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　The mineral in bones and teeth is basic calcium 
phosphate hydroxyapatite ［Ca10（PO4）6（OH）2, HA］, 
containing impurities such as carbonate and structural 
defects.1～3） Octacalcium phosphate ［Ca8H2（PO4）6・
5H2O, OCP］ is thought to be a precursor of biological 
apatite crystals in bone, dentin and cementum.4～8） 

Although there is still controversy over whether OCP 
precipitates before the formation of HA,9） the existence 
of an OCP precursor would explain the nonstoichiometry 
of mineral crystal composition.10, 11） Synthetic HA 
and β -tricalcium phosphate ［Ca3（PO4）2, β -TCP］ 
bone substitutes have been used for orthopedic, trau-
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　Abstract:　Objective: Octacalcium phosphate （OCP） is thought to be a precursor of the mineral crystals in 
biological apatite. Synthetic OCP has been shown to be converted into an apatite structure when implanted in murine 
calvarial bone, to enhance bone regeneration.This study was designed to investigate whether OCP implantation 
enhances the formation and resorption of new bone when implanted intramedullary in a mouse bone marrow.
　Design: Histological and ultrastructural analyses of bone formation and resorption after 2, 4 and 6 weeks 
implantation was investigated. MicroCT analysis was also applied to detect the amount of newly formed bone mass 
after implantation.
　Results: Massive bone formation on OCP was detected at 2 weeks. Then, the amount of bone was decreased 
gradually until 6 weeks. At 4 and 6 weeks, many multinucleated giant cells, including tartrate-resistant acid phos-
phatase （TRAP）-positive cells, were detected on the newly formed bone and synthetic OCP. Ultrastructural study 
indicated that the multinucleated giant cells attached either to the bone and OCP surface were osteoclasts forming the 
clear zones and ruffl ed borders composed of fi nger-type and plate-type cell processes. However, the ultrastructure 
of cell processes in ruffl ed borders showed the irregular shape. No representative cell processes were detected in the 
cells.
　Conclusion: These results confirmed the active induction of bone formation and resorption on OCP and also 
suggested that the structure of ruffl ed border might be regulated by the target calcifi ed materials.
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matological, and odontological surgery and recognized 
as biocompatible and osteoconductive,12, 13） and β-TCP 
is also bioresorbable.12～14）

　Synthetic OCP exhibit conversion into an apatite 
structure in vivo, biodegrade faster than β-TCP ceramic, 
and enhance bone formation more than HA and 
β-TCP ceramic when implanted in rat calvaria.15） The 
biodegradation of Ca-P biomaterials is generally assumed 
to take place by solution-driven and to be influenced 
by the experimental conditions, such as experimental 
models, implantation sites, and animal species.16） OCP 
is a salt that is more soluble than β -TCP and HA at 
physiological pH and thermodynamically favored to 
convert into HA.17）  Ca-P ceramic biodegradation is 
highest in marrow tissue and higher in cancellous bone 
than cortical bone; hence, marrow tissue was suggested to 
be better for testing material biocompatibility in vivo.18） 
Experimentally induced bone tissues could be resorbed 
over time in the bone marrow by cooperation between 
osteoblasts and osteoclasts.
　In this study, we designed the experiments to examine 
the process of bone regeneration and biodegradation 
of newly formed bone on OCP and to identify the cells 
resorbing directly OCP.

 Materials and Methods

　Animals and reagents
　Specifi c pathogen-free male ICR mice （6 weeks old） 
were purchased from Saitama Breeding Laboratory 
（Saitama, Japan） and maintained under routine 
conditions at the Laboratory Animal Center of Showa 
University. The experimental protocol was approved 
by the animal care committee of Showa University.
　Materials
　OCP was prepared according to the method described 
by LeGeros.19） Ground granules of between 16 and 
32 mesh （particle size 0.5～1.0 mm） were used for 
implantation. The sieved granules were sterilized by 
heating at 120°C for 2 h. Our previous studies showed 
that such heating does not affect physical properties 
such as the crystalline structure or specifi c surface area 
of OCP granules.20, 21） The crystalline structures of 

OCP was characterized by X-ray diffraction （XRD）. 
Powder XRD patterns of ground OCP were obtained 
by a scanning step with Cu Ka X-rays on a Rigaku 
Electrical （Tokyo, Japan） RAD-2B diffractometer at 
40 KV, 20 mA. The morphology of each granule was 
observed by scanning electron microscopy （SEM）.
　Implantation of OCP into the bone marrow
　Mice were anesthetized with ether. Lateral incisions 
of 0.5 mm were made aseptically along the medial 
side of the tibia, and standardized defects, 1.5 mm in 
diameter, were made in the cortex of the metaphysis 
of tibia using a surgical drill. After the defects were 
thoroughly washed by saline solution, 15 pieces of 
OCP were implanted into the bone marrow space of the 
tibia. Five mice were killed by cervical dislocation at 2, 
4 and 6 weeks after implantation.
　 Tissue preparation for histological and histo-

chemical detection
　Tibias were dissected and fixed with 4% parafor-
malde hyde in PBS. After the decalcification with 10% 
EDTA, specimens were dehydrated with graded series 
of ethanol, passed through xylene and embedded in 
paraffin. Five micrometer thick sections were stained 
with Hematoxylin and Eosin. Some of the sections were 
processed for the detection of tartrate-resistant acid 
phosphatase activities by azo staining using naphthol 
AS-BI phosphate coupled with fast red violet LB salt.
　 Tissue preparation for transmission electron micro-

scopy
　Tibias were fi xed with the mixture of 2% paraformalde-
hyde and 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer （pH 7.4）. After demineralization with or 
without 10% EDTA, specimens were post-fixed with 
2% osmium tetroxide, dehydrated by a graded series of 
ethanol, passed through propylene oxide and embedded 
in EPON 812. Ultra-thin sections were stained with 
uranyl acetate and lead citrate and examined with a 
HITACHI H-7000 transmission electron microscope.
　Microcomputed tomography （MicroCT） analysis
　Paraformaldehyde-fixed tibias were immersed in 
saline solution. Parameters of volume, architecture, 
and percentage of OCP injection surface in direct 
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contact with trabecular bone were studied using CT 
morphometry （SMX90CT ; Shimadzu Co., Kyoto, 
Japan）. The voxel was 15 μm in all spatial directions. 
The system was set to 90 kEV and 110 mA. The 
number of tomographic projections was 1200 
projections per 360°. Volume analysis of the data was 
performed using a 3-D construction imaging system 
（TRI, RATOC System Engineering, Tokyo, Japan）. 
Trabecular bone was analyzed on a circular band of 
longitudinal both 1.5 mm （Fig. 1） by an OCP injection 
part. The bone marrow cavity volume assumed （TV）, 
a trabecular bone volume （BV）. These relative bone 
volume was （BV/TV）, were calculated by measuring 
direct 3D distance with trabecular meshwork.
　Statistical analysis
　All the samples were expressed as mean ±standard 
deviation （SD）. These relative bone volume was （BV/
TV）, were calculated by measuring direct 3D distance 
with trabecular meshwork. All statistical analyses 
used ANOVA and Tukey’s post hoc tests （＝0.05, n＝

3）. A signifi cance level of p＜0.05 was set for all the 
comparisons.

 Results

　 MicroCT analysis of bone regeneration by OCP 
implantation
　MicroCT indicated the bone formation at 2 weeks 
after OCP implantation in the bone marrow （Fig. 
2a）. At 4 and 6 weeks, these trabecular bones were 
gradually decreased （Fig. 2b, c）. Tibial BV/TV at 2 
weeks after the implantation was over 16.6±0.9 （％）, 
and then decreased to 13.5±0.3 and 13.0±0.4 at 4 and 
6 weeks, respectively. A significant difference was 
present for 4 weeks and 6 weeks in comparison with 
2 weeks. Bone marrow cavity volume 3.5±0.1（mm3） 
are 2.6±0.6, 2.9±0.5, and there is not a significant 
difference with all groups. Therefore, a significant 
difference in （BV/TV） shows decrease of quantity of 
trabecular bone （Table 1）.
　Histologial observation of bone formation
　Most of implanted OCP was surrounded by newly 
formed bone by osteoblasts at 2 weeks after the 
implantation （Fig. 3a）. Many osteoblasts were aligned 
on the bone surface while osteoclasts were not easily 
detected at this stage （Fig. 3d）. As indicated by 

Table 1　 Bone marrow cavity volume （TV）, trabecular 
bone volume （BV）, relative bone volume （BV/
TV） after OCP implantation.

Weeks BV/TV （%） BV （mm3） TV （mm3）
2W 16.6±0.9 0.59±0.01 3.5±0.1
4W 13.5±0.3* 0.3 ±0.08 2.6±0.6
6W 13.0±0.4* 0.39±0.08 2.9±0.5

　*p＜0.05

Fig. 1　 Analyzed area of Tibia by microCT. Tra be cular 
bone was analyzed on a circular band of longi-
tudinal both 1.5 mm by an OCP injection part.

Fig. 2　 Detection of trabecular bone formation in 
the bone marrow by microCT at 2 （a）, 4 
（b） and 6 （c） weeks after OCP implan-

tation. Trabecular bones were colored by 
yellow. Scale bar＝500 μm.
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microCT analysis, the number of trabecular bone was 
decreased at 4 weeks （Fig. 3b, e） and a few of the 
trabecular bone were only detected at 6 weeks （Fig. 3c, 
f）. A small number of osteoclasts was observed on the 
bone surface at 4 weeks （Fig. 3e） and easily detected 
at 6 weeks （Fig. 3f）.
　Detection of TRAP positive cells
　At 2 weeks, almost no TRAP positive cells were 
detected on the bone surface （Fig. 4a, d）. TRAP 
positive cells were recognized on the bone surface at 4 
weeks （Fig. 4b, e）. AT 6 weeks, many TRAP positive 
cells were detected on the bone surface （Fig. 4c, f）. 
　Ultrastructural detection of osteoclasts
　Osteoclasts attached on the surface of newly formed 
bone showed well developed clear zones and the 
ruffled border （Fig. 5a, b）. Cell projections of the 
ruffl ed border composed of fi nger-type and plate-type 
processes （Fig. 5b）. The coarse distribution of collagen 
fibers was detected in the bone matrix adjacent to 
the ruffled border, which indicated the active bone 

resorption by osteoclasts （Fig. 5b）.
　Multinucleated giant cells were attached on the 
surface of implanted OCP （Fig. 6a, b）. Nuclei of the 
cells were located at the site opposite to the implanted 
OCP and great numbers of mitochondria were located 
within the cytoplasm （Fig. 6a, b）. These cells attached 
on implanted OCP by clear zones and extended a 
number of cell processes of the ruffled border to the 

Fig. 3　 Hematoxylin-Eosin staining of trabecular 
bones at 2 （a, d）, 4 （b, e） and 6 （c, f） 
weeks after OCP implantation. * indicated 
implanted OCP. Scale bar＝250, 50 μm.

Fig. 4　 TRAP staining of trabecular bones at 2 
（a, d）, 4 （b, e） and 6 （c, f） weeks after 

OCP implantation. Strong reactions were 
detected on the newly formed bone and 
COP at 6 weeks. * indicated implanted 
OCP. Scale bar＝250, 50 μm.

Fig. 5　 Osteoclasts resorbing nearly formed bone （*） at 
4 weeks after OCP implantation. （a） Osteoclast 
attached on the bone surface by clear zone and 
resorbed bone by ruffl ed border. （b） Finger-shaped 
and plate-shaped cell processes were detected in the 
ruffl ed boder. Scale bar＝5 microns.
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resorption pit （Fig. 6a, b）. The ultrastructure of the 
processes showed the irregular shape, which was quit 
different from the processes of osteoclasts resorbing 
bone （Fig. 6c, d）. Electron-dense substances were 
deposited on the surface of electron-lucent OCP 
crystals （Fig. 6c, d）. The OCP adjacent to the ruffl ed 
border showed frayed and decreased the electron-dense 
intensity （Fig. 5c, d）. 

Discussion

　This study showed the osteogenic characteristics 
of synthetic OCP when implanted in mouse bone 
marrow. The marrow space is a site where Ca-P 
ceramic biodegradation should be higher than cortical 
or cancellous bone.22） A previous study suggested that 
OCP stimulates osteogenesis by osteoblastic cells and/or 
committed osteoprogenitors in rat calvarial periosteum.23） 
　OCP may provide a site for osteoblastic cell recruit-
ment and/or differentiation of mesenchymal stem 
cells into osteoblasts. It has been confirmed that serum 
constituents are selectively adsorbed onto synthetic OCP 
shortly after its implantation on mouse calvaria.24） These 

serum constituents are glycoconjugates recognized by 
Maclura pomifera agglutinin （MPA） lectin and appear 
to be α2-HS glycoprotein based on their molecular 
weight and affinity for Ca ions.24） MPA is known to 
bind to specifc sugar residues, such as α-D-galactose,25） 
and its binding to glycoconjugates was previously 
detected in the primary bone extracellular matrix in 
both intramembranous and endochondral ossifi cation.26） 

α2-HS glycoprotein has been shown to induce the 
expression of alkaline phosphatase in epiphysial growth 
plate chondrocytes,27, 28） and to bind to Ca-P crystals, 
including OCP.29） Furthermore, it has been indicated that 
OCP might be the suitable molecule for the absorption of 
growth factors such as recombinant bone morphgenetic 
proteins.30） The ability of OCP implantation to enhance 
bone formation in bone marrow suggests that synthetic 
OCP provides a suitable scaffolding site for osteoblasts 
and/or osteoprogenitor cells that exist in the marrow 
space.
　TRAP positive reactions were detetcted on the 
OCP and newly formed bone from 4 weeks after the 
implantation and strong TRAP reactions were detected 
on the OCP and bone at 6 weeks. Ultrastructural study 
indicated that these cells attached on the bone surface 
were osteoclasts, characterized by well-developed clear 
zones and ruffl ed borders. As reported previously,31, 32） the 
ruffl ed border consist of fi nger-shaped and plate-type cell 
processes. The cells on the implanted OCP attached by 
clear zone to OCP and developed several cell projections 
against OCP. As the OCP facing to the ruffled border 
was frayed and less electron dense, which indicated the 
active resorption of implanted OCP in this region, these 
multinucleated giant cells might be osteoclasts. However, 
the ultrastructure of cell projections in ruffled border 
did not showed the finger- or plate-shaped projections. 
Immunocytochemical studies indicated the localization 
of vacuolar H＋-ATPase and several types of proteinases 
at ruffled border and resorbing bone area.33, 34） Recent 
studies also showed that the different expressions of 
degrading enzymes of bone matrix by osteoclasts in 
endochondral and intramembranous bones.35, 36） These 
results suggest the functional heterogeneity of osteoclasts 

Fig. 6　 Osteoclasts resorbing implanted OCP （*） at 4 weeks 
after OCP implantation. （a, b） Multinucleated 
cells were attached on the surface of OCP by 
clear zone and resorbed OCP by ruffled border. 
（c, d） Cell processes in the ruffl ed border showed 

the irregular shape. The implanted OCP facing 
the ruffled border was frayed and decreased the 
electron-dense intensity. Scale bar＝5 microns.
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by the resorbing calcifi ed tissues and the structure of cell 
processes in ruffled border might be regulated by the 
resorbing materials by osteoclasts. Further studies are 
necessary to identify the ultrastructural and functional 
details of cell projections in the ruffled border of 
osteoclasts facing to implanted OCP.
　Finally, OCP is a precursor of biological apatite in 
bone and teeth and synthetic OCP cannot be sintered 
and easily produced due to thermal dehydration.37, 38） 
It might be effective for synthetic OCP to be mixed 
with collagen and/or various synthetic polymers for the 
application to the bone defects in patients.
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