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SYNOPSIS

We combined the use of bone morphogenetic protein-2(BMP-2)-loaded collagen
scaffold and cultured bone marrow stromal cell (BMSC) sheet in order for devel-
oping new bone tissue engineering.

Rat BMSC sheets were generated in the presence of dexamethasone,
B-glycerophosphate and ascorbic acid. Four types of the grafts were implanted in
the intermuscular region of rat femurs: control group, collagen sponge; cell group,
BMSC sheet in collagen sponge; BMP group, BMP-2-loaded collagen sponge; and
BMP-cell group, BMSC sheet in BMP-2-loaded collagen sponge. Four weeks after

surgery, histological and histomorphometric analysis were performed.

The BMP-cell group demonstrated abundant new bone formation compared
to all the other groups (p<0.05) and marked resorption of the implanted collagen
when compared to the control and cell groups (p<0.05).

The combination of BMP-2-loaded collagen sponge and BMSC sheet ap-
peared to successfully promote an osteoinduction.

Key words: bone tissue engineering, bone marrow stromal cell, BMP-2,
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INTRODUCTION

Bone inductive therapies have been
developed using tissue engineering with
three essential factors, i.e., osteogenic
cells, osteoinductive growth factor and a
scaffold for bone-forming cells. Bone
marrow stromal cells (BMSCs) include
multipotent mesenchymal stem cells.
BMSCs could differentiate into several
cell-types including osteoblasts" 2, and
implantation of BMSCs with various
biological scaffolds enables to induce a
new bone in vivo*®. Grafting with cal-
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cium alginate to alveolar bone defects in
dogs accelerated bone regeneration®.
Bruder et al.” reported that the com-
bined implantation with hydroxyapa-
tite/B-tricalcium  phosphate ceramics
and bone marrow-derived mesenchymal
stem cells facilitated bone formation:
They insisted that a ceramic scaffold
carrying cell source could be primarily
biocompatible and be able to provide
mechanical stiffness compared to the
ceramics scaffold per se.

A biological scaffold may play an
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important role in osteogenic differentia-
tion, angiogenesis and space-
preservation for cell repopulation and
extracellular matrix reconstruction. In
previous studies, several types of scaf-
folds for bone tissue engineering were
utilized: collagen® °, gelatin®, calcium
phosphate* "', hydroxyapatite® 2, and
synthetic polymer® *®. Type | collagen is
a major component of the extracellular
matrix of connective tissue and bone,
and therefore, it appears to be a bio-
compatible scaffold for bone cells. A
mixture of fibrillar atelocollagen (FC)
and  heat-denatured  atelocollagen
(HAC) sponge (weight ratio, 9:1) have
been developed for artificial skin'* '°. FC
provides mechanical stiffness to the
sponge, while HAC possesses high tis-
sue compatibility. FC-HAC sponge
transplanted subcutaneously in rat
promoted cell infiltration. Kato et al.’
have demonstrated osteoblastic prolif-
eration, high expression of osteocalcin
and resultant new bone in the surgi-
cally-operated defects of the mandible,
which have been filled with FC-HAC,
while FC implantation allowed a less
amount of regenerated bone. Therefore,
they conjectured that FC-HAC sponge
serve as an excellent scaffold for suc-
cessful bone augmentation. Shimoji et
al."” demonstrated the accelerated bone
augmentation by FC-HAC sponge im-
plantation in the perforation area of rat
femur, and speculated that FC-HAC
served as a scaffold for bone marrow
cells. Taken together, FC-HAC sponge
appears to be a successful scaffold for
osteogenic differentiation, as well as for

proliferation and differentiation of
BMSCs.
Bone morphogenetic protein-2

(BMP-2) plays a critical role in os-
teoblastic cell differentiation. BMP-2
stimulates osteoblastic differentiation
not only from osteoprogenitor cells®,
but also from non-osteogenic cell lines,
such as fibroblasts'®, myoblasts?®® and
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preadipocytes®’. Yamagiwa et al.?
found that BMSCs could differentiate
into osteoblasts by BMP-2. Furthermore,
many animal studies'® #* have demon-
strated ectopic bone formation in vivo by
means of BMP-2.

In this study, we propose a new
technique for bone tissue engineering,
by means of the combined application
with cultured BMSCs and BMP-2-loaded
FC-HAC sponge. We have performed
histological and  histomorphometric
evaluation on the regenerated bone,
assessed the overall efficacy of the ap-
proach, and closely investigated the
behavior of bone cells.

MATERIALS AND METHODS

The experimental protocol followed in-
stitutional animal use and care regula-
tions of Hokkaido University (Animal
Research Committee of Hokkaido
University, Approval No.08-0104).

Bone marrow cell preparation
Bone marrow stromal cells were ob-
tained from femoral shafts of 9 Fisher
344 male rats (6 weeks old, weight
100-120 g) after euthanasia using an
overdose of diethyl ether (Wako, Osaka,
Japan). The femur bone was excised
aseptically, and the ends of the bone
were removed. The bone marrow was
flushed out using 5 ml of culture medium
(GIBCO® MEMa + GlutaMAX, Invitrogen,
San Diego, CA, USA) through an
18-gauge needle. The released cells
were plated in standard medium: culture
medium containing 10% FBS (GIBCO®
Fetal Bovine Serum Qualified, Invitro-
gen, San Diego, CA, USA) and antibi-
otics (GIBCO® 100 U/ml penicillin and
100 pg/ml streptomycin, Invitrogen, San
Diego, CA, USA). The cells were kept in
an incubator at 37°C in a humidified
atmosphere containing 95% air and 5%
CO..

When the cells reached conflu-
ency, BMSCs were subcultured using
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conventional techniques employing
trypsin-ethylenediamine tetraacetic acid
(GIBCO® Trypsin-0.5% EDTA, Invitro-
gen, San Diego, CA, USA).
Preparation of
BMSC sheets
The cells released at passage 3 were
seeded at 5 x 10° cells per culture flask
(lwaki Tissue Culture Flask 25 mmz,
Asahi Glass, Tokyo, Japan). When the
cells reached confluency, the culture
medium was changed to osteogenic
medium: standard medium containing
50 pg/ml ascorbic acid (L (+) - Ascorbic
Acid, Wako, Osaka, Japan), 10 mM
B—glycerophosphate (Glycerol 2-
Phosphate Disodium Salt n-Hydrate,
Wako, Osaka, Japan) and 100 nM
dexamethasone (Wako, Osaka, Japan).
Subsequently, 7 x 10° cells at
passage 3 were added to one flask on
day 3, 5, and 7, respectively. On day 10,
layered cells were detached from the
substratum, forming cell sheets by a
scraper and trypsin-EDTA treatment (Fig.
1-A). These BMSC sheets were used for
the following examinations.

culture-expanded

Cytochemical and histological
amination of BMSC sheets

ALP staining

BMSCs at passage 3 before layering
culture and BMSC sheets were pre-
pared for alkaline phosphatase (ALP)
staining. Cells were fixed in 10% buff-
ered formalin and rinsed with phos-
phate-buffered saline. Then, ALP stain-
ing was performed using New Fuchsin
Substrate System (Dako, Carpinteria,
CA, USA). The fixed cells were soaked
and incubated for 10 minutes in Sub-
strate-Chromogen Reagent, which was
prepared by mixing 2.5 mol/L tris buffer
concentrate (pH 8.8), distilled water,
alkaline phosphatase substrate concen-
trate (pH 8.2), 0.5% new fuchsin solu-
tion, and activating agent. Subsequently,

ex-
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the stained cells were examined using
light microscopy.

Morphologic Analysis

BMSC sheets were prepared for mor-
phologic analysis. BMSC sheets were
fixed in 10% buffered formalin and em-
bedded in paraffin. Six-micrometer-thick
sections were prepared, stained with
hematoxylin and eosin (HE), and ex-
amined using light microscopy.

Preparation of collagen sponge
Collagen sponge was provided by
Olympus Terumo Biomaterials Corp.
(Tokyo, Japan), which had been pre-
pared as described previously'. Atelo-
collagen (Koken, Tokyo, Japan) in a di-
lute HCI solution (0.3%; pH 3) was neu-
tralized by adding concentrated phos-
phate buffer in NaCl to a final concen-
tration of 0.1% collagen, 30 mM
Na,HPO, and 0.1 M NaCl. This collagen
solution was incubated at 37°C for 4
hours. The resulting fibrous precipitate
was referred to as FC. HAC was pre-
pared from atelocollagen in a dilute HCI
solution by heating at 60°C for 30 min-
utes.

A composite of FC (0.3%) and
HAC (1%) was prepared by mixing the
two at a ratio of 9:1 (w/w), respectively.
This composite material was adjusted to
a final concentration of 4% and made in
a form of a sponge by lyophilization at
-30°C. This sponge was dehydrother-
mally cross-linked at 110°C for 2 hours
and used as an FC-HAC sponge. In this
study, 34 pieces of FC-HAC sponge of
size 4x4x4 mm were used.

BMP-2 construct

Recombinant human BMP-2 (98% pu-
rity) was donated by Astellas Pharma
(Tokyo, Japan). The BMP-2 was diluted
with culture medium (GIBCO® MEMa +
GlutaMAX, Invitrogen, USA) to produce
a stock solution at 100 pg/mL.
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Surgical procedure

Seventeen F344 male rats (10 weeks
old, weight 190-210 g) were given gen-
eral anesthesia with inhalation of diethyl
ether and intraperitoneal injections of
0.6 ml/kg sodium pentobarbital (Som-
nopenthyl, Kyoritsu Seiyaku, Tokyo,
Japan), and local injection of 2% lido-
caine hydrochloride with 1:80,000 epi-
nephrine (Xylocaine Cartridge for Dental
Use, Dentsply-Sankin K.K., Tokyo, Ja-
pan).

All animals received implants bi-
laterally at femoral sites. The femoral
skin was incised, muscle exposed and
implants placed in intermuscular sites of
biceps femoris muscle 15 mm from the
knee joint (Fig. 1-C). The recipient sites
were randomly assigned to four groups
and received each implant as described
below. Control group: FC-HAC sponge
soaked with 30 ul of culture medium.
Cell group: FC-HAC sponge with
BMSC sheet; an FC-HAC sponge was
soaked with 30 ul of culture medium and
incised by a scalpel. Subsequently, the
BMSC sheet was inserted approxi-
mately at the center of the sponge
through an incision (Fig. 1-B). BMP
group: FC-HAC sponge soaked with 30
pl of BMP solution. BMP-cell group:
BMP-loaded FC-HAC sponge with
BMSC sheet; FC-HAC sponge was
soaked with 30 pl of BMP solution and
made an incision. Subsequently, the
BMSC sheet was inserted approxi-
mately at the center of sponge through
an incision.

The skin was closed with nylon
sutures (Softretch 4-0, GC, Tokyo, Ja-
pan) and tetracycline hydrochloride
ointment (Achromycin Ointment, POLA
Pharma, Tokyo, Japan) was applied to
the wound.

Histological procedure

Four weeks postsurgery, the animals
were euthanized using an overdose of
diethyl ether. Implants were excised with
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surrounding tissues, fixed in 10% buff-
ered formalin, decalcified in 10% EDTA
(pH 7.0), and embedded in paraffin ac-
cording to standard procedures.
Six-micrometer-thick  sections  were
prepared and stained with hematoxylin
and eosin (HE). The stained sections
were examined using light microscopy.

Histomorphometric analysis

Five of the stained sections were se-
lected for histomorphometric measure-
ments; one was approximately in the
central area of the implant and the other
four were at 600 and 1200 ym from ei-
ther side of the central area, respectively.
The areas of newly formed bone and
residual sponge were measured by a
software package (ImageJ 1.41, Na-
tional Institutes of Health, Bethesda, MD,
USA).

Statistical analysis

Means and standard deviations of newly
formed bone area and residual sponge
area were calculated for each group.
Statistical analysis was performed using
one-way ANOVA/Games Howell
post-test for newly formed bone area
and Kruskal-Wallis test/Bonferroni’s
modification of Mann-Whitney U test for
residual sponge area. P-values <0.05
were considered statistically significant.
All the statistical procedures were per-
formed using a software package

(SPSS 11.0, SPSS Japan, Tokyo,
Japan).

RESULTS

Cytochemical and histological ob-
servations of BMSC sheets

Although BMSCs did not show

ALP-positivity (Fig. 2-A), the BMSC
sheet came to be positive for ALP (Fig.
2-B and C). The BMSC sheet with ap-
proximately 50 um thickness contained
highly increased cell population and
abundant extracellular matrices (Fig.
2-D).
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Figure 1. Implantation of the FC-HAC sponge with BMSC sheet. A) BMSC sheet. B)
BMSC sheet was inserted approximately at the center of the FC-HAC sponge incised by a
scalpel. C) Rats received implants at intermuscular sites.
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Figure 2. Cytochemical and hlstologlcal f|nd|ngs of BMSC sheets. A) ALP staining of
BMSCs before layering culture. Cells were not positive for ALP staining. B) ALP staining of
BMSC sheet. Cells were positive for ALP staining. C) Higher magnification of the framed
area (c) in B. D) HE staining of BMSC sheet. Scale bars: Aand B =1 mm; C =200 ym; D =
20 ym.

Figure 3. Histological findings in the control group. A) ReS|duaI FC-HAC sponge was dis-
played at the intermuscular site. B) Higher magnification of the framed area (b) in A. Fibro-
blast-like cells infiltrated into the FC-HAC sponge. M, muscle; CS, FC-HAC sponge; HE
staining; scale bars: A =500 pm; B = 50 pm.
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Figure 4 Hlstologlcal f|nd|ngs in the cell group. A) Newly formed bone was observed at the in-
termuscular site. B) Higher magnification of the framed area (b) in A. Developed trabecular bone
demonstrated localized many osteoblasts (arrow) and a few osteoclasts, and embedded osteo-
cytes. Bone marrow included haematopoietic cells, adipocytes and blood vessels. C) Higher
magnification of the framed area (c) in A. FC-HAC sponge including several fibroblastic cells re-
mained in the periphery of newly formed bone. M, muscle; CS, NB, new bone; FC-HAC sponge;
HE staining; scale bars: A =500 um; B and C = 50 ym.

Figure 5. Histological findings in the BMP group. A) Ectopic bone induction was observed at the
intermuscular site. B) Higher magnification of the framed area (b) in A. Newly formed bone in-
cluded few osteocytes, osteoblasts, and little marrow tissue. C) Higher magnification of the framed
area (c) in A. Residual FC-HAC sponge was partly discernible. M, muscle; NB, new bone; CS,
FC-HAC sponge; HE staining; scale bars: A =500 ym; B and C = 50 pm.

Flgure 6. Histological fndlngs in the BMP-cell group. A) A Iarge amount of newly
formed bone appeared at the intermuscular site. B) Higher magnification of the
framed area (b) in A. Many osteoblastic cells (arrow) had covered the surfaces of
trabeculae. Bone marrow included haematopoietic cells, adipocytes and blood ves-
sels. C) Higher magnification of the framed area (c) in A. Osteoclastic cells (arrow
heads) surrounded trabecular bones. M, muscle; NB, new bone; HE staining; scale
bars: A= 500 um; B and C = 50 um.
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Histological observations

Control group: Newly formed bone
was not evident, and instead, all recipi-
ent sites were filled with connective tis-
sue. Residual FC-HAC sponge was no-
ticeable in seven of eight specimens
(Fig. 3-A). Few inflammatory cells were
seen, and fibroblast-like cells had infil-
trated into the FC-HAC sponge (Fig.
3-B). Cell group: Five of eight speci-
mens demonstrated new bone with de-
veloped trabecular bones (Fig. 4-A)
which localized many osteoblasts and a
few osteoclasts, and embedded osteo-
cytes. Bone marrow included haema-
topoietic cells, adipocytes and blood
vessels. Trabeculae of regenerated
bone revealed many cement lines indi-

cating active bone remodeling (Fig. 4-B).

In four specimens, FC-HAC sponges
including several fibroblastic cells were
observed in the periphery of newly
formed bone (Fig. 4-C). Inflammatory
cells were rarely seen in both new bone
and the remnants of FC-HAC sponge.
BMP group: Six of eight specimens
exhibited new bone (Fig. 5-A). However,
the newly formed bone included few
osteocytes, osteoblasts and little mar-
row tissue (Fig. 5-B). Residual FC-HAC
sponge was partly discernible (Fig. 5-C).
BMP-cell group: A large amount of
newly formed bone appeared in all

A

40P T *

30
20p

10

00 — =l

Control Cell BMP  BMP-Cell

Newly formed bone area (mm32)

specimens (10/10 sites) (Fig. 6-A).
Newly formed trabeculae had numerous
cement lines implying accelerated bone
remodeling, and many osteoblastic cells
had covered the surfaces of trabeculae.
Bone marrow included haematopoietic
cells, adipocytes and blood vessels (Fig.
6-B). Many osteoclasts surrounded tra-
becular bones: some were localized on
the trabeculae, while others were
separated but close to them (Fig. 6-C).
FC-HAC sponge rarely remained.

Histomorphometric analysis
Histomorphometric parameter on the
new bone area was 0+0 mm? (control
group), 0.049+0.062 mm? (cell group),
0.23740.290 mm? (BMP group) and
2.045+1.329 mm? (BMP-cell group):
Bone formation in the BMP-cell group
was significantly greater than all the
other groups (Fig. 7-A).

The index of residual sponge area
in the control group, cell group, BMP
group and BMP-cell groups was
0.633£0.576 mm?, 0.128+0.190 mm?,
0.053x0.150 mm? and 0.005+0.016
mm?, respectively. Grafted collagen had
been markedly-reduced in the BMP-cell
group compared to the control and cell
groups. FC-HAC sponge broadly re-
mained in the control group, compared
to the BMP group (Fig. 7-B).
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Figure 7. Histomorphometric analysis. A) Newly formed bone area, B) Residual sponge area observed
for all groups. The results are expressed as mean + standard deviation (SD).* (p<0.05). Statistical dif-
ferences in each group were analyzed using one-way ANOVA/Games Howell post-test for A, and
Kruskal-Wallis test/Bonferroni’s modification of Mann-Whitney U test for B.
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DISCUSSION

For implantation of BMSCs to ectopic
sites, a cell-sheet system was selected
in this study. In regenerative therapy, it
is well known that viable cell transplan-
tation can promote tissue regeneration;
various cell suspensions were seeded
onto a biological scaffold and then im-
planted immediately®> ’. Cell sheet en-
gineering was recently developed as a
novel method for cell transplantation
Cell sheets are advantageous as a large
number of cells can be easily trans-
planted into a recipient site and
cell-to-cell junctional protein and ex-
tracellular matrix like collagen are re-
tained in the sheet structure. Further-
more, Cell sheets are able to rapidly
adhere to surrounding tissues®.
Therefore, it seems likely that, in this
study, BMSC sheets take advantage for
tissue regeneration, due to numerous
cell transplantation and rapid adhesion
to collagen sponges.

The histological findings of this
study demonstrated ectopic bone for-
mation by the implantation of BMSC
sheets in the cell group. The BMSCs
might contain multipotent mesenchymal
stem cells, which could differentiate into
several cell types including osteoblasts”
2. Many studies using BMSCs with
various biological scaffolds showed new
bone formation in the transplantation
site*. In this study, BMSCs cultured in
osteoinductive medium increased ALP
activity. Many studies have reported that
BMSCs expressed ALP and os-
teoblast-related proteins in the presence
of B-glycerophosphate and dexa-
methasone™ % 2% 2. Therefore, BMSCs
might differentiate into osteoblastic cells
by cultivation in medium added these
chemicals. On the other hand, Miya-
moto et al.”® demonstrated that BMSCs,
when cultured in type | collagen gel,
revealed an intense ALP-activity and
gene expressions for osteoblastic dif-
ferentiation including bone sialoprotein,
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osteocalcin, osteopontin and type | col-
lagen a1 chain, which therefore indicate
a pivotal role of collagen during os-
teoblastic differentiation of BMSCs. Mi-
zuno et al.® also revealed in a mouse
study that the subcutaneous implanta-
tion of BMSCs, which had been cultured
in type | collagen gel, caused ectopic
bone formation. Therefore, it seemed
likely that osteoblastic differentiation of
BMSCs was directly stimulated by the
type | collagen in the FC-HAC sponge.

Abundant bone formation was
seen in the BMP-cell group compared to
other groups. BMP-2 has the ability to
transform pluripotent stem cells into
osteoprogenitor cells' and induce os-
teogenesis'® 2. Implantation of BMP-2
with collagen material induced ectopic
bone formation in animal studies® °.
BMP-2 loaded into FC-HAC sponge
promoted BMSCs proliferation and dif-
ferentiation into osteoblasts, suggesting
stimulated bone formation. Therefore,
the biological event for osteogenesis in
the BMP-cell group might be affected by
the combined application of BMP and
BMSCs implantation.  Osteoblastic
MC3T3-E1 cells show chemotactic re-
action toward culture medium containing
BMP-2*°. From this evidence, BMP
might stimulate proliferation, differentia-
tion and migration of mesenchymal
stem cells in intermuscular sites in the
BMP and the BMP-cell groups.

In the BMP group, newly formed
bone had little bone marrow and blood
vessels. Many studies have demon-
strated that bone marrow cells can dif-
ferentiate into vascular endothelial
cells®" ¥, Fujimura et al.*® reported the
relationship between osteoinductive ac-
tivity of BMP-2 and blood flow. Consid-
ering these reports, less vascularization
in the BMP group might cause less bone
formation than the BMP-cell group. On
the other hand, hard tissue resorption by
osteoclasts participate in hard tissue
formation and maturation in a coupling
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phenomenon during ectopic bone for-
mation with BMP application® *. In the
cell and the BMP-cell groups, many os-
teoclastic cells appeared in the periph-
ery of newly formed bone and trabecu-
lae had numerous cement lines. There-
fore, the bone construction of the BMP
group might be poorer than that of the
cell and the BMP-cell groups due to low
bone remodeling activity.

In the present study, we applied
FC-HAC sponge as a regenerative
scaffold. The control group noted sig-
nificant residual FC-HAC sponge and no
inflammatory cell infiltration. Thus, as
been shown by previous studies,
FC-HAC sponge is a biocompatible
material'* . Residual collagen was
observed at the periphery of newly
formed bone in the cell group, whereas
little was seen in the BMP-cell group. It
was considered that BMP-loaded
FC-HAC sponge might allow not only
proliferation of implanted sheet-forming
cells but also migration of undifferenti-
ated mesenchymal cells around the im-
planted FC-HAC sponge in the early
stage. Consequently, the early ex-
change of space between degrading
collagen and newly formed bone may be
performed.

CONCLUSION

Implantation of BMP-loaded FC-HAC
sponge with BMSC sheet stimulated
ectopic bone induction. It is reasonable
to expect that combination of
BMP-loaded FC-HAC sponge and
BMSC sheet may provide a more effec-
tive tissue engineering approach for
bone reconstruction.

ACKNOWLEDGEMENTS
We are grateful to our colleagues Saori
Tanaka Ph.D., Tetsunari Hongo Ph.D.,
Ms. Hiroe Fukuda and Mr. Hiroyuki
Yokoyama for their assistance.

We acknowledge Olympus
Terumo Biomaterials Corp. for supplying

27

the FC-HAC sponge and Astellas
Pharma for supplying recombinant hu-
man BMP-2.

This work was supported by the
Hokkaido University Clark Memorial
Foundation and Grants-in-Aid for Young
Scientists B (19791606) from the Minis-
try of Education, Culture, Sports, Sci-
ence and Technology. The authors re-
port no conflicts of interest related to this
study. This paper was presented as an
examination thesis at Hokkaido Univer-
sity.

REFERENCES

1) Pittenger MF, Mackay AM, Beck SC,
Jaiswal RK, Douglas R, Mosca JD,
Moorman MA, Simonetti DW, Craig S,
Marshak DR. Multilineage potential of
adult human mesenchymal stem cells.
Science 1999;284:143-147.

Ouyang HW, Cao T, Zou XH, Heng BC,
Wang LL, Song XH, Huang HF. Mes-
enchymal stem cell sheets revitalize
nonviable dense grafts: implications for
repair of large-bone and tendon defects.
Transplantation 2006;82:170-174.
Mastrogiacomo M, Muraglia A, Komlev
V, Peyrin F, Rustichelli F, Crovace A,
Cancedda R. Tissue engineering of
bone: search for a better scaffold. Or-
thod Craniofac Res 2005;8:277-284.
Wang T, Dang G, Guo Z, Yang M.
Evaluation of autologous bone marrow
mesenchymal stem cell-calcium phos-
phate ceramic composite for lumbar fu-
sion in rhesus monkey interbody fusion
model. Tissue Eng 2005;11:1159-1167.
Zhou G., Liu W, Cui L, Wang X, Liu T,
Cao Y. Repair of porcine articular os-
teochondral defects in non-weight-
bearing areas with autologous bone
marrow stromal cells. Tissue Eng
2006;12:3209-3221.

Weng Y, Wang M, Liu W, Hu X, Chai G,
Yan Q, Zhu L, Cui L, Cao Y. Repair of
experimental alveolar bone defects by
tissue-engineered bone. Tissue Eng
2006;12:1503-1513.

Bruder SP, Kruth AA, Shea M, Hayes
WC, Jaiswal N, Kadiyala S. Bone re-
generation by implantation of purified,
culture-expanded human mesenchymal
stem cells. J Orthop Res 1998;16:155-
162.

Kusumoto K, Bessho K, Fujimura K,
Konishi Y, Ogawa Y, lizuka T. Com-
parative study of bone marrow induced

2)

3)

4)

5)

6)

7)

8)



Inoue et al., Bone Induction by BMP and BMSC Sheet

by purified BMP and recombinant hu-

man BMP-2. Biochem Biophys Res

Commun 1995;215:205-211.

Omura S, Mizuki N, Kawabe R, Ota S,

Kobayashi S, Fujita K. A carrier for

clinical use of recombinant human

BMP-2: dehydrothermally cross-linked

composite of fibrillar and denatured

atelocollagen sponge. Int J Oral Maxil-
lofac Surg 1998;27:129-134.

10) Hokugo A, Ozeki M, Kawakami O, Su-
gimoto K, Mushimoto K, Morita S, Ta-
bata Y. Augmented bone regeneration
activity of platelet-rich plasma by biode-
gradable gelatin hydrogel. Tissue Eng
2005;11:1224-1233.

11) Navarro M, del Valle S, Martinez S,
Zeppetelli S, Ambrosio L, Planell JA,
Ginebra MP. New macroporous calcium
phosphate glass ceramic for guided
bone regeneration. Biomaterials 2004;
25:4233-4241.

12) Yoshikawa H, Myoui A. Bone tissue
engineering with porous hydroxyapatite
ceramics. J Artif Organs 2005;8:131-
136.

13) Puelacher WC, Vacanti JP, Ferraro NF,
Schloo B, Vacanti CA. Femoral shaft
reconstruction using tissue-engineered
growth of bone. Int J Oral Maxillofac
Surg 1996;25:223-228.

14) Konishi J, Goto A, Osaki K, Koide M. A
new type collagen matrix reconstructed
self connective tissue. Jpn J Artif Or-
gans 1989;18:155-158.

15) Koide M, Osaki K, Konishi J, Oyamada
K, Katakura T, Takahashi A, Yoshizato
K. A new type of biomaterial for artificial
skin:  dehydrothermally  cross-linked
composites of fibrillar and denatured
collagens. J Biomed Mater Res 1993;
27:79-87.

16) Kato K, Sugaya T, Miyaji H, Kawanami
M. Influence of the composition and the
concentration of collagen as a scaffold
for myeloid stem cells on healing of
bone defects. Jpn J Conserv Dent
2002;45:1032-1043.

17) Shimoji S, Miyaji H, Sugaya T, Tsuji H,
Hongo T, Nakatsuka M, Zaman KU,
Kawanami M. Bone perforation and
placement of collagen sponge facilitate
bone augmentation. J Periodontol 2009;
80:505-511.

18) Yamaguchi A, Katagiri T, lkeda T,
Wozney JM, Rosen V, Wang EA, Kahn
AJ, Suda T, Yoshiki S. Recombinant
human bone morphogenetic protein-2
stimulates osteoblastic maturation and
inhibits myogenic differentiation in vitro.
J Cell Biol 1991;113:681-687.

19) Katagiri T, Yamaguchi A, Komaki M,

28

Abe E, Takahashi N, lkeda T, Rosen V,
Wozney JM, Fujisawa-Sehara A, Suda
T. Bone morphogenetic protein-2 con-
verts the differentiation pathway of
C2C12 myoblasts into the osteoblast
lineage. J Cell Biol 1994;127:1755-
1766.

20) Katagiri T, Yamaguchi A, lkeda T, Yo-
shiki S, Wozney JM, Rosen V, Wang EA,
Tanaka H, Omura S, Suda T. The
non-osteogenic mouse pluripotent cell
line, C3H10T1/2, is induced to differen-
tiate into osteoblastic cells by recombi-
nant human bone morphogenetic pro-
tein-2. Biochem Biophys Res Commun
1990;172:295-299.

21) Yamaguchi A, lIshizuya T, Kintou N,
Wada Y, Katagiri T, Wozney JM, Rosen
V, Yoshiki S. Effects of BMP-2, BMP-4,
and BMP-6 on osteoblastic differentia-
tion of bone marrow-derived stromal cell
lines, ST2 and MC3T3-G2/PA6. Bio-
chem Biophys Res Commun 1996;220:
366-371.

22) Yamagiwa H, Endo N, Tokunaga K,
Hayami T, Hatano H, Takahashi E. In
vivo bone-forming capacity of human
bone marrow-derived stromal cells is
stimulated by recombinant human bone
morphogenetic protein-2. J Bone Miner
Metab 2001;19:20-28.

23) Wang EA, Rosen V, D'Alessandro JS,
Bauduy M, Cordes P, Harada T, Israel
DI, Hewick RM, Kerns KM, LaPan P,
Luxenberg DP, McQuaid D, Moutsatsos
IK, Nove J, Wozney JM. Recombinant
human bone morphogenetic protein in-
duces bone formation. Proc Natl Acad
Sci USA 1990;87:2220-2224.

24) Nishida K, Yamato M, Hayashida Y,
Watanabe K, Maeda N, Watanabe H,
Yamamoto K, Nagai S, Kikuchi A, Tano
Y, Okano T. Functional bioengineered
corneal epithelial sheet grafts from cor-
neal stem cells expanded ex vivo on a
temperature-responsive cell  culture
surface. Transplantation 2004;77:379-
385.

25) Akizuki T, Oda S, Komaki M, Tsuchioka
H, Kawakatsu N, Kikuchi A, Yamato M,
Okano T, Ishikawa |. Application of
periodontal ligament cell sheet for
periodontal regeneration: a pilot study in
beagle dogs. J Periodontal Res 2005;
40:245-251.

26) Maniatopoulos C, Sodek J, Melcher AH.
Bone formation in vitro by stromal cells
obtained from bone marrow of young
adult rats. Cell Tissue Res 1988;254:
317-330.

27) Akahane M, Nakamura A, Ohgushi H,
Shigematsu H, Dohi Y, Takakura Y.



J Oral Tissue Engin 2010;8(1):19-29

Osteogenic matrix sheet-cell transplan-
tation using osteoblastic cell sheet re-
sulted in bone formation without scaffold
at an ectopic site-. J Tissue Eng Regen
Med 2008;2:196-201.

28) Miyamoto T, Mizuno M, Tamura M,
Kawanami M. Osteoblast-related gene
expression of rat bone marrow cells in-
duced by three dimensional cell culture
in type | collagen gel. Jpn J Oral Biol
2002;44:530-540.

29) Mizuno M, Shindo M, Kobayashi D,
Tsuruga E, Amemiya A, Kuboki Y. Os-
teogenosis by bone marrow stromal
cells maintained on type | collagen ma-
trix gels in vivo. Bone 1997;20:101-107.

30) Ukegawa T, Takita H, Uno K, Sato N,
Ueda Y, Ohata N, Mizuno M, Kuboki Y.
Chemotactic response of periodontal
ligament cells toward rhBMP-2. J Hard
Tissue Biol 2001;10:108-115.

31) Marat D, Noishiki Y, Yamane Y, Taka-
hashi K, Makoto M, Kondo J, Matsu-
moto A. Angiogenesis with bone marrow
transplantation in subcutaneous layer.
Jpn J Artif Organs 1996;25:486-489.

32) Orlic D, Kajstura J, Chimenti S, Ja-
koniuk I, Anderson SM, Li B, Pickel J,
McKay R, Nadal-Ginard B, Bodine DM,
Leri A, Anversa P. Bone marrow cells
regenerate infarcted myocardium. Na-
ture 2001;410:701-705.

33) Fujimura K, Bessho K, Kusumoto K,
Konishi Y, Ogawa Y, lizuka T. Experi-
mental osteoinduction by recombinant
human bone morphogenetic protein 2 in

tissue with low blood flow: a study in rats.

Br J Oral Maxillofac Surg 2001;39:294-
300.
34) Hongo T, Miyaji H, Sugaya T, Ka-

wanami M. Suppression of cemen-
tum-like tissue formation on
BMP-2-applied dentin surface by

bisphosphonate. J Jpn Soc Periodontol
2006;48:285-296.

35) Gong L, Hoshi K, Ejiri S, Nakajima T,
Shingaki S, Ozawa H. Bisphosphonate
incadronate inhibits maturation of ec-
topic bone induced by recombinant
human bone morphogenetic protein 2. J
Bone Miner Metab 2003;21:5-11.

(Received, June 8, 2010/
Accepted, September 15, 2010)

29

Corresponding author:

Kana Inoue, DDS, Ph.D.

Department of Periodontology and
Endodontology, Division of Oral Health
Science, Hokkaido University Graduate
School of Dental Medicine,

N13 W7 Kita-ku, Sapporo 060-8586, Japan.
Tel: +81 11 706 4266

Fax: +81 11 706 4334

E-mail: kanakana@den.hokudai.ac.jp



