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Abstract

Platelet-derived growth factor (PDGF) induces angiogenesis and enhances osteoblast cell
function with type I collagen synthesis, resulting in bone regeneration. PDGF has been
applied to bone defect at various concentrations using different types of scaffold. An
absorbable collagen sponge (ACS) is a biocompatible substitution of extracellular matrix and
often loaded with various growth factors for bone regeneration. Alternatively, the use of an
absorbable chitosan (poly-N-acetyl glucosaminoglycan) sponge, a biodegradable and
nontoxic natural biopolymer, has several biomedical applications for bone regeneration. In
addition, collagen or chitosan sponges allow slow release of bioactive agents and growth
factors. The objective of this study was to evaluate effects of PDGF, which was loaded a
collagen sponge or a chitosan sponge scaffolds on the vertical bone augmentation in rat
calvaria.

In the first chapter, the effect of 0.03% and 0.01% PDGF with ACS on bone augmentation
were examined in rat calvaria. A circular groove (5 mm) was made on each side of sagittal
suture using a trephine drill. Five small holes were drilled with #2 dental round bur. A
cylindrical plastic cap (diameter: 4.4 mm, height: 1.5 mm) was placed on both sides. Before
placement, the plastic cap was filled with 0.03% or 0.01% PDGEF in a collagen sponge for the
experimental site, or with saline for the control site. In vivo computed tomography
(micro-CT) and histological sections were used to access the amount of bone-like tissue
within the plastic cap. Bone volume (BV) was calculated using a BV-measuring software.
Results of the micro-CT analysis indicated that the radiopaque contrast increased gradually in
both the experimental and control groups. The layer of radiopacity reached the top of the
plastic cap in the 0.03% PDGF group at 4 weeks and in the 0.01% PDGF group at 8 weeks.
The layer of radiopacity reached one third of the plastic cap in the control group at 12 weeks.
BV of in the 0.03% PDGF group was significantly higher than the control group after 4
weeks, and higher of in 0.01% PDGF group after 6 weeks. Histological analysis showed that
the amount and height of newly generated bone in the 0.03% and 0.01% PDGF groups were
significantly higher than those of control group.

In the second chapter, the effect of 0.03% PDGF with a chitosan sponge on bone
augmentation was examined in rat calvaria. Experimental designs and data analyses were
carried out as described in the chapter 1. The plastic cap was pre-filled with 0.03% PDGF in a
chitosan sponge for the PDGF group and with saline for the control group. Results of
micro-CT analysis showed that the layer of radiopacity reached the top of the plastic cap in
the PDGF group at 8weeks, but up to only, one third of the plastic cap in the control group at
12 weeks. BV values were significantly different between the PDGF group and the control
group after 4 weeks. Histological analysis showed that the amount and height of newly

generated bone in PDGF group was significantly higher than those of control group. These



results indicate that 0.03% PDGF in a chitosan sponge promote vertical bone augmentation in
rat calvaria.

Within the limitation of the present study, 0.03% PDGEF in a collagen sponge scaffold and a
chitosan sponge scaffold enhanced vertical bone augmentation in rat calvaria. An absorbable
collagen sponge scaffold and an absorbable chitosan sponge scaffold are useful for PDGF

local delivery in bone augmentation.



Chapter 1: Effects of platelet-derived growth factor on enhanced bone
augmentation beyond the skeletal envelope within a plastic cap in the rat
calvarium

Noriko Tsuchiya, Shuichi Sato, Risa Kigami, Tomohiro Yoshimaki,
Yoshinori Arai, Koichi Ito
Journal of Hard Tissue Biology 22, 2013, 221-226.

Introduction

Guided bone augmentation (GBA) involves creating new bone by guiding bone cells to an
area beyond the original, outer or inner skeletal envelope. Although the effect of various
regenerative factors and biomaterials on GBA in rat calvarium have been investigated, it was
difficult to accurately measure the amount and height of newly generated bone in every
instance (1-3).

Platelet-derived growth factor (PDGF) is a potent mitogen and chemotactic factor for
mesenchymal cells, exerting cell proliferation (4), chemotaxis (5-8) and matrix apposition (9).
In addition to its action on osteoblasts, this factor is trapped in the bone matrix. Furthermore,
PDGF regulates the maturation and remodeling of newly formed blood vessels (10).

There are some animal studies on the effects of PDGF in cranial and alveolar ridge defect
models (11-19). However, the results conflicted in terms of whether new bone formation was
promoted. In these studies, PDGF was applied at various concentrations using different types
of scaffold systems. An absorbable collagen sponge loaded with various growth factors was
used to induce bone formation.

The aim of the present study was to evaluate the effect of PDGF concentrations on GBA

within plastic caps placed on in rat calvarium.

Materials and Methods

Animals

Fourteen male Fischer rats (12-weeks old, 200-250 g) were included in the study. The animals
were kept in plastic cages in an experimental animal room (temperature 22°C, 55% humidity,
12/12-h light/dark cycle) with access to food and water ad libitum. This study was approved
by the Animal Experimentation Committee of Nihon University School of Dentistry, Japan
(AP11DO005).



Preparation of ACS impregnated PDGF

Freeze-dried recombinant rat PDGF-BB (PDGF, R&D systems Inc. Minneapolis, USA) with
absorbable collagen sponge (ACS, Teruplug®, Terumo Co. Tokyo, Japan) was used as a
scaffold. ACS impregnated with 0.01% and 0.03% PDGF and ACS without PDGF were
prepared similarly except for the use of aseptic saline solution (20 ul). ACS with or without

PDGF was implanted into each plastic cap.

Experimental design

The animals were anesthetized by intraperitoneal injection of 0.5 ml of a 1 : 8 dilution of
lidocaine (Xylocaine; Astra Zeneca, Osaka, Japan). The dorsal part of the cranium was shaved
and prepared aseptically for surgery. An incision 20 mm in length was made in the scalp
along the sagittal suture. In each rat, a circular groove was made on each side of the midline
using a trephine drill with a diameter of 5 mm under profuse irrigation with sterile saline. Five
small holes were drilled with #2 dental round bur to induce bleeding within each circle. A
circular groove was made and five holes were drilled (Fig. 1a).

A cylindrical plastic cap (standardized column shape measuring 1.5 mm in height and 4.4
mm in diameter) was placed on both sides of the midline, and composite resin landmarks
were fixed on the plastic caps. During the surgical procedure, care was taken not to damage
the dura mater or to puncture the superior sagittal sinus. Before placement, the plastic cap was
filled with 0.03% or 0.01% PDGF in a ACS for the PDGF group, or with saline for the
control group (Fig. 1b).

Micro-CT analysis

The micro-CT (R_mCT, Rigaku, Tokyo, Japan) was used. Rats were anesthetized with
sodium pentobarbital and placed on the stage, and images of the areas of interest were
captured. Repeated micro-CT was performed from 1 to 12 weeks after surgery.

The exposure parameters were 90 kV and 100 pA. The images were reconstructed on a
personal computer using i-View software (Kitasenjyu Radist Dental Clinic, i-View Image
Center, Tokyo, Japan). The relative CT values of cortical bone and soft tissue were measured
by micro-CT. The bone volume (BV) within the plastic cap was measured using a BV
measurement software (Kitasenjyu Radist Dental Clinic, i-View Image Center, Tokyo, Japan).
Using this software, the gray values and number of voxels with the corresponding gray value
were calculated in regions of interest (ROIs) (Fig. 2). A histogram showing the X-ray
absorption rate on the x-axis and CT voxel numbers on the y-axis was calculated for the field
of the CT imaging area. The histograms of the X-ray absorption rates showed peaks for hard
and soft tissues. The threshold was then set at the value for the trough between these peaks.

The number of voxels for the X-ray absorption rates exceeding the threshold was counted.



Finally, the BV was calculated and the number of voxels was multiplied by the voxel volume.
The BV was measured on the first postoperative day in the ROIs and again each week under
the same conditions. Then, the increase in BV was calculated by subtracting the BV on day 1

from each of the subsequent values. The increase in bone was considered to be new bone.

Histomorphometric analysis

The rats were killed with an overdose of pentobarbital at 12 weeks after the last micro-CT
scan. The calvarial bone with the plastic cap was resected, fixed in 10% neutral buffered
formalin, dehydrated, embedded in paraffin, and processed into 5-um-thick sections for
hematoxylin and eosin staining. The sections were assessed histologically and
morphometrically under a light microscope equipped with a morphometric system connected
to a personal computer. The histomorphometric data for the central section obtained from
each specimen were recorded using a computerized image analysis system. Images taken at
40x% magnification were digitized using a scanner and a charge-coupled device linear
photodiode array interfaced to the computer. Measurements were extracted from the digital
images using an interactive image-processing software package.

For each central histological section, the percentages of new bone-like tissue areas in the
plastic cap spaces and parent bone were calculated; this area was designated 100%. The
cross-sectional area of new generated bone-like tissue was expressed as a percentage of the
height and total area of a representative histological section selected and compared with the
appropriate CT image, taking care to match specific homologous anatomical features in the
bony anatomy (Fig. 3). The histological sections were evaluated by a single examiner blind to
the study.

Statistical analyses

Means and standard deviations were calculated for BV, height, and percentages of areas of
newly generated bone under the plastic caps after 12 weeks. Wilcoxon’s rank test was used to
evaluate differences between the experimental and control groups, and between the 0.03%
PDGF group and the 0.01% PDGF group. In all analyses, P < 0.05 was taken to indicate

statistical significance.

Results

Micro-CT analysis

The micro-CT analysis indicated that the radiopaque contrast increased gradually in both the
experimental and control groups. The layer of radiopacity reached the top of the plastic cap in
the 0.03% PDGF group at 4 weeks. However, in the 0.01% PDGF and control groups, the



radiopacity reached only half of the height of the plastic cap. At 12 weeks, the thin layer of
radiopacity reached the top of the plastic cap in both PDGF groups; it reached one third of the
plastic cap in the control group (Figs 4, 5 and 6).

The BV increased in a time-dependent manner in both the PDGF and control groups. The
change in BV was significantly different between the PDGF and control groups after 6 weeks.
However, the 0.03% PDGF group showed a significant change in BV after 4 weeks. There
were no significant differences between the 0.03% and 0.01% PDGF groups at 12 weeks (Fig.
7).

Histological observation and histomorphometric analysis
The lamellar bone in the lower part and adjacent parent bone was thicker in the PDGF group
than in the control group. The new bone-like tissue reached approximately to the top of the
plastic cap in the PDGF groups; it reached one third of the plastic cap in the control group
(Fig. 8).

Histomorphometric analysis revealed that the amount and height of new bone-like tissue
were significantly higher in the PDGF groups. No significant difference was observed
between the 0.03% and 0.01% PDGF groups (Table 1).

Discussion

The effects of PDGF with ACS on GBA were evaluated in rat calvarium. The design of the
skeletal envelope in the calvarium was according to the surgical procedure reported by us
previously (3). The advantages of the experimental used in this study model include a lack of
spontaneous regeneration and a standardized defect size defined by the plastic caps. However,
it is difficult to augment bone within an occlusive space under various conditions (1-3).

The PDGF groups had a significantly increased amount of new BV at 4 to 12 weeks, as
determined by micro-CT analysis. Bone regeneration in the plastic cap was significantly
higher in the PDGF groups than in the control group. The histological observations confirmed
these results. Lee et al. (15) evaluated bone regeneration using a dome-shaped, 3-mm-tall,
molded poly/tricalcium phosphate (TCP) membrane containing PDGF-BB in rabbits and
found that new bone filled the space at 4 weeks. Schwarz et al. (17) stated that biphasic
calcium phosphate with PDGF may support the initial stages of guided bone augmentation in
chronic lateral ridge defects. Simion et al. (16) evaluated the outcome of vertical ridge
augmentation in a standardized dog model by combining purified thPDGF-BB with a
deproteinized block of bovine bone. thPDGF-BB used in combination with a deproteinized

block without the use of a membrane resulted in regeneration of significant amounts of new



bone. Al-Hazmi et al. (19) reported that bone volume and height were significantly higher in
the xenograft with thPDGF-BB group than in the control group.

Previous animal studies reported application of over 10 pg/ml of PDGF-BB to treated sites.
A study in humans showed that 0.3 mg/ml PDGF-BB improved radiographic bone formation
at a statistically level in advanced periodontal osseous defects. The present study suggested
that 0.03% and 0.01% (0.3 and 0.1 mg/ml) PDGF with ACS resulted in marked bone
formation in the plastic cap, although the difference was not statistically significant. An
important consideration in use of growth factors in bone augmentation is the mode and
duration of delivery. Unfortunately, the ideal scaffold for rhPDGF-BB are as yet unknown. A
collagen scaffold was used in the present study. thPDGF-BB delivered with chitosan sponge
has been shown to induce bony filling of large rat calvarial defects (14). Similarly, Nash et al.
(12) reported that hPDGF-BB delivered in a collagen or B-TCP collagen matrix can stimulate
long-bone healing in rabbits. Vikjaer et al. (13) reported that a single dose of thPDGF-BB
stimulates bone formation in critical calvaria defects in rabbits. thPDGF-BB has also been
shown to increase the restoration of bone lost as a result of advanced periodontal disease in
humans.

Results of the present study showed that greater volume of new bone-like tissue was
formed in the cap space treated with PDGF. Additionally, the PDGF groups had thicker
lamellar bone than the control group did. These results are consistent with those of studies
conducted by Vikjaer et al. (13) and Schwarz et al. (17). Because PDGF is involved in the
maturation and remodeling of newly formed blood vessels, angio- and vasculogenic cells may
act as important targets that are the initial responders to this mitogenic factor. However,
further studies are necessary to verify this finding. Data of the present study indicated that the
quantity of bone-like tissue decreased compared to the parent bone. Simion et al. (16)
revealed histologically a lack of bone formation in the center of the bovine block, indicating
that the bone regenerates from parent bone. There was a significant difference in the amount
of BV between both PDGF groups and the control group at 4 to 8 weeks, but a more rapid
PDGF effect was anticipated.



Chapter 2: Effect of a chitosan sponge impregnated with platelet-derived
growth factor on bone augmentation beyond the skeletal envelope in rat
calvaria

Noriko Tsuchiya, Shuichi Sato, Risa Kigami, Eisuke Kawano,
Masatoshi Takane, Yoshinori Arai, Koichi Ito, Bunnai Ogiso
Journal of Oral Science 2014 (in press)

Introduction
Guided bone augmentation (GBA) is the process of creating new bone by guiding bone cells
to an area beyond the original outer or inner skeletal envelope. The effects of various
regenerative factors and biomaterials on GBA in rat calvaria have been investigated but found
it difficult to accurately measure the amount and height of newly generated bone in all
specimens (1-3).

Platelet-derived growth factor (PDGF) is a potent mitogen and chemotactic factor for
mesenchymal cells and has a role in proliferation (4), chemotaxis (5-8), and matrix apposition
(9). In addition to its action on osteoblasts, it is trapped in the bone matrix.

The effects of PDGF have been studied in animal models of cranial and alveolar-ridge
defects (11-19). However, these studies yielded conflicting results regarding promotion of
new bone formation. In those studies, PDGF was applied at various concentrations using
different scaffold systems. In the chapter 1, it was demonstrated that PDGF delivered via a
collagen scaffold enhanced bone formation in rat calvaria (20).

The use of chitosan (poly-N-acetyl glucosaminoglycan) in bone regeneration has attracted
considerable interest. A absorbable chitosan sponge loaded with various growth factors was
used to induce bone formation. This biodegradable and nontoxic natural biopolymer has
several biomedical applications: it enhances bone formation in vitro (21) and in vivo (22,
23). In addition to these biomedical applications, chitosan regulates release of bioactive
agents, including growth factors (24).

In the present study, the effects of PDGF with absorbable chitosan sponge on GBA were

evaluated in rat calvaria within plastic caps.
Materials and methods
Animals

Seven male Fischer rats (age, 12 weeks; 200-250 g) were included in the study. The animals

housed same condition in the chapter 1. The Animal Experimentation Committee of the



Nihon University School of Dentistry approved the present study.

Preparation of chitosan sponges impregnated PDGF

Absorbable chitosan sponges (HemCon Dental Dressing; Hakuho Co., Tokyo, Japan) were
used as scaffolds for freeze-dried recombinant rat PDGF-BB (R&D Systems, Inc.
Minneapolis, MN, USA). Sponges impregnated with 0.03% PDGF and sponges without
PDGF were prepared similarly, except for the use of aseptic saline solution. Aseptic saline
solution (20 pL), with or without PDGF, and a chitosan sponge were implanted into each

bone defect.

Experimental design

The experimental design was carried out as described in the chapter 1 (Fig. 9a). Before
placement, each plastic cap was filled with a chitosan sponge (diameter, 4 mm; height, 2 mm)
impregnated with either 0.03% PDGF (PDGF group) or saline (control group; Fig. 9b).

Micro-CT analysis
Micro-CT analysis was used as described in the chapter 1 (Fig. 2).

Histomorphometric analysis
Histomorphometric analysis was evaluated as described in the chapter 1 (Fig. 3).

Statistical analysis
The same statistical analysis was carried out as described in the chapter 1.

Results

Micro-CT analysis
Results of micro-CT analysis showed a gradual increase in radiopacity over time in the
experimental and control groups. At 12 weeks, the layer of radiopacity reached the top of the
plastic cap in the 0.03% PDGF group and one third of the plastic cap in the control group
(Figs. 10 and 11).

BV increased in a time-dependent manner in the PDGF and control groups. The increase in
BV in the PDGF group was significantly greater (by 1.8- to 2.1-fold) than that in the control
group at 4 weeks (Fig. 12).



Histological observation and histomorphometric analysis
Lamellar bone in the lower part of the ROIs and adjacent parent bone were thicker in the
PDGF group than in the control group. The new bone-like tissue reached approximately to the
top of the plastic cap in the PDGF group specimens; it reached one third of the plastic cap in
the control group (Fig. 13).

Histomorphometric analysis revealed that the height of new bone-like tissue was
significantly greater in the PDGF group (Table 2).

Discussion

The effects of PDGF on GBA beyond the skeletal envelope were evaluated in rat calvaria.
The skeletal envelope in the calvaria was designed according to the previously reported
surgical procedure (3). Advantages of the model include lack of spontaneous regeneration and
use of uniform plastic caps to ensure standardization of defect size. However, vertical bone
augmentation was difficult in a variety of experimental conditions within an occluded space
(1-3).

At 4-12 weeks, the amount of bone regeneration within the plastic cap was significantly
greater in the PDGF group than in the control group, which was confirmed by histological
analysis. Lee et al. (15) evaluated bone regeneration using a dome-shaped, 3-mm-tall, molded
TCP membrane containing PDGF-BB in rabbits and found that new bone filled the space at 4
weeks. Schwarz et al. (17) found that biphasic calcium phosphate with PDGF supported the
initial stages of GBA in chronic lateral ridge defects. Simion et al. (16) evaluated the outcome
of vertical ridge augmentation in a standardized dog model by combining purified
recombinant human rhPDGF-BB with a deproteinized block of bovine bone. This
combination resulted in the regeneration of significant amounts of new bone without the use
of a membrane. Al-Hazmi et al. (19) reported that BV and height were significantly greater in
a group treated with xenografts and rhPDGF-BB than in a control group.

Previous animal studies reported application of >1 ug/mL PDGF-BB to treated sites (10).
A study in humans showed that 0.3 mg/mL PDGF-BB significantly improved radiographic
bone formation in advanced periodontal osseous defects (25). Results of the present study
showed that 0.03% (0.3 mg/mL) PDGF with absorbable chitosan sponge produced significant
bone like tissue formation within the plastic caps. The mode and duration of delivery are
important considerations in the use of growth factors for bone augmentation. In the chapter 1
(20), as compared with 0.01% PDGF in collagen scaffold, 0.03% PDGF with collagen
scaffold resulted in better bone formation and was thus used in the present study. However,
the ideal scaffold for thPDGF-BB remains unknown. In the present study, a chitosan scaffold
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used. The delivery of rhPDGF-BB via a chitosan sponge induced bony filling of large rat
calvarial defects (14). Similarly, Nash et al. (12) reported that rhPDGF-BB delivered in a
collagen or B-TCP collagen matrix stimulated healing in long bones in rabbits. Vikjaer et al.
(13) reported that a single dose of hPDGF-BB stimulated bone formation in critical calvarial
defects in rabbits. In addition, rhPDGF-BB increases restoration of bone lost due to advanced
periodontal disease in humans. Change in BV did not significantly differ between the present
study, which used a chitosan sponge, and a previous study, which used a collagen sponge.
This suggests that bone augmentation is similar with chitosan and collagen sponges.

In the present study, a greater amount of bone formed in defects treated with PDGF than in
control defects. In addition, lamellar bone was thicker in the PDGF group than in the control
group. These results are consistent with those of Vikjaer et al. (13) and Schwarz et al. (17).
Because PDGEF is involved in the maturation and remodeling of newly formed blood vessels,
angiogenic and vasculogenic cells may be important initial responders to this mitogenic factor.
However, this hypothesis needs to be tested in future studies. In the present study, it was
indicated that the quantity of bone-like tissue decreased with distance from the parent bone
and that no such tissue formed within the plastic caps. In a histological analysis, Simion et al.
(16) observed a lack of bone formation in the center of a bovine block, indicating that bone
regenerates from parent bone. BV differed significantly between the PDGF group and control
group at 4 weeks in the present study, but a more rapid PDGF effect was anticipated. Due to
differences in experimental design, animal model, vehicle scaffold system, and PDGF
concentration, it may not be appropriate to compare the findings of Simion et al. (16) with the

results of the present study.
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Conclusions

Within the limitation of the present study, 0.03% PDGEF in a collagen sponge scaffold and a
chitosan sponge scaffold enhanced vertical bone augmentation in rat calvaria. An absorbable
collagen sponge scaffold and an absorbable chitosan sponge scaffold are useful for PDGF

local delivery in bone augmentation.
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Table 1 Histomorphometric analysis of ACS impregnated with PDGF at 12 weeks

The amount of newly The height of newly
generated bone generated bone
0.03% PDGF 71.8 &+ 9.5% 953 + 6.6*
0.01% PDGF 624 +70* 209 +23*
control 347 52 484 =17

n =7, unit : %, *Wilcoxon ranked test, P < 0.05

Table 2 Histomorphometric analysis of a chitosan sponge impregnated with PDGF at 12

weeks
The amount of newly The height of newly
generated bone generated bone
0.03% PDGF 615 +79* 875 = 8.8*
control 303 =42 42+ 45

n =7, unit : %, *Wilcoxon ranked test, P < 0.05
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Fig 1. a: A circular groove (5 mm) was cut with a trephine, and five small holes were drilled
using a round bur. b: The plastic cap was pre-filled with either 0.03% or 0.01% PDGF in a
collagen sponge (for the PDGF group) or with saline alone in a collagen sponge (for the

control group). A plastic cap was fixed to each groove.

ROIs
Reference point
Sponge Plastic cap
7 . ek Ufu 7 > e t Parent bone
Bone penetration

Fig 2. Schematic of the plastic cap, the area visualized (ROIs) using micro-CT, and the

measurements taken.
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Area of plastic cap (B) Newly generated bone (A)

C D E I Parent bone

Fig 3. Measurement of histological sections.

Newly generated bone was calculated using the formula A/(A + B) x 100(%). The height of
newly generated bone was calculated using the formula (Cc/CC'+ Dd/DD’+ Ee/EE")/3 X
100(%).

Fig 4. Micro-CT images of the plastic cap in the 0.03% PDGF (ACS) group.
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Fig 5. Micro-CT images of the plastic cap in the 0.01% PDGF (ACS) group.

Fig 6. Micro-CT images of the plastic cap in the control (ACS) group.
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Fig 7. BV in the PDGF (ACS).

Fig 8. Representative histological results in the PDGF (ACS) at 12 weeks.
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Fig 9. a: A circular groove (5 mm) was cut with a trephine, and five small holes were drilled
using a round bur. b: The plastic cap was pre-filled with either 0.03% PDGEF in a chitosan
sponge (for the PDGF group) or with saline alone in a chitosan sponge (for the control group).

A plastic cap was fixed to each groove.

Fig 10. Micro-CT images of the plastic cap in the 0.03% PDGF (chitosan sponge) group.
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Fig 11. Micro-CT images of the plastic cap in the control (chitosan sponge) group.
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Fig 12. BV in the PDGF (chitosan sponge).
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Fig 13. Representative histological results in the PDGF (chitosan sponge) at 12 weeks.
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