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Bone formation in f-tricalcium phosphate-filled bone defects of the rat
femur: Morphometric analysis and expression of bone related protein mRNA
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ABSTRACT

The purpose of the current study was to evaluate the bone formation when B-tricalcium phosphate
(TCP) was implanted in bone defects of rat femurs. B-TCP granules were applied to defects creat-
ed in the femurs of 65 male rats who were sacrificed 3, 7, 10, 14 or 30 days later. Bone tissues
were embedded in paraffin, serial sections were cut and then stained with hematoxylin-eosin. His-
tomorphometric analyses were also conducted. Furthermore, total mRNAs were extracted, homog-
enized, and reverse transcribed, after which quantitative PCR assays were conducted with a
LightCycler™ using the double-stranded DNA dye Syber Green I with primers for either rat os-
teopontin or osteocalcin. Tissues in defects without B-TCP were used as controls. The amount of
newly formed bone tissue in the B-TCP implanted group was significantly greater in both the side
areas and the central area of defects than in the control group. Expressions of osteopontin and os-
teocalcin mRNAs of cells in the defects of the experimental group were up-regulated compared
with the control group at all time periods. Taken together, these results prove that B-TCP is an ap-

propriate material for osteoconduction and promotes bone formation in bone defects.

It is known that bone tissues exhibit a strong regen-
erative potential and can perfectly restore the origi-
nal structures and their mechanical properties.
However, these capacities have limits and may even
fail if certain conditions are not fulfilled. Some fac-
tors that impede bone repair are: failure of vascular-
ity, mechanical instability, oversized defects, and
competition with tissue of high proliferative activity
such as fibrous connective tissue (30). Failure of
vascularity and mechanical instability are commonly
associated with fractures, and often result in non-
union of the bone. Interruption of the blood supply
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causes necrosis of bone fragments or their ends and
impairs bone union. Loss of fragments or surgical
removal of necrotic fragments creates defects that
are often too large to be filled spontaneously with
bone. Finally, cells in neighboring soft tissues might
proliferate more rapidly and occupy the defective
sites faster than the bone can grow. This phenome-
non leads to scar formation at the site of wound
healing without bone formation. To avoid these
problems, the use of barrier membranes to facilitate
bone healing was developed (3, 13), and then tested
in different types of bone defects and dental im-
plants, both experimentally and clinically (5, 7, 26).
Even though membranes are used to treat bone de-
fects, larger defects are usually not filled with suffi-
cient bone tissues.

Filling of larger bone defects is greatly facilitated
by osteoconduction, i.e., the provision of a frame-
work or scaffold that serves as a template and an
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enlarged solid base for bone deposition (30). Bone
autografting is known to be the gold standard for
bone reconstruction (17, 31, 33). However, autogen-
ic bone grafting always requires a second operation
site and may cause various degrees of morbidity in
the donor area. Also, when the amount of donor
bone is not sufficient, the gain in bone volume
might be minor. Moreover, free block autografts
may undergo either partial necrosis or resorption,
because of prolonged ischemia and insufficient sub-
sequent revascularization (1, 4, 27). These facts sug-
gest that bone substitutes may be used as an
augmentation procedure when the supply of auto-
genic bone is limited.

The use of bone substitutes in augmentation pro-
cedures can: 1) maintain the space available for tis-
sue ingrowth, 2) enhance osteoconduction by
forming a porous framework, and 3) prevent wound
contraction by stabilizing blood clots and the subse-
quent provisional matrix (12).

Allografts, as well as some bone-derived or syn-
thetic bone substitutes, have osteoconductive proper-
ties (21). However, degradation and substitution by
viable bone is often poor. If the implanted material
is not able to be resorbed, as in the case of certain
porous hydroxyapatite implants, the incorporation is
restricted to bone apposed to the material surface,
and no substitution occurs during the remodeling
phase. Resorbable tricalcium phosphate (TCP) ce-
ramics (such as B-TCP) of identical initial structure
undergo resorption and extensive substitution under
the same experimental conditions (10). Some studies
have examined the behavior of osteoblasts around
implanted B-TCP granules using in situ hybridiza-
tion in rats (9, 20, 22-25) and other studies have in-
vestigated mRNA expression in osteoblasts around
the B-TCP (23, 28). However, little is known about
cell behavior around B-TCP. The purpose of the cur-
rent study was to evaluate the activity of rat bone
marrow cells when B-TCP was implanted in bone
defects of rat femurs using histomorphometric anal-
ysis and evaluation of mRNA expression for bone
related protein.

MATERIALS AND METHODS

All experiments were performed in accordance with
the animal facility guidelines of the Tokyo Dental
College.

Sixty-five Sprague-Dawley male rats, 200 g in
body weight, were used in this study. Wounds were
made according to the method described by Inoue et
al. (14). Briefly, a skin incision, approximately 3.0 cm

K. Shiratori et al.

in length, was made along the lateral aspect of the
right thigh, and the femoral muscles were retracted
to expose the lateral aspect of the femur. A defect
approximately 1 x 5 mm in diameter was produced
in the mid-region of the lateral aspect of the femo-
ral diaphysis, using a #3 round bur mounted in a
slow-running dental hand piece cooled with phos-
phate-buffered saline, pH 7.0. The underlying bone
marrow was excised with a dental excavator and de-
bris was removed by washing with phosphate-buft-
ered saline. B-TCP (Osferion; Olympus Co., Tokyo,
Japan), a whitish material and 0.5-1.5 mm in diam-
eter with 75% porosity (framework porosity of 100
to 200 um, was crushed by mechanical means and
implanted in the bone cavity. The muscle was su-
tured with 3.0 silk suture and the skin with 4.0 silk.
Cavities without B-TCP implants were used as con-
trols.

Histological preparations. Five rats each were sacri-
ficed by an overdose of ether at 3, 7, 10, 14 and 30
days after the implantation. The implants and sur-
rounding tissues were removed and fixed in 37%
formaldehyde: 99.9% methanol: distilled water
(1:1:1.5v/v) for 48 h, and then decalcified in 10%
EDTA for 7 days at room temperature. All speci-
mens were washed in running water for 12 h and
were then dehydrated with ethanol before being em-
bedded in paraffin. Serial sections, approximately 5
um thick, were cut parallel to the long axis of the
femur in which B-TCP was included and were
stained with hematoxylin and eosin. This investiga-
tion aimed to evaluate and quantitate newly formed
bone tissue in the defects.

Morphometric analysis. The choose sites for mea-
surement, the section was divided into three equal
parts; the central area and the side areas (Fig. 1).
The following features were quantitated: (1) the side
or central area of the bone defect, (2) the total area
of B-TCP in the side or central area of the bone de-
fect; and (3) the area of bone deposition in the side
or central area of the bone defect. Bone formation
ratio and B-TCP ratio were calculated.

Measurements were made on five sections from
each of the defects at each of the time periods by
means of a Digital Equipment Corporation computer
(using NIH image analyzer software). The results
for each tissue are expressed as the ratio of the
mean of the area of bone in relation to that of the
defects (mean = SD). Analysis of variance and the
multiple comparison Fisher's test were used to ana-
lyze the data.
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Scheme showing the method for morphometric analysis. Specimens were divided into three equal parts; the side or

central area of the bone defect. The area of B-TCP and the area of bone deposition in the side or central area of bone
defect were measured. Bone formation ratio and 3-TCP ratio were calculated.

Preparation of samples for quantitative RT-PCR us-
ing the LightCycler™. Eight animals each were sac-
rificed at 3, 7, 10, 14 and 30 days after the
operation. Each femur was cut finely by ophthalmic
scissors and bone scissors. Implanted areas were re-
moved and were homogenized using a SONIFIER
(BRANSON, Dunbury, CT, USA) in TRIZOL RE-
AGENT (Invitrogen, Carisbad, CA, USA) and total
RNA was extracted. Suspensions to which chloro-
form was added were centrifuged at 13200 rpm for
20 min after shaking. The supernatants were recov-
ered and isopropyl alcohol was added, then shaken
and frozen at —80°C overnight. Subsequently, the
samples were centrifuged at 13200 rpm for 20 min
and total RNA pellets were produced and washed
with 75% ethanol. Finally, the total RNA pellets
were dissolved in RNase free water, and preserved
at —80°C until use. The total RNA was measured by
absorbance in a UVmini-1240 spectrometer (Shi-
madzu Corp, Kyoto, Japan). Oligo dT primer: 1 pl,
dNTP: 2 pl, RNase inhibitor: 1 pl, reverse transcrip-
tase: 1 ul, 10 x buffer: 2 ul and MgCl,: 4 ul were
added to total RNA: 1 pg and the entire quantity
was adjusted to 20 pul with RNase free water. The
mixed solutions were subjected to reverse transcrip-
tion reactions (42°C, 15 min, 99°C, 5 min) to syn-
thesize cDNA. PCR was then carried out to measure
osteopontin and osteocalcin. Primer sequences used
for osteopontin were (from 5’ to 3’), forward; CTC
GGA GGA GAA GGC GCA TTA, and reverse;
CCA TCG TCA TCG TCG TCG TCA. Primer se-
quences used for osteocalcin were (from 5’ to 3°),
forward; GGT GCA AAG CCC AGC GAC TCT,
and reverse; GGA AGC CAA TGT GGT CCG CTA.

The housekeeping gene glyceraldehyde-6-phosphate
dehydrogenase (GAPDH) was also measured as a
control and its primer sequences from 5’ to 3° were,
forward; TGA ACG GGA AGC TCA CTG G, and
reverse; TCC ACC ACC CTG TTG CTG TA. To
quantitate mRNA levels, a quantitative PCR assay
was conducted with a LightCycler™ using the dou-
ble-stranded DNA dye SYBR Green I (Roche Diag-
nostics, Mannheim, Germany). Quantification was
performed by comparison of the levels obtained to
standardized samples. The PCR conditions used in
the LightCycler™ were 45 cycles (95°C, 10 sec, 60
°C, 5sec and 72°C, 12 sec). Melting curve analysis
was also performed after the PCR amplification to
confirm the absence of the primer dimer in the PCR
products. The PCR products were then separated on
2% agarose gels containing ethidium bromide.

RESULTS

Histological observations

Control groups

Three days after the surgery, both the central and
the side areas of each defect were occupied by hem-
orrhages with small round cell infiltrations. Seven
days after the surgery, blood clots were still ob-
served in the central area; however a copious
amount of newly formed woven bone was observed
in the side areas (Fig. 2). Ten and 14 days after the
surgery, newly formed woven bone was observed in
the central area but woven bone in the side area
tended to decrease in extension. Thirty days after
the surgery, all the woven bone tissue in the defects
had been completely absorbed and replaced by bone
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Figs. 2-7 H&E staining of tissues during the bone repair.

Fig.2 At 7 days in the control group, copious amounts of newly formed fibrous bone were observed in the side areas of
the bone defect. X200

Fig. 3 At 30 days in the control group, newly formed woven bone tissues disappeared and were replaced by bone marrow
tissues. X200

Fig.4 At 7 days in the experimental group, new bone was deposited on the B-TCP and osteoblast-like cells were aligned
on the bone tissue. X1,000

Fig.5 At 10 days in the experimental group, newly formed woven bone formation between (-TCP tended to increase.
X200

Fig.6 At 14 days in the experimental group, resorption of 3-TCP was observed. X200

Fig. 7 At 30 days in the experimental group, B3-TCP was replaced by bone tissue. X200
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marrow cells (Fig. 3).

Experimental groups

Three days after the implantation, the side area of
each defect was filled with blood clots, while some
woven bone and fibrin materials were observed
around the B-TCP granules in the central areas. Sev-
en days after the implantation, both the side and the
central areas were colonized by woven bone, where
new bone tissue had been deposited on the B-TCP
and osteoblast-like cells were aligned on the newly
formed bone (Fig. 4). Ten and 14 days after the im-
plantation, woven bone formation around the p-TCP
tended to increase (Fig.5) and replacement of
B-TCP with bone tissue was observed (Fig. 6). Thir-
ty days after the implantation,-TCP still occupied
about 30% of the bone defects , however, no osteo-
clasts were related to the resorption of B-TCP (Fig.
7).
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O Central area of a experiment site Side area of a experiment site

Central area of a control site Side area of a control site

7day Ex-c Exs | Contc | 10day Ex-c Exs | Contc |
Cont-s * * * x| * | Cont-s * NS | NS |
Cont-c * * | Cont-c NS NS |

Ex-s ¥ Exs NS

14day Ex-c Exs | Contc | 30day Ex-c Exs | Contc |
Cont-s * * NS Cont-s * * [ Ns ]
Cont-c * * Cont-c * * |

Ex-s * Ex-s * *

* %P<0.05 * P<0.01

Fig. 8 Statistical analysis of the morphometric study for
the area of bone tissue in the defect. In the control group,
bone formation in the side area was significantly increased
over that in the central area at 7 days (P <0.01), but de-
creased its volume day by day until 30 days. There were
no significant differences between the central and the side
areas at 10, 14 and 30 days in control groups. In the
B-TCP implanted groups, there were no significant differ-
ences between the central and the side areas at 10 days.
However, newly formed bone tissue was significantly in-
creased in the side area compared with the central area at
14 and at 30 days (P < 0.01).
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Statistical analysis of the morphometric study (Fig. 8)
At 3 days after implantation, newly formed bone
could not be observed in either the control or the
experimental groups. In the control group, bone for-
mation in the side area was significantly increased
over the central area at 7 days (P <0.01), but its
volume decreased day by day until 30 days and
there were no significant differences between the
central and the side areas at 10, 14 and 30 days. In
the B-TCP implanted groups there were no signifi-
cant differences between the central and the side ar-
eas at 10 days. However, newly formed bone tissue
was significantly increased in the side area com-
pared with the central area at 7 (P <0.01), 14
(P <0.01) and 30 days (P <0.05). Newly formed
tissue in the B-TCP implanted groups was signifi-
cantly higher than the control groups at 14 and 30
days (P <0.01). The areas of B-TCP in the bone de-
fects at 3days were significantly higher than the oth-

3day Tday 10day 14day 30day

0O B-TcPcent El B-TCP side

Centralarea | 3day | 7day | 10day | 14day Sidearea | 3day | 7day | 10day | 14day

30day * NS NS NS 30day * % NS NS NS

14day * ok NS NS 14day * % NS NS

10day * NS 10day ok NS

7day NS 7day * %

* % P<0.05 * P<0.01

Fig.9 Statistical analysis of the morphometric study for
the area of B-TCP . The side area of B-TCP at 3 days
was significantly greater than the other days (P < 0.05). The
central area of 3-TCP at 3 days was significantly greater
than day 10 (P <0.01) and days 14 and 30 (P < 0.05).
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er time periods both in the central and in the side
areas (Fig. 9).

Osteopontin and osteocalcin mRNA expression
Osteopontin mRNA expression was continuously
observed throughout the experimental periods in the
control and in the experimental groups (Fig. 10).
Osteopontin mRNA expression was greater in the
B-TCP implanted groups than in the control groups
at all of the time periods and significant differences
were observed at only 10 days (P <0.05). The ex-
pression was greatest at 10 days and suddenly de-
creased thereafter in both groups.

Osteocalcin mRNA expression was also continu-
ously observed throughout the experimental periods
in the control and in the experimental groups (Fig.
11). Osteocalcin mRNA expression was detected
earlier and at higher levels in the B-TCP implanted
groups than in the control groups and significant
differences were observed at 7 (P <0.01) and 14
days (P <0.05).

DISCUSSION

Osteoconduction of -TCP

The reconstruction of skeletal deficiencies presents a
challenging problem to the dental community with
respect to denture treatment and implant dentistry.
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* * P<0.05

Fig. 10 Osteopontin mRNA expression was continuously
observed throughout the experimental periods in the control
and in the experimental groups. Osteopontin mRNA expres-
sion was also greater in the 3-TCP implanted groups than
in the control groups at all of the time periods and signifi-
cant differences were observed at only 10 days. The
expression level peaked at 10 days and then suddenly de-
creased day by day in both groups.
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Such defects can result from trauma, periodontal
disease, infection, or tumor resection. Even a minor
defect in the jaw bone may cause a significant prob-
lem. To resolve such problems, fresh autogenous
bone grafts are one of the most common methods to
create new bone (10, 19, 30). Because there is no
risk of any autoimmune reaction, a prompt trans-
plantation keeps many cells alive. In the treatment
of extensive defects, however, autografts also have
restrictions, mainly because of limits on their avail-
ability. Microvascular, corticospongious transplants
are technically demanding and often do not recon-
struct a full-sized substitute. These facts suggest that
bone substitutes must be used in augmentation pro-
cedures.

Filling of bone defects using bone substitutes is
greatly facilitated by osteoconduction, i.e. by offer-
ing a framework or scaffold as a template for an en-
larged solid base for bone deposition. Certain
conditions must be fulfilled for successful osteocon-
duction, 1) the scaffold must consist of bioinert or
bioactive materials, 2) the shape and dimensions of
the external and internal structures should favor os-
teoprogenitor cell ingrowth from the recipient bed
into the structure (framework), and 3) bone deposi-
tion must occur on the substitutes (30).

Johner (16) examined the healing of bones with
holes of diameters between 100 and 1000 um in the
tibia of rabbits. That study reported that bone for-
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Fig. 11 Osteocalcin mRNA expression was continuously
observed throughout the experimental periods in both the
control and the experimental groups. Osteocalcin mRNA
expression was detected earlier and was greater in the
B-TCP implanted groups than in the control groups and
significant differences were observed at 7 and 14 days.
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mation starts within a couple of days, without any
preceding osteoclastic resorption. In larger holes, a
scaffold of woven bone forms and then lamellar
bone is deposited in the newly formed inter-trabecu-
lar spaces, which have a corresponding diameter of
150 to 200 um. From these facts, f-TCP used in this
study which create a framework porosity of 100 to
200 um has been shown to be optimal for ingrowth
of bone cells within bone defects.

In this study, new bone formation in the B-TCP
implanted groups was significantly higher than in
the control groups at each of the time periods. Fur-
thermore, new bone formation was equally observed
at all of the experimental times in the central and in
the side areas of the B-TCP implantation groups. In
contrast, in the control group, the amount of bone
formation in the central area was much smaller than
in the side area and was finally replaced completely
by bone marrow. It seems likely that bone cells can
migrate into the central area along the B-TCP, which
is bioactive and creates a proper porosity in the
framework.

Bone healing with p-TCP

Any type of bone lesion, such as fractures, defects
or insertion of implants, activates local bone regen-
eration by releasing growth factors and inductors.
Bone is, in fact, one of the richest sources of growth
factors and many growth factors can be detected in
bone, including insulin like growth factor (IGF),
transforming growth factor (TGF), fibroblast growth
factor (FGF), and platelet-derived growth factor
(PDGF) (30). In addition, some bone inducing fac-
tors are of great interest, such as osteogenin and
bone morphogenetic protein (BMP) (14, 15, 34-36).
However, the B-TCP used in this study is an inor-
ganic compound in which no growth factors or in-
ductors exist, and thus the results of this study
suggest that B-TCP promotes bone formation due to
other factors.

Ideally, the material used in osteoconduction
should allow a direct deposition of bone on its sur-
face and be replaceable by bone. This is only possi-
ble if it can be resorbed and substituted during the
remodeling phase of bone repair. By definition, only
bioactive materials establish chemical bonds and
thus firm attachments to bone (30).

It is known thatB-TCP shows comparable osteo-
genic ability in the presence of marrow cells. Kas-
ten et al. (18) reported that B-TCP promotes bone
marrow stem cell proliferation and differentiation to
osteogenic cells in culture condition (9). Boo et al.
(2) reported that B-TCP loaded with mesenchymal
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stem cells has excellent osteogenic characteristics,
thus supporting its potential in tissue engineering to
repair bone defects. Neo er al. (24) used electron
microscopy to demonstrate that B-TCP makes direct
contact with the bone, that no apatite layer is pres-
ent at the interface, that the surface becomes rough
due to degradation, and that bone grows into the
finest surface irregularities. Kotani et al. (20) also
reported that B-TCP binds to bone through micro-
anchoring between the bone and the rough surface
of B-TCP which is resorbed.

From this study, we suggest that B-TCP first con-
tributes to the core of calcification in the bone de-
fect and then promotes osteogenesis around the
B-TCP, after which the B-TCP is resorbed and re-
placed by bone. However, no phagocytic cells were
seen, suggesting that resorption occurs only by a
fluid contributed process. This occurs due to acute
resorption when the blood flow attaches to the sur-
face of the B-TCP and is then surrounded by bony
granulation tissue. A slow resorption of bone proba-
bly occurs by cells which have a phagocytic capa-
bility at later time periods.

Bone related protein mRNA expression around
B-TCP

Osteopontin is a protein which regulates calcifica-
tion in the front line of bone formation (6, 29). Os-
teopontin is produced by osteoblasts and facilitates
the adhesion of osteoblasts to the extracellular ma-
trix and accelerates the calcification process. Neo et
al. (22, 23) reported that collagen is found both on
the B-TCP and between B-TCP granules, but that os-
teopontin is found mostly on B-TCP and is also
found in the cytoplasm of macrophages. Ohsawa et
al. (28) demonstrated expression of osteopontin
mRNA induced by B-TCP in rat tibia by in situ hy-
bridization, suggesting that osteopontin may play a
role in bone formation on the materials and helps to
determine their biocompatibility. In agreement with
those studies, we now report that osteopontin mRNA
expression occurs earlier and is higher in the B-TCP
implanted groups than in control groups at all time
periods, although significant differences were ob-
served only at 10 days. It is known that osteopontin
is produced not only by osteoblasts, preosteoblast
bone cells, and osteoclasts in the remodeling front,
but also by macrophages in the inflammation area
and by fibroblasts in developmental stages or during
wound healing (8, 37). In this study, there were no
phagocytic cells observed around the B-TCP
throughout the experimental time periods, and this
may suggest that osteopontin mRNA expression is
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probably due to bone cells around the B-TCP.
Osteocalcin is produced only by osteoblasts, has
an affinity for bone mineral constituents (11) and
implies a role in mineralization of the bone matrices
during final osteoblast differentiation. Osteocalcin
mRNA expression was continuously observed
throughout the experimental periods both in the con-
trol and in the experimental groups. This study
showed that osteocalcin mRNA expression is up-
regulated earlier and to higher levels in the B-TCP
implanted groups than in the control groups and sig-
nificant differences were observed at 7 and at 14
days. These results suggest that bone marrow cells
around the B-TCP influence cell differentiation. It is
known that osteogenic cell activity increases with
Ca concentration of local tissue in the bone. This
suggests that the Ca concentration may increase in
rat bone marrow osteoblasts during B-TCP resorp-
tion. Nakase et al. (21) reported that osteopontin
and osteocalcin are expressed differentially and spe-
cifically, in association with extracellular matrix
mineralization. Taken together, these results prove
that B-TCP is an appropriate material for osteocon-
duction and promotes bone formation in bone de-
fects in the absence of bone activators or inducers.
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