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ABSTRACT

Bone augmentation via tissue engineering has
generated significant interest. We hypothesized
that periosteum-derived cells could be used in
place of bone marrow stromal cells (which are
widely used) in bone engineering, but the
differences in osteogenic potential between these 2
cell types are unclear. Here, we compared the
osteogenic potential of these cells, and
investigated the optimal osteoinductive conditions
for periosteum-derived cells. Both cell types were
induced, via bFGF and BMP-2. to differentiate
into osteoblasts. Pcriosteal cells proliferated faster
than marrow stromal cells, and osteogenic markers
indicated that bone marrow stromal cells were
more ostcogenic than periosteal cells. However,
pre-treatment with bFGF made periosteal cells
more sensitive to BMP-2 and more osteogenic.
Transplants of periosteal cells treated with BMP-2
after pre-treatment with bFGF formed more new
hone than did marrow stromal cells. Analysis of
these data suggests that combined treatment with
bFGF and BMP-2 can make periosteum a highly
useful source of bone regeneration.

KEY WORDS: marrow stromal cells, periosteal
cells, osteogenic potential, bBFGF, BMP-2.

Received February 21, 2006; Last revision September 8.
2006: Accepted September 26. 2006

Effective Bone Engineering with
Periosteum-derived Cells

INTRODUCTION

Bone defects that do not heal spontaneously need bone reconstruction for
the recovery of bone function. While autografting is the gold standard in
bone reconstructive surgery, autografts involve donor site morbidity.
Artificial bone substitutes are also utilized: however, results are inconsistent,
because these materials lack osteogenic potential. Recently, tissue
engineering has attracted considerable attention (Young et al., 2005).
Because it requires only a small amount of tissue from the patient, bone
reconstruction by this technique is less invasive and is safer than
conventional methods. Bone marrow stromal cells have multi-lincage
differentiation potential and can therefore differentiate into cells with an
osteogenic phenotype. Accordingly, they have been frequently used for bone
reconstruction (Luria et al., 1987 Haynesworth et al., 1992; Matsubara et al.,
2005). Periosteum-derived cells have also been used recently (Breitbart er al.,
1998; Perka et al., 2000). There is a growing requirement for dentists to
regencrate alveolar bone as a regenerative therapy for periodontitis and in
implant dentistry. Concerning the donor site, it is easier for general dentists
10 harvest periosteum than marrow stromal cells, because they can access the
mandibular periosteum during routine oral surgery. However. the differences
in osteogenic potential between marrow stromal cells and periosteal cells
remain unclear. In the present study, we compared the osteogenic potential of
periosteum-derived cells and marrow stromal cells. after treatment with basic
fibroblast growth factor (hFGF) and bone morphogenetic protein-2 (BMP-2),
both of which have significant effects on osteogenesis (Rosen and Thies,
1992; Marie, 2003). Recently, Fakhry et al. (2005) showed that the combined
use of bFGF and BMP-2 greatly enhances the osteogenic potential of chick
embryonic calvaria-derived cells. Thercfore, using BMP-2 and bFGF under
the conditions described by Fakhry, with modifications, we attempted to
determine the optimal osteo-inductive conditions for human mandibular
periosteum-derived cells.

MATERIALS & METHODS
Cell Cultures

The study conformed to the tenets of the Declaration of Helsinki, and the
protocol was approved by the Ethical Committees of both Kitasato University
and the Institute of Medical Science, The University of Tokyo. All subjects
provided written informed consent.

Human periosteal tissue (1 cm?) was obtained from the mandibular angle of
six patients (ages [yrs] 18, 19. 20, 21, 21. 24; gender, one male and five females)
during the course of oral surgery. The excised sections of tissue were plated into
10-cm dishes (TPP, Zollstrasse, Trasadingen, Switzerland) containing «-MEM
(Kohjin Bio, Saitama, Japan). supplemented with 10% fetal bovine serum (JRH
Bioscience, Lenexa. KS. USA) and 1% penicillin-streptomycin-glutamine
(serum-conditioned a-MEM, Invitrogen, Carlsbad, CA, USA), and were
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Figure 1. Periosteal cells (closed circles} and marrow stromal cells {open circles) were plated in 12-
well plates at a density of 2.0 x 10* cells/well. Cell numbers were counted directly {a). FGF-pre-
treated periosteal cells are indicated by closed triangles, and non-pre-treated periosteal cells are
indicated by closed circles {b). Values are means x standard deviation for 3 cultures. Asterisk
indicates significant difference in the number of periosteal cells, compared with marrow stromal cells

on the same day; p < 0.05.

cultured at 37°C in 5% CO,. The medium was replaced every 2
days. When the cultures reached 90% confluence, cells were
passaged and re-plated in 150-cm? flasks (Corning, Big Flats, NY,
USA).

Bone marrow stromal cells were obtained by iliac aspiration
from three male volunteers (ages [yrs] 29, 33. 48), and were seeded
in flasks and maintained in serum-conditioned a-MEM. The
following day, floating cells were removed, and the medium was
replaced with fresh medium. Passages were performed when cells
reached 90% confluence. To ensure phenotypic uniformity, we
used each cell lineage at the same passage (from 2 to 6) in the
subsequent experiments.

Pre-treatment with Basic FGF

Cells were pre-treated with bFGF under conditions described
elsewhere (Fakhry et al., 2005). with modifications. Both cell
types were cultured in serum-conditioned a-MEM in dishes to
60% confluence. At that point, the serum-conditioned a-MEM was
replaced with medium containing | ng/mL recombinant human
bFGF (donated by Professor Y. Tabata. Kyoto University, Kyoto,
Japan) and 100 uM ascorbic acid (Wako. Osaka, Japan), and the
cells were cultured for 2 more days. Then. the cells were detached
with trypsin-EDTA and re-plated (FGF pre-treatment).

Cell Proliferation Assay

On day 0. each cell type was plated at a density of 2.0 x 10*
cells/mL/well in 12-well plates (Greinerbio-one, Kremsmuenster,
Austria) containing serum-conditioned a-MEM-. Cell numbers
were counted directly in triplicate, and the medium was replaced
with fresh serum-conditioned a-MEM on days 1 and 3.

Alkaline Phosphatase Activity Assay
On day 0, both cell types (with and without bFGF pre-treatment)
were plated at a density of 1.0 x 103 cells/mL/well in 12-well

plates containing serum-conditioned a-MEM. On day 1. either 1,
5, or 10 ng/mL bFGF or 30. 100. or 300 ng/mL recombinant

Cell profiferation
—@— perivsteal colls without FGF preireatiment
- -4 - periosteal celly with FGF pretreatment

2
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human BMP-2 (donated by Astellas
Pharma Inc., Tokyo, Japan) was added
to each well, along with 100 pM
ascorbic acid. On day 4, the medium
was replaced with fresh medium
i containing identical growth factors.
On day 7, cells were harvested and
extracted with 20 mM HEPES
(Dojindo, Kumamoto. Japan) buffer
(pH 7.5) containing 1% Triton X-100
(Wako). Atlkaline-phosphatase-
specific (ALP) activity was assayed as
described previously (Asahina ef al.,
1993). ALP activity is expressed as
pmel p-nitrophenol/min/pg protein.

Reverse-
transcription/Polymerase

Days Chain-reaction

For RNA preparation, on day 0, both
cell types (with and without FGF pre-
treatment) were plated in 10-cm
dishes containing serum-conditionced
a-MEM. Cells were treated with or
without 100 ng/mL BMP-2, 100 pM
ascorbic acid for the following 6 days.
Media were completely replaced on
days 1 and 4. On day 7, total RNA was extracted with the use of
TRIZOL reagent (Invitrogen). RNA samples (1 pg) were reverse-
transcribed with Superscript I11® reverse-transcriptase and oligo-
dT primers (Invitrogen), according to the manufacturer's protocol.
For PCR amplification, we used primer scquences that have been
described previously (Wordinger et al., 2002; Kamata et al., 2004).
We analyzed gene expression of glyceraldehyde-3'-phosphate
dehydrogenase (GAPDH), type 1 collagen (Col 1), ALP.
osteopontin (OP), osteocalcin (OC), BMP-2, BMP-4, and BMP
receptors (BMPr) 1A, IB, and 1. After amplification, samples were
analyzed by electrophoresis on a 1.5% agarosc gel, and were
visualized by ethidium bromide staining.

Transplantation of Cells into Immunodeficient Mice

For each transplantation, 1 x 10% harvested cells (with or without
pre-treatment), in | mL of serum-conditioned a-MEM. were
mixed with 50 mg of B-tricalcium phosphate (3-TCP) granules
(Osferion®; Olympus. Tokyo, Japan) in a 14-mL polypropylene
tube (Becton Dickinson, Franklin Lakes, NJ, USA). For the
ensuing 6 days, cells were cultured in media with 100 ng/mL
BMP-2 and 100 uM ascorbic acid. or without these additives as a
control. The medium was replaced with fresh identical medium on

“day 4. After culture, each cell mixture was transplanted into a 6-

week-old female BALB/cAlcl-nu/nu mouse (Nihoncrea. Tokyo,
Japan). Five subcutancous pockets were created in the back of each
mouse, under anesthesia with diethyl ether. and the cell mixture
was transplanted. As a negative control, 3-TCP alone was prepared
and implanted into the mice. The transplants were harvested after 4
wks. NIH guidelines for the care and use of laboratory animals
were observed in all procedures.

Histomorphometric Analysis of the Transplants

The harvested samples were fixed in 4% formaldehyde,
decalcified. and embedded in paraffin wax. Then, 5-pwm-thick
sections were prepared from the middle of each transplant and
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stained with hematoxylin and eosin.
The volume of newly formed bone
was analyzed with Scion Image
software (NIH, Bethesda, MD,
USA). as described previously
(Alsberg er al., 2001); the bone area
is expressed as the percentage of total
arca (27.2 mm?).

Statistical Analysis

Results are expressed as mean values
+ standard deviation. Statistical
analysis of differences between
groups was performed with Student's
1 test.

RESULTS

Cell Proliferation

Proliferation of periosteal cells was
significantly greater than that of
bone marrow stromal cells (Fig.
1a). Although the number of
periosteal cells was similar o that
of marrow stromal cells on day 1,
periosteal cells were twice as
numerous as marrow stromal cells
on day 3. Pcriostcal cclls pro-
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Figure 2. Periosteal cells {black) and marrow stromal cells {white) were plated in 12-well plates at a
density of 1.0 x 105 cells/well. Then, the cells were incubated with bFGF {a} or BMP-2 {b} tor 6 days.
Alkaline phosphatase activity was analyzed on day 7 of culture. In {a), osterisk indicates significant
difference {p < 0.05), compared with the control (-). FGF-pre-treated periosteal cells are indicated by
black hatched bars; non-pre-treated periosteal cells are indicated by black bars; FGF-pre-treated
marrow stromal cells are indicated by white hatched bars; non-pre-treated marrow stromal cells are
indicated by white bars {c,d). Values are means + standard deviation for 3 cultures. In b-d, asterisk
indicates significant difference (p < 0.05) between poired conditions.

liferated much faster than did

marrow stromal cells, and had

reached 100% confluence by day 6.

Up to and including passage 6. all periosteal cells (regardless of
donor) proliferated faster than the fastest-proliferating marrow
stromal cells; in later passages, both cell types proliferated
slightly slower (data not shown). FGF-pre-treated periosteal
cells proliferated slightly slower than non-pre-treated periosteal
cells (Fig. 1b), but they still proliferated faster than marrow
stromal cells.

Alkaline Phosphatase Activity

Recombinant human bFGF had an inhibitory effect on ALP
activity in both cell types. in a dosc-dependent manner.
Continuous exposure to bFGF (6 days) did not induce
osteogenic differentiation in either cell type (Fig. 2a).
Treatment with BMP-2 significantly enhanced the ALP activity
of marrow stromal cells, but did not enhance the ALP activity
of periosteal cells (Fig. 2b). FGF pre-treatment enhanced the
responsiveness of periosteal cells to BMP-2; at doses of 100
and 300 ng/mL BMP-2. the ALP activity of FGF-pre-treated
cells was about 3 times higher than that of the non-pre-treated
cells (Fig. 2¢). This cffect of FGF pre-treatment on the BMP-2
induced increase in ALP uctivity was weaker for bone marrow
cells than for periosteal cells (Fig. 2d).

Reverse-transcription/Polymerase Chain-reaction Assay

Genc expression of periosteal cells and marrow stromal cells was
examined by RT-PCR (Fig. 3). Control periosteal cells expressed
only Col I and GAPDH. Treating periosteal celis with BMP-2
enhanced their cxpression of ALP, OP, BMP2, BMP4. BMPrIA,
BMPrIB. and BMPrll. FGF pre-treatment of periosteal cells
enhanced their expression of ALP, OP, BMP2, BMP4, BMPrIA,
and BMPrIB. Combined FGF pre-trcatment and BMP-2

treatment of periostcal cells enhanced their expression of ALP,
BMP2, BMP4, BMPrIA, BMPrIB, and BMPrll.
Control marrow stromal cells expressed Col 1, GAPDH,

Periosteal cells
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Figure 3. RT-PCR andlysis of periosteal cells and marrow stromal cells.
For 6 days, each cell type was cultured in serum-conditioned a-MEM
alone {-} or in serum-conditioned a-MEM containing BMP-2 (BMP). To
evaluate the effect of FGF pre-treatment, we pre-treated some cells with
bFGF for 2 days {Pre-treatment}, and treated some cultures with BMP
after bFGF pre-treatment (Pre-treatment + BMP).
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Figure 4. Hematoxylin and eosin staining demonstrating in vivo bone formation. Transplants of
untreated control periosteal cells {-) formed litfle bone (a). Transplants of periosteal cells that received
BMP-2 treatment alone (BMP) (b) or received FGF pre-treatment alone {pre-treatment) (¢} also formed
new bone. Periosteal cells that were treated with BMP-2 after FGF pre-treatment {pre-treatment + BMP)
formed significant amounts of new bone {d}). Bar indicates 300 wm. Arrow indicates new bone. The
difference in new bone volume between periosteal cells {black) and marrow stromal cells (white) was
determined by histomorphometric analysis {e). Asterisk indicates significant difference {p < 0.05)
between paired conditions. Values are means + standard deviation for 3 sections of each sample.

ALP, OC, BMPrIA, and BMPrll. Treating marrow stromal
cells with BMP-2 enhanced their expression of ALP, OP,
BMPrIA. BMPrIB, and BMPrll. FGF pre-treatment of marrow
stromal cells enhanced their expression of OP, OC, BMP2,
BMPrIA, and BMPrIL, but it inhibited their expression of ALP.
Combined FGF pre-treatment and BMP-2 treatment of marrow
stromal cells enhanced their expression of ALP, OP, OC,
BMP2. BMPrlA, and BMPrll.

Transplantation of Periosteal Cells

Control periosteal cells had formed little new bone at 4 wks
after transplantation (Fig. 4a). Implantation of B-TCP alone
did not cause formation of any new bone (data not shown).
Periosteal cells treated with BMP-2 alone or FGF pre-
treatment alone also formed new bone (Figs. 4b, 4¢); however,
the amount of newly formed bone was less than that of
periosteal cells treated with BMP-2 after FGF pre-treatment.
Periosteal cells treated with BMP-2 after FGF pre-treatment
had formed significant ectopic new bone at 4 wks after
transplantation (Fig. 4d).

Histomorphometric analysis showed that marrow stromal
cells formed slightly more new bone than did periosteal cells
under control conditions (untreated), after treatment with BMP-
2 alone. and after FGF pre-trcatment alone: however, these
differences were not statistically significant. Periosteal cells
treated with BMP-2 after FGF pre-treatment generated
significantly more newly formed bone than did marrow stromal
cells treated with BMP-2 after FGF pre-treatment. Periosteal
cells treated with BMP-2 after FGF pre-treatment formed 3

present marrow stromal cells. Also in
the present study, both cell types
retained high expansion potential at
later passages (Sakaguchi et al.,
2005). Thus, the use of periosteal
cells may shorten the cell culture
period. thercby reducing both cost
and the risk of contamination.

In the present study, we used
periosteal cells obtained from young
adults. Aging rcportedly affects the
mitogenic activity of osteoprogenitor cells (Tanaka er al.,
1999). There is a need for studics comparing the bone-forming
ability of periosteal cells between old and young donors.

Many in vitro studies have indicated that bFGF has a
mitogenic eftect on osteoprogenitor cells (Tanaka er al., 1999;
Shimoaka er al., 2002). In contrast, the present transient
bFGF treatment inhibited the proliferation of periosteal cells,
although the effect was not statistically significant (Fig. 1b).
The discrepancy between these studies may be due to the
method of FGF treatment. In previous studies, the bFGF
treatment was of longer duration than in the present study.
Cells committed to the ostecoblast lincage have been found to
have lower proliferative potential than uncommitted cells
(Malaval er al., 1999). Although the present continuous
treatment with bFGF inhibited ALP activity (Fig. 2a),
consistent with results from a previous study (Kalajzic er al.,
2003), cessation of bFGF trecatment may induce ostcoblastic
differentiation of periosteal cells. This hypothesis is
consistent with the present data regarding osteoblastic gene
expression of cells pre-treated with FGF. FGF pre-treatment
increased the expression of molecules considered early-stage
markers of osteogenic differentiation, such as ALP (Fig. 3)
(Ryoo et al.. 2006).

BMP-2 and bFGF have been found to induce osteogenic
differentiation (Canalis er al., 1988; Yamaguchi et al., 1991),
but. in the present study, the response to BMP-2 was greater for
marrow stromal cells than for periosteal cells. Control
periosteal cells showed less ALP activity and expressed fewer
osteogenic markers than control marrow stromal cells. This
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suggests that marrow stromal cells are further differentiated
along the ostcoblastic cell lincage than are periosteal cells.
Previous studies indicated that transient treatment with FGF,
followed by treatment with BMP-2, enhanced osteogenic
diffcrentiation in vitro (Hanada et al., 1997; Fakhry et al..
2005). Similarly, in the present study, FGF pre-treatment
enhanced responsiveness to BMP-2, and this enhancement was
much stronger in periosteal cells than in marrow stromal cells.
This suggests that the enhancement of osteogenic potential
after FGF pre-trcatment was due to an increase in the number
of cells in the pre-osteoblast or osteoblast lineage.

Consistent with previous in vitro studies, the present
combination of FGF pre-treatment and BMP-2 treatment
enhanced the bone-forming potential of periosteal cells, which
formed a greater volume of new bone than did marrow stromal
cells in vivo, Thus, periosteal cells culturcd under conditions
that promote osteogenesis may be as useful for bone tissue
engineering as are marrow stromal cells, and offer the
advantage of greater proliferation.
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Abstract

Objectives: This study aimed to demonstrate the feasibility of a cultured periosteum (CP)
membrane for use in guided bone regeneration at sites of implant dehiscence.
Material and methods: Four healthy beagle dogs were used in this study. Implant

dehiscence defects (4 x 4 x 3mm) were surgically created at mandibular premolar sites
where premolars had been extracted 3 months back. Dental implants (3.75 mm in diameter
and 7mm in length) with machined surfaces were placed into the defect sites (14 implants
in total). Each dehiscence defective impiant was randomly assigned to one of the following
two groups: (1) PRP gel without cells (control) or (2) a periosteum membrane cultured on
PRP gel (experimental). Dogs were killed 12 weeks after operation and nondecalcified
histological sections were made for histomorphometric analyses including percent linear
bone fill (LF) and bone-to-implant contact (BIC).

Results: Bone regeneration in the treatment group with a CP membrane was significantly
greater than that in the control group and was confirmed by LF analysis. LF values in the
experimental and the control groups were 72.36 + 3.14% and 37.03 + 4.63%, respectively
(P<0.05). The BIC values in both groups were not significantly different from each other.

The BIC values in the experimental and the control groups were 40.76 + 10.30% and
30.58 + 9.69%, respectively (P=10.25) and were similar to native bone.
Conclusion: This study demonstrated the feasibility of a CP membrane to regenerate bone

at implant dehiscence defect.

In dental implant surgery, buccal dehiscence
defects are common when alveolar bone
volume is inadequate {Ofer et al. 2005).
Buccal bone is relatively thin and bone
resorption after tooth extraction in buccal
areas is faster and more prevalent compared
with lingual bone (Nevins et al. 2006).

Guided bone regeneration (GBR) is an
established surgical technique for correct-
ing buccal dehiscence defects (Tae-Ju et al.
2003). Various barrier membranes have
been used in GBR procedures and can be
classified into two types: absorbable and
nonabsorbable.

© 2007 The Authors. Joumal compilation © 2007 Blackwell Munksgaard

Expanded polytetrafluoroethylene {e-PT
FE) is a typical nonabsorbable membrane,
which has been one of the most-used
materials for GBR. Although an e-PTFE
membrane is a proven material for GBR,
additional surgery for membrane removal is
often required and frequent complications,
such as membrane exposure and infection,
have been reported (Blumenthal 1993).

Collagen membrane, derived from por-
cine and bovine skin, is a commonly used
absorbable membrane {Parodi et al. 1998).
Although collagen membrane is considered
to be biocompatible, it is not possible to

289
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completely avoid contamination with
pathogens such as animal viruses or prions
(Cassinelli et al. 2006). Polyglycolic acid,
polylactic acid or copolymers of the two are
examples of biosynthetic absorbent mem-
branes. An advantage of these biosynthetic
absorbable membranes is that they have
minimal risk of infection; however, they
metabolize into acidic compounds, which
can be detrimental to bone regeneration
{Linhart et al. 2001).

Each of these materials is currently used
in clinical practice; however, the benefits
are closely offset by potential hazardous
cffects. Furthermore, unlike osteogenic
cell-populated membranes, acellular mem-
branes do not have the ability to form new
bone. Together, these factors have contrib-
uted to growing interest in studying regen-
eration techniques using autologous cells
{Schmelzeisen et al. 2003).

The periosteum is comprised of two
tissue layers: the outer fibroblast layer
that provides attachment to soft tissue,
and the inner cambial region that contains
a pool of undifferentiated mesenchymal
cells, which support bone formation
(Squier et al. 1990). Recently, studies
have reported the existence of osteogenic
progenitors, similar to mesenchymal
stem cclls (MSCs), in the periosteum
(Tenenbaum & Heersche 1985; Zohar
ct al. 1997). Under the appropriate culture
conditions, periosteal cells secrete extra-
cellular matrix and form a membranous
structure {Mizuno et al. 2006). The perios-
teum can be easily harvested from the
patient’s own oral cavity, where the result-
ing donor site wound is invisible. Owing
to the above reasons, the periosteum
offers a rich cell source for bone tissue
engineering.

Our group has previously demonstrated
bone regeneration using a cultured perios-
tceum (CP) membrane in a critical-sized
rat calvaria bone defect {Mase et al. 2006).
CP has also been shown to regenerate bone
in a surgically created furcation bone defect
using a canine model (Mizuno et al. 2006).
Considering the biocompatibility of CP
and its capacity for alveolar bone regenera-
tion, it should be useful to investigate
the potential of CP for bone regeneration
around an implant site. The purpose of
this study was to investigate the potential
of CP to rcgenerate bone to mitigate im-
plant dehiscence defects.
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Material and methods

Animals

Four healthy female Beagle dogs designated
as No. 1, 2, 3, and 4 {Oriental Kobo,
Nagoya, Japan) with no periodontal dis-
ease, weighing approximately rokg, were
used. All animal experiments were ap-
proved by the ‘Animal Experiment Advi-
sory Committee of Nagoya University
School of Medicine’ and performed in ac-
cordance with the ‘Guidelines for Animal
Experimentation of Nagoya University.’

Harvest of periosteum and periosteal cell
culture

Under general and local anesthesia, the
periosteum (approximately 10 x 10mm)
was aseptically harvested from the buccal
side of the mandibular body in four dogs.
The harvested periosteum was cut into
3 x 3 mm pieces. The tissues were placed
directly on a six-well plate and cultured in
a humidified atmosphere of 5% CO, and
95% air at 37°C. Culture medium was
composed of Medium 199 (Invitrogen-
Gibco, Carlsbad, CA, USA) with 10%
(v/v) fetal bovine serum {FBS) (SAFC Bios-
ciences Inc., Lenexa, KS, USA), antibiotics
(Invitrogen-Gibco) containing 150 U/ml
penicillin G sodium, 1somg/ml strepto-
mycin, 375ug/ml amphotericin B and
25mg/l L-ascorbic acid (Sigma-Aldrich,
Tokyo, Japan) (all final concentrations).
The medium was changed every 2 days.
Typically, 6 weeks of culture was suffi-
cient to obtain appropriate CP thickness for
grafting.

PRP gel preparation

PRP gels were made according to the man-
ufacturer’s instructions using the ReGen
PRP-Kit 2* (kindly supplied by Regen Lab,
Mollens, Switzerland). Briefly, 1oml of
venous peripheral blood was collected.
Blood was first centrifuged at 15008 for
8 min. All plasma was aspirated into an-
other test tube, and then a second centri-
fugation at 1600g for romin was
performed. Then, the volume of plasma
in excess was discarded with the roml
syringe to obtain the PRP volume required
to cover the implant surface. PRP was
polymerized with 10% CaCl,. The consis-
tency of polymerized PRP was relatively
soft and used as a gel but not in a membra-
nous form.

Surgical procedures

Before creating the defect and placing the
implant, the second, third and fourth man-
dibular premolars {P2-P4} were extracted
bilaterally under general anesthesia (i.m.
injection of 4 mg/kg ketamine hydrochlor-
ide and 0.04 mg/kg atropine for induction
with intravenous (i.v.) administration of
1mg/kg sodium pentothal for mainte-
nance). After 12 weeks of healing, buccal
dehiscence defects were created under gen-
eral and local anesthesia. During surgeries,
the animals received lactated Ringer’s so-
lution i.v. After midcrestal and vertical
split-thickness incisions of the alveolar
mucosa, mucomembranous flap elevation
was performed supraperiosteally, and the
periosteumn at the operation region was
removed completely.

A uniform crestal bone defect was pre-
pared using a fissure bur under saline irriga-
tion. The dimensions of the dehiscence
defects were 4 mm in height from the top
of the crestal bone, 3 mm in depth from the
surface of the buccal bone, and 4 mm in
width mesiodistally (Fig. 1a). After creating
the defect, a titanium threaded implant
(Nobelbiocare AB™, Goteborg, Sweden ma-
chine surface} 3.7s mm in diameter and
7mm in length were placed in each bone
defect (Fig. 1b). The intervals between two
adjacent dehiscence defects were set more
than 7mm to prevent possible effects
from the treatment of neighboring implant.
No. 1, 2, and 3 animals had received
two implants in each mandibular quadrant
bilaterally. On the other hand, No. 4
animal had received only two implants
unilaterally because of incomplete healing
after tooth extraction in the opposite man-
dibular quadrant. Two types of treatments
(PRP gel placement only or PRP gel with
an autologous CP graft) were randomly
assigned to each bone defect. Groups with
an autologous CP graft had a cultured
periosteal membrane placed over the PRP
gel directly, covering the defect and im-
plant completely (Fig. 1c). Primary wound
closure was performed with 4-0 Vicryl
(Ethicon, Somerville, NJ, USA) using vertical
mattress sutures. To prevent postsurgical
infection, antibiotics were administered
for 4 days and 0.2% chlorhexidine mouth
irrigation was performed for 7 days. Throug-
hout the study, the dogs were fed with
a softened, high-calorie diet to prevent
mechanical trauma and weight reduction.

© 2007 The Authors. Journal compilation © 2007 Blackwell Munksgaard
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Fig. 1. Photographs demonstrating the surgical procedures used in this study. {a} Defects {4 x 4 x 3 mm} were
surgically created at the mandibular premolar sites. {b) Implant placement at the created defects before cover
screws were set. {c} Implant dehiscence defect was covered with a cultured periosteum (CP) membrane on PRP
gel (CP group, 3% right). Defect covered with PRP gel {control group, 3 left).

Histomorphometric analysis

Animals were killed with an overdose of
pentobarbital (65 mg/kg, i.v.) 12 weeks
after operation. The soft tissues around
implants were completely removed, and
then samples including dental implants
were harvested using an electrical saw
from the top of the mandibular crest to
the bottom of the mandible and fixed with
70% ethanol. These specimens were dehy-
drated using ascending grades of alcohol,
infiltrated and embedded in methyl
methacrylate for nondecalcified sectioning.
Upon polymerization, blocks were sawed,
ground, and bucco-lingual sections of ap-
proximately goum thickness were ob-
tained using the Exact Cutting-Grinding
System (Exact Apparatebau, Norderstedt,
Germany). Sections were then stained
with toluidine blue and microscopic
images were analyzed {Osteoplanll, Carl
Zeiss, Thornwood, NY, USA). The follow-
ing histomorphometric parameters were
evaluated:

(1) Percent linear bone fill (LF: new bone
height divided by original defect

length) was calculated according to
the following formula:

LF(%) = (A - A")/A x 100

where A is the original defect length
indicating the linear distance between
the defect base and the top surface of
the fixture {4 mm), and A’ is the post-
operative defect length indicating the
linear distance between the postopera-
tive defect base and the top surface of
the fixture.

(2) Percent new bone-implant contact
(BIC} was calculated according to the
following formula:

BIC(%) = C/B x 100

where B is the total length of the
thread before graft operation and C is
the sum of new BIC.

Statistical analysis

For comparison between two treatment
groups, a two-tailed Student’s t-test was
used. P-values <0.05 were considered to
be statistically significant.

© 2007 The Authors. Journal compilation © 2007 Blackwell Munksgaard

Results

At 12 weeks, membrane and implant ex-
posure was observed in six of 14 implant
sites {bilateral mandibular quadrant of No.
I animal including two PRP and two CP
sites and unilateral mandibular quadrant of
No. 2 animal including one PRP and one
CP sites). Because of the possible contam-
ination risk, these six implant sites were
excluded from histological and histomor-
phometrical analyses.

Macroscopic findings

At 12 weeks after operation, PRP and CP
had completely disappeared in both the
control and the CP group. Compared with
the control group, the bone regeneration in
the CP group was evident and the thread of
the dental implants was almost covered
with the regenerated bone, while most of
the thread in the control group was exposed
(Fig. 2a and b).

Histological observations

The CP group demonstrated relatively
thick and dense lamellar bone formation
from the bottom to the top of the created
defect (Fig. 3a and c). Thick layers of
woven bone were attached to the implant
surface and osteoblast-like cells were ob-
served around the surface. Although abun-
dant neovasucularization was observed in
the bone matrix, inflammatory cells were
rarely observed. The border between the
regenerated and original bone was not clear.
In the control group, 12-week specimens
exhibited thin cortical bone formation at
the dehiscence defect (Fig. 3b and d). Scarce
woven bone was observed between the
implant surface and the cortical bone, and
few osteocytes and osteoclasts were ob-
served within the bone matrix and at the
surface, respectively.

Histomorphometric analyses

LF was significantly higher in the CP group
than in the control group (Fig. 4a). The
mean LF values were 72.36 + 3.14% and
37.03 + 4.63% in the CP and control
groups, respectively (P <o0.05). In contrast,
there was no significant difference in BIC
(Fig. 4b). The mean BIC values were
40.76 + 10.30% for the CP group and
30.58 £ 9.69% for the control group.
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Fig. 2. Macroscopic observations at 12 weeks postoperation. The buccal dehiscence defect was almost

completcly covered with regenerated bone in the cultured periosteum group (a}. Implant thread was partially

covered with regenerated bone in the control group (b).

Fig. 3. Bright-field photomicrographs showing toluidine blue staining of the nondecalcified sections at 12
weeks postoperation. Thick, dense lamellar bone formation near both the bottom and the top of created defects
was observed in the cultured periosteum group (a, c). Thin cortical bone formation along the implant thread
was ohserved in the control group (b, d). Original magnification x 20 (a, b}, x 1o0fc, d}.

Discussion

In this study, we present evidence that CP
can influence regeneration of alveolar bone
at implant dehiscence defects. These find-
ings confirm results from previous studies
using a critical-sizeed bone defect of rat
calvaria {(Mase et al. 2006) and furcation
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defects in canine premolars (Mizuno et al.
2006).

The amount of bone at the implant
dehiscence defect was significantly greater
in the CP group than the control group,
suggesting that new bone formed via the
CP graft. Histological analysis revealed
that the regenerated bone was integrated

to the native mature bone. The role of the
transplanted cells was not directly evalu-
ated in this study; however, MSCs, which
can differentiate into osteogenic cells, were
found in periosteal tissue (Nakahara et al.
1990). Earlier, we reported that CP cells
express elevated osteoblast markers and
alkaline phosphatase activity
et al. 2006). Considering the nature and
potential of CP cells, it is feasible that the
grafted CP cells perpetuated the bone re-
generation observed in this study. How-
ever, the role of the transplanted CP may
not be limited to bone formation. MSCs
derived from the bone marrow also express
various growth factors such as VEGEF,
which induce neovascularization to the
transplanted tissue (Shintani et al. 2001;
Raida et al. 2006). There is also evidence
that MSCs interact with immunocompe-
tent cells, which may be related to cell
recruitment, adhesion, and differentiation
(Xiao-Xia et al. 200s5). The influence of
transplanted CP may also involve growth
factors introduced into the local environ-
ment by the CP; however, these factors
have yet to be characterized.

In this study, the soft tissues around the
dental implants were stripped before histo-
logical analyses in order to evaluate the
level and three-dimensional extent of
bone regeneration. On the other hand,
this resulted in loss of information about
the soft tissue including the periosteum
and grafted CP. Because the information
about those soft tissues is also valuable, it
should be important to investigate the fate
of those tissues in future experiments.

The consensus tissue engineering para-
digm includes cells, scaffolds, and bioactive
molecules. For periodontal therapy, there
are several reports based on this tissue
engineering paradigm that incorporate var-
ious polymers such as collagen and gelatin
as a scaffold material {Ripamonti et al.
2001; Jin et al. 2003; Taba et al. 2005).
However, natural biodegradable materials
cannot eliminate the possible risk of infec-
tion and degraded products may interfere
with the regeneration process. Instead of
culturing cells on natural biodegradable
scaffolds, we have been able to stimulate
periosteal cells to form their own matrix
and generate a cell-populated membrane
in vitro (Mizuno et al. 2006). This method
creates a CP membrane durable enough to
be held by forceps, making it feasible to

{Mizuno
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Fig. 4. Histomorphometric analyses. {a) Linear bone fill (LF). LF was significantly higher in the cultured
periosteum (CP) group as compared with the control group (P <o0.05). {b) Bone-to-implant contact (BIC). No
statistically significant differences were found among the CP and control groups.

transplant CP membranes without the
need for a biodegradable support. Further-
more, the thickness of the CP is approxi-
mately 200 um, which may be beneficial to
cells, allowing oxygen and nutrients to
diffuse into the transplanted tissue. A ma-
jor disadvantage of using CP for clinical
treatment might be the time period re-
quired for tissue culture. Four to 6 weeks
is a typical time frame for obtaining CP
with enough mechanical strength to be
transplanted. Furthermore, the cultured
period would likely differ for each patient
and may be unpredictable at the beginning
of culture. This uncertainty makes it diffi-
cult to formulate a treatment schedule in
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Abstract

Cellular morphology is one of the important factors to coordinate cell signaling.
In the present study, the morphological variation via glucose transporter
(GLUT)-mediated anchoring was investigated in the cultures of human mammary
epithelial cells in the presence or absence of insulin on the surfaces with the changed
ratios of D- and L-glucose displayed. With increasing ratio of D-glucose displayed on the
surfaces, the cells showed the stretched shape in the culture with 10 ug/cm3 insulin,
reaching the highest extent of cell stretching at 100% D-glucose display, while the round
shaped cells were dominant at 0% D-glucose display. In the absence of insulin, on the
other hand, the extent of cell stretching depicted a concave profile in terms of the ratio
of D-glucose displayed, the extent being the highest at 50% D-glucose display. Blocking
of integrin asB1 or GLUTs1 and 4 on the cells with corresponding antibodies revealed
that the primary mechanism for cell attachment was based on integrin-mediated binding,
and that GLUTs1 and 4 contributed largely to morphological changes of cells. In
confocal microscopic examination, moreover, it was found that GLUT4 localization
occurred in response to the D-glucose display as well as insulin addition. In the absence
of insulin, GLUT4 spots were extensively observed in cell body whether the D-glucose
was displayed or not. However, in the presence of insulin, the broad distribution of
GLUT4 appeared on the basal and apical sides of cells at 100% D-glucose display, in
contrast with its localization only on the apical cell side at 0% D-glucose display. These
results suggest that the quantitative balance of GLUTs on the cytoplasmic membrane
and D-glucose displayed on the surface determines the cell morphology, as explained by

a “receptor saturation” model.



