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Summary

Bone grafts fill skeletal defects and provide a structure upon which new bone can
be deposited. There is no standard method of storing bone prior to grafting, the three
main storage regimes being stored fresh frozen at -80°C, gamma irradiated or freeze
dried. The initial aim of this project was to determine how osteoblastic cells behaved
when exposed to bone treated in the above ways. It was found that sterilisation of bone
with gamma irradiation caused cell death in a number of the cells that came into contact
with it. Therefore the use of gamma irradiation for grafting is contraindicated, a similar
observation was observed for freeze-dried bone whereas cells grew and differentiated
on fresh frozen tissue.

The second aim of this study was to develop a system whereby bone marrow
cells could be expanded in culture and retain their osteogenic potential so that they
would be suitable for either coating a bone graft (thus increasing the rate of
osseointegration of the graft) or used alone to treat small bone defects. Rodent bone
marrow was used in a variety of cultures and bone formation was induced by either BGJ-
b medium or ECCM (Endothelial cell conditioned medium). Control cultures were grown
in alpha modification minimum essential medium.

ECCM was overall found to produce a greater number of cells at the end of the
incubation periods studied than BGJ-b medium. BGJ-b medium preferentially selected
mineralization over cell proliferation under all of the culture conditions studied
(monolayers, collagen gels and organ cultures). This medium would be best suited to
forming small pieces of bone rapidly from bone marrow, to fill small bone defects such
as those seen in the dental field. ECCM produced large numbers of osteogenic cells,

which could potentially be used to coat large bone grafts.
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CHAPTER 1

1.1 Bone Remodelling

Bone is generally considered a very hard and rigid material, however the
tissue needs to be constantly renewed in order to maintain its mechanical strength.
Two cell types perform this remodelling; osteoclasts that resorb the old calcified
matrix and osteoblasts that synthesise new bone matrix. Both cell types interact
during this process enabling a continuous turnover of the bone matrix.

In the adult skeleton bone resorption and formation are balanced so that there
is no net change in bone mass but a continuous turnover of substance. The
remodelling cycle lasts approximately three months; during which time groups of
osteoclasts (known as a cutting cone) take about two to three weeks to create a
tunnel (up to 1mm in diameter). Osteoblasts then invade the tunnel, filling it in with
new bone for the remainder of the period. About one million bone remodelling units
are present in the human skeleton at any moment and approximately 3-4 million are
initiated per year.

The remodelling sequence begins with osteoclast differentiation; this is
ensued by resorption of mature matrix by osteoclasts. The reversal phase then
commences; with osteoblast precursors filling the resorption cavity. New osteoblasts
assemble only at sites where osteoclasts have recently completed resorption, a
phenomenon known as coupling, and bone formation begins to occur while
resorption advances. This coupling process is dependent on the release of local
factors that are able to stimulate proliferation and/or differentiation of osteoblasts,
from the aged matrix, by osteoclasts. Osteoblasts will then synthesise and mineralise
new bone matrix. The end result of this process is the replacement of old bone with a

new packet of bone in the form of either a cylindrical Haversian system (figure 1.1),

or a plate-like hemiosteon [1].
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Blood vessels in central (Haversian) canal

Haversian
system

Blood vessels in perforating
(Volkmann's) canal

Concentric Lamellae

Figure 1.1: Diagram of a cross section of bone showing Haversian systems. Several concentric plates
(lamellae) form a cylindrical unit, the Haversian system. A Haversian canal at its middie contains blood
vessels and nerves that are fed from the periosteum through Volkmann's canals. Around the central
canal are numerous small spaces between the lamellae called lacunae, which contain osteocytes.
Interstiial lamellae are fragments of older Haversian systems that have been partially destroyed during
bone remodelling. A long bone consists of numerous Haversian systems running parallel to bone length.

BONE GRAFTING: TISSUE TREATMENT AND OSSEOINTEGRATION 3



CHAPTER 1

The continuous supply of osteoclasts and osteoblasts from their respective
cells in the bone marrow is essential for the origination of remodelling units and their
progression on the bone surface. Both osteoblasts and osteoclasts are derived from
precursors originating in the bone marrow. Osteoblast and osteoclast precursor
proliferation and differentiation appear to occur concurrently in remodelling units. The
involvement of osteoblasts in osteoclast development has been demonstrated in
several culture and co-culture models. In a culture system with bone rudiment, living
bone (containing osteoblasts) was found to be essential for the development of

osteoclasts [2].

1.1.1 Osteoclast Differentiation

The origin of osteoclasts is haematopoietic, they share a common precursor
with the monocyte-macrophage, and macrophage colony stimulating factor (M-CSF)
plays an essential role in their differentiation. This was discovered when it was found
that osteopetrotic, op/op, mice not only have depleted osteoclast numbers, but also a
reduced quantity of macrophages. Osteopetrosis in these mice was not cured by
marrow transplantation and was therefore secondary to a defect in the local bone
microenvironment and not to a defect in haematopoietic osteoclast precursors. The
op/op mice it evolved, failed to release M-CSF due to a mutation in the M-CSF gene
[3]; the osteopetrosis being cured by an injection of M-CSF.

The function of M-CSF in osteoclast differentiation has been further
demonstrated in in vitro experiments, however in this instance stromal cells were
required in addition to M-CSF to cause monocytes and splenocytes to differentiate
into osteoclasts. This meant that other osteoblastic factors were also involved in

osteoclast differentiation [2].
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The molecular mechanism of the dependency of osteoclast differentiation on
cells of the meseﬁchymal lineage was elucidated with the discovery of three proteins
involved in the tumour necrosis factor (TNF) signalling pathway. The first of these
proteins to be discovered was osteoclast differentiating factor, also called RANK
ligand (RANK-L). RANK-L, a cytokine released by osteoblasts, is necessary for
osteoclast differentiation, in conjunction with M-CSF [3].

Simonet et al. [4] discovered that the effect of RANK-L on osteoclast
differentiation could be blocked by a secreted disulfide-linked dimeric glycoprotein,
called osteoprotegerin (OPG). Consistent with an important role in the regulation of
osteoclast formation, administration of OPG to mice or the over expression of its
cDNA as seen in OPG transgenic mice, causes osteopetrosis. The protein is also
able to prevent ovariectomy-induced osteoporosis [5].

Following on from this, two independent groups discovered that RANK-L was
a membrane-bound protein identical to a factor known to enhance the growth of T
cells. The ligand expressed in several osteoblastic and stromal cell lines in vitro, and
in committed preosteoblastic cells in vivo, bound to a third protein, the membrane
bound receptor RANK, with high affinity. This interaction is essential, in the presence
of M-CSF, for complete osteoclastic differentiation in vitro [6, 7].

The antiosteoclastogenic property of OPG is due to its ability to act as a
decoy by binding to RANK-L and blocking the RANK-ligand/RANK interaction.
RANK-L is not only necessary for osteoclast development but it is also responsible
for the activation of mature osteoclasts and a reduction in osteoclast apoptosis. The
fact that RANK-L is also responsible for lymphocyte differentiation suggests it may
have a role in the loss of bone during inflammation, as activated T lymphocyte
secrete RANK-L [8].

RANK-L is a member of the tumour necrosis factor family (TNF) while RANK

is a member of the TNF receptor super family [9]. This lead to the suggestion that
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signalling through RANK should involve the TNF receptor-associated factor TRAFS.
The concept was confirmed when mice deficient in TRAF6 were found to have
osteopetrosis [10].

As outlined in figure 1.2, RANK-L and OPG production by osteoblasts are
regulated by many factors [11]. 1,25- dihydroxyvitamin D, PGE, and PTH all elevate
the ratio of RANK-L/OPG [12] whereas transforming growth factor g (TGF-B) has the

opposite effect [13].

1.1.2 Osteoclast Function

Osteoclasts are highly specialised cells found on the endosteal surfaces of
bone, where they function in bone resorption, which is important in the development,
growth, maintenance, and repair of bone. Osteoclasts have important functions in
repairing fractures, remodelling new bone and integrating bone grafts.

Mature osteoclasts are usually large (50 to 100 um diameter) cells with
abundant mitochondria, numerous lysosomes, and free ribosomes. They are also
multinucleated cells, with an average of 10-20 nuclei. Relative to other bone cells,
osteoclasts are quite uncommon, with only 2-3 cells found per mm?® on average.

The osteoclasts’ most remarkable morphological feature is the ruffled border,
a complex system of finger-shaped projections of the membrane, the function of
which is to mediate the resorption of the calcified bone matrix. This structure is
completely surrounded by another specialised area, called the clear zone. The clear
zone delineates the area of attachment of the osteoclast to the bone surface and
seals off a distinct area of bone surface that lies immediately underneath the
osteoclast. This region beneath the osteoclast is eventually excavated, and is known
as the microcompartment. In order for resorption of the mineralised bone matrix to
occur, osteoclasts release into the microcompartment hydrogen ions to solubilise the

mineral phase and proteolytic enzymes to degrade the organic matrix [14].
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Figure 1.2: The osteoclast differentiation pathway. Rank-L = Rank ligand; OPG = Osteoprotegerin; M-
CSF = Macrophage colony stimulating factor.
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The mineral component of the matrix is dissolved in the acidic environment of
the microcompartment. The low pH in the microcompartment is dependent on proton
production by carbonic anhydrase Il, whose deficiency induces lack of bone
resorption and osteopetrosis [15]; and proton excretion into the compartment by an
ATP-driven proton pump (vacuolar H * - ATPase). This proton pump located in the
ruffled border membrane is also found in all mammalian cells where it is responsible
for the acidification of various intracellular compartments [16].

The protein components of the matrix, mainly collagen, are degraded by
cathepsins. Ubiquitous cathepsin B, D and L are able to degrade collagen at the low
pH present in the microcompartment, and it has been demonstrated that a fourth
cathepsin, K, is also responsible for degradation of the bone matrix [17]. Cathepsin K
knock out mice have been found to have inhibition of bone resorption and
osteopetrosis [18].

Osteoclasts also produce matrix metalloproteinase (MMP) -1 and -9,
however their role in bone resorption is unknown since they are inactive at the low
pH present in the microcompartment. In bone MMP-9 is localised exclusively in
osteoclasts, it is thought that maybe it plays a role in osteoclast migration [4]. Another
feature of osteoclasts is the presence of high amounts of the phosphohydrolase
enzyme, tartrate-resistant acid phosphatase, released into the microcompartment. Its
role in bone resorption is unclear, however the enzyme is known to be a quite
specific to osteoclasts, and hence its presence is commonly used for the detection of
osteoclasts in bone specimens.

Highly polarised osteoclasts attach to bone during resorption at the sealing
zone. The most important integrin responsible for osteoclast attachment in this zone
is the vitronectin receptor (a,f3). It has been shown that inhibiting this integrin impairs
bone resorption, thus highlighting the importance of osteoclastic attachment in bone

resorption [19].
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1.1.3 Osteoblast Differentiation

Following bone resorption, for bone formation to take place stem cells (cells that can
replicate themselves and generate more specialised cell types as they multiply)
residing within the bone marrow stroma are required to first differentiate into
osteoprogenitor cells. Eventually these osteoprogenitors differentiate into mature,
functional osteoblasts.

There are two major cellular systems associated with bone marrow, the
haematopoietic and stromal systems. The stromal tissue forms a network of cells and
extracellular matrix that physically supports the haematopoietic cells and influences
their differentiation [20], it comprises of osteoblasts and preosteoblasts, fibroblasts,
reticular cells and marrow adipocytes.

The concept of stromal stem cells populating the bone marrow stroma, was first
proposed by Owen in 1978 [21]. As a working hypothesis for differentiation in the
marrow stromal system Owen introduced a scheme analogous to that in the
haematopoietic system, where stromal stem celis were believed to yield committed
progenitors, each giving rise to a different stromal cell line (Figure 1.3) [21, 22].
Therefore organ-specific stem cells and committed progenitors are expected to exist
for each organ, and these give rise to specialised stromal cell lines for the organ
concerned.

Confirmation of the presence of stem cells within the marrow came from early
in vivo studies, which demonstrated that bone marrow cells or fibroblastic cells
harvested from confluent in vitro cultures of marrow cells produce bone tissue when
closed in diffusion chambers and then transplanted intraperitoneally. This was first
demonstrated by Friedenstein [23, 24] and later confirmed and extended by other
workers. In vivo studies have also shown bone marrow cells to produce osteogenic

tissue when transplanted under the renal capsule [25].
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Figure 1.3:
generate progenitors committed to one or more cell lines. The proposed stromall fibrobiastic lines in
marrow have been designated fibroblastic, reticular, adipocytic and osteogenic. The single fibroblastic
colony forming cell (FCFC) or colony forming unit fibroblast (CFU-F), which form fibroblastic colonies in
vitro are components of the stem and progenitor cell population.
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Further evidence for the existence of marrow stem cells came from
Maniatopoulos et al. [26] who were the first to create a bone-like structure in vitro
using bone marrow cells from rats. They showed that bone marrow cells from the
femora of adult rats would form nodules of mineralised tissue with the characteristics
of bone in the presence of 10° M dexamethasone and 10mM B-glycerophosphate
[26].

The early commitment of mesenchymal stem cells toward a particular cell
lineage is dependent on the expression of specific transcription factors. The
expression of peroxisome proliferator activated receptor y2 (PPARYy2) is mandatory
for commitment to the adipocytic lineage whereas mesenchymal stem cells
expressing Cbfa1l are dedicated to the osteoblast lineage [27]. Cbfa1 activates
osteoblast-specific genes such as osteopontin, bone sialoprotein, type | collagen and
osteocalcin [28, 29]. The importance of Cbfa1 for osteoblasts has been highlighted
by the evidence that knockout of the Cbfal gene in mice prevents osteoblast
development [30]. In addition, in vitro studies showed that Cbfa1 is a crucial
transcription factor required for postnatal osteoblast differentiation and for the
maintenance of osteoblast differentiation [31]. It has been shown that osteoblast
differentiation is mediated by multiple effects on Cbfa1 expression, DNA binding, or
degradation [31], which makes this transcription factor an important modulator of the

osteoblast lineage.

1.1.4 Osteoblast Function

Once stem cells are committed to the osteoblast lineage, proliferating
osteoprogenitors become pre-osteoblasts, cell growth declines, and there is a
progressive expression of markers of differentiation by post-mitotic osteoblasts [32-

34]. The sequence of osteogenic differentiation is characterized by the expression of
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alkaline phosphatase (ALP) an early marker of osteoblast phenotype, followed by the
synthesis and deposition of type | collagen, bone matrix proteins, and proteoglycans,
and an increased expression of osteocalcin and bone sialoprotein at the onset of
mineralization. Bone matrix proteins play an essential role in the mechanical
properties of bone, and some of these molecules and proteoglycans can bind growth
factors released by osteoblasts (thus protecting them from enzymatic degradation).
RGD sequences present in type | collagen chains, osteopontin, and bone sialoprotein
are also recognized by integrins present on osteoclasts [35], whilst osteocalcin
localized in the matrix increases osteoclast function in vitro [36] and in vivo [37].

Mature osteoblasts, in addition to being the cells that produce the osteoid
matrix, are essential for its mineralization (the process of deposition of
hydroxyapatite). Osteoblasts regulate the local concentrations of calcium and
phosphate in such a way as to promote the formation of hydroxyapatite. Calcium at
the mineralization site is ensured by its passive diffusion and its active transcellular
transport by calcium pumps from the extracellular fluid of osteoblasts to the
mineralization sites [38]. Meanwhile, phosphate ions can also be passively
transferred or actively transported in osteoblasts by a sodium-dependent phosphate
transport system [39]. Phosphate might come from the hydrolysis of phosphate
esters by ALP anchored to the external surface of the plasma membrane. Bone
matrix proteins such as osteopontin and bone sialoprotein may also contribute to the
initiation of bone mineralization through their calcium-binding properties [40].

Once the bone matrix is deposited and calcified, the fate of osteoblasts is
variable. Most osteoblasts show decreased matrix synthesis activity and become
lining cells. Lining cells, are flat elongated cells that form a layer on top of the 1-2 pm
thick coating of unmineralized collagen matrix that covers the surface of normal

quiescent bone (i.e. bone that is not undergoing remodelling).
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Alternatively, about 10% of osteoblasts are buried within lacunae of the matrix
they synthesised (figure 1.4). These cells are termed osteocytes and are
characterised by striking stellate morphology, reminiscent of the dendritic network of
the nervous system. Osteocytes, the most abundant cell type in bone, are regularly
spaced throughout the mineralised matrix and communicate with each other and with
osteoblasts on the bone surface via multiple extensions of their plasma membrane
that run along canaliculi. Osteoblasts in turn, communicate with cells of the bone
marrow stroma, which extend cellular projections onto endothelial cells inside large
blood vessels (sinusoids). This syncytium extends the entombed osteocytes all the
way to the vessel wall.

The strategic location of osteocytes makes them excellent candidates for
mechanosensory cells; able to detect the need for bone augmentation or reduction
during functional adaptation of the skeleton, or the need for repair at a graft site. In
both instances osteocytes are able to transmit signals leading to the appropriate
response. These signals may be transferred to the necessary cells by changes in
integrins and the cytoskeletal network [41].

Osteocytes sense changes in interstitial fluid flow (produced by mechanical
forces) through canaliculi. They detect changes in the levels of hormones, such as
oestrogen and glucocorticoids (that influences their survival) circulating in the
interstitial fluid also. The capacity of bone to respond to local or hormonal stimuli may
depend in part on osteoblast and osteocyte viability. About half of the osteoblasts
appear to undergo apoptosis at the end of bone formation and this fate may

contribute to the control of bone formation [42, 43].
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Figure 1.4: Cross section of a cancellous bone trabecule. Osteocytes are evident residing in lacunae,
interlinked by canaliculi. Bone lining cells are also visible, aligned on the surface of the bone.
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1.1.5 Regulation of Bone Remodelling by Systemic Hormones

Systemic hormones and local factors responsible for the interaction between
osteoclasts and osteoblasts direct the bone remodelling process. Bone formation is
primarily dependent on the number, rather than the activity, of osteoblasts [44]. Most
hormones, however, act on both osteoblastic cell number and activity. The most
important hormones regulating bone formation include parathyroid hormone (PTH),
sex hormones, glucocorticoids, and vitamin D. These hormones induce gene
expression through transcriptional effects in osteoblasts. The intracellular
mechanisms involved in the actions of these hormones have been in part identified
[45]. They also act indirectly on the cells through changes in the synthesis of local
factors.

In contrast to the direct action of hormones on osteoblasts in bone formation,
the regulation of bone resorption is quite indirect. Most hormones or cytokines do not
have specific receptors on mature osteoclasts, with the notable exception of
calcitonin. Resorption is regulated at the level of osteoclastic differentiation through
growth factors and cytokines produced by osteoblasts and other haematopoietic cells

of the bone microenvironment [2].

1.1.5.1 Calcitonin

Calcitonin is a peptide hormone secreted by the parafollicular cells of the
thyroid. It is a potent inhibitor of bone resorption, and hence an effective therapy for
the management of osteoporosis and other diseases characteristic of bone loss.
Calcitonin receptors are expressed by committed osteoclast precursors and by
mature osteoclasts [46]. The main mechanism of the antiresorptive actions of
calcitonin is decreased development of osteoclast progenitors, decreased osteoclast
recruitment, and promotion of apoptosis of mature osteoclasts leading to a slow rate

of bone remodelling. When exposed to calcitonin, the calcitonin receptor (coupled to
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several G proteins) induces an increase in intracellular calcium and cyclic AMP [47].
This in turn causes the osteoclast to become immobilized and disembark from the

bone surface.

1.1.5.2 1,25-dihydroxyvitamin D; and Parathyroid hormone

In contrast to the effects of calcitonin, PTH and 1,25-dihydroxyvitamin Dj
[1,25-(OH).D;] are potent stimulators of osteoclast formation. The ability of these
hormones to stimulate osteoclast development and to regulate calcium absorption
and excretion from the intestine and kidney, respectively, are key elements of
extracellular calcium homeostasis.

1,25-(OH),D,, the most active form of vitamin D, is a potent stimulator of bone
resorption in vitro [48]. It induces bone lining cell retraction, through alterations of
cytoskeletal proteins [49] (thereby allowing osteoclasts to bind to the bone surface).
1,25-(OH),D; also increases osteoclast differentiation, it is thought to do this by
changing the balance between RANK-L and OPG in osteoclasts {11, 12]. However, in
in vivo experiments in rats, as well as in osteoporotic patients, there has been no
clear evidence of an increase in bone resorption after 1,25-(OH),D; administration.
One of the reasons for this could be a 1,25-(OH),D;-induced decrease in PTH
secretion (see below).

1,25 (OH), dihydroxyvitamin D3, in addition to its effects on osteoclasts, exerts
many effects on osteobiasts. Osteoblasts express receptors for vitamin D (VDR), and
upon binding to this receptor, 1,25-(OH),Ds; down regulates a1(l) collagen, and
induces the transcription of ALP, osteopontin, and osteocalcin [50, 51].

Osteoblasts are also the primary target cells of PTH [52, 53]. The hormone binds
to PTH/PTHrP receptors on osteoblasts, activating second messenger systems such
as adenylyl cyclase and phospholipase C [54). In vitro, PTH exerts multiple effects on

cells of the osteoblastic lineage at different stages of differentiation. It stimulates
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proliferation in osteoblastic precursors [55], a mitogenic effect that may be mediated
by the induction of local growth factors such as insulin-like growth factors (IGFs) and
TGF-B; and in mature osteoblasts it inhibits apoptosis. This increases the life span of
osteoblasts, which in turn may contribute to the bone forming effect of PTH [56]. This
is in agreement with in vivo studies, which have shown increased bone formation in
trabecular bone with intermittent treatment with PTH [54].

As well as possessing bone formation properties, PTH; to a lesser extent; also
increases bone resorption /n vitro and in vivo. Nevertheless, it is well established that
PTH/PTHrP receptors are not present on osteoclasts. Two possible explanations for
this phenomenon have been proposed. The first is that PTH has a direct action on
the proliferation or differentiation of osteoclast precursors [2]; and the second is that it
influences the secretion of cytokines, by osteoblasts or stromal cells, which increase
osteoclast differentiation. In keeping with the second mechanism PTH activates the
production of IL-6 and IL-11 by osteoblasts, and these cytokines may mediate in part
the effect of PTH on osteoclasts [57]. PTH perhaps also increases bone resorption
by stimulating the expression of OPG-ligand (an inducer of osteoclast differentiation)
in osteoblasts and stromal cells [11].

The bone resorption caused by PTH is further increased by the hormones ability
to modulate plasmin metalloproteinases. These enzymes may initiate bone matrix
degradation prior to resorption by osteoclasts; and, as seen with 1,25-(OH),Ds,
induce retraction of lining cells through alteration in cytoskeletal protein [49]. This
effect again, may be important for osteoclast binding to the matrix surface.

Despite the multiple direct and indirect actions of PTH, the hormone overall,

causes an increase in osteoblast number and life span, and activation of new bone

resorption.
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1.1.5.3 Oestrogens

At menopause the rate of bone remodelling increases precipitously, trabecular
separation and osteoclast number increase and circulating markers of bone turnover
rise [1, 58, 59]. Oestrogens are major inhibitors of osteoclast formation. Although the
main action of oestrogens is on osteoclast differentiation, the existence of oestrogen
receptors on mature osteoclasts is still a matter of debate. It is in fact likely that there
are several target cells for oestrogens in bone, and that multiple cytokines and
growth factors may be implicated in the increased osteoclast number following
menopause.

One such growth factor is transforming growth factor- (TGF-B). This growth
factor mainly inhibits bone resorption and promotes osteoclast apoptosis [60]. Its
synthesis is increased by an oestrogen, oestradiol, in vivo and in vitro [61]. Oestradiol
has been indicated in modification of the synthesis of osteoclast regulators, RANK-L
and OPG, by osteoblasts in vitro [11].

Other studies point to an effect of oestrogens on bone resorption through the
production of cytokines by monocytes [58]. For example, the ex vivo synthesis of IL-1
and TGF-a by monocytes in post-menopausal women is increased [62], and
inactivation of both types of cytokines decreases the bone loss induced by
ovariectomy in rats [58]. The monocyte may also have a more direct role in inhibiting
osteoclast formation, since the monocyte — an osteoclast precursor cell, has
oestrogen receptors. It is thus possible that oestrogens act directly on this cell to
decrease osteoclast differentiation.

Osteoblastic cells express a and B oestrogen receptors and the expression of
these receptors depends on the stage of differentiation [63]. /n vitro, oestrogens
increase osteoblast precursor cell proliferation, an effect that is in part mediated by
the stimulatory effect of oestrogens on the production of TGF-g, IGF, and IGF-|

binding proteins by osteoblasts [64]. In more mature cells, oestrogens induce
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transcriptional stimulation of type | collagen and ALP and reduce osteocalcin
expression. Other effects of oestrogens on osteoblasts in vitro include modulation of
their response to PTH and 1,25 (OH), dihydroxyvitamin Ds.

Thus, oestrogens are important modulators of osteoblast and osteoclast
recruitment, function, and fate, which is in line with the well-known major effects of

oestrogen deficiency on the skeleton.

1.1.5.4 Glucocorticoids

Glucocorticoids exert multiple and complex effects on osteoblasts, depending
on the stage of maturation [65]. For example, they promote the differentiation of early
osteoblast precursors in the marrow stroma and increase the expression of marker
genes such as ALP, osteopontin, and osteocalcin. However, dexamethasone
reduces the replication of osteoblastic cells, which is consequently responsible for
the degreased bone formation induced by long-term glucocorticoid administration in
vivo. It also inhibits type | collagen synthesis in more differentiated osteoblasts [65].
Thus, glucocorticoids act by promoting early stages of osteoblast maturation but also

reduce osteoblast number and life span.

1.1.6 Regulation of Bone Remodelling by Growth factors

Growth factors play important roles in the control of osteoblast function by
acting through complex cellular and molecular mechanisms [66, 67]. The most
prominent factors are those that are produced locally by osteoblasts and are present
in the bone matrix. They include IGFs, fibroblast growth factors (FGFs), TGF-fs, and
bone morphogenic proteins (BMPs). Some of the signaling mechanisms of these

factors have been identified in osteoblastic cells [45).
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1.1.6.1 Insulin-like growth factors

Insulin-like growth factors (IGFs) are produced by osteoblasts, and through
their receptors activate both proliferation and differentiation [68]. /In vivo, |GF-I
stimulates bone formation by acting on osteoblast recruitment and function [69].
However in vitro, IGF-| increases collagen type | expression and synthesis [64], and
promotes osteoblast survival [70].

The actions of IGFs are largely controlled by IGF binding proteins (IGFBPs),
also produced by osteoblasts. IGFBPs can additionally be found in the bone matrix
where they are regulated by local agents and specific proteases [68, 71]. Both IGFs
and IGFBPs are controlled by 1,25-dihydroxyvitamin D, estrogens, and PTH;

confirming that these factors are important local regulators of bone formation.

1.1.6.2 Transforming growth factor g

TGF-B is produced in latent forms by osteoblasts and stored in the bone
matrix in association with latent TGF-g binding protein (LTBP). The latent complex is
then released as mature biologically active TGF-p, following the action of plasmin
and the low pH produced by osteoclasts during resorption [72]. Small proteoglycans,
decorin and beta glycan, also contribute to this process [40].

In vivo, TGF-B markedly stimulates bone formation [73], whilst in vitro, it
increases the proliferation of normal osteoblastic cells and stimulates the expression
and production of bone matrix proteins such as type | collagen and osteopontin.
Further to this, TGF-B was found to exert anti-apoptotic effects on osteoblasts, which
could complement its anabolic effects on bone formation [43].

Besides its actions on bone formation, TGF- has an inhibitory effect on bone
resorption. In in vivo studies, local injection of TGF-§ to ovariectomized rats reduced
bone hyperresorption [74]. TGF-B decreases the rate of matrix degradation by acting

on collagenase and metalloproteinase enzymatic activities [84]. It was also found to

BONE GRAFTING: TISSUE TREATMENT AND OSSEOINTEGRATION 20



CHAPTER 1

decrease osteoclastic differentiation through a direct action on haematopoietic
precursor cell proliferation [76], and through an indirect action (reducing RANK-L and
increasing OPG expression by stromal/osteoblastic cells) [13]. Furthermore, TGF-8
increases osteoclast apoptosis [76).

Since TGF-B released from the matrix during resorption may stimulate
osteoblast recruitment, this factor may serve as a coupling agent linking bone
resorption to the subsequent bone formation during the bone remodeling cycle. The
synthesis of TGF-§ by osteoblasts is increased by oestradiol and could, therefore

also be one of the mediators of the inhibitory effect of oestradiol on bone resorption.

1.1.6.3 Bone morphogenic proteins (BMPs)

Bone morphogenic proteins (BMPs) are members of the TGF-g family. They
are important in the control of skeletal development and postnatal osteogenesis [77,
78]. In vivo, BMPs activate bone formation when applied locally. Whilst in vitro BMPs
(BMP-2, BMP-3, and BMP-7) produced by osteoblasts; induce the expression of
osteoblastic markers, such as Cbfa1, in uncommitted mesenchymal cells. In addition,
BMPs promote markers of osteoblast differentiation such as type | collagen, alkaline
phosphatase, and osteocalcin in differentiating osteoblastic cells.

Osteoblast differentiation by BMP-2 occurs when the protein binds to a BMP
type |l receptor (BMPR-II), which dimerizes with a type | receptor (BMPR-I), leading
to phosphorylation of Smad proteins and activation of gene transcription [88]. In
osteoblasts; Smad 1, Smad 5, and Smad 8 are essential for induction of
differentiation by BMP-2 [79]. In addition to this direct mechanism, BMPs may also
act through the induction IGFBPs or TGF-g in osteoblasts, thus emphasizing their

important role in osteoblast commitment and function [77].
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1.1.6.4 Fibroblast growth factors

Fibroblast growth factors (FGFs) are essential for the regulation of bone
formation [80, 81]. Their biological activity depends on their binding to and activation
of high affinity FGF receptors (FGFRs). In vitro, FGF-1 and FGF-2 stimulate
osteoblastic cell proliferation, inhibit ALP and type | collagen expression, and
modulate osteocalcin expression [81]. Additionally, FGF-2 promotes osteoblast
survival [70]. This factor is therefore likely to be important in the local control of bone

formation.

1.1.7 Regulation of Bone Remodelling by Cytokines
1.1.7.1 Interleukin 1

Interleukin 1 (IL-1), produced by activated monocytes, was demonstrated by
Gowen et al. to increases bone resorption in vitro at very low concentrations. IL-1
increases osteoclast differentiation rather than mature osteoclast activity. Infusion of
the cytokine in mice was found to induce hypercalcaemia and local injection in vivo
induced increased bone resorption [82]. IL-1 has been implicated in several
conditions associated with increased bone resorption such as post-menopausal bone
loss and local bone loss associated with inflammation. Its action on bone resorption

is partly dependent of prostaglandins.

1.1.7.2 Tumor necrosis factor a

Tumour necrosis factor a (TNF-a) is also secreted by activated macrophages
and has an action on bone resorption similar to the one of IL-1. In addition, secreted
TNF-a actually induces IL-1 synthesis [7, 17, 82]. Both IL-1 and TNF-a are produced

by osteoblasts, which also express receptors for these cytokines [83]. IL-1 and TNF-a
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act as autocrine growth factors for osteoblasts [84], however they have also been

found to induce apoptosis in osteoblasts [85].

1.1.7.3 Interleukin 6

Several cells of the bone microenvironment produce Interleukin 6 (IL-8), yet
osteoblasts and their precursors release particularly large amounts. The secretion of
IL-6 by osteoblasts is modulated by several systemic hormones. PTH increases its
synthesis whereas estrogens have been shown to decrease its synthesis.

In vitro cultures demonstrated that IL-6 increases bone resorption, however
for this to occur early osteoclast precursors had to be present [17]. IL-6's role in bone
resorption is therefore not clear. Nevertheless, IL-6 has been implicated in post-
menopausal bone loss [§9], and high production of IL-6 has also been implicated in
increased osteoclast activity of a number of other diseases characterized by high

bone turnover [7].

1.1.7.4 Prostaglandins

Prostaglandins (PGs), primarily PGE,, increase bone resorption in cultured
bone [86]. The action of prostaglandins on resorption in vitro changes with the stage
of cell differentiation. PGs decrease the resorbing activity of mature osteoclasts by
increasing intracellular cAMP content and decreases osteoclastic differentiation of
haematopoietic osteoclast precursors. However PGs are seen to increase bone
resorption in mouse marrow cultures, by modulating the synthesis of cytokines or
growth factors released from osteoblasts present in these cultures [87].

In contrast to their effect on bone resorption, PGs are furthermore known to
increase bone formation in vitro through IGF-l synthesis in osteoblasts [65]. The

overall effect of PGs on bone remodeling in vivo have not been clearly evaluated.
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1.2 Osseointegration - The Remodeling of Bone
Grafts

It is now apparent that the differentiation and function of bone cells are
dependent both on the expression of specific transcription factors and local factors,
and are controlled by cellular interactions mediated by cell surface and soluble
molecules. These systems play major roles both in the remodeling of normal bone
and grafted bone.

Bone formation on or about a graft can be either of graft origin (that is, from
osteoblasts that survive the transfer) or from cells of host origin. Osteoblasts on the
surface of bone grafts, that are properly handled, can survive and produce new bone.
This early bone formation by graft osteoblasts is often critical in callus formation
during the first few weeks following surgery [88].

Another way in which a bone graft may assist new bone formation is by being
osteoinductive. Osteoinduction is the recruitment of mesenchymal cells from the area
surrounding the graft, which then differentiate into osteoblasts. Osteoinduction is
mediated by graft-derived factors. Bone matrix contains several BMPs, TGFg, IGFs,
FGFs, ILs and macrophage colony-stimulating factors. These moieties induce or
influence the differentiation of mesenchymal cells into bone-forming cells (as
previously described). The condition of the host bed is critical in the process of
osteoinduction, because new osteoprogenitor cells are recruited by induction of
residual mesenchymal cells in marrow reticulum, endosteum, periosteum, and
connective tissue [88].

In addition to their ability to recruit host cells by osteoinduction, bone grafts
function as a trellis or scaffold for the ingrowth of new host bone. The 3-dimensional
process of ingrowth of sprouting capillaries, perivascular tissue, and osteoprogenitor
cells from the recipient bed into the structure of a graft is termed osteoconduction.
Osteoconduction may result from active bone formation and osteoinduction (for
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example, in a fresh autograft) or it may occur passively, without the active
participation of the graft, as would be the case with most cortical allografts.
Osteoconduction is not random; indeed, it follows an ordered, predictable, spatial
pattern, determined by the structure of the graft, the vascular supply from the
surrounding soft tissue, and the mechanical environment of the graft and surrounding

structures [89].

1.2.1 Remodeling of Different Graft Types
1.2.1.1 Autografts

Autogenous cancellous (trabecular) bone, due to it's ‘honeycomb’-like
structure is highly osteogenic, easily revascularized, and quickly integrated into the
recipient site. It doeé not however provide structural support, but the rapidity with
which autogenous cancellous bone both produces and stimulates new bone
formation often contributes to the early stabilization of a fracture site. The primary
source of this type of bone is the iliac crest. Bone grafts from this area are extremely
useful, however significant morbidity accompanies the harvest procedure [90].

The biologic activity of autogenous cancellous bone results from its
histocompatibility, large surface area covered with osteoblasts and their precursors,
and trabecular architecture. The host response to cancellous autografts can be
described in 5 stages, which overlap and form a continuum. The first two stages,
hemorrhage and inflammation, occur rapidly after the surgical procedure. Many of the
grafted cells die, particularly osteocytes in trabecular lacunae, but surface
osteoblasts survive and produce early new bone. Host vessels, osteoblasts, and
osteoblast precursors then infiltrate the graft, because it is quite porous, from the
periphery toward the centre as early as 2 days after surgery. Osteoclast precursors
are blood-borne (see ‘Osteoclast Differentiation’); therefore, the ingrowth of vessels

marks the beginning of graft resorption [90).
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As the third stage, vascular invasion of the cancellous graft proceeds;
osteoblasts line the edges of dead trabeculae and deposit a seam of osteoid, which
eventually surrounds the central core of dead bone. Subsequently, the graft is
remodeled; that is, the new host bone and entrapped cores of necrotic bone are
gradually resorbed by osteoclasts and replaced with newly synthesized bone by host
osteoblasts (the fourth stage) [90].

Nonvascularized dense cortical autografts, provide structural support and are
somewhat osteogenic, however they revascularize slowly. The delay in
revascularization may be attributed to the structure of cortical bone, the vascular
penetration of the graft is primarily the result of peripheral osteoclastic resorption and
vascular invasion of Volkmann’s and Haversian canals (see figure 1.1). In contrast to
cancellous grafts, whfch are initially strengthened with new host bone formation on
dead, grafted trabeculae, cortical bone becomes significantly weaker as osteoclasts
spearhead the invasion of vessels from the surrounding host bed. Also in contrast to
cancellous bone grafts, large portions of the dead cortical autograft may remain for
significant periods of time. The main source of nonvascularized cortical autograft is the
fibula; although the ilium will provide corticocancellous bone, but the mass and
strength of the cortex is less than that of the fibula [91].

Vascularized cortical autografts provide limited structural support and function
relatively independently of the host bed. None the less, their turnover and remodeling
resemble that of normal bone, and the ingrowth of vascular buds from the host bed is
not necessary for its incorporation. Because vascularized cortical autografts are
implanted with a functional blood supply, their incorporation differs markedly from
that of nonvascularized cortical autografts. When anastomosis of the vessels is a
success, the graft suffers only transient intraoperative ischemia, and over 90% of
osteocytes survive the transplantation procedure. Graft-host union occurs quickly, as

does resorption followed by osteoconduction and remodeling [92].
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The three major sources of vascularized bone autografts are the fibula, iliac
crest, and rib. The fibula may be isolated on its peroneal vessels. The iliac crest graft
uses the deep circumflex iliac artery and vein, and the rib graft uses the posterior
intercostal artery and vein. Although the graft will not be weakened by marked
resorption, it must be supported with appropriate internal or external fixation until it

can remodel in response to the mechanical loading of its new site [92].

1.2.1.2 Allografts

Grafts are remodeled in response to the same local mechanical stimuli as
normal skeletal bone. Allografts of demineralized bone matrix (DBM) are quickly
revascularized, and may be moderately osteoinductive, however they cannot provide
structural support. Imblantation of allogeneic DBM is followed by platelet aggregation,
hematoma formation, and inflammation characterized by migration of poly-
morphonuclear leukocytes into implants within 18 hours. Thereafter, fibroblast-like
mesenchymal cells are attracted to and establish close contact with the implanted
matrix. Interactions between the DBM and mesenchymal cells results in cellular
differentiation into chondrocytes around day 5 after implantation. Chondrocytes
produce cartilage matrix, which is then mineralized. By days 10 to 12, vascular
invasion accompanied by osteoblastic cells is observed, multinuclear cells also
appear, and the chondrocytes begin to degenerate [93].

New bone is formed apposed to the surface of the mineralized cartilage.
Remodeling and replacement of these composite structures with new host bone
ensues. With time and continued remodeling, all of the implanted DBM is resorbed
and replaced with host bone suitable for the environment in which it finds itself.

The source and processing of DBM has a direct effect on its osteoinductive
capacity. For instance, sterilization by ethylene oxide under certain conditions and

2.5 mrad of gamma irradiation both substantially reduce osteoinductivity. An
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1.4 Aims of Thesis

The aims of this thesis were to:

»

Study the distribution of primary markers of bone and marrow tissue using

immunohistochemical analysis.

Investigate the effect of bone allografts, sterilized by different techniques, on

the proliferation and differentiation of culture expanded bone marrow cells.

To enhance the differentiation of bone marrow cells into osteoblastic cells
using three different culture media, including a novel medium endothelium cell

conditioned medium.

To evaluate the genetic response of bone marrow cells, to endothelial cell

conditioned medium.

To establish the optimum method for culturing osteoblastic cells from bone
marrow cells inside type | collagen gels, such that the gels could then be used

to coat bone grafts, or used alone to fill small bone defects.

To establish the best method for growing bone from marrow cells, in organ
cuiture. Thus potentially creating autologous bone suitable for grafting back

into the host.
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Chapter 2

General Methodology
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2.1 Harvesting Bone Marrow

MF1 aduit mice were used in all experiments. Animals were killed humanely
by cervical dislocation. The femora were carefully dissected from the mouse and
excess tissue surrounding the bones removed using tweezers. Two cuts were made
across each femur, one across each metaphysis (see figure 2.1). A 25G needle
(Gibco BRL, Paisley, UK), attached to a 10ml syringe (Gibco BRL, Paisley, UK)
containing approximately 10ml of culture medium, was inserted into the marrow
cavity of the diaphysis and approximately 1-2ml of medium expelled from the syringe.
The force of the medium passing into the marrow cavity pushed the marrow out in
the form of a whole marrow plug. Marrow plugs were then utilised as described in the

relevant chapters.

2.2 Endothelium Cell Conditioned Medium

Bovine aortas were collected from a local abattoir. Fatty tissue surrounding
the blood vessel was removed and segments of aorta small enough to fit into a Petri
dish cut from the central sections of the aortas. The aortas were then opened into flat
sheets, by making an incision along the length the vessels. The inside surface of the
aortas were washed with PBS to remove any blood and the surface of the vessels
scraped very lightly with a scalpel to remove any additional debris. The surface was
scraped once more, a little harder with a new scalpel to remove endothelial cells.
Cells were placed in a universal containing PBS and centrifuged for 5 minutes at
1500 rpm. The pellet was re-suspended in 1ml alpha modification minimum essential
medium eagle (a-MEM) (Gibco BRL, Paisley, UK) supplemented with 10% foetal calf
serum, 2mM L-glutamine, penicillin (10, 000U/100ml), streptomycin (10mg/ml) and

amphoterycin (25ug/ml); and made into a single cell suspension by repeatedly
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Proximal epiphysis

Metiphysis

Diaphysis

Metaphysis

Distal epiphysis

Figure 2.1: Diagram of the femur.
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drawing the solution up into a syringe through a 25G needle (Gibco BRL, Paisley,
UK) and then expelling it.

The resulting single cell suspension was plated out into a 75cm? flask (Gibco BRL,
Paisley, UK) containing 10 ml of supplemented a-MEM. The culture medium was
changed every other day, which removed non-adherent cells, and the culture was
incubated in a humidified atmosphere of 95% air and 5%CO..

Once confluent, the cells were passaged and then plated out in a 24-well
plate (Gibco BRL, Paisley, UK) at a density of 1 cell per well. After a few days
incubation in a-MEM, colonies of endothelial cells were confirmed using antibodies
for endothelial cell markers - von Willebrand factor (AbCam, Cambridge, UK) and
CD105 (Developmental Studies Hybridoma Bank, University of lowa, lowa, USA).
Endothelial cells were plated out into culture flasks and incubated with a-MEM. The
medium was collected from confluent cultures (passages 2 through 10), filtered to
remove any non-adherent cells in the solution and added directly to cultures requiring

endothelial cell conditioned medium.

2.3 Immunohistochemistry

All cultures were fixed for immunohistochemistry in 1-2ml 10% formal-saline
in phosphate buffer (pH7.4) for 24 hours and then dehydrated through increasing
concentrations of ethanol. Collagen gel cultures and organ cultures were embedded
in paraffin wax, and cut into Sum sections. Sections were mounted on glass slides
and heated in an oven overnight to 60°C. The sections were then deparaffinized and
hydrated though xylenes and graded alcohol series to water. Monolayer cultures
were also rehydrated to water and all samples were then washed twice (5 minutes

per wash) with PBS.
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A protease mediated retrieval was required, which entailed treating the
sample with hyaluronidase (1mg/ml) for 1 hour at room temperature. This was
followed by 3, 10 minute washes with PBS. Primary antibody (100 wl) diluted in buffer
containing 1.5% blocking serum (Vector Laboratories Ltd, Peterborough, UK), 0.1%
Tween-20 and 0.1% bovine serum albumin (BSA) in PBS; was added per sample.
Samples were incubated with the primary antibody for 1 hour in a humid atmosphere
at room temperature.

Following incubation, the primary antibody was washed off the samples by 3,
10 minute, washes with PBS. The secondary antibody, prediluted biotinylated
panspecific universal secondary antibody (Vector Laboratories Ltd, Peterborough,
UK) was added for a further 10 minutes before the sections were washed twice in
0.1% tween-20 buffer and finally in PBS (5 minutes/wash).

Ready-to-use streptavidin/peroxidase complex reagent (Vector Laboratories
Ltd, Peterborough, UK) was added for 5 minutes to the samples, and the samples
received a duplicate wash in 0.1% tween-20 buffer and a single wash in PBS (each
for 5 minutes). To visualise the bound antibody, peroxidase substrate solution
(Vector Laboratories Ltd, Peterborough, UK) was added until the desired stain
intensity developed. Sections were rapidly washed in tap water once the desired
intensity of staining was observed, and then counterstained with haemotoxylin, which

was again followed by a rinse with tap water.

2.4 Von Kossa Method

Cultures were fixed, wax embedded and sectioned (if required) and rehydrated to
water as described for immunohistochemistry. The samples were then washed
several times in double distilled water before 1% silver nitrate solution was added.

The samples were left in brightlight for 10-20minutes before being washed 3 times in
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double distilled water. Samples were treated with 2.5% sodium thiosulphate for 5

minutes, to enhance the silver nitrate staining, and washed in tap water.

2.5 Oil Red O Staining

Cultures were fixed and rehydrated to water as described for
immunohistochemistry, and allowed to air dry. A stock solution of oil red o (0.5% oil
red o in 99% isopropranol) was prepared at the beginning of this study, and a 0.3%
working solution of oil red o was made up immediately prior to use (by diluting the
stock solution with double distilled water and then filtering it through a No.46
Whatman filter paper and a 0.2um syringe filter). Cells were immersed in the working
solution for 15-20 minutes and then washed 3 times in distilled water. Under the light
microscope lipid vacuoles appeared bright red relative to other organelles, thus

allowing adipocytes to be identified.

2.6 Autoradiography

2.6.1 Sample preparation

A final concentration of 1uCi/ul of L-[5-*H]-Proline (Amersham Biosciences
UK Limited, Bucks, UK) in culture medium was added to cultures and left overnight to
incubate. Media from the cultures was collected the following day, and the cells
rinsed with PBS. The PBS rinse was also collected and combined with the culture
medium. Protease inhibitors were added to the culture medium-PBS removed
from the cells. A solution (10 ul) containing the protease inhibitors
phenylmethanesulfonyl fluoride (3.5%) and N-ethylmaleimide (12.5%) in ethanol was
added to each ml of medium-PBS removed from the cells. EDTA solution (100ul of
9.3%) was then added to each ml of medium-PBS. Following the addition of the

protease inhibitors 3/7 of the total volume of a 10-15% solution of ammonium
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sulphate was added. The sample, containing medium-PBS, protease inhibitors and
ammonium sulphate; was then distributed between eppendorff tubes (Gibco BRL,
Paisley, UK) at volumes of approximately 1ml/tube. The eppendorff tubes were then
centrifuged for 10 minutes at 125rpm.

The supernatants were removed from the tubes and pipetted into pre-soaked
dialysis tubing. 1mi of 0.5M acetic acid was then used to suspend the precipitates,
which were then added to another dialysis tube. Both dialysis tubes were added to a
bucket containing 5L of 0.2M acetic acid which was refrigerated at 4°C. The acetic
acid in the bucket was changed daily for 4 days.

After dialysis the solutions from each dialysis tube were pipetted into separate
universals (Gibco BRL, Paisley, UK). The quantity of radioactivity in each sample
was assessed using a scintillation counter, and aliquots each containing 20,000
counts per minute made from the samples. The aliquots were frozen for around 1
hour at —20°C, and then for a further hour at —-70°C. The aliquots were placed in a
freeze drier over night and once desiccated, the samples were placed in a freezer

and kept at —20°C.

2.6.2 SDS-PAGE

Sample buffer (10-15ul), made up from a stock solution of 0.05%
bromophenol blue and 10.9% sodium dodecylsulphate (SDS) in 6.25% 1M tris buffer
(pH 6.8); was added to each eppendorff of desiccated dialysis sample. The
rehydrated samples were then heated in a beaker containing boiling water for 5
minutes, before being loaded; alongside molecular weight markers; into a 15%
polyacrylamide gel containing 0.09% bisacrylamide and 0.1% sodium
dodecylsulphate. The gel was electrophoresed using Laemmli’s continuous buffer

system [95].
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Gels were fixed in 30% methanol-10% acetic acid, and soaked in a solution of
2,5-diphenyloxazole (PPO) in dimethylsulphonate (Amersham Biosciences UK
Limited, Bucks, UK). The polyacrylamide gels were then dried for approximately one

hour in a vacuum drier in which the gel was supported on Whatman 3MM paper.

2.6.3 Detection of *H-labelled Collagens

To detect the radioactivity being released by the collagens in the dried
polyacrylamide gels, RP Royal ‘X-Omat” film (Amersham Biosciences UK Limited,
Bucks, UK) was placed in contact with the gel and exposed at —=70°C. The film was
pre-exposed to a brief flash of light to increase its sensitivity before it was secured to
the gel between clamped glass plates. Light was excluded by wrapping the film-gel
sandwich in a black plastic bag.

After exposure, the film was allowed to warm up to room temperature, and
then unwrapped in a dark room. The film was placed in a developer tank for 5
minutes containing Kodak GBX developer (Amersham Biosciences UK Limited,
Bucks, UK), removed and washed in water for 30 seconds. The film was then placed
in a fixer tank for 5-10 minutes, containing Kodak GBX fixer (Amersham Biosciences
UK Limited, Bucks, UK). The film was washed once more in water for 5-10 minutes
and then hung with a clip to dry.

Alpha particles from °H, incorporated into the collagen molecules, interact
with the 2,5-diphenyloxazole emitting light which causes local blackening of an X-ray
film. The approximate molecular weight of the bands produced on the film, by
collagen molecules in the sample, were compared to the bands of the molecular

weight markers in the original gel.
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2.7 Isolation of total RNA from mouse bone
marrow monolayer.

Cells were enzymatically released by trypsin (0.05%)-EDTA (0.02%) and
counted. Cells (4x10°) were transferred to RNase-free polypropylene centrifuge
tubes (Quiagen Ltd, Sussex, UK) and the cells pelleted by centrifugation at 300 x g
for 5 minutes. The supernatant was completely aspirated.

The cells were then treated using the RNeasy mini kit (Quiagen Ltd, Sussex,
UK). Cells were disrupted by vortexing the cells with 350ul buffer RLT. The sample
was then homogenised by centrifuging the lysate for 2 minutes at maximum speed in
a QlAshredder spin column placed in a 2ml collection tube. One volume of 350ul of
70% ethanol was added to the lysate, and mixed well. Up to 700ul of the sample,
including the precipitate formed after the addition of ethanol, was added to an
RNeasy mini column placed in a 2ml collection tube. The tube was centrifuged for
15s at 28000 x g, and the flow through discarded.

The RNase-free DNase set (Quiagen Ltd, Sussex, UK) was then used, which
entailed adding 350ul buffer RW1 into the RNeasy column, and centrifuging for 15s
at = 8000 x g to wash. The flow through was discarded and 80ul Dnase | incubation
mix added directly onto the RNeasy membrane. The sample was allowed to incubate
for 15 minutes with the incubation mix. 350ul of buffer RW1 was then added onto the
RNeasy mini column, which was centrifuged for 15 seconds at 8000 x g. The flow
through was then discarded.

The RNeasy column was transferred to a new 2ml collection tube and 500ul
of buffer RPE (RNeasy mini kit) added onto the RNeasy column. The tube was then
centrifuged for 15 seconds at =8000 x g to wash the column. The flow through was
discarded and another 500ul buffer RPE added to the RNeasy column. The tube was

centrifuged for 2 minutes at 28000 x g to dry the RNeasy membrane. The RNeasy
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column was placed in a new 2ml collection tube, and the old collection tube with the
flow-through discarded. The new collection tube was centrifuged at full speed in a
microcentrifuge for 1 minute. To elute the RNA, the column was transferred to a new
1.5ml collection tube and 30-35ul RNase-free water added directly onto the RNeasy
membrane. The tube was centrifuged for 1 minute at =8000 x g to elute. The eluted
sample was then sent to the Microarray centre, Imperial College, London for

microarray analysis.

2.8 Preparation of rat tail type | collagen

Tails were collected from approximately 10 rat cadavers. The tail skin was cut
from base to tip and the tendon and bone removed. The tip of the tail was then
clamped in a pair of strong tweezers and at every ~2-3cm along the tail the bone was
broken and the strands of tendon removed. The tendon pieces were placed in 100ml
PBS at 4°C for 15 minutes, and blotted dry on filter paper. The tendon was weighed,
suspended in 0.5M acetic acid (2mg tendon/ml) and allowed to stir for 24 hours. The
tendon-acetic acid solution was centrifuged at 2000rpm for 15 minutes, the
supernatant was removed and an equal volume of 20% NaCl solution added. The
solution was left overnight at 4°C to stir and then centrifuge at 2000rpm. The
supernatant was removed and the remaining pellet weighed. The pellet was re-
suspended in 0.5M acetic acid (4mg/ml) and allowed to stir overnight at 4°C. The
solution was divided between 3 dialysis tubes which were placed in double distilled
water to dialysed for two days. The contents of the dialysis tubes were then frozen in
a —20°C freezer overnight and then freeze dried. The dessicated sample (type |
collagen) was weighed and re-suspended in filter sterilised 0.1M acetic acid
(1mg/ml). The resultant collagen solution was then stored at 4°C in preparation for

making collagen gels.
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2.9 Statistics

All data was expressed as mean t standard deviation from the mean (SD)
unless otherwise stated. Cultures grown in Biggers medium and endothelium cell
conditioned medium were compared to cultures grown in control medium (aMEM)
using a one-way analysis of variance ANOVA test. The statistical analyses were
carried out in Microsoft excel software. Significant differences were identified at the

Bonferroni 95% confidence interval.

2.10 General Materials

All chemicals and reagents were obtained from Sigma, UK and dissolved in

double distilled water immediately prior to use unless otherwise stated.
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Chapter 3

Immunohistological Features of Mouse Bone and

Marrow
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3.1 Introduction

3.1.1 Stem Cells

The cells of most skeletal tissues, are derived from multipotent mesenchymal
stem cells (MSCs). MSCs give rise to all of the skeletal elements during
development, and remain present in low numbers in sites such as the bone marrow
throughout life. It is these cells that can differentiate into bone, cartilage, and fibrous
tissue following a bone graft or fracture and generate a reparative callus. Several
markers putatively specific for MSCs have been reported, one such marker is

STRO1.

3.1.1.1 STRO-1

STRO-1 has proven to be an extremely valuable reagent for the identification,
isolation and functional characterisation of MSCs [95]. STRO-1 identifies a cell
surface antigen expressed by MSCs in bone marrow [96]. When plated under long-
term bone marrow culture (LTBMC) conditions, STRO-1(+) cells generate adherent
cell layers containing multiple stromal cell types, including adipocytes, smooth
muscle cells and fibroblastic elements [97]. Gronthos et al in 1994, demonstrated
that STRO-1(+) cells from adult bone marrow were capable of differentiating into
functional osteoblasts and that osteoprogenitors are also present in the STRO-1(+)

population [97].

3.1.1.2CD34

In addition to the MSCs, hematopoietic stem cells (HSC) reside in bone
marrow. HSCs represent a small subset of haematopoietic cells within the bone
marrow. They possess differentiation capacity, like mesenchymal stem cells, which

allows a constant supply of the entire hematopoietic spectrum. CD34 is used as a
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convenient marker for these cells. CD34(+) cells have been shown to possess
colony-forming potential in short-term assays, maintain long-term colony-forming
potential in in vitro cultures and allow the expression and differentiation of blood cells
from different hematopoietic lineages in in vitro models [98]. This antigen will be used
to distinguish hematopoietic stem cells from mesenchymal stem cells in in vitro

cultures.

3.1.2 Osteogenesis

There are a number of phenotypic parameters that characterize the
osteoblast. The extracellular matrix structural proteins are one set of phenotypic
parameters that define the osteoblast. These bone matrix proteins include type |
collagen; and a variety of noncollagenous proteins such as osteocalcin, osteopontin,

osteonectin, and proteoglycans.

3.1.2.1 Type | collagen

The major matrix protein synthesised by osteoblastic cells, which comprises
more than 90% of the organic matrix of bone, is type | collagen. Type | collagen is
constructed in the form of a triple helix of two identical a1(l) chains and one u