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ABSTRACT

Aim: To evaluate the morphological patterns of bone induction by coral-derived vs highly

sintered hydroxyapatite constructs.

Methods: Twenty-eight (28) histological slides of harvested tissue samples from the rectus

abdominis muscle of adult baboons of both coral-derived and highly sintered hydroxyapatite
specimens were histologically examined to describe the induction of bone formation along the
macroporous spaces of the hydroxyapatite (HA) substrata and the development of osteoblast-

like cells within the mesenchymal condensations.

Results: Two specific tissues characterized the tissue invasion within the macroporous spaces
of the coral-derived hydroxyapatite constructs, namely, 1: cellular connective tissue matrix
penetrated by sprouting capillaries and 2: mesenchymal collagenous condensations that
differentiated and attached to the surface of the coral-derived substratum. To the contrary, in
the highly sintered constructs, the mesenchymal cellular condensations could not be detected.
Fibrovascular tissue was richly invaded by blood vessels almost in direct contact with the
sintered hydroxyapatite interface. Elongated spindle-shaped-like cells localised within the

mesenchymal collagenous condensation.

The main histological feature that characterised the induction of bone formation by coral-

derived hydroxyapatite implant was the induction of mesenchymal collagenous condensation.



In all harvested specimens of highly sintered hydroxyapatite, the initiation of bone formation
formed directly against the hydroxyapatite interface without formation of mesenchymal

collagenous condensations at the sintered hydroxyapatite interface.

Conclusion: The results obtained from this study further support the concept of construction
of solid geometric calcium phosphate osteogenic devices in controlling the induction of bone

formation for the treatment of multiple periodontal osseous defects in human patients.
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CHAPTER 1- INTRODUCTION & LITERATURE REVIEW

1.1. Induction of Bone Formation during Embryonic Development

The induction of bone formation starts early during embryonic development by differentiation
of mesenchymal cells into bone cells in two ways: firstly, by the formation of a cartilage
anlage as in the induction of endochondral bone formation and secondly, by direct cellular
condensation with the later intramembranous bone formation as in the induction of the

calvaria skeleton (Hall, 1978).

1.1.1. Endochondral bone formation

The induction of endochondral bone formation during embryonic development starts when
the mesenchymal outgrowth from the embryo trunk gives rise to the limb buds. The central
mesenchymal cells of the limb bud divides rapidly, forming mesenchymal cell condensations.
Cells within the central core of mesenchymal condensations differentiate into chondroblasts
and chondrocytes forming a cartilage anlage, which acts as a strut upon which the induction of
bone formation will develop (Hall, 1978).

Cells at the margins of the cartilage anlage flatten and extend to form thick sheets of
connective tissue defined as perichondrium. Chondrocytes in the centre of the cartilage anlage

differentiate into hypertrophic chondrocytes (Hall, 1978).



A critical step is the vascular invasion of the mineralized cartilage and of the hypertrophic
chondrocytes, which is associated with chondrolysis or death of the cartilage and with
mesenchymal cell differentiation into osteoblasts. Osteoblasts in the perichondrium region
start secreting bone matrix around the hypertrophic area of cartilage, which is defined as the
bone collar (Trueta, 1963).
The induction of a cartilage anlage for the ideal long bone differentiation during embryonic
development enhances tri-dimensional growth resulting in development of the cartilaginous
growth plate. The cartilaginous growth plate acts as a master for tri-dimensional appositional
growth of the mammalian long bones (Ripamonti, 2006).
The development of the growth plate depends on the morphogenesis of the cartilage anlage
followed by vascular invasion of the hypertrophic cartilage by blood vessels and sprouting
capillaries resulting in the induction of bone formation in angiogenesis (Ripamonti, 2006).
Specific molecular signals regulate endochondral bone formation. Mesenchymal cells within
the centre of the condensations start to differentiate initially into chondrocytes which express
specific molecular markers such as aggrecan and a 1 (II) collagen (Karsenty and Wagner,
2002).
Expression of such molecular markers enhances chondrocyte proliferation and differentiation
into proliferating non-hypertrophic chondrocytes responsible for the cartilage anlage
formation. These molecular markers also play a significant role in regulating the rate of
cartilage hypertrophy (Karsenty and Wagner, 2002).
Hypertrophic chondrocytes consist of two types of cells. The first group is pre-hypertrophic
chondrocytes found under the proliferating chondrocytes, and they are larger than proliferating
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chondrocytes. These kinds of cells arrest in growth and continue to express a limited amount
of al (II) collagen. It mainly expresses the Indian hedgehog gene (Ihh) which activates the
specific molecular factor parathyroid hormone-related proteins (PTHrP) on the surface of
hypertrophic chondrocytes. PTHrP enhances the differentiation of these cells into fully
differentiated hypertrophic chondrocytes, which is the second group of cells. Fully
differentiated hypertrophic chondrocytes do not express o 1 (II) collagen but express al (X)
collagen (Linsenmayer et al., 1991; Poole, 1991; St-Jacques et al., 1999; Karsenty and
Wagner, 2002).

Before the fully differentiated hypertrophic chondrocytes die by apoptosis, they become
surrounded by a calcified cartilage extracellular matrix (ECM). Fully differentiated
hypertrophic chondrocytes later express molecular markers such as the vascular endothelial
growth factor (VEGF). VEGF stimulates the vascular invasion of the calcified cartilage
extracellular matrix by blood vessels followed by chondroclast expression of
metalloproteinase 9 (MMP9), which degrades the cartilage (Vu et al., 1998; Karsenty and
Wagner., 2002).

Cells in contact with the basement membrane of invading capillaries differentiate into
osteoblasts secreting the bone extracellular matrix (ECM) rich in type | collagen under the

control of bone morphogenetic and osteogenetic proteins (BMPs/OPs) (Paralkar et al., 1990).

1.1.2. Intramembranous bone formation

Neural crest-derived mesenchymal cells proliferate to form mesenchymal connective tissue

condensations of high cell density. Some of these cells within the mesenchymal condensations



develop into capillaries, and other cells under the control of certain molecular markers alter
their shape to become osteoblast-like cells secreting bone matrix which undergo
mineralisation to form bone spicules without any cartilage anlage formation (Hall, 1988; Hall
& Miyake, 2000).

Some molecular markers of intramembranous bone formation during embryonic development
include the bone morphogenetic proteins (BMPs) and an activated transcription factor called
core binding factor alpha 1 (CBFAL). BMPs activate the CBFAL gene in mesenchymal cells
to enable it to differentiate directly into osteoblasts secreting bone matrix without the cartilage
anlage formation to initiate and form the craniofacial skeleton and calvaria (Hall, 1988).
Extensive research has shown that the process of bone formation by induction in postnatal life
recapitulates events which occur in the normal course of embryonic bone development
(Wozney, et al., 1988; Reddi, 1994; Reddi, 1998). Postnatal bone induction is regulated by the
transforming growth factor-p (TGF-B) supergene family (Reddi, 1994; Reddi, 1998; Reddi,

2000; Ripamonti, 2003; Ripamonti, 2006).

1.2. Heterotopic Bone Induction

The heterotopic induction of bone formation is a fascinating phenomenon: cells are induced
and transformed into osteoblast-like cells by the osteogenic proteins of the transforming
growth factor-p (TGF-B) supergene family (Reddi, 1992; Wozney, 1992; Ripamonti, 2006;

Ripamonti, 2003).



The heterotopic induction of bone formation requires three key components (Reddi, 2000): an
osteoinductive soluble signal; an insoluble signal or substratum; and responding stem cells.
The osteoinductive soluble signal is a member of the osteogenic proteins of the TGF-p
supergene family (Ripamonti, 2003). These osteogenic proteins can initiate bone formation in
heterotopic extraskeletal sites of a variety of animal models (Reddi, 1992; Wozney, 1992,
Ripamonti, 2006).

The insoluble signal or substratum acts as a delivery system for the osteogenic soluble
molecular signals which initiate the induction of the bone formation. The combination of the
osteogenic signals with a substratum defines an osteoinductive biomaterial (Sampath & Reddi,
1983; Ripamonti & Reddi, 1995; Reddi, 2000; Ripamonti, et al. 2000; Ripamonti, 2009).

Host cells, including undifferentiated mesenchymal cells, start to move toward chemotactic
ingredients at the site of heterotopic implantation of the osteoinductive biomaterial. This is
followed by proliferation and differentiation of undifferentiated mesenchymal cells into
chondrocytes that form a cartilage anlage. The anlage undergoes chondrolysis upon vascular
invasion and cartilage death is replaced by bone marrow within the newly formed bone
(Reddi, 1981).

Undifferentiated mesenchymal cells can also directly differentiate into osteoblast-like cells
forming bone as in intramembranous bone formation by heterotopic implantation of calcium
phosphate-based biomaterials in the rectus abdominis muscle of adult baboons (Papio

Ursinus) (Ripamonti, 1990; Ripamonti, 1991).



1.3. Induction of Bone Formation by Demineralized Bone Matrix (DBM)

The classic work of Urist, (1965) Reddi and Huggins, (1972) has described that there are
substances capable of inducing heterotopic bone induction after heterotopic implantation of
intact demineralized bone matrix (DBM) in extraskeletal sites of different animal models.
Further experimental work has shown that the intact DBM could be dissociatively extracted
using chaotropic agents like urea or guanidinium hydrochloride into an inactive insoluble
collagenous bone matrix and a soluble protein extract (Sampath and Reddi, 1981; Sampath
and Reddi, 1983).

Heterotopic bone formation by induction can only initiate when both the insoluble collagenous
bone matrix and the solubilized osteogenic proteins are recombined and later implanted in the
rodent subcutaneous site (Sampath and Reddi, 1981; Sampath and Reddi, 1983; Reddi, 2000).
The osteogenic proteins which are delivered by the insoluble collagenous bone matrix and
initiate endochondral bone formation are the bone morphogenetic osteogenetic proteins
(BMPs/ Ops), members of the TGF-f supergene family (Reddi, 1992; Wozney, 1992; Reddi,
1994; Reddi, 2000; Ripamonti, 2003; Ripamonti, 2004; Ripamonti et al., 2004; Ripamonti et
al., 2005; Ripamonti, 2006).

The molecular and morphological event induced by BMPs/OPs during heterotopic induction
of bone formation in the extraskeletal site of animal models recapitulates events that occur

during embryonic bone development (Reddi, 1994; Reddi, 1997: Ripamonti, 2003).



1.4. Calcium Phosphate Hydroxyapatite and Bone Induction

Hydroxyapatite (HA) and tricalcium phosphate (TCP) are two types of calcium phosphate-
based biomaterials which are chemically similar. HA is a natural inorganic component of bone
tissue and several macroporous calcium phosphate-based constructs have been documented to
be safe and efficient biomaterials for bone formation (De Groot, 1980; Jarcho, 1981; Jarcho,
1986).

Calcium phosphate biomaterials are highly biocompatible synthetic substrates implanted in
hard and soft tissue causing neither tissue toxicity nor inflammatory response. HA has a high
affinity for binding BMPs/OPs (Sampath et al., 1987; Ripamonti, 1991; Ripamonti, 2006).
The heterotopic induction of bone formation by a variety of calcium phosphate-based
biomaterials is a very interesting phenomenon. Osteoinductive biomaterials initiate tissue
induction and transformation of osteoblast-like cells secreting bone matrix associated with
expression of the selected gene of the transforming growth factor-p (TGF-p) supergene family
(Ripamonti, 1991; Ripamonti et al, 1999; Ripamonti, et al., 2001; Klar et al, 2013).
Coral-derived hydroxyapatite is one of the calcium phosphate-based biomaterials of natural
origin which is obtained from the hydrothermal exchange of calcium carbonate exoskeleton of
marine coral converted into calcium phosphate hydroxyapatite (Roy and Linnehan, 1974).
Highly sintered crystalline hydroxyapatite is one of the synthetic calcium phosphate-based
biomaterials prepared when slurry preparations of hydroxyapatite are sintered to form a
macroporous construct with specific concavities within the macroporous spaces (Ripamonti et

al., 1999).



The morphogenesis of bone in porous bioceramics, when implanted in the heterotopic site,
was first described when implanting coral-derived hydroxyapatite constructs in the rectus
abdominis muscle of adult non-human primates (Papio Ursinus) (Ripamonti,
1990; Ripamonti, 1991).

The implantation of calcium carbonate coral-derived hydroxyapatite constructs in the rectus
abdominis muscle of adult baboons shows the differentiation of mesenchymal connective
tissue condensations that develop against the macroporous surfaces of the substratum. Such
condensations have been shown to differentiate into bone by the differentiation of osteoblast-
like cells within the mesenchymal condensations (Ripamonti, 1990; Ripamonti, 1991;
Ripamonti, et al., 1993).

The development of mesenchymal condensation is a critical phenomenon for the induction of
bone formation by coral-derived hydroxyapatite constructs (Ripamonti, 1990; Ripamonti,
1991; Ripamonti et al., 1993).

Implantation of coral-derived macroporous hydroxyapatite constructs has led to the
manufacture of highly sintered hydroxyapatite constructs (Ripamonti, et al., 1999).

The induction of bone formation by coral-derived macroporous constructs occurs between
thirty (30) and sixty (60) days of implantation in the muscle of adult baboons (Ripamonti, et
al., 1993). Similarly, bone formation by highly sintered macroporous construct occurs
between thirty (30) and sixty (60) days (Ripamonti, et al., 1999).

The induction of bone formation as initiated by such macroporous calcium phosphate-based
biomaterials is intramembranous in origin and the induction of cartilage has never been

reported (Ripamonti, 1991; Ripamonti et al., 1999; Yuan, et al., 2002).



1.5. Intrinsic Induction of Bone Formation

The heterotopic implantation of specific types of porous hydroxyapatite biomaterials has led to
spontaneous induction of bone formation due to their ability to express BMPs/OPs within
concavities of porous hydroxyapatite without exogenous addition of any osteogenic proteins
(Ripamonti et al., 1993; Ripamont et al. 1999).

An ability of some macroporous calcium phosphate-based hydroxyapatite constructs to initiate
the intrinsic induction of bone formation is the nano-topographical and geometrical
configuration of the substratum (Ripamonti, 1996; Ripamonti et al., 1999).

The perfect osteoinductive biomaterials for initiation of bone formation should be
biocompatible, carvable and adaptable to different shapes of osseous defects. It should
enhance sufficient vascular and connective tissue invasion within the macroporous spaces of
substratum in contact with BMPs/OPs (Ripamonti and Duneas, 1996). The calcium phosphate
hydroxyapatite biomaterials are considered the most common synthetic biomaterials for bone
construction therapy (Jarcho, 1981).

Several studies reported that the particular type of porous hydroxyapatite obtained from the
hydrothermal exchange of calcium carbonate exoskeleton of marine coral, converted into
calcium phosphate hydroxyapatite, can initiate the induction of bone formation when
implanted in the rectus abdominis muscle of adult baboons (Ripamonti, 1990; Ripamonti et

al., 1993; Ripamonti, 1996; van Eeden and Ripamonti, 1994).



1.6. Geometric Induction of Bone Formation

The influence of substratum shape on induction of bone formation was first described by
Reddi and Huggins (1973). They found that subcutaneous implantation of two substrata with
different geometric configurations blocked the bone induction cascade.

An open-end demineralized root can initiate the induction of bone formation while the
substratum with the dead-end tube could not initiate the induction of bone formation but rather
initiated the induction of chondrogenesis. They reported that the vascular invasion within the
open-end tube was more than that on the dead-end tube which provides more oxygen and
nutritional supply which enhances the induction of bone formation (Reddi and Huggins,
1973). Indeed, teeth with the apex intact generate cartilage within the dead-end of the
endodontic canal (Reddi and Huggins, 1973).

Many experimental studies have shown the effect of the geometric configuration of
demineralized bone matrix (DBM) when implanted in the heterotopic site in the induction of
endochondral bone formation, which can be changed by the geometry of the substratum
(Reddi, 1974; Sampath and Reddi, 1984).

Coarse powder (420 to 850 um) of demineralized bone matrix implanted in the subcutaneous
space of the rodent, results in induction of endochondral bone formation (Sampath and Reddi,
1984). On the other hand, the implantation of demineralized matrix (fine powder 44 to 74 um)

did not result in the induction of bone formation (Sampath and Reddi, 1984).
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The implantation of coral-derived porous hydroxyapatite of both granular and disc
configuration in the subcutaneous space of rodents resulted only in the induction of bone
formation in porous hydroxyapatites of disc configuration (Sampath and Reddi, 1984).

The addition of exogenous osteogenic protein to porous hydroxyapatite of granular
configuration did not result in the induction of bone formation. The above experiments were a
clear cut determination of the effect of the geometry on the local induction of bone formation
(Sampath and Reddi, 1984; Ripamonti et al., 1992).

Intramuscular implantation of highly sintered crystalline hydroxyapatite with repetitive
sequences of concavities on both planar surfaces in Papio Ursinus was performed to evaluate
the geometrical effects of the substratum. This has shown the induction of bone formation
within the concavities of the sintered hydroxyapatite construct by day 30 after implantation.
This experimental work demonstrates the critical role of the geometry of the substratum in the
spontaneous induction of bone formation by controlling the expression of the soluble

molecular signals (Ripamonti et al., 1999).

1.7. Angiogenesis and the Induction of Bone Formation

Blood vessels are essential for the induction of bone formation (Trueta, 1963). The invading
blood vessels and perivascular hyperchromatic stem cells were noted to be within

mesenchymal condensations.
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Vascular endothelial and pericytic stem cells, together with the basement membrane of
invading blood vessels, act as a source of molecular markers that induce and control
angiogenesis during osteogenesis (Urist, 1965; Reddi and Huggins, 1972).

Mesenchymal condensations surrounding each central blood vessel in the three-dimensional
direction come into close contact with the vascular basement membrane and act as a scaffold
for induction of bone formation around the invading vessels. Thus the invading vessels are
necessary for the patterning of newly formed bone by the organisation of mesenchymal
condensation around it and acted as morphogenetic vessels (Ripamonti et al., 2006).
Mesenchymal cells in contact with the basement membrane of invading vessels start
differentiating into osteoblast-like cells secreting bone matrix under the control of BMPs/OPs
that bind to collagen type IV of the basement membrane of invading blood vessels (Paralkar et
al., 1990; Paralkar et al., 1991).

The contact between the osteoprogenitors and osteoblast-like cells with vascular invading
basement membranes indicates that the specific amino-acid sequences of the basement
membrane components, i.e Laminin, are the morphogenetic initiators during the capillary

invasion of the ripple-like cascade of bone formation by induction (Mukicevic et al., 1990).

1.8. Transforming Growth Factor-p (TGF-pB) Supergene Family

The TGF-p supergene family consists of large groups of related proteins that are secreted in
the form of a dimer with an active biological form of carboxy-terminal domain consisting of

seven cysteine residues (Kingsley, 1994).
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Several studies reported that the biologically active TGF-p plays an important role in cell
activation, proliferation and differentiation as well as in embryonic tissue morphogenesis,
involving osteogenesis, skeletogenesis and cementogenesis (Wozney et al, 1988; Reddi, 1994;
Ripamonti and Reddi, 1997; Heine et al., 1987; Pelton et al., 1990; Ripamonti, 2006).

The BMPs/OPs are members of the TGF- superfamily (Ripamonti, 2003). These osteogenic
proteins can initiate bone formation in heterotopic extraskeletal sites of animal models (Reddi,
1992; Wozney, 1992).

Several experimental studies have been performed in an attempt to prove that TGF-B also
initiates bone formation. Direct injection of TGF-B1 into the calvarial or overlying the
periosteal tissue of the mice and rats resulted in marked increase in bone thickness (Noda and
Camilliere, 1989; Marcelli et al, 1990; Bolander et al., 1991).

The treatment of the cartilage of full thickness rabbit ear wounds by topical application of
TGF-p promotes wound healing and bone formation within the cartilage (Beck et al., 1991).
Heterotopic implantation of recombinant human TGF-f in the rectus abdominis muscle of
adult baboons induces the induction of endochondral bone formation. This is in marked
contrast to any other animal models where the subcutaneous and/or intramuscular implantation
of the TGF- mammalian isoforms do not induce endochondral bone formation (Ripamonti et

al., 2000; Ripamonti et al., 2001).
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CHAPTER 2- AIMS AND OBJECTIVES

2.1. Aims
The aim of this study was to evaluate the morphological patterns of bone induction by coral-

derived vs highly sintered hydroxyapatite constructs.

2.2. Objectives

1. To describe the induction of bone formation along the macroporous spaces of the
hydroxyapatite (HA) substratum.

2. To describe the development of osteoblast-like cells within the developing mesenchymal
condensations.

3. To see if there are any morphological differences of bone formed by coral-derived vs

highly sintered hydroxyapatite constructs.

2.3. Rationale of the Study
Are the morphological patterns of bone formation by induction substantially different from
coral-derived hydroxyapatite constructs vs the highly sintered macroporous crystalline

hydroxyapatites?
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CHAPTER 3- METHODOLOGY

3.1. Study Design

This study was a descriptive retrospective study. Several histological sections previously
prepared for a research study by the Bone Research Laboratory (BRL) of the university were
used to compile this retrospective study. All histological sections evaluated were cut from
previously embedded specimens of coral-derived and highly sintered hydroxyapatite

constructs implanted in the rectus abdominis muscle of adult baboons.

3.2. Study Sample Size

Permission to use twenty-eight (28) histological slides of harvested tissue samples from the
rectus abdominis muscle of adult baboons was obtained from the BRL. All the surgical
procedures and tissue harvesting were conducted by Ripamonti. Ethical clearance for the original

studies was granted to Ripamonti by the Animal Ethics Screening Committee (AESC).

The ethical waiver for this study was granted from the AESC of the University of the

Witwatersrand of Johannesburg.

3.3. Data Collection and Analysis

Data was collected from histological examination of twenty-eight (28) histological slides that
were previously cut from harvested and processed tissue blocks from the rectus abdominis

muscle of adult baboons at different time periods, as follows:
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Fourteen (14) histological slides of harvested tissue specimens from the rectus abdominis
muscle of adult baboons on day thirty (30); seven (7) histological slides of coral-derived
hydroxyapatite constructs and seven (7) histological slides of highly sintered crystalline
hydroxyapatite constructs; Another fourteen (14) histological slides of harvested tissue
specimens from the rectus abdominis muscle of adult baboons on day (90) of the previously
implanted hydroxyapatite biomaterials; seven histological slides of coral-derived
hydroxyapatite constructs and seven (7) histological slides of highly sintered crystalline

hydroxyapatite constructs (Table 1).

Table 1: Distribution of histological 7 slides according to time period of implantation

28 Histological slides

14 slides on 30 days of implantation 14 slides on 90 days of implantation
Seven slides of coral- Seven slides of highly Seven slides of coral- Seven slides of highly
derived HA sintered HA derived HA sintered HA

3.4. Data Collection Tools

A Provis AX70 light research microscope (Olympus Shinjuku, Tokyo Japan) was used to

examine the histological slides to describe the following:

1. Description of the induction of bone formation along the surface of the hydroxyapatite

substrates
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2. Description of the formation of connective tissue condensations

3. Description of the development of angiogenesis and vascular invasion within the invading

mesenchymal tissue

4. Description of the development of osteoblast-like cells within connective tissue

condensations

5. Description of the remodelling of newly formed bone and generation of bone marrow

6. Description of any morphological differences of bone formed by coral-derived

hydroxyapatites vs highly sintered crystalline hydroxyapatite constructs.

By using a digital camera (Olympus Shinjuku, Tokyo Japan Digital Camera model number C-
7070), selected specimens were photographed to report histological patterns of bone formation

by induction.

17



Figure 1: Olympus Shinjuku, Tokyo Japan light research microscope.

Figure 2: Olympus Shinjuku, Tokyo Japan Digital Camera.
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CHAPTER 4- RESUL TS

4.1 Tissue Induction and Morphogenesis by Coral-Derived Macroporous
Constructs Implanted in the Rectus Abdominis Muscle of Papio Ursinus and
Harvested on Day 30

The general appearance of histologically prepared tissue sections when examined under the
microscope showed the muscular tissue of the rectus abdominis muscle surrounding the
implants. Muscle was seen directly attached to the coral hydroxyapatite constructs without

fibrous encapsulation. Large blood vessels were shown to surround the implants (Fig. 3).

On day 30, two specific tissues characterized the tissue invasion within the macroporous
spaces of the coral-derived hydroxyapatite constructs: 1: cellular connective tissue matrix
penetrated by sprouting capillaries; 2: mesenchymal collagenous condensations that

differentiated, attached to the coral-derived substratum (Fig. 4).

Hyperchromatic multinucleated giant cells, interpreted as osteoclasts, were seen at the
hydroxyapatite interface and also scattered within the fibrovascular tissue which invaded the

macroporous spaces of the coral-derived hydroxyapatite construct (Fig. 5).

Mesenchymal connective tissue condensations formed against the hydroxyapatite interface on
all specimens harvested on day thirty (30). These were however predominantly shown within

the concavities of the substratum (Fig. 6A)
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Mesenchymal condensations were organised within the concavities of the hydroxyapatite
interfaces at the periphery of the specimens, near the muscular tissue and close to large blood

vessels.

Elongated spindle-shaped-like cells were localised within the mesenchymal collagenous

condensations arranged parallel to the surface of the hydroxyapatite constructs (Fig. 6B).

Differentiation of bone within the concavities of coral-derived hydroxyapatite specimens
could not be detected in any specimen harvested on day 30 (Table 2).
4.2 Tissue Induction and Morphogenesis by Highly Sintered Macroporous

Constructs Implanted in the Rectus Abdominis Muscle of Papio Ursinus and
Harvested on Day 30

Histological analysis of tissue specimens of highly sintered crystalline hydroxyapatites on day
30 revealed that the muscle tissue surrounded the implants without fibrous encapsulation.

Large blood vessels were seen in close proximity to the substratum (Fig. 7).

The most prominent histological feature was a sustained fibrovascular tissue invasion within
the macroporus spaces. Angiogenesis with sprouting capillaries was prominent, in close

proximity to the substratum (Figs 8A and 8B).

Mesenchymal cellular condensations could not be detected in any specimen harvested on day
30. Fibrovascular tissue was richly invaded by blood vessels in direct contact with the
hydroxyapatite interface (Fig. 8C) Hyperchromatic multinucleated giant cells interpreted as
osteoclasts were located along the sintered hydroxyapatite interfaces making resorption

lacunae that would initiate the induction of bone formation on day 30. Bone was exclusively
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formed within the concavities of the substratum (Fig. 9). In all specimens harvested on day 30,
bone formed directly attached to the hydroxyapatite interface (table 2). Bone was lined by a

row of hyperchromatic elongated plump cells interpreted as osteoblast-like cells (Fig. 10).

Table 2: Histological finding of coral-derived and highly sintered HA on day 30

Parameters Coral-derived HA 30 day Highly sintered HA 30 day
Mesenchymal Condensations Detected Undetected
Angiogenesis Detected Detected
Osteoclast cells differentiation Detected Detected
Induction of bone formation Undetected Detected

4.3 Tissue Induction and Morphogenesis by Coral-Derived Macroporous
Constructs Implanted in the Rectus Abdominis Muscle of Papio Ursinus and
Harvested on Day 90

Mesenchymal cellular condensations in all specimens harvested on day 90 were more
compacted and organised against the hydroxyapatite interface. Condensations surrounded

invading blood vessels and capillaries predating the induction of bone formation (Fig. 11A).

Cellular mesenchymal condensations surrounding each central blood vessel were in close

contact with the vascular basement membrane of invading capillaries (Fig. 11B).
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A group of cells with hyperchromatic nuclei did appear to migrate through the vascular

basement membrane into the surrounding fibrovascular tissue (Fig. 12).

Histological analyses of all specimens harvested on day 90 and stained with toluidine blue
showed one or two rows of elongated hyperchromatic cells surfacing the newly formed bone
within the mesenchymal condensations. These cells were differentiated into osteoblast-like

cells in close proximity to invading blood vessels (Fig. 13).

Newly formed bone with embedded osteocytes had differentiated directly within the
concavities of the hydroxyapatite, whilst replacing the mesenchymal cellular condensations

(Fig. 14).

In many specimens harvested on day 90, bone formed extensively around invading blood

vessels and across the macroporous spaces (Table 3).

4.4 Tissue Induction and Morphogenesis by Highly Sintered Macroporous
Constructs Implanted in the Rectus Abdominis Muscle of Papio Ursinus and
Harvested on Day 90

Morphological and histological examination of specimens collected on day 90 (see table 3),
revealed that bone formed extensively within the concavities and along the macroporous
spaces of sintered hydroxyapatite specimens. Osteocytes were embedded within the newly

formed bone that had formed in concavities (Figures. 15 &16).
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Table 3: Histological finding of coral-derived and highly sintered HA on day 90

Parameters Coral 90 day Highly 90 day

Mesenchymal Condensations Detected Undetected

Angiogenesis Detected Detected
Osteoclast cells Detected Detected
Osteoblast —like cells Detected Detected
Osteocytes Detected Detected
Induction of Bone Formation Detected Detected

4.5. Morphological Differences of Patterns of Bone Formation by Coral-Derived

vs Highly Sintered Crystalline Hydroxyapatite Constructs

The main histological feature that characterised the process of induction of bone formation by

coral-derived hydroxyapatite implant is the induction of mesenchymal collagenous

condensation along the hydroxyapatite interfaces.
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Such condensations play a critical role in bone formation by coral-derived hydroxyapatite
where the osteoblast-like cells differentiate within condensations close to the invading blood

vessels. Bone formed firstly within mesenchymal condensation at the coral-derived interface.

In all harvested specimens of highly sintered hydroxyapatite, the initiation of bone formation
formed directly against the hydroxyapatite interface without formation of mesenchymal

collagenous condensations at the hydroxyapatite interface.

Differentiation of bone formation within concavities of coral-derived hydroxyapatite was only
detected on day 90, whilst the initiation of bone formation within the concavities of highly

sintered hydroxyapatite constructs did differentiate on day 30 after implantation.

Angiogenesis within the macroporous spaces of highly sintered hydroxyapatites appeared

more prominent than coral-derived hydroxyapatite constructs.

Osteoclastic resorption of highly sintered hydroxyapatite constructs might have resulted in
freeing larger amounts of calcium ions (Ca++), known to recruit angiogenesis (Klar et al.,
2013) which was found to be more prominent in highly sintered hydroxyapatite constructs.

These might have resulted in more prominent induction of bone formation (Table 4).
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Table 4: Morphological differences of patterns of bone formation by coral-derived vs. highly

sintered HA

Parameters

Coral-derived HA

Highly sintered HA

General appearance

Muscle attached directly to implant without

fibrous capsulation

Muscle attached directly to implant without

fibrous capsulation

Specific tissues invasion

Cellular connective tissue matrix, sprouting
capillaries and mesenchymal collagenous

condensations

Blood vessels invasion and sprouting

capillaries

Mesenchymal condensation

Compacted and organised mesenchymal
cellular condensations predating the induction

of bone formation

Absence of mesenchymal cellular
condensations. Direct transformation and

bone induction at hydroxyapatite interface

Angiogenesis

Less prominent and well differentiated

Substantial angiogenesis and capillary

sprouting.

Induction of bone formation

Bone differentiated within mesenchymal
cellular condensations on day 90 only

Bone differentiated directly at the

hydroxyapatite interface as early as day 30
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Figure 3: Peripheral appearance of coral- derived implant on day 30.

Photomicrograph showing the muscular tissue at the periphery of coral-derived implant (black arrow). Large blood vessel
surrounded the implant (red arrow). 75X decalcified section. Modified Goldner’s Trichrome stain.
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Figure 4: Tissue invasion within the macroporous spaces of the coral-derived hydroxyapatite constructs on day 30.

(A) Low power photomicrograph of tissue patterning initiating the differentiation of mesenchymal condensations at the hydroxyapatite interface (red arrow). Capillary invasion
(blue arrow). Cellular connective tissue matrix (Green arrow). Coral-derived hydroxyapatite constructs (yellow arrow). 30X decalcified section. Modified Goldner’s Trichrome
stain. (B) High power photomicrograph of tissue patterning initiating the differentiation of mesenchymal condensations at the hydroxyapatite interface (red arrow). Capillary

invasion (blue arrow). Cellular connective tissue matrix (green arrow).Coral-derived hydroxyapatite constructs (yellow arrow). 150X decalcified section. Toluidine blue stain.
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Figure 5: Hyperchromatic multinucleated giant cells at the surface of coral-derived HA on day 30.

(A) Hyperchromatic multinucleated giant cells, interpreted as osteoclasts were located at the hydroxyapatite interface (black arrows). 150X, Toluidine blue. (B) High

power photomicrograph of hyperchromatic multinucleated giant cells (osteoclasts) (black arrows). 300X decalcified section. Toluidine blue stain.
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Figure 6: Mesenchymal collagenous condensations within concavities of the coral-derived HA substratum and spindle-shaped-like cells on day 30.

(A) Differentiation of mesenchymal condensations within the concavities of the coral-derived hydroxyapatite substratum (red arrows). 150X, decalcified section
Toluidine blue stain.

(B) (B) High power photomicrograph showing elongated spindle-shaped-like cells localised within the mesenchymal collagenous condensation (yellow arrows)
300X, decalcified section. Toluidine blue stain.
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Figure 7: General appearance of highly sintered HA implant on day 30.

Low power photomicrograph showing the muscular tissue at the periphery of highly sintered hydroxyapatite implant (yellow
arrow). Large blood vessel surrounded the implant (red arrow) 10X decalcified section. Modified Goldner’s Trichrome

stain.
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Figure 8: Tissue invasion within the macroporus spaces of highly sintered HA and bone differentiation on day 30.

(A) Highly sintered hydroxyapatite implant (yellow arrow). Angiogenesis with sprouting capillaries (blue arrow).

(B) High power photomicrograph of fibrovascular tissue (Green arrow). Angiogenesis (blue arrow).

(C) High power photomicrograph showing fibrovascular tissue richly invaded by blood vessels in direct contact to the
hydroxyapatite interface (red arrow). Newly formed bone directly attached to a concavity of a higly sintered
macroporous hydroxyapatite interface (black arrow). 150X decalcified sections. Modified Goldner’s Trichrome

stain.
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Figure 9: Induction of bone formation within the concavity of highly sintered HA substratum (red arrows) on 30 days. High power view
X175 decalcified section. Modified Goldner’s Trichrome stain.
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Figure 10: Bone differentiation by highly sintered HA interface secreted by osteoblast-like cells on day 30.

(A) A row of elongated plump cells interpreted as osteoblast-like cells (black arruws). Newly formed bone that initiated within the
concavities of the sintered hydroxyapatite substratum (red arrows). 150X decalcified sections. Modified Goldner’s Trichrome stain.

(B) High power photomicrograph showing a row of elongated osteoblast-like cells (black arrows). Newly formed bone formed directly and
totally hunkering within the highly sintered hydroxyapatite substratum (red arrow). 175X decalcified sections. Modified Goldner’s
Trichrome stain.
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Figure 11: Compacted collagenous condensations against the coral-derived hydroxyapatite interface on day 90.

(A) Compacted and organised mesenchymal collagenous condensations against the hydroxyapatite interface predating the
induction of bone formation (red arrows). Invading blood vessel and capillaries surrounded by mesenchymal
collagenous condensations (black arrow).

(B) High power photomicrograph showing compacted collagenous condensations (red arrow). Vascular basement
membrane in close contact with mesenchymal collagenous condensations (black arrow). Bone formation within
compacted condensation around invading blood vessele (blue arrow). X175 decalcified sections. Modified Goldner’s
Trichrome stain.
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Figure 12: Group of cells with hyperchromatic nuclei migrated out of the vascular compartment on day 90. High
power X300 decalcified section. Toluidine blue stain.
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Figure 13: Elongated hyperchromatic cells surfacing the newly formed bone at coral- derived HA interface on day 90.

Blue arrow is newly formed bone attached to the coral-derived HA interface. Yellow arrow is Osteoblast- like cells (Elongated
hyperchromatic cells). X175 decalcified section. Toluidine blue stain.
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Figure 14: Bone formation within the concavities of coral-derived HA spaces with embedded osteocytes on day 90.

(A) Low power photomicrograph showing bone formation within the concavities of coral-derived hydroxyapatite macroporous spaces

(red arrows). ). 75X decalcified section. Modified Goldner’s Trichrome stain.

(B) High power photomicrograph showing newly formed bone with embedded osteocytes that had differentiated directly within the
concavities of the hydroxyapatite substratum (red arrow). Osteocytes inside their lacunae within the formed bone (black arrows).

300X decalcified section. Modified Goldner’s Trichrome stain.
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Figure 15: Extensive bone formation within the concavities of highly sintered HA constructs on day 90 only.

Low power photomicrograph showing bone extensively formed within the concavities of the macroporous spaces of sintered
hydroxyapatite specimens (red arrows). 10X decalcified section. Modified Goldner’s Trichrome stain.

(B) Bone formed only within concavities of a sintered construct (red arrows). 75X decalcified section. Modified Goldner’s
Trichrome stain.
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Figure 16: Induction of bone formation within the concavity of a sintered hydroxyapatite with osteocytes inside
their lacunae on day 90 (black arrows) 150X decalcified section. Modified Goldner’s Trichrome stain.
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CHAPTER 5- DISCUSSION

A sound knowledge of the morphological patterns of bone formation by induction using two
macroporous hydroxyapatite constructs is necessary to provide information from preclinical

studies to clinical contexts, in the treatment of periodontal osseous defects.

Studies have also been done to understand the mechanisms of induction of the spontaneous
and intrinsic induction of bone formation by calcium phosphate-based biomaterials

(Ripamonti, et al. 1993; Ripamonti et al., 1999).

The present retrospective study directly compares the induction of bone formation by both
coral-derived vs highly sintered hydroxyapatite to provide a unique landscape of the induction

of bone formation by different calcium phosphate-based constructs.

This study deployed histological sections of previously implanted and harvested tissue
specimens from the rectus abdominis muscle of several experiments in adult non-human
primates (Papio ursirus). The study thus provides comprehensive information on the patterns

of bone induction by coral-derived vis-a-vis highly sintered hydroxyapatite constructs.

The differentiation of mesenchymal collagenous condensations was formed along the surface
of the coral-derived hydroxyapatite interface in all specimens harvested on day 30 and 90. The
formation of mesenchymal collagenous condensations was only formed within the concavities
of the substratum. The collagenous condensation thus was more clearly patterned and

organised at the periphery of the harvested specimens.
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A thorough examination of such condensation indicated the tight relationship of the
substratum geometry with the initiation of the mesenchymal condensation. Concavities act as
a nest for cellular adhesion and/or attachment and the mesenchymal condensations were more
clearly organised within concavities at the periphery of harvested specimens surrounded by the

recipient muscular tissue.

Surrounding blood vessels more appropriately provided responding cells from the vascular
and para-vascular environments for migration and attachment to the coral-derived

hydroxyapatite constructs.

This interpretation of the available morphological data is in agreement with the study,
reporting that the differentiation of mesenchymal collagenous condensations is the earliest
morphological event occurring within the macroporous spaces of coral-derived hydroxyapatite

constructs (Ripamonti, 1991).

Another study conducted in different animal models (Ripamonti, 1996) revealed that the
mesenchymal collagenous condensations at the coral-derived hydroxyapatite interface were
always associated with invading blood vessels and sprouting capillaries. This is consistent
with the study done by Ripamonti (2006) where the cellular mesenchymal condensations were
in close contact with the vascular basement membrane of invading blood vessels and sprouting
capillaries. Sprouting capillaries and developing angiogenesis together with mesenchymal
condensations are critical morphological events for induction of bone formation (Ripamonti et

al., 1993).
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Ripamonti suggested that the process of induction of bone formation might have resulted from
expression of osteogenic proteins that bind to collagen type 1V of the basement membrane of

invading blood vessels that initiate the induction of bone formation (Ripamontiet al, .1993).

Binding of bone morphogenic proteins (BMPs) together with angiogenic proteins to type 1V
collagen of the basement membrane of invading blood vessels is a critical step in the induction
of bone formation (Trueta, 1963; Vlodavsky et al., 1987; Bolander et al., 1988; Paralkar et al.,

1991).

Present study results are in accordance with previous studies which showed that on day 90
after implantation and before the induction of bone formation, the basement membrane of
invading blood vessels was in close proximity to mesenchymal condensations. After the
induction of bone formation, the bone forms within the mesenchymal condensations,
particularly around invading blood vessels, thus replicating the induction of intramembranous

bone formation.

In two studies reported by Ripamonti (1990) and Ripamonti, et al. (1993), the differentiation
of mesenchymal condensations at the coral-derived hydroxyapatite interface is critical for
expression of bone morphogenic proteins (BMP) with subsequent induction of bone
formation. To unequivocally show bone differentiation in coral-derived macroporous
constructs, coral-derived constructs were preloaded with human noggin, a (BMP inhibitor),
and implanted in the rectus abdominis muscle of adult baboons (Klar et al., 2013; Ripamonti

et al., 2015).
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Histological analyses of harvested specimens showed limited and haphazard patterning of
mesenchymal condensations along the surface of coral-derived implants referring to the
critical correlation between the differentiation of mesenchymal condensations and BMP

expression (Klar et al., 2013; Ripamonti et al., 2015).

In the present study, the differentiation of well organised and compacted mesenchymal
collagenous condensations was the first morphological event developing at the coral-derived
hydroxyapatite interface on day 30. These were followed by induction of bone formation

within the compacted mesenchymal condensations on day 90.

The experimental study conducted by Ripamonti et al., (1993) reported that angiogenesis and
invading capillaries within the mesenchymal condensations at the coral-derived
hydroxyapatite interface play critical roles in developing osteoblast-like cells within the
mesenchymal condensations. Ripamonti et al. (1993) suggested that the differentiation of
osteoblast-like cells within mesenchymal condensations might have resulted from the effect of
molecular signals expressed within the vascular basement membrane components (Vlodavsky
et al., 1987; Folkman et al., 1988; Paralkar et al., 1991). Such work showed that basement
membrane components, in particular type IV collagen, bind both BMPs and angiogenic factors
such as the fibroblast growth factor (Vlodavsky et al., 1987; Folkman et al., 1988; Paralkar et

al., 1991).

The present study showed that differentiation of osteoblast-like cells was predominantly

confined within the mesenchymal condensations facing the coral-derived hydroxyapatite
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interface, close to the invading blood vessels. These findings are in accordance with the results

of earlier studies (Ripamonti 1990; Ripamonti 1991; Ripamonti, et al., 1993).

Further experimental studies (Ripamonti et al., 2009) of heterotopic intramuscular
implantation of 5% and 13% partially converted hydroxyapatite calcium carbonate constructs
in the rectus abdominis muscle of adult baboons, indicated that post implantation surface
modifications of the substratum by macrophages/osteoclasts play critical roles in
differentiation of osteoblast-like cells (Ripamonti, et al. 2009). The above was later confirmed
by Klar et al. (2013). The study evaluated the role of osteoclastogenesis and calcium ions
(Ca++) release initiating angiogenesis and osteoblast-like cell differentiation (Klar et al.,

2013).

Implantation of coral-derived macroporous constructs pre-loaded with the bisphosphonate
Zoledronate Zometa (an osteoclast inhibitor) showed a limited bone differentiation
highlighting the critical role of osteoclastic activity in modifying the substratum surface

topography (Klar et al., 2013).

In the present study hyperchromatic multinucleated giant cells (osteoclasts) located at the
coral-derived hydroxyapatite interface were also shown to excavate pits and resorption
lacunae initiating osteoblast-like cell differentiation. This biomimetizes the remodelling cycle
of cortical-cancellous bone where the activated osteoclasts resorb mineralized bone matrix,
promoting the osteoblastic differentiation within lacunae excavated by osteoclastic activity

(Parfitt et al., 1996).
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The induction of bone formation along the surface of highly sintered hydroxyapatite has been
evaluated in studies conducted by Ripamonti et al., 1999. The intramuscular implantation of
highly sintered hydroxyapatite constructs with repetitive concavities in both planar surfaces in
the rectus abdominis muscle of adult baboons was regulated by the geometry of the
concavities (Ripamonti et al., 1999). The results showed the critical role of geometrical

configuration (concavities) in the induction of bone formation.

The present study shows bone differentiation within concavities of the highly sintered
hydroxyapatites. Bone formed extensively within the concavities of macroporous spaces of the
substratum. Newly formed bone was directly attached to the surface of the highly sintered
hydroxyapatite without formation of mesenchymal collagenous condensations as occurred in

the induction of bone formation by coral-derived hydroxyapatite constructs.

In this comparative study, the differentiation of angiogenesis within the macroporous spaces
of highly sintered hydroxyapatite implants was more prominent than that within the
macroporous spaces of coral-derived hydroxyapatite constructs. Also, newly formed bone did
differentiate within the highly sintered hydroxyapatite interfaces by day 30 after implantation,
earlier than bone forming within coral-derived hydroxyapatite constructs where bone only
differentiated on day 90 after implantation. These findings are related to the degree of
osteoclastic resorption of highly sintered hydroxyapatite constructs, freeing higher amounts of
calcium ions, known to recruit angiogenesis and also more prominent in highly sintered
hydroxyapatite constructs. Taken together, the above might have resulted in earlier and more

prominent bone formation by highly sintered calcium phosphate constructs.
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The results obtained from this study further support the concept of construction of solid
macroporous geometric osteogenic devices in controlling the induction of bone formation for

the treatment of multiple periodontal osseous defects in human patients.
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CHAPTER 6- CONCLUSIONS

The induction of bone formation in postnatal life recapitulates the events that occur in the
normal course of embryonic development. Morphogens expressed during embryonic
development are re-deployed for postnatal bone regeneration. Both events are equally
regulated by selected families of secreted proteins, members of the TGF-f supergene family.
Heterotopic implantation of both coral-derived and highly sintered hydroxyapatite constructs
in the extraskeletal site of adult baboons initiates the induction of bone formation by
expressing and later secreting the osteogenic molecular signals of the TGF-p supergene
family. The morphological patterns of bone induction by coral-derived and highly sintered
hydroxyapatite are different. The main histological feature that characterised the process of
induction of bone formation by coral-derived hydroxyapatite implant is the induction of

mesenchymal collagenous condensation along the hydroxyapatite interfaces.

In all harvested specimens of highly sintered hydroxyapatite, the initiation of bone formation
was directly formed on the hydroxyapatite interface by secreting differentiated osteoblast-like
cells without formation of mesenchymal collagenous condensations at the hydroxyapatite

interface.

Differentiation of bone formation within concavities of coral-derived hydroxyapatite was only
detected on day 90, whilst the initiation of bone formation within the concavities of the highly

sintered hydroxyapatite construct did differentiate on day 30 after implantation.
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Angiogenesis within the macroporous spaces of highly sintered hydroxyapatites appeared

more prominent than coral-derived hydroxyapatite constructs.

The results obtained from this study further support the concept of construction of solid
macroporous geometric calcium phosphate-based osteogenic devices in controlling the
induction of bone formation for the treatment of multiple periodontal osseous defects in

human patients.

This study provides valuable information in the field of biomaterial sciences with possible
translation to periodontal regeneration. Prior knowledge of induction of bone formation by
using two calcium phosphate-based biomaterials may help to better understand the
mechanisms of the induction of bone formation for the treatment of the periodontal osseous
defects. Further studies are required to assess the impact of substratum geometry in the
induction of bone formation as well as to compare the morphological patterns of bone

formation by highly sintered hydroxyapatite and tri-calcium phosphate biomaterials.
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