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Abstract

Objective:

Glucocorticoids administered at pharmacologicaledobave been shown to interfere with
fracture repair in humans. The role of endogendusogorticoids in fracture healing is not
well understood. We examined whether endogenoumgtuticoids affect bone healing in an

in vivo model of cortical defect repair.

Methods:

Experiments were performed using a mouse model hictwintracellular glucocorticoid

signalling was disrupted in osteoblasts at therpoeptor level through transgenic over-
expression of 11R-hydroxysteroid-dehydrogenase Byf£13HSD?2) under the control of a
collagen type | promoter (Col2.3-113HSDZ2). Unicmati bone defects (@ 0.8 mm) were
created in the tibiae of 7-week-old male transgeamice and their wild-type littermates.
Repair was assessed via histomorphometry, immutochismistry, microcomputed

tomography (micro-CT) analysis performed at onep tand three weeks after defect

initiation.

Results:

At week 1, micro-CT images of the defect demonsttaformation of mineralized
intramembranous bone which increased in volumedamdity by week 2. At week 3, healing
of the defect was nearly complete in all animalsalfsis by histomorphometry and micro-
CT revealed that repair of the bony defect waslamm Col2.3-11RHSD2 transgenic animals
and their wild-type littermates at all time points.

Conclusion:
Disrupting endogenous glucocorticoid signalling nmature osteoblasts does not affect
intramembranous fracture healing in a tibia defegair model. It remains to be shown

whether glucocorticoid signalling has a role in @ctibndral fracture healing.

Keywords: Osteoblasts, Steroid Hormones: Glucocorticoidactare Repair



Zusammenfassung

Hintergrund:

Glucocorticoide in pharmakologischer Dosierung riieieeren mit Frakturheilungsprozessen.
Hingegen ist die Rolle der endogenen Glucocorteaid Frakturheilungsprozess nur zum
geringen Teil verstanden. Gegenstand der vorliegre#dbeit war es, den Einfluss endogener
Glucocorticoide auf die Frakturheilung in ein@mvivo Modell von kortikaler Defektheilung

Zu untersuchen.

Methodik:

Fur die Durchfihrung der Experimente wurde ein Manodell verwendet, in welchem der
intrazellulare Glucocorticoid-Signalweg spezifiscin  Osteoblasten durch transgene
Uberexpression des 11R-hydroxysteroid-dehydrogetyase2 (118HSD2) Enzyms unter der
Kontrolle des Kollagen Typ | Promoters (Col2.3-1Bib2) blockiert wurde. Kortikale

Knochendefekte (@ 0,8 mm) wurden in Tibiae von asrebNochen alten mannlichen
transgenen und Wildtyp-Mausen generiert. Die Austuvey der Frakturheilung erfolgte nach
ein, zwei und drei Wochen der Defektinitierung aur Histomorphometrie,

Immunhistochemie und Mikro-Computertomographie (M#CT) Analyse.

Ergebnisse:

Nach Woche 1 der Frakturheilung zeigten Mikro-CTdBi des Defektes die Bildung von
mineralisiertem, intramembrandsem Knochen, welanevolumen und Densitat bis Woche 2
zunahm. Die Woche 3 des Heilungsprozesses war dualieh fast abgeschlossene
Defektheilung gekennzeichnet. Die histomorphometes und  mikrocomputer-

tomographische Analyse ergab keinen UnterschiedemFrakturheilung zwischen Col2.3-

11RHSD2 transgenen und Wildtyp-Mausen zu allerpdeitten.

Schlussfolgerung:

Die Blockade des intrazellularen Signalwegs endege@lucocorticoide in ausgereiften
Osteoblasten beeinflusst nicht die intramembrarirsdéturheilung in einem Tibia-Defekt-
Reparaturmodell. Es bleibt zu zeigen, ob der Gladaoid-Signalweg eine Rolle im

endochondralen Frakturheilungsprozess spielt.

Schlagworte: Osteoblasten, Steroidhormone: Glucocorticoidektiaraeilung
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1 Introduction

Glucocorticoids (GC) are widely used in almostfi@glds of medicine. They provide therapeutic
benefit to patients suffering from systemic inflaatory diseases, malignancies or transplant
rejection. It is, however, well established that @Cpharmacological doses exert detrimental
effects on bone, muscle, cartilage and skin, sabatly affecting patient quality of life and
posing a socio-economic problem. Despite theirapeutic utility, the mechanisms by which
GC mediate beneficial as well as detrimental effext cells and tissues are poorly understood.
In particular, it is unclear how and through whagls GC affect bone.

Glucocorticoid-induced osteoporosis (GIO) is thestnoommon form of secondary
osteoporosis and up to 50% of patients receivirrgraib GC therapy will suffer from fragility
fractures: Moreover, fracture healing may be significantlypmired in patients on high-dose
exogenous GE.In contrast, extensivén vitro®® and in vivo studie$ suggest that GC
administered at physiological (i.e. endogenous}likeels have anabolic effects on bone cells by
promoting osteoblast differentiation and matrix eradization. However, the role of endogenous
GC in fracture repair has not been fully inveseghat

In clinical practice, delayed fracture healing @nrunion is a common complication
occurring in up to 10% of all patients and theiatment poses a major challefigéhus,
extensive research has been done in recent yeatmdeto the identification of osteoinductive
factors accelerating bone repair, including thewghofactors bone morphogenetic protein-2
(BMP-2), insulin-like growth factor-1 (IGF-1) andansforming growth factor-betal (TGF-31).
However, at present there is still a need for éffectherapies in managing skeletal injuries in
patients as the majority of these factors remaietoalidated in clinical trial3.

Thus, the understanding of the cellular and mobecaelvents during the normal repair
process and the identification of endogenous factehich physiologically interact with it
provides a basis for the development of new therapwtegies to augment healing of
complicated fractures. Against this backgroundpresent work addresses the main objective to
further investigate the role of physiological, egdoous GC signalling in osteoblast
differentiation and function during fracture repaly examining the bone healing of cortical
defects in a unique transgenic mouse model of biEsttargeted disruption of the normal GC

signalling pathway.
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2 Literature Review

The following chapter gives a brief overview of izdsone biology, followed by a description of
glucocorticoids and of the current knowledge alibair interaction with bone cells, particularly
osteoblasts. Building on that, the recently devetbiol2.3-11B3HSD2 transgenic (tg) mouse
model will be described. Overall, the use of tmareal model allowed for further investigations
into the role of GC in osteoblast differentiatiamdgunction under challenged conditions such as

fracture repair.

2.1 Bone Biology

2.1.1 Bone

Bone is a dynamit® ™ specialized form of connective tissue that hasumber of functions
essential to the human body. These include mechlasigoport of soft tissues, a lever for
locomotion and protection of vital organs, suchlesbrain, the heart and the lungs. Moreover,
bone is the primary site of adult hematopoiesis emmtributes notably to the maintenance of
serum-mineral homeostasis. The latter function agtiqularly due to the large reservoir for
calcium, stored in the form of hydroxyapatite ie thone matrix?*°

Based on the embryological developmental processedcan be classified into flat and
long bones?® Flat bones develop through intramembranous bormadiion, a process in which
osteoblasts are formed directly from mesenchymbd terough different stages of osteoblast
precursors. This type of bone comprises the scapuadibles and the skull bones, with the
calvaria representing a convenient site for expenital research. Long bones, in contrast, are
formed through endochondral ossification which ulels a cartilage template which is then
gradually replaced by bort&!® This type of bone includes the humerus, femur tivid, the
latter being the site used to create defects makperimental study.

Macroscopically, a longitudinal section throughilaat shows the thick, dense, calcified
outer shell, known as the cortex, compact or calrtbone (Figure 1). In the diaphysis or shatft it
encloses the hematopoietic bone marrow housedeanntadullary cavity. Towards the joint
surfaces, in the metaphysis and epiphysis, the aotriipne becomes thinner and comprises the
trabecular or cancellous bone. This three-dimem$ispongy network comprising both plates
and rods also houses the bone martfbimterestingly, the orientation of trabeculae falfothe

direction of stress trajectories, as first desatibg Julius Wolff in 1892% *° According to the
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law bearing his name, bone tissue adapts to ajtenechanical loading patterns by altering its
structure and thus represents the principle ofrfifdollows function” in biological systenfS.
Trabecular bone is generally regarded as the sitayfistemic metabolism, whereas the cortex
provides the structural rigidity. Two important surfaces are distinguished: thegséegum on
the external surface and the endosteum on the suméace’! Both are lined with osteogenic
cells’® Altogether, due to its remarkable architecturaligie, bone achieves structural stiffness,

strength, flexibility and lightness at the sameetith®*

}EPIF‘HYSIE

Growth plate

Cancellous METAPHYSIS

bone

Cortical bone

Endosteumn
%

i | Periosteum

DIAPHYSIS {

Fused growth plate

Figure 1: Schematic diagram of a longitudinal sectf the tibia (from Webster SSJ. The skeletalis.
In: Weiss L, ed. Histology, cell and tissue bioloblew York: Elsevier Biomedical, 1983.
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2.1.2 Bone Composition

The characteristics of healthy bone are basedsamaterial composition and structural design.

The stiffness and strength is achieved by the eruigmineralized matrix, primarily consisting
of calcium hydroxyapatite (Ga(PQy)s (OH),) crystals* 2 In contrast, flexibility is determined

by the organic makeup. Here, triple helices of peptide chains form type | collagen fibrils as
the predominant structure of this compon@nt* Two conformations of bone tissue are
differentiated according to the orientation of agkn fibrils: lamellar and woven bone. Lamellar
bone is characterized by an orderly arrangemenbltdgen fibrils forming concentric layers of
bone matrix around central canals (Haversian system cortical bone. By contrast, woven
bone, with scattered, irregular collagen fibrils famed during development and fracture
healing™ ° Further matrix constituents include the proteirsieocalcin, osteonectin, bone

sialoprotein and proteoglycafis®

2.1.3 Bone Cells

The bone matrix composition is modified by distinmll types: osteoclasts, osteoblasts,
osteocytes and bone lining cells. With the excepid osteoclasts, all these cell types are
derived from the mesenchymal cell linedge.

Osteoclasts are giant multinucleated cells of hepwetic origin, formed by the fusion
of circulating mononuclear progenitors of the monetmacrophage famiflf: 3 14 24 26. 27
When carrying out their main function, the resaptiof bone, osteoclasts attach to the bone
surface’” #In that active state, the plasma membrane fatiadpone surface infolds to form the
“ruffled border”. Adjacent to this border is a gaglzone rich in flamentous actin, creating an
isolated extracellular microenvironment of a low fidtween the osteoclast and the bone
surface. This acidic milieu leads first to the dlssion of the inorganic hydroxyapatite matrix
and subsequently allows the lysosomal proteasepsith K to degrade the organic components.
All degradation products are then removed througtraascytotic vesicular pathway of the
osteoclast? #* #*¥Manifestations of resorptive activity include degsions and pits, known as
“Howship’s lacunae™®

The bone forming cells of the skeleton are the ais#sts. These are specialized
mesenchymal cells of cuboidal shape, often foundomgitudinal clusters along the bone
surface®> 3 The osteoblasts’ main function is the productiowl @eposition of osteoid, the

organic non-mineralized extracellular bone matgximarily consisting of type | collagen.
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Moreover, non-collagenous proteins including osaémn, an important serum marker for bone
turnover, are secreted by these cBllslltimately, the bone-forming cells become osteesyt
undergo apoptosis or become bone lining ¢8lls.

Bone lining cells or “resting osteoblasts” are gated, metabolic inactive cells covering
bone surface¥. Their exact function is still being investigat&everal authors propose a role as
osteoblastic precursors, regulators of bone grawtibuilding a barrier between extracellular
fluid and bone?>

Osteocytes are the most abundant bone cells, makirtg more than 90% of all bone
cells’® They are entrapped in spaces known as “lacuna&hware surrounded by bone matrix.
The connection to adjacent osteocytes or bonedioglls is ensured by a canaliculi network,
permeating the bone matrix. Microscopically, cyagphic processes are linked to each other
mostly via gap junction®: ** This connection is thought to play an importarierim cellular
communication and nutrition by transporting celyrsilling molecules, nutrients and waste
products->

2.1.4 Bone Remodelling

Bone resorption and bone formation are not indepenfiinctions of the skeletal cells; they are
linked in the localized, dynamic physiological pees of bone remodelling. It not only allows
the maintenance of bone strength and mass durinf hig¢ but also the adaptation of its
material composition and structure to loading regqaients™> 3! However, it is also the process
through which GC and other pharmacological and iplhggical factors might affect the bone’s
structural integrity.

In 1966, Frost described the underlying discretaptarary anatomic structures in the
microscopic range, the “basic metabolizing urifts'later termed “basic multicellular units
(BMUs)*®* A BMU is formed by a group of osteoclasts, ostasts, blood vessels and
connective tissu&.: *® The impulse of conversion of quiescent bone sertaca site of active
remodelling has not yet been entirely understoodsitmably, microcracks on the bone surface
or damaged osteocytic processes are sensed bycyisteomediated through the canalicular
systen “° Subsequently, osteoclasts become activated ane@ngted to the remodelling site
assumedly via local factors from bone lining celtsd osteocytes that may undergo apoptosis
(Figure 2). Osteoclasts then begin with the rema¥alld bone, a process lasting about two to
three week4® The resulting resorption lacunae in turn attrateoblasts which refill the cavity

through deposition of new bone matrix. As the ageréifespan of an osteoclast is twelve days,
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these cells need to be replaced contindllshe remodelling sequence is finally completed with
the bone matrix being mineralized after three e fnonths?*

Endosteal sinus

Mesenchymal stem cell ‘ (
i A .

_ Monocyte / Old bone
Hemopoietic @ ,;g rfl:emi:;m line
stem cells Pre-osteoclast ew bone
Pre-osteoblast 0 .
steoid
/ Bone lining cells
= {- =~ S . .
| N TR ==
B Y L3 J /N | & e Bone r
- oneﬂ e Yol formation 2
resorptiorf=.~" !’; o S & -
- -m:‘:‘.- L 5 ¥ E—

y

Figure 2: Bone remodelling. Oc-osteoclast, Ob-dstests, M-macrophages (picture adapted from

www.roche.com).

Bone remodelling occurs continuously and simultaisgo at multiple locations, on
endocortical, intracortical and trabecular surfaicethe adult skeleton with a BMU advancing
about 25um/day®” *° Thus, up to 10% of bone is remodelled each yeadihg to a renewal of
the entire skeleton every ten yedtsowever, this entails the balance of bone fornmatad
bone resorption, quantitatively, temporally andtisgig. In a simplified model, a negative
balance with bone resorption relatively exceedirgneb formation leads to osteoporosis,
characterized by a loss of total bone mass and Hensity*? By contrast to osteoporosis, in
osteomalacia bones are softened due to a defexsite®id mineralisation as most commonly
caused by a severe vitamin D deficieity** A positive balance favouring bone formation
results in osteopetrosis, a disease possibly @ifpttone marrow function due to an increased
bone mas$? This illustrates the paramount importance of thehestration of osteoblast and
osteoclast activity, their appropriate number amardination. Such factors determine the
activation frequency and the duration of each bmeodelling unit, including the number of
remodelling cycles.

At this point, GC, local (autocrine and paracriaetbrs;e.g. cytokines, growth factors)
and systemicgg. endocrine hormones) factors might affect the hataie bone metabolism by



2 Literature Review 15

modulating the normal bone remodelling processcii@nging osteoblastic and osteoclastic cell
replication, differentiation, apoptosis, functionlibe-span.

For example, estrogen has been shown to protedhsigaone loss. While inducing
apoptosis of mature osteoclasts, shortening tifeispan, osteoblasts’ and osteocytes’ lifespan
is prolonged via estrogen-mediated anti-apoptdfieces*®> Moreover, the activation frequency
of BMUs is enhanced, expanding the remodelling spaddence, estrogen deficiency as
commonly found in postmenopausal women might camalgly account for the development of
osteoporosis, as first hypothesized by Albrighdlein 1941 by causing opposing effects on bone
cells*” *® At present, this has been generally acknowledgeati@cause for the accelerated early
phase of bone loss in postmenopausal women. Hoyénerole of estrogen and other factors in
the late phase of slow bone loss is less éfesmterestingly, estrogen deficiency might also
contribute to bone loss in men as the bioavaillhlels of estrogen also decline with agffig.

However, despite the great variety of factors ratyody bone metabolism there seems to
be a hierarchic order in which they might produneeffect. The main skeletal modulators are
known to be sex steroids, mechanical usage anduoalmobilization, the latter encompassing
the most pronounced effects.

Ducy et al. proposed a new concept of central maircontrol of bone mass. Leptin, an
adipocyte-derived peptide hormone known to affecergy metabolism via hypothalamic
receptor binding was reported to induce an inhigiteffect on bone formationn vivo.
Moreover, hypogonadic leptin-deficient and leptceptor deficient mice did not develop
osteoporosis as commonly caused by a loss of gbmfaetion, but showed increased bone
formation leading to high bone mdSsRecent studies by Karsenty and colleagues denavedtr
an underlying mechanism of leptin’s inhibitory régjion of bone mass. Leptin was found to
decrease the synthesis and the release of serdigmaurons of the brainstem. This brainstem-
derived serotonin (BDS) physiologically acts as eumotransmitter and favours bone mass
accrual through its binding to 5-hydroxytryptamirezeptor 2c receptors (Htr2c) expressed in
ventromedial hypothalamic neurons. Accordingly, raigion of BDS synthesis through
inactivation of its rate-limiting biosynthetic enmg tryptophan hydroxylase 2 (Tph2) in mice
resulted in a low bone mass phenotype with decdelasee formation parameters and increased
bone resorption parameteéfs.By contrast, gut-derived serotonin (GDS) producid
enterochromaffin cells of the duodenum acts a heremone and was shown to exert opposite
influences on bone remodelling. In particular, écrbased osteoblast proliferation and bone
formation while not affecting bone resorptinThus, it was concluded that pharmacological

inhibition of GDS biosynthesis might be an anabatieans to treat osteoporosis. Recently,
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Yadav et al. synthesized LP533401, a small-molesiéitor of the rate-limiting tryptophan
hydroxylase 1 (Tphl) enzyme in the GDS biosynthpaithway. Supporting the concept, this
inhibitor not only prevented the development of rie@tomy-induced osteoporosis in rodents but
also rescued existing ovariectomy-induced oste@péni

Furtherin vivo studies support the hypothesis of a cross-talwdet bones and brain by
also revealing a bone-regulating central function rieuropeptides including neuromedin U
(NMU), neuropeptide Y (NPY) and cocaine- and amaimte-regulated transcript (CART)>®

2.1.5 Coupling of Bone Formation and Resorption

Despite the complexity of factors regulating bonassisuch as cytokines, growth factors and
endocrine hormones, the cell type most commonlgctéd by these factors seems to be the
osteoblast. These specialized skeletal cells areomly responsible for bone matrix formation
but also play a pivotal role in the regulation stemclastogenesis, mainly through their direct
interaction with osteoclasts. This results in ausedjal coordination of bone resorption and bone
formation, known as coupling (Figure ).

Osteoclastogenesis of monocyte/macrophage precuoedlsr and their maturation into
polykaryotic osteoclasts is primarily governed bg thacrophage-colony stimulating factor (M-
CSF or CSF-1) and the receptor activator of nuckeator kappa B ligand (RANKL or
osteoprotegerin ligand (OPGEjJ>® Both are membrane-bound cytokines, produced and
expressed by osteoblasts and stromal 2lls.

The cytokine M-CSF is a crucial modulator of easbteoclastogenesis Binding to its
receptor, c-fms, on early stem cell precursor eobsntheir survival and promotes their
differentiation into osteoclast precursor c8fisience, mice defective in production of functional
M-CSF develop osteopetrosis due to a severe dedigien mature osteoclastsimportantly,
osteoclast precursor cells express the membranab@geptor activator of nuclear factor kappa
B (RANK) for RANKL, thus mediating the direct ostdast-osteoclast communication via
RANKL binding?®® Consequently, osteoclasts terminally differentidftese and polarize to
become mature osteoclasts which actively resorte ffoGrowth factors including insulin-like
growth factor-I (IGF-I) and transforming growth facf3 (TGF-B) are released from the
degraded bone matrix which in turn are postulabearomote osteoblastogene¥is.

Regulation of the RANK-RANKL interaction is modutat within bone by
osteoprotegerin (OPG), a soluble decoy receptoffjrsisdemonstrated by Simonet et al. in
1997°* ® Once produced by osteoblastic cells, OPG bindRANKL and thus prevents the
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binding of RANKL to RANK?>" As a result, OPG protects the degradation of boagix by
blunting RANKL-induced osteoclastogene¥isTherefore, the RANKL/OPG ratio primarily
determines the extent of bone resorption and bemmdelling. Hormones such as parathyroid
hormone (PTH) and 1,25-dihydroxy-vitamin D3 haveerbeshown to modify this ratio via
alteration of RANKL and OPG synthesis. More recgmngther inflammatory cytokines including
interleukin-1, -6 and -11 and tumor necrosis fa¢idF) have been shown to stimulate RANKL
synthesis directly or indirectly; thus participating in the close interaction betwéone and the

immune system, known as the discipline of osteocimoagy*
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Figure 3: Osteoclast differentiation and couplimgsteoblasts and osteoclasts. RANK-receptor dctiva
of nuclear factor kappa B, RANKL-receptor activatof nuclear factor kappa B ligand, OPG-
osteoprotegerin, M-CSF-macrophage-colony stimulafiactor, TGF-R-transforming growth factor-f3,
IGF-I-insulin-like growth factor | (picture adapté®m Troen BR, Exp Gerontol, 2083

2.1.6 Osteoblast Differentiation

In contrast to the predominantly cytokine-regulatiitferentiation of osteoclasts, osteoblast
differentiation is governed by a completely differeset of regulatory mechanisms. This

regulation is of particular importance to provideeservoir of osteoblasts essential for bone
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growth, remodelling and fracture healing. Ostedilase derived from mesenchymal stem cells
(MSCs) primarily found in the bone marrow which calgive rise to myocytes, adipocytes,

chondrocytes and fibroblasts under the controliregdge-specific transcription factors (Figure
4)

= -
Sog ="

Myocytes
/,__-" e
(// \"
‘. .:
h 4
Adir-J_c;r_‘.ydes
Mn;senchymal \)- ' \\

progenitors \ "-Qol-x'l )

Hypertrophic
chondrocytes

Col-l
BSP

Osteoblasts

Fibroblasts

Figure 4: Mesenchymal stem cell differentiatiorc{pre adapted from Harada S and Rodan GA,
Nature, 200%).

Recently, variousn vitro studies reported on the plasticity of MSCs toadi#htiate into
non-mesodermal cells including hepatocytes andamauicells®® " However, due to the lack of
evidence of its physiological relevanicevivo, the concept of plasticity and trans-differentiation
is currently being debated in stem cell biologyn&ally more accepted is the inter-conversion
of cells within the mesodermal lineage. For examplature differentiated osteoblasts have been
shown to undergo adipogenic differentiation undertain culture condition®€ On the other
hand, in vitro culture studies also demonstrated the differantiabf mature adipocytes into

bone-forming cell§® Osteoblasts and adipocytes are derived from a ammmesenchymal cell



2 Literature Review 19

progenitor as supported by a reciprocal relatigndtetween adipocytic and osteogenic cell
differentiation in a rat bone marrow stromal celltare systeni> "* A decrease in bone volume
and increase in adipose tissue is also seen dlinicaosteoporotic patients, during aging and
after treatment with G&®In 2005, Hong et al. proposed an underlying md&cmechanism
hypothesizing that transcriptional co-activatorhiitDZ-binding motif (TAZ), represses the key
gene transcription factor peroxisome proliferatctiveator receptory (PPARy) driving
adipogenesis while coactivating runt-related trapson factor 2 (Runx2), the major
transcription factor promoting osteoblastogenésis.

Runx2 (also called core binding faaiet [Cbfal]), a member of the runt-domain gene
family, controls the initial step in osteoblastogsis in conjunction with its subunit Cbfi3: the
commitment of mesenchymal progenitor cells andrtebsequent differentiation into pre-
osteoblasts (Figure 5. This differentiation stage is marked by the exgi@s of low levels of
type | collagen (Collal). In the next step ostésx), a zinc-finger-containing transcription
factor leads to the differentiation into mature dtional osteoblasts which then express higher
concentrations of type | collagéh.”® While extracellular matrix is produced, furthetelatage
differentiation marker genes are expressed incfydisteocalcin, osteonectin, osteopontin and

bone sialoproteif®

Osternx (Osx)
!
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e mr—rCe) ——
Mesenchymal Preosteohlast Functional osteoblasts
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Osteocalcin
Osteonectin
Osteopontin
Bone sialoprotein

Other bone specific genes

Figure 5: Osteoblast differentiation: transcriptfactors and differentiation stage-specific expiEs®f
osteoblast-marker genes; + low concentration, +igh kkoncentration, Collal-type | collagen (picture
adapted from Nakashima K and de Crombrugghe B,d&r&enet, 2003).

The importance of these two transcription factssttee “master genes” for osteoblast
differentiation is demonstrated by the observatitmst Runx2- and Osx-null/deficient mice

reveal a complete absence of osteoblasts and beseet In addition, Osx-deficient mice
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expressed Runx2 but Runx2-deficient mice in tuih bt express Osx, further indicating that
Osx acts downstream of Run¥2%%-%2

In addition to transcriptional control, osteoblagnesis is also governed by signalling
pathways and their signalling molecules includingnd morphogenetic proteins (BMPS),
Hedgehogs and fibroblast growth factors (FGESQRf note are the Wnt signalling pathways
which are not only known as key regulators duringoe/ogenesis and organogenesis but have
also been shown to play a crucial role in bone &iom and tissue homeosta®is® The Wnt
signalling molecules are highly conserved secrejfigdoproteins belonging to the family of
growth factors, which were named after their isolatas the segment polarity gene wingless in
drosophila melanogaster and their identification thke homolog of the mouse mammary
oncogene int-£% 8 When signalling through the canonical or Wnt/Renat pathway, which has
been demonstrated for Wntl, Wnt3a and Wnt10b amatbsrs, Wnt proteins bind to frizzled
receptors and their co-receptors, the low-densipprotein receptor-related proteins 5/6
(LRP5/6)%* ¥ Hence, a signalling cascade is activated whicitesadly leads to the stabilization
of the key mediator 3-catenin in the cytosol arsdtitinslocation into the nucleus. There, B3-
catenin interacts with lymphoid enhancer-bindingtda 1/T cell-specific transcription factor
(LEF/TCF) to trigger the transcription of targenge®®®°

Perturbations of this signalling cascade have lesswociated with tumorigenesis and
human degenerative disea&&&or example, patients with a loss-of-function niomin the
LRP5 gene developed the osteoporosis pseudoglignta@ne (OPPG) which is accompanied
by eye abnormaliti€¥. Several studies report controversial effects oft\afgnalling in the
control of bone formation, which overall seem topeled on the stage of osteoblast
differentiation. In early differentiation stagextigated Wnt signalling was found to stimulate
osteoblast differentiation in many caSe¥ whilst others demonstrated an inhibition of their
differentiation at later stagés.*® However, the canonical Wnt signalling pathwayeigarded as
the major mediator of osteoblastogenesis, osteogesesis and their tight coupling, thus
providing an attractive research field of pharmagadal targets for anabolic drug intervention in
the treatment of osteoporo$s.

Interestingly, our cooperation partner from the ANMZ Research Institute of the
University of Sydney, recently identified Wnt sidiny as a new mechanism in bone biology by
which mature osteoblasts directly communicate withsenchymal progenitor cells to control
their lineage commitmefitThis mechanism is proposed to be GC-dependettiefupointing at

the important role of GC in osteoblast differentiatand function.
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2.2 Fracture Healing

Fracture healing is a complex, specialized fornwofind repair that involves the coordinated
participation of several cell types and tissuereiore the bones pre-injury mechanical stability
without the formation of scar tisst®.®® Complex interactions of growth and differentiation
factors, hormones, cytokines and matrix proteieskaiown to regulate this multistage proc®ss.

Histologically, there are two types of fracture lireg primary and secondary fracture healfng.

2.2.1 Primary Fracture Healing

Primary fracture healing, also known as direct bloaaling, occurs in a rigid stable environment
which does not allow any motion between the fracemds® Such conditions are achieved by
the combination of anatomical reduction with intrfixation by interfragmentary compression,
e.g. as in the classical plate osteosynth&8id*

Primary bone healing is initiated by the formatadrosteoclastic “cutting cones”, discrete
remodelling units tunnelling across the fractumee]i parallel to the longitudinal axis of the
cortical bone (Figure 8 % Just as normal bone remodelling, bone resorptidioliowed by
the replacement of new bone matrix synthesizedsbgoblasts forming the “closing cone”. As a
result, the continuity of the Haversian systemstl® fracture fragments is re-established.
Throughout the process, bone is formed withoutréil@age intermediate, known as desmal or

intramembranous ossificatidf 192
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Figure 8: Primary fracture healing (picture adaptemin Wraighte PJ and Scammell BE, Surgery,
2006%).
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2.2.2 Secondary Fracture Healing

By contrast, secondary or indirect bone healing,rttost common type of bone repair, occurs at
a fracture site of mobility and interfragmentaryasg, as found in fractures treated in a plaster
cast or by external fixatiot.*° This type of bone healing involves both, intrameamous and
endochondral bone repair. Analogous to embryoldgavelopment, the latter process
encompasses the formation of a cartilaginous matdmch is then gradually replaced by
bone?®1t

Secondary fracture healing follows an ordered secpi®f five overlapping phases, as
originally described by McKibbin et al.: hematon@rhation, inflammation, soft callus, hard

callus and remodelling (Figure ¥}
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Figure 9: Secondary fracture healing (picture aslhgtom Wraighte PJ and Scammell BE, Surgery,
2006%).
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Hematoma Formation:

Following injury, bleeding from soft tissues, petieum and medullary cavity results in the
formation of a hematontd” %It contains hematopoietic cells and activated gias which
trigger the initiation of the inflammatory cascaujereleasing growth factors® Of those, PDGF
and TGF-3 are the most important factors, both knfaw their role in angiogenesis, chemotaxis
and mesenchymal cell regulatit: %

Inflammation:
The following inflammatory response involves thevasion of the inflammatory cells
macrophages, lymphocytes, mast cells and monotyt¥S However, the most important cells
of this phase are neutrophil granulocytes whicleas¢ pro-inflammatory cytokines activating
the migration, proliferation and differentiation ofteoprogenitor cells. The disruption of the
blood supply and its consequential lowering of axydension and pH further stimulates the
cytokine releas&”

Over time, the hematoma matures into granulatiesug consisting of fibroblasts,
capillaries and type | collagéfi’ Osteoblasts begin with the deposition of wovenebbaneath

the periosteum through intramembranous bone foomati***

Soft Callus/ Hard Callus:

In the next phase, woven bone formation progre$sesjng a bridge between the fracture ends,
the external hard callus. Another, internal softlusais formed by the differentiation of
pluripotent mesenchymal cells originating from tranulation tissue into chondrocytes. With
their release of phosphatases and proteases, thiagiaous matrix is prepared for the
subsequent calcification. As chondroclasts thematkgthe calcified matrix, blood vessels from
the periosteum invade the callus tissue fractuee @ioviding mesenchymal stem cells for the
differentiation into osteoprogenitor cells and o$iasts which begin to form woven bone
through endochondral ossificatiéh-*

Remodelling:

Finally, the woven bone is remodelled into lamellane, mediated by the coordinated action of

osteoblasts and osteoclafy 13
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2.3 Glucocorticoids and Bone

2.3.1 Glucocorticoids

Glucocorticoids are lipophilic steroid hormones)tkyesized and released by the zona fasciculata
and reticularis of the adrenal corté®.They are known to regulate diverse physiological
processes including sodium and water homeostasisoloydrate and lipid metabolism, immune
function and stress respong€s:®

The circulating concentration of endogenous GCastrolled and maintained by the
hypothalamo-pituitary-adrenal (HPA) axis: decregsiortisol levels in the blood, stress or other
triggers stimulate corticotropin releasing hormof@RH) secretion in the hypothalamus
activating adrenocorticotropic hormone (ACTH) protilon in the anterior pituitary which in
turn activates adrenal cortisol production. An @veduction of cortisol is prevented through a
negative feed-back regulation ensuring the inlohitof CRH and ACTH activation when
cortisol levels are highf®**

Clinically, therapy with exogenous GC was firstrautuced in 1948 by Philip Hendf?
Since then, these synthetic compounds have beeth insthe management of a variety of
conditions including asthma, rheumatoid arthraustoimmune disorders, neoplastic diseases and
organ transplantatioh 3 Currently, up to 0.5% of the population worldwidée GC on a long-
term basis highlighting their important role as eefive immunosuppressive and anti-
inflammatory agents** However, GC-associated side effects are frequeshee reported to be
dose- and duration-dependent. Moreover, the tredtofethese effects produces high cd$ts.
The variety of adverse effects includes weight gakin thinning, diabetes mellitus, muscle

atrophy, eye disorders (glaucoma, cataract), afdegpertension and osteoporois.**°

2.3.2 Glucocorticoid-induced Osteoporosis

The major complication of long-term systemic GCesgis the detrimental effect on bdn¥’
Chronic hypercortisolism of both iatrogenic and @gehous origin (e.g. Cushing’s syndrome)
leads to bone loss in approximately 30-50% of adfécpatients and is associated with an
increased fracture risk, especially at the hip ahd spin€!’**® Glucocorticoid-induced
osteoporosis (GIO), the most common form of secondateoporosis, is marked by an early
rapid phase of bone loss, up to 12% within the fiesar of therapeutic intervention, followed by

a slower decline of bone mineral density approxatya% annually: **% ***Histomorphometric
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analyses of bone biopsies of GIO patients helpaddmntify the underlying mechanism of these
effects, demonstrating an increased bone resorptiopled with a reduced bone formatigfi.
125 Moreover, mean trabecular wall thickness is reduceflecting a reduced bone turnover.
However, it is generally assumed that the impaitnoéibone formation is the cardinal feature in
the pathomechanism of GIO as supported by a matkettase of the bone formation markers
osteocalcin and N-terminal propeptide of type lamgegn (PINP)}?®*?8|n contrast to these direct
effects of GC action on bone primarily targetingeoblasts, indirect effects including altered
gastrointestinal/renal calcium handling, reductionendogenous sex steroid production and
decreased muscle mass are proposed to play a segook in the pathogenesis of G161
Recently, Weinstein et & introduced a new concept regarding the pathogerasi
GIO, explaining the loss of bone strength and teguent occurrence of fractures in GC-treated
patients without a reduction in bone mineral dgnsithe authors suggest that the interaction
between the osteocyte-canalicular network and #sewar system is an important determinant
of bone strength which is influenced by GC excésgarticular, it is postulated that early GC-
induced apoptosis of osteoblasts and osteocytds leaa decreased biosynthesis of angiogenic
factors. Consequently, lacunar-canalicular cir¢cokatand blood vessel fluid volume are
decreased. This in turn results in decreased baterwolume with diminished bone strength
and an early increased fracture risk. At a lataget decreased bone formation and increased
osteoclast activity lead to the disruption of cdloees architecture and loss of bone mass with a

further increased risk of fractur&s.

2.3.3 Catabolic Effects of Glucocorticoids

Catabolic effects of high-dose, long-term GC treattrhave also been demonstratedrbyivo
studies. Using a mouse model of elevated GC thraalghinistration of high-dose prednisolone
for 27 days, Weinstein et al. demonstrated a deeck&done mineral density accompanied by
decreased serum osteocalcin levels. Moreover, rm@jghometric analysis revealed a
diminished bone formation rate and bone turnd¥&fhus, altogether these observatiamsivo
clearly correlated with those changes seen in Gitizpts.

Various in vitro and ex vivo culture studies using human and murine bone marrow
derived osteoblast and stromal cell lines furtheestigated the inhibitory effects of GC and also
showed that these effects are mediated directlyhaasteoblast cell lineage.

Treatment of human and murine bone marrow derivetl cultures with high

concentrations of GC analogues resulted in a direpairment of osteoblast cell recruitment,
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proliferation, differentiation and maturation, asessed by the number and size of mineralized,
alkaline phosphatase positive colonies formed, tiication of DNA synthesis by measuring 5-
bromo-2'deoxyuridine (BrdU) or [3H]-thymidine ingooration, amongst other paramet&fs:>
Underlying mechanisms accounting for the decreastdoblastogenesis are proposed to be
opposed Wnt-3-catenin signalling and repressiorBMiP-2, both known for their anabolic
properties in bon&” **¥In addition, a shift of differentiation of meserydhal stromal cells from
the osteoblastic lineage towards the adipocytageealong with an induction of nuclear factors
of the CCAAT enhancer-binding protein family ané tiepression of cbfa-1-expression might be
involved*®

Other studies report an enhanced apoptosis of matteoblasts and osteocytes in the
presence of high-dose GC treatmentyivo andin vitro, through activation of caspase 3, a key
mediator of apoptosis® 3% Oparticularly, osteocytes’ reduced life-span isutiftt to be of
significance, leading to an accumulation of noredetd bone microdamad®. Taken together
the impaired osteoblastogenesis and enhanced progrd cell-death leads to a reduced number
of mature bone-forming cells. Furthermore, it hasrbshown that the function and metabolism
of this reduced pool of osteoblasts is impairedii/excess.

The biological effects of excess GC are varied.dx@mple, GC decrease type | collagen
synthesis via posttranscriptional and transcrigtionechanisms and increase the degradation of
collagen matrix breakdown through enhanced expressi collagenase-3 (matrix metallo-
proteinase-13 [mmp-13]) mRNA**GC also affect osteoblasts indirectly through gfesnof
their microenvironment. In particular, the syntisesi IGF-1 and the expression of IGF-Il mMRNA
transcripts are suppressed under GC treatmenthwidomally exert an anabolic effect on the
skeleton through a decrease in collagenase 3 amdaise of collagen type | synthe&i®!*®
Another important GC-induced change involves thiftisg of TGF-31 binding from signal-
transducing receptors to extracellular non-signgllibinding proteins as demonstrated in
osteoblast-enriched cultures from fetal rat boreaAonsequence, the synthesis of collagen and
other matrix proteins is impairéd’

Despite the bone-forming cells, bone-resorbing scelte also affected by supra-
physiological doses of GC. However, it seems thasé changes are predominantly mediated
indirectly by the osteoblasts as supported by ihéirfg that mature osteoclasts appear to lack
functional receptors for GE° GC have been shown to enhance RANK-L and M-CSF
expression while decreasing OPG expression in huamah murine osteoblastic celfd: 1
Consequently, due to the coupling of bone formatiad resorption, the shifted RANKL/OPG
ratio results in an increased osteoclastogenedis beime degradation. This mechanism is
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proposed to account for the initial rapid phasebofe loss seen in GIO patients. However,
osteoclastogenesis is eventually reduced at laégres due to a reversal of this mechanism.
Moreover, the decreased osteoblastogenesis andecdwmber of osteoblasts at later stages in
GIO patients is associated with the reduction efdkteoblast signals M-CSF and RANK-L.

The effects of pharmacological levels of GC on osl@st survival are contradictory.
Induction and suppression of apoptosis have beenodstrated byin vitro studies>>
Altogether, GC at pharmacological dosesiitro exert deleterious direct effects on osteoblasts
and these effects are consistent with the changem m vivo following GC excess

administration.

2.3.4 Anabolic Effects of Glucocorticoids

In contrast to the deleterious effects on bone exly pharmacological doses of GG vitro
studies demonstrated anabolic effects of GC whemrastered at a dose considered to be within
the physiological range (~F¥0M). Dexamethasone treatmentinfvitro cell culture systems with
cells obtained from chick embryo calvariae, fetdlgalvariae and human bone marrow resulted
in an increased number and size of osteogenic asduith a mineralized matrfx> **>**"These
effects appeared to be dose-related, with a maximsponse at a constant exposure to
physiological dexamethasone concentrations. Momedlve sensitivity to GC seemed to be more
pronounced in marrow stromal cell cultures as coegbato primary osteoblast cultures,
implicating that dexamethasone induces the pralifen of early osteoprogenitor cells.

Other investigators showed a requirement of loweddsxamethasone treatment for the
induction and enhancement of osteoblast differeatisand matrix mineralization in various cell
culture models including human and murine bone ovarderived cell cultures, calvarial cell
cultures from fetal and adult murine species ad a®lthe rat osteoblastic sarcoma cell line
(ROS17/2.8) 810 These studies used elevated alkaline phosphatéiséya(ALP) amongst
other parameters as a marker of the osteoblasbpjpand differentiation.

Interestingly, a recent study by Eijken et al. shdvthat dexamethasone needs to be
present during early developmental stages in aifgpeane-window in order to trigger
osteoblast differentiatioh. However, the mechanisms by which dexamethasonengies
osteoblast differentiatiom vitro are unknown. Studies by Igarashi and Mikami etsafjgest
that dexamethasone induces the expression of theldast-specific transcription factors Runx2
and/or osterix genes which may be followed by th@vation of osteoblast-specific marker

genes as demonstrated by cultured primary rat Gatvacells and ROS 17/2.8 cetld 1™
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Accordingly, GC treatment was found to up-regutaeexpression of osteoblast specific marker
genes including alkaline phospatdse® osteopontint®® *"?osteonectin, osteocalcii: 164 171 173
and bone sialoproteitf ** " 1%3in various cell cultures derived from multiple sjgss.
Interestingly, dexamethasone does not consistardlyce the entire set of genes associated with
osteoblastic differentiation. For example, Eijkanak found a GC-induced promotion of ALP
expression which was accompanied by a down-regulaif osteocalcin and osteopontin in a
pre-osteoblast model (SV-HFO). By contrast, Ricketrdl. demonstrated an up-regulation of all
typical genes in rat bone marrow stromal cell aeufollowing dexamethasone treatm#fit.
These contradictive effects mark the limitationrokitro studies: effects might rely on species,
age of experimental animals, methodology, developaiestages of osteoblasts or osteoblast
precursors and different culture conditions inahgriype of GC used.

The effects of GC on collagen synthesis and proteipression are controversial.
Physiological concentrations of GC have been shimvenhance collagen synthesis and collagen
protein mRNA expression in rat calvariae and huroelts® °” *However, others found a
down-regulation of collagen synthesis by measuainigcreased production of PINP, a precursor
type of collagen I, in human bone marrow stromdlscillowing low-dose dexamethasone
treatment.®°

Canalis et al. demonstrated both anabolic and cht¢alction on collagen synthesis of
GC in one culture system. 24 hour cortisol treatmenrat calvariae cells treated at™LM
increased type | collagen synthesis, whereas ailaynthesis was inhibited in cells treated at
10°® M. Treatment for 96 hours also decreased collagethesis in cells treated at 104.1"
Thus, whether GC exert stimulatory or inhibitoryeets on bone might be concentration- and
time-dependent.

Taken together, these vitro studies show an anabolic direct action of GC amebehen
administered at a physiological dose. However, ittiermative valueof in vitro studies is
limited. Thereforein vivo studies are necessary to show whether the anatiohalatory effects
on osteoblasts seen vitro are of physiological relevande vivo. The generation of specific
genetic manipulatedn vivo mouse models in which the normal GC signallinghpaty is
particularly abrogated in osteoblasts offers arr@ggh to further study the role of endogenous

GCinvivo.
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2.3.5 Glucocorticoid Signalling in Osteoblasts

Extracellular GC may mediate their effects in staleells by signalling through the classical
steroid-hormone receptor pathway. Once passedghrte plasma membrane by diffusion, GC
bind to the cytosolic glucocorticoid receptor algle&Ry), a member of the nuclear hormone
receptor superfamil}:* *"°However, GC also activate the mineralcorticoicepgor (MR) which
has been shown to be expressed in osteoBf4sts Following ligand-binding, a conformational
change of the receptor is induced, including iteage from a heat shock protein (HSP) 90-
containing inactive protein complex and the unmagkif nuclear localization signals. Thus, the
ligand-activated hormone receptor complex transéscanto the nucleus where it binds to
glucocorticoid response elements (GRES) to regulaetranscription of glucocorticoid target
genes‘l.'ll, 178

Despite these genotropic effects, GC are also gexpao induce rapid, non-genomic,
transcription independent responses via non-spebiteraction with cellular membranes or
specific interaction with cytosolic GR (cGR) or mierane-bound GR (mGR}?: 18

Several investigators developéd vivo models in which the normal GC signalling
pathway was abrogated on the receptor level agpproach to study GC action in bone. For
example, Cole et al. generated global homozygoukiGiekout (GR -/-) mice by gene targeting
in embryonic stem cells. However, these GR-deficiemce demonstrated an impaired
embryonic development and respiratory failure athbieading to a high degree of perinatal
lethality. In addition, the cortex of the adrendhrgls was hypertrophic due to a severely
impaired feedback regulation via the HPA aXisConsequently, the utility of this approach is
limited. In addition, global knockout of the GR @ewdoes not allow the differentiation of
osteoblast-specific effects from other effects ragstl by other cells. Moreover, GC function is
presumably not completely disrupted, as GC mayasigmough the intact MR pathway. The
generation of double MR/GR knockout mice to blotkpathways is likely not to be realizable
due to the high perinatal lethality which also baen demonstrated for MR knockout mite.

Thus, an alternative strategy is required to furtheestigate the role of endogenous GC in bone.

2.4 The Col2.3-113HSD2 Transgenic Mouse Model

Kream and colleagues in 2001 described a noveluangue transgenic (tg) mouse model in
which intracellular GC signalling had been abrodabe the pre-receptor level exclusively in

osteoblasts and osteocytes through ligand metaboli;m tg overexpression of the GC-
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inactivating enzyme, 113-hydroxysteroid-dehydrogengpe 2 (113HSD2) under the control of
the type | collagen promoter (Col2.3-11RHSD2 tg s&)tf* 184

11RHSD2 and its isoform, 11R-hydroxysteroid-dehgdrase type 1 (11BHSD1), are
members of the 11R3-hydroxysteroid-dehydrogenaselyfaoh enzymes which are known to
modulate intracellular GC metabolism locally, a fire-receptor level (Figure 6). The NADPH-
dependent bi-directional reductase 113HSD1 predamtyn converts hormonally inactive GC
(cortisone in humans and 11-dehydrocorticosteronedents) to their biological active form
(cortisol in humans and corticosterone in rodefgaging to an increased differentiation and
possibly apoptosis. By contrast, the NAD-dependiettydrogenase 113HSD2 uni-directionally
catalyses the conversion of the active GC to timeictive metabolite§’® 110 185187 hjs results
in promotion of cell proliferation’® Interestingly, both isoenzymes share only 14% sece

homology and are derived from separate gene prsdftict

cortisone T
11B-HSD2

cortlsone - » cortisol
11p-HSDA1

S — T differentiation,
apoptosis

Figure 6: Pre-receptor regulation of the GR by 1aimydroxysteroid-dehydrogenases (picture adapted
from Rabbitt EH et al., J Steroid Biochem Mol Bi2003'9.

Even though 11RHSD1 and 11RHSD2 are exclusivelglilmed to the endoplasmic
reticulum membrane, their tissue distribution di#f¢’ While 11BHSD1 is expressed in a
number of tissues including lung, liver, brain adipose tissue, 113HSD?2 is primarily found in
mineralcorticoid target tissues such as the colod kidney'%® 8¢ 189195 the “kidney
isoenzyme”, 11BHSD2 protects the MR from illicit Githding as GC are present at much
higher levels than aldosteroffé: *°° Accordingly, 11BHSD2 knockout (KO) mice exhibited

phenotypic features of the human inherited formhgbertension, known as the syndrome of
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“apparent mineralcorticoid excess” (AME) caused&bynutation in the 11RHSD2 gehié®®

However, in the placenta, 113HSD2 modulates GCsacttethe GR to protect the fetus from
high maternal GC concentratiottd: **°*In bone, the expression of both HSD isoforms heenb
reported. While 11B3HSDL1 is found in primary ostegblcultures and osteoclasts, 113HSD?2 is
expressed in osteosarcoma cell lines and fetal H8#& However, in adult bone, 11RHSD1 is
the predominant isoform in osteoblasts while 11RRI&Dexpressed at very low levéfs.

Thus, the strategy of the Col2.3-11RHSD2 tg mouseehused in this study was to
overexpress 11BHSD2 in bone which should abrog&esi@nalling upstream of the GR and
MR including the disruption of non-genomic and gamo signalling pathways. However, to
specifically target osteoblasts and to avoid cooapilons of global transgene expression, a
specific promoter would be necessary which is $ekly expressed in osteoblasts. Such a
candidate is the collagen type | promoter which hasn shown to target gene expression
specifically to mature osteoblagté: **

In the Col2.3-113HSD2 tg mouse model used in thidys the rat 11RHSD2 comple-
mentary DNA (cDNA) was linked to a 2.3-kilobasegnaent of the rati1(l)-collagen (Collal)
promoter to induce overexpression of 113HSD?2 sjpadly to mature osteoblasts and osteocytes
(Figure 7)%% % Tg mice were generated in a CD-1 outbred backgtousing pronuclear
injection. The transgene was inherited in the mbalaatio and litter sizes were norntf.

3.9kb
— =
— Col2.3 11RHSD2 (1.3 kb) — bGH PA
—
P3'

o (D ——

Mesenchymal Preosteoblast Mature osteoblasts

progenitor cell

Figure 7: Col2.3-11BHSD2 construct. The rat 113HSIDNA was cloned downstream of the 2.3-
kilobase fragment of the collagen type | (CollaXpmpoter and upstream of the bovine GH
polyadenylation sequence (bGH PA) targeting mawsteoblasts (P5’ forward primer; P3’ reverse
primer) (picture adapted from Woitge H et al., Etriftmlogy, 2001%3).
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Employing the Col2.3-113HSD2 tg mouse model, Zhoal.edemonstrated that endogenous GC
regulate lineage commitment of mesenchymal progenitowards the osteoblast lineage and
control intramembranous bone development of calearn mice ' Sher et al. further
characterized the phenotype of tg mice and their Mf@rmates. Tg mice exhibited vertebral
trabecular osteopenia in females and a reductidiermoral cortical bone parameters in males
and females indicating that GC signalling in ostasts may play a role in bone mass
maintenance and cortical bone mass acquistfibri®® In addition, endogenous GC might be
required to maintain normal bone structure andngtie as suggested by Kalak et al. The
comparison in bone volume parameters of long batss revealed lower bone volume in long
bones of tg mice when compared to their WT littetlenas assessed by micro-CT. However, the
difference in total between the two groups of mi@s subtlé®’ Thus, challenged conditions as
those occurring in fracture repair might be reqiit@ further investigate the role of endogenous
GC.

2.5 Fracture Healing and Glucocorticoids

Despite the well-known complications of long-teriystemic GC treatment on bone causing
osteoporosis and leading to an increased fraciskethe effects of GC on fracture repair have
just begun to be understood. In recent years, anlgw animal studies have been conducted
investigating the effects of pharmacological andratpharmacological doses of GC on fracture
healing.

Early studies by Blunt et al. and Sissons et gomred a delay in the healing of closed
femoral and tibial fractures in rabbits receivingpsa-therapeutic, high-dose cortisone treatment
(10-25 mg/kg/day) throughout the healing periodpanticular, callus formation was found to be
decreased and histological processes of repaindim the development of granulation tissue
were retarded when compared to untreated corfffof$’More recent studies also support these
findings in rabbits. For example, Waters et al. Bodtrom et al. used a non-critical sized ulna
defect osteotomy model. Prolonged, systemic treatnéth therapeutic concentrations of
prednisone at 0.15 mg/kg/day administered befocepast surgery was shown to impair bone
healing as indicated by a higher rate of non-ungoemaller callus size and a fracture site with
lower mineral content and strength than in the meated control group™® #** Also using a
similar osteotomy model, Luppen et al. additionamonstrated an impairment of bone healing

following prednisolone treatment (0.35 mg/kg/d&y).
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Murakami and colleagues created fractures in gupiga and administered cortisone at
5 mg/kg/day. Even though ossification, cartilagerfation and osteoblastic cell numbers were
decreased in the early phase of bone healing irsooe-treated animals when compared to non-
treated littermates, final bony union at the endh&f study was comparable between the two
groups?*® Impairment solely in the initial phase of bone Imeawas also demonstrated by a
study observing the effects of prednisolone (2.3kgygay) on the healing of defects in chicken.
While early mineralization of the fracture callusasvdecreased in GC-treated animals, the
ultimate mineralization was similar in the contaold the experimental groap'

Studies observing the effects of GC on fracturdiihgan rats are contradictory. While
some investigators reported no interference witttlire repair for GC including cortisone,

1218 others

prednisone, methylprednisolone at a high-dose fiortsand long-term treatmen
did report a delay of the repair process by dexhasemne, cortisone and prednisoléte®
Different factors are proposed to account for théiffering results including species, fracture
model and type, duration, dosage and type of GCaddition, the rat is known to have a
different active endogenous corticosteroid than &msrand rabbits.

Altogether, increasing evidence suggests that G@trirent at pharmacological and
supra-pharmacological doses might interfere withctiire repair. However, the role of

endogenous GC in bone healing has not been inagstig
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2.6 Hypothesis

Mechanisms by which GC exert their effects on boeks are poorly understood, particularly

during fracture healing. While GC at pharmacolobdmzses are known to interfere with fracture

repair, the role of endogenous GC in bone heakngniclear. Based on previous observations
made in the Col2.3-113HSD2 tg mouse model, we registhat endogenous GC not only play a
role in bone mass maintenance and in the contrioitifmembranous bone development but also
in osteoblastic repair mechanisms. We specifichifpothesized that osteoblastic repair of a
bone defect would involve the cell-specific actminendogenous GC. Thus, osteoblast-targeted
disruption of intracellular glucocorticoid signalg, as present in the Col2.3-113HSD2 tg mouse
model, would adversely affect (i.e. delay) intranbeamous bone healing in a model of fracture

repair.

To test this hypothesis we aimed to:

(1) Establish a well-defined intramembranous freectuodel in which bone formation is induced
without an endochondral component which can beiegpb Col2.3-113HSD2 tg mice and
their WT littermates.

(2) Identify time-dependent structural and histaday parameters of bone repair comparing
Col2.3-11RHSD2 tg mice and their WT littermatesubing this particular fracture model.
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3 Animals and Methods

3.1 Experimental Animals and Study Design

Col2.3-11RHSD2 tg mice were generated as desciibetiapter 2.4 and were a gift from Dr
Barbara Kream, Department of Medicine, UniversityConnecticut Health Center, Farmington,
CT, USA. Mice were maintained at the animal faie#tof the ANZAC Research Institute
(Sydney, Australia) in accordance with InstitutibAaimal Welfare Guidelines and according to
an approved protocol. Mice were allowed accessdd and water ad libitum and were exposed
to a 12-hour light/dark cycle.

Surgical procedures were performed on 7-week-olde n@ol2.3-113HSD2 tg mice
(mean body weight 29.94 £2.29 g) and their wildety§WT) littermates (mean body weight
32.95 +2.43 g). A total of 70 mice from the two gps were randomly assigned to three
experimental groups to assess the early and latsepbf defect repair at 1, 2 and 3 weeks post

fracture (Figure 10).

Mice
g (n=70)
Week 1 Week 2 Week 3
(n= 26) (n= 26) (n=18)
WT tg WT tg WT tg
(n=12) (n=14) (n=13) (n=13) (n=9) (n=9)

Figure 10: Study design.

3.2 Genotype Analysis

Since tg and WT mice do not differ in phenotypip@grance genotyping was carried out. Toes
of all animals were collected between 7 and 12 dé&yggye and their genomic DNA was isolated.

Tissue samples were incubated with a lysis mixtametaining 198.3.L Milli-Q water, 25 uL
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MgCl, (20 mM; Ajax Finechem Pty. Ltd., Taren Point, Aafi)), 25uL DNA Polymerase 10x
Reaction Buffer (Fisher Biotec Australia, Wembl@ystralia) and 17.L proteinase K (Roche
Applied Sciences, Castle Hill, Australia) per saengt 55°C for 2 h. An incubation at 98°C for
15 min followed to deactivate proteinase K.

The lysed DNA samples were amplified by PCR (Eppenillastercycler ep, Eppendorf
AG, Hamburg, Germany). The PCR reaction mix comain

* Milli-Q water (autoclaved): 13.7pL

» 10x Reaction buffer (Bioline Pty Ltd., Alexandriaistralia): 2.5uL

* MgCl, (50 mM; Bioline Pty Ltd., Alexandria, Australia):uL

* Mango Taq DNA polymerase enzyme (1000 units; Beokty Ltd., Alexandria, Australia):
0.75uL

 dNTPs (desoxyribonucleoside triphosphates; 1 mMitimgen Corp., Carlsbad, CA,
USA): 1L

 HSD2 primers (10 mM): LL

* 5uL of lysed DNA

The selected forward oligonucleotide primer seqaebfleACC TTA GCC CCG TTG TAG-3’
was part of the HSD2 gene and the reverse printgresee was 5-G AGG GGC AAA GAA
GAA CAG ATG-3 within the bovine GH polyadenylatioregion (see chapter 2.4, Figure 7).
The PCR was started with one cycle at 94°C for & amd was continued with 30 cycles (94°C
30 s, 60° 30 s, 72° 45 s). The reaction ended aviticle at 72°C for 5 min.

3.3 Tibia Cortical Defect Repair Model

Preoperatively, general anaesthesia and analgesanguced by injecting ketamine (75 mg/kg
body weight; Cenvet Pty. Ltd., Kings Park, Austialand xylazine (10 mg/kg body weight;
Cenvet Pty. Ltd., Kings Park, Australia) intrapeni¢ally. The operating area was shaved and
disinfected with 70% v/v ethanol. A 1 cm long skagision was made over the dorsal aspect of
the left knee and then the tibia was exposed bididiy the anterior tibial muscle. A uni-cortical,
full-thickness standardized tibial bone defect wesated 5 mm below the tibia patellar tendon
insertion using a low-speed 0.8 mm diameter diillefnel Stylus Variable Speed Rotary Tool,
Dremel, Mount Prospect, IL, USA) (Figure 11). Thkinswound was then closed with
interrupted stitches using 5-0 nylon suture (Ethitc., Somerville, NJ, USA).
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Subsequent to the operation, radiographs wererdatavith a MX-20 digital Faxitron X-
ray system (Faxitron X-ray Corp., Wheeling, IL, US# confirm the correct position of the
defect. Animals were placed under heated lamps dmtain constant body temperature and
observed until awake. Mice were allowed unresttictage activity and were closely monitored

for pain-related behaviour until time-point of géce. Body weight was assessed weekly.

Figure 11: Tibia cortical defect repair model: X¢i@&axitron) showing the localisation of the dslte at
the left tibia.

3.4 Sample Preparation

Mice were sacrificed at the assigned time-pointscbyical dislocation under anaesthesia.
Tibiae were collected with some remaining softuesand fixed in 4% paraformaldehyde (PFA
extra pure, Merck KGaA, Darmstadt, Germany) bufiekeith 0.1 mol/L phosphate buffer
(AMRESCO Inc., Solon, OH, USA; pH 7.4) for 48 h4&C. Samples were then immersed in
PBS solution until subjected to micro-CT. Followingicro-CT scanning, samples were
decalcified in 10% ethylene diamine tetraacetiodd aDTA; Fronine Laboratory Supplies,
Taren Point, Australia; pH 7.0) for 3 weeks at 40ith twice weekly change of the solution.
Tibiae were then processed for paraffin embeddiity an automated tissue processing
machine (Leica TP 1020, Leica Microsystems GmbHtAde Germany) in which sections
were dehydrated in a series of ascending concemtsabf ethanol (50% v/v 4 h, 70% v/v 4 h,
95% v/v 4 h, 95% v/v 4 h, 100% 2 h, 100% 2 h, 10826uum 2 h) and cleared in xylene (2 h
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vacuum, 2 h, 2 h vacuum). Samples were then emdenidearaffin wax (Paraplast Tissue
Embedding Medium, Tyco Healthcare Group, MansfiMd,, USA).

Serial longitudinal 5 um-thick sections were obeégirusing a Leica microtome (Leica
Microsystems GmbH, Wetzlar, Germany) and mountedo oslides coated with 3-

aminopropyltriethoxysilane (AES; Sigma-Aldrich In&t. Louis, MO, USA).

3.5 Staining Procedures

Sections displaying the defect gap were prepared staining by deparaffinization and
rehydration with xylene (two changes, each for B)maind graded ethanol concentrations (100%
3 min, 100% 3 min, 100% 3 min, 95% v/v 3 min, 70% 2 min). Sections were then rinsed in

double-distilled water.

3.5.1 Hematoxylin and Eosin (H&E)

For general histology of the defect site and idmatiion of osteoblasts, sections were stained
with hematoxylin (Lillie-Mayer's hematoxylin, From¢ Laboratory Supplies, Taren Point,
Australia) and eosin (Eosin Y, Fronine Laboratonpflies, Taren Point, Australia) following a
standard protocol. Hematoxylin in its oxidised aetform hematein stains basophilic structures
such as nuclei purple-blue and eosin colours ephifio structures such as cytoplasm pink-red.

The incubation time in hematoxylin was 4 min aneéasin 10 min.

3.5.2 Tartrate Resistant Acid Phosphatase (TRAP)

To identify osteoclasts, sections were stained ftbre presence of TRAP, a
metallophosphoesterase highly expressed in ostdeaskdthin the ruffled border area, lysosomes
and in Golgi cisternae and vesicfés.Sections were incubated in TRAP solution contajnin
TRAP buffer (sodium acetate anhydrofg0 mM, Fluka Chemie AG, Basel, Switzerland],
potassium sodium tartrate [40 mM, Sigma-Aldrich.Ji&t. Louis, MO, USA] pH 5.0), naphthol
AS-BlI phosphate (Sigma-Aldrich Inc., St. Louis, MQOJSA) dissolved in N,N-
dimethylformamide (Sigma-Aldrich Inc., St. LouisQJ1USA) as a substrate and fast red violet
Luria-Bertani salt (Sigma-Aldrich Inc., St. LoudlO, USA) as detection agent for the reaction
product’®® The incubation was done at 37°C for 0.5-2 h urglbur was developed and the
reaction was stopped by rinsing the sections inwager. Sections were counterstained by

treatment with a 1:10 v/v solution of Gills no.3etoxylin (Fronine Laboratory Supplies, Taren
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Point, Australia) for 30 s. Slides were dried at@7dvernight, mounted in DEPEX medium
(BDH Ltd., Poole, UK) and coverslipped.

3.5.3 Toluidine Blue

For cartilage matrix detection, slides were staiw#t toluidine blue (0.1%) for 3 min, rinsed in
tap water and dried in a 37°C oven overnight. Whtleictures including nuclei and cytoplasm

are stained blue, cartilage matrix with its protgogn content appears purple/dark blue.

3.6 Analyses of Defect Repair

3.6.1 Microcomputed Tomography (micro-CT) Analysis

Micro-CT images of all tibia samples were obtaifiedmorphological quantification of newly
formed mineralized bone at the drill site. As ahteque commonly employed in bone biology,
micro-CT allows the generation of high resolutiordiiensional visualisation of bone
microarchitecture generated by X-rays. In the presstudy, a Skyscan 1172 X-ray
microtomograph (SkyScan, Kontich, Belgium) was usexhsisting of an X-ray source, a
specimen holder and a CCD camera for X-ray detecfldthe equipment was connected to a
computer with tomographic reconstruction softwaiigre 12).

- / ": f
Phosphor CCD
Rotating detector  camera

stage
[ ]
B

Acquisition and
display computer

Micro-focus i
X-ray tube e

Figure 12: Micro-CT setup (picture adapted from d$wborth DW and Thornton MM, Trends in
Biotechnology, 200%%.
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Tibia samples were placed in the specimen holdanarsed in PBS solution to prevent
them from drying out. Scanning was carried outGl &V, 100pA with an exposure set to 590
ms. A 1 mm aluminium filter was used to reduce phenomenon of beam hardening which
would lead to artefacts in the processed tomogrAnset of 1800 X-ray projections was
collected at multiple viewing angles around the glamrat a resolution of 6.98m/pixel. The
projection data was then reconstructed using a fieddiFeldkamp cone-beam algorithm with
beam hardening correction set to 50%.

The defect gap was represented over approxima@€ly2ddimensional cross sections per
sample and ‘CTAnalyser’ software (version 1.02, S&gn, Kontich, Belgium) was employed to
analyse the defect repair. This analysis of altises of the defect gap was done for two
different regions of interest (ROI) to prevent badgesults due to selected area and to establish a

convenient measurement method for this defect repadel (Figure 13).

ROI (defect) ROI (sphere)

Figure 13: Region of Interests (ROIs) for micro-@ialysis with CTAnalyser’ software. ROI (defect)

comprised the entire volume of the immediate de$itet in the cortical bone area. ROI (sphere) was
cylindrical-shaped, additionally covering newlyriged bone volume on the outer and inner regionef th

defect site.
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One ROI comprised the entire volume of the immedasfect site in the cortical bone
area and was termed ROI (defect). This ROl wasHhee® drawn using a mouse.

The other ROI was cylindrical-shaped, additionalbhvering newly formed bone volume
on the outer and inner region of the defect sitdwas defined as ROI (sphere). This ROl was
delineated using the round shape form from thenfig@u. The centre of the cylinder was located
in the middle of the defect gap.

Following the selection of ROI, pictures were vielWwe the binary images viewing mode
(Figure 14). This mode applies only to the ROI wtilhe non-selected part of the image shows
the usual window background colour (green). In thizde, the histogram shows indexed grey
levels ranging from O (black) to 255 (white). A amg threshold selection was set between grey
scale index 70 and 250 to separate bone tissuedtber soft tissue, muscles and bone marrow.
White colour in these images represents areas lwightness within the range of the binary
threshold selection (bone), and the areas outhidesélection are black (representing soft tissue,

muscles and bone marrow).
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Figure 14: Binary images viewing mode (CTAnalysssftware) with histogram demonstrating indexed
grey levels from O to 255 for the ROI. The binargeshold selection was set between grey scale index
and 255 to separate bone tissue (white colour) fotdmer soft tissue, muscles and bone marrow (black

colour).
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The following morphological parameters were therasueed for the two ROI:

* BV: bone volume (grey scale index 70-255)

* TV:tissue volume

* BV/TV: bone volume/tissue volume (%)
Percentage of newly formed mineralized bone volofitee immediate cortical defect site

* Mean density BV/TV: mean density bone volumel/tissue volume
mean density of newly formed mineralized bone @& tmmediate cortical defect site,
measured as the mean value of grey in the seldéateshold selection for bone tissue 70-
255)

Three-dimensional images for a general overviethefdefect site were created with VGStudio
MAX imaging software (Version 1.2, Volume Graphig&sermany). Images representative of
n=70 samples.

3.6.2 Histomorphometric Analysis

Histomorphometric characterization of defect cakisvas performed on all defect tibiae using
Bioquant Osteo Il System, (version 8; Bioquant Imaqalysis Corp., Nashville, TN, USA).
Three representative levels of H&E and TRAP staisections within the centre of the cortical
defect, each approximately 15 micrometers apante \@gamined with a light microscope (Leica
Microsystems GmbH, Wetzlar, Germany) at 200-foldgmfcation. All samples were analysed
in a blind fashion and results were averaged.

The selected ROI for quantitative analysis of defgea was a rectangle, with a standard
height of 350um and a width adjusted to the defect dimension witap of 3Qum to each side
of the original cortical bone (Figure 15).
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b :
Figure 15: Region of interest (ROI) for histomorptedric analysis of defect callus at drill site. CB-

cortical bone, BM-bone marrow. Image representaiive=70 samples.

The following standard static histomorphometric goaeters of volumes and surfaces as

recommended by the ASBMR Histomorphometric Nomenota Committe®® were then

measured manually by tracing around the respecreas on the screen with a mouse and

calculated by the software:

BV: newly formed bone volume (mm?)

TV: tissue volume (mm?)

BV/TV : bone volume/tissue volume (%)

Percentage of newly formed bone volume of tislemae at defect site
BS/BV: bone surface/bone volume (%)

Percentage of bone surface of newly formed bonemel
ODb.S/BS osteoblast surface/bone surface (%)
Percentage of bone surface covered with ostesblast
N.Oc/BS number of osteoclasts/bone surface (per mm)
Mean number of osteoclasts per mm bone surface
Oc.S/BS osteoclast surface/bone surface (%)
Percentage of bone surface covered with ostesclast
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The identification of the defect site with newlyrfeed woven and lamellar bone of week 3 post-
fracture samples was facilitated by the use ofnmd light microscopy.

For a general overview of the fracture site atiale points of repair assessment, pictures
were created at 100-fold magnification using QCepthoftware (Quantitative Imaging Corp.,

Surrey, Canada).

3.6.3 Second-harmonic Imaging Microscopy (SHIM)

The orientation and organization of collagen fisteicture of newly formed defect calluses of
respective week 1 WT and Col2.3-113HSD2 tg animadse observed by second-harmonic
imaging microscopy. This relatively new microscdpghnique is based on the ability of highly
polarisable material to produce a nonlinear optefedct known as second-harmonic generation
(SHG). Once intensive laser light passes throughntlaterial, second harmonic light with half
the wavelength of the entering light emerges framThis optical phenomenon is due to
annihilation of two photons and creation of oneyrphoton at double frequenty.

The SHG effect was first demonstrated in 1961 bgnken et af’’ on polarisable
crystalline quartz but it was not until 1986 wheeind et al. performed the first biological SHG
imaging experiments to study the orientation ofag#n fibres in rat tail tendon. Only recently,
SHIM has been developed as a high resolution 34kineal technique for imaging live cells
and tissues and is about to gain importance inareBeand clinical pathology. In order to
produce SHG, structures are required to be normgmtrmetric such as microtubules, muscle
myosin and collagen. Especially type | collagenyratant in fracture calluses, is known as a
strong mediator of SHG signals due to its high degf crystallinity and arrangement in a triple
helix.

In the present work, SHIM images were combined with-photon excited fluorescence
(TPEF) images to additionally demonstrate cell dtmes at the defect site. While SHIM
involves nonlinear scattering, TPEF is based orimear absorption resulting in fluorescence.
For the SHIM procedure, representativarb-thick sections of defect calluses of week 1 defec
samples were dewaxed in xylene for 20 min, moumtedslides with DEPEX medium and
coverslipped.

The general experimental setup consisted of a gutdea-red femtosecond laser coupled
to a confocal scanning system (Leica TCS SP2, Licaosystems GmbH, Wetzlar, Germany)
and an inverted microscope (Leica DM IRBE, Leicaisystems GmbH, Wetzlar, Germany)
(Figure 16).
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In detail, an infra-red, femtosecond titanium-sapplTi-S) laser (Tsunami, Spectra
Physics, Mountain View, CA, USA) synchronously pwdpoy a 5 W diode laser (Millenia,
Spectra Physics, Mountain View, CA, USA) providad excitation beam with a wavelength of
870 nm (red). This beam was focused and scannedsatihe sample. SHG is emitted in the
forward scattered direction, along the path ofekeitation laser (blue). Second harmonic light
was collected by a high numerical aperture oil imsimm condenser and detected with
photomultiplier tube 1 (PMTL1). An infra-red bloclgilter with a cut-off at 700 nm was fitted in
a filter cube to remove direct laser light from thytical path. A barrier filter with a window of

395-440 nm ensured the passing through and deteati8HG photons at a wavelength of 433

nm only, whereas autofluorescence with longer wengths was effectively blocked.

In contrast to SHG, TPEF is emitted in all diresicand thus can be collected by the
objective lens in the backscattered direction (gre@hotomultiplier tube 2 (PMT2) detected
autofluorescence with an adjusted wavelength raege 500-600 nm. Leica Confocal Software
(Leica Microsystems GmbH, Wetzlar, Germany) wasdugecontrol the microscope, acquire

and analyse scans.

Mirror
Femtosecond laser

IR laser

Confocal scanning
and detection
system

Inverted
microscope

Figure 16: Second-Harmonic Generation (SHG) Miapgc experimental setup; see text for
explanation. IR laser-infra-laser, SHG-second-hanm@eneration, PMT-photomultiplier tube, TPEF-

two-photon fluorescence.
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3.7 Immunohistochemistry

Immunohistochemical assessment of HSD2 transgemeession at the defect site was
performed by using the avidin-biotin complex (AB@chnique. This method is based upon
avidin, a 68,000 molecular weight glycoprotein whean be labelled with a peroxidase. Avidin
binds irreversibly and rapidly with a high affinifdissociation constant TOM) to the vitamin
biotin, thus allowing for a high sensitivity of thinethod?®

Three layers of antibodies are involved (Figure An)unlabelled primary antibody binds
directly to the HSD2 antigen which is followed Wyetbinding of a biotinylated secondary
antibody to the primary antibody. The third layensists of a preformed avidin and biotinylated
horseradish peroxidase complex. The peroxidas@afiyf developed by 3,3’-diaminobenzidine

(DAB) substrate-chromogen resulting in a brownrstai

Preformed avidin and

.... hiotinylated horseradish
DAB P peroxidase complex
H;0; B) ee

{
Colous :(, ‘:""\:a"li,a, (8)?
Precipitate [Ej “(&)
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—— ee

biotinylated secondary

antibody \ \B,'

Primary antibody (RAH23)

HSD?2 antigen

Figure 17: Avidin-biotin complex (ABC) technique rfeammunohistochemical assessment of HSD2
transgene expression at defect site using RAH23bady. A-avidin; B-biotin, DAB-3,3'-

diaminobenzidine (picture adapted from www.hmdswddipistology.html).

In detail, 5 pm-thick tibia sections of representaCol2.3-113HSD2 tg and WT samples
of all time points of repair assessment showing dbéect site were used for the procedure.
Sections were deparaffinized in xylene (two times % min), hydrated in a series of graded
ethanol solutions (100%, 95% v/v, 70% v/v; each 3omin) and washed in Milli-Q water.
Endogenous peroxidase activity was quenched by 84twdrogen peroxide (Riedel-deHaén,
Seelze, Germany) diluted in Milli-Q water for 10 miSlides were then rinsed in PBS/BSA
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Triton buffer (1 L PBS with 0.15% BSA (bovine seraibumin; Sigma-Aldrich Inc., St. Louis,
MO, USA) and 0.1% Triton X-100 (Sigma- Aldrich In&t. Louis, MO, USA); two times for 5
min).

To prevent potential binding of antibodies to n@wfic antigens, slides were incubated
in blocking solution containing normal goat serutb{uL) made up in PBS/BSA Triton Buffer
(10 mL) for 30 min. Sections were encircled withP&AP pen (The Binding Site Ltd,
Birmingham, UK) and the blocking solution was remady Sections were incubated with a
primary antibody, the purified polyclonal rabbittiarat 113HSD2 antibody RAH2% diluted at
a concentration of 1:1000 v/v in the blocking smatin a humidified chamber at 4°C overnight.
Samples were rinsed in PBS/BSA Triton buffer (3nges for 3 min, 10 min, 5 min) and
incubated with the biotinylated anti-rabbit IgG sedary antibody (Vectastatin ABC kit, Vector
Laboratories, Burlingame, CA, USA) diluted in thiedking solution at 1:200 v/v for 1 h in a
humidified chamber. The antibody was tipped off aedtions were washed with PBS/BSA
Triton buffer (3 changes for 5 min each) and awidiiotinylated horseradish peroxidase complex
reagent (Vectastatin ABC kit, Vector LaboratoriBsirlingame, CA, USA) was added for 30
min.

A DAB substrate kit for peroxidase (Vector Laboras, Burlingame, CA, USA) was
used for chromagen development. Following an intabatime of 4 min, the reaction was
stopped by dipping the slides in Milli-Q water. Saes were washed in Milli-Q water for 5 min
and counterstained with Gill's no.3 hematoxylin diine Laboratory Supplies, Taren Point,
Australia) at a dilution of 1:20 v/v for 1-2 minli&s were then washed in tap water for 5 min,
dehydrated in ethanol (95% v/v for 5 min, 100% argjes for 5 min each), cleared in xylene (2
changes for 10 min each) and coverslipped with DERErmanent mounting medium (BDH
Ltd, Poole, UK).

3.8 Statistical Analysis

Data are represented as the means + standardoétee mean (SEM). Statistical analysis was
performed with Student’s t-test, 2-way ANOVA andvdy ANCOVA using SPSS statistics
program (SPSS ver. 15, SPSS Inc. Chicago, USA)-valpe of less than 0.05 was considered
statistically significant.
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4 Results

4.1 Tibia Defect Repair Model

Surgical procedures were well-tolerated by all aigmand there were no procedure-related
deaths. After recovering from anaesthesia, micelayed normal behaviour and started to move
around the cages with full weight bearing. Postratie X-rays confirmed successful surgical
outcomes in all animals. Tibia defects were createa reproducible manner at the designated
location on the medial aspect of the left tibianB below the knee joint. Thus, no animals had
to be excluded from the study post-operatively.

Throughout the post-operative monitoring period arstiowed no preference in the use
of their legs as assessed daily. The healing &fadeccurred without complications. No wound

infections were developed and no suture insuffityemnas noted.

4.2 Body Weight

Pre-surgery mean body weight, measured two dags frioperation, was significantly lower in
Col2.3-11RHSD2 tg mice when compared to their retbpe WT littermates in all experimental
groups of fracture healing assessment at weeksahd23 (Figure 18; p<0.05). However, mean
body weight gain during the fracture-healing penaas similar between WT and tg mice for all

analysed time-points (Figure 19; p>0.05).
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Figure 18: Body weight pre-surgery. A total of WO and tg mice were randomly assigned to three
experimental groups. The first group was sacrifiaftdr 1 week, the second after 2 weeks and tiné thi
after 3 weeks. Data are shown as means + SEM. 0p<0*p<0.001 versus WT. WT-wild-type, tg-

transgenic.
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Figure 19: Mean body weight gain during fracturallmg monitoring period. Mean body weight gain
was not significantly different between WT and tigenfor all study groups (weeks 1, 2 and [3¥0.05)
Data are shown as means + SEM. WT-wild-type, tgsgenic.

4.3 The Sequence of Defect Repair

The progression of defect repair was examinedlitibéd defects at 1, 2 and 3 weeks following
surgical procedure. Three-dimensional micro-CT iesagf the tibia and two-dimensional cross-
sections of the site of bony repair illustrated hyefermed mineralized bone. H&E and TRAP
stained sections provided insight into the morpbgl@f cellular mechanisms occurring in
healing process (Figure 20).

Over time, defects were restored to their origar@hitecture via intramembranous bone
formation as revealed by light microscopy. No ¢age was detected in the drilled cortical area
or in the marrow cavity at any time-point. SeveWdll and tg samples showed cartilage
formation on the outer bone surface, but this wastly limited to bone surface adjacent to the
fracture site, as a result of periosteal reactiBigure 21). No morphological difference was

detected between WT and tg animals at any timetpoamitored.
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A) week 1 | B) week 2 C)week 3

Figure 20: Micro-CT images (3-D first panel; cragstions second panel) and histology (H&E third
panel; TRAP fourth panel; original magnification0&) of unicortical diaphyseal defects in the proxim
tibia of WT animals at weeks 1, 2 and 3 post fractiMorphological comparison of the defect site
revealed no difference between WT and tg mice speaetive time-points. At week 1 (A) mineralized
woven bone was formed at the defect site, whickemsed in volume and density by week 2 (B). At week
3 (C) healing of defect was nearly completed inVdll and tg animals. WT-wild-type, tg-transgenic;

images representative of n=70 samples.
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Figure 21: Representative histological image oftilegge formation, restricted to the periosteum;
intramembranous bone formation at defect site (@lole Blue staining, original magnification x100).

Asterisk-cartilage, DS-defect site, BM-bone marr@m-cortical bone.

At week 1, micro-CT imaging demonstrated formatdmoorly mineralized bone at the
drill site and bone marrow cavity (Figure 20A), Whhistology revealed active woven bone
formation. This early, fine, disorganized, canaedlorepair tissue was invaded by blood
capillaries along with undifferentiated mesenchyriiséue and was predominantly deposited
towards the centre of the defect, extending inrttedullary cavity and onto the outer surface.
Bone trabeculae contained large oval osteocytes then surface was densely lined with
cuboidal osteoblasts. First multinucleated ostetslappeared at the wound site at that time-
point (Figure 20A).

Throughout week 2, deposition of newly formed bamamtinued particularly in the
periphery of the defect, forming a bony bridgela drill site joining both ends of the original
cortex (Figure 20B). The mineral density of the heformed bone matrix was increased as
demonstrated by micro-CT. Histology demonstrated dhiminishing of capillaries and the
increase in osteoclast number.

At week 3, bone healing was nearly complete. Tthesdefect was no longer apparent on
micro-CT imaging, as it was filled with tissue istinguishable from the surrounding cortical
bone (Figure 20C). However, original lamellar arelvty formed woven bone was clearly
discernable by polarized light microscopy of histptal sections, again demonstrating that the

defect was nearly completely filled with new borfgg(re 22) which was beginning to be
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compacted and replaced with mature lamellar bonecoAlingly, TRAP-stained sections

revealed the advanced healing stage by numeroesabssts (Figure 20C).

Figure 22: Polarized light microscopy of H&E stainesection (original magnification x100)
distinguishing original lamellar and newly formeewen bone; DS-defect site, BM-bone marrow, CB-

cortical bone.

4.4 Analyses of Defect Repair

4.4.1 Microcomputed Tomography

Micro-CT analysis was performed on all tibia samspkt week 1 and 2 post fracture to
characterize and quantify the newly formed boneefwg: WT n=12, tg n=14; week 2: WT
n=13, tg n=13). Week 3 samples (WT n=9, tg n=9)eweat analysed due to inaccurate detection
of fracture site caused by progressed tissue repair

Corresponding with the morphological observatioristlee-dimensional micro-CT
images, the percentage of newly formed bone vol(BMETV) in the defect area and its mean
density increased from week 1 to week 2 post fractu WT and tg animals (Figure 23A, B) as
determined by the analysis of a region of intecestering the immediate defect site (ROl defect
site). The comparison of percentage of newly forrbede volume (BV/TV) and its mean
density between WT and tg mice revealed no stegistifference at either time-point (p>0.05;
Figure 23A, B; ROI defect) indicating a similar @sgenesis regarding the rate of bone healing
and its mineralisation.

The analysis of the wider sphere-shaped regiomtefest of cortical defect area (ROI

sphere) demonstrated similar results for both asseparameters of bone healing and likewise
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did not detect a statistical difference betweenttie groups of mice at week 1 and 2 (p>0.05;
Figure 23C, D). The high Pearson correlation cokfits between the two ROIs (Table 1)
indicate that both methods give reproducible resaiftd are convenient to measure repair tissue
in this defect repair model. However, ROI spherghtibe recommended for future studies as it

Is less time-consuming and more effective.
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Figure 23: Micro-CT analysis of defect site (appnaately 100 2-dimensional cross sections per sample
(n=52)), excluding cortical bone for ROI (defede}i(A; B) and ROI (sphere) (C; D).

Comparison of WT and tg animals at week 1 and 2-pagery, revealed similar results for % of newly
formed bone volume (BV/TV) (A; C) and mean densityoone volume (B; D) (p>0.05) for both ROI. At
week 3, an accurate ROI was not detectable, dygagressed tissue repair. Data shown are means +

SEM. ROI-region of interest, WT-wild-type, tg-trayenic, BV/TV-bone volume/tissue volume.
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BV/TV mean density
week 1 week 2 week 1 week 2
WT .929 .836 .980 .879
(n=12) (n=13) (n=12) (n=13)
tg .924 1 .812 1
(n=14) (n=13) (n=14) (n=13)

Table 1: Correlation for parameters of micro-CTlgsia (BV/TV) and mean density of ROI (defect site)
and ROI (sphere), separated for WT and tg aninaalstidy groups week 1 and 2 post fracture. Shown
are Pearson correlation coefficients. BV/TV-bonduate/tissue volume, ROI-region of interest, WT-

wild-type, tg-transgenic.

4.4.2 Histomorphometry

Histomorphometric measurements were performed &vacherize bony repair on the cellular
level. Tibia samples (weekl: WT n=12, tg n=14; weak/'T n=13, tg n=13, week3: WT n=9, tg
n=9) taken at all time-points were analysed. Elesamples (weekl: WT n=4, tg n=2, week 2:
wt n=3, tg n=2) were excluded from the analysis dwedifficulties in finding the correct
orientation layer of the defect.

In accordance with micro-CT analysis and histolotiye percentage of bone volume
(BVI/TV) formed increased throughout the 3-week mgpperiod in WT and tg animals (Figure
24A). This was consequently accompanied by a tiefeddent decrease in the percentage of
bone surface per bone volume (BS/BV; Figure 24Bj)e percentage of bone surface covered
with osteoblasts (Ob.S/BS) decreased from weekviletk 3, whereas the number of osteoclasts
per bone surface (N.Oc/BS) and the percentage ok surface covered with osteoclasts
(Oc.S/BS) increased by week 2 (Figure 24C- E).

The comparison of WT and tg mice for the proportadnbone surface covered with
osteoblasts (Ob.S/BS) and osteoclasts (Oc.S/BS), amteoclast number per bone surface
(N.Oc/BS) did not differ between tg and WT miceaaty time-point (p>0.05, Figure 24C- E).
Furthermore, percentage of bone volume (BV/TV) aedcentage of bone surface per bone
volume (BS/BV) were similar between the two groapsall time-points (p>0.05; Figure 24A,
B).
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Figure 24: Histomorphometry analysis of H&E and THRAtained tibia samples (three representative
levels within the centre of the cortical defectcleapproximately 15 micrometers apart, per sample
(n=59) at 1, 2 and 3 weeks post fracture.

No difference between WT and tg animals was obsemeA) % bone volume (BV/TV), B) % bone
surface (BS/BV), C) % osteoblast surface (Ob.S/B§umber of osteoclasts/mm (N.Oc/BS) and E) %
of osteoclast surface (0c.S/BS) (p>0.05). Showmagans + SEM. WT-wild-type, tg-transgenic.
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Two-way ANOVA showed no interaction between timeapand genotype for any of
the analysed parameters (Table 2). In additionjnteraction was found for time-point and

genotype with body weight as a covariate using ANBQ@nalysis.

2-way ANOVA 2- way ANCOVA
Interaction Interaction
time-point x genotype time-point x genotype
(correction for body weight)
Micro-CT
- ROl defect BVITV (%) 0.367 0.386
Mean density 0.880 0.910
- ROl sphere  BV/TV (%) 0.465 0.491
Mean density 0.792 0.759
Histology
BVITV (%) 0.777 0.666
BS/BV (%) 0.547 0.670
Ob.S/BS (%) 0.874 0.866
N.Oc/BS (/mm) 0.201 0.238
Oc.S/BS (%) 0.149 0.174

Table 2: Two-way ANOVA analysis for time-point x ggype interaction and its correction by body

weight using two-way ANCOVA analysis. Shown are glues with p<0.05 considered statistically
significant.

4.4.3 Second-harmonic Imaging Microscopy

Second-harmonic imaging microscopy demonstratedtieatation and organization of collagen
fibrils of newly formed defect calluses of respeetWT and Col2.3-11R3HSD2 tg animals at
week 1 post fracture. An impression of the entiagture site was achieved by overlapping scans
(Figure 25A). SHG images (Figure 25C) of the bosyair site were then combined with TPEF
images (Figure 25B) to provide a contrast betwdmn extracellular matrix and cells (Figure
25D). In these images, the golden, bright coloyresents the SHG signal arising from the
collagen, whilst the green colour represents twotg excited auto fluorescence from various
tissue components including osteoblasts, mesendhyalls and capillaries filled with
erythrocytes (Figure 25D). Essentially no backgubsignals are produced with this method.
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Figure 25: Second-harmonic generation images @&otisite at week 1 post fracture.

A) Overview of defect site and surrounding are&t(pe is composed of eight overlapping scans, using
20x objective); two-photon fluorescence (B) was borad with SHG (C); D) combined SHG and two-
photon fluorescence image (20x oil immersion olbyegt

Comparison of representative WT (E) and tg (F) dampevealed no difference in collagen fibre
orientation at defect site (100x oil immersion aiije). Golden colour-SHG from collagen, green

colour-two-photon fluorescence, WT-wild-type, tgfisgenic.

The morphological comparison of collagen fibre agement comprising the woven bone matrix
in the regenerating tissue area at a high magtiic€x100) revealed no difference between WT

and tg mice (Figure 25E, F).

4.4.4 Summary of Analyses of Defect Repair

Taken together, the repair of cortical defectshrae of WT and tg mice was similar in
terms of structural and histological parameterbarie repair as demonstrated by histology and
three-dimensional micro-CT- and SHG imaging andyaig of parameters of bone healing. In
particular, the amount of newly formed bone voluane its mean density was similar indicating
that disruption of endogenous GC did not effectebfmmmation and its mineralization process in

this repair model.
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4.5 Immunohistochemistry

Throughout the repair process, immunohistochemisbryfirmed transgene expression of 1113-
HSD2 in osteoblasts and osteocytes of Col2.3-111fH8P mice (Figure 26A). Transgene
expression was not detected in WT animals (Fig6g) 2

A) 11R-HSD2 tg

= R P g T
a — R

Figure 26: Expression of 11R3-HSD2 at drill-sitetgfsamples (n=36) (A). Transgene activity was not
detected in WT samples (n=34) (B) (Original magpaifion x200); WT-wild-type, tg-transgenic.
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5 Discussion

5.1 Discussion of Methods

The Col2.3-11BHSD2 tg mouse model is charactetiyecbmplete disruption of GC signalling
in mature osteoblasts and osteocytes. This ceJetad pre-receptor disconnect allows to
investigate the physiological role of endogenousgpe€cifically in osteoblast differentiation and
function during fracture repair. As the sequencé&adture repair is well documented, studying
fracture healing in mice allows for the identificet of specific temporal stages when delayed
under certain experimental conditions.

In the present study, an intramembranous cortiedda (“fracture”) healing model was
chosen, since bone formation and remodelling ocwitireout an endochondral intermediate and
thus, effects can be determined in a short timendraln addition, both the level of
communication between mesenchymal stem cells aridrenasteoblasts, and the magnitude of
effects on osteoblast function are likely to beatge due to accelerated bone metabolism
occurring in fracture repair. Hence, cortical dédeas a model of intramembranous fracture
repair were created in the surgically easyly adblssibiae of Col2.3-113HSD tg mice and their
WT littermates.

Mice are frequently used as experimental animalsskeletal research and their
advantages over larger species include their gjestation period, low-cost, easy handling and
the availability of reagents for cellular and maileec analyses. However, this species has
limitations as a result of its small size, e.g. @draction of sufficient RNA material for
molecular biological analyses often requires thelipg of sampleS® and biomechanical
conditions comparable to those of humans are nistes®. In recent years, the comprehensive
understanding of the mouse genome compared to sgemies and its amenability allowed for
the introduction of a great number of geneticalhgiaeered tg mouse models to investigate
pathological skeletal conditions and the role oécific proteins** Corresponding to other
animal species, also the mouse has demonstratetemgspecific differences including their
skeletal size with a larger bone size in m&%és>>Consequently, in the present study only male
mice were used to avoid these effects.

The tibia cortical defect repair model requireseehnically relatively simple operating
procedure, which was well-tolerated by all animass indicated by the lack of pain-related
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behaviour throughout the post-operative monitopegod. Moreover, defects were created in a
reproducible manner.

Several studies have employed cortical defect nsodéldiffering sizes at different
skeletal locations as experimental models of ingaoranous bone repair in a variety of species
including rats, chicken, rabbits, dogs, sheep aiug fi****In particular, mice studies involving
the creation of cortical defects in the tibia sary observed advantages as seen in the present
study such as reduced pain, lack of infectidhseproducibility of defects and unproblematic
toleration of the procedure by the aninfafsHowever, these studies differ in details of
experimental design, including the strain of mised; the size of the defect produced and the
duration of the monitoring period.

Providing a stable mechanical environment, bonairep the present cortical bone drill-
hole model occurred via intramembranous bone faomatnd permitted its characterization and
analysis by standard techniques including histolaggl non-invasive micro-CT. Moreover, the
progression of fracture repair over time followdxd tusual sequence and was comparable to
similar tibial and femoral cortical drill-hole maddn mice. These studies likewise demonstrated
the early deposition of woven bone around week d arwell advanced repair process with
active bone remodelling by week 3 in control groti$*® #*®In addition, cartilage formation
was strictly limited to the outer bone surface edd to the defect site consistent with a
periosteal reaction that has been reported by akwaher investigatorsY 2% 23 This
chondrogenic response is proposed to result froaltared mechanical strain environment at the
injury site?*°

In contrast to the tibia defect model, others ditlabd osteotomy models to study
intramembranous bone formation in the murine spécfe® For example, Thompson et al.
created closed tibial fractures by three-point loemdh mice and rigidly stabilized the fracture
segments with an external fixation device. Howewerthis type of stabilization micro-motion
may occur which is proposed to induce bone forméfidAronson et al. employed a model of
distraction osteogenesis which involved the attaafitnof an external ring fixator to the tibiae of
rats. Following the generation of transverse fraguibial lengthening was ensured by a daily
distraction rate of 0.5-2.0 mm. Even though fraetuepair occurred predominantly via
intramembranous bone formation in this alternativedel, the production of cartilage islands
making up to 3-5% of the intercortical gap was dété

Taken together, the tibial defect repair model &gobin the Col2.3-113HSD2 tg mouse
provides a unique and highly informative methodaabcombination that allows for the study

of the effects of endogenous GC on intramembraboung healing over a short period of time.
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5.2 Discussion of Results

The analysis of the repair callus by histomorpheyemicro-CT and SHIM revealed no
difference between tg animals and their WT littetesan regards to their cellular and structural
characteristics of bone healing. These results estgipat endogenous GC signalling does not
affect intramembranous fracture repair in this nhoaled mouse strain. This is somewhat
unexpected as previous vivo studies employing the same Col2.3-113HSD2 tg mouseel
demonstrated that endogenous GC are required teoldast differentiation and function in
intramembranous and endochondral bone.

Sher et al. initially characterized the endochohdome phenotype of mature, 7- and 24-
week-old female and male Col2.3-11R3HSD2 tg micenigro-CT and histology. While female
mice exhibited vertebral trabecular osteopenia &ithincreased osteoid surface as an indicator
of impaired mineralization, no changes were seenrabecular bone volume in femurs of
respective female tg mice or in the femurs andelege of male tg mice when compared to WT
littermates. Thus, these observations suggestddetidogenous GC signalling is required for
normal trabecular bone mass maintenance and atthi#ein mature mice with an effect
depending on skeletal site and possibly gehfe¥orthern blot analysis revealed no statistically
significant difference in transgene expression ketwsexes or among skeletal sites between tg
and WT animals. A subsequent study by Sher et dditianally demonstrated the role of
endogenous GC in cortical bone mass acquisitiondisated by a lower femoral cortical bone
area and thickness in 7-week-old tg mice than v tWT littermates. By contrast to the initial
study, this effect was independent of gender ds imatle and female mice were affect&d.

Also, a recent study by Kalak et al. demonstratesl requirement of endogenous GC
signalling to maintain normal bone structure anmdrgjth. 7-week-old sexually mature tg mice
had lower trabecular and cortical tibial bone voduand consequently a reduced mechanical
bone strength and stiffness than WT littermatessaessed by micro-CT and mechanical testing.
These transgene-induced changes were also selem fibbibe of skeletally immature 3-week-old
mice. However, in vertebrae, significant differemc@ trabecular bone volume parameters
between WT and tg, mature and immature mice westiceed to the mature animals. This
might indicate that the effects of the transgenedriebrae may be modulated by changes in
circulating sex hormone levels and/or age. In stigly, no effect of gender was seen for any of
the analysed parametéefs.

Taken together, these previous studies employiagCibl2.3-113HSD2 tg mouse model
clearly indicate an effect of endogenous GC on adést differentiation and function in
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endochondral bone, modulated by factors includikgjetal site and sexual maturity, but not
gender.

In vivo effects of GC on endochondral bone were also stiualeO’Brien and co-workers
who introduced a similar tg mouse model in whicBH$D2 overexpression was driven by a 1.3
kb murine osteoblast- and osteocyte-specific osileot gene 2 promoter (OG2) fragment to
produce OG2-113HSD2 tg mice in a C57BL/6 backgroumgrestingly, by contrast to Col2.3-
11RHSD2 tg mice, OG2-11RHSD2 tg mice displayed ranabbone development and turnover
when compared to WT littermates. However, OG2-11BPI$g mice were protected from
excess GC-induced osteoblast and osteocytes aopfoEhese differences in findings between
the two tg mouse models might be explained by tiifierent genetic background and/or by the
level of transgene expression which has been showe stronger in Col2.3-113HSD2 tg mice.
However, in light of the fact that the osteocalpnomoter is expressed at a later stage than the
collagen type lal promoter when osteoblasts anebogtes are fully differentiated, the results
from the two mice models might indicate that ostastbdifferentiation requires endogenous GC
at an earlier stage, in a specific time-window.

The effect of endogenous GC signalling at a skietsta of intramembranous bone has
also been demonstrated previousiyvitro, primary calvarial cell cultures generated frordal+
old Col2.3-113HSD2 tg mice and their WT littermatdsarly indicate that GC direct lineage
commitment and differentiation of mesenchymal proige cells via a canonical Wnt signalling
pathway originating in mature osteoblas®Burthermorejn vivo experiments demonstrate that
endogenous GC signalling in osteoblasts is ess$edtiang early intramembranous skeletal
development of calvarial bones in mice. Thus, newh©ol2.3-113HDSD2 tg mice exhibit a
distinct calvarial phenotype, which includes dethyealvarial bone formation and reduced
calvarial thicknes$.It is generally accepted that fracture healindes$ the same formation
patterns as in bone development, demonstratingahe array of structural proteins and various
regulators of differentiation, chemotaxis and mgoslowever, the specific mechanism of bone
repair is also determined by the biomechanical renment provided by the fracture site. In

addition, fracture repair occurs in a compressae frame at a precise locatitii.

The Col2.3-113HSD2 tg mouse model and its constrace been well characterized in
previous studies. Osteoblastic ROS 17/2.8 cellssfexted with the Col2.3-HSD2 construct
demonstrated reduced GC-dependent induction of asenenammary tumor virus (MMTV)
promoter-reporter construct, regulation of cellvgito and expression of osteoblastic messenger

RNA markers:®® Enzymatic activity of the 11RHSD2 transgene waditamhally confirmed by
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measuring the conversion of (3H) corticosteron@ht) 11-dehydrocorticosterone in ROS 17/2.8
cells and primary calvarial cell cultures by thewér chromatography (TLC). Moreover, tg
calvariae showed lower collagen synthesis ratesnwdmempared to their WT littermates and
were protected from 300 nM hydrocortisone-indugegdirment of collagen synthe<f§.
Immunohistochemical analyses performed in previiudies demonstrate that tg protein
expression is specifically localized to osteoblastd osteocytes of cortical and trabecular bone
(long bone, vertebrae, calvariae) in tg animalan$gene expression was not found in tissues of
WT mice or in non-skeletal tissues (brain, lungeti kidney, skin) of tg mic&* In the tibia
cortical defect model described here, immunohistoubtry confirmed the expression of
11RHSD?2 transgene in osteoblasts and osteocyttése inepairing bone defect site. Transgene
activity was not detected in WT animals. Therefore, the present study, 11BHSD2
overexpression likely disrupted endogenous GC #iggaduring the cortical bone repair in tg

mice.

A specific characteristic of the Col2.3-113HSD2mge seems to be their lower body
weight when compared to WT littermates which hae dleen demonstrated by previous studies
employing the Col2.3-11BHSD2 tg mouse mdd&l?®’ At present, it is unclear whether the
lower body weight results from a lower bone mady onis also due to a lower muscle, water
and fat content of the animals. A reduction of bdoenation might lead to smaller bones
leading to a smaller body in total with a lower padeight. However, as osteoblasts make up a
small proportion of the total body mass, the questemains whether these cells might produce
such an effect. Nevertheless, the difference inybwdight between tg and WT mice did not
affect intramembranous fracture repair in the prestudy as assessed by 2-way ANOVA and
ANCOVA analysis although in some cases the low remdf animals employed may have

impacted on the analysis.

The observations of the present work raise a nurobgrossibilities in regards to the
underlying physiological mechanisms. Thus, endogen8C signalling in mature osteoblasts
may not possess a non-redundant role in intramembsbone repair, and their function in
regards to new bone formation or bone repair maghHaged by other signalling molecules or
pathways.

During the intramembranous bone repair, osteoblabtierentiate directly from
mesenchymal cells, whereas endochondral bone repanives a cartilage intermediate.

However, since this intramembranous bone was adaatan endochondral bone environment,
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the process of intramembranous bone formation nifégr drom that occurring in the calvaria.
Further studies are required to investigate whe@@raffect intramembranous bone repair in an
intramembranous environment, e.g. the calvariae.

As with all tg mouse models, there is the possibilnat adaptation to the impaired GC
signalling in mature osteoblasts and osteocytesuroed in the adult tissue. However, as
intramembranous fracture healing is initiated bysemehymal stem cells recruited and
completing differentiated into osteoblasts over eryvshort (2 weeks) time frame, the
observations are unlikely to be related to adaptati

Finally, as defect healing in both animal groups wamplete at 3 weeks post fracture, it
is possible that a defect of only 0.8 mm in diametas too small to produce detectable defects
in a short time frame. Even though a number ofistulave employed cortical drill-hole defect
models in mice involving different defect diametetbese studies do not allow direct
conclusions to be drawn regarding the ideal dedemt for this tg mouse model, since fracture
healing is known to depend on a number of factockiding the age of animals, their strain and
the fracture sité>® Thus, only future experiments involving the getieraof larger defects to
produce tougher conditions would provide furthesight.

Other future approaches might include the utilzatiof different closed and open
fracture healing models of long bones for WT and2@s11R3HSD2 tg mice which would also
make it possible to study the role of endogenousits€ndochondral fracture repair. A well-
established closed fracture model by Manigrasso @idonnor involves the insertion of a
stainless steel wire into the intramedullary camadl the subsequent creation of standardized
diaphyseal fractures by a 3-point bending defif&his model might be further modified. For
example, post fracture, the intramedullary wire migpe used as a guide wire to insert an
intramedullary locking nail to achieve rotationtsility.®’ Alternatively, the insertion of an
intramedullary compression screw would additiongitpvide axial stability>® While these
closed fracture models are generally associated mwinhor soft tissue damage, open fracture
models are known to lead to a major soft tissuentiea with a preserved endosteum and bone
marrow?> Using a lateral approach, the open surgical praeedenerally involves the splitting
of the entire lateral muscle layer and the creatiba midshaft osteotomy of the exposed bone.
Stable fracture fixation might be then achievedtbyg application of an external fixator, a
locking plate or a pin-clip device as describedseyeral author®’?% These osteosynthesis
techniques might also be used to stabilize bonmeetal defects or to compare fracture repair in

a model of rigid versus loose fracture fixation.eTihtroduction of a bone lengthening model,
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e.g. by utilizing an external ring fixator, wouldake it possible to assess intramembranous and
endochondral ossification simultaneously.

Other future approaches might include the modificatof the tg mouse model. For
example, a different promoter might be used toalthe expression of the HSD2 transgene at a
different time of the osteoblastic lineage. In &addi, different genetic loss-of-function mouse
models abrogating endogenous GC signalling in dtstic cells might be generated, e.g. by the
conditional disruption of the GR gene (Grll) viae@oxP technology to avoid effects of global

transgene expression including perinatal lethalgyseen in GR knockout mice.

In conclusion, the present work demonstrated tmalbogenous GC signalling in mature
osteoblasts is not essential for fracture healiniis model of defect repair. However, this study
provided a valuable basis for future experimentggam insight into mechanisms governing
osteoblast differentiation and function during frae healing.
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6 Summary

Mechanisms by which GC exert their effects on boels, particularly in the fracture healing
process, are poorly understood. While GC at phamiogical doses have been shown to
interfere with fracture repair, the role of endoges GC in bone repair is poorly understood.

Thus, the aim of the present study was to examinetiver endogenous GC affect bone
healing in arnn vivo model of cortical defect repair.

A well-established tg mouse model was employed lckv intracellular GC signalling
was abrogated exclusively in mature osteoblasts amtelocytes through tg overexpression of
11R-hydroxysteroid-dehydrogenase type 2 (113HSDagmuthe control of a collagen type lal
promoter (Col2.3-113HSD2). Unicortical bone defd€s0.8 mm) were created in 7-week-old
tg mice (n=36) and their WT littermates (n=34) gsadrill on the anteromedial aspect of the
left tibia. Fracture repair was assessed by histphwmetry, immunohistochemistry, second-
harmonic imaging microscopy (SHIM) and microcomputemography (micro-CT) analysis at
one, two and three weeks after defect initiation.

Micro-CT images demonstrated the progression oftdire repair. At week 1 post-
surgery, mineralized, intramembranous bone wasptasghich increased in volume and density
throughout week 2. At week 3, healing of the defeas nearly complete with the fracture site
no longer distinguishable from the surroundingicaftbone. Micro-CT analyses comparing WT
and tg animals revealed similar amounts of newiyned bone (BV/TV) with comparable mean
densities for the analyzable time-points at weekntl 2 post fracture (p>0.05). Moreover,
histomorphometric analyses performed for all tinogafs demonstrated similar newly formed
bone volume (BV/TV) in WT and tg animals (p>0.0B)cordingly, no statistical differences
where found between the two groups of mice for haportion of bone surface covered by
osteoblasts (Ob.S/BS), osteoclast surfaces (Oc)SdB& osteoclast numbers (N.Oc/BS) at any
post-surgical time-point. Moreover, second-harmameging microscopy for week 1 samples
demonstrated a similar orientation and organizatibrcollagen fibrils of newly formed bone
between WT and tg animals. The activity of the $ggeme at the defect site of Col2.3-11R3HSD2
tg animals was confirmed by immunohistochemistry.

Altogether these results suggest that disruptioermfogenous GC signalling in mature
osteoblasts and osteocytes does not affect intréamagrous fracture healing in a tibia defect
repair model. However, previous studies employlmgsame Col2.3-11R3HSD2 tg mouse model
clearly indicated a role of endogenous GC signglimosteoblast differentiation and function in

bone. In particular, endogenous GC signalling mightrequired for bone mass maintenance,
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structure and strength of endochondral bone. Imammémbranous bone, GC signalling in
osteoblasts is essential during early skeletal ldpweent of calvariae and directs lineage
commitment and differentiation of mesenchymal proige cells via a canonical Wnt signalling
pathwayin vitro.

The unexpected observations of the present studg @ number of possibilities in
regards to the underlying physiological mechanisfisstly, endogenous GC signalling in
mature osteoblasts may not posses a non-redunadl@ninrintramembranous bone repair and
their function in regards to new bone formation nbayshared by other signalling molecules or
pathways. In addition, the process of intramembuarimone formation in the present tibia defect
repair model may differ from that occurring in tbavariae, as bone healing was induced in an
endochondral bone environment. Finally, the wetlgpessed fracture repair at 3 weeks post-
fracture may indicate that the generation of ladgfects is necessary to produce an effect.

It remains to be shown whether GC signalling hed&in intramembranous bone healing in

an intramembranous environment and in endochofrd@bure repair.
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7 Zusammenfassung

Es ist bisher noch nicht gelungen, die Mechanisndem Glucocorticoidwirkungen auf
Knochenzellen insbesondere wahrend der Frakturgpilollstandig zu erklaren. Wahrend
Glucocorticoide (GC) in pharmakologischer Dosierdnay der Frakturheilung interferieren, ist
die Rolle der endogenen GC in der Knochenheilungingentgend verstanden.

Ziel der vorliegenden Arbeit war es, den Einflusd@yener GC auf die Frakturheilung in
einemin vivo Modell von kortikaler Defektheilung zu untersuchen

Fur die Durchfihrung der Experimente wurde ein leteles Mausmodell verwendet. Der
intrazellulare GC-Signalweg wurde spezifisch in garsiften Osteoblasten und Osteozyten
durch transgene Uberexpression des 11R-hydroxidtdemydrogenase type 2 (11RHSD2)
Enzyms unter der Kontrolle des Kollagen Typ lal nroters (Col2.3-113HSD2) blockiert.
Kortikale Knochendefekte (& 0,8 mm) wurden auf dateromedialen Seite der Tibiae von
sieben Wochen alten mannlichen transgenen (n=36Nifdtyp-Mausen (n=34) mit Hilfe eines
Bohrers generiert. Die Auswertung der Frakturhegjlenfolgte nach ein, zwei und drei Wochen
der Defektinitiierung durch Histomorphometrie, Immhistochemie, Second-harmonic imaging
Mikroskopie (SHIM) und Mikro-Computertomographie iif¢p-CT) Analyse.

Nach Woche 1 der Frakturheilung zeigte sich mimggater, intramembrandser
Knochen, welcher an Volumen und Densitat bis Wochezunahm. Woche 3 des
Heilungsprozesses war durch die fast abgeschlof3efe&theilung gekennzeichnet. Die Mikro-
CT-Analyse, welche das Fortschreiten des Fraktlunhgsprozesses in Wildtyp- und transgenen
Mausen verglich, zeigte eine gleichartige Mengenan gebildetem Knochen (BV/TV) mit
vergleichbarer  durchschnittlicher Densitat (p>0,05)Dariber hinaus zeigte die
histomorphometrische Analyse gleichartiges neu Idetds Knochenvolumen (BV/TV) in
Wildtyp- und transgenen Tieren (p>0,05). Es kork#an statistisch signifikanter Unterschied
zwischen dem Anteil der mit Osteoblasten bedecktémochenoberflache (Ob.S/BS),
Osteoklastenoberflache (Oc.S/BS) und OsteoklasramiiN.Oc/BS) festgestellt werden. Auch
in der Second-harmonic imaging Mikroskopie fur Riolder Woche 1 konnte kein Unterschied
in Orientierung und Organisation der Kollagenfilerl des neu gebildeten Knochens festgestellt
werden. Immunhistochemisch wurde die Aktivitat deansgens im Knochendefekt von Col2.3-
11RHSD2 transgenen Tieren bestatigt.

Insgesamt weisen die vorliegenden Ergebnisse darmguflass die Blockade des
intrazellularen Signalwegs endogener GC in ausijeneiOsteoblasten und Osteozyten die

intramembrandse Frakturheilung in einem Tibia-Def&paraturmodell nicht beeinflusst.
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Vorausgehende Studien, welche dasselbe Col2.3-1DBH3Ansgene Mausmodell verwendeten,
zeigten hingegen, dass endogene GC in Osteobl#&teaazierung und Funktion des Knochens
von Bedeutung sein konnten. Insbesondere konntdogeme GC zur Aufrechterhaltung der
Knochenmasse, Struktur und Festigkeit in endoctadedr Knochen erforderlich sein. In
intramembrandsem Knochen sind endogene GC wéhrendrithen Skelettentwicklung von
Calvaria essentiell und bewirkemvitro die Zelldifferenzierung mesenchymaler Vorlaufeleel
durch den kanonischen Wnt-Signalweg.

Diese unerwarteten Beobachtungen der vorliegendetieSeroffnen eine Vielzahl von
Mdglichkeiten in Bezug auf die zugrundeliegendenhpphysiologischen Mechanismen. So
konnte der Signalweg endogener GC in ausgereifstadblasten Uber eine redundante Funktion
in der intramembrantsen Knochenheilung verfiigenes®i Funktion kdnnte wiederum
zusammen mit anderen Signalmolekilen oder Signawegfolgen. Des Weiteren kdnnte der
Prozess der intramembrandsen Knochenbildung imegamhden Tibia-Defekt-Reparaturmodell
von dem in der Calvaria vorkommenden differierera die Knochenheilung in einer
endochondralen Umgebung erzeugt wurde. Letztenddirinte die schon nach drei Wochen
rasch fortgeschrittene Frakturreparatur indiziesass die Generierung von gréReren Defekten
notwendig ware um einen Effekt herbeizufihren.

Es bleibt zu zeigen, ob endogene GC eine Rolletirmamembrandser Knochenheilung in

einer intramembrantsen Umgebung oder in endochlemdreakturheilung spielen.
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