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Abstract. The use of tissue-engineered osteogenic material comprising platelet-rich
plasma and autologous mesenchymal stem cells isolated, expanded and induced to
osteogenic potential in bone augmentation procedures as a replacement for
autologous bone grafts, offers predictable results with minimal donor-site
morbidity. This material was applied for an alveolar cleft osteoplasty of a 9-year-old
female patient. Serial computed tomograms showed the regenerated bone extending
from the cleft walls after 3 months and bridging the cleft after 6 months, with 79.1%
of the grafted region after 9 months at the time when the canine and lateral incisor in
the affected side erupted in the reconstructed alveolar ridge.
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The reconstruction of alveolar cleft defects
is well established, with the most widely
accepted approach being secondary alveo-
lar clefi osteoplasty in the mixed dentition
phase with autologous bone grafting"‘ls.
The source material for most bone grafts
has been particulate marrow harvested
from the anterior iliac crest, and this repre-
sents the standard material with which
other materials from rib, mandible, calvar-
jum, and tibia are compared™*'*. Donor-
site morbidity is an important factor in
deciding the site for harvesting cancellous
bone. Allogenic or xenogenic materials can
eliminate this concern but not the risk of
disease  transmission.  Osteoinductive
agents such as recombinant_human bone
morphogenetic protein-2'>" can solve
these problems and are expected to be used
clinically in the future. As another solution,
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the use of tissue-engineered osteogenic
material (TEOM) comprising autologous
mesenchymal stem cells (MSCs) and plate-
let-rich plasma (PRP) in bone augmenta-
tion procedures as a replacement for
autologous bone grafts, offers predictable
results with minimal donor-site morbid-
ity>'%. Here we report a technique and case
of alveolar cleft osteoplasty using TEOM
as a translational research.

Patient and method
Case description

A 3-month-old female patient bom with a
congenital left unilateral cleft lip and
alveolus underwent a cheiloplasty at that
had resulted in no remaining oronasal
fistula. At 9 years of age, computed tomo-

grams (CTs) revealed that the left max-
illary canine, lateral, and supernumerary
incisors had formed half of their roots, and
that they closely surrounded the alveolar
cleft bony defect which was 10 mm wide
and 13mm deep anteroposteriorly
(Fig. 1). The lefi central incisor was ortho-
dontically overcorrected due to previous
severe rotation and distal location. When
secondary alveolar cleft osteoplasty was
indicated, the patient and her parents were
informed about the nature of the TEOM,
and they granted their consent.

Tissue-engineered osteogenic material

The clinical protocol as a translational
research of TEOM was approved by the
ethics committee of Nagoya University.
Autologous blood (200 ml) was harvested

© 2006 International Association of Oral and Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. The left unilateral cleft of the alveolus of our 9-year-old female patient: (A) intraoral
view; and (B) 3-dimensional computed tomogram demonstrating the left maxiilary canine and

the alveolar bony defect.

three times every 2 weeks to extract serum
(100 ml) and 300 ml of serum was cryo-
preserved. Approximately 10 ml of the
bone marrow aspirate was collected from
the anterior iliac crest with a 14-gauge
biopsy needle under local anesthesia.
The aspirating procedure did not cause
any additional discomfort to the patient.
The MSCs were isolated from the marrow
aspirates and cultured as reported pre-
viously'”'®. The cells were suspended in
a low-glucose Dulbecco’s modified
Eagle’s medium containing L-glutamine,
penicillin and streptomycin (Cambrex,
Walkersville, MD), and supplemented
with the 15% autologous serum and incu-
bated at 37 °C in a humidified atmosphere
containing 95% air and 5% CO,. The
MSCs were replated and expanded for 4
weeks, and then induced to osteogenic
potential for another week with 100 nM
dexamethasone, 10 mM B-glyceropho-
sphate and 50 pg/ml ascorbic acid-2-
phosphate (Sigma-Aldrich, St. Louis,
MO). The differentiated MSCs were con-

firmed by detecting alkaline phosphatase
activity. Approximately 10 ml of PRP was
extracted from 100 ml of autologous
blood using centrifugation and a selective
collection technique®'® 1 day before the
surgery and contained 8.9 x 10° platelets/
wl (i.e. 313 % higher than the original
whole blood). During the operation,
5.0 x 107 differentiated MSCs, 1.8 ml of
the PRP, 0.3 ml of 10% calcium chloride
solution containing 300 units of human
thrombin and 0.3 ml of air were mixed
and polymerized into a gel form of the
TEOM.

Operative technique

Following a 3-cm-long mucosal incision
at the level of the labiogingival junction,
dissections were made in the ingrown scar
tissue to reach the bony surface of the cleft
walls. The tissue was then elevated in the
subperiosteal plane to the levels of the
anterior nasal spine anteriorly, the lateral
piriform rim superiorly and to the alveolar

ridges inferiorly, whilst taking care not to
damage the unerupted teeth and the con-
tent of the incisive canal. The flaps of the
nasal floor and the oral mucosa formed the
ceiling and the floor of the cleft cavity,
respectively. The ceiling, floor and front
walls of the defect were supported with a
0.1-mm-thick titanium-mesh plate (Stry-
ker, Kalamazoo, MI). The thus-created
pouch was filled with all the prepared
TEOM through a syringe using a packer
(Fig. 2). Following release incisions in the
periosteum and the scar tissue of the flaps
and to allow them to cover the grafied
area, the wound was consequently closed
without tension.

Postoperative course

The patient exhibited an uneventful post-
operative course. The radiopacity of serial
CTs slicing the middle level of the alveo-
lar cleft in the grafted region increased
gradually over the time (Fig. 3). Dome-
shaped radiopaque images with 233
Hounsfield units (HU) faced together
and extended from the cleft bony walls
inside the cavity after 3 months, and were
fused together into an image with 324 HU
after 6 months. The image increased in
radiopacity to 447 HU in 9 months, and at
the bony bridge the lateral and supemu-
merary incisors horizontally approxi-
mated from their original positions in
the respective major and minor segments.
The incisive canal was reconstructed
Just medial to the bridge. The erupting
canine and lateral incisor pushed the mesh
plate vertically, and the mucosa covering
the cleft consequently swelled and
thinned. A mucosal cut was made in the
crest of the alveolar ridge over these teeth,
and the part of the plate overlying the teeth
was removed under local anesthesia. The
canine and the lateral incisor then erupted
approximately at the same time (Fig. 4).

Discussion

Cells, cytokines and a matrix are three
prerequisites  for  tissue engineer-
ingg’g"("'s, and MSCs and PRP com-
pounds were applied in the present
TEOM. The PRP contains not only fibri-
nogen that forms a fibrin network acting as
a matrix but also chemical substances such
as platelet-derived growth factor, trans-
forming growth factor-3, vascular
endothelial growth factor, and insulin-like
growth factor. These factors contribute to
cellular proliferation, matrix formation,
collagen synthesis, osteoid production,
and other processes that accelerate tissue
regeneration®.
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Fig. 2. Intraoperative views: (A) exposed alveolar cleft defect; (B) cleft cavity grafted with the tissue-engineered osteogenic material; and (C)

graft covered with the titanium mesh plate.

TEOM regenerated the bone in the
alveolar cleft defect without donor-site
morbidity resulting from the autologous
bone grafl. Grafied bone remodels new
bone due to apposition following resorp-
tion, and VAN DER MED et al.t? reported
that 1-year postoperative volumetric rates
were approximately 70% for secondary
bone grafls before canine eruption. Using
their measuring method'* at 9 months
postoperatively the present case showed
79.1% regenerated bone. They also stated
that the eruption of the canine generally
occurred 2 years after bone graft if the
patient was 9-years-old. A high resorb-
ability of the bone in the grafied region
may result in the early eruption of canine.
In the present case the canine coronally
forced the mesh plate at 9 months post-
operatively, which was earlier than
expected. As the bone regenerated in the

cleft defect, the ingrowing bone seemed to
accompany the roots of not only the canine
but also the lateral and supernumerary
incisors, which consequently approxi-
mated and erupted. Bone regeneration
with the TEOM may therefore, have
helped to induce teeth to reposition prop-
erly in the horizontal and vertical planes.

The mucoperiosteal flaps require the
support in proper reconstruction of alveo-
lar morphology, and hence the TIME
technique'® was indicated for the present
simple clefit without palatal defect or oro-
nasal fistula. The titanium mesh plate
facilitated a rigid space without disturbing
the blood supply from the overlying flaps,
but needed to be removed before tooth
eruption. Resorbable membranes solve
this problem but inhibit the blood supply.
The skeletal frame or carriers of biode-
gradable material such as polylactide

polymer or collagen may serve as another
solution” "**<.

Distraction of the transport bony seg-
ment has been attempted for closing alveo-
lar defects'”. The defects are actually only
reduced and not eliminated, and the teeth in
the transport segment also moved uninten-
tionally according to the distraction. Some
alteration in teeth positions may be bene-
ficial, but others compromise crown mor-
phology or require its recontouring. The
bone transport in repair of the alveolar cleft
therefore remains controversial.

The TEOM thus shows promise with
further perspectives. Younger patients
have more MSCs, and their harvesting,
isolation and cryopreservation allows
TEOM to be supplied repeatedly when
needed. This repeatability will facilitate
the sequential treatments of cleft patients
in the future.
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Fig. 3. Serial computed tomograms slicing the middle level of the alveolar cleft: (A) preoperation; (B) 3 months postoperation. Dome-shaped
radiopaque images facing together and extending from the cleft bony walls inside the cavity (C) 6 months postoperation. Fused image in the cleft
cavity and (D) 9 months postoperation. The lateral and supernumerary incisors are approximated in the bony bridge lateral to the reconstructed

incisive canal.

Fig. 4. The canine and the lateral incisor erupting in the reconstructed alveolar ridge.

Acknowledgements. This research was par-
tially supported by the Ministry of Educa-
tion, Culture, Sports, Science and
Technology, Japan. The authors acknowl-
edge with thanks the technical support of
OsteoGenesis Inc., Japan.

References

{. BoyNE PJ, NATH R, NAKAMURA A.

Human recombinant BMP-2 in osseous
reconstruction of simulated cleft palate
defects. Br J Oral Maxillofac Surg 1998:
36: 84-90.

. Fonseca RJ, TurRvEY TA, WOLFORD LM.

Orthognathic surgery in the cleft patients.
In: Fonsgca RJ, ed: Oral and Maxillofa-
cial Surgery, Vol. 6, Cleft/craniofacial/
cosmetic surgery. Philadelphia: W.B.
Saunders 2000: 87-146.

. HiBt H, YaMaDA Y, KaGami H, UEDA M.

Distraction osteogenesis assisted by tis-
sue engineering in an irradiated mandible:
a case report. Int J Oral Maxillofac
Implants 2006: 21: 141-147.

. HorsweLL BB, HENDERSON JM. Second-

ary osteoplasty of the alveolar cleft
defect. J Oral Maxillofac Surg 2003:
61: 1082-1090.

. Kawamoro T, MortoHasHl N, KiTa-

MURA A, BaBa Y, Suzuxi S, Kurobpa
T. Experimental tooth movement into
bone induced by recombinant human
bone morphogenetic protein-2. Cleft
Palate Craniofac J 2003: 40: 538-543.

. Marx RE, GarG AK. Dental and Cranio-

facial Application of Platelet-rich
Plasma. Illinois: Quintessence Publishing
2005: pp. 1-168.

. MAYER M, HOLLINGER J, RoN E, Woz-

NEY J. Maxillary alveolar cleft repair in
dogs using recombinant human bone
morphogenetic protein-2 and a polymer
carrier. Plast Reconstr Surg 1996: 98:
247-259.

. MEYER U, Joos U, WiesMaNN HP. Bio-

logical and biophysical principles in



extracorporal bone tissue engineering.
Part I. Int J Oral Maxillofac Surg 2004:
33: 325-332.

. Meyver U, Joos U, WiesMANN HP. Bio-

logical and biophysical principles in
cxtracorporal bone tissue engineering.
Part [1l. Int J Oral Maxillofac Surg
2004: 33: 635-641.

. PittENGER MF, Mackay AM, Beck SC,

JaiswaL RK, DoucLas R, Mosca JD,
MoORMAN MA, SIMONETTI DW, CRAIG
S, MarsHAK DR. Multilincage potential
of adult human mesenchymal stem cells.
Science 1999: 284: 143-147.

. SCHMELZEISEN R, SCHIMMING R, SITTIN-

GER M. Making bone: implant insertion
into tissue-engineered bone for maxillary
sinus floor augmentation — a preliminary
report. J Cranio-Maxillofac Surg 2003:
31: 34-39.

. SCHIMMING R, SCHMELZEISEN R, Tissue-

enginecered bone for maxillary sinus aug-
mentation. J Oral Maxillofac Surg 2004:
62: 724-729.

. VAN DER ME AJW, BAART JA, PRAHL-

ANDERSEN B, VALK J, KOSTENSE PJ,

15.

17.

Cleft osteoplasty with tissue engineering

TuinziNnGg DB. Bone volume after sec-
ondary bone grafting in unilateral and
bilateral clefts determined by computed
tomography scans. Oral Surg Oral Med
Oral Pathol Oral Radiol Endod 2001: 92:
136-141.

. VON ARX T, HARDT N, WaLLKAMM B.

The TIME technique: a new method for
localized alveolar ridge augmentation
prior to placement of dental implants.
Int J Oral Maxillofac Implants 1996:
11: 387-394.

WiesMANN HP, Joos U, MEYER U. Bio-
logical and biophysical principles in
extracorporal bone tissue engineering.
Part 1. Int J Oral Maxillofac Surg
2004: 33: 523-530.

. YAMADA Y, UEDA M, HiBi H, NAGASAKA

T. Translational research for injectable
tissue-engineered bone  regeneration
using mesenchymal stem cells and plate-
let-rich plasma: from basic research to
clinical case study. Cell Transplant
2004: 13: 343-355.

YeN SL-K, YamasHita DD, Gross J,
MEARA JG, Yamazaki K, Kim TH, REIN-

555

i1scH J. Combining orthodontic tooth
movement with distraction osteogenesis
to close cleft spaces and improve max-
illary arch form in cleft lip and palate
patients. Am J Orthod Dentofacial Orthop
2005: 127: 224-232.

. ZerrLer D. Alveolar cleft grafts. In: FON-
seca RJ, ed: Oral and Maxillofacial Sur-
gery, Vol. 6 Cleft/ craniofacial/cosmetic
surgery. Philadelphia: W.B. Saunders

2000: 75-86.

Address:

Hideharu Hibi,

Center for Genetic and
Regenerative Medicine

Nagoya University School of Medicine

65 Tsurumai-cho

Showa-ku

Nagoya 466-8560

Japan

Tel: +8] 52 7442348

Fax: +81 52 7442352

E-mail: hibihi@med.nagoyva-u.ac.jp



RESEARCH REPORTS

Biomaterials & Bioengineering

H. Agata'2, I. Asahina®*, Y. Yamazaki?,
M. Uchida', Y. Shinohara'!, M.J. Honda!,
H. Kagami', and M. Ueda'+2

'Division of Stem Cell Enginecring, The Institute of Medical
Science, The University of Tokyo. Tokyo. Japan; 2Department
of Oral and Maxillofacial Surgery, Nagoya University
Graduate School of Medicine, Nagoya, Japan; *Depantment of
Regenerative Oral Surgery. Nagasaki University Graduate
School of Biomedical Sciences. Nagasaki. Japan; and
“Department of Plastic and Reconstructive Surgery, Kitasato
University School of Medicine, Kanagawa. Japan;
*corresponding author, 1-7-1 Sakamoto, Nagasaki 852-8588,
Japan, asahina@nagasaki-u.ac.jp

J Dent Res 86(1).79-83, 2007

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. Periosteal cells proliferated faster
than marrow stromal cells. and osteogenic markers
indicated that bone marrow stromal cells were
more osteogenic 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
bone 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.
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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
enginecring has attracted considcrable 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 er al., 1987: Haynesworth er al., 1992; Matsubara et al.,
2005). Periosteum-derived cells have also been used recently (Breitbart et al.,
1998: Perka et al., 2000). There is a growing requirement for dentists to
regenerate alveolar bone as a regenerative therapy for periodontitis and in
implant dentistry. Concerning the donor site, it is easier for general dentists
to 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 (bFGF) and bone morphogenetic protein-2 (BMP-2),
both of which have significant effects on osteogenesis (Rosen and Thies,
1992; Marie, 2003). Recently, Fakhry er al. (2005) showed that the combined
use of bFGF and BMP-2 ¢reatly enhances the osteogenic potential of chick
embryonic calvaria-derived cells. Therefore, 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 Commiltees of both Kitasato University
and the Institute of Medical Science, The University of Tokyo. All subjects
provided written informed consent.

Human periosieal 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, Lencxa. KS. USA) and 1% penicillin-streptomycin-glutamine
(serum-conditioned «-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 104 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 + 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
rcached 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

Cclls were pre-treated with bFGF under conditions described
elsewhere (Fakhry et al., 2005). with modifications. Both cell
types were cultured in serum-conditioned o-MEM in dishes to
60% confluence. Al that point, the serum-conditioned a-MEM was
replaced with medium containing 1 ng/mL recombinant human
bFGF (donated by Professor Y. Tabata. Kyoto University, Kyoto,
Japan) and 100 wM 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 [resh serum-conditioned a-MEM on days 1 and 3.

Alkaline Phosphatase Activity Assay

On day 0, both cell types (with and without bFGF pre-trecatment)
were plated at a density of 1.0 x 10° cells/mL/well in 12-well

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

Cell profiferation
- periesteal colls withws FOF pretreatment
< & + perosteal celly with FGF pretreatent

2
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human BMP-2 (donated by Astellas
Pharma Inc., Tokyo, Japan) was added
to each well, along with 100 M
ascorbic acid. On day 4, the medium
was replaced with fresh medium
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). Alkaline-phosphatase-
specific (ALP) activity was assayed as
described previously (Asahina et al.,
1993). ALP activity is expressed as
p.mol p-nitrophenol/min/pg protein.

Reverse-
3 4 s s 1 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-conditioned
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-
ranscribed with Superscript 1H1® reverse-transcriptase and oligo-
dT primers (Invitrogen), according to the manufacturer's protocol.
For PCR amplification, we used primer sequences that have been
described previously (Wordinger et al., 2002; Kamata et al., 2004).
We analyzed gene expression of glyceraldehyde-3'-phosphate
dehydrogenase (GAPDH), type | collagen (Col 1), ALP,
osteopontin (OP), osteocalcin (OC), BMP-2, BMP-4, and BMP
receptors (BMPr) 1A, 1B, and I1. After amplification, samples were
analyzed by electrophoresis on a 1.5% agarose gel, and were
visualized by ethidium bromide staining.

Transplantation of Cells into Inmunodeficient Mice

For each transplantation, 1 x 10° harvested cells (with or without
pre-treatment), in I mL of serum-conditioned a-MEM, were
mixed with 50 mg of B-tricalcium phosphate (B-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, B-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-pm-thick

sections were prepared from the middle of each transplant and
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stained with hematoxylin and eosin. (a) ALD assay {continuous bFGF treatment) (b) ALP assay (continuous BMP-2 treatment)
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significantly greater than that of
bone marrow stromal cells (Fig.
1a). Although the number of
periosteal cells was similar to that
of marrow stromal cells on day 1,
periosteal cells were twice as
numerous as marrow stromal cells
on day 3. Periosteal cells pro-
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 (regardiess 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 dose-dependent manner.
Continuous exposure Lo 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
responsivencss 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. 2c). This effect of FGF pre-treatment on the BMP-2
induced increase in ALP activity was weaker for bone marrow
cells than for periosteal cells (Fig. 2d).

Reverse-transcription/Polymerase Chain-reaction Assay
Gene expression of periosteal cclls and marrow stromal cells was
examined by RT-PCR (Fig. 3). Control periosteal cells expressed
only Col 1 and GAPDH. Treating periosteal cells with BMP-2
enhanccd their expression 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 BMPtIB. Combined FGF pre-trcatment and BMP-2

BMP-2 (ng/ml)

BMP-2 {ng/ml)

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) E)

Alkaline phosphatase activity was analyzed on day 7 of culiure. In (a}, asterisk indicates significant
difference {p < 0.05), compared with the conirol {-]. 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 paired conditions.

r 6 days.

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

Perio romal cells

BMPril

GAPDH
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Figure 3. RT-PCR ondlysis 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-ireatment (Pre-treatment + BMP).



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 um. 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 secfions 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 BMPrll, 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, BMPrIA, 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-
trcatment alone also formed ncw 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.
Periostcal 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-treatment alone: however, these
differences were not statistically significant. Periosteal cells
treated with BMP-2 after FGF pre-treatment generated
significantly more newly formed bonc 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

Agata et al.

{¢)

Bone area percentage {(20)

8 periostent cells
Llmarrow stromad eclls
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Bone formation times as much new bone as did
50 periosteal cells treated with BMP-2
without FGF pre-treatment (Fig. 4f).

40

DISCUSSION

In this study, we compared the
ostcogenic potential and clinical
uscfulness of periosteal cells with
those of marrow stromal cells.

The proliferation rate of
periosteal cells was much greater
than that of marrow stromal cells
(Fig. 1a). Reports indicate that
primary culturcs of human bonc cells
obtained from different donors can
have very difterent proliferation rates
(Im et al., 2004). We observed
differences in proliferation rate
among the present donors, but all of
the present periosteal celis
proliferated faster than did the
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 reportedly affects the
mitogenic activity of osteoprogenitor cells (Tanaka et al.,
1999). There is a need for studies comparing the bone-forming
ability of periosteal cells between old and young donors.

Many in vitro studies have indicated that bFGF has a
mitogenic effect on osteoprogenitor cells (Tanaka et al., 1999;
Shimoaka et 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
trcatment was of longer duration than in the present study.
Cells committed to the osteoblast lincage have been found to
have lower proliferative potential than uncommitted cells
(Malaval et al., 1999). Although the present continuous
treatment with bFGF inhibited ALP activity (Fig. 2a),
consistent with results from a previous study (Kalajzic et al.,
2003), cessation of bFGF treatment may induce osteoblastic
differentiation of periostcal 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 cclls. This
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suggests that marrow stromal cells are further differentiated
along the osteoblastic cell lineage than are periosteal cells.
Previous studies indicated that transient treatment with FGF,
followed by treatment with BMP-2, enhanced osteogenic
differentiation in vitro (Hanada et al., 1997; Fakhry er 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-treatment was due (o 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
¢nhanced 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 cultured under conditions
that promote ostcogenesis 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

In the successive cultures of human keratinocyte cells, cellular motions of extension and rotation were
analyzed based on observation of the individual cells, to evaluate the proliferative potential in a whole cell
population. In lag phases of the serial cultures, an extension index of individual cells, Rg, was defined as an
average spreading rate divided by initial cell area for each cell. The mean value of Rg was found to relate to
prolongation of lag time; namely it decreased with increasing passage number in the successive cultures
approaching cellular senescence. During the courses of the cultures, the rotation rate of paired cells was also
measured through time-lapse observation. The mean value of rotation rate, |@|, decreased with an increase
in doubling time caused by the progress of cellular age, reaching an almost constant value -of |@|= 40
degrees h™' in the cultures with prolonged doubling time of over 59 h. It was concluded that the indices
determined from the motions of individual cells, Rg and [@|, were correlated with the lag time and doubling
time, respectively, which are growth parameters varied with the vitality of the cells approaching cellular
senescence.

Nomenclature: Ac — projected area of each cell (um?); Aco — initial projected area of each cell (um?); n -
number of examined cells (cells); Nq — cumulative number of population doublings; Ng4¢ ~ final value of
cumulative number of population doublings; Np — number of passages; rs — spreading rate of each cell
(um? h™h; r ™" — average spreading rate of each cell (um® h™"); Rg - cell extension index (h™"); Rg - mean
value of Rg (h™"); 1 — observation time (h); 7y — doubling time (h); 1. — lag time (h); |w| ~ absolute value of
rotation rate (degree h™'); |@| — mean value of ||, (degree h')

Introduction cells are of heterogeneity depending on the

respective biopsies from which the cells are iso-

For the production of cultured tissues such as
epithelial sheets, a series of monolayer cultures of
anchorage-dependent cells is generally performed
to expand cell number requisite for tissue recon-
struction. In these cultures, the natures of source

lated, and the vitality of cell individuals progres-
sively lowers due to cellular senescence inherent in
normal human cells. ‘

From a viewpoint of growth kinetics of anchor-
age-dependent cells, lag time and doubling time are
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important parameters to estimate the cell vitality or
activity. In a lag phase, cells extend with morpho-
logical alternation to ensure firm adhesion onto
culture surface, giving a delay in cell growth, lag
time, that changes with culture conditions and/or
cell states (Re et al. 1994). In a subsequent growth
phase, cells generate their daughters through
repeated cell division at an interval of generation
time, relying on multiplying ability of each cell.

In previous work (Hirai et al. 2002; Kino-oka
et al. 2004), we developed the culture system which
facilitated the direct observation of dynamic
behaviors of individual cells. It was demonstrated
that the spreading rate of each cell found in lag
phase could be a criterion for estimating time until
the first cell division in the culture of murine fi-
broblasts prepared under varied conditions of
trypsin treatment. Morcover, the rotation rate of
paired cells was proposed to evaluate the vitality
or latent potential of growth recovery in the cul-
ture of human immortal epithelial cells kept under
glucose-limited conditions. The aim of the present
study is to extend the motion analyses of cell
spreading and rotation to evaluating the prolifer-
ative potential in the successive cultures of normal
human keratinocytes. The growth potential
parameters of lag time and doubling time that
change with the progress of cellular age will be
discussed in terms of the proposed indices deter-
mined from observing the dynamic behaviors of
individual cells.

Materials and methods

Human keratinocytes (neonatal foreskin origin)
were obtained as frozen cells from Kurabo Ind.,
Osaka, Japan (No0.9C0708 in supplier’s file). The
cells in vials were thawed according to the sup-
plier’s instruction, and then cultivated in a 25 cm?
T-flask (Nunclon Delta Flask; Nunc, Roskilde,
Denmark) as the first passage (Np = 1) in a series
of successive cultures. The cultures were conducted
using serum-free medium (HuMedia-KG2; Ku-
rabo Ind., Osaka, Japan) at 37°C under air con-
taining 5% CO,. The medium was maintained at a
depth of 4 mm in the flask and spent medium was
renewed every 3 days. On reaching about 80%
confluence of the cells on the flask bottom, the
cells were harvested by centrifugation (200xg,
25°C) after enzymatic treatment with a mixture of

0.1% trypsin 1:250 and 0.02% EDTA (Sigma
Aldrich, St. Louis, MO, USA). The subsequent
passages were repeated in a similar manner until
the cell growth substantially ceased. In these
successive cultures, the initial concentration of
viable cells, determined by trypan blue exclusion
test, was fixed at 1.0x 10* cells/cm”. Throughout
the experiments, all the cultures for the data
analyses were carried out in triplicate. During each
passage, the remaining number of population
doublings, Nqr—Ng4, was determined as a measure
for cellular senescence, based on the change of
adherent cell concentration as shown elsewhere
(Umegaki et al. 2002).

As described in a previous study (Kino-oka
et al. 2004), an observation tool was constructed
by installing a CCD camera in the computer-aided
culture system and employed to analyze individual
cellular motions during the courses of the cultures.
The cell images were captured in a manner of time-
lapse observation, every 40 min for 10 h in an
early lag phase and every 20 min for 24 h in an
early growth phase, for analyzing cell spreading
rate and paired cells rotation, respectively, at five
positions in each flask. Table 1 indicates the values
of Np and N4 —N,4 during the successive cultures of
keratinocytes (Runs i-3) employed for the obser-
vation of these cellular motions.

Results and discussion

To analyze the spreading rate of the keratinocyte
cells, the projected area of each cell, A¢, in lag
phase was determined by extracting cellular edge
using a line-drawing tool in the software (IMAQ
Vision Builder; National Instruments, Austin, TX,
USA). The Ac values of individual cells increased

Table 1. Values of Np and Ny—Ny in successive cultures of
keratinocyte cells used for experiments.

Culture

|
—

Ngr—Ng [-]

Run | 6.6 to 9.6
381t06.6
091038
0to 0.9

351068
0.9 to 3.5
0to 09

271058
0.1t0 2.7
0to 0.1

Run 2

Run 3
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gradually with clapsed time after seeding. Then the
spreading rate of cach cell, ry = dAc¢/dt, was
traced and an average r, of values, r""°, was
determined in each culture. The determined r*"®
value was standardized in terms of initial cell area,
Aco, to define a cell extension index, Rg, as fol-
lows.

‘RF_ — r;lvc/ACO (l)
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Figure 1 shows the histograms of Rg values of
the examined cells during the successive cultures
(Run 1). In the culture of Np = 3, a broad dis-
tribution in the Rg values was recognized, ranging
from Rg = 0.04 to 0.30 h™'. Afterwards, the dis-
tribution shifted to small values with an increase in
the Np value. The frequency of cells with
Rk <0.10 h™' was approximately 80% in the
culture of Np = 6 with Ng~Ng = 0 to 0.9 as

Frequency [%]

0 0.10 0.20

0 0.10 0.20

Re (h7]

Figure 1. Histograms of cell extension index. Rg, in successive cultures of keratinocyte cells (Run 1). The Rg values were determined

for early 10 h in each culture (n = 15 to 20 cells).

Run 2
I

Frequency (%)

0 70 140 210

0 70 140 210

|0l [degree h_1]

Figure 2. Histograms of rotation rate, |w}, in successive cultures of keratinocyte cells (Runs 2 and 3). The |w| values were determined

for 1 h form ¢ = 24 h in each culture (n = 5 to 15 cells).



130

shown in Table 1, and its frequency pattern was
different from that in the culture of Np = 3 with
Ngr—Ng = 6.6 to 9.6 (p <0.05). These results
indicated that the extension potential of the
keratinocyte cells in lag phase deteriorated in
response to the progress of cellular age, as evalu-
ated by the Ngc—Ny value.

Next, the rotation of paired cells was observed
by capturing cell images during the successive
cultures of the keratinocyte cells (Runs 2 and 3).
This pairwise rotation was quantified as an abso-
lute value of rotation rate, |w|, which was deter-
mined according to the procedure reported earlier
(Kino-oka et al. 2004). Figure 2 shows the histo-
grams of the |w| values of the examined cells
during the successive cultures. In the culture of
Np = 4 (Run 2), a broad distribution in the |o|
values was observed in the range of jw|= 4 to 254

degrees h™', which indicated that the culture
comprised of heterogeneous population of cells
with varied rotational motions. With an increase
in the passage number, the distribution in the | w |
value narrowed and almost the cells entered a
region of |w| < 70 degrees h™' in the culture of
Np = 6 with Nge—Ng = 0 to 0.9 (sec Table 1). A
similar tendency was also recognized in the sepa-
rately conducted successive cultures (Run 3).
Then we intended to correlate these cellular
motions of extension and rotation with prolifera-
tive potentials of cell population in the successive
cultures. As indices for the proliferative potentials
of cell population, lag time, ¢, and doubling time,
14, were determined from the growth profile of cells
in each passage as described in previous work
(Kino-oka et al. 2000). Figure 3a shows the plot of
the mean Rg, value, R against lag time in the

30 T T T T T T T T T
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Np =6 (1)
20 [ ]
<
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0 0.1 , 0.2
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Figure 3. Plots of (a) mean Rg value, R, against lag time, t;, and (b) mean |w] value, | @ |, against doubling time, 14, in successive
cultures of keratinocyte cells. The numerals in the parentheses indicate run number.



successive cultures (Run 1). In these cultures, the
cells exhibited substantial proliferation with
tqg = 17.3, 26.5 and 33.2 h, respectively, at
Np = 3, 4 and 5, while the ry value extremely
prolonged up to 82.2 h at Np = 6. As seen in
Figure 3a, lag time clongated along with decreas-
ing R from 0.16 to 0.08 h™' and reached . = 23 h
at the last two passages of the successive cultures
(Np = 5 and 6). This result suggests that cellular
senescence causes the deterioration of adhesive
potential of anchorage-dependent cells, including
the attachment and extension of the cells on cul-
ture surface that are critical events in lag phase to
render the cells ready for cell division in growth
phase, as pointed out in a literature (Gumbiner
1996).

Figure 3b shows the relation between the mean
value of |wl|, |@|, and doubling time of the cells in
each passage of the keratinocyte cultures. The |@|
value was at low levels of 30-40 degrees h™' in a
region of 1y = 59to 573 h (Np = 6 and 7), and it
exhibited a gradual increase with shortening 4
value observed in the early passages (Np = 4 and
5), indicating that the growth potential is high in
the culture containing the cells with the elevated
rotation rate. It was thus demonstrated that the
rotational motion of the cells can be a parameter
to evaluate the multiplying ability of the anchor-
age-dependent cells.

In conclusion, the individual cellular motions of
extension and pairwise rotation were examined in
the successive cultures of keratinocytes associated
with the progress of celtular age. The indices
determined from the motions of individual cells,
R and |w), were correlated with the conventional
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proliferative potentials estimated from a whole cell
population, lag time and doubling time, respec-
tively. The cellular motion analyses based on
observing cell individuals can offer useful tools to
know the state of the cells approaching cellular
senescence along with the serial passages encoun-
tered in the culture of normal human cells.
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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 |,Lg/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 aspl 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.
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INTRODUCTION

In cultures of anchorage-depending mammalian cells, adhesion-promoting
proteins of extracelluar matrix (ECM), such as fibronectin and vitronectin, are complex
multifunctional elements which interact with other matrix molecules and also with
cytoplasmic receptors. In general, the attachment of cells onto a surface is initiated by
mediation of trans-membrane receptors, mainly integrins, associated with cytoskeletal
formation (1-3). Integrin-mediated binding on a surface leads to the formation of focal
contacts through a cascade of phosphorylation events, resulting in linking the ECM
proteins on the extracellular face of the cytoplasmic membrane to cytoékeletal proteins
with actin filaments on the intracellular face (4, 5). Moreover, these events give rise to
the recruitment and assembling of actin-binding proteins, being attributed to the
stimulation of intracellular signal transduction pathways. This coordination between the
integrins and their binding sites ultimately concerns the cellular fates with respect to
adhesion, spreading, migration, division and differentiation (6-11).

The.mechanisms of integrin-mediated changes in cell morphology have been
considered to be attributed to linkages between the integrin domains on the cytoplasmic
membrane (5, 6). Various elements of ECM contribute to morphological changes
accompanied with variation in cytoskeletal organization. In particular, variation in the
surface quantity of integrin-mediated binding sites has been demonstrated to be an
important factor for morphological changes in several cell species (12). A recent
technique for the regulation of surface adhesion ability of cells is the coating of RGD

(Arg-Gly-Asp), which is a functional domain of fibronectin and other ECM molecules
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(13, 17). This technique was extended to preparing substrates with localized ligand
display. The development of these substrates for cell adhesion can provide new insights
into cell biology as well as sophisticated methodology for controlling morphogenesis of
cultured cells and tissues (10, 11, 16, 18).

The carbohydrate moieties have been used to mediate attachment of hepatocyte
cells in the field of tissue engineering to address the asialoglycoprotein receptor as well
as transporters (19-21, 22, 23). Akaike and co-workers reported that the molecular
recognition between asialoglycoprotein receptor and galactose ligand resulted in
specific adhesion of hepatocytes on synthetic matrix and preserved the differentiated
hepatic functions by promoting the formation of round adherent cells and aggregates
(24, 25). Among natural carbohydrates, glucose has been focused as a specific cell
recognition molecule because it is a common source for cellular component synthesis
and biological energy yielding. The passive uptake of glucose via glucose transporters
(GLUTs) is necessary for mammalian cells’ metabolism (26, 27), and several different
GLUTSs works on the cytoplasmic membranes in various kinds of cells (28)..

In the previous work (29), the morphological variation was observed in cultures
of rabbit chondrocyte cells on D-glucose displayed surface where the ratio of D- and
L-glucose displayed was changed. To gain access to the initial cellular events on
D-glucose displayed surface, in the present study, we investigate the influence of
displaying D-glucose‘ on the attachment and morphology of human epithelial cells with
changed expression of GLUTs by addition of insulin. Moreover, the fundamental
mechanisms of cell and culture surface interaction are discussed concerning the

formation of actin cytoskeleton and binding domain.



