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Alveolar bone defects are conditions that
impede the progress of orthodontic freat-
ment. This study compared the mechanics
of the healing of autogenous inframembra-
nous (IM) bone grafts and grafts compris-
ing a mixture of IM and demineralised
bone matrix of autogenous inframembro-
nous origin [DBMyyl, in an attempt to
determine the reliability of each material.
Thirtytwo New Zealand white rabbits had
a single defect created in their skull.
Sixteen were grafted with IM bone alone
(Group | autogenous IM), and the other
16 had a combined graft of composite IM
sandwiched between two layers of DBMy,
(Group II: composite IMDBM). A third
group (Group Ill) of eight rabbits each had
two defects created in their skull: one
defect was left empty (A: passive control)
and the other filled with rabbit-skin colla-
gen (B: active control). In Groups | and |,
inflammatory cells were found to be present
on Days 1 and 2 of fissue retrieval. The
appearance of the mesenchymal cells and
preosteoblasts, osteoblasts and osteocytes
was earlier (Day 3) in Group |l than in
Group | [Day 5). In both groups, pre-
osteoblasts, osteoblasts and osteocytes
were observed with no cartfilage af the
infermediate stage. In conclusion, autoge-
nous IM bone grafts and IM bone grafts

in the presence of DBMyy healed through
an osteogenic ossification route.
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Introduction

The availability of a broad well-rounded alveolar
ridge is essential for the success of orthodontic
tooth movement and dental implants. Alveolar
bone defects caused by trauma or pathology, early
loss of teeth or periodontal disease, narrow alveolar
ridges and cleft palates are all conditions that will
impede the progress of orthodontic treatment, as
well as the integrity of dental implants. Therefore,
bone grafting is imperative to restore form and
function to the alveolar ridge. Understanding the
mechanism of the healing of the composite auto-
genous intramembranous (IM) and demineralised
bone matrix of intramembranous bone origin
(DBM,y) provides a sound experimental prece-
dent that allows this graft material to become a
predictable part of future orthodontic management.

Urist made the seminal discovery that implanta-
tion of demineralised lyophilised segments of bone
matrix induced new bone formation.! The osteo-
inductive potential of bone matrix is now well
known, and the cellular and biochemical changes
during bone induction have been well docu-
mented.2-6 Demineralisation is a prerequisite for
the osteo-inductive potential of the bone matrix
to be expressed because the implantation of min-
eralised matrix results in the formation of
multinucleated giant cells, but no bone induc-
tion.” The finding that demineralised bone
possesses greater osteo-inductive activity than does
mineralised bone may be explained by the possi-
bility that bone mineral impedes the release of
inductive factors. Demineralisation allows the
access of surrounding responsive cells to bone
inductive factors, thereby augmenting the induc-
tive potential.8

Bone differentiation induced by demineralised
bone matrix is a biologic cascade, consisting of
chemotaxis and attachment of mesenchymal cells
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to the matrix; proliferation of cells; and the dif-
ferentiation of cartilage, bone and marrow. The
key steps are chemotaxis, mitosis and differentia-
tion.23  Subcutaneous implantation of
demineralised bone matrix initiates chemotaxis of
mesenchymal cells to the implant.?

Clinical application of demineralised bone has
been attempted by a number of investigators who
have reported successful repair of a number of
craniofacial defects.19-12 Rabie and Lie (1996)
reported that demineralised endochondral (EC)
bone matrix (DBMg() augmented the healing
capacity of autogenous EC bone grafts, and showed
that composite autogenous EC and DBM (EC-
DBM;() produced 47 per cent more bone than
autogenous EC bone alone.!3 This work was the
first demonstration of the enhanced integration
and bone-induction ability of the autogenous EC
bone in the presence of DBMp¢. An osteo-induc-
tive factor was extracted and partially purified
from bovine IM bone matrix and exhibited a
molecular weight different from that of a compa-
rable osteo-inductive/chondro-inductive factor
isolated from EC bone.!4 This work demonstrat-
ed that osteo-inductive factors could be present
in osseous tissues that form initially and com-
pletely via IM ossification. Therefore, we
hypothesised that DBM prepared from IM bone
(DBM,yy) should augment the healing of IM auto-
genous bone as DBMg augmented the healing
of EC bone grafts.

Furthermore, IM bone has been shown to heal
directly through the osteogenic route, bypassing
a cartilage intermediate stage.4 Therefore, we
expected that demineralised bone matrix prepared
from IM bone also heals directly through bone.

The aim of this study was to identify the cells
involved in the healing of intramembranous (IM)
bone grafts in the presence of demineralised
intramembranous bone matrix. This way we could
improve our understanding of the enhanced bone-
induction ability of the composite IM-DBM;,

Materials and methods

Animals
Thirty-two adult New Zealand White rabbits (3.9

+ 0.4 kg) were used as the experimental model. A
total of 32 defects were created in the skulls of
rabbits with 16 defects being grafted with IM bone
alone and the other 16 defects grafted with com-
posite IM-DBMy;. Both grafts were of autogenous
origin. In the control group, 16 defects were cre-
ated in 8 rabbits, 8 of which were left empty
(passive control) and the other 8 filled with rab-
bit skin collagen (active control).

Preparation of rabbit DBMy particles

Fresh IM bone was excised from the mandibles
and the parietal bones of New Zealand White rab-
bits, care being taken to avoid the sutures and
condyles and thus prevent contamination with
chondrogenic-inducing factors. Bone marrow, soft
tissue and periosteum were removed, and the bones
then cleaned in phosphate-buffered saline with
protease inhibitors, and defatted in diethyl ether.
The cleaned bones were frozen in liquid nitrogen,
and ground using a pre-cooled analytical mill.*
The resulting powder was sieved to give a particle
size of < 0.25 mm. The bone powder was dem-
ineralised following a modified protocol of Reddi
and Huggins.? Fifty mL of 0. 5 M HCI' plus pro-
tease inhibitors were added to eachgram of bone
powder and the resulting suspensionwas dialysed*
against 0. 5 M HCl for three hours, and distilled
in H,O overnight to remove calcium hydroxyap-
atite from the bone matrix. The resulting powder
was then dried before use.

Preparation of rabbit skin collagen

The collagen was prepared from the rabbits’ skin.
The skin was cleaned with phosphate-buffered
saline to remove soft tissue, minced and treated
with a series of sodium chloride solutions, dis-
tilled water and 4 per cent acetic acid. Then it was
lyophilised and dried before use.

Surgical procedures

The animals were premedicated one hour before
surgery with oxytetracycline hydrochloride
(Tetroxylat:§ 200 mg/mL, 30 mg/kg body weight)
and buprenorphine hydrochloride (Hypnorm:|l
0.3 mL/kg body weight), supplemented with
Diazepam (Valium? 10: 5 mg/mL, 1 mg/kg body
weight). In order to maintain the level of
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Figure 1. Schematic diagram of dorsal view of skull of
rabbit, showing location of two surgically created critical
size defects.

neuroleptanalgesia, increments of Hypnorm (01
mL/kg) were given at 30 min intervals during the
operation.

The surgical procedures used templates to create
10 x 5 mm? full-thickness (approximately 2 mm)
cranial defects, devoid of periosteum, in the pari-
etal bones (Figure 1). In the experimental IM
bone-graft groups, a piece of cranial IM bone was
grafted to the defect. Holes approximately 1 mm
in diameter were drilled at opposite ends of the
bone grafts and likewise in the parietal bone to
allow for fixation of the bone grafts with 0.3 mm
diameter stainless steel wires.

Group I: (autogenous IM bone graft). The auto-
genous IM bone graft was placed into the defect
and fixed in place as described above.

Group II: (composite IM-DBMyy. bone graft).
The autogenous IM bone graft was sandwiched
between two layers of the demineralised intramem-
branous bone powder, which was mixed with
whole blood and fixed in place as described above.

(The DBMy; were processed from the mandible
of the rabbits.)

Group I1I: (A: passive control; B: active control).
Of the two critical size defects created, one was
left empty (A: passive control) and other filled
with rabbit-skin collagen (B: active control).

All wounds were closed with 3-0 nylon sutures.
No attempts were made to suture the periosteum
together.

HEALING OF INTRAMEMBRANOUS BONE GRAFTS

Post-operative care

Post-operatively, the rabbits were given an
antibiotic (Tetroxyla: 30 mg/kg body weight) intra-
muscularly, daily for ten days, and Temgesic (50
pg/kg daily) for pain relief for fourteen days, as
appropriate.

The animals were killed with a lethal dose of sodi-
um pentobarbitone at Days 1, 2, 3,4, 5, 6,7 and
14. The defect areas including the surrounding
tissue were harvested for histological and ultra-
structural preparation.

Tissue preparation for light and electron
microscopy

Histological and ultrastructural analyses were per-
formed on tissues obtained at 1, 2, 3, 4, 5, 6, 7
and 14 days after healing.

Tissues were fixed, decalcified in K’s Decal Fluid
and double embedded in celloidin-paraffin wax.
The specimens were cut into serial sections per-
pendicular to the long axis and 3 pm thick, and
stained with haematoxylin and eosin. Histological
sections were used to locate the area of the inter-
face between the graft and the host bone on the
tissue blocks. The areas of interest were then fixed,
postfixed in osmium tetroxide (OsOy) and
trimmed into 1 mm blocks and embedded in resin.
Semi-thin sections from the resin block were sec-
tioned and stained with toluidine blue for further
orientation and reduction of the block face. Ultra-
thin sections were cut with a diamond knife to 90
nm and mounted on 200 metal mesh grids.
Sections were then stained with Uranyl acetate
and Lead citrate and examined with an electron
microscope.
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Figure 2. IM bone (Day 4). Electron micrograph of an undif-
ferentiated mesenchymal cell with very thin elongated cyto-
plasmic process. (x 6,000)
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Figure 4. IM bone (Day 5). Electron micrograph of a blood
vessel (B in the newly formed matrix with perivascular mes-
enchymal cells {arrows). (x 1,500)

Results

Clinical and physical examination

All animals remained in excellent health through-
out the course of the experiment and rapidly
recovered after surgery. There was no evidence of
infection or other complications in any animal.

Gross appearance

Both controls (Group III: A and B) did not exhib-
it bone formation, as they were soft to palpation.
In contrast, defects filled with bone grafts were

filled with hard tissue.

Histological and ultrastructural findings

The healing in both Groups I and II showed a
route of entry for osteoblasts and osteoclasts.

L
Figure 3a. IM bone (Day 5). Electron micrograph of bone

cells including preosteoblasts, osteoblasts and osteocytes
involved in the healing of IM bone graft. (x 1,000

Figure 5. IM bone (Day 6). Electron micrograph of new

bone [N] formation next to host bone (H) showing minerali-
sation front (arrow). (x 2,000)

IM-bone-graft group (Group I)

Inflammatory cells (polymorphonuclear
leukocytes) were present on Days 1, 2 and 3.
Mesenchymal cells were detected on Day 4
(Figure 2) and preosteoblasts, osteoblasts and osteo-
cytes on Day 5 (Figures 3a, b and ¢). Small blood
vessels were seen in the newly formed matrix on
Day 5 (Figure 4). New bone formation could be
seen next to host bone on Day 6 (Figure 5). More
and more osteoblasts were soon surrounded by
the bone matrix and became osteocytes (Figure 6).

Localisation of new bone to the host bone-graft
interface could be seen in large quantities by Days
7 and 14 (Figure 7). Integration of the IM bone
graft with the recipient bed was characterised by
the presence of new bone without cartilage.
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Figure 3b. A preosteoblast with a flattened nuclei and elon- Figure 3c. A full secretory osteoblast with prominent rER and
gated cytoplasm. (x 8,000) other subcellular organelles. (x 8,000)
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Figure 6. IM bone (Day 7). Electron micrograph of an osteo-
cyte surrounded by bone matrix [NJ. (x 3,000)

Figure 7. IM bone (Day 14]. Photomicrograph of defect grafted with IM bone. Please note new
bone [N] bridging from the host bone (H) to bone graft (G). (Stained with PAS) (x 40)
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Figure 8. IM-DBMjy bone (Day 3). Electron micrograph of Figure 9a. IM-DBM, bone (Day 5). Electron micrograph of

. ) osteocyte (Oc) and secrefory osteoblast cells (Ob) next to
undifferentiated mesenchymal cells (arrows). (x 2,000 DM I 2,000]
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Figure 10. IM-DBM, bone (Day 7). Composite electron micrograph of healing at interface between host bed and graft.

On the left is a blood vessel (B) lined by endothelial cells. A secretory osteoblast (arrow] is seen at the surface of the
osteoid (O] (developing bone matrix]. (x 2,500

Figure 11b. Higher magnification, showing new Figure 11c. Higher magnification of Figure 11b,
bone (N) formed near the host bone (H). DBMy showing new bone (N) induced by DBM

particles (D] can be seen around. No cartilage particles (D) and replacing them. Osteocytes (O)
was found. (Stained with PAS) x 100) can be found in the new bone. Blood vessels (B)

can be seen. No carfilage was found. (Stained

with PAS) (x 200

Australian Orthodontic Journal Volume 16 No.2 July 2000
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b2
9 4

Figure 9b. Higher magnification of the osteocyte cell
embedded in bone matrix. (x 5,000)

P
Figure 11a. IM-DBM, bone (Day 7). Photomicrograph of defect grafted with composite

IM-DBMpp bone. New bone [N) was interposed between DBMpy, particles (D) between the
bone graft (G) and host bone (H). No cartilage was found. (Stained with PAS) (x 40)

Figure 12. IM-DBM, bone (Day 14). Photomicrograph of defect grafted with composite IM-DBMy, bone. Abundant new bone

[N] interposed between DBM, particles (D) af all sides of the bone graft (G) and host bone (H). Most of the DBMpy, particles
were replaced by bone. No cartilage was found. (Stained with PAS) [x 40)
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Composite IM-DBMy-bone-graft group
(Group I11)

Inflammatory cells (polymorphonuclear leuko-
cytes) including macrophages were present on
Days 1 and 2, which was similar to the result in
the autogenous group. In contrast, the appear-
ances of the mesenchymal cells (Figure 8) and
preosteoblasts, osteoblasts and osteocytes was
earlier (Days 3 and 4, respectively) than in the
healing of autogenous IM bone grafts (Day 5).
Appearances of the osteoblasts and osteocytes could
be seen next to the DBM (Figure 9a and b). No
cartilage cells were detected on Days 7 or 14
(Figures 10, and 11a, b and ¢).

In the Day-14 specimens (Figure 12), abundant
new bone was interposed between DBMyy parti-
cles on all sides of the bone graft and host bone.
Most of the DBMyy; particles were replaced by
bone. Amalgamation of the new bone, DBMy,
and the bone graft progressed throughout the
defect, uniting the graft to the recipient bed. There
was a gradient in the amount of new bone formed
from the host bed to the graft.

Control groups (Groups IIIA and IIIB)

The defects were filled with fibrous connective
tissue (Figure 13). Occasionally, a narrow margin
of new bone formation could be seen around the
edges of the defects, bridging the marrow space.
The collagen graft did not induce bone forma-
tion across the defects.

Discussion

In this study, we successfully prepared DBM from
IM bone (DBMyy) and demonstrated its
osteogenic potential.

The rabbit model used in this study was relevant
because the non-grafted control defect was found
not to heal spontaneously. The area of the defect

was large and of the full thickness of the parietal
bone. Therefore, in this model, healing must be
largely attributed to the implant material.

Reddi and Huggins reported that coarse powders
of acid-insoluble matrix of diaphyseal (EC origin)
and of calvarial parietal (IM origin) bone rapidly
transformed normal fibroblasts into masses of car-
tilage and bone according to a rigid timetable of
sequences.? It was concluded that transplants of
acid-insoluble residue prepared from the parietal
bones yielded typical EC ossification. Scott and
Hightower attempted to reproduce these results
and demonstrated that EC-bone-derived DBM
induced EC ossification, in contrast to IM-bone-
derived DBM, which showed no intermediate
cartilage.! Rabie et a/.,4 identified the cells involved
in the healing of autogenous IM bone and their
data supported those of Scott and Hightower.1>
The difference between Scott and Hightower's
results and those of Reddi and Huggins? might
be due to the manner in which the IM-derived-
DBM was prepared. Reddi and Huggins? took no
special care to avoid perisutural tissues during
harvesting of the IM bone; thus, the IM-derived-
DBM preparation could have been contaminated
with cells capable of chondrogenesis.!¢ In the pres-
ent study, sutures were avoided in the IM bone
powder to ensure a pure preparation of IM-derived
DBM.

Recently, we reported that composite IM-DBM
produced more bone than IM bone alone.6
Therefore, in this study, we compared the heal-
ing pattern of IM bone in the presence and absence
of DBMy;. Integration of bone grafts is depend-
ent on many interrelated processes, including the
nature of the host bone and its osteoprogenitor
cells, osteoconduction, osteoinduction and the
nature of extracellular matrix of the bone graft.
As such, in the present work, it was essential to
identify the cells involved in the process of bone
induction by the IM-DBM}y; and to examine the
effect of DBMyy on the integration of the bone

ot Z‘~.
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Figure 13. Photomicrograph of control, defect grafted with collagen (C). Fibrous tissue (F) is forming
between the defect (H). (Stained with PAS) (x 40)
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Table I. Summary of events related to osteogenesis

HEALING OF INTRAMEMBRANOUS BONE GRAFTS

No. of days Autogenous IM bone graft Composite IM-DBMyy bone graft
post-grafting
Day 1-2 Inflammatory response Inflammatory response

Blood clot formation

Day 3 Inflammatory response.

Blood clot formation

Mesenchymal cell migration and
proliferation

Day 4 Mesenchymal cell migration and proliferation ~ Preosteoblasts, osteoblasts,

Day 5 Preosteoblasts,osteoblasts,
osteocytes proliferation

Appearance of small blood vessels

into the newly formed matrix

osteocytes proliferation
Appearance of small blood vessels
into the newly formed matrix

New bone formation next to
the host bone

Day 6 New bone formation next to the host bone Progress of osteogenesis towards the
middle of the defect
Day 7 Progress of osteogenesis towards the Ongoing dissolution of the implanted
middle of the defect matrix. Newly formed bone fills
throughout the whole defect
Day 14 Newly formed bone bridges the gap Newly formed bone bridges the gap

between the host and the bone graft

between the host and the bone graft

graft with the host bone. Interestingly, the first
sign of osteogenesis was seen on Day 4 in the IM
bone, whereas it was seen on Day 3 in the com-
posite group. This must be related to the
differentiation of undifferentiated mesenchymal
cells into osteoblasts. Undifferentiated mes-
enchymal cells were found to differentiate into
osteoblasts when exposed to bone morphogenetic
proteins.

The preparation of demineralised bone matrices
requires disruption of the gross morphology, archi-
tecture and histologic organisation of the donor
bones. However, in the present study, it was shown
that both the autogenous IM bone and DBM pre-
pared from IM bone origin underwent the same
healing process; that is, it has osteogenic poten-
tial and produces bone directly bypassing a cartilage
intermediate stage (Figures 5, 10, and 11a, band ¢).
This indicates that the healing must be largely
attributable to the biochemical nature of the matrix
and not only to the gross morphology and archi-
tecture of bone grafts. To date, all commercially
available DBM is of endochondral origin and ini-
tiates bone induction via EC ossification. DBMy,
prepared in this study clearly augmented the bone

induction capacity of the IM-autogenous grafts,
as well as the recipient bed. Recently, we report-
ed the quantitative data where the composite
IM-DBMyy; bone grafts produced 204 per cent
more new bone than the IM bone alone, when
grafted into skull defects.

As expected, healing of the autogenous IM bone
graft adopted an IM-ossification route, with the
appearance of bone forming cells (preosteoblasts,
osteoblasts and osteocytes) bypassing an interme-
diate cartilage stage (Figures 3a, b and c). The
composite IM-DBM;,, bone graft presented a
mirror image of the healing of autogenous IM
bone, except that the appearance of the bone-
forming cells and blood vessels was noted earlier

(Table I and Figures 8, 9a and b, and 10).

The increased osteoinduction ability of compos-
ite IM-DBM}y; and the fact that it heals directly
through bone, renders it very effective in the repair
of defects such as alveolar clefts, ridge augmenta-
tion and reconstruction for endosseous implants.

Our results demonstrated that better integration
could be achieved between an onlay IM bone graft
and the host bone in the presence of DBMy,
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(Figures 10, 11a, b and ¢, and 12). The data pre-
sented do not deal directly with measuring the
rate of incorporation of a graft; nevertheless, the
amalgamation of the new bone with DBM,,; par-
ticles and the bone graft is indicative of an active
state of remodelling and incorporation. Figures
10, 11a, b and ¢, and 12 of the composite IM-DBMy,
show that new bone formation and neovascular-
isation exist throughout the whole defect, unlike
the IM bone graft alone where new bone was
localised to the host-bone interface (Figure 7).

Conclusion

Composite IM-DBMy; heals directly through
bone. Therefore, DBMjy; may have the potential
to allow earlier loading of implants and reduce
resorption of newly formed bone. Further research
in this area needs to be undertaken.
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