
Influence of growth rate on the immature skeleton

BY

DIANNE HAMILTON MURRAY, BSc (HONS).

Thesis Presented For The Degree OfDoctorOfPhilosophy
In the

Faculty OfMedicine & Veterinary Medicine OfThe University ofEdinburgh
2005

I



DECLARATION

I declare that this thesis was composed by myself and has not been presented in any
previous application for a degree. Help given by others has been acknowledged and
all sources of information have been specifically referenced.

Dianne Murray

II



ACKNOWLEDGEMENTS

I would like to thank Professor Hamish Simpson and Dr Colin Farquharson, my

supervisors for this project. In particular, Dr Colin Farquharson for obtaining the

initial funding from BBSRC and his support and encouragement throughout. A big

thank you must go to Avigen, Midlothian, for their supply of day old chicks, without

which this project would of been impossible. I would also like to acknowledge

British Poultry Science for travel funding to the ECTS conference in Rome 2003 and

the Biochemical Society for travel funding to the ASBMR conference in Seattle

2004.

Thanks to Dave Waddington and Heather McCormack for their patience while I

attempted to grasp the fine art of statistics. Thanks also must go to Nigel Loveridge

who was always at the end the phone with his support and advice on various aspects

of the project. Advice and help were received from many of the staff in our

department at Roslin Institute. Special thanks to Bob Fleming for advice and help

with image analysis packages and polarised microscopy. Thanks to Elaine Seawright

for my introduction to cell culture and Heather McCormack and Lynn Mcteir for

their time and help during injection administrations. Thanks to Graham Robertson

for the instruction in confocal microscopy, and a huge thanks to the staff of the

poultry department who looked after my chickens.

Finally, I would like to say a big thank you to my partner, family and friends who

were always there with support and encouragement.

Ill



List of Abbreviations

ALP alkaline phosphatase

ARF activation, resorption and formation

BMU basic multicellular unit

BrdU 5 -bromo-2-deoxyuridine

BSP bone sialoprotein

CMFDA celltracker green

CSMI cross sectional moment of inertia

dH20 distilled water

EthD-1 ethidium homodiner-1

FBS fetal bovine serum

FGF fibroblast growth factor

GLAST glutamate/aspartate transporter

IGF-1 insulin-like growth factor -1

LCM laser capture microscopy

MCSF-1 macrophage colony stimulating factor-1

NMDA N-methyl-D-aspartate (glutamate receptor)

NO nitric oxide

NOS nitric oxide synthase

eNOS endothelial nitric oxide synthase

iNOS inducible nitric oxide synthase

nNOS neuronal nitric oxide synthase

ODF osteoclast differentiation factor

IV



OHP hydroxyproline

OPN osteopontin

OPG osteoprotegrin

OPGL osteoprotegrin ligand

PBS phosphate buffered saline

PTH parathyroid hormone

RANK receptor activator ofnuclear factor-kappa P

RANKL receptor activator ofnuclear factor-kappa p ligand

RT room temperature

TRAP tartrate resistant acid phosphatase

TNF tumour necrosis factor

V



PUBLICATIONS AND PRESENTED ABSTRACT
IN SUPPORT OF THESIS

REFEREED ARTICLES

1 Williams BG, Waddington D, Murray DH, Farquharson C (2004). Bone
strength during growth: Influence of growth rate on cortical porosity and
mineralization. Calcified Tissue International 74 (3):236-245

CONFERENCE ABTRACTS

1 Murray DH, Williams BG, Waddington D, Farquharson C (2002). Bone
strength during growth: Influence of growth rate on cortical bone porosity
and mineralisation. IX Congress of the International Society ofBone
Morphometry Edinburgh, Edinburgh J. Bone Min. Res. 17:946.

2 Murray DH, Loveridge N, Williams BG, Waddington D, Farquharson C
(2002). Influence of growth rate on cortical bone porosity, and strength in
the immature skeleton. Bone and Tooth Society, Cardiff. Bone and Tooth
Society, Cardiff. J. Bone Min. Res. 17:1324

3 Murray DH, Williams B, Loveridge N, Waddington D, Farquharson C
(2002). Osteocyte formation and reduced bone strength during rapid growth.
24th Amer. Soc. Bone Min. Res. San Antonio, USA . J. Bone Min. Res.
17:S242.

4 Murray, DH., Loveridge, N. & Farquharson C (2003). Cortical porosity
during fast growth in the immature skeleton:the role of periosteal osteoblast
proliferation. Bone and Tooth Society Annual Meeting, Sheffield, July 9-11
2003. Journal ofBone and Mineral Research Vol.18 7, pp 1367.

5 Murray, DH., Loveridge, N., Waddington, D., Farquharson C (2003).
Cortical porosity during fast growth in the immature skeleton: The role of
periosteal osteoblast proliferation and differentiation rates. 30th European
Symposium on Calicified Tissues, 8th-12th May, 2003, Rome, Italy.
Calcified Tissue International Vol. 72, pp 437, abstract P-421.

6 Murray DH, Williams BG, Waddington D, Farquharson C (2003). Bone
formation during rapid growth in the immature chicken:effects on
mechanical properties, mineralisation and cortical porosity. Comparative
Endocrinology of Calcium Metabolism Symposium June 2-3, Osaka, Japan.

VI



7 Murray DH and Farquharson C (2004). Osteoblast characterisation and
gene expression during fast growth in the immature skeleton. Bone and
Tooth Society Annual Meeting, Oxford, June 29-30.

8 Murray DH and Farquharson C (2004). Osteoblast Gene Expression
Profiles During Growth of the Immature Skeleton. 26th Amer. Soc. Bone
Min. Res. Seattle, USA, Oct 1-5.

VII



Summary

Bone architecture adapts to withstand the loads placed upon it. In response to

increased loads during growth, bones circumferentially expand to increase their

diameter through the incorporation of periosteal blood vessels and the formation and

infilling of primary osteons. However, the influence of growth rate on bone

architecture in the immature skeleton is not fully understood.

To investigate how bone architecture is modulated by growth rate, morphometric,

biochemical and genetic comparisons were made between tibiae from broiler

chickens with either fast or slow growth potentials.

Both strains of chickens were kept under identical conditions, and fed ad-

libitum standard broiler feed. Tibiae were removed and tested by three-point bending

to determine stiffness and breaking strength and cross sections of the tibia were

examined histomorphologically. Bone stiffness and breaking strength were higher in

the rapidly growing birds, but after adjustment for body weight the bones were

inherently weaker. Cortical porosity periosteally, but not endosteally, was increased.

Sections reacted for ALP and TRAP activity, and others stained for cement (reversal)

lines indicated the absence of primary osteon remodelling in the periosteal region.

This suggests that the increased periosteal porosity is due to slower infilling of the

primary osteons in the rapidly growing birds. To directly quantify the rate of osteon

infilling, tibiae were removed from 21-day-old chicks, which had been double

labelled with calcein (80 and 8 h before death). The mineral apposition rate was

higher in the slow growing chickens, and confirmed the previous histomorphometry

results. Osteocyte density within the circumferential lamellae of the cortical bone
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was higher in the rapidly growing birds but unchanged within the newly laid down

bone of the primary osteons.

Immunohistochemical staining of cortical bone sections from chickens

injected with bromodeoxyuridine located proliferating pre-osteoblast cells to the

osteogenic layer of the periosteum. A lower labelling index in the rapidly growing

birds was seen across four circumferential areas of the periosteum (anterior = fast

growing area, posterior = slow growing area, medial and lateral = intermediate

growing areas), even though the osteogenic layer of the periosteum was thicker in the

fast strain. Blood vessel numbers within the periosteum was similar between strains

but differed between regions habitually loaded in tension (anterior) or in compression

(posterior).

Osteoblasts were grown and expanded in culture from explants of tibia

cortical bone (periosteum removed) of 21-day-old birds of both strains (n=4/strain).

Osteoblast proliferation was determined by tritiated-thymidine uptake and

differentiation by alkaline phosphatase (ALP) activity. At pre-confluency, cell

proliferation was higher in the slow growing birds, but this pattern was reversed at

confluency and post confluency which was a likely consequence of impairment of

proliferation by contact inhibition in the slow growing strain. ALP activity was only

detected at post-confluency and was higher in the fast growing strain. Osteoblastic

gene expression was determined by RT-PCR and quantified by densitometry. A

higher level of osteopontin, and bone sialoprotein expression (BSP) was observed in

the slow growing birds. Whereas Runx2 and the serotonin receptor, considered to

have a role in mechanoregulation, were more highly expressed in the fast chickens.

In conclusion, fast growth resulted in the expected circumferential expansion to

increase bone bending strength. Fast growth was accompanied by increased porosity
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resulting from the rapid formation ofprimary osteons and the incapacity of

osteoblasts to completely infill the resultant canal. However, periosteal interstitial

bone of the fast growing birds had a higher osteocyte density suggesting that the lack

of infilling was not due to a decrease in osteoblast number. No evidence was

obtained to suggest that osteonal remodelling or periosteal blood vessel number were

a determinant for primary osteon size. However, the lower labelling index at the

periosteum and increased osteocyte density within the circumferential lamellae of the

fast strain suggests an increase in transit time through the osteoblast lineage at the

periosteal surface. In vitro, osteoblast proliferation was faster in the slow growing

birds whereas differentiation was slower. This is in accord with the previous

hypothesis that the fast growing birds are characterised by an increase in transit time

through the osteoblast lineage, which may be driven by the high levels ofRunx2

expression. Osteopontin and BSP are associated with mechanical loading but the

significance of the lower expression levels in the fast growing birds requires further

study. However, the up regulation of serotonin expression may reflect the greater

loads experienced in the fast growing birds in vivo.
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Chapter 1 Introduction

1.1: General introduction

Bone function

Bone is a highly specialised connective tissue providing support and mechanical

integrity, and supply of inorganic ions associated with mineral homeostasis (Bab and

Einhorn 1994). To adequately fulfil structure and function relationships, bone is

constantly being broken down and rebuilt in a process known as remodelling. The

cellular link between bone forming cells; osteoblasts, and bone resorbing cells;

osteoclasts, is known as coupling. Bone formation and resorption are linked, but

when the balance is upset between the two, this leads to disease. Under normal states

of bone homeostasis bone will be laid down where needed, such as at the areas of

high mechanical loading/strain, and removed from areas where there is a low

mechanical need. Moreover, in the immature skeleton, bone modelling is highly

significant, where upon the long bones must adapt to the growing body. This is done

by customising the geometry of the bones as the animal grows, adapting to the

continually changing mechanical load placed upon it. Therefore, bone as a

specialised connective tissue, is well designed with the ability to process mechanical

and physiological signals and transfer these into cellular and chemical reactions.

1.2: Bone composition

Bone is composed of two phases, organic and inorganic. By weight approximately

seventy percent is mineral/inorganic, twenty-two percent extracellular

matrix/organic, and the final eight percent water. Of the mineral phase ninety-five

percent of this is composed of crystalline hydroxyapatite, (Rosenberry et al 1931)

which with its endogenous impurities make up the final five percent. Ninety-eight

percent of the extracellular matrix is composed of Type I collagen, with the final two
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Chapter 1 Introduction

percent being made up of noncollagenous proteins and cells, (Einhorn 1996). The

extracellular matrix of bone plays the role of determining the structure, mechanical

and biomechanical properties of the tissue. A high proportion ofmature cortical bone

by weight is collagen, with approximately eleven percent being non-collagenous

organic material (Herring 1972), such as proteoglycans, glycoproteins, plasma

proteins, peptides and lipids.

1.2.1: Collagen

Collagen occurs in all multicellular animals and is the most abundant protein of

vertebrates making up approximately thirty percent of the body protein. It is

organised into insoluble fibres of great tensile strength which suits collagen in its role

as the major stress bearing component of connective tissues such as bone, teeth,

cartilage, tendon, ligament and fibrous matrices of skin and blood vessels (Voet and

Voet 1995). It has also been recognised as having several biological roles such as cell

attachment (Kleinman et al 1981), platelet aggregation (Morton et al 1987),

morphogenesis and development (Adamson 1982) and chemotaxis (Postlethwaite et

al 1978) amongst others. A collagen molecule is 300nm long, with a triple chain

helix, containing 1011-1042 amino acid residues per polypeptide chain (a chain),

with the triple helical structure being responsible for its characteristic tensile

strength. Each chain has a repeating amino acid triplet sequence of Gly-X-Y, where

the X and Y residues are frequently proline and hydroxyproline, with hydroxyproline

restricted to the Y position because of the specificity of prolyl hydroxylase. The

repetitive triplet structure is essential for the helical formation, with glycine being the

only amino acid small enough to be accommodated in the interior of the helix

(Robins 1988). The presence of proline and hydroxyproline in the a chains increases
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Chapter 1 Introduction

the stability of the triple helix. The variety of other amino acids which occupy the X

and Y positions decrease the helix stability, but are essential for the assembly into

fibrils (Vaughan 1981). There are at least fifteen different variations of the molecule

resulting from genetic polymorphism in the collagen molecule, with the major forms

appearing in bone and cartilage being type I and type II, respectively. The collagen I

molecule in bone is composed of two slightly different types of a chains with

different amino acid sequences, these being ai(I) (2 chains), and a2(I) (1 chain)

(Robins 1988). Collagen type I and II are synthesised by osteoblasts and

chondrocytes, respectively as part of longer pro-collagen molecules containing

additional pro-peptides. The pro-collagen molecules are firstly secreted into the

matrix, where further processing cleaves the pro-collagen molecule leaving the

collagen molecule, which spontaneously assemble into fibrils (Fig 1.1). New

collagen fibres are stabilised by cross-links formed by the action of lysyl oxidase on

lysine and hydroxylysine residues, eventually maturing into trivalent structures:

pyridinoline, incorporating a hydroxylysine residue, and deoxypyridinoline

incorporating a lysine residue (Farquharson et al 1989, Calvo et al 1996). The ratio

of the pyridinoline to deoxypyridinoline in bone is 4:1 (Eyre et al 1988).

Within the collagen fibril there are gaps called "hole zones" between the end of one

fibril and the start of a new fibril. It is within these gaps that non-collagenous

proteins or minerals are found and mineralisation of the extracellular matrix is

thought to start from these points, (Lodish et al 1996). The mineral phase is mainly

composed of calcium and phosphorous, forming a crystalline hydroxyapatite, present

as a plate like structure.
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Chapter 1 Introduction

Figure 1.1 Collagen monomers are formed (a), which combine into a collagen fibril
triple helix (b), and these collagen fibrils form up outside the cell (c).

1.2.2: Non-collagenous Proteins

1.2.2.1: Osteopontin (BSP-1)
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Chapter 1 Introduction

Osteopontin (OPN) is a major non-collagenous protein found in bone, it is an acidic

glycoprotein and is also found in breast milk, serum, endometrial glands of secretory

phase uterus and several tissues of the developing ear (Butler 1989, Young et al

1990). OPN is an acidic protein of about 300 amino acids of 44 kDa in size (Butler

1989, Miyazaki et al 1990). The overall amino acid homology between several

species is high, including a stretch of seven to nine residues of Asp-Glu, which may

represent a calcium or hydroxyapatite binding site. OPN is known to bind covalently

to collagen type I and to fibronectin via transglutamination, and it is this

transglutamination which increases the OPN binding to collagen type I (Beninati et

al 1994). OPN has the ability to mediate cell attachment suggesting it could

determine tissue organisation and cell migration, and the high negative charge on the

protein may help create a permeability barrier, acting as a buffer to calcium levels

(Denhardt and Prince 1993). Study of OPN at the cellular level during sub-periosteal

bone formation, indicates that it is produced by osteoblasts making it a late marker of

osteoblastic differentiation, and an early marker ofmineralisation (Strauss et al 1990,

Robey et al 1992). It has been suggested that osteocytes also express OPN (Noble

and Reeve 2000), when they are exposed to mechanical stress (Terai et al 1999).

Osteoclasts also express OPN when absorbing bone in osteoarthritis (Dodds et al

1995) with OPN being observed underneath the clear zone involved in the

attachment of the osteoclast to the bone matrix (Reinholt et al 1990). OPN

expression is regulated by mechanical stress, whereas OPN itself is involved in bone

resorption and possibly bone formation, and therefore suggests OPN plays one or

more roles in the response to mechanical loading (Noda and Denhardt 2002). OPN

has also been reported to be an inhibitor of hydroxyapatite formation (Hunter et al
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Chapter 1 Introduction

1994), by blocking crystal elongation (Boskey et al 1990) thus inhibiting

mineralisation.

1.2.2.2: Bone sialoprotein (BSP-1I)

Bone sialoprotein (BSP) is a heavily glycosylated extracellular matrix protein,

making up ten to fifteen percent of the non- collagenous proteins in the mineral

compartment of developing bone. Phosphorylated non-collagenous proteins are

found in all vertebrate mineralised tissue and have been hypothesized to play a role

in initiating or controlling the distribution of mineral in the extracellular matrix

(Glimer 1989). Numerous phosphorylated polypeptides have been found in chicken

bones, ranging from 6-150 KDa (Lee and Glimer 1981, Uchiyama et al 1986,

Ymazuki et al 1989), and data suggests that at least two genetically distinct

phosphoproteins are present in chicken bone (Uchiyama et al 1986, Ymazuki et al

1989, Gotoh et al 1990). A glycosylated phosphoprotein with molecular weight mass

of 44 KDa was found to be osteopontin (Fisher et al 1990, Gotoh et al 1990), and the

second phosphorylated protein isolated with a molecular weight of 60 KDa was bone

sialoprotein (Fisher et al 1987, Gotoh 1990). In man and cow, BSP protein contains

about fifty percent carbohydrate (12% is sialic acid) and stretches of polyglutamic

acid (polyaspartic acid in osteopontin), and has no disulphide bonds (Fisher et al

1983, 1987). Both rat and human (Oldberg et al 1988, Fisher et al 1990), cDNA

show an Arg-Gly-Asp (RGD) tripeptide which is known to support cell attachment

through the integrin receptor (Rouslshti and Pierschbacher 1987). Rat BSP binds to

the vitronectin receptor (Oldberg et al 1988) and human BSP supports cell

attachment through RGD mechanism in vitro (Somerman et al 1988). BSP has many

of the properties of the cell attachment domain of fibronectin or vitronectin. It
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Chapter 1 Introduction

appears to be relatively specific to the skeleton and found in osteoblasts, osteocytes,

osteoclasts and hypertrophic chondrocytes, and supports cell attachment and cell-cell

interactions (Fisher 1993). BSP is relatively unique to mineralising tissues, (Oldberg

et al 1989, Fisher et al 1990) expressed only by cells forming a mineralised matrix,

with expression highest during early matrix mineralisation (Ibaraki et al 1992). This,

together with the observation that it acts as a hydroxyapatite nucleator (Hunter et al

1993) has lead to the opinion that BSP is considered to be involved in the

mineralisation process.

1.2.2.3: Osteonectin

Osteonectin, a prominent constituent of bone; is a glycoprotein which binds Ca2+,

and is 32 kDa in size. It is also known as "secreted protein, acidic and rich in

cysteine" (SPARC) (Mason et al 1986). Osteonectin has the ability to complex with

collagen type I and hydroxyapatite to nucleate hydroxyapatite deposition within bone

(Termine et al 1981), but has also been found expressed in non-osteogenic tissues

(Sage et al 1984, Wasi et al 1984). Varying amounts of osteonectin are found in

different mineralised tissues (Tung et al 1985), and in the same mineralised tissues of

different species (Zung et al 1986), indicating that the protein associates with

preformed mineral in amounts that reflect access to the mineral by the protein

(Domenicucci et al 1988). The protein sequence determined from the mouse species

has ten exons and four distinct domains (Engel et al 1987, McVey et al 1988). The

first domain is formed with exon three and four encoding for an N-terminal domain

which has two glutamate rich segments which can bind more than eight Ca2+ ions.

The second domain is formed from exons five and six, which is rich in disulphide

bonds and gives stability to the protein. The third domain is formed from exons
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Chapter 1 Introduction

seven and eight and is predicted to have an a-helical conformation susceptible to

proteolysis. The fourth domain is formed from exon nine and ten which contains a

single high affinity EF-hand which binds Ca2+ with a characteristic helix-loop-helix

structure (Engel et al 1987). It is considered that all Ca2+-binding sites will be fully

occupied at physiological concentrations of Ca2+ and therefore osteonectin is

unlikely to be involved in Ca2+ regulation (Engel et al 1987). Osteonectin can

compose up to fifteen percent of the non-collagenous proteins in bone depending on

the developmental age and the animal species. Expression in adult tissue is limited to

cells associated with mineralised tissue such as osteoblasts, hypertrophic

chondrocytes, and odontoblasts, and knock-out mice deficient in osteonectin develop

osteoporosis (Delany et al 2000).

1.2.2.4: Osteocalcin

Osteocalcin was the first bone matrix protein to be isolated and makes up

approximately 15 % of the non-collagenous protein in bone. However this level

varies depending on the animal species (Conn and Termine 1981). The protein has a

molecular weight of 5.3 KDa, and contains one disulfide bond and three-five

residues of y-carboxy glutamic acid, with the number dependent on animal species

(Hauschka et al 1975). Osteocalcin is synthesised by both osteoblasts and osteocytes

and is considered to be a marker of osteoblastic function (Aronow et al 1990) as well

as a coupler for osteoblast-osteoclast action. Osteocalcin has also been reported to be

important for induction of the osteoclast phenotype (Liggett et al 1994). Osteocalcin

is expressed late in osteoblast differentiation, making it difficult to identify

transcription factors acting at early stages.
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Chapter 1 Introduction

1.3: Bone organisation

1.3.1: Growing bones

The skeletal system incorporates cartilage, ligaments, tendons, and other structures

which hold the bones together and stabilise them. The skeleton is composed of two

types, the axial skeleton incorporating vertebrae, pelvis and other flat bones, and the

appendicular skeleton incorporating all long bones. Growing long bones, (Fig 1.2)

formed by a process called endochondral ossification are comprised of three

anatomical regions, epiphysis, metaphysis, and diaphysis. The epiphysis is at both

proximal and distal ends of the bone. It is separated from the rest of the bone by

growth cartilage. Below and juxtaposed is the metaphyseal region which in turn is

joined to the main body of the bone; the diaphyseal region. It is the metaphyseal

region where development and remodelling takes place (Einhorn 1996).

Developing
periosteum

Remnants of
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Cartilaginous
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Calcified
cartilage

(a)
(b)

Compact
bone
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ossification bone
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Figure 1.2 Endochondral bone development of long bones. Source
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10



Chapter 1 Introduction

1.3.2: Woven and Lamellae Bone

There are two types of bone, woven and lamellar. Woven bone is new, primitive or

immature bone, found at growing areas of the skeleton, within the embryo and

newborn, at fracture sites and within certain bone tumours (Einhorn 1996). Woven

bone is course fibred with no uniform orientation of the collagen fibres. The

osteocyte cell number per unit volume of bone is higher than that of lamellar bone,

with the mineral content and cells being randomly arranged. This is replaced later by

the more permanent lamellar bone. Woven bone is also associated with rapid bone

formation and a special type of this, medullary bone, is present in the marrow cavity

of egg-laying female birds (Bloom et al 1941).

Lamellar bone is a more highly organised material and is formed slowly with parallel

layers or lamellae comprising of an anisotropic matrix of mineral crystals and

collagen fibres. Collagen fibres exist in two very different "plywood" architecture

forms. The first of these is the classical view of lamellar bone, where collagen fibres

run parallel in each lamella and change direction by ninety degrees at the lamellar

interface. So that as the lamella builds up, the layers of collagen are put down in one

orientation, then when the next lamellar layer is started, the collagen fibres are laid

down at right angles to the previous layer (Giraud-Guille 1988) (Fig 1.3).

As a result of this, lamellar bone has certain properties, in that mechanical behaviour

differs depending on the orientation of the applied forces. Moreover, its ability to

resist loads is greatest when the forces are applied in parallel to the longitudinal axis

of the collagen fibres. The second view is when the collagen fibres continuously

change direction so that no individual lamellae are seen. The bone still shows

lamellar structure as the collagen fibres rotate through one-hundred and eighty

degrees. Both lamellae types of architecture are found in human cortical bone, but
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distribution and interspecies variation have not been determined (Giraud-Guille

1988). Both forms have birefringence, in that the fibrous structures interact with

polarised light. Lamellae are formed at the periosteum (outside edge), endosteum

(inside edge) of the bone and also forming osteons. Osteons are lamellae structures

which incorporate Haversian canals (see section 1.3.3). Using polarised light, osteons

have been categorised depending on the bright and dark lamellae (corresponding to

their collagen fibres exhibiting mostly circumferential, alternating, or longitudinal

orientation) (Ascenzi and Bonucci 1967) (Figl.4).
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Figure 1.3 Diagram of helicoidal plywood structure. Three dimensional structure (a),
effects of arches when an oblique section cut (b) as shaded plane in a, seen in an
oblique section formed by helicoildal lamellae (c).
(Reproduced from Neville 1984)
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Figure 1.4 Three osteon types as defined Ascenzi and Bonucci. The top diagrams
show hypothesized fibre arrangements and the bottom micrographs show appearance
in polarised light. Transverse fibre orientation (a), alternating fibre orientation (b),
longitudinal fiber orientation (c).
(Modified from Ascenzi and Bonucci 1967).

1.3.3: Bone Types Found in Long Bones

When a long bone is cut open transversly, two types of bone can be seen, one type of

low porosity, cortical bone, and one type of high porosity, trabecular bone (Fig 1.5).

Cortical bone is dense and forms a shell around the trabecular bone, with generally

four times the mass of trabecular bone, but with a slower metabolic turnover rate.

Cortical bone is composed of dense lamellae with three types of canals found within

it. The first being Haversian canals named after Clopton Havers (1691). These are

aligned with the long axis of the bone and contain capillaries and nerves, varying in

cross-sectional shape from circular to oval.
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Figure 1.5 Micro structure ofbone morphology

The Haversian network follows a gentle spiral around the axis of the bone in a

clockwise direction on the left sided bones, and counter clockwise of right sided

bones (Cohen et al 1958). Their length, calibre and density are strictly dependent on

the nature of the bone they pass through, and on bone turnover processes, species and

age (Marotti and Zallone 1980). The second type of canal are Volkmann's canals,

named after Richard von Volkmann (1830-1889) which link Haversian canals
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transversley and contain blood vessels and nerves (Cohen et al 1958, Martin et al

1998). The third type of canal are resorption cavities which are temporary spaces

created by osteoclasts in the first stages of remodelling.

Cortical bone can be formed in several ways. Firstly as primary bone, where

tissue is laid down on the periosteal or endosteal surfaces of existing cortices. There

are two types of primary bone, circumferential lamellar bone, where the lamellae are

laid down parallel to the bone surface. Primary osteons are formed within this by the

incorporation of blood vessels from the periosteal surface. Longitudinal depressions

form at the periosteal surface at the areas where blood vessels sit. These then become

covered by more bone, so trapping the blood vessel within the bone. The resultant

hollow cylinder contains blood vessels, nerves and osteoblasts which then form

further rings of lamellae within the hollow, forming circular primary osteons. These

are all part of the Haversian system, adding strength to the bone, and the formation of

these structures demonstrate the continuity of the envelopes and establish that the

origin of the osteonal endosteum, is originally from the periosteum (Banks 1986)

(Fig 1.6). Plexiform bone is also primary bone, in which the rate of formation is

greatly increased by continual construction of a trabecular framework on the

periosteal surface with subsequent in-filling of the gaps between the trabeculae. This

gives a brickwork appearance. This leaves a structure which is a mixture of woven

and lamellar bone, and is viewed as a "brick wall" appearance. This is typical of fast

growing animals such as cows, and has also been seen in racehorses that have been

put under huge stresses and require more fatigue resistance (Stover et al 1992).

However plexiform bone has not been seen in chickens even though they are a much

faster growing species. This may be due to the differences between mammals and

avian species.
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Figure 1.6 A diagram of primary osteon formation around a blood vessel at the
periosteal surface.
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Cortical bone can also be formed as a result of resorption of existing bone, with the

replacement by new lamellar bone, this is know as secondary bone and the process

known as remodelling. A prerequisite for secondary bone formation is the existence

of a tunnel within the cortical bone. Using the primary osteon tunnels, the removal of

the bone from the inner surface by osteoclasts, results in the expansion of the original

limits of the primary osteon. The limit of expansion then becomes defined by the

cement line/reversal line. This line defines the point at which resorption is finished

and new bone is deposited by the osteoblasts (Banks 1986). Secondary osteons can

be seen joining, overlapping or sitting isolated within the circumferential bone.

Trabecular bone is like a climbing frame of internal beams/plates of bone which is

orientated along lines of stress. It is found in the marrow cavity and is under complex

stresses and strains and is best designed for the resistance of compressive loads. It is

composed of fine lamellae bone, and remodelling takes place on the surface at a

much more active rate than that of cortical bone (Vaughan 1981).

1.4: Cellular Complement of Bone

Bone metabolism is regulated by bone cells which respond to various environmental

signals, including chemical, mechanical, electrical and magnetic stimulus, as well as

endocrine, including local and systemic factors. Specific responses are governed by

cellular receptors found intracellularly or on the membranes of the cells. Cell

membrane receptors bind the exogenous signal and transfer the information across

the cell cytoplasm to the cell nucleus. Intracellular receptors bind the stimulus which

has entered the cell and translocate the effector to the nucleus where it binds to a

specific DNA promoter sequence of a gene. Not including the growth plate

chondrocytes, there are four cell types found in bone; osteoblasts, osteoclasts, lining
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cells and osteocytes. The first three are found on bone surfaces, whereas osteocytes

are found within the mineral matrix. Bone formation takes place during embryonic

development and growth, but also throughout life as processes of normal bone

remodelling. Therefore the requirement for renewal of bone through remodelling, by

resorption and formation, requires the proliferation and differentiation of

osteoprogenitor cells (Lian and Stein, 1996) (Fig 1.7), and the presence of these cells

ensure a plentiful supply of stem cells, used in growth, remodelling and repair

(Banks 1986).

Chondrocyte

Myoblast

f
Pluripotent Stem tell

c-r;

Hypertrophic
Chondrocyte

v y

Pre-Osteoblast

Lining Cell

I

Fibroblast

Adipocyte

Osteoblast

Osteocyte

Figure 1.7 Diagrammatic scheme of a pluripotent stem cell and its pathway through
maturation to mature cells.
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1.4.1: Osteoprogenitors/Preosteoblasts

Osteoprogenitor cells originate from mesenchymal stem cells of the perichondrium

(Friedenstein 1976, Owen 1978), with the earliest formation of bone in the

perichondrium arising from cells that differentiate on the outer edge of the original

mesenchymal condensation. Osteoprogenitor cells are committed to the osteoblast

lineage, and are defined by their position relative to the bone tissue. They are

generally observed one or two layers of cells behind the osteoblasts near the bone

forming surface (Marks and Popoff 1988). These cells appear elongated but the

closer to the osteoblasts they become, the more cuboidal like they appear. The main

function of these cells, are to divide following mitogenic stimulation and

differentiate into mature osteoblasts.

1.4.2: Osteoblasts

Osteoblasts are mononucleate cells which are characterised by the presence of

membrane bound alkaline phosphatase (ALP), of which the amount present is

dependent on the development state and functional activity of the cell (McLean and

Urist 1968). Osteoblasts cover the bone surfaces in a monolayer of cells (Thomson

and Loveridge 1992), and are specific to sites where apposition is taking place. They

are columnar in shape, having originated from osteoprogenitor cells, which

themselves are derived from the primitive mesenchyme of the perichondrium (Owen

1978). Osteoblasts are the bone forming cells, responsible for the formation of

osteoid (Owen 1963), by secretion of procollagen and other non collagenous matrix

components such as sialoprotein, osteonectin and osteopontin. They cover most bone

surfaces, and have a weakly basophilic cytoplasm which surrounds a single nucleus,

and during activity the cells hypertophy and become polarized (Banks 1986). Active
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osteoblasts are 15-20 pm wide (McLean and Urist 1968) where the nucleus has a

prominent nucleolus situated at the one side of the cell which is away from the bone

surface. The cytoplasm contains a well developed Golgi apparatus and numerous

mitochondria.

Osteoblasts are irregular in contour and have many fine cytoplasmic processes on the

secreting side of the cell which extend into the osteoid matrix and contact with

cellular processes of osteocytes (Cameron 1972, Ham and Cormack 1979). With

established cell-cell communication with cells in the matrix, gap junctions are also

often found between the osteoblasts on the surface as well (Yamaguchi et al 1994).

Electron dense particles shown to have high calcium and phosphorous contents are

occasionally found within the mitochondria. Blebbing from the plasma membrane of

the osteoblasts are extracellular membrane bound particles of lOOnm in diameter

known as matrix vesicles. The micro-crystals of mineral formed during

mineralisation are associated with these, and the inner aspect of the membrane

(Anderson 1989, Ali 1992).

Osteoblast function is to synthesize and secrete a collagenous matrix/osteoid and

then ultimately mineralise it (Owen 1963, Lian and Stein 1996). The osteoblast

synthesises procollagen type I, which is excised and then cleaved to collagen

extracellularly, whereupon it assembles into fibres (Prockop et al 1979). As well as

synthesising pro-collagen, the osteoblast also secretes non-collagenous proteins such

as osteocalcin, osteonectin and sialoprotein (Termine 1990). It is the collagen and

non-collagenous protein plus proteoglycans (carbohydrate protein complexes), that

make up the osteoid.

Mineralisation of the osteoid leads to the final stage of osteoblast differentiation,

when the bone forming cells become incorporated into the matrix and differentiate
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further into osteocytes or become quiescent on the mineralised surface designated as

bone lining cells.

Cell growth and tissue specific genes have been mapped during the progress of the

osteoblast through the differentiation pathway. In situ hybridization studies of

osteoblasts in culture have identified four principal developmental periods (Stein and

Lian 1995). Firstly; proliferation supports expansion of the osteoblast cell population

to form a multilayered cellular nodule and biosynthesis of collagen type I. At this

stage genes required for activation of proliferation are early response genes such as

c-myc, c-fos and c-jun and cell cycle progression genes such are histones and cyclins

(Smith et al 1995). These are expressed together with growth factors such as

fibroblast growth factor (FGF) and insulin-like growth factor -1 (IGF-1) (Birnbaum

and Wiren 1994) and cell adhesion proteins, fibronectin, and collagen type I (Stein

and Lian 1995). Second stage; expression of genes associated with the maturation

and organisation of the bone extracellular matrix are upregulated making the matrix

competent for mineralisation. This is exemplified by the expression of ALP, with

collagen synthesis continuing and undergoing cross-link maturation (Gerstenfeld et

al 1993). The third stage involves gene expression related to the accumulation of

hydroxyapatite in the extracellular matrix. These are the genes which encode proteins

with mineral binding properties such as osteopontin, osteocalcin, and bone

sialoprotein. These proteins exhibit peak expressions at the time of mineralisation.

The fourth stage occurs in mature cultures where collagenase expression is elevated

and apoptotic activity occurs. Compensatory proliferation activity and collagen

expression is also evident (Lynch et al 1994).

The apparent lack of osteoblast specific markers and morphological features explains

why the study of the transcriptional control of osteoblast differentiation has been

21



Chapter 1 Introduction

rather difficult in the past (Schinke and Karsenty 2002). With the identification of

core binding factor 1 (Cbfa 1/ Runx2) (will be called Runx2 in this study) as a

lineage specific transcriptional activator of osteoblast differentiation more insights

have been recognised in osteoblast differentiation. Runx2 was originally cloned by

Ogawa et al in 1993, and it's importance as a transcriptional factor of osteoblast

differentiation was found four years later by several investigators (Ducy et al 1997,

Otto et al 1997). Runx2 is a transcriptional factor belonging to the Runt family,

containing a DNA binding region of 128 amino acids, which is known as the runt

domain. This is followed C-terminally by a proline-serine-threonine rich domain,

known as the PST domain, which contributes to the transactivation function of

Runx2 (Aronson et al 1997). Compared to other Runt proteins Runx2 has two unique

domains located at the N terminus that are also involved in activatating transcription.

One of these is a QA-domain which is rich in glutamine and alanine, preventing

heterodimerisation with Cbf]3, a known partner of other Runt family transcription

factors (Thitunavukkarasu et al 1998). ). Runx2 is expressed in cells of the osteoblast

lineage and also chondrocytes but not in any other cell type or tissue (Ducy et al

1997). It is the earliest most specific marker of osteogenesis known to date.

Confirming the importance of Runx2 as an osteoblast differentiation marker, knock

out mice lacking the Runx2 gene died shortly after birth. These mice died due to

defective endochondral and intramembranous bone formation, with complete

maturational arrest in osteoblast differentiation, confirmed by the absence of

osteoblast markers such as osteocalcin and osteopontin (Komori et al 1997).

1.4.3: Osteocytes
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Osteocytes are considered the most mature or terminally differentiated cell of the

osteoblast lineage. They are osteoblasts which have been embedded in their own

secretory products, occupying spaces, lacunae, in the interior of the bone. Osteocytes

are connected to adjacent osteocytes by cytoplasmic projections that are within

channels known as canaliculi. The cell processes are long, rich in microfilaments and

maintain contact with cell processes from other osteocytes or with those processes

from the osteoblasts sitting immediately on the cell surface (Lian and Stein 1996).

Osteocytes are responsible for the maintenance of the bone matrix and have the

ability to synthesize and resorb matrix to a limited extent, using the projections as a

sensory array to detect the need for bone remodelling (Lanyon 1992). Matrix

producing osteocytes have cellular organelles similar to that of osteoblasts; where as

osteolytic osteocytes contain lysosomal vacuoles and other features typical of

phagocytic cells (Buckwalter et al 1996). The ability of these cells to form or resorb

bone matrix is an important mechanism in the homeostatic maintenance of blood

calcium levels (Banks 1986). Molecular strain plays an important part in the

modelling and remodelling of bone, and the best situated cell to detect the strain is

the osteocyte (Lanyon 1993). As the mechanical pressure displaces the extracellular

fluid the surrounding matrix, including the osteocytes, are distorted (Turner et al

1994). The osteocytes react immediately to this, and the increased expression of

other enzymes such as glucose-6-phosphate dehydrogenase appears rapidly (Skerry

et al 1989). An increase in nitric oxide (NO) is also seen in response to mechanical

loading, (Pistsillides et al 1995), which is generated by nitric oxide synthase (NOS).

There are three types of NOS, firstly: neuronal, type 1 (nNOS), secondly: inducible,

type 2 (iNOS), and thirdly: endothelial, type 3 (eNOS) (Bredt and Synder 1990,

Pollock et al 1991, Xie et al 1992). The principle isoforms found in bone are eNOS
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and iNOS (Fox and Chow 1998, Macpherson et al 1999), although nNOS mRNA has

been shown in bone tissue (Pitsillides et al 1995). eNOS is the predominant isoform

expressed by bone, and is present in osteoblast, osteocytes and osteoclasts (Fox and

Chow 1998, Macpherson et al 1999). NO is involved in many aspects of bone growth

both in modelling and remodelling under physiological and pathophysiological

conditions. Osteocytes and osteoblasts produce NO when subjected to mechanical

strain which has been shown to be dependent on the expression and activation of

eNOS (Zaman et al 1999). Osteocyte apoptosis (cell death) is also considered a

mechanism for site-specific targeted bone remodelling (Noble and Reeve 2000). By

overloading ulnas of anaesthetised rats to the point of plastic deformation, large

increases in apoptotic osteocytes were found before intracortical bone remodelling

begun (Noble et al 1998).

1.4.4: Bone lining cells

These cells are osteoblasts that have escaped being buried in the bone matrix and

remained on the surface of bone when bone formation has ceased. As production of

bone matrix ceases the lining cells become quiescent and flatten out on the bone

surface (Kimmel and Jee 1977, 1978) but do not form a continuous barrier over the

bone. They still maintain communication with osteocytes and have gap-junctions

between each cell (Martin et al 1998). Similar to osteocytes, they are thought to

transfer minerals into and out of the bone, and sense mechanical strain (Parfitt 1987).

With fewer organelles than an active osteoblast these cells are considered largely

inactive (Miller and Jee 1987) but can be activated, by response to chemical and

mechanical signals, to initiate bone remodelling (Miller and Jee 1992).
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1.4.5: Osteoclasts

Osteoclasts are derived from the macrophage line, and are formed by the fusion of

monocytes, originating in the hemopoietic portion of the bone marrow. They are

multinucleated giant cells with their main function to degrade/resorb hard tissue upon

contact with the bone matrix. The average number of nuclei is species dependent and

also varies considerably within the individual (Kaye 1984). They contain multiple

Golgi apparatus, a high density of mitochondria and a large number of lysosomal

vesicles. The lysosomal vesicles originate from the Golgi apparatus and cluster at the

ruffled side of the cell. The ruffled side is highly folded plasma membrane where

bone resorption takes place. Releasing organic acids, citrate and lactate, the effect is

to lower the pH of the immediate microenvironment suitable for osteolysis (Vaes

1988). On either side of the ruffled zone, is a smooth zone which is micro-fdament

rich and organelle free. This area is the point of attachment of the osteoclast to the

underlying bone, with the osteoclasts adhering to the matrix through integrins (Parfitt

1984). This results in the formation of a tight seal, confining the pH change to the

area of the ruffled border. The acids dissolve the bone mineral and enhance the

activity of lysosomal enzymes that are released. Removal of apatite crystals results in

a temporary layer of demineralised matrix below the ruffled edge of the osteoclast

(Parfitt 1984). This is followed by digestion of the organic matrix by lysosomal

enzymes such as tartrate resistant acid phosphatase (TRAP) which is transferred from

the ruffled border to the sub osteoclastic space. Cysteine proteases, of which there

are three, are able to both depolymerise fibrillar collagen and to degrade the resulting

softened substance. These proteases are regulated by the differing calcium levels that

exist in the ruffled border. Both phases of bone resorption are tightly regulated, and

changes in osteoclast acidity result from various enzyme mechanisms within the
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osteoclast: these include H /K+ ATPases, Na+/H+ antiports (Baron et al 1985, Hall

and Chambers 1990), chloride/bicarbonate exchanges, and carbonic anhydrase (Hall

and Kenny 1985).

Cells of the mononuclear phagocytic system such as monocytes and tissue

macrophages seem to be likely candidates for osteoclast precursors as they share a

number of functional, cytochemical and morphological features with osteoclasts. It is

however, still unclear the nature of the circulating mononuclear precursor. More

recently investigations have shown that a bone derived stromal cell population is

essential for osteoclast differentiation (Udagawa et al 1990), where it is now thought

that these cells produce macrophage colony stimulating factor-1 (MCSF-1), which

attaches to receptors on the precursor cells, so stimulating their differentiation into

osteoclasts (Mundy 1999).

Receptor activator of nuclear factor-kappa (3 ligand (RANKL) is the same protein as

that named osteoclast differentiation factor (ODF), and osteoprotegrin ligand

(OPGL). Osteoclast differentiation and function are regulated by RANKL and

MCSF-1. Osteoclast progenitors and mature osteoclasts express the receptor

activator of nuclear factor-kappa P (RANK), which is the receptor for RANKL.

RANKL is expressed by osteoblast and stromal cells, with expression stimulated by

osteotropic factors such as parathyroid hormone (PTH) and vitamin D (Tsukii et al

1998). The up regulation of RANKL induces osteoclast differentiation, stimulating

fusion and activation of the osteoclasts. However osteoblasts also produce

osteoprotegrin (OPG), which acts as a decoy receptor of RANKL. By binding to

RANKL, it prevents activation and fusion of the osteoclasts (Simonet et al 1997).

With OPG acting as an important negative regulator of osteoclast differentiation and

activation it ensures a balance between bone formation and resorption.
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1.5: Control of bone formation and resorption

Bone formation and resorption is continuous through out life and a tightly regulated

balance between the two mechanisms is necessary for the preservation of the skeletal

mass and architecture. Therefore both of these processes are regulated through the

actions of circulating hormones and a number of local control factors, some ofwhich

are influenced by mechanical loading/stress of the skeleton.

1.5.1: Hormonal and growth factor regulation

1.5.1.1: Parathyroid Hormone (PTH)

PTH is synthesised in the parathyroid glands as a mature protein. The parathyroid is

very sensitive to circulating calcium (Ca2+) levels, and when a fall in Ca2+ is detected

by the recently cloned calcium sensor (a G-protein linked cell surface protein)

(Brown et al 1993) PTH release is triggered. PTH promotes bone resorption, but it

does not do this directly, but does so by first acting on cells from the osteoblast

lineage which have PTH receptors (Silve et al 1982). By action on the osteoblasts

through activation of cyclic AMP-dependent protein kinase, a number of post-

receptor events follow (Livesey et al 1982). PTH increases the number and activity

of osteoclasts in bone and the proportion of osteoclasts that show a ruffled border are

increased as is the number of nuclei per osteoclast (Miller et al 1976).

1.5.1.2: Vitamin D

The active metabolite of vitamin D is la,25-dihydroxyvitamin D (l,25(OH)2D3 )

promotes the differentiation of the osteoblast and growth plate chondrocyte. The

effects of l,25(OH)2D3 on bone formation and resorption are central to the hormones

role in calcium homeostasis. (Lian and Stein 1996). l,25(OH)2D3 effects on bone are
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often in conjunction with PTH, and result in the stimulation of differentiation (Owen

et al 1991). By inducing the differentiatiated phenotype, the osteoblast progresses

from an immature proliferating cell to a differentiated non dividing cell with the

ability to synthesise matrix proteins and mineralised bone. Gene products regulated

by l,25(OH)2D3 are osteocalcin, osteopontin and ALP (Haussler et al 1970, Price

and Baukol 1980). It is also known that l,25(OH)2D3 stimulates bone resorption by

directly influencing precursor cells to differentiate into mature osteoclasts (Bar-

Shavit et al 1983). The process of osteoclastogenesis involves a complex interaction

of osteoclast precursor cells, osteoblasts and bone marrow stromal cells. During the

later stages of differentiation the osteoclasts loose their ability to respond to

l,25(OH)2D3 and it is direct effects through the osteoblast lineage that induce and

regulate osteoclast differentiation (Suda et al 1992).

1.5.1.3: Calcitonin (CT)

Calcitonin (CT) is a 32 amino acid peptide and the human and avian peptide differ by

three amino acids, (Martin et al 1996). Avian CT's are the product of the

ultimobranchial glands whereas in humans they are the product of the thyroid gland.

CT acts directly on osteoclasts which contain a large number of receptors for the

hormone. It affects the motility, shape and activity of the mature osteoclast and

ultimately inhibits osteoclast activity and bone resorption (Martin et al 1996).

1.5.1.4: Estrogens

The principle circulating sex steroids in females are estradiol and progesterone which

also function in males. The receptors for estrogen and progesterone in bone cells are

low when compared to reproductive tissue suggesting a more limited range of actions
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(Rickard et al 2002). Two estradiol isoform receptors are found in bone (ERa and

ERP) (Eriksen et al 1988, Komm et al 1988). Evidence indicates that the expression

of both isoforms increases during osteoblastic differentiation in vitro, with the level

of ERa mRNA initially low in proliferating cells but increasing at the onset of ALP

expression, before reaching a maximum level in the fully differentiated osteoblast

(Bodine et al 1998). When ERp was studied in rat calvaria cultures, the expression

levels were found to be maintained at a high level throughout the osteoblast

differentiation cascade (Onoe et al 1997). It has been reported that the levels in rats

ofERa and ERp mRNA are lower in cortical bone than in trabecular bone with ERa

being the predominant isoform in both bone types (Onoe et al 1997, Lim et al 1999).

The expression of ERa mRNA has been isolated from chicken osteoclasts but ERp

has not been found in osteoclasts or their precursors (Ousler et al 1991).

1.5.2: Skeletal Growth Factors and Cytokines

1.5.2.1: Insulin-like Growth Factors.

Insulin-like growth factors (IGF's: IGF-I, IGF-II) are 7kDa polypeptides, found in

high concentrations in serum. The skeleton is a major source of IGF-I and IGF-II

through synthesis by bone cells and their release from the matrix during active

skeletal resorption. Generally the relative proportion of IGF-I: IGF-II is maintained

in both serum and the skeleton of various species (Bautista et al 1990). PTH and

other inducers of cyclic AMP in bone cells appear to be primary stimulators of IGF-I

synthesis in osteoblasts (Raisz et al 1993). IGF-I and IGF-II have similar effects on

bone formation but IGF-I is more potent than IGF-II (Canalis 1980). IGF's are

modest mitogens for bone cells, increasing the replication of preosteoblastic cells

which ultimately differentiate into mature osteoblasts. They also enhance collagen
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type I synthesis and promote bone matrix apposition rates thereby increasing bone

formation (Hock et al 1988).

1.5.2.2: Interleukin-1

Interleukin-1 (IL-1) is a multifunctional cytokine with a wide variety of activities. It

has been shown to regulate bone resorption, (Lorenzo et al 1987). IL-1 is the most

potent stimulator of bone resorption identified. It increases prostaglandin synthesis in

bone (Lorenzo et al 1987) which themselves are resorption stimuli (Klein and Raisz

1970). In the presence of iNOS, both in vivo and in vitro, IL-1 stimulates bone

resorption (Van't Hof et al 2000), and similar to other resorption stimuli it increases

receptor activator ofRANKL production in stromal and osteoblastic cells (Hofbauer

et al 2001).

1.5.2.3: Tumour Necrosis Factors

Tumour necrosis factor (TNF-a and TNF-P) have similar biological activities as IL-

1. They stimulate bone resorption (Lorenzo et al 1987) and also inhibit collagen

synthesis (Canalis 1987). Resorption of bone is due to an increase in osteoclast

number which is mediated by increases in RANKL expression, in osteoblastic cell

models (Hofbauer et al 1998, 1999). TNF directly inhibits the differentiation of

osteoblast precursor cells into mature osteoblasts (Gilbert et al 2000), which involves

the production of NO and peroxynitrite. Apoptosis (cell death) of osteoblasts is

stimulated by TNF and this response can by mediated by NO production (Damoulis

and Hauscka 1997).

1.5.3: Neural Control of Bone
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Osteocytes are believed to act as censor cells that translate mechanical stimuli

resulting from the gravitational and muscular forces on the skeleton into biochemical

signals. These biochemical signals in turn activate the effectors of bone turnover:

osteoblasts and osteoclasts, leading to adaptation of mass and structure of bone

(Chapter 1, section 1.6.1). Activities of osteoblasts, osteoclasts and osteocytes, such

as proliferation and differentiation of their precursors are regulated by a multitude of

factors. These factors are humoral (hormones), local factors (growth factors and

cytokines), and neurotransmitters such as neuropeptides (Lemer 1996). Recently the

presence of another regulatory system acting on bone has been found, primarily

known as a neural system.

1.5.3.1: Serotonin receptor

One of the genes found to be preferentially expressed (not exclusively) by osteocytes

was the serotonin receptor (5-hydroxytryptamine (5-HT) receptors 5-HT2A , 5-HT2b ,

5-HT2c ), sub type 5-HT2B (Westbroek et al 2001). The serotonin receptor family is

split into seven subfamilies (5-HT 1.7 receptors), each further divided into a number

of subtypes (a, b and c)- Except for 5-HT 3 receptor, serotonin receptors belong to

the G-protein-coupled receptor superfamily which is characterized by seven

membrane spanning hydrophobic regions, with an N-terminal extracellular and a C-

terminal intracellular domain (Hoyer et al 1994). The Serotonin receptor 5-HT 2B

mRNA is expressed in various tissues, in part due to the presence of the receptor in

endothelial tissue (Ullmer et al 1995, Ellis et al 1996), although this particular

receptor subtype has low expression in the central nervous system compared to other

receptor subtypes (Duxon et al 1997). The one group that has examined the

expression of 5-HT 2B in bone from chickens concluded that the high degree of 5-HT
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2b receptor mRNA in osteocytes was related to their function as mechanosensors. 5-

HT 2b receptor was also found to modulate the response of osteoblasts when

subjected to pulsating fluid flow (Westbroek et al 2001).

1.5.3.2: Glutamate receptors

Functional glutamate signalling has been found in non-neuronal tissues such as bone,

pancreas and skin (Skerry and Genever 2001). These findings raise the possibility

that glutamate acts as a wide spread "cytokine", being able to influence cellular

activity. Glutamate was originally studied as a neurotransmitter (Hollmann and

Heinermann 1994). Expression in rat bone of glutamate/aspartate transporter

(GLAST) was down regulated with loading in vivo (Patton et al 1998). Further

studies in vitro confirmed GLAST protein expression was mechanically regulated in

osteocytes and osteoblasts (Mason et al (1997). Glutamate receptors are divided into

two groups, 1) G protein-coupled metabotropic receptors and 2) ionotropic glutamate

gated ion channels [N-methyl-D-aspartate (NMBA) and kainite receptors]. The

NMDA receptor has been found in bone (Patton et al 1998).

1.6: Bone modelling and remodelling

As long bones develop the shafts grow in diameter as well as length. Growth in

diameter is through periosteal intramembranous ossification. However the need to

shape the bone to accommodate the growing/changing weight and mass of the animal

is necessary. Therefore bone must be removed in some places and added to in others.

This is known as modelling. Osteoclasts resorb bone and osteoblasts form bone, with

both cell types working at different areas. The difference to bone remodelling is that
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osteoblast and osteoclasts work together in a coupled action at the same site to

remove and replace bone (Martin et al 1998).

1.6.1: Modelling

Modelling becomes necessary as the bone lengthens. When it is laid down originally

it is not of the correct geometry. Therefore it needs to be customised to each

particular animal due to each using their skeleton in subtle but different ways. To

customise, the bone modelling must take place at the metaphyseal and diaphyseal

areas. As a long bone grows the diameter of the cortical bone created at the

metaphyseal area, below the growth plate, needs to be reduced to create the diaphysis

region. This is carried out by osteoclasts on the periosteal surface of the metaphysis

reducing the shaft to the required size. As an animal grows the long bones increase in

diameter by action of the osteoblasts in the diaphyseal area, through slow periosteal

intramembranous ossification. Simultaneously, cortical bone is removed at the

endosteal surface by osteoclasts, thereby increasing the medullary cavity. Curvature

of long bones, known as diaphyseal drift, is also adjusted as the animal grows to

accommodate mechanical loading (Martin et al 1998) (Figl.8).
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Figure 1.8 Diagram ofbone modelling, with metaphyseal cut back (a), diaphyseal
enlargement (b) and diaphyseal drift (c).
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1.6.2: Remodelling

This term is used where portions of older bone are replaced with new bone. There are

no gross changes in bone mass or shape only subtle replacements (Frost 1973, Banks

1986). Remodelling occurs continually throughout life and can be seen by the

varying amounts of mineralisation around the Haversian canals (Vaughan 1981).

This process also repairs any microscopic damage and prevents the accumulation of

fatigue damage that could lead to fractures, (increasing mechanical efficiency) (Hert

et al 1972, Frost 1986, Martin et al 1998). It has been suggested that mechanical

energy is transducted into electrical energy by the bone structure and vascular

structures within, letting the bone know where, how and in what orientation to start

remodelling (Vaughan 1981). However, various endocrine and mechanical signals,

thought to be produced locally, can result in bone remodelling (Rawlinson et al

1991). Increased bone cell metabolism, shown by an elevated glucose-6-phosphate

dehydrogenase activity is followed by elevated RNA production and this was also

found to be a trigger for bone remodelling (Pead et al 1988). Continual mechanical

stress can cause micro fractures that must be repaired. Mechanical stress can also

necessitate the repositioning or orientation of osteons to accommodate the tension

and compression placed on the bone at specific areas. Although a vascular supply is

incorporated when ostoens are formed, sometimes the vascular supply moves too far

away from the osteocytes causing them to die, necessitating remodelling to minimise

osteocyte death (Banks 1986, Noble et al 1997). Finally, changes in endocrine

signals can also cause remodelling to take place.

Remodelling occurs by the combination of both osteoclasts and osteoblasts working

together in a basic multicellular unit known as a BMU. This generally has on average
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ten osteoclasts and several hundred osteoblasts where three principle stages are seen

in a BMU lifespan, activation, resorption and formation (ARF) (Figl.9).

o osteoclast

0 osteoblast

ft Lining cell

Figure 1.9 Diagram of a BMU, where osteoclasts at the head of the cutting cone

resorbing bone (a), osteoblasts following the osteoclasts, laying down new bone (b)
and mature osteon with lining cells in the Haversian canal (c).
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The ARF process may be further broken down to six separate stages. 1); Activation

of the unit occurs when the above described signals cause osteoclasts to form from

monocytes. 2); Resorption is initiated when the osteoclasts begin the removal of bone

at specific regions within the cortical bone. The osteoclasts form at the head of the

cutting cone. Which contains both a capillary bud to supply nutrients and also

progenitor cells for osteoclasts and osteoblasts. This cutting cone forms a tunnel that

progresses through the cortical bone, and as a vascular system is always maintained,

the tunnel never entirely closes, and thereby forms a new Haversian canal within a

new secondary osteon. 3); Reversal of osteoclastic bone resorption to osteoblastic

bone formation. The length of this region varies dependent on the lag time between

the two activities. In a completed secondary osteon a cement line identifies the

location of where reversal has occurred. 4); Bone formation occurs when osteoblasts

formed from mesenchymal cells, begin to replace the resorbed bone by laying down

concentric lamellae (Martin et al 1998). Formation is always much slower than

resorption, with total remodelling taking about four months in the human. In man,

BMU's are thought to replace about 10% of cortical bone each year. This rate is

higher in children, reducing in young adults before increases and falls again in older

individuals. The rise again in later years is related to the menopause in women (Frost

1964). 5); Mineralisation occurs of the organic matrix of the osteoid and mineral is

deposited along the length of the collagen fibres. Once started about sixty percent of

the mineralisation occurs during the first few days; primary mineralisation, and the

remainder mineralised at a decreasing rate over the next six months; secondary

mineralisation (Parfitt 1983). Finally, 6); The quiescence stage. When the tunnelling

and infilling is completed, the osteoclasts disappear, and osteoblasts are either
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incorporated into the matrix as osteocytes or become lining cells within the new

Haversian tunnel.

Bone remodelling is not confined to intracortical bone but also occurs on trabecular

bone surfaces. Trabecular bone remodelling is carried out on the surface of the bone,

where the osteoclasts resorb bone, forming an indented groove known as Howship's

lacunae. These areas then become filled in with newly formed osteoid laid down by

osteoblasts and mineralisation occurs there after (Einhorn 1996) (Fig 1.10).
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Figurel.10. The bone remodelling cycle showing the interplay between all the major
celltypes(Imageffom http://www.roche.eom/pages/faeets/l 1/bone remodelling2.jpg).

1.7: Mechanical properties of bone

Mechanical properties of bone are governed by the same principles as that of man-

made load bearing structures. Animals however have the ability to adapt their bone
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structure to the loading imposed on them. The strength of a structure may be defined

as the load at the failure point, where upon the stiffness of a structure is the load

required to deform it a certain amount. This being the same as, what is known as, the

load deformation curve.

Changes in mechanical function can produce corresponding changes in bone

architecture (Wolff 1892). This relationship is commonly known as Wolffs Law.

When considering a non-living object, loading can cause mechanical deformation

either instantly, or if repeated often enough, fatigue failure. With bone, repeated

deformations through normal mechanical function has a physiological influence,

acting to maintain orientation and mass to suit the structural demands made on it

(Lanyon and Bourn 1979). Stress is a measure of bone strength that considers

differences in size and shape of the materials being tested.

Porosity in structural materials exerts strong influences on mechanical properties

(Brown et al 1964). A similar phenomenon is observed in bone. Strength and

stiffness vary inversely with increasing porosity, and conversely strength and

stiffness improve as density increases (Martin 1984). Therefore with porosity

increased, density, elasticity, strength and stiffness decrease. Mineralisation does not

by itself directly influence stiffness. Quality refers to how completely bone is

mineralised and to what extent the compact bone has undergone remodelling. Both

factors will effect elasticity (Currey 1975). Within cortical bone the elastic modulus

is highly influenced by the volume of bone present and the quality of the lamellar

bone within (Schaffler and Burr 1988).

1.8: Blood supply of long bones
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The blood supply to long bones comes from three sources, the nutrient artery, the

periosteal arteries and the epiphyseal arteries. However it is more informative to

describe long bone blood supply according to the anatomic location, that being, the

afferent vascular system (arteries and arterioles, nutrient carrying), efferent vascular

system (veins and venules, waste product removal) and intermediate vascular system

(linking afferent and efferent by capillaries in cancellous bone and Haversian

systems) (Rhinelander 1974). The periosteal arterioles make up part of the afferent

vascular system, but only contribute a minor supply to the diaphyseal cortex. It

supplies the external one third of the cortex (Rhinelander and Wilson 1982). The

major afferent supply to the long bone is by the nutrient artery which enters the long

bone traversing the full thickness of the cortex to enter the medulla. Once within the

bone the branches subdivide into arteriole branches which both ascend and descend.

These enter the endosteal surface of all portions of the diaphysis providing the

afferent supply to the inner two thirds of the cortical bone. This is complemented by

the metaphyseal arteries that anastomose with terminal branches of the nutrient artery

within the medulla (Cooper and Cawley 1988). The periosteum, which covers the

diaphyseal cortex, contains vascular connections.

1.8.1: Blood vessel composition

Blood vessels are comprised of three anatomical layers, where the intima (inside

layer) which is composed of a monolayer of endothelial cells rests on a basement

membrane. This basement membrane contains a unique type of collagen (type IV),

associated with two structural glycoproteins, laminin and entactin, with the major

proteoglycan being heparan sulphate (Campbell 1987). Cells rest on the lamina,

transversed by fibrils which are laminin rich (Leivo and Wartiovaara 1982). The
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functional characteristics of basement membranes depend on their molecular

constituents, and it has been shown that the glycoproteins laminin (Timpl et al 1979,

Leivo et al 1982) and fibronectin (Yamanda and Olden 1978, Ruoslahti 1981) have

effects on cellular behaviour and interactions. Laminin appears present exclusively in

the basement membrane, even at early stages of development (Leivo et al 1980,

Wartiovaara et al 1980). Laminin is a large (850kD) glycoprotein, and is one of the

first extracellular matrix proteins synthesised in a developing embryo. It is a flexible

complex of three very long polypeptide chains arranged in the shape of an

asymmetric cross and held together by disulphide bonds (Fig 1.11).

B1 chain
(MW=215,0

Type IV f
collagen
binding

oo-n

A-
helical

-A chain
(MW=400,0
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bonds

^B2 chain
(MW=205,0

Binds to surface
receptors on neurites
Heparan sulfate
proteoglycan binding site

Figure 1.11 Diagram of laminin structure
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1.9: Aims of Thesis

Although it is well accepted that bone architecture adapts to withstand the loads

placed on it, the manner in which this occurs in the immature growing skeleton is not

fully understood. Previous studies have used an avian model which compared two

strains of birds: a modern fast growing strain undergoing selection for growth

performance and skeletal health, and a slow growing control strain that has not been

subject to selection since 1972 (Williams et al 2000a, Williams et al 2000b). These

studies indicated that the fast growing strain had increased cortical porosity

compared with the slow growing strain which may contribute to the observed

skeletal failure in the modern broiler (meat-type) bird. Such modern birds can grow

twice as fast as their unselected predecessors (Fig. 1.12) and in response to this

increased load during growth, bones increase their circumference and increase their

cross sectional moment of inertia by the rapid incorporation ofprimary osteons.

Figure 1.12 The slow growing control strain (left) with the fast growing broiler
(right). Both birds are of 42 days of age. Note the size in diameter of the visible leg
bones.
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These initially form at the periosteal surface and osteoblasts then infill the resultant

canal. However, if growth is too rapid then this process may fail so that while an

increasing number of primary osteons are incorporated they fail to infill leaving a

porous and weaker structure. The primary aims of this study were therefore to

understand the effects of growth rate on cortical bone quality. In addition, the cellular

and molecular mechanisms regulating osteonal formation and infilling were also

studied in an attempt to determine the cause of the increased porosity associated with

fast growth. The experiments described in this thesis use an interdisciplinary

approach integrating cell and molecular biology with morphometric and mechanical

assessment of bone.

This work has implications for all growing species where the long bones must adapt

to the growing body. This is particularly relevant to the poultry industry, which is

blighted by an extremely high incidence of bone fracture within its broiler flocks. A

greater understanding of how bones respond to the ever increasing muscle mass may

be important for the development of strategies to prevent bone failure during growth.

1:10 Hypothesis

The hypothesis to be tested is that rapid growth of the immature skeleton results in

poor quality of cortical bone.
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Chapter 2: Materials and Methods
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2.1: Whole Animal In Vivo studies

2.1.1: Housing and Feeding of animals (1)

In study 1 (chapter 3) two strains of bird were used: a current fast growing strain, and

a slow growing control strain that has not been subject to genetic selection since

1972. Twenty-one day-old male chickens (n=20) of the control and fast growing

strain were placed into four brooders. The brooders were grouped together, with each

brooder containing either ten of the fast growing strain or ten of the control strain.

Lighting was set at 23 hours light, 1 hour dark for the duration of the experiment. All

birds were fed ad lib on standard broiler diet and at the point of cull all chickens

were weighed.

2.1.2: Housing and Feeding of animals (2)

In study 2 (chapter 4) two strains of bird were used: as described in (1). One day-old

male chickens of the control and fast growing strain were placed into two floor pens,

one pen for each strain. Lighting was set at 23 hours light, 1 hour dark for the

duration of the experiment. All birds were fed ad lib on standard broiler diet and at

the point of cull all chickens were weighed.

2.1.3: Tissue extraction (1)

At 14, 21 and 42 days of age birds were culled by cervical dislocation, weighed, and

both tibiotarsi complete with periosteum, were removed. From the right bone, two

transverse section of the diaphysis were cut (approximately 5 mm in length) using

Mini Precision Drill (RS Components, Corby, UK.), fitted with a diamond-cutting

wheel of 22 mm diameter (Fig 2.1). One section was frozen, and section two was
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decalcified and wax embedded. Tibiotarsi were all orientated with the proximal end to

the left, and the sections were cut from the central mid, area from the diaphysis. The left

tibiotarsi were used for three point bending (chapter 3, section 3.3.2).

At the beginning of this study some archival cortical bone tissue was available at 14 and

42 days of age. On this basis the initial studies were carried out using the same age of

tissue, however as results showed no difference between the two ages, a midpoint of 21

days of age was used when collecting tissue for further studies. At 21 days the chickens

are still on a steep growth curve and therefore provide a good example of a rapidly

growing immature skeleton.

Mid point

Figure 2.1 Diagram of area cut from dissected bones for BrdU, blood vessel,

osteocyte density, primary osteon infilling and calcein studies.
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2.1.4: Tissue extraction (2)

At 21 days of age, birds were culled by cervical dislocation, weighed, and both

tibiotarsi complete with periosteum, were removed. Seven transverse sections of the

diaphysis were cut (approximately 5 mm in diameter) as previously described

(section 2.1.3). Tibiotarsi were all orientated with the proximal end to the left and

sections were cut as follows. The top three sections (1-3) were placed into 70%

alcohol for 24 hours and decalcified in 10% EDTA (pH 7.4) for two weeks at 4°C.

Thereafter two of the sections (1-2) were processed into RNAse free paraffin blocks,

using established protocols (section 2.1.5.1) and one frozen (section 2.1.5.2) using a

hexane freezing bath to be used for LCM. The fourth diaphyseal section was directly

frozen in the hexane bath after dipping in 5% polyvinyl alcohol (Sigma, Poole,UK)

for possible use with LCM. The fifth section was placed in 4% paraformaldehyde

(Sigma), and sixth and seventh in live/dead cell probes (Molecular Probes,

Paisley,UK) for detection of apoptosis, for 24 hours, decalcified in 10% EDTA for

two weeks at 4°C, and processed into paraffin blocks (section 2.1.5.1) (Fig 2.2). This

protocol ensured adequate tissue was prepared for several methods of analysis from one

bone and reduced the number of experimental chickens required.
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Figure 2.2 Diagram of cortical bone sections cut from dissected bones for laser
capture microscopy (LCM), and live/dead studies.

2.1.5: Histological Processine

2.1.5.1: Wax sections

Fixation

At the time of dissection, pieces of bone tissue were trimmed to the required size,

placed in labelled universals containing 70% alcohol (70% alcohol and 30% distilled

water (dH20)). The tissue was left for 24 hours at room temperature for fixation.

Decalcification

After fixation the alcohol was removed and replaced with 10% EDTA (Sigma) (pH

7.4). The tissue was kept at 4°C for two weeks on a rotator, with repeated changes of

EDTA (every second day). Samples were checked for total decalcification at the end

of this period by x-raying at 35 kVp for 15 seconds (Faxitron 804, Livingston

Electronics Ltd, Watford, UK). If any residual mineral was identified (seen as white
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area on the x-ray) the samples were returned to the EDTA solution. If samples were

clear, the tissue was washed in dH20 then processed and embedded into wax blocks.

Sample Processing

Samples were processed by hand after decalcification. The tissue was removed from

the EDTA in the universal and placed individually into labelled cassettes within a

Duran bottle containing 70% alcohol. The following day the 70% alcohol was

changed into fresh 70% alcohol and left for 30 minutes. This was then replaced with

80% alcohol and left for 30 minutes before being changed into fresh 80% alcohol for

a further 30 minutes). This was then replaced with 95% alcohol, two changes of 30

minute durations (kept at 4°C throughout all alcohol stages). Finally the cassettes

were left in 95% alcohol overnight at room temperature (RT).

The 95% alcohol was then changed for 100% alcohol and left for 2 hours with 1

change after 1 hour. A further change into xylene 2 x 1 hour was carried out, with the

Duran bottle being placed on a roller in a fume hood. Cassettes were then placed into

pre-melted wax for 2 x 1 hour periods.

Embedding and cutting

Once processed, the tissue was embedded in paraffin wax with a melting point of

60°C using appropriate sized plastic moulds. The wax blocks were allowed to cool,

and excess wax was trimmed away in 15pm slices on the microtome to leave the

sample surface exposed for cutting. Once trimmed, the blocks were cooled at

20°C for 30 minutes before sections of 5pm thickness were cut. The sections were

transferred to a water bath which was at 40-50°C and left to soften for 1 minute

before being transferred to a poly-l-lysine-coated microscope slide (VWR
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International Ltd, Lutterworth, UK). The slides were then placed in an oven at 50°C

overnight to ensure a good attachment of the sections to the slide.

RNAse Free Wax Embedded Tissue

All processes were carried out as above, but all solutions were made with diethyl

pyrocarbonate (DEPC) (Sigma) water in RNAse zap (Ambion, Huntingdon, UK)

treated glassware. All tools and the water bath used during the cutting of sections

were similary treated with RNAse Zap. The water bath was filled with DEPC treated

water and all blocks were handled with gloved hands. RNAse free and disposable

knives were used throughout.

2.1.5.2: Frozen sections

(After Farquharson et al 1992).

Preparation of freezing bath

A large glass jar with lid was inserted into a polystyrene base, and filled 1/3 full

with absolute alcohol. A small beaker was placed inside the jar and dry ice chips

were added to the alcohol surrounding the beaker until a saturated solution was

obtained (the mixture became viscous and stopped bubbling). Hexane was then

poured into the beaker and the lid screwed on. This was left for 30 minutes to reach

optimum temperature of -70°C.

Preparation ofpolyvinyl alcohol (PVA)

Polyvinyl alcohol (PVA) (Sigma) aids the cutting of frozen mineralised tissue. A 5%

solution was prepared by gradually adding 5 g ofPVA to 100 ml ofwarm water on a

heated magnetic stirrer within an extraction hood. The solution was left stirring at a

low heat for 1 hour, and then allowed to cool.
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Freezing and Cutting of Tissue

The bone tissue samples were individually dipped in the PVA and then dropped into

the hexane. After 30 seconds, they were retrieved using forceps pre-cooled in dry-

ice, placed into pre-cooled self-sealing bags containing a piece of tissue to absorb

any remaining hexane. The tissue was stored at -80°C until use. Using optimal

cutting temperature compound (Brights, Huntingdon, UK) to attach the samples to

metal chucks, sections of 10 pm were cut at -30°C (Brights, OT model cryostat), and

picked up on poly-l-lysine coated microscope slides. The sections were then air dried

atRT.

RNAse Free Frozen Tissue

All processes were carried out as above, but all solutions were made with DEPC

treated water in RNAse zapped glass ware, as were the knife and all tools for

handling the tissue samples. Gloves were worn when handling the tools and slides.

2.1.5.3: Demasking of wax embedded sections for optimal detection of basement

membrane components by immunohistochemistry

Three methods were tried to unmask wax embedded bone sections for use with

antibodies (section 2.1.6) and the two basement membrane antibodies which worked

best (3H11 and 33) (section 2.1.7). All demasking agents were sourced through

DAKO (Ely, UK) and used according to instructions provided.

1 Trypsin 3pk

Trypsin 3pk was reconstituted by combining the trypsin powder with the

buffer supplied and brought to RT. 100 pi of the trypsin suspension was

added to each section and incubated at 37°C for 20 minutes before washing
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with PBS. The sections were then ready to continue with blocking and

antibody staining.

2 Proteinase K tnrediluted)

Proteinase K was bought ready to use and placed onto slides for 10 minutes at

RT and then washed in PBS. The slides were then ready for blocking and

antibody staining.

3 Pronase

This was made up into a working solution of 1%, from a 20x stock solution.

This was added to the slides for 10 minutes at RT and then washed in PBS.

The slides were then ready for blocking and antibody staining.

2.1.6: Assessment of Cell Proliferation

With methods developed to detect 5-bromo-2-deoxyuridine (BrdU) using a

monoclonal antibody (Gratzner 1982) it is now possible to detect BrdU, which is a

pyrimidine analogue of thymidine. Replicating/proliferating cells incorporate BrdU,

ensuring specific labelling of dividing cells only. Methods have been developed for

the detection of BrdU in frozen, plastic and paraffin sections (Harms et al 1986,

Farquharson and Loveridge 1990). It is necessary to preserve cell and tissue structure

(Morstyn et al 1983) whilst still being able to expose the cell nuclei for antibody

incorporation. Therefore, the most critical part of the BrdU immunolocalisation

procedure is the hydrolysis step to partially denature cellular DNA in order that BrdU

which has been taken up by the dividing cell is accessible to the monoclonal anti-

BrdU antibodies (Moran et al 1985).
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BrdU Labelling

At 20 days of age, 6 birds from each brooder in study 1 (section 2.1.1) (12 birds of

each strain in total) were picked at random, intravenously injected with BrdU

(Sigma) (25mg/kg), (4 injections) at four intervals over a 12 hour period, starting 24

hours before cull.

The birds were killed by cervical dislocation and sections of the right tibiotarsus

were processed through to wax blocks as previously described (section 2.1.5.1). The

wax embedded sections were dewaxed and rehydrated through a series of alcohols,

placed into 1.5 M HCL for 30 mins at RT and washed 3x5 mins in PBS. Mouse-anti-

BrdU (DAKO), primary antibody (lOOpl) diluted 1:50 in PBS, was placed directly

onto the sections for 90 mins at RT in a humidity chamber. After further washing, 3

x 5 mins with phosphate-buffered saline (PBS), 100pi of secondary antibody, FITC-

labelled goat anti mouse-IgG (Sigma), diluted 1: 50 in PBS, was added to the

sections for 60 mins at RT in a humidity chamber. After a final wash, 3x5 mins in

PBS, propidium iodide (Sigma) at O.lmg/ml was used to counter-stain the sections

(10 mins RT). Finally, the sections were mounted in Citifluor (Agar Scientific,

Stansted, UK.). Samples were kept wrapped in tinfoil and stored at 4°C until

analysed. Using confocal microscopy, (BIORAD MRC-500) four images were

captured (BIORAD software version 7.0a for MRC-600) from each of two sections

(sections 100 pm apart) from each diaphyseal sample. The first image was taken

from the tension side of the bone, the second from the compression side of the bone,

and the third and fourth from the two intermediate areas between these points (Fig

2.3).
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Figure 2.3 Orientated bone: the arrows indicate where cuts were made on the section
immediately after dissection to determine bone orientation. The anterior is under
tension and the posterior under compression. f=fast growing area of bone, s=slow
growing area ofbone, ai + bi= intermediate growth areas.

The total number of BrdU positive cells within each of the four sections round the

periosteum were determined using "Image Tool" (version 2.01 Alpha 4, a public

domain image analysis software package). The exact area of the image was taken to

include the periosteum and the periosteal edge of the bone.

2.1.7: Blood vessel detection

Pilot studies used two different antibodies to detect laminin, (31 and 3H11), and one

antibody to heparan sulphate (33) were used. All antibodies were obtained from

Developmental Studies Hybridoma Bank (Iowa city, USA.).

Immunocytochemistry was used to localise laminin in basement membranes as a marker

of blood vessels. Six chickens each of the fast and slow growing groups at 21 days were

used (housing procedure 1, section 2.1.1). Sections were cut, dewaxed and rehydrated

through a series of alcohols as previously described (section 2.1.5). Antigen sites were

unmasked using pre-diluted Proteinase K (DAKO) for 8 minutes at RT, followed by
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washing in PBS. Normal goat serum, diluted 1:50 in PBS, was placed directly onto the

sections for 30 mins at RT followed by, without washing, primary laminin antibody

(lOOpl) (3H11) diluted in PBS to 5pg IgG/ml. Sections were incubated in a humidity

chamber overnight at 4°C. After further washing, 3x5 mins in PBS, 100|a.l of secondary

antibody, FTTC-labelled goat anti mouse IgG (Sigma), diluted 1:50 in PBS, was added to

the sections for 60 mins at RT in a humidity chamber. After a final wash, 3x5 mins in

PBS, they were finally mounted in Citifluor (Agar Scientific). Samples were kept

wrapped in tinfoil and stored at 4°C until analysis. Using confocal microscopy,

(BIORAD MRC-500) four images from two sections as previously described in BrdU

labelling (section 2.1.6) (sections 100pm apart) were captured (BIORAD software

version 7.0a for MRC-600) from the two strains of birds. These were all analysed using

"Image Tool". The exact area of the image was taken to include the periosteum and

the periosteal edge of the bone.

Controls

Control sections were treated exactly the same but using normal goat serum instead of

the primary antibody for laminin.

2.1.8: Determination ofporosity

Serial sections, 7 pm in thickness, were cut from decalcified wax embedded blocks,

processed through alcohols and stained for 30 seconds with 0.1% w/v Toluidine blue

O in PBS buffer (pH 5.5). The sections were dehydrated through alcohols and

mounted with DePeX (VWR International, Poole, UK). These were all analysed using

"Image Tool".
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2.1.9: Determination of osteon infilling

Serial sections, 7 pm in thickness, were cut from decalcified wax embedded blocks,

processed through alcohols and stained for 30 seconds with 0.1% w/v Toluidine blue

O in PBS buffer (pH 5.5). The sections were dehydrated through alcohols and

mounted with DePeX. These were all analysed using "Image Tool".

2.1.10: Mineral apposition rate

Knowledge concerning the rate of bone formation has been gained by the use of in

vivo markers such as tetracyclines (Tapp 1966, Frost 1969, Hansson et al 1974).

Calcein works on the same principle as the antibiotic tetracycline. Both are known to

form complex with calcium ions at the surfaces of newly formed apatite crystals.

This marks the site of initial mineralisation (Sandhu and Jande 1981). The uptake of

two fluorescent labels over a known time interval allows the determination of the

mineral apposition rate (MAR). Fluorochrome labelling has been used to diagnose

and study bone disorders in both humans and animals (Frost 1969). This procedure

has been used extensively to compare bone growth rates in chickens fed various

dietary regimes (Newbury et al 1988, Hudson et al 1993) but it has been utilised less

often to compare bone growth rates between different strains of chickens (Wise

1970, Poulos et al 1978, Vitirovic et al 1995).

Calcein labelling

Ten birds (kept under housing method 2, section 2.1.2) from both the fast and the

slow strain were administered two intraveneous injections of calcein fluorochrome

(Sigma) at lOmg/kg/bw in 0.5ml sterile water containing 20mg/kg/bw sodium

bicarbonate. The injections were 72 hrs apart (18 and 21 days of age) and the birds
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were culled 8 hrs after the last injection. Tibiotarsi were dissected out of the bird

(tissue extraction section 2.1.3) and diaphyseal sections prepared as previously

described. Frozen sections (10pm in thickness) were cut, and examined by confocal

microscopy (BIORAD MRC-500). Four images from each of the two sections as

previously described in BrdU, section 2.1.6) (sections 100 pm apart) from each bone

were analysed using "Image Tool" The exact area of the image taken just inside the

periosteal edge of the bone.

2.1.11: Cement line staining

Serial sections, 7 pm in thickness, were cut from decalcified wax embedded blocks,

processed through alcohols and stained for 30 seconds with 0.1% w/v Toluidine blue

O in PBS buffer (pH 5.5). The sections were dehydrated through alcohols and

mounted with DePeX.

2.1.12: Collagen fibril orientation

Frozen tissue which had been dissected according to section 2.1.3, were cut (section

2.1.5.2) to observe collagen fibre orientation. This was observed under cross

polarised light introduced above and below the bone section. This was carried out on

a Leica DMRB fluorescent microscope with the pictures captured to computer using

a 3eld sony camera.

2.1.13: Tartrate Resistant Acid Phosphatase (TRAP) Staining

Frozen sections were cut according to chapter 2 (section 2.1.5.2) and mounted on

poly-l-lysine slides. Slides were incubated for 2 minutes at 37°C in 100 mis of citrate

buffer pH 4.5 which contained 50 mg Napthol-AS Bl-Phosphate (Sigma) and 230 mg
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of tartrate (Sigma). Slides were then rinsed in cold 50 mM sodium fluoride for 5

minutes. They were further incubated for 15 minutes in 0.1 M acetate buffer

containing 1 mg/ml fast garnet (Sigma). After washing in dhbO the slides were

mounted in aquamount (Agar Scientific).

2.1.14: Bone strength and stiffness analysis

The tibiotarsi were cleaned of all meat including the periosteal membrane, taking

care not to damage them in any way. Bone length and width were measured using

callipers, and the values entered into the computer with strain and chicken number

before each bone was tested. Mechanical properties were then measured using an

LRX materials tester (Lloyds Instruments, UK) with a cell load value of 2500 N, and

a cell calibration of 105.5%. The materials tester was run under remote control of a

computer running the software package "Nexygen 2.2" via the software package

"LrLrxConsole" (both Lloyds Instruments, UK), and it was this system into which

the bone length and width measurements were put. The compress to rupture test

within the Nexygen programme was used in combination with a three-point-bend jig

on the materials tester. Three-point-bending consists of two curved lower rests, each

of 10 mm in diameter and spaced 30mm apart, on which the tibiotarsi was balanced.

A third crosshead pin of the same dimensions applied a downward force central to

the bottom two pins. The tibiotarsi were always placed with the distal end to the left

with the flat distal surface pointing upwards to ensure consistency in testing. The test

was run, to the point where the bone broke/ruptured and the Nexygen programme

calculated the maximum load applied to the sample before it ruptured. Load-

deformation curves were generated and several biomechanical characteristics were

determined from these curves within the programme: i) yield load (a measure of the
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elastic limit of the bone); ii) resilience (the energy absorbed by the bone until the

yield point is reached;) iii) peak load (a measure of the maximum force that the bone

withstood before fracture); iv) toughness (a measure of the work energy that is

required to fracture the bone). These characteristics are generated by the computer

programme.

2.1.15: Live/dead cell detection

(after: Roach H, Southampton University, UK. Unpublished, kind donation of their

laboratory techniques.)

Bone sections (section 2.1.4) were placed into a dark container containing culture

medium (DMEM) and two probes: celltracker green (CMFDA) and ethidium

homodiner-l(EthD-l), (Molecular Probes). CMFDA (50 pg) was dissolved in 50 pi

of ethanol and added to 25 pi of EthD-1 (supplied as 1 mg and dissolved in 1 ml

dH20) and 4 ml of DMEM (Gibco, Paisley, UK). The probes were kept in the dark

and placed in an incubator at 37°C. Two unfixed samples from each bone were taken,

one of which was incubated in the probes for 5 hours whereas the other was left in

the probe solution for 24 hours. Both were kept at 37°C throughout the incubation

period and thereafter the tissue was washed with PBS, fixed in 70% alcohol and

decalcified before processing into paraffin blocks as previously described (section

2.1.5.1). Samples were kept in the dark at all times.

2.2: Cell culture In Vitro studies

2.2.1: Osteoblast extraction from tibiotarsi

(After Nijweide et al 2003)
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At 21 days of age, chickens were culled by cervical dislocation, and submerged in

virkon (VWR International Ltd, Lutterworth, UK) for 10 minutes to disinfect the

whole bird. All equipment used was autoclaved prior to use in a bench top clinical

autoclave: Series 2100 (Prestige Medical International, Derotstown, Ireland) and kept

in 70% alcohol during use. Tibiotarsi were removed using a change of scalpel blade

for each bone and separate blades were used to cut skin and muscle. Dissected bones

were stored in separate sterile containers and further processing carried out in a class

III flow hood. Both ends containing the epiphysis and metaphysis were cut off and

discarded using bone cutters and any adhering muscle and periosteum were removed

from the diaphyseal shaft using sterile swabs. Using a syringe and needle the bone

marrow was flushed out using sterile PBS with 1% fungizone. The bones were then

chopped into small pieces using bone cutters. The bone fragments from each bird

were then incubated at 37°C on a shaker for 20 minutes in 4 ml of digestion solution,

(appendix 1). The supernatant was transferred to a universal containing 700 pi of

fetal bovine serum (FBS) (Gibco). The bone fragments were washed with 3 ml

DMEM (without FBS), and the wash solution was added to the supernatant. This was

population 1. The cell suspension was centrifuged at 2500 g for 5 minutes and the

supernatant was discarded and the cell pellet re-suspended in 1ml of complete culture

medium (cCM) (appendix 1). This extraction procedure was repeated until 4

populations were obtained. Populations were combined to form 2 cultures of cells,

population 1+2 and population 3+4, each set up in T75 culture flask (Gibco) with 20

mis cCM. The flasks were left untouched for 3-5 days to allow the cells time to

attach before the medium was changed.

2.2.2: Passage of Cells
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When the cells were approximately 70-80% confluent, the cells were treated with

collagenase first, because they were grown in the presence of ascorbic acid. The cells

were first rinsed in 2x10 ml with DMEM, and then incubated at 37°C for 2 hours

with 25 U/ml of collagenase and 2 mM of CaCf in 10 ml of DMEM with agitation

every 30 minutes. Digestion was terminated by removing the medium, and the cells

were washed 2x in Ca2+Mg2+ free PBS (Sigma) (10 ml). Trypsin/EDTA (Sigma)

solution was added for 5 minutes to remove the cells (5 ml for a T75 flask). The cell

suspension was added to a universal and the flask washed out with 5 ml of cCM,

which was added to the universal. The cells were centrifuged at 2000 rpm for 5

minutes and the medium discarded. The cell pellet was resuspended in 1 ml of cCM

and the volume was made up to 5 ml before a cell count obtained using a

haemocytometer. Cells from each bone were plated down into a number of T175

flasks, with the cells from the slow growing strain plated at a lower density (S=10
2 2000 /cm , F=15 000 /cm ) as these visibly grew at a faster rate than those from the

fast growing strain.

2.2.3: Plate set up for assays

After a second passage, sufficient cells were available for experimentation.

Osteoblast cells from both fast and slow growing strains were plated at a density of

20 000 /cm . One of the cultures from the slow growing bones was lost to bacterial

contamination and therefore the experiment was carried out with 3 slow and 4 fast

cell phenotypes. For thymidine and the determination of hydroxyproline analysis 48

well plates with five wells per sample were used. For the ALP activity, 24 well plates

were used, with four wells per sample. For all assays, plates were set up to study 3

maturational time points in osteoblast differentation; pre-confluent, confluent, and
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post-confluent. With pre-confluency taken at 3 days post plating, confluency taken at

6 days post plating and post-confluency taken at 11 days post plating.

2.2.4: Bone Collagen (hydroxyproline) Assay

Sample Hydrolysation

Osteoblasts cultured in 48 well plates were scraped in 300 pi dhbO using a 1 ml

pipette tip and transferred to capped Eppendorfs with equal amounts of neat (12 M)

HCL. Eppendorfs were placed in an oven at 107°C for 24hrs to hydrolyse the

collagen into individual amino acids. The hydrolysate was then transferred to glass

vials and the Eppendorfs were washed out with 400 pi water which was than

combined with the hydrolysate. This was vacuumed down at 50°C, reconstituted in

300 pi of water and spun down at 2000 rpm for 5 minutes to precipitate any carbon

material. Samples were stored at 4°C until analysed.

Standards

A range of standards was produced from a stock hydroxyproline solution of

500nmoles/ml. The stock was diluted 1:10 with dH20 to give a top standard of 50

nmoles/ml, or 6.55 pg/ml (lmole=131g). Serial dilutions were performed to produce

a range of standards with concentrations of 6.55, 3.3, 1.6, 0.8, 0.4 and 0.2 pg/ml.

Hydroxyproline (OHP) assay

(After Creemers et al 1997)

To each well of a 96 well microtitre plate, 60 pi of sample/standard was added in

duplicate. To this 20 pi of assay buffer (appendix 1) and of 40pl chloramine T
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(appendix 1) was added and incubated at RT for 15 minutes. After the addition of 80

pi DMBA reagent (appendix 1) to each well the plate was covered with parafilm to

prevent evaporation and placed in a shaking water bath at 60°C for 20 minutes. The

cover was removed immediately and the plate allowed to cool on ice for 5 minutes

and absorbance was read at 560nm using a Dynatech MR7000 plate reader in

conjunction with Revelations version 3.2 software package.

2.2.5: Proliferation assay - 3[H]-thymidine uptake

Thymidine stock (Amersham) was 10 uCi/ml, therefore 20 pi of stock was added to

1 ml of medium to give a final concentration of 0.2 uCi/ml. The addition of

thymidine was carried out 18 hours before the end of each time point. At each time

point the medium was removed and the cell layer was washed twice for 5 minutes

with DMEM to remove any unbound thymidine. The cells were fixed with 1 ml of

5% cold trichloroacetic acid for 15 minutes and then washed twice with PBS. 0.1M

NaOH was added and left for 10 minutes to lyse the cells. All of the NaOH was

added to a scintillation vial and the wells washed out with 200pl of PBS which was

also added to the vial. Scintillant (Fisons chemicals, Loughborough, UK) (3ml) was

added and mixed well before reading on a liquid scintillation counter (Wallac 1410

model, PerkinElmer, Beltsville, USA.).

2.2.6: Alkaline phosphatase ( ALP) activity

Osteoblasts cultured in 24 well plates had the medium removed and were washed

twice with PBS. The cells were scraped in 300pl of triton-x-100 (0.1%) using a 1 ml

pipette tip and transferred to an Eppendorf before centrifugation for 5 minutes at 12

000 g at 4°C. Sample or standards were added (50 pi) in duplicate to a 96 well plate.
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Pre-heated alkaline phosphatase AMP buffer (100 pi) (Thermo Trace Ltd,

Melbourne, Australia) (37°C) containing p-nitro-phenyl as a substrate was added.

This was read immediately at 405 nm on a pre-heated plate reader (Dynatech

MR7000), in conjunction with Revelations version 3.2 software package.

Absorbance was recorded everyminute for 30 minutes.

Standards

A range of standards was produced from a stock p-nitro-phenol (Sigma) solution.

The stock was diluted 1:10 with distilled water to give a top standard of to 500 pM.

Serial dilutions were performed to produce a range of standards with concentrations

of 500, 250, 125, 62.50, 31.25, 15.63, 7.81, 3.90 and 1.95 pM.

2.2.7: Immunoblotting

Protein Extraction

(after: Wojcik et al 1999)

The medium was removed from the cultures and the cells were scraped with ice cold

PBS before centrifugation at 2500 g for 5 minutes. The pellet was then resuspended

in 1.5 ml of RIPA buffer (appendix 1) containing protease inhibitors and shaken on a

table shaker for 30 minutes at 4°C. After centrifugation at 12000 g for 1 minute the

supernatant was stored at -80°C until analysis.

Cell Protein assay

Protein lysate samples were diluted 1:60 with dtLO and 160 pi of sample or standard

was added in duplicate to a 96 well microplate. To this 40 pi of detergent compatable

Bio-Rad Protein Assay reagent (Bio-Rad Laboratories, Hemel Hempstead, UK) was
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added. This was mixed thoroughly and left for 5 minutes before the optical density of

595 nm was determined on a plate reader (Dynatech MR7000) in conjunction with

Revelations version 3.2 software package.

Standards

A range of protein standards was produced from a stock solution of gamma-globulin

at 2 mg/ml. The stock was diluted with dH20 to give a top standard of to 90 pg/ml. A

range of standards were produced with concentrations of 90, 80, 70, 60, 50, 40, 30,

20, and 10 pg/ml.

Western Blotting

(after: Invitrogen methodology)

Sample preparation and reduction

Individual protein samples from fast and slow chickens cell cultures were added to

10 pi of loading buffer and 3 pi reducing agent. Both loading buffer and reducing

agent were supplied by Invitrogen (Paisley, UK) and diluted for use. Samples were

diluted with dH20 to contain 30 pg of protein. All samples were denatured by

heating for 10 minutes at 70°C follwed by vortexing and loading onto the gel.

The gel

Samples were loaded immediately onto NuPage 10% Bis-Tris polyacrylimide

precast gels (Invitrogen) which were submerged in MOPS running buffer in a tank

(Invitrogen). The gels were run at 200 V for 50 minutes or for 1 h 15 minutes if two

tanks were running simultaneously.
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Gel transfer

The gels were set up for transfer according to the manufactures guide with blotting

pads, filter paper and Hybond-P nitrocellulose transfer membrane (Amersham

Biosciences, Little Chalfont,m UK) and placed in the tank with transfer buffer

(Invitrogen). This was run at 25 V for 1 hour.

Antibody binding

Five different primary antibodies were used; one to collagen type I (kindly donated

by Victor Duance, Cardiff University, UK; - goat anti bovine type I); two to human

bone sialoprotein (LF-83 & LF-119) known to react with chick protein, and two to

chicken osteonectin (LF-8 & LF-45) (kindly donated by Fisher L W, NIDCR,

Bethesda, USA). The transfer membrane was placed in blocking buffer made up with

5% marvel milk powder in TBS-tween 20 (appendix 1). It was either blocked for 1

hour at 37°C in a shaking incubator or left overnight at 4°C. After washing with

TBS-tween 20 for 3x 5 minutes the primary antibodies were diluted in blocking

buffer to a 1:2000 dilution, and incubated for 1 hour at 37°C in a shaking incubator.

After further washing in TBS-tween 20 for 3x 5 minutes appropriate secondary

antibodies were added and incubated for 1 hour at 37°C in a shaking incubator. Goat

anti- rabbit-IgG-peroxidase (DAKO) diluted 1:2000 with PBS was used in

conjunction with the BSP and osteonectin antibodies and goat anti-sheep-IgG-

peroxidase antibody (Sigma) diluted 1:500 with PBS was used in conjunction with

the collagen type I antibody. A final wash ofTBS-tween 20 for lx 20 minutes and lx

1 hour was carried out before signal detection.

Band detection
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Detection was carried out using an ECL plus Western Blotting detection system

(Amersham Biosciences) and exposure to Hyperfilm ECL (Amersham Biosciences)

in a dark room was for 5 seconds before running through a film processor.

2.2.8: RNA extraction - cell culture

Medium from cell cultures was decanted and the cells immediately scraped in 1ml of

Ultraspec (ams Biotechnology Ltd, Adingdon, UK), transferred to Universals and

stored at -80°C. On thawing, the cells were homogenised and syringed through a 25

G needle to ensure total break up of the cells. The homogenate was transfered to a 1

ml Eppendorf tube and left on ice for 5 minutes. To this, 200 pi of chloroform was

added and shaken vigorously for 15 seconds, vortexed and left on ice for a further 5

minutes. This was followed by centrifugation at 12000g for 15 minutes at 4°C. The

upper aqueous phase was carefully removed to a sterile Eppendorf to which 250pl of

isopropanol and 50 pi RNA tack resin was added. The mixture was vortexed and

centrifuged for 1 minute at 12000 g. The supernatant was discarded and the pellet

washed twice with 1 ml of 75% ethanol, final traces of ethanol were removed with a

small tip, and the pellet allowed to dry at RT for 30 minutes. The RNA was eluted by

resuspending the pellet in 100 pi of nuclease free water vortexed, and centrifuged at

12000 g for 1 minute. The supernatant was transferred to a new Eppendorf and

allowed to sit on ice for 1 minute and centrifuged again at the same speed. To each

volume of lOOpl ofRNA, lOOpl of lOx DNAse 1 buffer, 3 pi of RNAse Inhibitors, 5

pi DNAse I were added and mixed gently. This was heated to 37°C for 1 hour, after

which, 12 pi of inactivation reagent was added and the mixture gently flicked before
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centrifugation at 12000 g for 1 minute. The RNA now in the supernatant, was

transferred into a sterile Eppendorf and stored at -80°C.

2.2.9: Reverse Transcription- Polymerase Chain Reaction

Reverse transcription- polymerase chain reaction (RT-PCR), was carried out using a

one-step RT-PCR kit (Qiagen, Crawley, UK). The concentration of RNA was

determined on a spectophotometer at 260/280 nm. RNA at a concentration of 1 ng in

a 10 pi reaction, which contained a final volume of 400 pM of dNTP mix, 0.6 pM of

each primer, one step buffer and RT-PCR enzyme mix. Target genes, and optimum

annealing temperatures and cycle numbers are listed in (Table 2.1).

After the addition of loading buffer all RT-PCR samples were loaded onto a 1.5%

agarose gel containing ethidium bromide (at 2.5 pl/100 ml/gel), and run at 120 V for

50 minutes. As a control a blank was run using sterile water instead of RNA. Gels

were examined on an ultraviolet lightbox and pictures taken with Multi-analyst

version 1.1 software package (Bio-Rad). Densitometry was carried out using

Quantity One version 4.2.2 software package (Bio-Rad).

2.2.10: Laser Capture Microscopy (LCM)

Tissue preparation

Bone sections collected in tissue extraction (2) (section2.1.4), were sectioned and de-

waxed under RNAse free conditions. Staining was carried out for 30 seconds using

Arcturus LCM stain (Arcturus, Braintree, UK) and then dehydrated back to xylene.

The slides were air dried in a class III hood and immediately placed into a dessicator

until analysis. (Two sections were cut from each sample).
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Table2.1TargetgenesforRT-PCRfromcellculturesandLCM
Gene No.

Targetgene

Forwardprimer

Reverseprimer

Annealing temp°C

Noofcycles

Product size

source

1

GAPDH

CACGCCATCACT ATCTTC

CACAATGCCAAA GTTGTC

45

35

300

Westbroeketal (2001)

2

Seratoninreceptor(5- HT2BR)

GATCAACAAGCC ACCTCAAC

ATACCTGCTGAA AGCCTCC

58

35

420

Westbroeketal (2001)

3

CollagentypeI(Col 1A1)

AACCCGGCTGAT GTCGCCATCCAAC
GGGCCGATGTCA ATGCCAAATTC

60

25

351

Nakataetal (1992)

4

Osteonectin(ONN)
AAGATGTAGAGG AGATCGTCGCAG
CATTCCTCCAGG GCGATGTAC

60

18

439

Nurminskayaet al(2003)

5

Bonesialoprotein (BSP)

CCGGTACTACCT GTACCGCTACG
TCCCACTGTCAC CTCGTACTC

62

35

480

Nurminskayaet al(2003)

6

Osteopontin(OPN)
TGCCAGGAAGCT CATTGAGGATG
GCGTCTACATTT

ACAAACACACGTC
60

25

419

Kuykindolletal (1999)

7

Osteocalcein(OCN)
ATGCTCGCAGTG CTAAAGCCT

TTATTTCTGTCC ATCCTTCGCG

52

35

318

Nurminskayaet al(2003)

8

Runx2

ACTTTGACAATA ACTGTCCT

GACACCTACTCT CATACTGG

58

35

364

Drissietal (2003)

9

ERa

AGCAACAAAGGA ATGGAGCA

TACGCTGCTGGG TTTCTCAT

58

35

320

CookeVE (2004)

10

CollagentypeII

GCAGAGACCATC AACGGCGGT

CAGGCGCGAGGT CTTCTGCGA

58

55

323

Farquharsonet al(2001)

11

CollagentypeX

AAGGGGCCACCA CACTTTCTA

TTCTCCAGGCTT CCCTATCCC

58

55

399

Farquharsonet al(2001)

12

Glutamatereceptor (NMDA)

CTGGTGACAACA GGGGAACT

ACAATACCTCCA GCCACCAG

Range 50-62

Range 25-75

239

Personally designed

13

IGF1-receptor

CTCTTCCCCAAC CTCACGGTCA

GCTTCTCCTCCA TCGTTCCTGG

Range 50-62

Range 25-75

274

Armstrongand Hogg(1992)

14

eNOS

CCTTCAGTGGCT GGTACA

ATGGGGGGCACG ATCCA

Range 50-62

Range 25-75

301

Fujiietal (1998)

15

IGF-1

TTCTTCTACCTG GCCTGTG

CATACCCTGTAG GCTTACTG

Range 50-62

Range 25-75

147

Baudetetal (2003)
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LCM

Slides were removed from the dessicsator one at a time and gently pressed against

tissue prepartion strip (Arcturus) used to ensure removal of any dust/ loose particles.

Using Capsure HS LCM caps (Arcturus), two areas from one section were targeted

by the laser to remove osteoblasts from within newly formed primary osteons

situated within the periosteal surface. One cap per slide was used with the cap being

placed immediately into a RNAse free Eppendorf. Using RNeasy micro extraction

kit (Qiagen), 40 pi ofRLT buffer (supplied in kit) was placed into the cap within the

Eppendorf tube at RT for 30 minutes. The caps within the Eppendorfs were then

centrifuged at 12000 g for 1 minute to pellet the contents of the cap into the

Eppendorf. The volume was made up to 75 pi with RLT buffer. After the addition of

70% ethanol (75 pi), the contents were then loaded into Rneasy MinElute Spin

column (supplied in kit) and centrifuged at 8000 g for 30 seconds with the flow-

through being discarded. Buffer RW1 (supplied in kit) was added (350 pi) to the spin

column which was centrifuged at 8000 g for 30 seconds, and the flow-through

disgarded. Dnase I incubation mix was then added (80 pi) and incubated at RT for 15

minutes and this was then washed through with buffer RW1 (350 pi) at 8000 g for 30

seconds. The flow-through was again discarded. 500 pi of buffer RPE (supplied in

kit) was added to the spin column and centrifuged at 8000 g for 30 seconds. The

flow-through was discarded. 500 pi of ethanol (80%) was added to the spin column

and centrifuged at 8000 g for 2 minutes and the flow-through discarded. The

columns were further centrifuged at 12000 g for 5 minutes and 14 pi of RNAse-free

water was added to elute the RNA after centrifugation at 12000 for 1 minute. The

RNA was stored at -80°C until analysis.
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RT-PCR

RT-PCR was carried out using 50 ng/reaction according to the same method

described in section 2.2.9.

Validation of LCM Protocol

Chicken growth plates decalcified and processed using an RNAse free protocol were

targeted by the laser to extract cells from the proliferating (capl) and hypertrophic

zone (cap 2). RNA from both cell types were assessed for collagen II and collagen X

expression by RT-PCR reaction using 50 ng/reaction ofRNA. Primers for collagen II

and collagen X were used to amplify RNA according to Table 2.1.

2.2.11: Statistical analysis

Statistical analysis was carried out by ANOVA using Genstat statistical package for

windows (Lawes Agricultural Trust, Rothamsted Experimental Station). All data are

represented as mean ± SEM. Where error bars are not present on graphs the error

size was too small to be shown.
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Chapter 3: Determination of the cause of increased
cortical porosity in the fast growing broiler. A
histomorphometric study.
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3.1: Introduction

To date, research into pathologies of the avian skeleton has been predominantly

concerned with growth plate cartilage and disorders of longitudinal bone growth such as

rickets and tibial dyschondroplasia (Farquharson and Jefferies 2000). In contrast,

relatively little data exists on the underlying mechanisms that result in a high incidence

of cortical bone fractures (Kestin et al 1992).

As first proposed in Wolffs law (Wolff 1892) bone architecture of both the mature

and growing skeleton adapts to withstand the extremes of functional load-bearing

(Lanyon 1980, Carter et al 1991, van der Meulen 1993). In response to increased

loads during growth, bones enlarge their circumference, increasing their cross

sectional moment of inertia (CSMI) and thereby their bending strength, by the rapid

laying down on the periosteal surface of de novo primary bone (Martin et al 1998).

This primary bone can take the form of circumferential lamellae that are orientated

parallel to the bone surface with incorporated primary osteons or plexiform bone

which has a "brick wall" appearance and is made up of a mixture of woven and

laminar bone (Martin and Burr 1989). Plexiform bone is associated with rapid bone

formation in large fast growing animals and has not been noted in cortical diaphyseal

bone of the broiler chick, which is characterised by osteonal bone formation (Thorp

and Waddington 1997, Williams et al 2000 b) The development of primary osteons

within circumferential lamellar bone occurs by altered osteoblastic activity and

differential bone growth resulting in longitudinal depressions on the periosteal

surface. The eventual entrapment of blood vessels and periosteal osteoblasts and the

subsequent infilling of the canals by concentric laminae of bone results in the

formation of the primary osteon (Banks 1986).
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It has been previously reported that, throughout the productive life span, cortical

bone from a heavy modern strain of bird was consistently more porous and less well

mineralised than that from a slower growing control strain (Williams et al 2000 a, b).

It has previously been suggested that a disruption to the Ca:P ratio of the bone

mineral might lead to weakness in the bone crystal lattice therefore contributing to

leg problems (Thorp and Waddington 1997). Additional studies by this group have

also indicated that bone breaking strength and bone stiffness is lower in the fast

growing modern strain bird (Williams et al 2004).

It is unclear, however, if the cortical bone morphology observed in the modern fast

growing broiler is related to the rapid radial expansion of load-bearing bones

necessary to withstand the rapid increases in body weight. In addition, it is also

uncertain whether the porosity observed is due to increased bone resorption within an

osteon remodelling unit or a reduced bone production rate in the infilling process

during primary osteon formation.

3.2: Aims

The present study aimed to confirm and extend the differences previously observed in

bone porosity between modern meat-type and control strains of chicken (Williams et al

2000 a) and to make preliminary investigations on the mechanical properties of bone. In

addition, some of the possible cellular mechanisms for the increased porosity observed

in the modern strain of chickens were examined. A genetically distinct fast growing

strain, and a control, slow growing strain were studied.

3.3: Methods

3.3.1: Birds, Housing and Tissue
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Both fast and slow growing strains of chickens were fed and housed according to

chapter 2 (section 2.1.1). The birds were all culled at 14 and 42 days of age. The

right tibiotarsus was dissected out according chapter 2 (section 2.1.3). The left

tibiotarsus was cleaned of all muscle tissue and periosteum and used for bone

mechanical analysis. The histologically processed bone sections from the right

tibiotarsi of 14 and 42 day-old chickens were used to study cortical bone porosity,

osteocyte density, primary osteon infilling and collagen orientation (polarised light).

The bone sections utilised for cement line staining were from 14 and 42 day old

tibiotarsi that had been decalcified and embedded in paraffin wax. This latter tissue

was available from a previous study (Williams et al 2004).

3.3.2: Staining of Cement Lines

Various staining methods were tried according to papers discussed in section 3.5,

although none were specifically prescribed for decalcified wax embedded sections.

Staining was carried out according to chapter 2 (section 2.1.9). The toludine blue O

protocol was the most effective for the staining of cement lines (section 3.4.3), and

was also a suitable stain for the identification of primary osteons and osteocytes

within the cortical bone.

3.3.3: Calcein labelling

Optimisation of injection times

Four fast growing chickens, each of seventeen, eighteen, nineteen and twenty days of

age were injected with 10 mg/kg of calcein, then again at twenty-one days and culled

by cervical dislocation eight hours after the second injection. This gave a time span
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between injections of ninety-six, seventy-two, forty-eight and twenty-four hours

respectively.

Birds and housing

Ten birds of the fast and the slow strain were kept in floor pens. They were

administered two intraveneous injections of calcein fluorochrome 72 hrs apart (18

and 21 days of age) and the birds were culled 8 hrs after the last injection.

3.4: Results

3.4.1: Body weight and bone dimensions

At 42 days of age there was a significant difference in body weight between fast and

slow growing chickens. The fast growing chickens were double the weight of the

slow growing chickens where F = fast and S = slow (F=2440 ± 1.8 g, S=1224 ±2.1

g;P> 0.001), (Fig 3.1).
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Figure 3.1. Body weights of slow (n=10) and fast (n=10) growth chickens at 42 days
of age. Error bars were too small to be visible on the graph. Data are shown as mean
± SEM, ***P<0.001.

75



Chapter 3 Determination of cortical porosity

Bone diameter (F = 7.16 ± 0.8 mm, S = 5.36 ± 0.3 mm; P < 0.001) and cortical width

(F = 0.702 ± 0.1 mm, S = 0.479 ± 0.08 mm; P < 0.01) were increased in the rapidly

growing birds.

3.4.2: Mechanical properties

Bone stiffness of the tibiotarsi was higher in the fast growing chickens than that of

the slow growing chickens both at 14 days (F = 77 ± 4.3 N/mm, S = 44 ± 2.1 N/mm;

P > 0.001) and 42 days (F = 363 ± 4.8 N/mm, S = 285 ± 4.6 N/mm; P < 0.001) (Fig

3.2). Once adjusted for body weight, bone stiffness was lower in the fast growing

chickens than that of the slow growing chickens at 14 days (F = 60 ± 0.7 N/mm, S =

99 ± 0.6 N/mm; P < 0.01). By the age of 42 days there was no significant difference

seen between the strains (F = 363 ±1.8 N/mm, S = 361 ± 1.1 N/mm) (Fig 3.3).
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r
Figure 3.2 Tibiotarsi stiffness of fast (n=10) and slow (n=10) growth chickens at 14
and 42 days before adjustment for body weight. Data are shown as mean ± SEM,
***p<0.001.
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Figure 3.3 Tibiotarsi stiffness of fast and slow growth chickens at 14 and 42 days
after adjustment for body weight. Error bars were too small to be visible on the
graph. Data are shown as mean ± SEM, ** P<0.01.

Breaking strength of the tibiotarsi was also higher in the fast growing chickens

compared to that of the slow growing chickens at 14 days (F = 55 ± 1.7 N, S = 104 ±

1.3 N; P < 0.001) with no significant difference at 42 days (F = 454 ± 1.6 N, S = 448

± 0.8 N) (Fig 3.4). After adjustment for body weight the breaking strength was lower

in the fast growing chickens at 14 days (F = 63 ± 1.4 N, S = 83 ± 1.2 N; P < 0.01) as

was the case at the 42 days of age (F = 296 ± 2.3 N, S = 362 ± 0.5 N; P < 0.01) (Fig

3.5).
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□ Slow □ Fast

Figure 3.4 Tibiotarsi breaking strength of fast (n=10) and slow (n=10) chickens, at
14 and 42 days of age, before adjustment for body weight. Error bars were too small
to be visible on the graph. Data are shown as mean ± SEM, ***P<0.001.
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Figure 3.5 Tibiotarsi breaking strength at 14 and 42 days of age after adjustment for
body weight. Error bars were too small to be visible on the graph. Data are shown as
mean ± SEM, ** P<0.01.

3.4.3: Determination of cortical bone porosity

Cortical porosity was elevated periosteally in the fast growing chickens compared to

that of the slow growing birds at both 14 days (F = 55.23 ± 1.1%, S = 47.89 ±
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0.02%; P < 0.05) and 42 days of age (F = 35.64 ± 0.01%, S = 26.86 ± 0.02%; P <

0.01) (Fig 3.6). There was no significant difference in porosity endosteally between

the two strains (Fig 3.7).

□ Slow □ Fast
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Figure 3.6 Cortical bone porosity at the periosteal edge of fast (n=10) and
slow(n=10) growth chickens at 14 and 42 days of age. Error bars were too small to
be visible on the graph. Data are shown as mean ± SEM, * P<0.05; ** P<0.01.
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Figure 3.7 Cortical bone porosity at the endosteal edge of fast and slow growth
chickens at 14 and 42 days of age. Data are shown as mean ± SEM.
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3.4.4: Determination of secondary remodelling

At 14 days of age, no cement line staining was seen within the fast growing strain

around or within any of the primary osteons. Large cigar shaped pores were seen

coming in from the periosteal surface at the anterior side. This lack of cement line

staining implies no secondary remodelling was present in the fast growing strain.

Within the slow growing strain, at 14 days of age, small areas at the edge of the

endosteal surface were seen to have cement lines present but these did not cover the

whole endosteal surface. The presence of cement lines was dependent on whether the

bone was under tension or compression. Figure 3.8 shows the posterior endosteal

surface which is under compression. There was no evidence of secondary

remodelling at the periosteal surface due to the absence of cement lines.

Figure 3.8 Secondary remodelling in 14 day old chickens within the slow growing
strain (a) with the arrows indicating the tide line and secondary remodelling sites at
the endosteal surface. In the fast growing strain (b) no tide line or secondary
remodelling sites were seen.

At 42 days of age, cortical bone of the fast growing strain was seen to contain both

cement lines and a tide line. Cigar shaped pores coming in from the periosteal

surface were visible on the anterior side, but not as large in shape as those found in
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the 14 day-old fast strain. Again these cigar shape pores appeared to become smaller

before reaching the endosteal surface for re-absorption at the endosteal edge.

Within the fast growing strain the tide line was positioned a quarter of a way down

from the periosteal surface on the posterior side, running round the whole of the

cortex in an oval fashion and getting closer to the endosteal surface at the anterior

side which was under tension (the fastest growing, most porous area of the bone)

Cement lines were only seen below the tide line, towards the endosteal surface.

The cortical bone of 42-day-old slow growing chickens also had both cement lines

and a tide line. This was present right out at the periosteal edge on the posterior side

(under compression, slowest growing area of the cortex), running in an oval fashion

to cover three quarters of the cortical bone on the anterior side (under tension). Cigar

shaped pores coming in from the periosteal surface were still visible, but not as large

as those which were observed at 14 days of age. Cement lines were seen below the

tide line only on the endosteal side and no evidence of secondary remodelling at the

porous side of the cortex was present (Fig 3.9). In both strains, at either age, there

was no cement lines seen at the porous (fast growing) side of the cortical bone

indicating the absence of secondary remodelling.
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Figure 3.9 Secondary remodelling in 42 day old chickens within the (a) slow and (b)
fast growing strains. The arrows indicate the tide line and secondary remodelling
sites below it.

Confirmation that there was no resorption (secondary remodelling) at the periosteal

surface was shown by identifying osteoclasts by TRAP staining. At both 14 and 42

days within both the fast and slow growing strains TRAP activity reacted strongly on

the endosteal surfaces. However, there with no evidence of TRAP activity in the

primary osteonal canals in the periosteal surface (Fig 3.10).

Figure 3.10 TRAP activity within a 42 day old fast growing chicken, at the endosteal
surface (E) and within the canals at the endosteal surface (black arrows) (a), lack of
TRAP activity at the periosteal surface (P) (b).
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3.4.5: Primary osteon infilling

There was slower infilling of the primary osteons in the rapidly growing birds

periosteally at 14 days of age (F = 20.8 ± 2.8 %; S = 55.8 ± 2.8%; P < 0.001) and at

42 days of age (F = 57.5 ± 3.0 %; S = 72.8 ± 3.0%; P < 0.001) (Fig 3.11).

□ Slow □ Fast

Figure 3.11 Primary osteonal infilling in fast (n=10) and slow (n=10) growing
chickens at 14 and 42 days. Data are shown as mean ± SEM, ***P<0.001.

The decrease in % osteon infilling may be misleading as it could be due to similar

infilling rates by the osteoblasts but in larger osteons of the fast growing birds. This

combination would also result in a decreased % osteon infilling. Therefore to answer

this question I measured the size of the osteonal area in the two strains at 14 days (F

= 6703 ± 321.4 pm2, S = 6341 ±321.4pm2) and 42 days (F = 5405 ± 321.4 pm2,S
= 4773 ± 321.4pm2) (Fig 3.12).
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Figure 3.12 Osteonal size in fast (n=10) and slow (n=10) growing chickens at 14 and
42 days of age. Data are shown as mean ± SEM.

This indicated that there was no statistical difference in osteonal size between the

two strains suggesting that the osteoblast activity within the osteons of the fast

growing strain was less than that of the control birds.

3.4.6: Determination of optimal calcein labelling injection intervals.

Examination of injection schedule to determine MAR showed that double labels of

calcein administered with a twenty-four and forty-eight hour interval showed only a

single label within osteons at the periosteal edge. Administration with an interval of

seventy-two hours interval, resulted in a double calcein label within the osteons at

the periosteal edge (Fig 3.13). With an interval of ninety-six hours the first label was

seen to be disappearing at certain points within the osteons closer to the endosteal

edge. From this pilot study a time interval of 72 hours between labels was deemed

optimal.
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a 48 hrs between calcein labels, only a single label seen,
b 48 hrs between calcein labels, only a single label seen,
c 72 hrs between calcein labels, double label seen,
d 72 hrs between calcein labels, double label seen.

Figure 3.13 Time scale to optimise calcein labelling, (a+c) original magnification =
xlOO. (b+d) original magnification = x500.

3.4.7: Mineral apposition rate

In order to directly assess osteoblast mediated osteonal infilling I assessed the MAR

within the osteons of the periosteal surface at 21 days of age in birds of both strains.

This clearly showed that the fast growing strain had a slower MAR than that of the

slow growing strain (F = 11.51 ± 4.3pm/day, S = 28.16 ± 2.6pm/day; P < 0.001) (Fig

3.14).
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Figure 3.14 Calcein labelling at 21 days in (a) slow (n=10) and (b) fast growing birds
(n=10) within the primary osteons of the periosteal region. A significant difference in
mineral apposition rate was observed (c). Data are shown as mean ± SEM,
***P<0.001.

3.5: Discussion

In a former study it was reported that within fast and slow growing birds, periosteal

porosity was increased in the faster growing birds (Williams et al 2000, 2004). This

was confirmed by the findings of this study, where the fast growing birds were found

to have a wider tibiotarsi but the cortex was more porous at the periosteal edge. In
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addition, Williams and colleagues (2004) found that by feed restricting the fast

growing strain, the tibiotarsi width was similar to that of a slow growing chicken and

the porosity at the periosteal surface was also reduced to similar levels as the slow

growing strain. This highlights the relationship between the rate of body growth and

cortical bone porosity. Bone width is of great importance to bone strength (Schwartz

and Biewener 1992) and as expected the fast growing strain had wider tibiotarsi than

that of the control strain at both ages. It is therefore likely that in order to increase the

bone loading capacity as quickly as possible, the fast growing strain expanded its

tibiotarsi width more rapidly to compensate for the greater load placed upon it. By

expanding rapidly by both periosteal apposition and production of new osteons at the

periosteal surface, it is therefore likely that the newly formed primary osteons of the

fast growing strain have less time to infill the new osteons by bone apposition before

reaching the endosteal surface where they are reabsorbed by expansion of the

marrow cavity.

As expected, the body weights showed the birds of the slow growing strain to be half

the size of the birds of the fast growing strain (Fig 3.1). This confirms previously

published results (Williams et al 2000a). All chickens were sourced from the same

farm and kept under identical conditions, therefore the variance noted between farms

in a previously reported study does not apply (Williams et al 2000a). According to

my hypothesis, the greater body weight of the fast growing birds resulted in a load

induced increase in primary bone formation at the periosteal surface. This response is

similar to that observed in other growing animals; In young beagle dogs the bones of

immobilised forelimbs developed at a reduced rate with a smaller cross-section than

the bones of the normally loaded limb (Uhtoff and Jaworski 1978).
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The tibiotarsi of the control strain had the narrowest, weakest and lowest stiffness at

both ages as expected for the weight of the chicken. The greater bone thickness and

stiffness in the heavier chickens prevents the bones bending under the weight of the

chicken. In a healthy growing skeleton the bone mass and architecture alters to

accommodate the load placed upon it. Early experiments on bone adaptation to

loading were carried out on birds. Artificially imposing an intermitant load on a

turkey ulna has been found to increase the cross-sectional area of the bone, primarily

by widening the periosteal surface with new bone and primary osteon formation. In

addition, it was found that the increase was proportional to the magnitude on the load

placed upon the bone (Rubin and Lanyon 1987). This would apply to the fast

growing strain of bird in this study. By walking around the pens in which they were

kept, an intermitant load is placed upon the birds tibiotarsi, so that the heavier strain

with the greater body weight had a greater load, and the larger expected bone area.

However by removing the variable of the body weight it is possible to see that

although the slow strain has thinner bones, the cortex has developed in a natural way

rather than being forced to accommodate excess weight. The bones of the slow

growing strain were predictably stronger.

The cortical width achieved by the fast growing strain was greater than that of the

slow growing strain, but periosteally the cortical bone was consistently more porous

in the fast chickens. In numerous adults species there is the constant remodelling of

the bone around the Haversian canals of individual osteons. This maintains the

skeletons mechanical competence and allows for its role in mineral homeostasis

(Parfitt et al 1983, Frost 1986). In many cases porosity can be the imbalance of

remodelling (Frost 1997). The increased porosity observed in the fast growing strain

was not seen as a remodelling imbalance as the study of cement line staining (an
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indication of secondary remodelling) showed no remodelling at the periosteal

surface, where the increased porosity was noted. This implies that the bulk of bone is

achieved by the simultaneous expansion in the tibia width and growth of the marrow

cavity, rather, than by active cutting cones remodelling the periosteal surface.

Confirmation that bone resorption was not taking place within the periosteal edge of

the cortical was determined by TRAP staining. Enzyme activity was only shown to

be a present endosteally within the cortical bone. It has been reported in two previous

studies that periosteal porosity reduced with age (Williams et al 2000, Williams et al

2004). This is confirmed in this study. It has also been reported that growth

restriction was found to significantly reduce porosity and this further highlights the

correlation between the rate of body weight increase and cortical bone porosity

(Williams et al 2004).

It has previously been suggested that the cause of increased porosity might be due to

inadequate mineral supply in the feed given to the fast growing modern strain (Thorp

and Waddington 1997). Reported low ash content (Williams et al 2000b) is

consistant with mineral deficiency, but this could also be a problem caused by the

fast growers being unable to utilise the mineral provided quickly enough to

accommodate the rapid growth rate. The greater porosity could also simply be part of

the phenotype of the fast strain as LeTerrier et al 1998 reported. By reducing the

growth rate of the fast growing strain with energy restriction, LeTerrier and

colleagues (1998) showed there was no reduction in cortical porosity even though

there was a reduction in the chicken growth. These results are at variance with

Williams et al 2004, who found that cortical porosity was reduced with growth

restriction. However these differences between the two studies could be due to the

smaller reduction of energy and protein content in the study of LeTerrier et al 1998.
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It was possible that the growth restriction in the French study (LeTerrier et al 1998)

was not large enough to produce a detectable effect. Williams and colleagues (2004)

produced a growth restriction that resulted in stiffness and breaking strength values

similar to the control strain of this study. Studies of embryonic chickens of different

strains which included those of a fast growing meat-type, showed that enhanced

growth reduced skeletal adaptability. This led the authors to suggest that high growth

rates resulted in bones having relative insensitivity to loading (Pitsillides et al 1999).

As there was no evidence that the increased porosity was due to greater osteonal

resorption it was possible the fault was due to inadequate osteonal infilling. During

the infilling of primary osteons, bone formation occurs in two distinct stages; firstly

the matrix formation by the osteoblasts, followed by its mineralisation. Both events

are seperated in time and space (Recker 1983). As the primary osteon sizes were not

different between the two strains, the measurement of the amount of bone laid down

by the osteoblasts, within the newly formed osteons, was a necessity. The amount of

bone laid down within the periosteal primary osteons was lowered in the fast

growing strain.

The MAR studies confirmed that cortical porosity was due to the lack of infilling

within the primary osteons at the periosteal edge. MAR has been previously reported

in growing broilers to an average of 13.4 pm/day (Newbrey et al 1988) which is

similar to the growth rate of the fast growing chickens in this study. In comparison

the MAR within the primary osteons at the periosteal surface of the slow growing

chicken was more that double this amount.

In the growing long bone such as the tibiotarsus, there are three distinct

compartments contributing to the growth and strength of the shaft (Frost 1973). In

relation to this study the main compartment of interest is the outer periosteal
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compartment, which is directed towards osteoid production and mineralisation. The

broilers in Newbrey's study (1995) showed an extremely active periosteal surface,

again similar to those of the fast growing strain of this study. It can therefore be

speculated that the fast growing strain failed to respond to the mechanical stimulation

with bone differentiation failing to keep pace with the skeletal support requirements.

The widening of the cortex is an attempt by the bird to adapt to the rapidly increasing

body weight. However the increased porosity is an indication that there is an intrinsic

failing within the bone to adapt. Possible explanations for the impairment of osteonal

infdling may include: (1) a reduced number of osteoblasts incorporated into the

primary osteon capable of infdling the resultant canal and (2); the incorporated

osteoblasts are incapable of laying down the required amount to fill in the resultant

canal. Either scenario would result in a lowered infilling of the canal.

3.6: Conclusions

Under identical conditions the two strains of chickens showed many similarities in

the development of their tibiotarsi. Both continually increased the width of their

tibiotarsi to support their growing body weights. However the quality of bone

produced by the fast strain was relatively poor in terms of porosity which probably

accounts for the observed lowered effective breaking strength observed in these

chickens. The cause of the porosity has been shown to be due to a lack of infdling

within the newly formed primary osteons.
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Chapter 4: Determination of the cause of decreased
osteonal infilling in the fast growing broiler. A
histomorphometric and immunocytochemical study
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4.1; Introduction

Cell proliferation within the periosteum and the production of osteoblasts is

necessary for cortical bone to increase in size periosteally and also to make

osteoblasts available for incorporation into the newly forming primary osteons

(Doty and Schofield 1976). The periosteum is described as an envelope that

covers the bone surface and separates it from surrounding soft tissue. It is highly

adherent to the epiphysis and slightly less adherent to the bone surface in the

diaphyseal region (Kitaoka et al 1998). It is made up of two layers, an outer

fibrous layer and an inner cellular cambian layer (Ragsdale et al 1981, Balena et al

1992). Within the growing skeleton the periosteum is highly osteogenic, with

epithelial like cells, nerve fibres and blood vessels found in the cambian layer and

fibroblast like cells found in the outer fibrous layer (Uchida et al 1988). In an

adult human there is minimal cellular activity in the cambian layer (fibrous layer)

(Eyre-Brooke 1984), although it does show a higher osteogenic potential in

response to pathologic stimuli (Budal 1979). It is possible that a lower osteoblast

and osteoblast progenitor proliferation within the fast growing strain of chickens

could limit the amount of osteoblasts available for incorporation into primary

osteons. Such a series of events may account for the lack of osteon infilling and

increased porosity in the fast growing chickens.

Blood vessels from the periosteum are incorporated in the newly formed primary

osteons. Longitudinal depressions form at the periosteal surface at the areas where

blood vessels sit. These then become covered by more bone and thereby trapping

the blood vessel within the bone. The resultant hollow cylinder contains blood

vessels, nerves and osteoblasts which synthesise bone and form rings of boney

lamellae within the hollow. This results in the formation of the circular primary

osteons (Banks 1986). It is unclear if the number of blood vessels on the
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periosteal surface influences the number and distribution of osteons formed. It is

possible that differences in blood vessel number on the periosteal surface may

account for, in some way, the altered osteonal infilling rates noted in the fast

growing birds.

4.2: Aims

To determine the underlying cellular mechanisms that may be responsible for the

lack of infilling of primary osteons observed in the fast growing strain of chicken.

Specifically to study (a) the blood vessel number and (b) the cell proliferation

within the periosteum, (c) the collagen orientation and osteocyte density within

the fast and slow growing birds.

4.3: Materials and methods

4.3.1: Blood vessel staining

Determination of effective antibody staining to basement membrane proteins.

In order to determine optimum procedures for the detection of basement

membranes, frozen sections of chicken liver and heart (rich in basement

membranes), were tested with three primary antibodies to basement membrane

constituents as described in chapter 2 (section 2.1.12).

Birds and Housing

At 21 days of age, 3 birds from each brooder in study 1 (section 2.1.1) (6 birds of

each strain in total) were picked at random. The birds were killed by cervical
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dislocation and sections of the right tibiotarsus were processed for examination in

this study.

4.3.2: Bromo deoxyuridine Labelling

Birds and housing

At 20 days of age, 6 birds from each brooder in study 1 (section 2.1.1) (12 birds of

each strain in total) were picked at random, intravenously injected with BrdU at

four time points between 12 and 24 hours before cull. The birds were killed by

cervical dislocation and sections of the right tibiotarsus were processed as

described in chapter 2 (section 2.1.6).

4.4: Results

4.4.1: Basement membrane staining in frozen sections of chick heart and

liver

In pilot studies, frozen sections were studied to determine which antibodies to

basement membrane proteins gave clear results on chicken tissue. All primary

antibodies; laminin (31 and 3H11) and heparan sulphate (33) detected basement

membrane in both tissues. Control sections were negative. The immunostaining

with antibodies 3H11 was stronger and superior to that obtained by staining with

antibody of 33. Both were superior to antibody 31 (Fig 4.1).
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a Ab 3H11 on chick heart tissue,
b Ab 3H11 on chick liver tissue
c Ab 33 on chick heart tissue
d Ab 33 on chick liver tissue
e Ab 31 on chick heart tissue
f Ab 31 on chick liver tissue

Figure 4.1 Basement membrane staining of chicken heart and liver. All original
magnifications were at xlOO. Arrows indicate the strongest areas of basement

membrane staining.

4.4.2: Demasking wax embedded slides

Trypsin 3pk pre-treatment gave negative results with all of the basement

membrane antibodies. Proteinase K and pronase pre-treatment gave positive

results with the laminin antibody 3H11 but neither methods worked with the

heparan sulphate antibody 33 (Fig 4.2). Therefore, all further work was carried
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out on decalcified paraffin embedded sections, pretreated with proteinase K, as

detailed in chapter 2 (section 2.1.5.3).

Figure 4.2 Demasking methods for wax embedded sections for use with
antibodies to basement membrane proteins.

4.4.3: Blood Vessel number within the Periosteum

Blood vessel number within the periosteum was similar in both strains (F = 6.0 ±

0.5 /mm2, S = 4.91 ± 0.7 /mm2 ;NS) but differed between regions habitually

loaded in tension (anterior: 3.82 ± 0.2 /mm" [fast growth area]) or in compression

a proteinase K demasking with antibody 3H11
b pronase demasking with antibody 3H11
c trypsin 3pk demasking with antibody 3H11
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(posterior 6.14 ± 1.3/mm2; P<0.01 [slow growth area]) in both strains of chicken.

However there was no significant strain/area interactions in the number of blood

vessels available in the periosteum (Fig 4.3).
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Figure 4.3 Blood vessel number in slow (n=6)(a) and fast (n=6)(b) growing
chickens, (the boxed off area is the inner layer of the periosteum where blood
vessels were counted). The difference in the number of blood vessels between
strains (c), between different areas of the bone (d), and strain/area interaction (e).
(Where f is the fast growing area of the periosteum, s is the slow growing area of
the periosteum, and ai and bi being the intermediate areas between the fast and
slow growing areas). (The fast area is the anterior side; under tension, the slow
area is the posterior side; under compression). Data are shown as mean ± SEM,
** PO.Ol.

4.4,4: Cell proliferation in the periosteum

Proliferating pre-osteoblasts (Fig 4.4a and b) within the osteogenic layer of the

periosteum had a lower labelling index in the rapidly growing birds averaged

across the four circumferential areas of the periosteum (F = 20.47 ± 2.6 %, S =
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32.17 ± 2.2 %; P<0.001) (Fig 4.4c). Comparison of the labelling index between

the areas of the bone under fast growth (anterior) when compared to areas under

slow growth (posterior) indicated that there was a significant difference between

these two areas with the fast growth area having a higher labelling index than that

of the slow growth area (fast growth area = 38.99 ± 0.6 %, slow growth area =

17.43 ± 1.6 %, P <0.001) (Fig 4.4d). There were varying significant differences

when strain/area interactions were considered ([fast growth area = F = 29.96 ± 2.6

%; S = 48.92 ±1.8 %]; [intermediate area a = F = 19.05 ± 6 %, S = 31.04 ± 1.6

%]; [intermediate area b = F = 18.43 ± 2.2 %, S = 28 ± 1.7 %,]; [slow growth

area = F = 14.45 ± 2.0 %, S = 20.7 ± 2.2 %]) with interactions as (f-ai = P< 0.05;

f-bi = P< 0.01; f-s = P< 0.001) when compared to the fastest growing area

(Student's t test) (Fig 4.4e).
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Figure 4.4 Labelling index of cells within the periosteum in slow (n=6)(a) and fast
(n=6)(b) growing chickens. The difference in the labelling index between strains
(c), between different areas of the bone (d), and strain/area interaction (e). (Where
f is the fast growing area of the periosteum, s the slow growing area of the
periosteum, and ai and bi being the intermediate areas between the fast and slow
growing areas). (The fast area is the anterior side; under tension, the slow areas is
the posterior side; under compression). Data are shown as mean ± SEM, * P<0.05;
** PO.01; ***p<0.001.
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4.4.5: Periosteum diameter

The osteogenic layer of the periosteum (Fig 4.5a and b) had a greater diameter in

the fast strain of chickens (F = 20.57 ± 1.9 pm, S = 15.54 ± 1.7 pm; P<0.01) (Fig

4.5c). There was also a clear difference in the size of the osteogenic layer between

the fast growing side and the slow growing side of the bones (fast area = 32.56 ±

2.0 pm2, slow area = 9.71 ± 1.8 pm2; P<0.01) (Fig 4.5d). However there was no

significant strain/area interactions in the size of the osteogenic layer of the

periosteum (Fig 4.5e).
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f ai bi s

Figure 4.5 Periosteum diameter in slow (n=6)(a) and fast (n=6)(b) growing
chickens, (the boxed off area is the inner layer of the periosteum where the
proliferating cells are found). The difference in the periosteum width between
strains (c), between different areas of the periosteum (d), and strain/area
interaction (e). (Where f is the fast growing area of the periosteum, s the slow
growing area of the periosteum, and ai and bi being the intermediate areas
between the fast and slow growing areas). (The fast area is the anterior side;
under tension, the slow areas is the posterior side; under compression). Data are
shown as mean ± SEM, ** PO.Ol.
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4.4.6: Live/dead cell detection

It was considered that the osteoblast live/dead ratio within infilling osteons may

explain the difference in infilling rates of the primary osteons at the periosteal

edge between the fast and slow strains. Live/dead detection was carried out to

determine the ratio of live cells to dead cells by the penetration of two cell

markers. One marks live cells green and one marks dead cells red. This was used

to determine if there was any difference between the two strains in the number of

osteoblasts which may have undergone apoptosis. Unfortunately the probes did

not penetrate into the undecalcified bone after submersion in the probes for 5 or

24 hours. This method has been shown by another group to penetrate into

undecalcified growth plate blocks of tissue (H Roach, unpublished observations).

This line of investigation was not pursued.

4.4.7: Osteocyte density

Whilst studying slides to determine infilling rates of primary osteons (chapter 3) I

made a serendipitous observation. It appeared that the osteocyte density in the

bone of the fast growing birds was greater than that of the slow growing birds.

This observation may reflect differences in osteoblast differentiation rates

between the two strains and was therefore investigated further. Osteocyte density

within the circumferential lamellae at the periosteal edge was higher within the

rapidly growing birds at 14 days of age (F = 5.25 ± 0.0004/mm2, S = 3.56, ±

0.0004/mm2; P , 0.01) and at 42 days of age (F = 5.34 ± 0.0003/mm2, S = 1.8 ±

0.0003 mm2; P , 0.01) (Fig 4.6). However osteocyte density was unchanged

within the newly laid down bone of the primary osteons at 14 days of age (F =

4.47 ± 0.04 mm2, S = 3.86 ± 0.03 mm2) and 42 days of age (F = 2.72 ± 0.048

mm2, S = 2.85 ± 0.032 mm2) (Fig 4.7).
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Figure 4.6 Osteocyte density within the circumferential lamellae at the periosteal
edge of both slow (n=10)(a), and fast (n=10)(b) strains of chicken at 14 and 42
days of age. Quantification of osteocyte density (c). Error bars were too small to
be visible on the graph. Data are shown as mean ± SEM, ** P<0.01.

105



Chapter 4 Mechanisms of decreased osteon infilling
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Figure 4.7 Osteocyte density within newly formed primary osteons at the
periosteal edge of both slow (n=10)(a), and fast (n=10)(b) strains of chick at 14
and 42 days of age. Quantification of osteocyte density (c). Data are shown as
mean ± SEM.

4.4.8: Collagen orientation

Collagen orientation at the periosteal edge ofboth the fast and slow growth strain

of chickens showed a circumferential collagen orientation within the lamellae of

the newly formed osteons. There was more alternating collagen fibre orientation

within the circumferential bone between the osteons than in the osteons

themselves (Fig 4.8). There was no obvious visual differences in collagen

orientation between the two strains at either the anterior or posterior areas of the

cortex.
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Figure 4.8 Collagen fibre orientation observed with polarised light, at the fastest
growing area of the cortical bone in both fast (n=6)(a) and slow (n=6)(c) growing
strains. At the slowest growing area of the cortical bone in both fast (b) and slow
(d) strains. Original magnification was at XI00.

4.5: Discussion

Blood vessel numbers were found not to be a determinant for primary osteon

porosity, with both strains of chicken having almost the same amount of blood

vessels available for incorporation at all times. However differences were noted

between different anatomical areas of the bone. The anterior, which is always

under tension, had a reduced number of blood vessels in both strains compared to

that of the posterior, which is always under compression. This indicates that the

area which is growing fastest around the cortex of the bone had fewer blood

vessel available for incorporation than the side which was growing slowly. This

indicates that blood vessel number is affected by the way in which the mechanical

load (body weight) is applied to the bone but not by the strain and growth rates of

the chickens. This rules out the hypothesis that blood vessel availability at the

periosteum for incorporation into primary osteons can effect the porosity seen at

the periosteal edge. Previous studies into cell proliferation within the avian

species have concentrated on cell proliferation within the growth plates and
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correlations have been made between chondrocyte proliferation and growth rate of

the bones (Kirkwood et al 1989). BrdU has been successfully used as an indicator

of proliferating cells in rat growth plates and neural tissue (Harms et al 1986,

Farquharson and Loveridge 1990, Kee et el 2002) however no published data on

cell proliferation rates within the periosteum of chicken bones exist. It is the inner

layer of the periosteum (cambium) which contain the proliferating cells (Balena et

al 1992) and periosteal osteoblasts are presumably derived from precursor cells

that reside in the cambium layer adjacent to the bone surface (Ellender et al 1988,

Wlodarski 1989, Squier et al 1990). The lower labelling index within the

periosteum of the fast growing strain indicates that less cells were proliferating

even though a higher cell number existed. The higher cell number may be related

to the fact that the periosteum was wider in the fast growing strain compared to

that of the slow growing strain. Periosteum width was also related to whether the

bone was under tension or compression but this was not affected by the strain of

bird. The lower labelling index at the periosteum and the increased osteocyte

density within the circumferential lamellae of the fast growing strain suggests an

increase in differentiation and transit time through the osteoblast lineage at the

periosteal surface. This hypothesis could also account for the reduced primary

osteon infilling, but osteocyte density within primary osteons was similar in both

strains. It is well documented that increased osteocyte apoptosis is correlated to

sites of bone fracture (Noble et el 1998), however apoptotic rates in osteoblasts of

infilling osteons are not known. Osteoblasts are responsible for the formation of

osteoid (Owen 1963), and are specific to sites where bone apposition is taking

place (Thomson and Loveridge 1992). The fast growing chicken increases its

periosteal width in proportion to body weight and therefore it would appear that

there are enough osteoblasts on the cortical surface to enable this expansion to
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occur. It therefore is possible that the osteoblasts are pre-occupied by laying down

new bone at the periosteal surface rather than proliferating. This may result in the

number of osteoblasts incorporated into the primary osteons being limited within

the fast growing strain.

Osteocytes are considered the most mature or terminally differientiated cell of the

osteoblast lineage. They are osteoblasts which have been embedded in their own

secretory products, occupying spaces, lacunae, in the interior of the bone.

Molecular strain plays an important part in the modelling and remodelling of

bone, and the best situated cell to detect the strain is the osteocyte (Lanyon 1993).

As the mechanical pressure displaces the extracellular fluid, the surrounding

matrix, including the osteocytes, are distorted (Turner et al 1994). Periosteal

circumferential lamellae/bone of the fast growing birds had a higher osteocyte

density. This may result from a faster rate of osteoblast differentiation in the fast

growing birds. If the osteoblast transits through the matrix synthesising phase

faster, each cell would be surrounded by less matrix and the resulting density of

the future osteocytes would increase. When osteoblast precursors are locally

available, as in the periosteum, this would have little or no effect on bone growth,

as discussed above. However, if precursors were less readily available, as in the

primary osteons, then this could result in reduced osteonal infilling due to the lack

of osteoid. However, the osteocyte density within the new osteoid laid down in

the primary osteons was the same between both strains, indicating that osteoblasts

differentiate within the primary osteon at a similar rate in both strains. This

suggest other mechanisms such as reduced osteoblast incorporation into primary

osteons and/or increased apoptotic rates may be responsible.

To determine if cell death (apoptosis) was a cause of increased porosity within the

periosteal primary osteons of the fast growing chickens, molecular probes were
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used to detect live/dead cells. Unfortunately penetration of the probes into

calcified bone blocks was unsuccessful. The problem was seen at both time

periods (5 and 24 hours) studied. These probes have been shown to penetrate

growth plates and their cells, with the CMFDA marking live cells green and

EthD-1 marking dead cells red (Roach, personal communication). Should this be

attempted again in further studies, it would be advisable to try the same probes on

thinner blocks. Due to time, cost restraints and chicken availability this

experiment was not repeated.

Given a particular porosity and mineralisation, and a particular trabecular or

osteonal architecture, it remains possible for two regions of bone to have different

material properties (Martin et al 1998). Therefore, the next variable to be

considered was the orientation of constituent collagen fibres, which is controlled

by both cell function and by extracellular physical processes known as

micromodelling (Frost 1986). It has been shown that individual osteons as well as

whole bone has collagen fibre orientation (Ascenzi and Bonucci 1967) that varies

with position relative to the neutral axis. It has been shown that regions in habitual

tension have more longitudinal fibres and those in compression have fewer

(Portigiatti-Bardos et al 1983). In cortical bone, collagen fibre orientation may be

the predominant factor in determining tensile strength (Martin and Ishida 1989).

These authors however based this observation on cortical bone which generally

shows little variance in porosity or mineralisation. Lamellar bone is stronger than

woven bone in which the collagen fibres are more or less randomly orientated.

The predominant orientation of collagen fibres affects tissue strength in relation to

the mode of loading; longitudinal fibres promote strength in tension, while

transverse fibres are associated with strength in compression (Martin et al 1998).

In studies with cortical bone from bovine tibia, collagen fibre orientation was
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considered a high predictor of bending properties. Density and mineralisation

were considered the next best predictors. Variations in bending properties of

plexiform and osteonal bone have been noted. In osteonal specimens 88% of the

elastic modulus variability was accounted for by bone ash content and collagen

fibre orientation (Martin and Ishida 1989, Martin and Boardman 1993). This

present study defined the collagen fibre orientation according to Ascenzi and

Bonucci 1967. No differences between the two strains was found. This indicates

that the cause of tibiotarsi weakness in the fast growing strain was unlikely to be

due to random orientation of collagen fibres. It was hypothesied that due to the

high level of osteocytes and the rapid circumferential expansion of the tibiotarsi

within the fast strain, there would be little collagen fibres organisation seen

(Giraud-Guille 1988). It was more likely that the fibres would be laid down

randomly and hence less visible by polarised microscopy. However this was not

the case, with the fibres in both the osteon and the circumferential lamellae area

having strong circumferential orientation. This indicates that although growth is

rapid, the lamellae formation is still organised.

It is widely held that woven bone contains a greater cellular content (osteocytes)

than typical cortical bone (Buckwalter et al 1995). Differences of 400-800% have

been reported in osteocyte number between woven and lamellar bone. However

after the assessment of collagen fibre orientation on this present study, it is clear

that woven bone is not produced in any significant quantity in either of the strains

examined in this study. Interestingly, woven bone formed at the periosteal surface

in response to overload was similar in osteocyte number to normal periosteal

cortical lamellae bone (Hernandez et al 2004). Only woven bone formed via

endochondral ossification showed a significant osteocyte density increase

(Hernandez et al 2004). These data indicate that the increased osteocyte density in
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the lamellar bone of the fast growing strain is not a consequence of the presence

of woven bone. The question remains as to what is the cause of the increased

osteocyte density. Whatever the specific mechanisms are, it could be considered

that the concentration of relevant signalling factors in bone may be increased in

the bone tissue with a high cell density.

Skeletal adaptations vary in animals, in particular, changes in adaptive responses

during growth. Cells can sense changes in their mechanical environment and

promote alterations and adaptations in tissue structure and function. Mechanical

stimuli regulate such fundamental processes as cell division and differentiation

and determine tissue form (Benjamin and Hillen 2003). Development and growth

of bones formed via a cartilage model involves two distinct patterns of bone

formation. Endochondral bone formation, whereby cartilage matrix in the interior

of growing metaphyses calcifies providing minerlised cores onto which recruited

osteoblasts deposit new bone. In contrast perichondral bone formation is the

process whereby bone is formed outside cartilage leading to the formation of a

primitive cortex and associated periosteum (Riminucci et al 1998). When

comparing immature to adult rats and their skeletal response to loading, Jarvinen

et al 2003 concluded that young skeletons adapted through geometrical changes

(increase in bone size), whereas adult rats seemed to adapt mainly through

increase in bone density. The data from the fast and slow growing chickens of this

study is in agreement with this view as both increased tibiotarsi width, with the

fast increasing more rapidly with the greater load due to body weight being placed

upon it.
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4.6: Conclusion

In conclusion the data from this study indicates that the periosteal cortical porosity

and the lack of infilling within the primary osteons (chapter 3, section 3.5.4) was

not caused by blood vessel availability for incorporation into the osteons.

Differences in collagen fibre orientation can also been ruled out and woven bone

was not present. Osteocyte density in the circumferential lamellae increased in the

fast strain but was similar in the primary osteons of both strains. These results

indicate that the differences observed in osteon infilling between the strains is

possibly due to a lack of availability of osteoblasts precursors at the periosteal

surface. An increase in apoptosis of osteoblasts within the osteons of the fast

growing birds cannot however be ruled out.
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Chapter 5: Comparison of proliferation,
differentiation and gene expression of osteoblasts: In
Vitro Studies
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5.1: Introduction

Bone formation takes place in animals not only during embryonic development and

growth but throughout life in the process of normal bone remodelling and fracture

repair. For both the growing skeleton and bone renewal throughout life there is the

requirement for proliferation and differentiation of osteoprogenitor cells into

osteoblasts. Unique properties and definition of the characteristic responses of the

osteoblasts and mechanisms that control progression through the osteoblast cell

linage allow study of any abnormalities in the skeletal development. Using primary

cell cultures, the expression of cell growth and tissue specific genes during

progressive establishment of the osteoblast phenotype allows the study of temporal

developmental stages, in the osteoblast lineage.

Four principle osteoblast development stages can be defined (Stein and Lian 1995),

1) Proliferation supports expansion of the osteoblast cell population to form a multi-

layered cellular nodule and biosynthesis of collagen type I. During this period genes

necessary for activation of proliferation and cell cycle progression are expressed

together with genes encoding growth factors. 2) Following proliferation, expression

of genes associated with maturation and organisation are upregulated, rendering the

extracellular matrix competent for mineralisation (Gerstenfeld et al 1993). 3) This is

the development period which involves gene expression related to the accumulation

of hydroxyapatite in the extracellular matrix. Genes encoding several proteins with

mineral binding properties such as osteopontin, osteocalcin and bone sialoprotein

expression, exhibit maximal expression at this time (Lian and Stein 1996). 4) A

further development period follows in mature cultures during which collagenase is
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elevated, apoptotic activity occurs and compensatory proliferation activity and

collagen expression is evident (Lynch et al 1994) (Fig 5.1).

MATRIX
PROLIFERATON MATURATION MINERALISATION

Figure 5.1 A diagram representing changes in expression of proliferation and
maturation associated genes during the development of the osteoblast phenotype.
(adapted from Lian and Stein 1996)

Developmental gene expression is part dependent upon position within the osteoblast

lineage. There are two principle transition points, which are key for temporal

expression of genes that support the progression of differentiation. The first point,

completion of the proliferation period when genes for cell cycle and cell growth

control are down regulated, and expression of genes encoding proteins for

extracellular matrix maturation and organisation are initiated (Lian and Stein 1996).

The absence during the proliferation period of gene expression observed in post-

proliferative mature osteoblasts is called "genotype suppression " (Lian et al 1991).
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The second transition point is at the onset of the expression of genes required for

extracellular matrix mineralisation. Both transition points have been experimentally

established and functionally defined as restriction points during osteoblast

differentiation to which developmental expression of genes can proceed but cannot

pass, without additional cellular signalling (Owen et al 1990).

5.2: Aims

1) To establish if differences in osteoblast characteristics such as cell proliferation

and differentiation exist between cells isolated from the fast and slow growing

strains.

2) To compare expression of genes involved in matrix synthesis (collagen type I,

osteonectin, osteopontin and osteocalcin), transcription control (Runx2), growth

(IGF-I and IGF-I receptor) and weight bearing (eNOS, glutamate receptor and

serotonin receptor) between the two populations of osteoblasts. Such information

may to help explain the differences in osteonal infilling rates noted previously,

(chapter 3).

5.3: Methods

5.3.1: Bird housing and number for culture

Four birds kept in floor pens from both the fast (n=4) and the slow (n=4) strain, were

culled at 21 days for bone extraction to establish osteoblast cultures as described in

chapter 2 (section 2.2.1).
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5.3.2: In-situ RNA analysis

The expression of genes which were differentially expressed in cell culture

experiments (BSP, OPN, serotonin receptor and Runx2) were also examined in situ

by LCM and RT-PCR. All RNA collected during LCM from the fast and slow

growing strains were analysed for quality using an agilent bioanalyser, carried out by

the ARK-Genomics (www.ark-genomics.org).

5.4: Results

5.4.1: In Vitro osteoblast analysis

The initial osteoblasts extracted from cortical bone through a series of digests were

split into two populations (chapter 2, section 2.2.1). Those from digest 1 and 2 were

combined to give population 1/2 and those from digest 3 and 4 were combined to

give population 3/4. There was a visibly distinct difference between the two

populations, with population 1/2 showing a mixed cell population with a high

incidence of foam like cells whereas population 3/4 were more homogenous and

representative of the osteoblast phenotype (Fig 5.2). Unfortunately one of the slow

growing strain osteoblast cultures was lost due to contamination, leaving 3 cultures

from the slow growing strain and 4 from the fast growing strain for analysis.
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Rnm

Figure 5.2 Digest populations 1/2 (a) and 3/4 (b) from initial primary culture after 4
days in culture. Red arrows indicate bone particle, black arrows indicate foam cells.
Original magnification xlOO.
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Population 3/4 also showed a visible increase in the proliferation rate of those

extracted from the slow growing chickens compared to those from the fast growing

chickens (Fig 5.3). As the population appeared to be more representative of the

osteoblast phenotype, cells from this population of the samples were used for the in

vitro studies. Cells in population 1/2 were discarded.
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Figure 5.3 Visible difference in the number of osteoblasts extracted (population 3/4)
from slow (a) and fast (b) growing strains after 4 days in culture. The cells were
plated at the same density. Original magnification xlOO.

5.4.2: Osteoblast proliferation

Osteoblast proliferation was determined by tritiated-thymidine uptake. At the pre-

confluency stage (Tl,3days), cell proliferation (dpm) was higher in the slow growing

birds (F = 7439 ± 287; S = 11732 ± 371; P<0.001), but this pattern was reversed at

confluency (T2,7days) (F = 10491 ± 1290; S = 1979 ± 322 PO.OOl) and post

confluency (T3,lldays) (F = 4564 ± 565; S = 1702 ± 57; PO.OOl). These latter

observations at T2 and T3 are possibly a consequence of the earlier impairment of

proliferation by contact inhibition in the slow growing strain (Fig 5.4).
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Figure 5.4 Osteoblast proliferation rate in pre-confluent (Tl,3days), confluent
(T2,7days), and post-confluent (T3,lldays) cultures. Data are shown as mean ±
SEM, ***P<0.001.

5.4.3: Osteoblast differentiation

Determination of differentiation was assessed by ALP activity. ALP activity (pNPP

hydrol/30 min/mg protein) was only detected at the post-confluency stage and was

significantly higher in the fast growing strain (F = 1188 ± 197; S = 216 ± 185;

PO.OOl) (Fig 5.5).

□ slow □ last

Figure 5.5 Osteoblast ALP activity in post-confluent (T3,lldays) cultures. Data are
shown as mean ± SEM, ***P<0.001.
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5.4.4: Gene Expression studies

Osteoblastic gene expression was determined by semi-quantitative RT-PCR and

quantified by densitometry (cnt/mm2). A higher level of osteopontin (F = 382 ± 79; S

= 1205 ± 81, P< 0.01) (Fig 5.6), and BSP (F = 33 ± 24; S = 262 ± 76, P<0.05) (Fig

5.7) expression was observed in osteoblasts derived from slow growing birds.

419 bp

□ slow □ fast

b

Figure 5.6 a) Expression of OPN in cultured osteoblasts from 4 fast (F) and 3 slow
(S) growing birds by RT-PCR. b) Quantification of expression by densitometry at
T3,l ldays. Data is shown as mean ± SEM, ** P<0.01
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Figure 5.7 a) Expression of BSP in cultured osteoblasts from 4 fast (F) and 3 slow
(S) growing birds by RT-PCR. b) Quantification of expression by densitometry at
T3,l lday. Data is shown as mean ± SEM, * P<0.05.

The serotonin receptor, considered to have a role in mechano-regulation, was more

highly expressed in osteoblasts from fast growing chickens (cnt/mm2) (F = 565 ± 74;

S = 241 ± 74, P<0.05) (Fig 5.8) as was Runx2 (F = 312 ± 9; S = 72 ± 35; PO.OOl)

(Fig 5.9)

F F F F S S S

a

420 bp
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Figure 5.8 a) Expression of bone serotonin receptor in cultured osteoblasts from 4
fast (F) and 3 slow (S) growing birds by RT-PCR. b) Quantification of expression by
densitometry at T3,l lday. Data is shown as mean ± SEM, * P<0.05.
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Figure 5.9 a) Expression ofRunx2 in cultured osteoblasts from 4 fast (F) and 3 slow
(S) growing birds by RT-PCR. b) Quantification of expression by densitometry at
T3,llday. Data is shown as mean ± SEM, ***P<0.001.
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The house keeping gene GAPDH was used as a control. As expected it was equally

expressed in all samples from the fast and slow growing strains (cnt/mm ) (F = 107.8

±35; S = 102.1 ±26) (Fig 5.10).

300 bp

□ slow □ fast
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Figure 5.10 a) Expression of GAPDH in cultured osteoblasts from 4 fast (F) and 3
slow (S) growing birds by RT-PCR. b) Quantification of expression by densitometry
at T3,l lday. Data is shown as mean ± SEM.

The expression of Collagen type 1 (cnt/mm2) (F = 186 ± 32; S = 250 ± 46), (Fig 5.11)

osteonectin (F = 1400 ± 109; S = 1300 ± 67) (Fig 5.12), osteocalcin (F = 118.3 ± 70;

S = 187.4 ± 16) (Fig 5.13) and ER a (F = 946.5 ± 85; S = 921.7 ± 214) (Fig 5.14)

was not different between the strains. Unfortunately with continued trial of

temperature and cycle number changes, no results could be obtained with primers to
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eNOS, IGF-1, Glutamate receptor (NMDA), and IGF 1-receptor. Due to time

limitations these studies were not taken further.

351 bp

□ slow □ fast
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Figure 5.11 a) Expression of COL1A1 in cultured osteoblasts from 4 fast (F) and 3
slow (S) growing birds by RT-PCR. b) Quantification of expression by densitometry
at T3,l lday. Data is shown as mean ± SEM.
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Figure 5.12 a) Expression of osteonectin in cultured osteoblasts from 4 fast (F) and 3
slow (S) growing birds by RT-PCR. b) Quantification of expression by densitometry
at T3,l lday. Data is shown as mean ± SEM.

318 bp

□ slow □ fast

300 -

Figure 5.13 a) Expression of osteocalcin in cultured osteoblasts from 4 fast (F) and 3
slow (S) growing birds by RT-PCR. b) Quantification of expression by densitometry
at T3,l lday. Data is shown as mean ± SEM.
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Figure 5.14 a) Expression of ERa in cultured osteoblasts from 4 fast (F) and 3 slow
(S) growing birds by RT-PCR. b) Quantification of expression by densitometry at
T3,l lday. Data is shown as mean ± SEM.

5.4.5: Laser Capture Microscopy

5.4.5.1: Validation of LCM protocol

RNA extracted from chondrocytes of the hypertrophic (Fig 5.15) and proliferating

(Fig 5.16) regions of a chicken growth plate by LCM, were amplified by RT-PCR

using primers against collagen type II and X (chapter 2, section 2.2.12). Collagen

type II expression was seen in both maturational zones, where as collagen type X
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expression was present only in the cells of the hypertrophic zone (Fig 5.17). This

data was consistent with the known expression of collagens II and X in the growth

plate (Farquharson et al 2001). This confirms that the LCM methodology was viable

in detecting differences in gene expression.

Figure 5.15 Cells at the hypertrophic region of the growth plate before laser capture
(a) and the same site after laser capture (b).

Figure 5.16 Cells at the proliferating region of the growth plate before laser capture
(a) and the same site after laser capture (b).

: : -
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Figure 5.17 (a) collagen type II and (b) collagen type X expression in hypertrophic
(H) and proliferating (P) chondrocytes of the growth plate.

5.4.5.2: Laser Capture Microscopy

It was my intention to extend the in vitro gene expression studies described in this

chapter to the in vivo situation. This was to be done by isolating RNA from osteonal

osteoblasts from the fast and slow growing strains and looking at the expression of

the genes that had altered expression in the in vitro studies i.e\ OPN, BSP, serotonin

receptor and Runx2. Although cells were successfully targeted in both fast growing

chickens (Fig 5.18) and slow growing chickens (Fig 5.19) and RNA extracted, a

result could only be obtained when the samples were run with 18S primers (Fig

5.20).
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Figure 5.18 Osteons at the periosteal edge of a fast growing chicken cortical bone
before osteoblast cell extraction by laser capture (a) and after laser capture of cells
(b). White arrows indicate osteoblasts within the primary osteons, and blue arrows
indicate where cells have been removed. All arrows point towards the periosteal
edge.

Figure 5.19 Osteons at the periosteal edge of a slow growing chicken cortical bone
before osteoblast cell extraction by laser capture (a) and after laser capture of cells
(b). White arrows indicate osteoblasts within the primary osteons, and blue arrows
indicate where cells have been removed. All arrows point towards the periosteal
edge.

All samples were originally tested using the same RNA concentration per reaction as

was carried out in the in vitro studies chapter 2 (section 2.2.8). As this yielded no

results the concentration level of the RNA per reaction was increased to that stated in

chapter 2 (section 2.2.10), however this still produced no product. The number of

cycles per reaction was then increased but unfortunately there was still no product
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produced by RT-PCR analysis. The right and left bone samples from each individual

bird were then combined to give one sample per bird, and the RNA concentrated.

Again no product was produced on analysis. All the fast growing samples were then

combined together to give a single RNA sample, as were the samples from the slow

growing chickens combined into one single sample. Once again there was no product

produced. All samples were tested at each stage by Agilent (appendice 1), which

showed the samples to be degrading. From capture with the LCM to these various

analysis stages took several months and time prohibited starting this again. Therefore

no results were obtained by this method for the analysis of in-situ gene expression.

B F1R F2R F3R F4R S1R S2R S3R S4R

Figure 5.20 Expression of 18S from LCM collected RNA from 4 fast (F) and 4 slow
(S) growing birds of the right tibiotarsi by RT-PCR.

5.4.6: Immunoblotting

Protein extracted from cultured osteoblasts tested against collagen type I showed a

single band in all samples of fast and slow growing chickens with no difference

between strains (Fig 5.21). Several other antibodies were tested as listed in chapter 2

(section 2.2.7), but no bands were detected.

Figure 5.21 Collagen type I protein expression from cultured osteoblasts from fast
and slow growing chickens.
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Protein extracted from cultured osteoblasts reacted with antibodies to BSP. There

was a significant difference in expression levels by the cells from the fast and slow

growing strains of chicken. The slow growing chickens had a higher expression of

BSP than that of the fast growing strain when quantified by densitometry (cnt/mirr)

(F = 3453 ± 48.3, S = 4274 ± 40.6; P< 0.01) (Fig 5.22).

F F F F S S S

a

Figure 5.22 BSP protein expression from cultured osteoblasts from fast and slow
growing chickens.

5.5: Discussion

Osteoblasts isolated from slow growing chickens proliferated in culture significantly

faster at pre-confluency than osteoblasts from fast growing chickens. These results

are consistent with the in vivo data of chapter 4 where a higher proliferation rate was

noted within periosteal cells of the slow growing chickens. During osteoblast

proliferation an increase in the expression of growth factors such as IGF-l(Birnbaum

and Wiren 1994) and collagen type I (Stein and Lian 1995) have been reported.

Further, it has been shown that the systemic levels of IGF-I in slow growing chickens

(as used in this study) are actually higher than that of the fast growing chickens

(Goddard et al 1988). It has been reported that bone growth rate can be expressed as

the product of cell production rate (Kirkwood et al 1989). This is supported by the

results of this study where the proliferation rate was higher in the osteoblasts from

the slow growing chickens which produce a faster rate of bone formation within the
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newly formed primary osteon at the periosteal surface (chapter 4). This increased

proliferation may be a result of the higher levels of IGF-I (Goddard et al 1988) in the

slow growing chicken. IGF-I is a known mitogen for several cell types, including

osteoblasts (Canalis 1980).

ALP activity post confluency (11 days) was higher in osteoblasts from the fast

growing chickens than those from the slow growing chickens. This would be

consistent with osteoblasts from the fast growing strain exiting the cell cycle faster

and entering the differentiation pathway. This would explain the lower proliferation

rates and higher ALP activity in the osteoblasts from the fast growing chickens. The

changes in cell shape promoted by the multi-layering of cells in culture may provide

signals for osteoblast differentiation. The effect of crowding on cell proliferation, a

phenomenon mediated by cell shape and contact has been discussed by Folkman and

Moscona (1978). It has also been reported that osteocalcin expression by osteoblasts

mirrored that of ALP activity in osteoblast cultures (Gerstenfeld et al 1987, Aronow

et al 1990). This was not found in the present study where osteocalcin expression

was similar in osteoblasts from slow and fast growing chickens.

In culture, isolated osteoblasts have, not surprisingly, been shown to synthesize

several proteins and enzymes known to be localised to bone (Aubin et al 1982,

Ashton et al 1985, Gerstenfeld et al 1987). Cellular differentiation of cultured cells is

suggested by the apparent increase in the expression of protein phenotypic bone

markers. The expression of OPN, osteonectin, osteocalcin and BSP is dependent on

the stage of osteoblast differentiation. Osteonectin is expressed by cells localised to

immature osteoid and close to the bone mineralisation front (Jundt et al 1987,

Romanowski et al 1990). In addition to a possible role in matrix mineralisation it has

also been reported to be involved in the regulation of cell proliferation (Mundlos et al
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1992, Nakase et al 1994). In contrast, osteocalcin synthesised by osteoblasts is

limited to highly mineralised regions of the bone matrix (Mark et al 1988). OPN has

been localised to cells in mineralising tissues suggesting it is involved in the

mineralisation process (Mark et al 1988, Boskey 1992). Its localisation in bone

resembles published data on the distribution of BSP mRNA (Chen et al 1992).

Cells cultured from the leading edge of chicken embryo tibiotarsi as done in this

present study, have been shown to be committed to the osteogenic lineage

(Nurminskaya et al 2003). The cells express a number of osteoblastic markers such

as transcription factor Runx2 and the matrix proteins collagen type I, osteonectin and

OPN (Quarles et al 1992, Ducy et al 1997). These cells did not express other

characteristics indicative of overtly differentiated osteoblasts such as BSP and

osteocalcin (Raouf and Seth 2000). Such cells were classed as pre-osteoblasts

(Nurminskaya et al 2003). This implies that the osteoblasts from the fast birds are

further down the osteoblast differentiated pathway. This is backed up by the

immunoblotting results, which also show a higher level of BSP in the slow growing

chickens compared to that of the fast growing chickens. This is in contrast to the

ALP data which was greater in the osteoblasts from the fast growing chickens and

therefore it may be too simplistic to think that the high ALP activity in cells of the

fast strain is a consequence of cell cycle exit and the initiation of differentiation.

Alternatively, the osteoblasts of the slow growing strain proliferate rapidly and enter

the differentiation cascade upon reaching confluency at an earlier stage than the

osteoblasts from the fast growing chickens. This would explain the complete reversal

of the proliferation rates of the osteoblasts from the fast and slow chickens at pre-

confluency (3 days) and post-confluency (11 days). It has been reported that as

osteoblasts cease proliferation and initiate the differentiation cascade, there is a large
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increase in OPN expression (Zohar et al 1997). This is in agreement with the

suggestion that the osteoblasts from the fast growing chickens are slower in initiating

the differentiation process.

In contrast, the fast growing chickens had a higher expression level of Runx2

compared to that of cells from the slow growing chickens. Several laboratories have

shown that Runx2 is highly expressed in osteoblast cells (Ducy et al 1997, Komori et

al 1997) and regulates the expression of various osteoblast genes (Baneijee et al

1997, Ducy et al 1997, Tsuji et al 1998). Targeted disruption of Runx2 in mice has

shown that it is an essential transcription factor in osteoblast differentiation (Liu et al

2001). Other studies have shown that late stage osteoblast maturation is inhibited by

over-expression of Runx2 and this is associated with an accumulation of OPN and

with decreased expression of osteocalcin and ALP (Liu et al 2001). An accumulation

of less mature osteoblasts in mice over-expressing Runx2 appeared to be caused by

maturational blockage of the osteoblasts but also by acceleration of osteoblast

differentiation at an early stage of cell development due to the increased number of

osteoblasts at neonatal stage (Liu et al 2001). This could also explain my results

where in chapter 4 I showed a higher number of cells within the periosteum of the

fast growing strain available for osteonal incorporation but with a lowered

proliferation rate. Although ALP activity can be detected at an early stage of

osteoblast differentiation differences in ALP expression were not noted at early

neonatal stages but were more evident as development progressed (Stein et al 1990).

This evidence suggests that the over-expression of Runx2 blocks osteoblast

maturation at a certain stage or developmental window in the osteoblast lineage (Liu

et al 2001). Over-expression of Runx2 at a late stage of osteoblast differentiation

caused a decrease in the bone formation rate and a decrease in the expression of the
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major genes encoding bone matrix proteins (Ducy et al 1999). This data strengthens

the hypothesis (proposed in chapter 4) that osteoblasts at the periosteal edge of the

cortical bone in the fast growing chickens do not reach late stage differentiation,

taking the hypothesis further by now saying this is due to the high levels of Runx2.

Therefore they do not lay down the required amount of bone matrix necessary to

infill the large primary osteons. This hypothesis could also explain the increased

osteocyte density within the circumferential lamellae, noted in chapter 4. This could

be either by maturational blockage of the osteoblasts and/or by acceleration of

osteoblast differentiation at an early stage of cell development.

The characterisation of serotonin receptors in chicken bone has received little

attention. One published paper (Westbroek et al 2001) investigated the expression of

serotonin receptors in cultures of both osteoblasts and osteocytes. The receptor 5-HT

2b has been noted as a vasodilator on endothelial cells (Ullmer et al 1995, Glusa and

Roos 1996). In relation to this study the osteoblasts are within the primary osteons

together with incorporated blood vessels that are modulated by blood flow and blood

pressure. Mechanical loading causes the flow of interstitial fluid through the

canalicular system as well as that of the primary osteons. The pulsatile movement of

interstitial fluid is sensed by the osteocytes and translated into signalling molecules

such as NO (Klein-Nuland et al 1995a,b) with these signalling molecules regulating

the effectors of bone adaptation (Burger and Klein-Nuland 1999). With relation to

osteoblasts it was found that they contain 5-HT 2b receptor (the specific sub-type

examined in this study), with the serotonin inhibiting fluid flow induced NO

(Westbroek et al 2001). Unfortunately in this study the determination of expression

levels of eNOS were unsuccessful and no product was obtained using previously

examined primers Fujii et al (1998). Therefore, the significance of the difference
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shown between the two strains in 5-HT 2b receptor expression remains unclear and

further studies are warranted.

The LCM methodology was obviously limiting in the case of the tibiotarsi. As

positive results were obtained from the growth plate sections it is likely that this was

due to a greater cell number available for collection. In order to try and maximum

cells I captured four areas from one section with two sections used per bone.

However as the results showed this was still not enough osteoblasts to give a

sufficient RNA for analysis in the case for the tibiotarsi section. For further work

additional areas from more sections would be required to obtain sufficient RNA for

analysis. A further improvement to the procedure would be the inclusion of a two

step RT-PCR instead of a one step process as used in this study. This would enable

further amplification ofRNA collected to gain a greater product.

5.6: Conclusion

In conclusion, cultured osteoblasts showed distinct differences in their rate of

proliferation and differentiation and the expression levels of genes and protein

between the two strains of chicken. The ALP data suggests that osteoblasts from the

fast growing chickens differentiate towards the terminally differentiated phenotype

faster than the cells from the slow growing chickens. However, the results from the

OPN, BSP and Runx2 gene expression studies indicate that the osteoblasts from the

fast growing chickens may proceed through the osteoblast differentiation cascade

slower than those from the slow growing chickens. Both scenarios may result in

abnormally low levels of matrix production by the fast growing osteoblasts and this

may account for the slower infilling rate within the primary osteons of the fast

growing strain of chicken. Unfortunately, the hydroxyproline assay used in this study
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did not appear to be sensitive enough to measure collagen production by both sources

of cells and therefore the direct measurement of collagen production was not

possible.
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Chapter 6: General Discussion
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6.1: Porosity

Cortical porosity is not unique to the immature skeleton of the fast growing birds

studied in this thesis. It also plays a significant role in humans. In normal healthy

adults the amount of cortical bone that is resorbed and formed is in balance. With

onset of age and /or disease there is evidence that bone loss occurs often resulting in

fractures of the proximal femur or spine. Many studies indicate that this is due to

reduced cancellous bone formation (Parfitt et al 1983, Erikson 1986). However only

a few studies have examined changes in cortical bone remodelling with increasing

age or estrogen loss (Thompson 1980, Bell et al 1999a). However recent studies by

Bell and colleagues (2000) confirmed that the increased cortical porosity observed in

the femoral neck of fracture cases was due to increasing Haversian canal size and

canal number originally observed by Atkinson 1964, Thompson 1980. The increased

porosity was mainly due to actively remodelling canals in fracture cases. Both

cortical porosity and Haversian canal size have been shown to have implications for

bone strength and stiffness (Barth et al 1992, Currey et al 1996, Yeni et al 1998).

Although remodelling was not the cause of the porosity in this study, the increased

porosity in humans is associated with increased fractures. A similar scenario may

occur in the fast growing birds of this study. It has been noted in this study that there

are fast and slow growing areas of the cortical bone within the tibiotarsi. These areas

appeared to be dependent on whether the bone was under tension or compression. A

study within humans has also indicated regional differences in cortical porosity of

fractured femoral necks (Bell et al 1999b). Cortical bone that was in tension had a

higher porosity than that which was in compression. In cases of human femoral

fracture a greater increase in cortical porosity has been shown which was due to a

higher proportion of canals being remodelled in the tension area (Bell et al 1999b). It
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was also the tension side of the cortical bone within the fast growing chickens of this

study which was expanding rapidly to adapt to the birds weight. The compressed

cortex ofmule deer calcaneus has also been show to have a lower rate of remodelling

than that of the tension side of the cortex (Skedros et al 1994). However these

findings are in contrast to tension/compression studies in sheep, where sheep tibia

showed no cortical differences despite the strain mode (Lanyon and Bourn 1979).

Also, horse radii showed no difference between the tension and compression cortices

(Riggs et al 1993a,b). These differences may represent alternative structural/material

adaptations. However, sheep tibia and horse radii do not have a plantar ligament

present, as is the case for the mule deer calcaneus, and this may alter the loading

conditions present (Skedros et al 1994). It is also unclear whether direct comparisons

between short cantilevered bones and long limb bones are appropriate since different

regions of the same bone may be sensitive to different strain magnitudes (Skedros et

al 1994).

It has also been recently shown that remodelling osteons are clustered together in the

femoral head (Jordan et al 2000). The presence of composite systems was

significantly dependent on the regional distribution of clusters of remodelling

osteons. Osteoclastic resorption in closely adjacent osteons could lead to merging of

Haversian canals and therefore these composite systems may represent canals that, in

three dimensions, are moving closer together (Jordan et al 2000).

6.2: Osteocyte Influences

Osteocytes differentiate from osteoblasts that have become buried in osteoid during

bone formation. It has been theorised that an inhibitory signal travelling through the

canalicular processes from the osteocytes to the osteoblasts initiates recruitment of
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selected osteoblasts into the osteocyte lineage (Marotti et al 1995). This theory was

extended to explain the nonlinear refilling rate in secondary osteons as a result of a

more general inhibitory signal acting on the entire population of osteoblasts at the

refilling surface (Martin 2000). These authors hypothesised that the strength of the

inhibitory signal perceived by each osteoblast is proportional to the osteocytes in

communication with it and inversely proportional to the distances involved (Martin

2000). This hypothesis was also found to be consistent with earlier studies that

showed declining apposition rate during the course of bone formation in newly

forming osteons (Manson and Waters 1965). If there is some critical level of the

inhibitory signal at which osteoblast cease their function and either apoptose or

differentiate into osteocytes or bone lining cells, the osteocyte population density

should also determine the duration of filling and thickness of the completed osteonal

wall (Metz et al 2003). The latter is important because it affects the distance that

nutrients must travel from the Haversian canal to reach the outermost osteocytes after

the osteon is complete. Therefore according to the hypothesis of an inhibitory signal

recruiting osteoblasts to become osteocytes, the osteoid formation period would be

less in high osteocyte density osteons, as infilling would occur quicker, and a high

osteocyte density would halt infilling earlier. In this study the osteons of the fast

growing chickens did not (chapter 4) have a higher osteocyte density than those of

the slow growing chickens. On the basis of this hypothesis (Martin 2000) it could be

suggested that a greater canal wall surface is available to support greater nutrient

transport to the circumferential lamellae which had, in this case a higher osteocyte

density. Statistically significant correlations between osteocyte density and osteon

dimensions support the existence of an inhibitory signal and its effect on osteoblast

function (Martin 2000). If such a mechanism has evolved that osteocytes will
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sacrifice bone mass ensuring a larger canal (porosity) to protect survival of new

bone, then osteocyte function is essential for other reasons than just mechanosensory

and chemosensory functions. This is interesting when considering that the osteocytes

may have some control over the osteoblasts, and the osteocytes are obviously under a

greater loading strain in the fast growing chickens when compared to the slow

growing chickens.

It was unfortunate that in this study no results were obtained for an estimate of NO

expression by the detection of the synthase isoenzyme eNOS. This would have been

an excellent indicator of the loading response to the increased body weight. Further

investigations into the effects of NO within these birds would have been informative

as NO isoenzymes have been shown to modulate bone resorption (Osbody et al

2000) and formation (Turner and Pavalko 1998). Given more time, other primers

could have been designed and tested for the in vitro studies in addition to alternative

antibodies to eNOS. Results to such studies would have been interesting when

compared to those reported in other studies which indicted that bones of meat-type

chickens, were resistant to loading (Pitsillides et al 1999). Further studies could also

be carried out by weighting the slow growing birds, by fitting weighted rucksacks, to

determine if the cortical bone would show similar characteristics to that of the fast

growing birds. Investigations would also be extended to determine if the pattern of

gene expression by osteoblasts was similar to that observed in the osteoblasts from

the fast growing birds.

Given more time, it would have been desirable to study the incidence of apoptosis

within osteoblasts of both the periosteum and the primary osteons. Published

methods for the study of osteocyte apoptosis would be used (Noble et al 1997) rather

than the molecular probes methods originally used in this study. This would
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determine if the increased cell death was responsible for the lack of infilling within

the primary osteons. Finally, to further the in vitro studies, it would have been

beneficial to get the in vivo gene expression studies working using LCM. The

method was validated on growth plates. Therefore it would not be unrealistic to

consider that a small amount of technical adjustments would give a valid method for

the bone sections.

6.3: Final Conclusions

Fast growing birds in this study have been selected since 1972 for greater body

weight in the fastest possible time. The implications of this are that the fast growing

birds have a weaker skeleton. In contrast, the slow growing birds have not been

selected for any specific traits and allowed to develop as nature intended. The

implications drawn from this study have shown that through selection for certain

traits the fast growing birds now struggle to adapt its skeleton to meet the greater

demands placed upon it. This was clearly shown in the reduced mechanical strengths

and increased porosity from chapter 3. Perichondral development of the bone occurs

in both strains of birds but is greater in the fast growing strain, however the infilling

of the newly formed osteons from this process is lacking. Within the periosteum,

proliferating cells are reduced in number in the fast growing strain (chapter 4) but

this fact could be accounted for by osteoblasts laying down more bone periosteally

than that of the slow growing birds. Previous studies (Williams et al 2004) have

shown that the skeleton of fast growing birds can, through feed restriction, have

similar morphology to that of the slow growing birds, implying that the problem is

not genetic. However genetic studies (chapter 5) have shown distinct differences

between the two strains of birds within some of the controlling genes of osteoblast
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activity. This implies that due to the increased weight on the faster growing skeleton,

some osteoblast genes and their activation/down regulation affect the growing

immature skeleton. To achieve functional competence of the skeleton within the fast

growing birds an immediate answer would be to feed restrict but in the current

commercial situation this is not viable (chapter 5, 6.4), therefore further work on the

Runx2, OP, BSP, and the serotonin receptor are needed to determine how their

control is affected by mechanical loading.

6.4: Welfare Implications

There are a variety of health and reproductive problems in the modern meat-type

chicken (Reddy 1996). Among the more common are skeletal disorders leading to

lameness and other associated welfare and production problems. In a previous survey

90 % of the commercial meat-type birds were found to have a detectable abnormality

in their gate (Kestin et al 1992) and skeletal problems are recognised as one of the

four major factors affecting their performance (Day 1990). Short term periods of

growth restriction were found to have no effect on bone quality at market age.

Fundamental scientific investigations similar to those described in this thesis may

help to provide answers to the bone fragility problems noted in modern meat-type

burds. Identification of genes involved in osteonal formation during rapid growth

may result in breeding strategies such as marker-assisted selection to improve bone

quality. However in the meantime it is possible that the only way to improve bone

quality in the modern meat-type chicken is to slow the growth rate by reversing

genetic selection. This would result in economic implications for both the producer

and the consumer and it is unclear if the majority of consumers would be willing to

pay more in return for increased welfare.
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Ascorbic Acid

Ascorbic acid 7.225 mg
Culture medium 5.0 ml

TBS

Tris 7.6 50 mM

NaCl 150 mM

RIPA buffer

component stock dilution In 50mls
20mM Tris 8 1M 1/50 1 ml
137mM NaCl 5M 1/36.5 1.37mls
10% Glycerol 100% 1/10 5mls
1% Igepal 100% 1/100 0.5mls

0.1% SDS 20% 1/200 0.250mls
0.5% Nadeoxycholate 5% 1/10 5mls
2mM EDTA 0.5M 1/250 0.2mls

Make up to 50mls , and take lOmls plus 1 Complete protease inhibitor tablet for
working solution.

Toluidine blue O

Toluidine blue O 0.1% w/v
PO4 buffer 5.5 pH

RNase free paraffin embedded tissue- by hand

Day 1 carried out at 4°C
70% ethanol lx 30 mins
80% ethanol 2x 30 mins
95% ethanol 2x 30 mins
leave at room temp overnight. Ensure set up wax to melt overnight.

Day 2 rotate in fume hood where possible
100% ethanol 2x 1 hr

Xylene 2x 1 hr
Wax 2x lhr
Embed
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Complete culture medium (cCM)

DMEM 420 ml
Gentimicin 0.5% 2.5 ml
FBS 10% 50 ml

Pyruvate 1% 5 ml

Fungizone 1% 5 ml
Ascorbic acid 3 5pl/ml 17.5 ml

Bone chip- digestion solution

Trypsin/EDTA solution (0.25% trypsin + 0.1% EDTA)
Diluted 50:50 with DMEM

Trypsin/EDTA dilution 1ml
Collagenase 3.2mg
PBS 4ml
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TableA1MethodologyofagilentanalysisofRNAextractedfromfastandslowgrowingbonesusingLCM Agilent analysis

Bone sample fast

Bone samp
le

fast

Bone sample fast

Bone sample fast

Bone sample fast

Bone sample fast

Bone sample fast

Bone sample fast

Bone sample slow

Bone samp
le

slow

Bone sample slow

Bone sample slow

Bone sample slow

Bone sample slow

1st analysis

F1R

F1L

F2R

F2L

F3R

F3L

F4R

F4L

SIR

SIL

S2R

S2L

S3R

S3L

2nd analysis

F1R+L

F2

R+L

F3

R+L

F4

R+L

SIR+L

S2

R+L

S3

R+L

3rd analysis

F1+2+3+4

SI+2+3
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Abstract. Although it is well accepted that bone archi¬
tecture adapts to withstand the loads placed on it, the
manner in which this occurs in the immature growing
skeleton is not fully understood. To investigate the
possible mechanisms, we have compared morphometric
differences between tibiae from chickens with fast and
those with slow growth potential and also distinguished
between the effects of genetic potential and growth rate
on their impact on bone quality. Two different fast-
growing (ad lib modern) strains, one additionally feed-
restricted and one slow-growing (control) strain of
chicken, were compared at 15 and 42 days of age. The
ad lib modern strains had similar final body weights and
were approximately twice the weight of the control and
restricted-fed birds. Tibiae from the control and re¬

stricted birds had a higher ash content and lower po¬
rosity than the ad lib modern strain at 42 days. The
porosity was a result of rapid primary osteon formation
at the periosteal surface and incomplete infilling of the
resultant canal by osteoblasts. When adjusted to average
body weight of contemporaries, bones from the control
strain and the restricted-fed modern birds were stiffer
and at least as strong as those from the fast growing
ad lib-fed birds. In conclusion, rapid bone deposition at
the periosteal surface was associated with decreased
mineralization, increased cortical porosity, and altered
biomechanical properties. Our results also indicate that
growth rate, and not genetic potential, of the fast
growing birds was responsible for the rapid periosteal
bone deposition.

Key words: Bone — Mineralization — Porosity —
Growth — Mechanical properties

The deleterious effects of rapid body growth on skeletal
strength have recently been recognized [1], This has
implications for both animals and humans but is of
particular significance and concern in economically im¬
portant agricultural species. Genetic selection for muscle
growth has resulted in increased demands on skeletal

Correspondence to: C. Farquharson; E-mail: colin.farquhar-
son@bbsrc.ac.uk

integrity, and skeletal failure in the modern broiler
(meat-type) bird, primarily associated with rapid longi¬
tudinal and circumferential growth of long bones, is an
increasing welfare and economic issue. To date, research
has been predominantly concerned with growth plate
cartilage and disorders of longitudinal bone growth such
as rickets and tibial dyschondroplasia [2]. In contrast,
relatively little data exist on the underlying mechanisms
that result in a high incidence of cortical bone fractures
[3] although a recent study has investigated the possible
effect of growth rate on skeletal parameters of the meat-
type bird [4],

As first proposed in Wolff's law [5] bone architecture
of both the mature and growing skeleton adapts to
withstand the extremes of functional load-bearing [6-8],
In response to increased loads during growth, bones
enlarge their circumference, thereby increasing their
cross-sectional moment of inertia (CSMI) and conse¬

quently their bending strength, by the rapid laying down
on the periosteal surface of newly formed primary bone
[9], In the broiler chick this primary bone takes the form
of circumferential lamellae that are orientated parallel to
the bone surface with incorporated primary osteons [10,
11]. The development of primary osteons within cir¬
cumferential lamellar bone occurs by altered osteoblas¬
tic activity and differential bone growth, resulting in
longitudinal depressions on the periosteal surface. The
eventual entrapment of blood vessels and periosteal
osteoblasts and the subsequent infilling of the canals by
concentric laminae of bone results in the formation of
the primary osteon [12],

We and others have previously reported that
throughout the productive life-span, cortical bone from
a heavy modern strain of bird was consistently more
porous and less well-mineralized than that from a slower
growing control strain [1, 11], It is unclear, however, if
this cortical bone morphology observed in the modern
broiler is directly related to the rapid radial expansion of
load-bearing bones necessary to withstand the rapid
increases in body weight. In addition, it is also uncertain
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Table 1. Experimental design
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Bird group

No. of birds in
whole experiment*

No. of birds blood sampled
and culled at day 15**

No. of birds blood sampled
and culled at day 42**

Modern (restricted) 60 18 18
Modern {ad lib) 60 18 18
Commercial 60 18 18
Control 60 18 18

*Birds of each group were divided into 3 separate pens each containing 20 birds. Each pen was within 1 of 3 blocks each containing
1 pen from each group
**Six birds per pen were sampled

whether the increased porosity observed is due to in¬
creased bone resorption within an osteon remodelling
unit and the possible formation of super-osteons as
observed in human bone [13, 14] or a reduced bone
production rate in the infilling process during primary
osteon formation.

The present study aimed to confirm the differences
previously observed in bone mineralization and porosity
between modern fast-growing and control, slow-grow¬
ing meat-type strains of chicken at 15 and 42 days old [1]
and to make preliminary investigations on the me¬
chanical properties of bone. In addition, some of the
possible mechanisms of the increased porosity observed
in the modern strains of chickens were examined.

Groups of two genetically distinct lines of modern, fast
growing birds, and a control, slow growing strain were
grown on ad libitum feeding. In addition, birds from one
of the modern lines were placed on a restricted feeding
regime to grow at a similar rate to the control birds.
Combinations of these treatments allow the effects of

genetic potential and growth rate to be separated, in
their impact on the quality of diaphyseal cortical bone
of the chick tibiotarsus.

Materials and Methods

Birds, Housing and Feeding Regimes

Three strains of bird were used: a current fast-growing com¬
mercial strain, a modern fast-growing strain undergoing se¬
lection for growth performance and skeletal health, and a
slow-growing control strain that has not been subject to se¬
lection since 1972, labelled, respectively, commercial, selected,
and control in this study. Sixty male day-old chicks of the
control and commercial strains, and 120 of the selected strain
were placed into 12 pens. The pens were grouped into 3 blocks,
each block containing 1 pen each of the commercial and
control strains, and 2 of the selected strain. Each pen con¬
tained 20 birds (Table 1). During the first week the pens had 23
hours light and 1 hour dark per day, and 21 hours light and 3
hours dark per day thereafter. For the first 4 days, all birds
were fed ad lib on a standard broiler starter diet. From 5 days
of age, one pen of selected strain birds in each block (Table 1)
was fed at 50% of the ad lib consumption rate on a diet that
contained double the Ca and P content, giving a daily Ca and
P intake similar to that of the ad lib-fed selected strain birds
{Ad lib: Ca 1.1%, available P 0.5%, restricted: Ca 2.0%,
available P 1.0%.) All birds were switched to finisher diets at 15
days of age. The restricted-fed selected birds continued to be

fed at 50% of the ad lib consumption rate on a finisher diet that
again compensated for Ca and P intake. {Ad lib: Ca 1.0%,
available P 0.45%, restricted: Ca 2.0%, available P 0.9%). In
the absence of previous ad lib intake data on the selected
strain, the daily feed intake was initially based on data from
the ad lib food intake of a similar strain of fast-growing broiler.
Ad lib food intake in the selected strain was monitored on a

weekly basis, and the restricted pens' rations for the subse¬
quent week were adjusted where ad lib food intake was found
to be greater than expected.

Blood and Bone Mineral Status. At 15 and 42 days of age, six
randomly chosen birds per pen were blood sampled, then
culled by cervical dislocation, weighed, and both tibiotarsi
were removed (Table 1). Blood ionized Ca content was
measured using a Ciba-Corning 634 Ca++/pH analyser.
Plasma total Ca and inorganic P concentration were measured
using commercially available kits (Wako Chemicals GmbH,
Neuss, Germany). Segments from the proximal third of the
right tibiotarsus shafts were analyzed for bone ash, Ca and P
content as previously described [I].

Bone Dimensions and Mechanical Properties. The left tibiotarsi
were x-rayed, and total bone and marrow width at approxi¬
mately 30 points in the mid-diaphyseal segment were measured
using NIH image, and then averaged as previously described
[15]. CSMI were calculated assuming tibia to be circular.
Breaking strengths were determined by three-point destructive
bending. The tests were carried out with a Lloyd Instruments
LRX Universal materials testing machine fitted with a 2500
Newton load cell and running the Nexygen 2.2 software
package between two 10 mm diameter supports, set 30 mm
apart, with the center of the bone aligned with the breaking
probe. The 10 mm diameter crosshead breaking probe ap¬
proached the bone at 30 mm min-1 until the tibiotarsi was
broken. The breaking strength was determined as the maxi¬
mum load (N) to failure. Tibiotarsi stiffness (N/mm) was
determined automatically from the slope of the load-dis¬
placement curve. To avoid introducing additional variation in
strength and stiffness, each bone was oriented to ensure that
bending occurred around the posterior-anterior axis.

Porosity Analysis and Cement Line Detection. Histological
samples of mid-diaphyseal segments from the right tibiotarsi of
birds were prepared for porosity analysis as previously de¬
scribed [1], Measurements were made separately, at x20 mag¬
nification, for endosteal and periosteal areas that were defined
as the area of bone within 80 pm of the endosteal or periosteal
surfaces, respectively. It was recognized from previous studies
[1] that the size and shape of the primary osteons was not
evenly distributed around the periosteum. This is likely to re¬
flect differences in circumferential growth rates which will vary
depending on whether the cortex was under tension or com¬
pression due to the natural bending of the tibiotarsus. There¬
fore, four fields of view on each of 3 sections (100 pm apart)
were analyzed for each bone area (anterior, posterior, medial
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and lateral) for each bird, and the average value was calcu¬
lated. For the detection of cement lines, which mark the lo¬
cation of the bone surface during the reversal period in the
formation of secondary osteons, serial sections were stained
with 0.1% w/v toluidine blue O in phosphate-citrate buffer (pH
5.5) for 20 sec at RT. After thorough rinsing in water and
dehydration the sections were mounted in DePeX.

Enzyme Histochemistry. The distal shaft segments from the
right tibiotarsi were immersed in a hexane freezing bath [16]
and 10 pm-thick frozen sections were cut on a microtome
housed in a Brights OT cryostat (Huntington, UK). After air-
drying, unfixed samples were reacted for alkaline phosphatase
(ALP) and tartrate-resistant acid phosphatase (TRAP) activity
using established techniques [16],

Statistical Analysis

The combination of strains and feeding regimes included 4 bird
groups: ad lib control, commercial, selected, and restricted-fed
selected. Data were analyzed by split-plot analysis of variance,
fitting block and pen as random factors, to examine differences
between bird groups, ages and their interaction. Comparisons
between bird groups were split into those between the three
ad lib fed groups (selected, commercial and control), and those
due to restricted feeding (selected ad lib versus restricted) and
their average values over the 2 ages were assessed against the
variation between pens. Age comparisons, and age by bird
group interactions, were assessed against within pen variation.
Statistical comparisons therefore, as appropriate, have differ¬
ent estimates of standard error and error degrees of freedom.
Pooled standard errors derived from the analysis of variance,
and on the scale of the analysis, are presented throughout.
Data were logarithmically transformed where necessary to
equalize variation over treatments. Body weight, bone width,
CSMI, stiffness, maximum load before rupture and plasma
inorganic P were analyzed on the natural log scale, and
summarized by back-transformed (geometric) means unless
otherwise stated.

The logarithms of tibiotarsus strength measurements show
a strong linear relationship with the logarithm of body weight,
and analyses of these variables were therefore repeated with
log (body weight) as an additional covariate. However, the
slope of the relationship differs at each age, and so bone
strength comparisons among the 4 bird groups, corrected for
body weight, could only be made for birds of the same age.

Results

Body Weight

Within the ad lib birds, at 15 days the two modern
strains (selected strain = 439 g, commercial strain =
400 g) were considerably heavier than the control strain
at 222 g. By 42 days, the selected and control strains
were about 5.5 times as heavy (selected = 2433 g,
control = 1226 g), but the commercial strain was 6.4
times as heavy at 2556 g (SEM of log weight = 0.026;
strain.age interaction F2j126 = -98, P < 0.01). At both
ages, restricted feeding reduced body weight in the se¬
lected strain by about 40% (15 days 276 g, 42 days 1424
g; SEM of log weight = 0.024; F1>6 = 217.64, P <
0.001), but it still remained higher than the control birds
by about 20%.
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Bone Growth

The total width of the tibiotarsus in the heavier modern
strains was greater at 15 days (selected = 3.65 mm,
commercial = 3.48 mm) than the control strain at 2.74
mm. However, width increased proportionately 10%
faster with age in the commercial strain than the selected
and control strains (selected 7.16 mm, commercial 7.51
mm, control 5.36 mm; SEM of log width 0.021; strai-
n.age interaction F2,i26 = 3.48, P < 0.05). Restricted
feeding reduced bone width by about 20% in the selected
strain at both ages (15 days = 2.96 mm, 42 days = 5.5
mm; SEM = 0.013; F1>6 = 164.52, P < 0.001), to
about 5% greater than the control strain.

Differences in log (CSMI) have the same pattern as
those in log (bone width), as the variables have a corre¬
lation of 0.99. Restricted feeding of the selected strain
lowered CSMI values by 60% (F, 6 = 94.24; P < 0.001),
to a level 35% greater than the control strain. The re¬

lationship of the logarithms ofCSMI and body weight is
shown in Figure 1. A separate linear relationship, com¬
mon to the four groups, is necessary at each age: the lines
have a common slope, but the intercept for the 15-day
birds is higher than that for the 42-day birds
(t139 = 6.43; P < 0.001). There is no evidence for dif¬
ferent relationships between bird groups within each age

group. The patterns for tibiotarsi widths are the same.
This could be a genuine biological difference in the al-
lometric relationship, but we feel that it actually reflects
problems of measuring appropriate tibia widths and
CSMI values in the older birds. As birds age the shape of
the tibiatarsus changes, becoming less circular. This po¬
tentially increases CSMI for a given amount of bone. As
we are assuming that tibiotarsi are circular, our ap¬
proximate estimate of CSMI fails to capture this change.
For this reason, we prefer to use body weight as a cov¬
ariate to adjust for bone size/shape in the analyses of
bone mechanical properties that follow.

Bone Porosity

Histological analysis of sections from all birds indicated
the presence of primary osteonal canals throughout the
cortex. In contrast to the control and restricted birds,
both modern strains at 15 days of age were characterized
by large oval-shaped canals extending from the periosteal
surface (Fig. 2a, b). Morphometric analysis was unable
to detect any differences in bone porosity in the endosteal
area between bird groups or ages, or as a result of re¬
stricted feeding (Fig. 3a). Porosity in the periosteal area
was reduced between 15 and 42 days (F154 = 93.0; P <
0.001), and was consistently lower in the control strain
than the two modern strains (F26 = 12.14, P < 0.01;
Fig. 3b). At 15 days, cortical bone from the restricted-fed
selected birds had a much lower porosity than their ad lib
counterparts. This was still true at 42 days, however, the
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Log(CSMI) versus Log(BodyWeight)
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Fig. 1. Plot of log (CSMI) versus log (body
weight) for 4 groups of birds at 15 and 42
days of age. The lines show different
allometric relationships between the two
variables for the 2 ages: y = -9.7 + 1.93x
at 15 d, and y = -10.6 + 1.93x at 42 d.

difference was reduced (feeding.age interaction Fi>54 =
33.94, P < 0.01) due to the smaller reduction in porosity
over the period 15-42 days seen in the restricted-fed birds
when compared to the ad lib-fed birds.

Plasma Mineral Status and Bone Mineralization

There was no detectable effect of feeding regime or
strain on total plasma Ca but it was increased with age
(mean over all groups: 1.32 mg/dl at 15 days, 1.45 mg/dl
at 42 days; SEM = 0.034, F,,118 = 6.99, P < 0.01)
whereas plasma inorganic P (mean over all groups: 7.29
mg/dl at 15 days, 5.19 mg/dl at 42 days; SEM of log
(P) = 0.026, FM18 = 85.34, P < 0.001) was reduced
with age. There were also no significant effects on cir¬
culating ionized Ca (mean over all groups: 1.48 mMol/1).
At 15 days, total bone mineral content (% ash) was si¬
milar in all groups. It remained similar at 42 days for
tibiotarsi from the control strain, but decreased in the
two modern strains (strain.age interaction F2,126 = 3.09,
P < 0.05) (Fig. 4). In addition, restricted feeding con¬
siderably increased ash content in the bones of the se¬
lected strain by 42 days (feeding.age interaction
Fi,i26 = 17.01, P < 0.001). Bone Ca content did not
vary among the groups, however, it did increase slightly
with age (15 days =15.1%, 42 days = 16.1%,
SEM = 0.23, Fi i18 = 9.67, P < 0.01). Bone P content
was also similar in all groups at 15 days (mean 8.06%),
and increased slightly with age in all groups, although
an age difference was only detected in the restricted-fed
chicks (selected 8.27%, commercial 8.23%, control 8.73%,
restricted-selected 9.0%; (SEM = 0.16; feeding.age
interaction F1j1]8 = 5.27, P < 0.05).

Bone Mechanical Properties

There was an increase in bone stiffness with age

(Fi,i26 = 2236.1, P < 0.001) (Fig. 5a), and the modern

Fig. 2. Toluidine blue-stained cortical sections of 15-day-old
birds showing differences in porosity and osteon shape
within the periosteum of (a) control and (b) ad lib modern
birds. In both micrographs the periosteal and endosteal sur¬
faces are to the right and left, respectively. (Original magnifi¬
cation x208).
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Fig. 4. Comparison of tibiotarsus ash
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amongst the ad lib-fed groups, the controls
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days.

strains had similar values, which were greater than those
of the control strain, proportionately more so at 15 days
than at 42 days (F2<126 = 4.80, P < 0.01). Restricted
feeding reduced stiffness at 15 d, but not distinguishably
at 42 days (F| !26 — 6.09, P < 0.05). The stiffness of the
restricted-fed group and the controls were similar at
both ages. Covariate analysis suggested that tibiotarsus
stiffness corrected for log body weight was proportio¬
nately greater in the 2 slow-growing groups than those
of the 2 faster-growing groups at 15 days but not at 42
days (15 d: fast = 46,000 N/mm, slow = 75,000
N/mm; P < 0.01; 42 d: fast = 297,000 N/mm,
slow = 370,000 N/mm; NS; average SED on log
scale = 0.086, df = 4) (Fig 5b). The effect of covariate
adjustment is illustrated in Figure 6, where a single line
for each age group has been drawn through the age-

group means for log body weight and log stiffness. The
slow-growing groups, lying to the left of these lines, had
their stiffness values adjusted upwards, while the fast-
growing groups, lying to the right, were adjusted
downwards. The slopes were 1.74 (SE = 0.16) at 15
days and 0.65 (SE = 0.18) at 42 d. The differences in

these two slopes is the reason for a separate correction
for body weight at each age.

Maximum load increased with age (Fljl26 = 2402.1,
P < 0.001), and bones from the control strain were
consistently weaker than those from the modern strains
(F2,6 = 42.87, P < 0.001) (Fig. 5c). Bone strength was
reduced in the selected strain by restricted feeding. This
effect was proportionately larger at 15 days (feeding.age
interaction Fij26 = 7.48) (P < 0.01). Covariate ad¬
justment gave approximately equal maximum loads for
fast- and slow-growing groups at 42 d, and proportio¬
nately greater maximum loads for slow-growing birds at
15 days (15 d: fast = 65 N, slow = 92 N, P < 0.01; 42
d: fast = 358 N, slow = 395 N; NS, averaged SED on

log scale = 0.063, df = 4) (Fig. 5d). The slopes were
1.60 (se = 0.16) at 15 d, and 0.72 (se = 0.16) at 42 d.

Localization of Osteoblasts, Osteoclasts and Cement Lines

No obvious differences were apparent in the distribution
of ALP and TRAP activity among groups of birds of the
same age. At both 15 and 42 days, strong ALP activity
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Fig. 5. Comparison of (a, b) tibiotarsus stiffness and (c, d)
maximum load (strength) before (a, c) and after adjustment for
body weight (b, d), between strains and feeding regimes at 15
and 42 days of age (standard errors on log scale given in text).
The lines symbolize the average stiffness or maximum load
treatment comparisons, (a) Stiffness increased between 15 and
42 days, always greater in the modern strains than the control
strain. Restricted feeding reduced stiffness below ad lib levels at
15 days, but gave stiffness levels indistinguishable from either
the ad lib-fed selected strain or the control strain at 42 days, (b)
After correction for body weight differences at each age, the

H selected strairi(restricted) □ selected strain
O commercial strain □ control strain

slow-growing groups had stiffer bones than the fast growing
groups at 15 days, (c) Maximum load increased with age and
was always proportionately greater in the fast-growing strains
than the control strain, more so at 15 days. Restricted feeding
reduced maximum load at 15 days to a level intermediate be¬
tween the ad lib-fed selected group and the control group, but
at 42 days maximum load became indistinguishable from the
ad lib-fed group, (d) After correction for body weight differ¬
ences at each age, the slow-growing groups had stiffer bones
than the fast-growing groups at 15 days.

was found in osteoblasts associated with the periosteal
surface and primary osteons in the periosteal and middle
areas of the diaphyseal cortical bone. Less enzyme ac¬
tivity was noted to be associated with the endosteal
surface and the canals within the endosteum (Fig. 7a).
Endosteal surfaces reacted strongly for TRAP activity
(Fig. 7b) as did surfaces within the occasional giant
canal of the endosteal area of 42-day-old birds (Fig. 7b).
There was no evidence of TRAP activity in osteonal
canals in the periosteal area (Fig. 7c). In contrast, the
remodelling pattern changed with group of bird and age.
At 15 days of age, some of the canals situated within
endosteal bone adjacent to the endosteal surface of
control and restricted birds had evidence of cement lines

(Fig. 7d,e) whereas no cement lines were detected
throughout the cortical bone of both modern bird
strains of this age. In contrast, by 42 days of age, birds

from all groups revealed evidence of cement lines within
endosteal and middle areas of bone but these were not

present within periosteal bone (Fig. IT).

Discussion

In a former study [1] we reported that in fast- and slow-
growing birds periosteal porosity reduced with age. This
is confirmed in the present work, where in addition,
growth restriction was found to significantly reduce
porosity, further highlighting the connection between
the rate of body weight increase and cortical bone po¬
rosity. The increases in bone Ca and P content observed
with age, and the differences observed in ash content
among bird groups in the present study were also con¬
sistent with the results of our previous study [1]. By 42
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Lines have the slopes for the covariate
adjustments and pass through the
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15 d, and y = 5.7 + 0.65x at 42 d.

days, bones from the two slower-growing groups of
birds had a much higher total ash content than those
from the faster-growing groups.
A significant role for dietary mineral content as a

limiting factor in bone ash content was not found in
chicks during a previous experiment [11]. It is therefore
unlikely that deficiencies in systemic mineral concentra¬
tions are a likely explanation for the observed lower bone
ash content of the modern strains and this was also

suggested in the present study where the fast-growing
birds showed normal homeostatic levels of ionic and total
Ca and inorganic P (based on the control strain). It is
likely that the more rapid bone formation during mode¬
ling of cortical bone in the fast-growing modern birds is
responsible for the observed lower bone ash content.

Bone width is of great importance in bone strength
[17] and as expected the ad lib-fed modern birds had
wider tibiotarsi than the control strain at both ages.
Therefore, it is likely that in order to increase load ca¬

pacity as quickly as possible, the fast-growing modern
strains expanded tibiotarsi width more rapidly by in¬
creasing both periosteal apposition and the production
of new osteons at the periosteal surface. It is therefore
likely that the primary osteons of the modern birds have
less time to infill by bone apposition before they are
resorbed by expansion of the marrow cavity. The fast-
growing modern birds appear unable to compensate for
this by increasing primary osteon bone apposition rates,
resulting in more porous bone. An explanation for the
reduced osteonal bone apposition rates is not obvious
but it is possible that increased transit times through the
osteoblast lineage would account for the reduced pri¬
mary osteon infilling. Alternatively, the reduced osteon
infilling may be a transient phenomenon related to the
high rate of bone formation at the periosteal surface.

Skeletal adaptation to load during growth and de¬
velopment involves the same fundamental mechanisms

present in the adult skeleton but is more complex be¬
cause of the interaction between the ongoing adaptation
and the underlying growth process. Using computer
models of the developing human skeleton it has been
reported that up to the age of 5 years the periosteal
apposition rate was high (>10 pm/day) which included
approximately equal contributions from the effects of
both mechanical loading and biologically driven growth
[7], According to our hypothesis, the greater body
weight of the faster-growing birds resulted in a load-
induced increase in primary bone formation at the per¬
iosteal surface. This periosteal response is similar to that
observed in other growing animals; in young beagle
dogs the bones of immobilized forelimbs developed at a
reduced rate and had a smaller cross-section than the
bones of the normally loaded limb [18]. Under extreme
conditions such as space flight-induced microgravity,
reduced loading resulted in the total arrest of periosteal
growth in growing rats, which resumed upon returning
to earth [19]. Intriguingly, different cellular responses to
in vitro loading occur in bones from fast- and slow-
growing birds, suggesting that genetic selection for high
growth rates results in a relative insensitivity to loading
[20], In apparent agreement with this premise are the
studies of Patterson et al. [21] in which artificial weight
loading of fast-growing chickens failed to have an effect
on stress or elastic modulus of the tibiotarsi. However,
as these authors did not monitor physical activity of
their loaded and control birds, the actual loading on the
birds over the period of the experiment was not known.
The experiment described here also has this inherent
weakness. There will be additional feeding activity in the
ad libitum-fed selected birds compared to restricted-fed
birds. However, restricted feeding itself tends to produce
an increase in activity (P. Hocking, personal communi¬
cation), and it is possible that the lighter control birds
may be more active than the heavier modern strains.
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Fig. 7. Demonstration of sites of bone formation, resorption
and remodelling between strains, feeding regimes at 15 and 42
days of age. (a) Alkaline phosphatase activity(arrows) within
canals of the periosteum of a 42-day-old ad lib modern bird.
Inset is a higher magnification of the boxed area showing os¬
teoblasts (arrows) situated within in the alkaline phosphatase-
positive endosteal region, (b) acid phosphatase activity at the
endosteal surface (white arrow) and within canals of the en-
dosteum (black arrows) of a 42-day-old ad lib modern bird, (c)
lack of acid phosphatase activity at the periosteal surface of a
42-day-old ad lib modern bird, (d) low power micrograph of a

Therefore, we are not certain of the relative amount of
activity among the bird groups. With this caveat, our
data support and extend previous conclusions [20] that

toluidine blue-stained section of a 15 day-old slow-growing
control bird. The area adjacent to the endosteal surface con¬
taining remodelling osteons is marked (*). (e) High-power
micrograph of cement lines (arrows) of remodelling osteons
shown in an equivalent area, marked (*) in d, (f). Toluidine
blue-stained section showing cement lines (arrows) of remod¬
elling osteons in the endosteal bone of a 42-day-old control
bird. In all micrographs the periosteal and endosteal surfaces
are to the right and left, respectively. (Original magnification
(a & f) x208, (a-inset) x2860, (b, c, d) x419, (e) xl676.

some skeletal adaptations to load fail in fast-growing
birds and appear to fail 'less' when the fast-growing
birds are growth restricted.
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Previously, it was uncertain whether the increase in
periosteal porosity observed in modern broiler strains
was due to increased bone resorption or reduced bone
formation [1], The complete lack of osteoclastic activity
and cement lines in the periosteum of all birds clearly
indicates that remodelling of primary osteons was not
taking place. Therefore, the difference in periosteal po¬
rosity between the fast- and slow-growing birds is likely
to be due to the rapid formation of primary osteons at
the periosteal surface and incomplete infilling, by oste¬
oblasts, of the resultant canal. A role for bone resorp¬
tion in the development of endosteal porosity, however,
cannot completely be ruled out as strong evidence for
the remodelling of osteons in this area was observed in
all 42-day-old birds and further quantitative studies are

required. It was of further interest to note that cement
lines were also noted in the 15-day restricted and control
birds but not in the modern fast-growing birds and this
may reflect differences in the speed of bone marrow
expansion between the groups of birds.

The poor bone quality observed in the faster-growing
selected strain is unlikely to be due to a genetic predis¬
position, since slowing its growth rate produced tibio-
tarsi of similar dimensions, porosity and mechanical
properties to those of the control strain. Furthermore,
when adjusted to average body weight of contempo¬
raries, bones from the slower-growing control strain and
the restricted-fed modern birds were at least as strong
and stiff as those from the fast-growing ad lib-fed birds.
This was probably due to higher cortical porosity and
lower mineral content achieved by the ad //Z>-fed birds, at
all ages. A variable related to fracture potential—work
to failure—was not measured in this study. However,
such data would be of interest in this context as there are

instances in which strength and stiffness of bone in¬
creases but the energy required to fracture is reduced.
Our results are at variance with those of LeTerrier et al.

[4] who found that growth restriction did not improve
tibiotarsi quality in chickens although biomechanical
properties or porosity were not measured. However,
these authors used only a 28% reduction of dietary en¬
ergy and protein contents, and it is possible that the
growth restriction was not large enough to produce a
detectable effect.

The slopes of the log (body weight) covariates for
stiffness (1.74 at 14 d and 0.65 at 42 d) and maximum
load (1.60 at 14 d and 0.72 at 42 d) differ markedly for
the 2 ages, and bracket the values found for adult birds
from a wide range of wild species, 1.1 for stiffness and
0.98 for maximum load [22]. Comparisons with do¬
mestic species, selected to eat and grow more or fed to
grow less quickly, may not be particularly valid. How¬
ever, if reliable, our experimental data suggest that one
model of bone-body similarity will not adequately de¬
scribe bone strength at 2 ages, as two different models
are needed for wing and leg bones in wild birds [23].
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Regrettably, we do not have the data combining bone
dimensions and orientation which would allow calcula¬
tion of the measures of stress and modulus of elasticity
which Patterson et al. [21] found successful in correcting
for bone size differences. A further consequence of our
presumed difficulty in accurately measuring CSMI is
that we cannot correct our stiffness measurements for
bone dimensions accurately enough to examine the more
subtle relationships between stiffness and porosity or
mineralization [24, 25],

In studies with cortical bone from bovine tibias, the
collagen fiber orientation ranked highly as a predictor of
bending properties, with density and mineralization be¬
ing the next best predictors. Similarly, meat-type birds
fed a low calcium and phosphorus diet had weaker, less
rigid bones [21] whereas no relationship with minerali¬
zation was noted in birds from a wide range of wild
species although their level of mineralization was unclear
[22], Differences in the relative contribution of various
histocompositional variables to the bending properties of
plexiform and osteonal bone were noted, but in osteonal
specimens 88.0% of elastic modulus variability was ac¬
counted for by bone ash content and collagen fiber, ori¬
entation [26, 27]. We cannot say whether collagen fiber
orientation differed between the fast- and slow-growing
birds, thereby contributing to the altered bending prop¬
erties between the strains. Its relative importance in
comparison to porosity in growing broiler bone is,
however, unclear due to the very high density of primary
osteons within the newly deposited bone.
In conclusion, fast growth resulted in rapid bone

deposition at the periosteal surface, which was regulated
by the growth rate, and not the genetic predisposition, of
the bird. This rapid circumferential expansion was ac¬
companied by increased porosity resulting from the rapid
incorporation of primary osteons at the periosteal sur¬
face and the incapacity of osteoblasts to completely infill
the resultant canal. The increased porosity, together with
reduced mineralization, are likely explanations for the
poorer mechanical properties of tibotarsi observed in the
fast-growing birds. This may help to explain the in¬
creased fracture risk in fast-growing animals and further
understanding of these events will form the basis of the
prevention of fractures during phases of rapid growth.
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