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difference in the content of probe sets, compared with
that identified from BSO-treated rats was observed, for
instance, glutathione S-transferase genes or metal-
lothionein genes, which were induced by BSO but not
by phorone (Kiyosawa ef al., 2004). Although the
strain and the age of the rats were not matched between
the two studies (6 week old male Crj:CD(SD)IGS rats
vs. 9 week old male F344Cu/Drj rats) the difference
could be mainly due to the difference of the GSH-
depleting mechanism between phorone and BSO.

To examine the toxicological significance of the
GSH probe sets, we conducted PCA on GeneChip data
obtained from rats treated with 13 prototypical hepato-
toxicants (Fig. 4). On the PCA map, rats treated with
bromobenzene, coumarin, and acetaminophen showed
apparent changes in hepatic gene expression profiles,
and those treated with thioacetamide showed slight
changes (Fig. 4). Bromobenzene-treated rats showed
the most notable change in gene expression. Bro-
mobenzene was reported to be oxidized to a reactive
metabolite in liver, depleting hepatic glutathione
(Chakrabarti, 1991; Heijne et al., 2004).

Courmarin-treated rats showed the second most
affected gene expression profile in PCA. It was
reported that a single coumarin treatment reduced the
hepatic content of non-protein sulfhydryl groups (Lake
et al., 1989), and this is thought to reflect the decrease
in glutathione content. Furthermore, coumarin was
shown to decrease glutathione content in rat hepatocyte
as well (Lake et al., 1989). Reactive metabolites gener-
ated from coumarin oxidation in liver were thought to
play a role in coumarin-induced glutathione depletion
and hepatotoxicity (Lake, 1984; Lake ef al., 1989).
Since no apparent hepatotoxicity was evident in both
the histopathology and plasma biochemistry data
(Table 2), the PCA result would reflect the potential
risk of courmarin-induced glutathione-depletion.

Acetaminophen and thioacetamide are known to
deplete or reduce glutathione in liver when overdosed
(Mesa et al., 1996). In the present study, acetami-
nophen- or thioacetamide treated rat showed no dra-
matic change in the gene expression profile compared
to bromobenzene. Considering the plasma chemistry
data, rats treated with acetaminophen or thioacetamide
did not show apparent hepatotoxicity within 24 hr after
single dose, whereas those treated with bromobenzene
apparently showed it, suggesting that glutathione
depletion, expression profile of GSH probe sets, and
toxicological phenotype are well correlated with each
other.

We also investigated the time-course of glu-
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tathione content and gene expression profile in rat liv- |
ers treated with bromobenzene, and this showed the
most notable gene expression change of all of the
examined hepatotoxicants (according to the PCA
result). Bromobenzene rapidly depleted hepatic glu-
tathione 3 hr after treatment, and the glutathione con-
tent was the lowest 9 hr after treatment (Fig. 5).
Hepatic glutathione content recovered from initial
depletion until 24 hr after the bromobenzene treatment,
and such recovery has been previously reported
(Chakrabarti, 1991; Heijne et al., 2004). On the other
hand, gene expression changes had not been apparent 3
and 6 hr after the bromobenzene treatment, but
appeared 9 and 24 hr after treatment. Although hepatic
glutathione content was recovered at 24 hr after the
bromobenzene treatment, a changed level in gene
expression was most prominent at this time point. This
result depicts a characteristic of the gene expression
profile in that it does not reflect the status of hepatic
glutathione content itself, but the nuclear activity to
maintain glutathione homeostasis in the liver against
bromobenzene-induced glutathione depletion. It
should be noted, that although the hepatic glutathione
content was recovered 24 hr after bromobenzene treat-
ment, the potential risk of bromobenzene-induced glu-
tathione depletion does exist. In general, hepatic glu-
tathione depletion caused by chemical treatments
occurs immediately, followed by rapid recovery by
glutathione re-synthesis (Meister and Anderson,
1983). Since the time point of sacrifice in ordinal tox-
icity studies 1s set to 24 hr after chemical treatment in
many cases, measurement of glutathione content might
overlook the risk of the glutathione-depleting potential
of the tested chemicals, because 24 hr is enough time
for the recovery of glutathione content after acute glu-
tathione depletion. Instead, gene expression profiling
is considered to be appropriate for evaluating the glu-
tathione-depleting potential of chemicals, rather than
measuring glutathione content, especially in later time
points of chemical treatment. This characteristic of
gene expression profiling, namely toxicogenomics
analysis, would allow for safety assessment of chemi-
cals in drug development.

In conclusion, a total of 161 probe sets of RAE
230A GeneChip, referred as GSH probe sets, were
identified using phorone-treated rats for evaluation of
drug-induced glutathione depletion. The significance
of the identified GSH probe sets was evaluated using
the TGP database, where prototypical glutathione
depletors successfully showed characteristic changes
in the signal levels of GSH probe sets. The time-course
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of glutathione content and the gene expression profile
showed that gene expression profiling could detect the
glutathione-depleting potential of chemicals in later
time points, e.g., 24 hr after chemical treatment, where
hepatic glutathione content had recovered from acute
and transient depletion at earlier time points. There-
fore, toxicogenomics analysis using identified GSH
probe sets would be an invaluable methodology for
assessing a drug’s potential risk of glutathione deple-
tion, possibly leading to hepatotoxicity.
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Abstract

The response of bone cells to a newly developed porous f-tricalcium phosphate composed of rod-shaped particles (RSS-TCP), 8-TCP
composed of conventional non-rod-shaped particles (CS-TCP), and hydroxyapatite (HA) was analyzed using in vivo implantation and in
vitro osteoclastogenesis systems. Implantation of the materials into the rabbit femur showed that RSB-TCP and CB-TCP were
bioresorbable, but HA was not. Up to 12 weeks after the implantation, bioresorption of RSS-TCP and CB-TCP accompanied by the
formation of new bone occurred satisfactorily. At 24 weeks post-implantation, most of the RSB-TCP had been absorbed, and active
osteogenesis was preserved in the region. However, in the specimens implanted with CB-TCP, the amount of not only the implanted C§-
TCP but also the newly formed bone tissue decreased, and bone marrow dominated the région. The implanted HA was unbioresorbable
throughout the experimental period. When osteoclasts were generated on RSB-TCP, CS-TCP, or HA disks, apparent resorption lacunae
were formed on the RSS-TCP and CS-TCP, but not HA disks. Quantitation of the calcium concentration in the culture media showed an
earlier and more constant release of calcium from RSB-TCP than CB-TCP. These results showed that the microstructure of B-TCP affects
the activity of bone cells and subsequent bone replacement.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Biodegradation; Bone graft; Coculture; Osteoblast; Osteoclast

1. Introduction substitutes are the prevention of additional surgery to take
autograft bone, prevention of the transfer of disease from
In place of bone autografts and allografts, implantations  ap allograft, and prevention of immunological reactions to
of bone substitutes have been tried experimentally or  the allograft. In addition, bone substitutes can be very
performed clinically. The major advantages of using bone  ysefyl in patients who cannot provide a sufficient amount
o _ o of bone tissue for an autograft or patients who cannot
orre'spondmg author. Tel.: +8195 84? 7644., fax: + 8195849 7644. provide healthy bone tissue because of osteoporosis. The
E-mail address: tohrupth@net.nagasaki-u.ac jp (T. lkeda). L. . . .
'"Present address: Department of Crystalline Maternials Science, Grad- major morganc compgnent of bope tssue is hydroxyapa-
uate School of Engineering, Nagoya University, Furo-cyo, Chikusa-ku, tite (HA), and many different calcium phosphate ceramics
Nagoya 464-8603, Japan. have been utilized as a material for bone substitutes [1]. As
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a bone substitute, HA is highly osteocompatible and
expresses sufficient osteoconductivity, but stoichiometric
HA is unbioresorbable, and has much less mechanical
strength than bone tissue because there is no organic
component such as type I collagen in the bone substitute.
Therefore, the HA that remains in bone tissue can cause
serious clinical problems.

Bioresorbable bone substitutes have also been developed
to prevent the implant from remaining in the bone tissue.
Beta-tricalcium phosphate (8-TCP) is one of the most
popular bioresorbable materials for bone substitutes.
However, the osteogenic activity of S-TCP is thought to
be poor and the application of this material tends to be
restricted to relatively small bone defects [2,3]. The
osteoinduction of S-TCP has been improved using bone
morphogenetic protein-2 (BMP-2) [3-7]. However, the high
cost of using a large amount of BMP prevents widespread
use of this method. Tissue engineering is another fascinat-
ing way to improve the prognosis of the grafted §-TCP.
Adding osteoprogenitor cells on the graft material has also
been reported to improve replacement of the bone
substitute by newly formed bone tissue [8-10]. However,
the culture of osteoprogenitor cells on bone substitutes
before implantation requires great care to prevent infec-
tions, and additional efforts are needed to spread this
technique in the clinical field. Some inconsistency in the
prognosis after the implantation of f-TCP has also been
reported. In some cases, the implanted - TCP remained in
the bone tissue, whereas in others, it dissolved almost
completely, and the extent of the subsequent bone
replacement varied [11-14]. The difference might depend
on the activities of bone cells in the recipients, but there 1s
as yet no biological explanation for this discrepancy. All
this would suggest that the development of new materials
suitable for bone substitutes is still very important, and
may lead to great improvements in this field.

Ioku et al. established a hydrothermal method to
synthesize HA, and developed an unique fibrous apatite
(15]). The hydrothermal approach has several advantages
over the sintering method; it does not need expensive
equipment, the cost of production is relatively low, and the
method can be used to synthesize many kinds of ceramic
particles. Then, we applied the hydrothermal method to the
synthesis of 8-TCP, and succeeded in developing an unique
porous fB-TCP composed of rod-shaped particles (RSS-
TCP) {16]. The particles are about 10-20 um in length, and
tangled together form micro-pores about 0.1-0.5um in
size. We previously reported that micro-pores 0.2-0.5 pm in
size were effective at improving the bioresorption of f-TCP
in bone [17], and RSB-TCP was expected to be an
appropriate material for bone substitutes. Recently, we
implanted RSB-TCP in the rabbit femur, and showed that
the material exhibited good osteoconductivity [18].

In the present study, to evaluate the performance of
RSB-TCP as a bone substitute more precisely, we compared
biodegradability and bone replacement after the implanta-
tion of RSB-TCP to those after the implantation

of conventional S-TCP composed of non-rod-shaped
particles (CS-TCP) or HA using the rabbit implantation
system. In addition, we quantitatively analyzed the
bioresorption of these materials using a newly developed
in vitro evaluation system. These experiments revealed
considerable differences between RSB-TCP and CB-TCP.

2. Materials and methods
2.1. Preparation of implants

Cylindrical implants of RSS-TCP 6 mm in diameter and 10mm in
length were prepared using an applied hydrothermal method described
previously [18]. The powder of «-tricalcium phosphate was formed into
cylindrical shape by uniaxial compressing. The formed sample was set in a
105 cm? autoclave with 10 cm? of dilute aqueous ammonia and exposed to
vapor of the solution at 160 °C under a saturated vapor pressure for 20 h,
and then heated at 900°C for 3h in air. CB-TCP implants of the same
shape and size were prepared from the powder of §-TCP by normal
sintering at 900 °C in air. HA implants of the same shape and size were
prepared from a powder of stoichiometric HA with a Ca/P molar ratio of
1.67 by normal sintering at 1200 °C in air as reported previously. For each
implant, holes 350 pm in diameter were created vertically and horizontally.

2.2. Animals and operative procedures

Forty-eight female Japanese White rabbits, 3 months of age with a
body weight ranging from 2.3 to 2.4kg, were used for this study. Rearing
of these animals and animal experiments were performed at the
Biomedical Research Center, Center for Frontier Life Sciences, Nagasaki
University, following the Guidelines for Animal Experimentation of
Nagasaki University (Approval No. 0502020400). The rabbits were
anesthetized with an intramuscular injection of ketamine (60 mg/kg body
weight) and xylazine (3 mg/kg body weight) before surgery. To prevent
infection, a subcutaneous injection of orbifloxacin (3 mg/kg body weight)
was used just before surgery. Under sterile conditions, the distal
metaphysis and lateral condyle of the left femur were exposed through a
3-cm long lateral longitudinal skin incision and the thigh muscles were
divided. A dead-end defect, 6 mm in diameter and 10 mm in depth, was
created in the lateral cortex just proximal to the epiphyseal plate using a
surgical drill. The orientation of the defect was perpendicular to the
sagittal axis of the femur. The hole was irrigated with saline (0.9%), each
test implant was carefully inserted into the hole manually, and the wound
was closed layer by layer. Four rabbits were used for each of the RSS-
TCP, CB-TCP, and HA implants. The experimental animals were
sacrificed by means of an overdose of anesthetic 2, 4, 12, and 24 weeks
after the operation. For fluorescent labeling of the bone tissue, calcein
(Wako Pure Chemical Industries, Osaka, Japan) was subcutaneously
injected (20mg/kg body weight) 7 days and | day before sacrifice at 2
weeks after the operation, 7 days and 2 days before sacrifice at 4 weeks
after the operation, and 10 days and 3 days before sacrifice at 12 weeks
and 24 weeks after the operation.

2.3. Radiological and histological analyses

The distal portion of the left femur was dissected from the sacrificed
animals, and X-ray photographs were taken using a soft X-ray apparatus
(TRS-1005, SOFRON, Tokyo, Japan). All the harvested tissue specimens
were fixed in 4% formaldehyde in 0.1 M phosphate buffer (pH 7.2),
embedded in 2-hydroxyethyl methacrylate/methyl methacrylate/2-hydro-
xyethyl acrylate mixed resin, and sectioned 3 pm thick. These sections were
stained with toluidine blue or histochemically stained for tartrate-resistant
acid phosphatase (TRAP) activity as described previously {19). The
adherent sectioning was performed using Cryofilm Type I (Finetec,
Tokyo, Japan). The 3-um thick sections were made after the adhesion of
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the film on the cut surface of the plastic-embedded block. These sections
were stained for TRAP activity.

2.4. Histomorphometry

Histomorphometric analyses were performed using the Osteoplan II
system (Carl Zeiss, Thornwood, NY) as described previously (20]. Bone
volume/tissue volume (BV/TV, %), bone formation rate/bone surface
(BFR/BS, mcm’/mcmz/d), mineral apposition rate (MAR, mcm/d),
number of osteoclasts/bone perimeter (N.Oc/B.Pm, per 100mm), and
osteoclast surface/bone surface (Oc.S/BS, %) were calculated for each
sample in 3 squares with sides 1.2mm long, which were arranged in a
square field inscribed in a circle 6mm in diameter. The 3 squares were
arranged in two distal corners and the center of the inscribed square. An
osteoclast was defined as a multinucleated cell in contact with the surface
of a bone or bone substitute. MAR was calculated under a fluorescence
microscope at a wavelength of 455 nm. To calculate BV/TV, N.Oc/B.Pm,
Oc.S/BS, and BFR/BS, sections stained with toluidine blue were used.
Statistical differences were evaluated using the r-test.

2.5. In vitro experiments

Osteoclasts were generated as described previously [21]. Briefly, mouse
bone marrow macrophages prepared from the femora and tibiae of
5-week-old female ddY mice were expanded in vitro in a culture medium
composed of «-minimal essential medium supplemented with 10% fetal
bovine serum and 30ng/ml of macrophage colony-stimulating factor
(Sigma, St. Louis, MO). Then, the macrophages (2 x 10* cells/well) were
mixed with NIH3T3 cells expressing human RANKL cDNA [21] (2 x 10°
cells/well) and seeded in 24-well plates in which one RSS-TCP, C8-TCP,
or HA disk 10 mm in diameter was inserted per well. All the ceramic disks
were presoaked in a-minimal essential medium supplemented with 10%
fetal bovine serum for a week before being used for the experiments. The
soaking medium was changed twice a week. The medium of the cocultures
was changed every 3 days up to day 12 of the culture period, and the
conditioned medium of each sample was stored at 4°C. The calcium
concentration in each of the conditioned media was analyzed using a JCA-
BM12 automatic analyzer (JEOL, Tokyo, Japan) and Diacolor Liquid Ca
Kit (Toyobo, Osaka, Japan). The mean concentration of 8 wells for each
experimental group was calculated. Statistical differences were evaluated
using the Turkey-Kramer method.

The disks used for the experiment were fixed with 4% formaldehyde in
0.1m phosphate buffer (pH 7.2) and stained for TRAP activity.
Resorption lacunae were viewed using a VH-7000 digital microscope
(KEYENCE, Osaka, Japan).

3. Results
3.1. General features of samples

The synthesized RSB-TCP and CB-TCP were analyzed
by powder X-ray diffractometry with graphite-monochro-
matized CuKa radiation, operating at 40kV and 20 mA
(XRD; Multi Flex, Rigaku, Tokyo, Japan). No phase other
than B-TCP was detected for RSB-TCP and CB-TCP (refer
to JCPDS file # 9-169) (Fig. 1). From these results, both
RSB-TCP and CB-TCP were considered to be synthesized
appropriately. The surface of RSS-TCP and CB-TCP was
analyzed by scanning electron microscope (JSM-T300,
JEOL, Tokyo, Japan). RSS-TCP was composed of rod-
shaped particles about 20 um in length, which were tangled
together to form micropores about 0.2 um in size (Fig. 2a).
CB-TCP was composed of globular particles, which fused

4 ® p-TCP

10 20 30 40 50 60
26/°(CuK o)

Fig. 1. X-ray diffractometry (XRD) of the implant materials used in this
study. XRD patterns of the RSB-TCP ceramic (a) and CB-TCP ceramic

(b).

to one another and formed micro-pores about 0.5um in
size (Fig. 2b). The HA prepared by normal sintering was
also analyzed with XRD and no phases other than HA
were revealed (data not shown). There is no decomposition
as a result of sintering because the HA was stoichiometric.
The porosity of RSS-TCP, C-TCP, and HA was 70% and
the mean compressive strength was 8, 2, and 2MPa,
respectively.

3.2. Radiological and histological analyses

Fig. 3 represents radiographs of rabbit femurs 4, 12, and
24 weeks after the operation. At 4 weeks post-surgery, the
implanted RSS-TCP was recognized clearly by its amor-
phous radiopacity on the X-ray photograph (Fig. 3a). At
12 weeks, radiopacity derived from RSS-TCP was still
evident, but the margin was unclear and the area was
smaller than that of the specimen 4 weeks after the
operation (Fig. 3b). At 24 weeks post-surgery, the
amorphous radiopacity of the implanted RSS-TCP was
replaced almost completely by radiopacity derived from a
trabecular structure. In addition, higher radiopacity of the
area than the surrounding bone tissue was evident (Fig. 3¢).
In radiographic appearance, the implanted CS8-TCP was
almost identical to RSB-TCP at 4 and 12 weeks post-
surgery (Figs. 3d, e). Twenty-four weeks after the opera-
tion, the area of the CB-TCP implant was obscure, and the
higher radiopacity found in the specimen 24 weeks after the
implantation of RSS-TCP was no longer evident (Fig. 3f).
The radiopacity derived from HA was almost unchanged
from 4 weeks to 24 weeks after the operation (Figs. 3g-i).

Histological analyses were conducted using the plastic-
embedded undecalcified sections stained with toluidine
blue or sections stained for TRAP activity. Two weeks
after the implantation of RS-TCP, many TRAP-positive
osteoclasts were seen on the surface of the implant, the
edges had a ragged appearance, and there was direct
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VSOV i

Fig. 2. Scanning electron micrographs of the microstructure of RSS-TCP (a) and CB-TCP (b).

4w 12w 24w

RSB-TCP

Fig. 3. Soft X-ray photographs of the operated portion of the rabbit
femur. Four weeks (a), 12 weeks (b), and 24 weeks (c) after implantation
of RSB-TCP, 4 weeks (d), 12 weeks (e), and 24 weeks (f) after implantation
of CB-TCP, and 4 weeks (g), 12 weeks (h), and 24 weeks (i) after
implantation of HA. Involvement of the implant in bone tissue was
evident in the specimen implanted with RSS-TCP at 12 weeks (b) and 24
weeks (c). In the specimen implanted with CB-TCP, involvement of the
implant in bone tissue was evident at 12 weeks (e), but not at 24 weeks (f).

contact between the implant and bone (Fig. 4a). Four
weeks after the implantation of RSS-TCP, the invasion of
not only TRAP-positive osteoclasts, but also newly formed
bone, into the implant was evident (Fig. 4b, arrows).
However, much of the implant material remained (Fig. 4b, *).

Twelve weeks after the operation, the bioresorption of
RSB-TCP and replacement by newly formed bone tissue
were greatly increased compared with the findings at
4 weeks post-surgery (Figs. 4b, c). Infiltration by TRAP-
positive osteoclasts was also evident (Fig. 4¢). Twenty-four
weeks after the operation, a small amount of RSS-TCP still
remained. However, the amount of newly formed bone was
increased compared with that at 12 weeks (Figs. 4c, d).
Infiltration by TRAP-positive osteoclasts was still evident
(Fig. 4d).

In the specimens implanted with CS-TCP, infiltration by
TRAP-positive osteoclasts, bioresorption of the implants,
and the formation of new bone tissue were enhanced as in
the specimens implanted with RSB-TCP until 12 weeks
after the operation (Figs. Sa—c). Whereas 24 weeks after the
operation, the amount of not only the implanted CS-TCP,
but also the newly formed bone tissue, which was clearly
observed 12 weeks after the operation, decreased and fatty
bone marrow dominated the region. TRAP-positive
osteoclasts were rarely observed in the region (Fig. 5d).

In the specimens implanted with HA, no evidence of
bioresorption of the implant was seen throughout the
experimental period (Fig. 6). TRAP-positive osteoclasts
were seen on the surface of the implant 2 weeks after the
operation, and the number decreased as the experiment
progressed. On the other hand, bone contact was evident
2 weeks after the operation (Fig. 6a). Newly formed bone
tissue was seen only in the holes created in the implants
(Fig. 6b). To evaluate the fine structure of the newly
formed bone tissue in the specimens 12 weeks after the
operation, sections made with the adherent film were
analyzed. As shown in Figs. 7a, b, trabeculae in the
specimens 12 weeks after the implantation of RSS-TCP
and CB-TCP exhibited a mosaic structure composed of the
bone substitute and newly formed bone tissue.

3.3. Histomorphometry

Histomorphometric quantitation revealed BV/TV in the
specimens implanted with RSB-TCP was significantly
greater than that in the specimens implanted with Cg-
TCP (Fig. 9a). The fluorescent signal derived from calcein
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Eip. 4. Histological appearance of a specimen implanted with RSS-TCP. Two weeks (a), 4 weeks (b), 12 weeks (c), and 24 weeks (d) after the operation.
Sections were stained for TRAP activity. Insets show high power view of osteoclasts attached to the bone substitute in each sample (arrowheads). Asterisks
(*) represent the implanted bone substitute. Arrows indicate newly formed bone. Bar: a-d, 500 um.

Fig. 5. Histological appearance of a specimen implanted with C8-TCP. Two weeks (a), 4 weeks (b), 12 weeks (c), and 24 weeks (d) after the operation.
Sections were stained for TRAP activity. Insets show high power view of osteoclasts attached to the bone substitute in each sample (arrowheads). Asterisks
(*) represent the implanted bone substitute. Arrows indicate newly formed bone. Bar: a-d, 500 pm.
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Fig. 6. Histological appearance of a specimen implanted with HA. Two weeks (a), 4 weeks (b), 12 weeks (c), and 24 weeks (d) after the operation. Sections
were stained for TRAP activity. Asterisks (*) represent the implanted bone substitute. Bar: a-d, 500 um.

R
D
& - x

gL

* '
. .
’ il t \
. "\
> "
b
.
' f :
< A
i
i
.
, .
i
‘ . L !
i ]
\ L% b
" A, S L
. 2
e YW e

Fig. 7. Fine histological appearance of newly formed bone in specimens made by the method of adherent sectioning. Twelve weeks after the implantation
of RSB-TCP (a) and CB-TCP (b). Sections were stained for TRAP activity. Note the mosaic structure of the newly formed bone trabeculae. Asterisks *)

represent the implanted bone substitute. Bar: a, b, 500 um.

labeling was analyzed using a fluorescence microscope in
the specimens 24 weeks after the implantation of either
RSB-TCP or CB-TCP. The width of the double labeling,
and the amount of bone mass with the signal was much
greater in the specimens implanted with RSB-TCP than
those implanted with CS-TCP (Fig. 8). Histomorphometric
quantitation of BFR/BS and MAR for newly formed bone
tissue in each sample is shown in Fig. 9. BFR/BS revealed a
strong tendency to increase in the specimens implanted
with RSS-TCP as compared with the specimens implanted

with CB-TCP (Fig. 9b). MAR was significantly increased in.

the specimens implanted with RSS-TCP in comparison to
the specimens implanted with CB8-TCP (Fig. 9c). Addition-
ally, N.Oc/B.Pm and Oc.S/BS were quantified. As shown
in Figs. 9d, e, both N.Oc/B.Pm and Oc.S/BS were

significantly increased in the specimens implanted with
RSB-TCP compared with those implanted with CS-TCP.

3.4. In vitro analyses of bioresorption by osteoclasts

To show that the implanted RSS-TCP and CS-TCP were
resorbed by osteoclasts, disks made with RSB-TCP, Cg-
TCP, and HA were used for an in vitro osteoclastogenesis
assay. RANKL-expressing fibroblasts and mouse bone
marrow macrophages were cocultured on the disks, and the
calcium concentration in the culture supernatant was
analyzed biochemically. As shown in Fig. 10a, the mean
calcium concentration was significantly higher in the
culture supernatant of the RSS-TCP disk than in that of
the CB-TCP or HA disk at 3 days into the coculture, and
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Fig. 8. Evaluation of osteogenesis by fluorescent labeling. (a, b) Bright-field light microscopic appearance of specimens 24 weeks after the implantation of
RSB-TCP (a) and CB-TCP (b). Sections were stained for TRAP activity. The squares represent the area used for the fluorescent analysis. (c, d) The calcein
signal in the newly formed bone tissue in the specimens 24 weeks after the implantation of RSS-TCP (c) and CS-TCP (d). Sections stained with toluidine

blue were utilized for analysis by fluorescence microscopy. Bar: a—d, 100 pm.

gradually increased up to day 12. The calcium concentra-
tion in the culture supernatant of cocultures performed on
the HA disk was not significantly changed throughout the
culture period, and the calcium concentration in the culture
supernatant of the RSA-TCP disk was significantly higher
than that of the HA disk on all days analyzed (Fig. 10a).
When the coculture was performed on the disk made with
CB-TCP, the calcium concentration in the culture super-
natant was near the basal level on days 3 and 6 of the
coculture. Whereas the mean calcium concentration in the
culture supernatant of the C8-TCP disk increased there-
after and became significantly higher than that of the HA
disk at 9 days into the coculture. On day 12 of the
coculture, the calcium concentration was significantly
higher in the culture supernatant of the CS-TCP disk than
in that of not only the HA disk, but also the RSS-TCP disk
(Fig. 10a).

Numerous pits, which revealed characteristic features of
resorption lacunae formed by osteoclasts, were found on
the disks of RSS-TCP and CB-TCP (Figs. 10b, c). On the
other hand, no typical resorption lacuna was found on the
disks of HA (Fig. 10d). Fig. 10e shows typical features of
resorption lacunae formed on a slice of whale dentin.

4. Discussion

Although their application is still restricted, bone
substitutes have already been widely used chiefly in the

fields of orthopedic surgery and dentistry. One of the most
important features of bone substitutes is osteoconductivity,
and many kinds of ceramics possessing this feature have
been introduced as suitable materials for bone substitutes.
In addition to osteoconductivity, biodegradability is another
important feature of bone substitutes. Biodegradability
should basically be induced by osteoclastic resorption, which
accompanies the subsequent formation of new bone.

In the present study, we showed that resorption and
replacement with newly formed bone tissue occurred
similarly in specimens implanted with either RSS-TCP or
CB-TCP up to 12 weeks after the operation. Surprisingly,
at 24 weeks after the operation, most of the implant and
newly formed bone was absorbed in the specimens _
implanted with CB-TCP, whereas much bone tissue was
seen in place of the implanted RSB-TCP. Few previous
papers have stated the course post-implantation of §-TCP
in rabbit bones, and a detailed histology of such experi-
ments has not been described. In addition, these experi-
ments were performed using §-TCP differing in porosity to
the CS-TCP used in the present study [22,23]. Therefore,
we could not compare the data on CS-TCP to results of
previous studies. The data on XRD (Fig. 1) and the views
under the scanning electron microscope (Fig. 2) indicated
that both RSB-TCP and CB-TCP were highly purified §-
TCPs and the difference in the specimens 24 weeks after the
implantation was thought to be due to their different
microstructures.
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Fig. 9. Histomorphometry of the newly formed bone tissue in the
specimens 24 weeks after the implantation. Parameters for the amount of
bone, BV/TV (a), osteogenic activity, BFR/BS (b) and MAR (c), were
compared between specimens implanted with RSS-TCP and specimens
implanted with CA-TCP. Parameters for bone resorption, N.Oc/B.Pm (d)
and Oc.S/BS (e), were also compared (*P <0.05, **P<0.01). Three areas
in the four samples were analyzed for the data acquired.

Bone metabolism is strictly regulated by a balance of
bone resorption and bone formation. Likewise, the
metabolism of bone substitutes and newly formed bone
would also be strictly regulated by an appropriate balance
of resorption and bone formation. Previously, we showed
that in the bones of ovariectomized rats, both the number
of osteoclasts and the activity of osteoblasts were increased
compared with levels in the sham-operated rats before
bone volume was significantly decreased [20]. These results
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strongly suggested that the activation of bone resorption
stimulated the formation of bone, but an imbalance of
bone resorption and bone formation.resulted in bone loss.
Many osteoclasts and new bone were seen in the regions
where RSB-TCP and CB-TCP were implanted 12 weeks
after the operation (Figs. 4c, 5¢), and an imbalance of bone
metabolism might occur in the animals implanted with Cj-
TCP, which resulted in a loss of newly formed bone and the
bone substitute 24 weeks after the operation (Fig. 5d).
The mechanism behind the imbalance is unclear, but we
speculate that the excessive bioresorbability of the bone
substitute caused a loss of bone tissue formed in place of
the bone substitute, and an ideal bone substitute should
have proper bioresorbability. Interestingly, intramuscular
osteogenesis using -TCP and BMP-2 often resulted in a
loss of ectopically formed bone [24]. This may also occur
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due to an imbalance of resorption and bone formation,
and insufficient numbers of osteoblast progenitor cells in
the muscle may not be able to overtake the active
resorption of implanted B-TCP and newly formed bone.
Recently, it was reported that §-TCP treated with BMP-2
and bisphosphonate effectively prevented loss of ectopi-
cally formed bone tissue in the muscle without affecting
osteogenesis [25,26]. In addition, a recent report showed
that octacalcium phosphate, a highly biodegradable
material, implanted in rabbit femurs was partially resorbed
and new bone formation was seen at 2 weeks after the
operation, whereas the amount of both implant and newly
formed bone was reduced at 12 weeks after the opera-
tion [27]. Ourin vitro experiments suggested that RS§-TCP
was less bioresorbable than CB-TCP, because in the
osteoclastogenesis system, multinucleated osteoclasts
begin to appear around the Sth day of coculture (data
not shown), and the higher calcium concentration in
the culture supernatant of CB-TCP than that of RSg-
TCP at 9 and 12 days of the coculture was thought to
reflect the bioresorbability of these materials. All these
results strongly support our hypothesis. However, 1t is
highly possible that “proper bioresorbability” depends on
the biological activity of bone cells in the recipient, and
varies.

It is also possible that RSS-TCP possesses the potential
to stimulate osteoblastic activity and bone formation.
Actually, increased radiopacity and bone mass compared
with the surrounding bone tissue were seen in the
specimens 24 weeks after the implantation of RSS-TCP
(Fig. 3c, data not shown) in spite of the remarkable fatty
change in the bone marrow (Figs. 4d, 8a). Previously, we
suggested that micropores of B-TCP affected bone cell
activities {17]. The particles composing RSB-TCP were
entangled and formed micropores about 0.2um in size
(Fig. 2a), and these micropores may effectively adsorb
certain kinds of proteins in body fluid and might contribute
to the stimulation of osteoblastic activity.

The calcium concentration was significantly increased in
the medium cocultured for 3 days on RSB-TCP compared
with CS-TCP and HA (Fig. 10a). As described in Section 2,
all the disks were presoaked in the culture medium for a
week before the coculture, and no significant increase in the
calcium concentration was detected in the presoaked
medium (data not shown). In addition, although TRAP-
positive mononuclear preosteoclasts appeared around the
3rd day of the coculture, multinucleated osteoclasts began
to be seen around the 5th day (data not shown). Therefore,
the rise in the calcium concentration in the culture
supernatant cocultured for 3 days on RSB-TCP was
strongly suggested to be caused by preosteoclastic resorp-
tion, and RSB-TCP may fit with the attachment and/or
activation of preosteoclasts. Considering the possibility
that it stimulates the activity of osteoblasts, RSS-TCP may
possess unique characteristics and more studies should be
done to clarnfy the influence of microstructure on the
biology of bone cells.

5. Conclusion

This study showed that a B-TCP composed of rod-
shaped particles (RSB-TCP) behaved very differently from
the conventional B-TCP composed of globular-shaped
particles (CS-TCP) when implanted in the rabbit femur.
Twenty-four weeks after the implantation, the bioresorp-
tion of RSA-TCP and subsequent formation of bone had
occurred adequately, whereas the amount of CS-TCP and
newly formed bone tissue, which was seen at 12 weeks after
the operation, decreased and bone marrow dominated the
region. Considering the results of the experiments in vitro,
the bioresorbability of the bone substitute was suggested to
affect the metabolism of the subsequently formed bone
tissue. Additionally, RSS-TCP possibly helped to stimulate
osteoblastic activity.
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Abstract

Plasma fibronectin (pFN) is known to regulate cell growth, differentiation or survival of osteoblasts in vitro. It is also speculated to be
important for the early phase of osseointegration, however, its actual in vivo behavior is unknown. The objective of this study is to clarify
the role of pFN during osseointegration. We developed a titanium ion-plated acrylic implant (Ti-acryl) for thin sectioning without
removal of the implant. Either Ti-acryl or pFN-coated Ti-acryl (FN-Ti-acryl) was implanted in the mouse femur. Samples were taken on
days 1-7 and on day 1[4 after the operation, and were decalcified and paraffin embedded. The bone healing process and
immunofluorescence localization of pFN and cellular fibronectin (cFN), a marker for fibroblastic cells were examined. Simultaneously,
the effect of pFN on chemotaxis, proliferation and differentiation of bone marrow stromal cells (BMSCs) was analyzed in vitro. The in
vivo results showed that faster direct bone formation was seen for the FN-Ti-acry! group compared to the Ti-acryl group. The in vitro
results showed that pFN significantly promoted BMSCs chemotaxis, however, had no effect on proliferation or differentiation. The
results indicate that pFN regulated chemotaxis of osteogenic cells and coating the implant with pFN enhanced earlier osseointegration.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: lmplant; Fibronectin; Osseointegration; Histomorphometry; Chemotaxis

improvement is speculated to be the enhanced adsorption
of native blood proteins, such as plasma fibronectin (pFN),
onto the implant surface, which enhanced the formation of

1. Introduction

The faster acquisition of the direct bone to implant

anchorage, or so-called osseointegration, is the key factor
in the faster functional loading of the implant. Compre-
hensive efforts and strategies have enhanced osseointegra-
tion for increased implant stability [1,2]). For example, the
modification of the physical characteristics of the implant
by sandblasting or chemical treatment of the implant
surface has remarkably improved osseointegration as
compared to turned surfaces [3-5]. The reason for such
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focal adhesions by osteoblasts through integrin-mediated
mechanisms [6,7]. _

pFN is a prominent extracellular matrix protein [8],
which accumulates in the matrix during the early phase of
cell growth and attachment [9]. Cellular FN (cFN), an
another type of FN, is an insoluble form generated as a
result of alternative splicing from a single gene [10]. It is
expressed locally by certain fibroblastic cells and other cell
types, and is deposited and assembled into the extracellular
matrix [L1]. It has been suggested that pFN activates the
signaling pathways, which direct cell-cycle progression,
gene expression and matrix mineralization [12], and even



3470 R. Jimbo et ul. | Biomaterials 28 (2007) 34693477

regulating the survival of osteoblasts [13]. In fact, coating
biomaterial surfaces with pFN in vitro has been shown to
enhance the formation of focal adhesions by osteoblasts
[14] and lead to better cell spreading and cytoskeleton
organization compared to non-coated surfaces [15~17]. In
addition, it has been reported that pFN adsorbed onto the
implant surface when the implant was inserted in the
abdominal walls of rats [18]. This evidence suggests that the
pFN adsorbed onto the implant surface regulates cellular
adhesion and consequent osseointegration. Park et al. [19]
have reported that early blood cell/implant interactions
which lead to plasma protein accumulation may play a key
role in the osteoconduction stage of osseointegration.
Rupp et al. [20] have discussed the possible FN adsorption
onto endosseous implants via the patient’s blood during
surgery. However, these reports were only speculations,
and the actual behavior of FN at the molecular level in vivo
around implants during the process of osseointegration
remains uncertain. One of the reasons for this is the
difficulty in making thin sections without the removal of
the implant incorporated into the surrounding bone.
Hence, most of the past studies were performed on
undecalcified ground sections. Nevertheless, the ground
sections clarified the osteoconductive bone regeneration
process around the implants histologically and histomor-
phometrically [21,22], they did not allow for analysis at the
molecular level.

We developed an implant coated with a thin film of
titanium by means of the ion-plating method [23]. With this
implant, the preparation of paraffin-embedded or frozen
sections for immunohistochemistry or in situ hybridization
(ISH) is possible without removing the titanium implant.
In this study, by using this implant, the effects of pFN on
the osseointegration process in the mice femur histologi-
cally and histomorphometrically was examined, followed
by immunofluorescence observation with pFN antibody
and cFN antibody. Simultaneously, the effect of pFN on
‘bone marrow stromal cells (BMSCs) was examined in the
in vitro studies.

2. Materials and methods
2.1. Fabrication of the titanium-ion-plated acrylic implant

An acrylic rod (1.0mm in diameter and 2.0mm in length) was
ultrasonically cleaned in ethanol and distilled water. The titanium-ion-
plating methods were applied, based on our previous study [23]. Briefly,
the spccimens were placed for 10min in an ion-plating apparatus
(MODEL 1602EB; Ayers Rock Corp., Kanagawa, Japan) and were
exposed to an argon gas plasma created under 100 W radio frequency
power, 12-16mPa argon gas pressure and 500V bias voltage. The
thickness of the plated titanium was fixed to approximately 20nm and was
confirmed by a cross-sectional transmission electron microscope (JEM
3010; JEOL) at an accelerating voltage of 300kV.

2.2. Suryical procedures

Ddy mice (8-weck-old males, n = 3) were ancsthetized, a round bone
defect 1.0mm in diameter was created in the middle portion of the

diaphysis of the left femur and the implants were inserted. The following
two types of implants were used in the experiment:

1. Ti-acryl (control group): titanium-ion-plated acrylic implant;

2. FN-Ti-acryl (experimental group): titanium-ion-plated acrylic implant
soaked in mouse plasma fibronectin (Biogenesis; concentration:
100 pg/ml) at 4°C for 30 min.

The animals were sacrificed at 1-5, 7 and 14 days after the operation,
the samples were perfusion-fixed with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS), decalcified with 10% ethylenediamino-
tetraacetic acid and embedded in paraffin, and thin paraffin sections were
prepared (thickness: 3 um). The sections were first observed histologically
with hematoxylin and eosin (H&E) staining.

Animal care and experimental procedures were performed in accordance
with the Guidelines for Animal Experimentation of Nagasaki University
with the approvat of the Institutional Animal Care and Use Committee.

2.3. Immunofluorescence staining and ISH

For the immunofluorescence staining, we prepared a rabbit anti-human
pFN antibody dccording to the methods of Weiss et al. [24]. Additionally,
as a marker for the fibroblastic cclls, we used goat anti-human cFN
antibody (C-20; Santa Cruz Biotcchnology). The deparaffinized scctions
were first blocked with 1% bovine serum albumin (BSA) in PBS for 30 min
at room temperature. The slides were incubated with the two primary
antibodics diluted with PBS (1:200) for 2h at room temperature. After
cxtensive washing with PBS, they were incubated with anti-rabbit
Mluorescein-linked whole antibody (GE Healthcare) and anti-goat Alexa
Fluor 594 (Molecular Probe). The fluorescence signals were visualized
using a confocal lascr microscope (LSMS PASCAL; Carl Zeiss).

ISH was performed for both groups at day 4 in order to obscrve the
osteogenic activity at the implant surface. For the probe preparation, the
c¢DNAs of osteocalcin (Ocn) subcloned into pGEM-T Easy (Promega)
were labeled with digoxigenin with cither T7 or Sp6 RNA polymerasc. The
ISH was performed as described in our previous studies [25].

2.4. Histomorphometrical analysis

The area of the implant surface that was in contact with bone (bone-
implant contact, BIC) was calculated at days 5-14. The percentages of
bone in direct contact to the implant surface were determined.

The number of fibroblastic cells infiltrated around the implant was
counted in a prescribed rectangular area for both groups (0.5mm x
1.0 mm, adjacent to the implant surface).

Histomorphometric analysis was performed on all specimens using an
image analyzing software (Image J ver.1.36b; National Institutes of Health).

2.5, Immunohistochemistry

The proliferation activity of the fibroblastic cells around the implant at
day 2 was analyzed by immunostaining the proliferating cell nuclear
antigen (PCNA). After preincubation with 1% H,0, in methanol for
30min, and blocking with 1% BSA, the scctions were incubated for 2h
at room tcmperature with a [:200 dilution of anti-PCNA antibody
(PC10; DAKO). The sections were then incubated with the appropriate
biotinylated secondary antibodies, followed by incubation with the
avidin-biotin peroxidasc complex (Vectastain Elitc ABC kit; Vector).
The peroxidase conjugates were subsequently localized using
diaminobenzidine tetrahydrochloride as a substrate. The ratio of
PCNA + fibroblastic cells among all fibroblastic cells was calculated in a
prescribed rectangular arca (0.5mm x 1.0mm, adjacent to thc implant
surface).
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2.6. Preparation of bone marrow stromal cells

The femurs and tibiae of the 8-week-old male ddy mice were cut at the
epiphyses, and a BMSCs-rich fraction was obtained by flushing the
diaphyseal channel with alpha-MEM (Gibco Laboratories) containing
10% fetal calf serum, 100 pg/ml penicillin G and 100 IU/ml streptomycin
through a 23-gauge needle. The cells were then filtrated with a 70-um
nylon filter (Cell Strainer; BD Bioscience), and cultured for 3. days in
alpha-MEM containing 10% FCS and antibiotics at 37°C in 5% CO,.
After 3 days of primary culturing, the non-adherent population was
aspirated and the adherent cells were collected by scraping with a rubber
wiper; the adherent cells were then concentrated by centrifugation at 1500
revolutions per minute (rpm) for Smin at room temperature and
resuspended.

2.7. Chemotaxis assay

To examine whether or not pFN induces the chemotaxis of BMSCs, the
chemotactic responses were measured by means of a modified Boyden
chamber assay, using a 24-well-type chamber equipped with polycarbo-
nate filters having 8-pm pores (Chemotaxicell-24; Kurabo, Kurashiki,
Japan). The lower side of the filter was coated with either pFN or type-1
collagen (Coll; Cell Matrix, Nitta-Gelatin, Osaka, Japan) for 30 min at
room temperature within a wide concentration range (from 100 ng/ml to
100 pg/ml). A non-coated filter was used as a control. The lower wells were
filled with 600 p! of alpha-MEM, and the upper wells were filled with the
obtained cells (40 x 10%cells/ml) in 200l of medium. After 24h of
incubation, the filters were carefully removed and the non-migrating cells
on the upper side were eliminated by gentle scraping with a rubber wiper
and rinsing with cold PBS. The migrating cells on the lower side of the
filter were fixed with PFA and stained with toluidine blue. The number.of
migrating cells was counted at 10 x magnification, and the procedure was
repeated in triplicate.

2.8. In vitro proliferation assay

The cellular proliferation activity was estimated based on the uptake of
bromo-deoxyuridine (BrdU). Polystyrene 96-well plates were coated with
pFN (concentration: from 100 ng/ml to 100 pg/ml) at 4 °C for 30 min. The
wells were then blocked with 1% BSA for 30 min at room temperature and
rinsed with PBS before adding the cells. As a control, Coll-coated wells
with the same concentration range and non-treated wells were used. The
cells were then added (40 x 10%cells/ml) and cultured for 24h. Cell
viability was assessed by the Biotrak™ cell proliferation ELISA system
(GE Healthcare), according to the manufacturer’s instructions.

Fig. I. Histological analysis of the Ti-acryl group. Hematoxylin/eosin
(H&E) stainings of decalcified bone sections. The original magnification is
10 x (A-D and G-H). (A) Day I: titanium film is still present at the
tissue~implant interfacc (arrowhecads). Edematous peri-implant tissue
(asterisk). IMP: implant; Ctx: cortex. (B) Day 2: fibrinous layer at the
implant surface (asterisk). The infiltration of fibroblastic cells away from
the implant surface (double asterisk). (C) Day 3: direct infiltration of the
fibroblastic cells to the implant surface (astcrisk). (D) Day 4: new bone
formation observed underneath the cortex (asterisk). Higher-magnifica-
tion image of the tissue—implant interface (inset: original magnification
40 x ). Fibroblastic ccll infiltration can bc observed at the implant surface
(double asterisk). (E) Higher magnification of the initial bone formation
underneath the cortex at day 4 (original magnification 40 x ). (F) ISH for
Ocn mRNA expression. Ocn mRNA could not be detected at the implant
surface (arrowheads). On the other hand, Ocn mRNA was expressed away
from the implant surface (arrows). (G) Day 5: the inset shows a magnified
image (original magnification 40 x ). Fibroblastic cell infiltration can still
be seen at the implant surface (asterisk). Note that there is no direct
bone-implant contact. (H) Day 7: direct bonc-implant contact can be
seen.
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2.9. Analysis of osteogenic differentiation in vitro

In order to assess the osteoinductive role of pFN, BMSCs-rich fractions
were cultured on pFN- or Coll-coated or non-coated dishes and
transfected with adenoviral th-BMP-2 [26). After 4 days, the transfec-
tion-elevated alkaline phosphatase (ALP) production was compared
among the three groups. The ALP activity was detected by enzyme
histochemistry, as in our previous studies [27).

2.10. Statistical analysis

All statistical analyses in this study were performed with KaleidaGraph
(Synergy Software). The mean and standard deviation values of the
histomorphometric and in wvitro parameters (n=3) were calculated. The
average values were compared by one-way analysis of variance, followed by a
post hoc Tukey test with the value of statistical significance set at the 0.05 level.

3. Results

3.1. Histological examination of the bone formation process
Jor Ti-acryl and FN-Ti-acryl

In the Ti-acryl (control) group, the peri-implant bone
healing proceeded as follows. At day 1, the peri-implant
tissue was edematous (Fig. [A). At day 2, a dense fibrin
layer was observed just outside of the implant surface;
sparse infiltration of spindle-shaped fibroblastic cells was
noticed outside of the fibrin layer (Fig. | B). At day 3, the
fibroblastic cells surrounded the implant surface (Fig. 1C).
At day 4, new bone formation was seen in an area hemmed
by the cortex and the implant; however, bone formation
could not be observed at the implant surface; mononuclear
cells or fibroblastic cells surrounded the surface of the
implant (Figs. 1D and E); no expression of Ocn mRNA
was observed at the implant surface (Fig. 1F). Atday 5, the
bone volume increased; however, layers of fibroblastic cells
were still observed at the implant surface (Fig. 1G). At day
7, the bone volume increased further and at last, the bone
was in direct contact with the implant surface (Fig. 1H). At
day 14, the bone volume increased even further and the
bone became compact (data not shown).

Whereas, in the FN-Ti-acryl (experimental) group, at day
1 the peri-implant tissue was less edematous than in the
control group (Fig. 2A). At day 2, fibroblastic cells reached

Fig. 2. Histological analysis of the FN-Ti-acry! group. H&E staining of
decalcified bone sections. The original magnification is 10 x (A-D and
G-H). (A) Day I: the peri-implant tissue was dense and less edematous
than'that shown in Fig. |A. IMP: implant; Ctx: cortex. (B) Day 2: direct
fibroblastic cell infiltration to the implant surface (asterisks). (C) Day 3:
further infiltration of fibroblastic cells (asterisk). (D) Day 4: new bone
formation underneath the cortex (arrowheads). Higher magnification of
the bone-implant interface at day 4 (E-H: original magnification is.40 x ).
(E and G) H&E stainings. The deposition of bone matrix adjacent to the
‘implant surface (asterisk). (F and H) ISH analysis of the bone-implant
interface. Note that Ocn mRNA expression was detected in the cells inside
the bone matrix (arrows) and in the cells rimming the bone matrix
(arrowheads). (I) Day 5: direct bone—implant contact can be seen (inset).
(J) Day 7: the bone volume further increased and the bone became
compact.
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the implant surface and infiltrated the surrounding
tissues (Fig. 2B). At day 3, a larger number of fibro-
blastic cells infiltrated the area around the implant compared
to the Ti-acryl group (Fig. 2C). At day 4, deposition
of bone matrix appeared directly on the implant sur-
face, as well in an area hemmed by the cortex and
the implant (Fig. 2D); osteoblastic cells rimming the matrix
and osteocytic cells embedded in the matrix were
observed under higher magnification (Figs. 2E and G);
Ocn mRNA expression was detected in the cells at
the bone-implant interface and in the bone matrix
(Figs. 2F and H). At day §, the bone matrix was in direct
contacted with the implant surface, without the inter-
vention of any fibroblastic cells at the bone—implant
interface, and the bone volume around the implant increa-
sed (Fig. 2I). At days 7 (Fig. 2J) to i4 (data not shown), the
bone volume further increased and the bone became
compact.
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Fig. 3. Histomorphometrical analysis. (A) The percentages of bone in
direct contact with the implant in the two groups were determined at days
5-14. The BIC was significantly higher in the experimental group at day 5.
(B) The number of infiftrated fibroblastic cells was significantly higher
(1.86 times) in the experimental group at day 2. (C) No significant
difference in the proliferation activity was observed between the two
groups at day 2. The values represent means+SD of five separate
experiments performed in triplicate (*p <0.05).
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3.2. BIC analysis

The BIC in the experimental group was significantly
higher than those in the control group at day 5. In the
control group, the BIC was 43.6% and in the experimental
group, the BIC was 81.6%. There was no significant
difference between the BIC values of these groups at days 7
and 14 (Figs. 3A and B).

3.3. Infiltration of fibroblastic cells and PCNA proliferation
assay

The total number of infiltrated fibroblastic cells in the ex-
perimental group was 1.86 times larger than that in the control
group (Fig. 3C). The percentage of PCNA + fibroblastic cells
at day 2 was 20.5% in the control group and 19.2% in the
experimental group (Fig. 3D). There was no significant
difference in the proliferation rates of the two groups.

3.4. Immunofluorescence staining

_In the control group at day I, pFN signals were detected,
not around the entire implant surface, but chiefly in an area
hemmed by the cortex and the implant (Fig. 4A). At day 2,
the pFN signals disappeared at the implant surface,
whereas they could still be detected in the matrix away
from the implant surface (Figs. 4B-D). Strong cFN signals
were detected in the fibroblastic cells; however, lower pFN
signals were detected at the implant surface compared to
the matrix away from the implant (Figs. 4C, E and F). The
corresponding H&E stained sections show an infiltration of
fibroblastic cells outside of the fibrin layer (Fig. 4G). At
day 3, the pFN signals were drastically reduced (Fig. 4H)
and the infiltration of cFN-negative fibroblastic cells could
be seen at the implant surface (Figs. 41-K). At day 4, both
signals completely disappeared (data not shown).

In the experimental group at day 1, pFN immunofluor-
escence signals were detected extensively around the implant
surface and in the surrounding matrix (Fig. SA). At day 2,
the pFN signals were still observable at the implant surface
(Figs. SB-E); cellular-FN + fibroblastic cells also reached
the implant surface and infiltrated the surrounding matrix
(Figs. 5C. E and F). The corresponding H&E sections show
a direct infiltration of fibroblastic cells to the implant surface
(Fig. 5G). At day 3, capillaries were generated in some
places adjacent to the implant surface; the infiltration
of cFN +fibroblastic cells was also evident in this area
(Figs. 51-K), while pFN signals around the implant
decreased (Fig. 5H). At day 4, both signals were still visible,
but lower compared to those at day 3 (data not shown).

3.5. Effect of pFN on the chemotaxis, proliferation and
osteo-differentiation of BMSCs

The chemotaxis assay revealed that pFN significantly
promoted the chemotaxis of BMSCs compared to the Coll-
coated or non-coated chambers (Fig. 6A). Although the
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chemotactic activity of BMSCs increased in a dose-
dependent manner in both the pFN and the Coll-coated
group, the chemotactic ratio in the pFN-coated group was
significantly higher than that in the Coll-coated group at
all concentrations tested. The BrdU-uptake of BMSCs
cultured on the various groups of wells did not result in
any significant differences in proliferation ratio (Fig. 6B).
The histochemical analysis of the ALP enzyme revealed
no drastic variance in ALP activity between any of the
cells cultured on any well after the transfection of BMP-2
(Fig. 6C).

4. Discussion

This is the first report that addressed the in wvivo
localization and role of pFN during osseointegration.
Our results demonstrated that coating the implant with
pFN induced faster osseointegration compared to the non-
coated implant, and suggested that this phenomenon was
due to the recruitment of larger number of cFN + BMSCs
closer to the implant surface by the preferential chemotac-
tic activity of pFN. Although the adsorption of blood
proteins to the titanium implant has been suggested to play
an important role for osseointegration [7,28], the actual
in vivo localization of blood proteins and its role for
osseointegration remained uncertain. In this study, we
developed the paraffin-sectionable titanium ion-plated
acrylic implant model for the detection of in situ localiza-
tion of molecules involved in osseointegration. The paraffin
sections showed titanium film attached directly to the peri-
implant tissue, meaning the bone—implant or tissue—im-
plant interface was well preserved.

During days 2-3, there was a drastic reduction of the
pFN signal in the control group. In contrast, the pFN
signal could still be detected at the implant-surface in the
experimental group. The pFN detected in the experimental
group may be due to the release of pFN from the pFN-
coated implant. The histological results of this study show
that, at day 2, the infiltration of a larger number of
c¢FN + BMSC:s to the implant surface could bé observed in
the experimental group compared to the control group
(Fig. 3C). At day 3, the infiltration of cFN + BMSCs to the
implant surface was evident only in the experimental group,
and the cells which reached the implant surface in the
control group were cFN-negative (Figs. 41, K and 5I, K).

Fig. 4. Localization of pFN (green) and cFN (red) for the Ti-acry! group.
IMP: implant; asterisk: cortex. Immunofluorescence image of pFN with a
diffcrential interference image of peri-Ti-acryl tissuc at day 1 (A) and day 2
(B). The original magnification is 10x. (C) Mecrged image of the
tissue-implant interface at day 2. The original magnification is 20 x .
(D and H) Localization of pFN (D, day 2; H, day 3). (E and )
Localization of cFN (E, day 2; I, day 3). Note that the cells infiltrated near
the implant surface are cFN-negative (I; arrowheads). (F and J) Merged
image of pFN and cFN at the implant surface (F, day 2; J, day 3). The
same section field stained with H&E (G, day 2; arrows: fibrin layer,
arrowheads: fibroblastic cells; K, day 3). The dotted lincs (D-F) trace the
tissue~implant interface. The original magnification is 40 x for D-K.
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In this study, cells with integrin receptors were speculated to
migrate to the pFN accumulated implant surface, but the
mechanisms of the preferential chemotaxis of the
cFN + BMSCs remained uncertain. However, the results of
this study indicated a close refationship between pFN and
c¢FN + BMSCs, as Hayman et al. [29] have suggested and
furthermore, pFN was suggested to induce the preferential
chemotaxis of cFN + BMSCs. In addition, the histological
results showed that the pFN-coated implant induced faster
osseointegration. These results strongly suggest that the
cFN+BMSCs possess a higher tendency to differentiate
into osteogenic cells.

The prominent vasculogenesis around the experimental
implant may also have been the result of the chemotactic
activity of pFN, because mice lacking FN die around
embryonic day 8.5 due to severe defects in mesodermally
derived tissues, including defects of vasculogenesis [30]. As
vascularization is reported to be indispensable for osseoin-
tegration {31], further vasculogenesis induced by the ad-
ministration of pFN may also accelerate osseointegration.

Osseointegration is defined as the direct anchorage of an
implant due to the formation of bony tissue around the
implant, without the growth of fibrous tissue at the
bone-implant interface [31]. From the clinical point of
view, during this process, two factors play an important
role: primary stability (mechanical stability) and secondary
stability (biological stability after bone remodeling) [32].
Primary stability is the mechanical stability of the implant
as soon as the implant is placed into the bone. It gradually
decreases in the bone remodeling process. Secondary
stability is the contact of new bone with the implant after
bone remodeling. Primary stability is fully replaced by
secondary stability when the healing process is completed.
However, at one point, the implant stability decreases
during the stability conversion, a process also called the
“dip”. Many implant failures occur during this period, and
this period seems to be critical to the successful integration
of the implant [33]. The results of this study suggest that
the adsorption of pFN onto the implant surface advances
the starting point of the achievement of secondary stability.

Coating the implant with pFN significantly enhanced
osseointegration at days 4 and 5, however, the results of the

BIC analysis showed that there was no significant

difference between the two groups at days 7 and 14, which
mark the latter stages of bone regeneration. These results

Fig. 5. Localization of pFN (green) and cFN (red) for the FN-Ti-acry!
group. IMP: implant; asterisk: cortex. Immunofiuorescence image of pFN
with a differential interference image of peri-Ti-acryl tissue at day I (A)
and day 2 (B). The original magnification is 10 x . (C) Merged image of the
tissuc-implant interface at day 2. The original magnification is 20 x .
(D and H) Localization of pFN (D, day 2; H, day 3). (E and I)
Localization of cFN (E, day 2; I, day 3). Note that the large number of
cells infiltrated ncar the implant surface are cFN+ (1, arrowheads). (F and
J) Merged image of pFN and cFN at the implant surface (F, day 2; J, day
3). Plasma FN+ and cFN +red blood cells at the endocapillaries (H-J,
asterisks). The same section field stained with H&E (G, day 2; arrows:
fibroblastic cells; K, day 3). The dotted lines (D-F) trace the
tissue-implant interface. The original magnification is 40 x for D-K.



