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Foreign body giant cells (FBGCs) and osteoclasts are multinucleated giant cells (MNGCs), both of which are
formed by the fusion of macrophage-derived mononuclear cells. Osteoclasts are distinct from FBGCs due to
their bone resorption ability; however, not only morphological, but also functional similarities may exist
between these cells. The characterization and diversity of FBGCs that appear in an in vivo foreign body reac-
tion currently remain incomplete. In the present study, we investigated an in vivo foreign body reaction using
an extraskeletal implantationmodel of hydroxyapatite (HA) with different microstructures. The implantation
of HA granules in rat subcutaneous tissue induced a foreign body reaction that was accompanied by various
MNGCs. HA granules composed of rod-shaped particles predominantly induced cathepsin K (CTSK)-positive
FBGCs, whereas HA granules composed of globular-shaped particles predominantly induced CTSK-negative
FBGCs. Plasma, which was used as the binder of ceramic granules, stimulated the induction of CTSK-positive
FBGCs more strongly than purified fibrin. Furthermore, the implantation of HA composed of rod-shaped par-
ticles with plasma induced tartrate-resistant acid phosphatase (TRAP)-positive MNGCs in contrast to HA
composed of globular-shaped particles with purified fibrin, which predominantly induced CTSK-negative
and TRAP-negative typical FBGCs. These results suggest that CTSK-positive, TRAP-positive, and CTSK- and
TRAP-negative MNGCs are induced in this subcutaneous implantation model in a manner that is dependent
on the microstructure of HA and presence or absence of plasma.

Statement of Significance

We attempted to elucidate the mechanisms responsible for the foreign body reaction induced by the implan-
tation of hydroxyapatite granules with different microstructures in rat subcutaneous tissue with or without
plasma components as the binder of ceramic granules. By analyzing the expression of two reliable osteoclast
markers, we detected tartrate-resistant acid phosphatase-positive multinucleated giant cells, cathepsin K-
positive multinucleated giant cells, and tartrate-resistant acid phosphatase- and cathepsin K-negative mult-
inucleated giant cells. The induction of tartrate-resistant acid phosphatase-positive multinucleated giant
cells was plasma component-dependent while the induction of cathepsin K-positive multinucleated giant
cells was influenced by the microstructure of hydroxyapatite. This is the first study to show the conditions
dividing the three kinds of multinucleated giant cells in the foreign body reaction.
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1. Introduction

Foreign body giant cells (FBGCs) and osteoclasts are both mult-
inucleated giant cells (MNGCs) generated by the fusion of mononu-
clear progenitor cells derived from a monocyte-macrophage
lineage. Osteoclasts are easily distinguished from FBGCs due to
their bone resorption ability [1]. Osteoclasts are one of the most
important regulators of bone metabolism and are essential for
maintaining the homeostasis of bone volume and calcium concen-
trations in serum. Osteoclasts dissolve bone mineral, chiefly com-
posed of hydroxyapatite (HA) with acid synthesized by their
acidification enzymes, such as carbonic anhydrase and proton
ATPase [2]. Bone matrix proteins are chiefly digested by matrix
metalloproteinase-9 (MMP-9) and cathepsin K (CTSK), both of
which degrade collagen, the major component of the bone matrix.
Hence, these enzymes are important markers for identifying osteo-
clasts [3–5]. Tartrate-resistant acid phosphatase (TRAP) and calci-
tonin receptors have also been identified as important markers of
osteoclasts [6]. In the presence of macrophage colony-stimulating
factor (M-CSF), osteoclasts are induced by the stimulation of recep-
tor activator of nuclear factor kappa-B ligand (RANKL) through its
receptor, RANK, which is expressed in mononuclear macrophages
[7–9]. RANK binds with RANKL to stimulate the transcriptional fac-
tor NFATc1, which leads to the induction of multinucleated osteo-
clasts [10,11]. Therefore, RANK and NFATc1 are also important
markers of osteoclasts [9]. Multinucleation is considered essential
for bone resorption; however, the phenotype of mice deficient in
the dendritic cell-specific transmembrane protein (DC-STAMP) or
osteoclast stimulatory transmembrane protein (OC-STAMP), both
of which are key molecules in cell fusion for the formation of
MNGCs, revealed bones with bone marrow cavities in spite of
almost no multinucleated osteoclasts existing [12,13]. These find-
ings indicate that mononuclear preosteoclasts have the ability to
resorb bone similar to multinucleated osteoclasts.

DC-STAMP- and OC-STAMP-deficient mice have a disorder for
multinucleation of not only osteoclasts, but also FBGCs [12,13].
FBGCs have been classified into several groups based on their
in vivo locations and morphological characteristics; however, the
functional diversity of FBGC remains largely unclear. One of the
reasons for the difficulties associated with analyzing FBGCs is that
there are very limited numbers of useful specific markers to iden-
tify these cells [14–16]. FBGCs were previously shown to be
induced in vitro by the stimulation of interleukin (IL)-4 and/or IL-
13 in the presence of granulocyte-macrophage colony stimulating
factor (GM-CSF) or M-CSF [17,18]. The biological significance of
FBGCs and osteoclasts differs and previous studies also suggested
that the biogenesis of FBGCs and osteoclasts are mutually exclusive
[19–23]; however, part of the biological mechanism to form
MNGCs is similar between these cell types [15].

We have been investigating the repair of bone defects
implanted with ceramics using animal models. In the course of
our research, HA composed of rod-shaped particles has been syn-
thesized using an applied hydrothermal method [24,25]. HA syn-
thesized with a hydrothermal process (HHA) and HA synthesized
by conventional sintering (SHA) have been implanted into bone
defects and the resulting biological responses were compared.
Our findings showed that the number of osteoclasts was signifi-
cantly larger in the region implanted with HHA than in that
implanted with SHA. Furthermore, a significantly larger amount
of bone was induced in the region implanted with HHA than in that
implanted with SHA [26,27]. These findings suggest that HHA exhi-
bits more potent osteoclast-homing activity than SHA, which
results in the formation of a larger amount of bone in the
implanted region. When implanted into bone defects, the calcium
phosphate ceramics have been shown to be attached with
osteoclasts and involved in the bone generated by osteoblasts
[26–28]. This means that calcium phosphate ceramics tend to be
recognized as bone equivalent materials rather than foreign bodies
if they are surrounded by a large amount of bone. In the extraskele-
tal tissue, calcium phosphate ceramics are usually recognized by
FBGCs as foreign bodies. When calcium phosphate ceramics are
implanted into extraskeletal soft tissue, a foreign body reaction
may also be influenced by their microstructures, and their
microstructures may control certain phenotypes of FBGCs. How-
ever, information regarding this issue is still limited [29,30], and
the implantation of calcium phosphate ceramics with different
microstructures into extraskeletal soft tissue may contribute to
examinations on the diversity of FBGCs. In addition, it was sug-
gested that mononuclear osteoclast precursor cells circulate in
the blood stream and settle on the surface of bone tissue [31],
and HHA and/or SHA may act as scaffolds of osteoclast precursor
cells and osteoclast-like MNGCs may be detected on the surface
of these implants. In the present study, we implanted HHA and
SHA granules into rat subcutaneous tissue and compared foreign
body reactions in order to evaluate whether the microstructure
of HA influences the phenotype of FBGCs around these implants.

2. Materials and methods

2.1. Preparation of ceramic granules

A total of 13.5 g of a-TCP powder (Taihei Chemical Ind. Co., Ltd.,
Osaka, Japan) was mixed and kneaded with 67.5 g of 10% gelatin
solution, and dropped into a stirred oil bath heated to 80 �C. The
bath was then chilled on iced water and spherical a-TCP/gelatin
granules were formed. The granules were separated from the oil,
Fig. 1. X-ray diffractometry of HHA and SHA granules and discs used in this study.
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rinsed, and then heated at 1200 �C for 30 min to remove gelatin
and maintain the crystal phase of a-TCP. The a-TCP granules
formed were sieved and granules 0.5–0.6 mm in diameter were
used in experiments. A total of 0.2 g of the obtained a-TCP granules
was set in a polytetrafluoroethylene-lined autoclave with 20 ml of
water and maintained at 160 �C under saturated water vapor pres-
sure for 20 h as a hydrothermal treatment. In order to complete the
formation of HA, 0.2 g of the resultant granules were hydrother-
mally treated again in 20 ml of ammonia solution at pH 11 at
105 �C for 3 h to obtain spherical HHA granules.

Spherical SHA granules were prepared as follows. Ten grams of
HA powder (Ube Material Industries, Ltd., Ube, Japan) was mixed
and kneaded with 50 g of 10% gelatin solution, and then dropped
into a stirred oil bath chilled to 5 �C. The granules were separated
from the oil, rinsed, and heated at 1000 �C for 2 h to remove gelatin
and sinter. The SHA granules obtained were sieved and granules
0.5–0.6 mm in diameter were used for experiments.

Synthesized HHA and SHA granules were analyzed by powder
X-ray diffractometry with graphite-monochromatized CuKa radia-
tion (XRD; RINT-2200VL, Rigaku, Tokyo, Japan). We confirmed that
the main phases of HHA and SHA were HA (Fig. 1A). The rod-
shaped particles of spherical HHA granules (Fig. 2A) and
globular-shaped particles of spherical SHA granules (Fig. 2D) were
confirmed using a scanning electron microscope (SEM; SU8000,
Hitachi, Ltd., Tokyo, Japan) (Fig. 2B, E). The width of the rod-
shaped particles of HHA granules was 0.30 ± 0.12 lm (n = 100),
while their length was about 10 lm. It was difficult to obtain the
Fig. 2. Scanning electron micrographs of an overview (A, D) and the microstructure (B, E)
discs.
exact length because the rod-shaped particles were hidden by
other particles and inclined. The size of the globular-shaped parti-
cles of SHA granules was 0.28 ± 0.09 lm in diameter (n = 100)
assuming that the particles were separated spheres. The specific
surface areas of the HHA and SHA granules measured by
Brunauer-Emmett-Teller (BET) method using N2 gas with a gas
sorption analyzer (Autosorb-iQ, Quantachrome Instruments, Boyn-
ton Beach, FL) were 5 and 2 m2/g, respectively.

2.2. Preparation of ceramic discs

HHA discs were prepared using the following method. A total of
0.3 g of a-TCP powder was inserted into a mold 12 mm in diameter
and pressed at 200 MPa. The a-TCP discs obtained were set in a
polytetrafluoroethylene-lined autoclave with 20 ml of water and
maintained at 160 �C under saturated water vapor pressure for
20 h as a hydrothermal treatment. In order to complete the forma-
tion of HA, the resultant discs were hydrothermally treated again
in 20 ml of ammonia solution at pH 11 at 105 �C for 3 h. They were
then rinsed and dried at 90 �C. SHA discs were prepared using the
following method. A total of 0.3 g of HA powder was inserted into a
mold 14 mm in diameter and pressed at 200 MPa. It was heated at
900 �C for 2 h for sintering.

Synthesized HHA and SHA granules were analyzed by powder
X-ray diffractometry as described above, and the main phases of
HHA and SHA were HA (Fig. 1B). The rod-shaped particles of HHA
discs and globular-shaped particles of SHA discs were confirmed
of HHA (A, B) and SHA (D, E) granules, and the microstructure of HHA (C) and SHA (F)
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using a scanning electron microscope (SU8000, Hitachi, Ltd., Tokyo,
Japan) (Fig. 2C, F).

2.3. Animals and operative procedures

Forty milligrams of ceramic granules was placed into a 1.5-ml
microcentrifuge tube. Ceramic granules were then soaked in
20 ll of Bolheal� (Kaketsuken, Kumamoto, Japan), which was
made from human fibrinogen and gelled with thrombin following
the manufacturer’s protocol. In other experiments, 100 ll of 4-
week-old male F344 rat plasma prepared from frozen stock was
added. Plasma in each tube was gelled by the addition of 5 ll of
3.3% calcium chloride and centrifugation.

Sixteen male 10-week-old F344 rats were anesthetized with an
intraperitoneal injection of ketamine (40 mg/kg body weight) and
xylazine (3 mg/kg body weight) prior to surgery. These gels were
implanted into the back subcutaneous tissue of the anesthetized
F344 rats. The gels were implanted into two portions on the back
of each rat. Four implantations were performed for each group in
these experiments. Rats were euthanized four and 12 weeks after
implantation. Implanted granules were extracted with the sur-
Fig. 3. Histological views of specimens implanted with HHA granules bound with Bolhea
stained with Giemsa’s solution (A, D), the histochemical detection of TRAP activity (B, E)
with (black arrowheads) and without (white arrowheads) TRAP activity (A, B, D, E). Most
F). Arrowheads represent MNGCs with (black arrowheads) and without (white arrowhe
rounding subcutaneous tissue and fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.2) at 4 �C for 24 h. After fixation,
each specimen was cut in half with a razor, with one being pro-
vided for undecalcified sections and the other for decalcified sec-
tions. Animal rearing and experiments were performed at the
Biomedical Research Center, Center for Frontier Life Sciences,
Nagasaki University, following the Guidelines for Animal Experi-
mentation of Nagasaki University (Approval no. 1112190960)
under specific pathogen-free conditions.

2.4. Histological procedures

Regarding undecalcified sections, fixed specimens were dehy-
drated and embedded in 2-hydroxyethyl methacrylate/methyl
methacrylate/2-hydroxyethyl acrylate mixed resin (all from Wako
Pure Chemical, Osaka, Japan) and sectioned at a thickness of 3 lm
using a LEICA RM2155 microtome (Leica, Nussloch, Germany).
These sections were stained with Giemsa’s azur eosin methylene
blue solution (Merck, Darmstadt, Germany) or histochemically
stained for TRAP activity. Staining for TRAP activity was performed
using naphthol AS-MX phosphate (Sigma-Aldrich, St. Louis, MO) as
l�. Sections 4 weeks after implantation (A–C) and 12 weeks after implantation (D–F)
, and immunohistochemical detection of CTSK (C, F). Arrowheads represent MNGCs
MNGCs showed the brown chromogenic reaction of anti-CTSK antibody binding (C,
ads) CTSK antibody binding. The scale bar represents 50 lm.
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a substrate, fast red RC salt (Sigma-Aldrich) as a coupler and 0.05 M
sodium tartrate in 0.05 M acetic acid buffer (pH 5). Regarding
decalcified sections, fixed specimens were decalcified in 0.5 M
ethylenediamine tetraacetic acid (EDTA) solution at 4 �C with gen-
tle agitation. The decalcified samples were post-fixed with the fix-
ative, dehydrated, embedded in paraffin, and 3-lm-thick sections
were made and provided for further immunohistochemical analy-
ses. The sections were placed in an autoclave at 121 �C for 15 min
in 10 mM citrate buffer (DAKO, Carpinteria, CA) and incubated
with a CTSK rabbit anti-rat polyclonal antibody (LifeSpan BioS-
ciences, Seattle, WA) at 4 �C overnight. Immunohistochemical reac-
tions were performed using the EnVision+ system (DAKO)
following the manufacturer’s protocol. Sections were counter-
stained with Meyer’s hematoxylin.

2.5. In vitro analyses

Mouse bone marrow macrophages prepared from the femora
and tibiae of 5-week-old female ddY mice (Japan SLC, Shizuoka,
Japan) were expanded in vitro in minimum essential medium alpha
supplemented with 10% fetal bovine serum, penicillin-streptomy
cin-glutamine (Life Technologies, Carlsbad, CA), and 30 ng/ml
M-CSF (Sigma-Aldrich). Synthesized ceramic discs were inserted
Fig. 4. Histological views of specimens implanted with SHA granules bound with Bolhea
stained with Giemsa’s solution (A, D), the histochemical detection of TRAP activity (B, E
MNGCs without TRAP activity (A, B, D, E). No MNGC showed the chromogenic reaction of a
into 24-well type wells and macrophages (1 � 104 cells/cm2) were
plated on ceramic discs and cultured. As a control, macrophages
were plated in wells without ceramic discs. After 6 days, the med-
ium was removed and cells were histochemically stained for TRAP
activity as described above. To evaluate multinucleation of macro-
phages, other sample sets were stained with DAPI (Dojindo Lab.,
Kumamoto, Japan) to detect cell nuclei and Acti-stainTM 488
(Cytoskeleton, Inc., Denver, CO.) to detect cytoplasmic actin fibers.
These cells were analyzed using the ECLIPSE LV100D industrial
microscope equipped with the INTENSILIGHT C-HGFI epi-
fluorescence illuminator, filter blocks B-2A and DAPI and the DS-
Ri1-U2 digital camera system (all from Nikon, Tokyo, Japan). For
real-time PCR analysis, cells of the other sample sets were lysed
with TRIzol� reagents (Life Technologies) to extract total RNA.
After DNase treatment, cDNA was synthesized from total RNA with
a ReverTra Ace (Toyobo, Osaka, Japan) reverse transcriptase. Real-
time PCR was performed using Premix Ex Taq [Perfect Real Time]
and the Thermal Cycler Dice Real Time System Lite (both from
Takara, Shiga, Japan) with the following primers: glyceraldehyde-
3-phosphate dehydrogenase (GPDH): Mm99999915_g1, TRAP:
Mm00475698_m1, CTSK: Mm00484039_m1, NFATc1: Mm00479445_
m1, c-Fms: Mm01266652_m1, RANK: Mm00437132_m1, carbonic
anhydrase 2 (Car2): Mm00501576_m1 (all from Applied
l�. Sections 4 weeks after implantation (A–C) and 12 weeks after implantation (D–F)
), and immunohistochemical detection of CTSK (C, F). White arrowheads represent
nti-CTSK antibody binding (C, F, white arrowheads). The scale bar represents 50 lm.
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BioSystems, Waltham, MA). The expression levels of each mRNA
were normalized to the relative quantity of GPDHmRNA expressed
in each sample. Data were statistically evaluated using the t-test
with data from 3 identical experiments, and a P value <0.05 was
considered significant.
3. Results

3.1. Histological analysis

TRAP-positive MNGCs were analyzed in plastic-embedded
undecalcified sections using a histochemical procedure. TRAP-
positive MNGCs (Fig. 3D, E, black arrowheads) and TRAP-negative
MNGCs (Fig. 3A, B, white arrowheads) were both detected in
specimens implanted with HHA granules bound with Bolheal�,
which was made from purified human fibrin, whereas very few
TRAP-positive MNGCs were observed in either specimen 4 or
12 weeks after implantation. CTSK-positive MNGCs were analyzed
in paraffin-embedded decalcified sections using an immunohisto-
chemical procedure. Most MNGCs on the surface of HHA granules
Fig. 5. Histological views of specimens implanted with HHA granules bound with plasm
stained with Giemsa’s solution (A, D), the histochemical detection of TRAP activity (B, E)
with (black arrowheads) and without (white arrowheads) TRAP activity (A, B, D, E). Most M
black arrowheads). The scale bar represents 50 lm.
bound with Bolheal� were CTSK-positive (Fig. 3C, F). In specimens
implanted with SHA granules bound with Bolheal�, most MNGCs
were negative for TRAP activity (Fig. 4A, B, D, E, white arrowheads)
and CTSK (Fig. 4C, F, white arrowheads) 4 and 12 weeks after
implantation.

In order to evaluate the effects of blood components, we ana-
lyzed specimens implanted with ceramic granules bound with
plasma. Fewer MNGCs were detected on the surface of the HHA
granules 4 weeks after the implantation of HHA granules bound
with plasma than 12 weeks after implantation (Fig. 5A, D, arrow-
heads). TRAP-positive MNGCs (Fig. 5B, D, E, black arrowheads)
and TRAP-negative MNGCs (Fig. 5A, B, D, E, white arrowheads)
were both identified. Most MNGCs on the surface of HHA granules
were CTSK-positive 4 and 12 weeks after implantation. Larger
numbers of CTSK-positive MNGCs were detected in specimens
12 weeks after implantation than 4 weeks after implantation
(Fig. 5C, F).

In the specimen implanted with SHA granules bound with
plasma, MNGCs were present on the surface of SHA granules;
however, the number of TRAP-positive MNGCs was very small 4
and 12 weeks after implantation (Fig. 6A, B, D, E, white arrow-
a. Sections 4 weeks after implantation (A–C) and 12 weeks after implantation (D–F)
, and immunohistochemical detection of CTSK (C, F). Arrowheads represent MNGCs
NGCs showed the brown chromogenic reaction of anti-CTSK antibody binding (C, F,



Fig. 6. Histological views of specimens implanted with SHA granules bound with plasma. Sections 4 weeks after implantation (A–C) and 12 weeks after implantation (D–F)
stained with Giemsa’s solution (A, D), the histochemical detection of TRAP activity (B, E), and immunohistochemical detection of CTSK (C, F). White arrowheads represent
MNGCs without TRAP activity (A, B, D, E). No MNGC showed the chromogenic reaction of anti-CTSK antibody binding (C, F, white arrowheads). The scale bar represents 50 lm.
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heads). In contrast to the specimens implanted with HHA granules,
most MNGCs on the surface of SHA granules were negative for
CTSK (Fig. 6C, F, white arrowheads).

The quantitation of TRAP-positive and CTSK-positive MNGCs is
represented in Fig. 7. The number of TRAP-positive MNGCs was
significantly larger in the specimen implanted with plasma as the
binder of ceramic granules than in that implanted with Bolheal� as
the binder of ceramic granules for both HHA and SHA (Fig. 7B). No
significant difference was observed in the number of TRAP-positive
MNGCs between specimens implanted with HHA and SHA granules
(Fig. 7A) and between specimens 4 weeks and 12 weeks after
implantation (Fig. 7C). The number of CTSK-positive MNGCs was
significantly larger in the specimen implanted with HHA granules
than in that implanted with SHA granules irrespective of the binder
(Fig. 7D). Twelve weeks after implantation, the number of CTSK-
positive MNGCs was significantly larger in the specimen implanted
with plasma than in that implanted with Bolheal� for both HHA
and SHA granules (Fig. 7E). In specimens implanted with plasma,
the number of CTSK-positive MNGCs was significantly larger
12 weeks after implantation than 4 weeks after implantation for
both HHA and SHA granules (Fig. 7F). Results are summarized in
Fig. 8.
3.2. In vitro analyses

In order to evaluate whether HHA and SHA had a potential to
differentiate macrophages into osteoclast progenitors without
RANKL stimulation in vitro, the expression of osteoclast markers
was compared among macrophages cultured on HHA discs, SHA
discs, and plastic dishes. Few TRAP-positive cells were detected
by the histochemical analysis (Fig. 9A, C). Multinucleation of
macrophages was also rarely detected under the fluorescence
microscope (Fig. 9B, D). In real-time PCR analysis, the expression
of TRAP was significantly stronger in macrophages cultured on
HHA and SHA discs than in those cultured on plastic dishes
(Fig. 10A). The expression of CTSK was significantly stronger in
macrophages cultured on HHA discs than in those cultured on
SHA discs and plastic dishes (Fig. 10B). The expression of Car2
was significantly stronger in macrophages cultured on SHA discs
and had strong tendency to be increased in those cultured on
HHA discs compared to those cultured on plastic dishes (Fig. 10C).
No significant differences were observed in the expression of
NFATc1 or RANK (Fig. 10D, E). The expression of c-Fms was signif-
icantly lower in macrophages cultured on HHA discs and SHA discs
than in those cultured on plastic dishes (Fig. 10F).



Fig. 7. Quantitation of TRAP-positive and CTSK-positive MNGCs in specimens implanted with HHA or SHA granules bound with plasma or Bolheal� evaluated with
differences in the ceramic (A, D), differences in the binder (B, E), and differences in the term of implantation (C, F). *P < 0.05, **P < 0.01.
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4. Discussion

Osteoclasts are specifically distributed on the surface of bone.
However, the biological mechanisms underlying the bone-specific
distribution of osteoclasts have not yet been elucidated in detail.
In contrast to osteoclasts, FBGCs appear around foreign bodies,
which include foreign materials, the caseous necrosis of tuberculo-
sis, cholesterol deposition, and keratin. Due to the highly specific
distribution of osteoclasts versus the non-specific distribution of
FBGCs and the difference in each precursor cell, osteoclasts and



Fig. 8. Summary of emersion of MNGCs.
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FBGCs are regarded as completely different MNGCs. However, dif-
ficulties are associated with identifying specific differentiation
markers with the ability to distinguish between osteoclasts and
FBGCs. Although TRAP, CTSK, and MMP-9 are reliable markers of
cells in the osteoclast lineage, several studies showed that some
of these markers were expressed in FBGCs under certain conditions
[32–34]. In addition, a recent study demonstrated that FBGCs had
the ability to dissolve calcium phosphate ceramic, similar to osteo-
clasts, but were unable to resorb bone [35]. These findings indicate
that FBGCs also possess the potential for acidification to dissolve
bone minerals and strongly suggest that there are certain func-
tional diversities in FBGCs, some of which possess similar charac-
teristics to osteoclasts.

In the present study, the induction of CTSK activity in FBGCs
depended on the microstructure of HA and plasma. We previously
showed that the affinity of serum proteins differed between HHA
and SHA by analyzing the profiles of serum proteins adsorbed to
these ceramics, and vitamin D-binding protein preferentially
adsorbed to HHA was suggested to be associated with potent
osteoclast-homing activity from the data that its deglycosylated
Fig. 9. Evaluation of TRAP activity and multinucleation of macrophages cultured on HHA
and SHA discs (C, D) after histochemical staining of TRAP activity (A, C) and fluorescence
The scale bar represents 10 lm.
active form, macrophage activating factor, stimulated RANKL-
induced osteoclastogenesis [36]. Our previous findings indicate
that serum proteins with high affinity to HHA, especially vitamin
D-binding protein, may contribute to the induction of CTSK-
positive FBGCs. Most FBGCs on the surface of HHA were CTSK-
positive. Therefore, a significantly larger number of FBGCs were
induced with plasma than with Bolheal�, suggesting that certain
serum proteins with high affinity to HHA contributed to the induc-
tion of CTSK-positive FBGCs.

As reported previously, the microstructure of ceramics may
directly influence cell differentiation [29,30]. In the present study,
a large number of FBGCs on the surface of SHA were negative for
TRAP and CTSK activity irrespective of the binder. Hence, the
microstructure of HA may also be directly associated with the
induction of CTSK-positive FBGCs. An in vitro analysis showed that
neither HHA nor SHA had the potential to induce osteoclasts or
MNGCs from macrophages. This may be caused partly by differ-
ences between the in vivo and in vitro conditions or limitations of
the culture period of the in vitro experiments, but PCR analysis
revealed that the expression of TRAP and CTSK was significantly
higher in macrophages cultured on HHA or SHA discs than in those
cultured on plastic dishes. In addition, the expression of CTSK was
significantly stronger in macrophages cultured on HHA discs than
in those cultured on SHA discs. These in vitro results support the
hypothesis that the microstructure of HA directly contributes to
the induction of CTSK-positive FBGCs in subcutaneous tissue. The
absence of a significant difference in the expression of NFATc1
among these macrophages suggests that the alteration observed
in the expression of TRAP, CTSK and Car2 was independent of the
mechanism responsible for osteoclast differentiation.

TRAP-positive MNGCs were also detected in the present study.
Most MNGCs on the surface of HHA granules were positive for
CTSK, indicating that some TRAP and CTSK double-positive MNGCs
were present. We did not perform an electron microscopic analysis
to detect ruffled borders, the most definite marker of osteoclasts to
date [2,35], and whether TRAP-positive MNGCs are identical to
osteoclasts currently remains unclear. We have been investigating
and SHA discs. Representative views of macrophages cultured on HHA discs (A, B)
microscopy to detect nuclei with DAPI and cytoplasmic actin fibers with Acti-stainTM.



Fig. 10. A real-time PCR analysis for the relative mRNA expression of osteoclast markers in macrophages cultured for 6 d on HHA discs, SHA discs, or plastic dishes (Control).
*P < 0.05.
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the healing of bone defects with the implantation of HA or b-TCP,
and have found that all MNGCs in the implanted region exhibited
TRAP activity, that MNGCs on the surface of implants were indis-
tinguishable from osteoclasts on the surface of newly formed bone,
and also that hybrid trabeculae composed of bone and ceramics
formed [28,37]. Hence, we suggest that HA and b-TCP are recog-
nized in bone tissue as bone equivalent materials rather than
foreign bodies, and are involved in physiological bone metabolism.
It is also true that granulomatous reactions occur around dental
implants [38,39]. In our previous studies, we created bone defects
in the metaphysis of the femur of relatively young rats [26,27,37].
These discrepancies may be caused by differences in osteogenic
activity or inflammatory reactions, which tend to occur around
dental implants [40]. In this study, we used an extraskeletal model
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for analyzing in vivo conditions of osteoclastogenesis and forma-
tion of FBGCs to exclude the influence of bone tissue accompanied
with osteoclasts and RANKL-expressing osteoblasts. However,
there may be some limitations in analyzing exact tissue reactions
for these ceramics as bone substitutes in the bone and further anal-
ysis may be necessary using older animals or bone marrow stromal
cells. Our previous findings indicate that TRAP and CTSK double-
positive MNGCs may be osteoclasts. However, the limited number
of TRAP-positive MNGCs observed suggests that even if some
TRAP-positive MNGCs are identical to osteoclasts, the osteoclast-
homing activity of HA is not high and RANKL-expressing osteo-
blasts are needed for osteoclastogenesis.

The induction of TRAP-positive MNGCs was associated with
plasma rather than the microstructure of HA. These results suggest
that certain plasma components contribute to the induction of
TRAP-positive MNGCs in subcutaneous tissue. Takahashi’s group
previously reported that a large number of osteoclasts were gener-
ated from RANK-positive osteoclast precursor cells, which circu-
lated in the bloodstream. They also showed that osteoclast
precursor cells settled on the surface of bone and differentiated
into preosteoclasts in contact with RANKL, the transmembrane
ligand of RANK synthesized by osteoblasts, and that mononuclear
preosteoclasts fused with one another to form multinucleated
osteoclasts [31]. Considering these hypotheses, HA may have the
potential to settle osteoclast precursor cells. The expression of c-
Fms was significantly lower in macrophages cultured on HHA or
SHA discs than in those cultured on plastic dishes. In contrast,
the expression of RANK was similar among macrophages cultured
on HHA discs, SHA discs, and plastic dishes. Osteoclast precursor
cells that strongly expressed RANK and weakly expressed c-Fms
dominantly formed osteoclasts in vivo rather than osteoclast pre-
cursor cells that strongly expressed both RANK and c-Fms [41].
Our results suggest that osteoclast precursor cells strongly
expressing RANK and weakly expressing c-Fms are generated on
the surface of HA by the suppressed expression of c-Fms, and this
may also be associated with the induction of the TRAP-positive
MNGCs detected in this study.

In conclusion, our results, which were obtained using the sub-
cutaneous implantation of HA granules, suggest that certain
plasma components and the microstructure of HA influence the
expression of osteoclast-associated molecules, TRAP and CTSK in
MNGCs and functionally divergent MNGCs were inducible in this
in vivo implantation system.
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