean � SD of four animals. *, P � 0.01, significantly different from WT
mice. C, Expression of RANKL and OPG mRNAs in bone tissues in
OPG�/� mice and WT mice. Total RNA was extracted from long bones
and subjected to RT-PCR analysis for RANKL and OPG mRNAs.
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Inhibition of OCL formation by OPG-Fc or RANK-Fc

We next examined whether RANKL is involved in the
appearance of OCLs in the BMP-2-disks. Collagen disks con-
taining BMP-2 together with OPG-Fc or RANK-Fc were im-
planted into OPG�/� mice for 1 wk. Both OPG-Fc and
RANK-Fc have been shown to inhibit osteoclastogenesis
through inhibiting the interaction between RANKL and
RANK. Although TRAP-positive multinucleated cells were
hardly observed in BMP-2-disks recovered after implanta-

tion for 1 wk, many TRAP-positive mononuclear cells were
induced in the disks (Fig. 3A). The addition of OPG-Fc to the
BMP-2-disks almost completely inhibited the appearance of
TRAP-positive cells (Fig. 3, A and B). TRAP-positive cell
formation was strongly inhibited by RANK-Fc as well. Nei-
ther OPG-Fc nor RANK-Fc affected the number of ALP-
positive cells appearing in BMP-2-disks. The number of MMP-
9-positive cells in BMP-2-disks was also reduced by OPG-Fc
(Fig. 3B). We previously reported that F4/80-positive macro-

FIG. 2. Expression of specific markers of osteoclasts
and osteoblasts in implants containing BMP-2 or ve-
hicle. Collagen disks containing BMP-2 or vehicle
(control) were implanted into OPG�/� mice and WT
mice and recovered after implantation for 1 or 2 wk.
A, Sections were prepared from the implants and
histochemically stained for TRAP and double stained
for TRAP and ALP. TRAP-positive cells appeared as
red cells and ALP-positive cells as blue cells. Sections
prepared from the implants recovered after 2 wk
were immunohistochemically stained for cathepsin K
and then subjected to hematoxylin staining. Cathep-
sin K-positive cells stained brown. Bar, 100 �m. B,
The number of TRAP-positive cells was counted in
each section. Data are expressed as the mean � SD
from three implants. *, P � 0.05, significantly dif-
ferent from WT mice. C, Histochemical observation of
multinucleated cells. BMP-2-disks implanted into
OPG�/� mice were recovered after implantation for
1 wk. Sections were double stained for TRAP and
ALP. Some sections were also immunohistochemi-
cally stained for cathepsin K and MMP-9 (brown
color) and subjected to hematoxylin staining. Bar, 10
�m.
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phages differentiated into OCLs in the presence of RANKL and
M-CSF (23). There was no significant difference in the distri-
bution of F4/80-positive cells between BMP-2-disks and control
ones (Fig. 3, C and D). TRAP-positive cells were observed only
in the BMP-2-disks. The addition of OPG-Fc to BMP-2-contain-
ing disks had no effect on the appearance of F4/80-positive cells
but strongly inhibited the appearance of TRAP-positive cells
(Fig. 3, C and D). OPG-Fc that had leaked from the disks was
detected in the serum of OPG�/� mice (Fig. 3E). Thus, OPG
inhibited the appearance of OCLs but not OCL progenitor cells
in the implants.

Importance of RANKL expressed by BMP-2-induced ALP-
positive cells in osteoclastogenesis

Cells expressing RANKL were detected immunohisto-
chemically in and around the BMP-2-disks but not control

disks (Fig. 4). The addition of OPG-Fc to the BMP-2-disk had
no effect on the expression of RANKL protein by stromal
cells (Fig. 4A). This suggests that locally expressed RANKL
is important for the induction of OCLs in BMP-2-induced
ectopic bone. We then examined whether BMP-2 directly
induces RANKL expression in myoblastic cells (Fig. 4B).
Primary muscle cells prepared from thigh muscles of new-
born mice were cultured in the presence or absence of BMP-2
for 6 d (22). The number of troponin T (a marker of myo-
tubes)-positive myotubes was decreased and that of ALP-
positive cells was increased in muscle cell cultures treated
with BMP-2 (Fig. 4B). Real-time PCR analysis showed that
primary muscle cells treated with recombinant human BMP-2
expressed mRNAs of �1(�)-collagen and PTH/PTHrP receptors
but not RANKL (Fig. 4C). RANKL mRNA was expressed in
BMP-2-treated cells when they were further incubated with

FIG. 3. Effects of OPG-Fc and RANK-Fc
on the appearance of OCLs and ALP-pos-
itive cells in implants containing BMP-2.
Collagen disks containing BMP-2,
BMP-2 plus OPG (BMP-2 � OPG-Fc), or
BMP-2 plus soluble RANK (BMP-2 �
RANK-Fc) were prepared and implanted
into OPG�/� mice. The implants were re-
covered after implantation for 1 wk. A,
Histochemical detection of TRAP- and
ALP-positive cells in the implants. Sec-
tions were histochemically stained for
TRAP and double stained for TRAP and
ALP. Bar, 100 �m. B, Immunohistochem-
ical detection of MMP-9-positive cells in
the implants. Collagen disks containing
BMP-2, BMP-2 plus OPG-Fc (BMP-2 �
OPG-Fc), or vehicle (control) were im-
planted into OPG�/� mice. The implants
were recovered after implantation for 1
wk. Bar, 20 �m. C, D, and E, Collagen
disks containing BMP-2, BMP-2 plus
OPG-Fc (BMP-2 � OPG-Fc), or vehicle
(control) were implanted into OPG�/�

mice. C, Sections prepared from the im-
plants were double stained for TRAP
and F4/80. Bar, 20 �m. D, The number
of F4/80-positive cells and that of
TRAP-positive cells per unit area (1.0
mm2) were separately counted. Data
are expressed as the mean � SD of three
implants. *, P � 0.01, significantly dif-
ferent from implants containing BMP-2
alone. E, Serum concentrations of OPG
in OPG�/� mice implanted with colla-
gen disks containing BMP-2 and BMP-2
together with OPG-Fc (BMP-2 � OPG-
Fc). The serum of mice in each group
was combined, and the concentration of
OPG in the serum was measured by
ELISA.
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FIG. 5. Expression of specific markers
of osteoclasts in implants containing
RANKL. Collagen disks containing
RANKL (25 �g/disk) were implanted
into OPG�/� mice. The implants were
recovered after implantation for 1 wk.
Sections were double stained for TRAP
and ALP (left panel). Sections were also
immunohistochemically stained for
MMP-9 and then subjected to hematox-
ylin staining (right panel). Arrows in-
dicate MMP-9-positive cells. The num-
ber of TRAP-positive cells was counted
in each section (22.8 � 7.4 TRAP-posi-
tive cells per section, the mean � SD of
five sections). Bar, 20 �m.

FIG. 4. Expression of RANKL in ALP-positive cells induced by BMP-2. A, Expression of RANKL protein in ALP-positive cells induced by in implants
containing BMP-2 or vehicle. Collagen disks containing BMP-2, BMP-2 plus OPG-Fc (BMP-2 � OPG-Fc), or vehicle (control) were implanted into OPG�/�

mice and recovered after implantation for 1 wk. Sections of the implants were immunohistochemically stained for RANKL using anti-RANKL antibody and
subjected to hematoxylin staining. RANKL-positive cells appeared as brown cells (arrows). Bar, 10 �m. B and C, Effects of BMP-2 and PTH on RANKL
mRNA expression in primary muscle cells in culture. Primary muscle cells were cultured in the presence or absence of BMP-2 for 6 d and further incubated
withorwithoutPTHfor24h(control/control, control/PTH,BMP-2/control,BMP-2/PTH).Subsequentlycellswerestained forbothALPandtroponinT.Some
cultures were subjected to extraction of total RNA. B, Double staining of muscle cell cultures for ALP activity and troponin T. Troponin T-positive cells
appearedas redcellsandALP-positivecellsasbluecells.Bar, 50 �m.C,Real-timeRT-PCRformRNAsof �1(I) collagen,PTH/PTHrPreceptors,andRANKL.
Theexpressionof�1(I)collagen,PTH/PTHrPreceptor,andRANKLmRNAwasexpressedasfold increaserelativetoGAPDHexpression.Dataareexpressed
as the mean � SD of three cultures. *, P � 0.01, significantly different from control/control cultures.
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PTH (Fig. 4C). These results suggest that BMP-2 induces the
differentiation of myoblasts into osteoblasts, which express
RANKL in response to osteotropic factors, including PTH.

We next examined whether collagen disks containing
RANKL but not BMP-2 induced OCLs in the disks (Fig. 5).
Collagen disks containing RANKL (25 �g/disk) were im-
planted into OPG�/� mice for 1 wk. TRAP-positive cells
appeared in the disks, although the number was very low
(22.8 � 7.4 TRAP-positive cells per section, the mean � sd of
five sections). ALP-positive cells were not observed in the
disks. A small number of MMP-9-positive cells were also
observed in the RANKL-containing disks. These results sug-
gest that RANKL is involved in OCL formation in the col-
lagen disks and further confirm that OCL precursors are
present in the control disks as well as the BMP-2-disks.

Osteoblasts determine the site of osteoclastogenesis

We finally examined the role of osteoblasts in osteoclas-
togenesis using RANKL�/� mice (Fig. 6). BMP-2-disks and
control disks were implanted into RANKL�/� mice. After
implantation for 1 wk, RANKL (15 �g/injection) was in-
jected into RANKL�/� mice every 2 d for a total of four times.
Osteoclasts were totally absent in tibiae of RANKL�/� mice

(Fig. 6A). Injection of RANKL into RANKL�/� mice induced
many TRAP-positive cells in the tibiae as if they were existing
in WT mice. TRAP-positive cells were never observed in soft
tissues around the bones in RANKL�/� mice injected with
RANKL (Fig. 6A). ALP-positive cells appeared in BMP-2-
disks implanted into RANKL�/� mice, but TRAP-positive
cells did not (Fig. 6B). Many TRAP-positive cells were also
detected in the BMP-2-disks implanted into RANKL�/� mice
injected with RANKL, whereas only a few TRAP-positive
cells were observed in the control disks. Most TRAP-positive
cells were localized in close proximity to ALP-positive cells.
These results suggest that osteoblasts play critical roles in
osteoclastogenesis, even under conditions of high levels of
circulating RANKL, and that circulating RANKL in the se-
rum is also involved in the increase bone resorption in
OPG�/� mice.

Discussion

OPG�/� mice exhibit aberrant bone metabolism charac-
terized by accelerated bone resorption (11–13). Because the
serum concentration of RANKL is markedly elevated in these
mice (15), we hypothesized that if circulating RANKL is
directly involved in osteoclastogenesis, osteoclasts would be

FIG. 6. Effects of RANKL injection on
BMP-2-mediated osteoclast formation
in RANKL�/� mice. Collagen disks con-
taining BMP-2 or vehicle (control) were
implanted into RANKL�/� mice. After
implantation for 1 wk, mice were ip in-
jected with RANKL (15 �g/head per
day) every 2 d for a total of four times.
Twenty-four hours after the final injec-
tion, tibiae and implants were removed
from the mice. A, Sections of tibiae were
histochemically stained for TRAP and
then subjected to hematoxylin staining.
a–d, High-power views of the portions
in squares in the upper panels. B, Sec-
tions of implants were double stained
for TRAP and ALP. TRAP-positive cells
appeared as red cells and ALP-positive
cells as blue cells. Lower panels show
high-power views of the portions in
squares in the upper panels. The arrow
indicates a TRAP-positive cell found in
a control disk. Bars, 50 �m.
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induced in tissues other than bone in these mice. However,
our experiments showed that only ALP-positive osteoblast-
like cells, but not serum RANKL, supported OCL formation
in OPG�/� mice. TRAP-positive cells were always detected
in and around the layers of ALP-positive cells in BMP-2-disks
but not the control disks. TRAP-positive cells also expressed
osteoclast markers such as cathepsin K and MMP-9, con-
firming the notion that these cells were bona fide OCLs.
TRAP-positive cells and MMP-9-positive cells did not de-
velop in BMP-2-disks containing OPG-Fc or RANK-Fc. These
results show that osteoblasts support OCL formation in
BMP-containing disks.

We showed that the ALP-positive cells appearing in the
BMP-2-disks expressed RANKL protein. BMP-2 induced the
differentiation of muscle cells into ALP-positive cells, which
then expressed RANKL mRNA in response to PTH. It was
reported that treatment of myoblastic C2C12 cells with BMP-
2-induced RANKL mRNA expression in the presence of
1�,25(OH)2D3 (27). These results suggest that BMP-2 con-
verts the differentiation pathway of myoblasts into a path-
way generating osteoblasts responsive to calcitropic hor-
mones such as PTH and 1�,25(OH)2D3. TGF� has been
reported to enhance osteoclast formation in cultures of os-
teoclast progenitor cells treated with RANKL (28–30). These
results suggest that cytokines such as TGF� and M-CSF in
addition to RANKL are involved in OCL formation in BMP-
2-disks. Osteoblasts and several cytokines induced by BMP-2
appear to play important roles in OCL formation in BMP-
2-induced ectopic bone tissues.

Mineralized tissues are not required for osteoclast differen-
tiation, even under in vivo conditions. Irie et al. (24) examined
osteoclast formation during BMP-2-induced ectopic bone for-
mation. ALP-positive cells and mononuclear cells possessing
osteoclast markers such as TRAP, cathepsin K, and calcitonin
receptors simultaneously appeared on d 3 after implantation of
the BMP-2-containing substrate in rats (24). These results, to-
gether with our findings, suggest that osteoblasts rather than
mineralized tissues determine the site at which osteoclasts de-
velop through local expression of RANKL at the site.

F4/80-positive cells were similarly distributed in the con-
trol disks and BMP-2-containing disks. We previously re-
ported that bone marrow-derived F4/80-positive macro-
phages effectively differentiated into OCLs in the presence of
RANKL and M-CSF (31). Circulating monocytes seem to
differentiate into F4/80-positive macrophages in the connec-
tive tissues induced by both the BMP disks and control disks.
RT-PCR analysis showed that the connective tissue in the
control implants expressed M-CSF mRNA (data not shown),
suggesting that the connective tissue in the implant supplies
M-CSF. In fact, OCLs appeared in RANKL-containing col-
lagen disks, although the number was very low. These results
suggest that osteoclast precursors are present, even in the
control disks, and that the expression of M-CSF is not the
determining factor for osteoclast formation in BMP-2-disks.

Interestingly, injection of RANKL into RANKL�/� mice
induced many TRAP-positive cells on the surface of calcified
bone tissues but not in soft tissues around the bone. In ad-
dition, OCLs were induced in BMP-2-disks, and they were
observed in and around the layers of ALP-positive cells.
These results suggest that, in addition to RANKL expression,

osteoblasts play important roles in osteoclast formation. We
previously reported that membrane- or matrix-associated
forms of M-CSF expressed by osteoblasts supported oste-
oclast formation in cocultures with osteoclast progenitors
(32). The distribution of membrane- or matrix-associated
forms of M-CSF may determine the site of osteoclast forma-
tion. Recent studies have shown that RANKL and M-CSF are
not sufficient to activate the signals required for osteoclas-
togenesis and that immunoreceptor tyrosine-based activa-
tion motifs (ITAM)-dependent costimulatory signals are also
required to induce osteoclastogenesis (33–36). ITAM-depen-
dent costimulatory signals may be involved in inducing os-
teoclastogenesis in the correct place. Alternatively, osteo-
blasts may express important signal(s) other than M-CSF,
RANKL, and ligands that stimulate ITAM signals that de-
termine where osteoclastogenesis can occur. Alternatively,
osteoblasts may express an unidentified signal(s) to deter-
mine the correct location for osteoclastogenesis. These results
also suggest that circulating RANKL in the serum is involved
in the increase bone resorption in OPG�/� mice.

Soluble RANKL is sufficient in inducing in vitro osteoclas-
togenesis in the absence of osteoblasts (5, 7). When collagen
disks containing RANKL were implanted into OPG�/� mice
for 1 wk, TRAP-positive cells appeared in the disks. How-
ever, the number of TRAP-positive cells was very low in the
control disks containing RANKL in comparison with that in
BMP-2-containing disks. These results suggest that osteo-
blasts offer the critical microenvironment for the action of
RANKL. The amount of RANKL necessary for osteoclastogen-
esis may lower in the presence of osteoblasts. Osteoclasts or
OCLs are also detected in soft tissues such as giant cell tumors
(37–39) and the synovium of the inflamed joints in rheumatoid
arthritis patients (40, 41). Because osteoblasts are not observed
in those soft tissues, stromal cells in such tissues may pay a role
similar to that of osteoblasts in osteoclast formation.

In conclusion, osteoblasts play important roles to induce
osteoclasts in suitable sites. Osteoblasts express RANKL and
M-CSF, two cytokines essential for osteoclast formation. In
addition, osteoblasts provide the critical microenvironment
for the action of RANKL to induce osteoclasts. Further stud-
ies will elucidate the molecular mechanism by which sites of
osteoclastogenesis are selected and developed.
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