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ABSTRACT 
Prothrombin (PT) is the inactive zymogen to the serine protease α-thrombin which in 
the coagulation cascade is responsible for clot formation through converting 
fibrinogen to fibrin. PT has been shown to be present in calcified bone matrix, and α-
thrombin has been implicated in various bone resorbing disorders of inflammatory 
origin, such as rheumatoid arthritis and periodontitis. Bone resorption is mediated by 
the multinucleated osteoclast, differentiated from the monocyte/macrophage lineage 
in the presence of the cytokine RANKL, which induces expression of osteoclastic 
genes such as tartrate resistant acid phosphatase (TRAP), matrix metalloproteinase 9 
and cathepsin K.  
 
The thesis is divided into studies of the localization and expression of PT in bone, 
conversion of PT to α-thrombin by osteoclasts, adhesion of multinucleated TRAP 
positive bone cells to PT and osteopontin (OPN), and phenotypical heterogeneities 
between multinucleated cells adhering to PT or OPN.  
The results show that PT is synthesized by osteoclasts and located in close association 
to osteoclasts predominantly in the newly formed bone matrix of the metaphysis. 
Furthermore, the prothrombinase activity in RANKL stimulated pre-osteoclast 
cultures was increasing during osteoclast differentiation. The prothrombinase activity 
correlated to enhanced mRNA and protein levels of tissue factor as well as protein 
levels of coagulation factor Xa.   
Moreover, novel aspects were found in comparison between two TRAP-positive 
multinucleated bone cells isolated from neonatal rat long bone through adhesion to PT 
or OPN. In comparison to PT-adherent cells, OPN-adherent cells displayed osteoclast 
characteristics and efficiently resorbed mineralized bone. Gene expression, 
immunolocalization, TRAP promoter utilization, and phagocytosis showed that the PT-
adherent cell is a multinucleated bone marrow macrophage with a putative role in 
innate immune responses, iron homeostasis and erytropoiesis. In addition, in the 
presence of M-CSF the PT-adherent cell enhanced its migration on PT. In contrast, M-
CSF had an inhibitory effect on OPN-adherent cell migration on OPN. 
 
In conclusion, the results in the thesis demonstrate that osteoclasts convert PT to α-
thrombin by utilizing components of the extrinsic coagulation pathway and that a 
TRAP-positive multinucleated subpopulation of bone marrow macrophages utilizes PT 
as an adhesive ligand.  



 

 

POPULÄRVETENSKAPLIG SAMMANFATTNING 
I avhandlingen har blodkoagulationsproteinet protrombins (PT) aspekter på ben 
studerats. Koagulationen initieras när PT konverteras till proteaset α-trombin vilket sker 
i det cellbundna protrombinaskomplexet. Därefter omvandlar α-trombin fibrinogen till 
fibrin, som tillsammans med blodplättar bildar en propp. Protrombins och α-trombins 
roller i ben har tidigare studerats och det har påvisats samband mellan koagulation och 
olika inflammatoriska sjukdomstillstånd där en ökad cellmedierad nedbrytning av benet 
sker.  
Osteoklasten är den bennedbrytande cellen i kroppen vilken bildas då förstadieceller 
kommer i kontakt med proteinet RANKL. Därefter fuserar flera enkärniga celler ihop 
till en flerkärnig cell och i samband med detta börjar den flerkärniga osteoklasten att 
uttrycka proteiner såsom Tartrat resistent surt fosfatas (TRAP), Matrixmetalloproteas 9 
och Katepsin K.  
Resultaten i avhandlingen visar att PT tillverkas av osteoklaster och att PT finns i 
närheten av osteoklaster i den nybildade benmatrixen. Dessutom påvisades att 
protrombinasaktiviteten i RANKL-stimulerade pre-osteoklastkulturer ökade i 
samband med osteoklastens mognadsgrad. Osteoklastens möjlighet att omvandla PT 
till α-trombin hade samband med ett ökat genuttryck samt en ökad proteinnivå av 
koagulationsfaktorn Vävnads faktor (TF) och av en ökad proteinnivå av 
koagulationsfaktorn FXa. 
Genom adhesion till PT eller osteopontin (OPN) isolerades två olika populationer av 
flerkärniga TRAP-positiva osteoklastlika celler från råttben. Tidigare okända aspekter 
avslöjades vid jämförelser mellan de PT-adherenta och OPN-adherenta cellerna. De 
OPN-adherenta cellerna uppvisade typiska osteoklastegenskaper och resorberade 
mineraliserat ben. Analyser av genuttryck, fagocytos, cellmigration samt 
immunolokalisering visade att de PT-adherenta cellerna är flerkärniga benmärgs-
makrofager med möjliga roller i det medfödda immunsystemet, järn-homeostas samt 
vid bildning av erytrocyter.  
 
Sammanfattningsvis visar resultaten i avhandlingen att osteoklasten är en del av det 
externa koagulationssystemet samt att en subpopulation av benmärgsmakrofager är 
flerkärniga, TRAP-positiva och uttnytjar PT som en adhesions-ligand.   
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INTRODUCTION 
1. BONE  
Bone is a mineralized and dynamic connective tissue with the major purpose to provide 

structural support and protection of the body’s internal organs. Bone is also an 

important reservoir of minerals. The long bone harbors the bone marrow where 

hematopoiesis occurs. Bone is deposited initially as a network of immature woven bone 

that is later replaced by lamellar bone. The woven bone is characterized by a less 

organized pattern of collagen fibers and is mechanically weak. In contrast, the lamellar 

bone is mechanically stronger and display regular parallel alignment of collagen into 

sheets. The woven bone is mainly found in the trabecular inner shell at the end of the 

long bones whereas the lamellar bone is found in the cortical bone, mid shaft and outer 

shell of the bone (Figure 1). The bone is formed either by the endochondral pathway, 

where cartilage is replaced  by bone at the end of the long bones, or in formation of flat 

bones by the intramembranous pathway, which is direct formation of woven bone by 

osteoblasts.  

 

 

Bone is composed of an organic extracellular matrix and the inorganic mineral 

hydroxyapatite (HAP, Ca10(PO4)6(OH)2). Distinct bone cells are responsible for the 

formation, resorption and maintenance of the bone structure (Figure 2). Thus, bone 

remains a dynamic tissue throughout life and approximately 10% of the bone is 

replaced per year [1]. Osteoblasts are the cells responsible for forming the extracellular 

matrix (ECM) of bone. As the ECM develops, some osteoblasts become reduced in 

size, lose their matrix forming capacity and become trapped in the bone matrix. These 

osteoblasts are subsequently termed osteocytes. In contrast to osteoblasts, the 

osteoclasts are responsible for resorption of calcified bone matrix.  

Figure 1. Structure of a long bone 
The epiphyseal growth plates are located 
at the ends of a long bone. The epiphysis 
consists of chondrocytes which put down 
a cartilage matrix and is the part of the 
bone that is responsible for the longitudal 
growth. In the metaphysis cartilage is 
resorbed and bone formed. The diaphysis 
is the middle part of the long bone and 
consists of cortical bone and the marrow. 
The woven bone is mainly found in the 
trabecular bone whereas the lamellar 
compact bone is found in the cortical part 
of the bone.  
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Moreover, bone lining cells are osteoblasts-derived cells which play a crucial role for 

the remodeling of bone. After the osteoclast have resorbed bone, bone lining cells enter 

the resorbed area and clean it from bone matrix leftovers, and thereafter deposit a first 

layer of collagenous proteins [2]. The osteoblast and osteoclast originate from two 

different lineages; the mesenchymal cell lineage and the hematopoietic cell lineage, 

respectively. Both lineages are maintained in the bone marrow.  

 
 
 
 
 
 
 
 
1.1. Endochondral and intramembranous bone formation 
Bone is formed either through endochondral or intramembranous ossification [3]. 

Endochondral bone formation involves a cartilaginous template from which the bone 

develops. First mesenchymal cells aggregate into condensations that prefigure the 

shape of future skeletal elements (Figure 3). Thereafter, the cells of the mesenchymal 

condensations differentiate into chondrocytes which lay down a cartilaginous bone 

template. The center of the condensation is called the primary ossification center. 

Chondrocytes in the primary ossification center subsequently becomes hypertrophic 

and start to synthesize a distinctive ECM rich in collagen type II and type X [4]. 

Thereafter, this ECM becomes calcified. The hypertrophic chondrocytes also triggers 

vascular invasion of the cartilage through expression of vascular endothelial growth 

factor (VEGF) [5]. In addition, VEGF incorporated into the hypertrophic cartilage is 

released upon proteolytic cleavage by MMP-9 [6]. The VEGF induced vascular 

Figure 2. Electron microscopy image of mouse metaphyseal bone 
The picture demonstrates a part of metaphyseal trabecular bone and its cells as 
well as chondrocytes of the epiphyseal growth plate. Osteoclasts are often found 
close to blood vessels as precursors to the bone resorbing osteoclast are blood 
born. Osteoblasts are found lining the metaphyseal bone surfaces where they put 
down an extracellular matrix rich in collagen type I, termed osteoid, which later 
becomes calcified. 500 X magnification.  
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invasion enables infiltration of osteoprogenitor cells. Subsequently, the hypertrophic 

chondrocytes undergoes apoptosis which is followed by osteoblasts laying down a 

collagen type I rich bone matrix on top of the cartilage. This pattern spreads along the 

cartilage model. As the bone front nears the end of the long bone, distal chondrocytes, 

which origin from a secondary ossification center in the epiphysis, forms a 

cartilaginous growth plate. The growth plate, also called epiphyseal cartilage, serves 

as a source of cartilage conversion to bone, resulting in linear growth of the long 

bone. The secondary center of ossification develops at late fetal life. In the adult, the 

epiphyseal growth plate cartilage is replaced by bone resulting in that longitudal growth 

of the long bone stops. Expansion of the width of the long bone results from 

accumulation of bone on the outer surface and resorption on the inner surface. 

 
Figure 3. Endochondral bone formation, formation and growth of a long bone 
During the formation of a long bone a cartilage model is first developed (I-II). 
Subsequently, hypertrophic chondrocytes initiates calcification and vascular invasion 
of the cartilage matrix (III). Thereafter, osteoblast precursors are recruited which 
deposit the ECM of bone (IV). As the bone front nears the end of the long bone, 
chondrocytes creates a cartilaginous epiphyseal growth plate. The growth plate serves 
as a continual source of cartilage conversion to bone, resulting in linear growth of the 
long bone (V, VI). Figure modified from “The New Bone Biology: Pathologic, 
Molecular, and Clinical Correlates, Cohen” [7]. 
 
In intramembranous bone formation, the cells of the mesenchymal condensations 

bypass the cartilage intermediate step, and osteoblasts directly lay down a collagen type 

I rich matrix. Intramembranous formation occurs in flat bones such as the cranial, 

facial, pelvic, and sternum bones [7].  

 
1.2. Osteoblasts 
The osteoblast is the bone forming cell that is responsible for bone growth but 

indirectly also responsible for bone remodeling. The osteoblast is derived from bone 
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marrow mesenchymal stem cells which in addition have the capacity to differentiate 

into adipocytes, myoblasts, fibroblasts and chondrocytes. Osteoblast differentiation is 

regulated by hormones, growth factors, cytokines, as well as mechanical loading 

(reviewed in [8]). Thus, osteoblasts express receptors for hormones such as PTH [9], 

estrogen [10, 11], glucocorticoids [12], and 1,25-dihydroxyvitamin D3 [13]. The 

differentiation of osteoblasts is regulated mainly by the two transcription factors Runx2 

and osterix. Mice deficient in either Runx2 or osterix lack mature osteoblasts and have 

a deficiency in calcification of bones [14, 15]. Furthermore, different Bone 

morphogenetic proteins (BMP´s) promote differentiation of osteoblast precursors to 

mature osteoblasts (reviewed in [16]). BMP-2 and -7 are potent inducers of Runx2. 

Osteoblasts mainly synthesize proteins which are important for the bone structure such 

as collagen type I, osteopontin (OPN), alkaline phosphatase (ALP), and osteocalcin 

(OCN) [17]. In addition, osteoblasts stimulate osteoclastogenesis through synthesizing 

the osteoclast cytokines M-CSF and RANKL. Osteoblasts also secrete osteoprotegerin 

(OPG) which functions as a decoy receptor for RANKL [18].  

 

1.3. Bone matrix  
The ECM in bone is comprised of an organic and an inorganic phase. The inorganic 

phase contributes to approximately 70% of the dry weight and is comprised of HAP 

(Ca10(PO4)6(OH)2) which is imbedded in the organic phase. The organic phase, mainly 

produced by osteoblasts, contributes to the remaining 30% of the dry weight and 

consists to 90% of fibrillar collagen type I [19]. Additional collagens present in bone 

are collagen type III, V, and X [19]. About 10% of the organic phase consists of non-

collagenous proteins which can be sub-classified as; Glycoproteins, SIBLINGs (Small 

Integrin-Binding Ligand N-linked Glycoproteins), SLRPs (Small Leucine-Rich 

Proteoglycans), and γ-carboxyglutamic acid-(Gla) containing- proteins (Table 1). 

Several of these proteins contain Arg-Gly-Asp (RGD)- sequences which interact with 

integrin receptors present on bone cells. Furthermore, abundant serum proteins are 

incorporated in the bone matrix during bone formation, e.g. albumin [20], prothrombin 

[21], and α2-HS glycoprotein (fetuin). Of these proteins, the importance of fetuin for 

bone development is the best characterized. Fetuin acts as a TGF-β/BMP antagonist. 

Fetuin knockout mice display growth plate defects and an increased bone formation 

with age [22]. 
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Table 1. Examples of non-collagenous bone matrix proteins 

Non-collagenous proteins Functions in bone matrix 
Glycoproteins  
Fibronectin (FN)  Important for osteoblast differentiation [23]. RGD sequence. 

Interacts with αvβ1-integrin [24]. 
Osteonectin (ON) Knockout animals display osteopenia [25]. 
α2-HS glycoprotein (fetuin) Mainly synthesized in liver. Fetuin knockout mice display growth 

plate defects and an increased bone formation with age [22]. 
SIBLINGs   
Osteopontin (OPN) Inhibits mineralization [26]. RGD sequence. Interacts with αvβ3-

integrin [24]. Synthesized by osteoblasts,  but also reported to be 
expressed by osteoclasts at sites of bone erosion [27]. 

Bone sialoprotein (BSP) Promotes mineralization [28]. RGD sequence [24]. Interacts with 
αvβ3-integrin [24]. Multinucleated TRAP positive bone cells 
interacts with BSP coated on glass via αIIbβ3-integrin [29]. 

Dentin matrix protein 1 
(DMP1) 

Promotes mineralization [30, 31]. RGD sequence. DMP1-deficient 
mice display defects in hard tissue mineralization [32]. 

SLRPs  
Decorin  Binds to collagen. Regulates collagen fibril diameter [33]. Binds 

TGF-β [34]. 
Biglycan Knockout mice have defect collagen fibril formation [35] and 

develop osteoporosis [36]. 
Gla–containing proteins  
Matrix Gla protein (MGP) Inhibits mineralization [37, 38].  
Osteocalcin (OCN) Inhibits mineralization [39]. 
Protein S  Mainly synthesized in liver. Also synthesized by osteoblasts [40]. 

Function in bone matrix is unknown. 
Prothrombin (PT) Mainly synthesized in liver. Inhibits mineralization [41]. RGD 

sequence. Interacts with αIIbβ3-integrin [42]. 
 

Biomineralization 

The organic phase of bone, dentin, cementum and calcified cartilage is dominated by 

collagen fibrils, which serve as the scaffold for the calcification by HAP. Alkaline 

phosphatase (ALP) plays an important role in the mineralization. Mutations in the gene 

for ALP has been directly linked to the defective bone mineralization disorder 

hypophosphatasia [43] and ALP knockout mice demonstrate hypo-mineralization of 

long bone epiphysis [44]. ALP hydrolyzes the mineralization inhibitor inorganic 

pyrophosphate (PP(i)), and thereby is phosphate (Pi) generated. The phosphate is 

needed for the HAP-crystallization [45, 46]. Moreover, the pre-mineralized matrix 

contains proteins which assist and modulate the calcification [47]. For example, BSP 

and Dentin matrix protein 1 (DMP1) promote mineralization, whereas OPN inhibits 

the crystal formation [26, 30, 31, 48-52]. Furthermore, the Gla-containing bone 

proteins matrix Gla protein (MGP) and OCN have a strong affinity for HAP, an 

association that involves the Gla-residues [53]. OCN and MGP are reported to have an 

inhibitory effect on mineralization [53, 54]. OCN knockout mice develop a phenotype 
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with increased bone mass, thus the absence of OCN leads to an increase in bone 

formation [39]. Furthermore, MGP is a an important local inhibitor of cartilage 

calcification which is demonstrated in MGP knockout mice where calcification of 

cartilage is abundant [37, 38].  

 

2. OSTEOCLASTS 
2.1. Factors affecting osteoclastogenesis 
M-CSF 

Macrophage colony stimulating factor 1 (M-CSF) is a ligand to the tyrosine kinase 

superfamily receptor C-fms. The interaction stimulates the expression of RANK in 

the macrophage / osteoclast precursor cells and thereby preparing them to respond to 

RANKL [55]. M-CSF is expressed by endothelial cells, fibroblasts, macrophages, T-

cells, and osteoblasts [56]. In addition, M-CSF supports the survival and proliferation 

of macrophage- and osteoclast-precursors of the monocyte/macrophage lineage and 

their differentiation into mature phagocytes [57-59]. The critical role of M-CSF  in 

osteoclast differentiation is apparent in the M-CSF deficient osteopetrosis (op) mice 

[60] and toothless (tl) rat [61, 62], both lacking osteoclasts at birth. Osteoclast 

formation in op/op mice is  rescued by injections with M-CSF [63]. 

 

RANKL  

The Receptor activator of NF-κB ligand (RANKL)-RANK interaction is necessary for 

osteoclastogenesis [64]. RANKL is expressed by osteoblasts and stromal cells [65, 66]. 

Moreover, in physiological circumstances RANKL is principally expressed by 

osteoblasts, however in states of skeletal inflammation such as rheumatoid arthritis, 

RANKL is also produced in abundance by activated CD4+ T-cells which thereby can 

trigger osteoclastogenesis [67]. Furthermore, RANKL is critical for both bone and 

immune system development. RANKL is necessary for normal T- and B-cell 

maturation and RANKL is also acting as a regulator of interactions between T-cells 

and dendritic cells [65]. Thus, RANKL knockout mice have osteopetrosis as well as 

impaired lymph node formation [65].  

 

OPG 

Osteoprotegerin (OPG), also called osteoclast inhibitory factor, is expressed by 

osteoblasts [18].  OPG is a secreted protein functioning as a decoy receptor for 

RANKL. OPG efficiently inhibits osteoclast maturation and activation. Transgenic 
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OPG over-expressing mice are osteopetrotic due to lack of osteoclasts [18], whereas 

OPG-deficient mice are osteoporotic due to excessive osteoclastogenesis [68, 69]. 

Thus, in these mice the level of bone mass correlates with the levels of OPG. 

 

TNF-α 

Tumor necrosis factor-alpha (TNF-α) is a multifunctional proinflammatory cytokine 

secreted predominantly by monocytes / macrophages. TNF-α take part in bone cell 

differentiation and is a fundamental component of inflammatory bone erosion [70, 71]. 

Both bone marrow stromal cells and osteoclast precursors express TNF-receptors, and 

TNF-α accelerates the osteoclastogenic process [72]. However, TNF-α alone is not 

sufficient to promote differentiation of osteoclast precursors. The major effect of  TNF-

α on osteoclastogensis is to stimulate stromal cells to express M-CSF [73] which 

subsequently leads to enhanced number of osteoclast precursors [71]. In addition, TNF-

α exerts an osteoclastogenic effect by stimulating stromal cells to produce RANKL 

[74].  

 

IL-1α 

IL-1α stimulates osteoclastogenesis in the presence of TNF-α. Thus, IL-1α together 

with TNF-α can replace RANKL during osteoclast differentiation [75]. IL-1α together 

with TNF-α probably play an important role in bone resorption during inflammatory 

bone diseases. 

 

LPS 

The endotoxin Lipopolysaccharide (LPS) is a cell wall component of Gram-negative 

bacteria. LPS is a pathological bone resorption factor which signals through Toll-like 

receptor 4 (TLR4) expressed by macrophages. It has been demonstrated that LPS in 

vitro and in vivo induces formation of multinucleated TRAP positive osteoclast-like 

cells [76, 77]. However, for LPS induced osteoclastogenesis of bone marrow 

macrophages to occur in vitro, it is necessary that the cells has been primed with 

RANKL during the first two days of differentiation [78].  

 

2.2. Osteoclast differentiation 
The osteoclast is the cell responsible for bone resorption. Ontogenetically, osteoclasts 

are related to macrophages and dendritic cells. The earliest common precursor is the 

pluripotent hematopoietic colony forming unit-granulocyte macrophage (CFU-GM) 
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[79-82]. The CFU-GM has the capacity to differentiate either into granulocyte 

precursors (CFU-G) or monocyte precursors (CFU-M).  

The osteoclast precursor migrates either directly from the bone marrow or through the 

vascular circulation to the bone where they mature into osteoclasts [83, 84]. Two 

cytokines are necessary for the differentiation of osteoclasts. First, binding of M-CSF  

to the receptor C-fms, which results in up-regulation of the expression of the receptor 

RANK, and secondly, the binding of RANKL to RANK which lead to onset of 

osteoclast gene transcription [85]. 

 

Osteoclast transcription factors 

M-CSF initiates macrophage and pre-osteoclast differentiation from monocytes [63]. 

However, it is not completely clear at with stage of osteoclast differentiation the 

osteoclast progenitors diverge from the macrophage lineage. The transcription factors 

PU.1 and MiTF are important in early osteoclast differentiation. PU.1 is essential for 

the development of both macrophages and osteoclasts, and PU.1 positively control 

the expression of C-fms [86]. Moreover, MiTF is one of the nuclear targets of M-CSF 

signaling. Thus, mice which carry a mutation in the MiTF locus exhibit osteopetrosis 

[87]. Furthermore, RANK is expressed by committed osteoclast precursors and 

interaction with RANKL is necessary for osteoclastogenesis. Subsequently, RANKL 

deficient mice lack osteoclasts and display severe osteopetrosis [64]. The RANKL-

RANK interaction results in expression of several osteoclastogenic transcription 

factors, among them; NF-κB, c-Fos and NFATc1 (Figure 4) [85].  

 

 
Figure 4. Osteoclast differentiation 
The mononuclear osteoclast precursors differentiate after interaction with M-CSF and 
RANKL. PU.1 controls the expression of C-fms which interacts with M-CSF. MiTF is 
a target for the M-CSF - C-fms signaling and the interaction also results in up 
regulation of RANK. RANK-RANKL interaction leads to up-regulation of the 
osteoclast transcription factors NF-κB, c-Fos and NFATc1 which induces gene 
expression of osteoclast genes as well as cell fusion. 
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In addition, through the induction of c-Fos, the activator protein-1 (AP-1) transcription 

factor complex is activated. Grigoriadis et al. found that c-Fos mutant mice that 

develop osteopetrosis have a block in the differentiation of osteoclasts  [88]. The lack 

of c-Fos also causes a lineage shift between osteoclasts and macrophages that result in 

increased numbers of bone marrow macrophages. These results indicate that c-Fos is a 

key regulator of osteoclast-macrophage lineage determination in vivo. Furthermore, 

NFATc1 is one of the most important transcription factors induced during 

osteoclastogenesis and is responsible for increased expression of several osteoclast-

specific genes, among them TRAP/Acp5, β3-integrin, calcitonin receptor and cathepsin 

K [89, 90]. Subsequently, mice deficient in MiTF [91, 92], M-CSF [60, 61], RANKL 

[64], or c-Fos [88] have disrupted osteoclastogenesis and display severe osteopetrosis.  

 

2.3. Osteoclast function 
Osteoclasts efficiently dissolve HAP and degrade the collagen rich organic bone 

matrix. HAP is dissolved by acidic pH, and the organic matrix is degraded by MMP´s 

and cathepsin´s. The major MMP´s expressed by osteoclasts are MMP-12 [93], MMP-9 

[94] and MMP-14 [95], where MMP-9 is important for migration of pre-osteoclasts to 

the resorption site [96]. The osteoclast cathepsins are; B, C, D, E, G, K and L 

(reviewed in [97]). The cathepsin responsible for the main bone resorptive activity is 

the cysteine protease cathepsin K [98].  

Initially, during bone resorption the osteoclast become a polarized cell. The polarized 

osteoclast displays distinct morphological characteristics, such as formation of an actin 

ring, sealing zones and a ruffled border. Osteoclasts bind to the bone matrix protein  

OPN via the vitronectin receptor αVβ3 in a RGD- dependent manner, a bond which is 

reported to be important for osteoclast polarization, activation, migration and capacity 

to degrade bone [99]. In this context, β3-integrin knockout mice have osteoclasts that 

fail to spread, lack actin ring formation and the animals are osteopetrotic [100]. Thus, 

the sealing zones anchor the osteoclast to bone matrix, and the initial steps of the 

sealing zone formation are mediated by αVβ3-integrin [101, 102]. The ruffled border 

appears between two sealing zones and creates an area which is sealed off from the 

environment where bone resorption efficiently takes place (Figure 5 A). Chloride 

channels and vacuolar proton pumps (vATPase) creates an acidic pH in the resorption 

lacuna. 

Subsequently, osteoclast vATPase subunits, such as ATP6V0a3 [103] and ATP6V0d2 

[104, 105] are essential for the osteoclast function. Moreover, while carbonic 
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anhydrase II (CAII) generates protons for the vATPase proton pump [106], chloride 

channel 7 (ClC-7) is responsible for the transport of Cl- into the lacuna (Figure 5 B) 

[107].  

 
Figure 5. Osteoclast function 
(A) The osteoclast attaches to the bone via the αVβ3-integrin expressed at the sealing 
zones. Subsequently, the osteoclast becomes a polarized cell with a ruffled border. Via 
the ruffled border, osteoclast proteases such as MMP-9 and cathepsin K are secreted 
into the resorption lacuna. RL = resorption lacuna, RB = ruffled border, SZ = sealing 
zone.  
(B) Secretion of H+ and Cl- acidifies the resorption lacuna and thereby HAP is 
dissolved. The acidification occurs via the ATPase driven proton pump (vATPase) and 
the chloride channel (ClC-7).  
 
 
2.4. TRAP / Acp5 
Tartrate resistant acid phosphatase (TRAP, Acp5) is a 35 to 37 kDa monomeric iron- 

containing phosphatase highly expressed by osteoclasts. TRAP is also expressed by 

dendritic cells [108-110] as well as certain populations of macrophages; e.g. spleen red 

pulp macrophages [111], Kupffer cells of the liver, and pulmonary alveolar 

macrophages [110]. TRAP possesses roles both in bone remodeling and immune 

responses. Mice with a targeted disruption of the Acp5 gene suffers from 

developmental deformities of the limb and axial skeleton and have osteoclasts defective 

in bone resorption [108]. Furthermore, mice lacking TRAP has delayed clearance of 

Staphylococcus aureus in vivo [109].  

The translation start point for TRAP is in Exon 2 of the Acp5 gene. Furthermore, the 

Acp5 gene has 3 distal promoters which induce expression of untranslated transcripts of 

Exon 1A, 1B and 1C (Figure 6). These untranslated promoter dependent transcripts are 

spliced into Exon 2, and thereby is the transcription initiated. Exon 1A is neither 

expressed by macrophages nor osteoclasts [112]. Exon 1B is mainly transcribed in 

kidney and liver, and Exon 1C is highly expressed in bone. The expression of Exon 1B 

is induced by iron-saturated transferrin (FeTF) [113] but inhibited by iron delivered as 
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hemin [114]. Exon 1C expression is induced by the myeloid transcription factors MiTF 

and PU.1 [112, 115], and the expression is up-regulated by the osteoclast transcription 

factor NFATc1 [116].  

Thus, as Acp5 Exon 1B is induced by FeTF, the high expression of Exon 1B in kidney 

and liver probably is linked to that kidney and liver account for approximately 50% of 

the total  transferrin uptake [117].   

 
Figure 6. Comparison of the rat and mouse TRAP (Acp5) gene 
Illustration of the rat and mouse Acp5-gene. The location of Exon 1A, 1B, and 1C are 
known in the mouse but not rigorously mapped in the rat.  
 
In addition, post-translational processing of the TRAP protein results in two isoforms, 

TRAP 5a and 5b. TRAP 5a has been coupled to activated macrophages and chronic 

inflammation, in contrast to TRAP 5b which has been correlated to osteoclast 

numbers and bone resorption (reviewed in [118]). TRAP 5b is formed upon 

proteolytical cleavage by the cysteine proteases cathepsin K and cathepsin L, resulting 

in a two-subunit form consisting of a 21 to 23 kDa N-terminal domain disulfide-linked 

to a 16 kDa C-terminal domain [119, 120]. TRAP 5b is an active phosphatase and the 

most abundant TRAP form detected in bone [119]. In comparison, the specific activity 

of TRAP 5a is 100-200 U/mg whereas it is 1000-2000 U/mg for TRAP 5b [118]. 

Osteoclasts secrete monomeric TRAP into the resorption lacuna where it is cleaved by 

cathepsin K into TRAP 5b [120]. Subsequently, TRAP 5b dephosphorylates OPN. The 

dephosphorylation of OPN results in a decreased binding to the osteoclast αvβ3-integrin, 

and this likely enhances the migration of osteoclasts to unresorbed bone areas (Figure 

7) [121]. 
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3. BONE MARROW 
Red and white blood cells, as well as adipocytes, are the main cell populations found in 

the bone marrow. The bone marrow is also the location where regeneration of 

hematopoietic cells takes place. The stroma is a part of the bone marrow and can be 

defined as the cells that produce the growth factors necessary for the hematopoiesis 

[56]. The stroma consists of connective tissue as well as endothelial cells, fibroblasts, 

adipocytes, macrophages, osteoblasts, and bone-lining cells (reviewed in [122]).  

 

3.1. Macrophages 
The macrophage plays an important role in the innate immune system. Macrophages 

mediate nonspecific host defense and phagocyte pathogens either directly or after the 

pathogens have been coated with antibodies or complement. Macrophages express 

mannose receptors and scavenger receptors, such as mannose receptor C type 1 

(MRC1) and macrophage scavenger receptor 1 (MSR1). MRC1 is involved in 

phagocytic engulfment through binding to mannose structures on the surfaces of 

viruses, bacteria, and fungi [123]. MSR1 mediates binding, internalization, and 

processing of a wide range of negatively charged macromolecules [124]. Additional 

common markers for macrophages are F4/80 [125] and CD163 [126]. CD163 is a 130 

kDa membrane glycoprotein and a member of the scavenger receptor cysteine-rich 

superfamily [127]. CD163 is involved in innate immune responses, binding of both 

Gram -positive and -negative bacteria, and hemoglobin-haptoglobin clearance [128-

131]. 

Figure 7. Role of TRAP in osteoclast 
migration 
TRAP is secreted through the ruffled border 
into the resorption lacuna (RL), where it 
comes into contact with cathepsin K. 
Cathepsin K proteolytically activates TRAP 
(cTRAP) which thereafter dephosphorylates 
OPN. Dephosphorylated OPN results in a 
decreased affinity for the αvβ3-integrin, 
releasing the osteoclast from the bone 
surface and allowing cell migration.  
Figure kindly provided by Per Gradin, KI. 
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Furthermore, classical (M1) or alternative activated (M2) subtypes of macrophages 

evolve in response to pathogens. The macrophage activation is enabled through 

subpopulations of CD4+ T-helper cells, where TH1-cells secrete IFN-γ and TH2-cells 

secrete IL-4 [132]. Thus, the M1 macrophage phenotype is induced by IFN-γ and is 

involved in a proinflammatory response that is required to kill intracellular pathogens. 

Therefore, IFN-γ induce macrophage production of NO via expression of iNOS [133]. 

The M2 macrophage is induced by IL-4 and IL-13, and the phenotype is important for 

the immune response against extracellular parasites (reviewed in [134]). Alternative 

M2 macrophage activation results in increased expression of MRC1, MSR1, MHCII, 

as well as arginase 1 (ARG1) and can also induce giant cell formation through 

macrophage fusion [134, 135]. However, these fused macrophages are not to be taken 

for osteoclasts, and IL-4 as well as IL-13 has inhibitory effects on osteoclastic bone 

resorption. 

 

3.2. Macrophages in erythropoiesis 
The erythroblast is the precursor to the hemoglobin containing erythrocyte. 

Erythroblasts mature and proliferate in erythroblastic islands, composed of a central 

macrophage surrounded by erythroblasts [136, 137]. The macrophage in the 

erythroblastic island provides iron and cytokines which enhance the erythropoiesis. 

Erythrocytes are enucleated cells, and at the end of the erythroblast differentiation the 

erythroblast nuclei is extruded and thereafter phagocytosed by the macrophage [138]. 

Erythroblastic islands are found in the fetal liver, splenic red pulp as well as in the 

bone marrow [139]. The bone marrow macrophages found in the erythroblastic islands 

express F4/80 [140, 141] and are large with a diameter that often exceeds 15 µm. These 

macrophages also express CD163, which functions as an erythroblast adhesion receptor 

[130]. Moreover, haptoglobin is responsible for the recovery of free hemoglobin from 

plasma and macrophages constitute the major cellular compartment for hemoglobin 

degradation and subsequent recycling of heme-iron in the erythropoiesis. In this aspect, 

CD163 is reported to act as receptor for hemoglobin-haptoglobin complexes [142]. 

Furthermore, senescent erythrocytes are internalized by macrophages. This results in 

release of hemoglobin iron which thereby is released back to the plasma glycoprotein 

transferrin. Thereafter, most of the transferrin- bound iron is used for the synthesis of 

hemoglobin by developing erythroid cells [143]. Iron uptake from transferrin is enabled 

through binding to the transferrin receptor, internalization of transferrin within an 

endocytic vesicle by receptor-mediated endocytosis, and the release of iron from the 
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protein by a decrease in endosomal pH. In addition, the iron transporter ferroportin 

(SLC40A1) is  hypothesized to be a major exporter of iron scavenged from senescent 

erythrocytes [144]. Macrophages also express heme oxygenase (HMOX1), which 

catabolises the conversion of heme to biliverdin, subsequently resulting in free iron and 

carbon monoxide [145]. Ferroportin and heme oxygenase is expressed by CD163 

positive macrophages and CD163, as well as ferroportin expression, is induced by 

hemoglobin uptake [146, 147]. 

 

3.3. Comparison of dendritic cells, macrophages and osteoclasts 

Dendritic cells are a heterogeneous population of antigen presenting cells. The bone 

marrow harbors precursors to dendritic cells. However, mature dendritic cells are 

situated mainly in lymphoid tissue [148]. Denritic cells are important for the adaptive 

immune system, antigen presentation, T-cell stimulation, and production of regulatory 

T-cells [149]. Mature dendritic cells highly express MHCII and thereby present 

antigens to CD4+ T-helper cells.  

In vitro differentiation to dendritic cells is enabled through culturing monocytes with 

GM-CSF and IL-4, resulting in an immature dendritic cell. These cells can thereafter 

be matured by treatment with toll-like receptor ligands or TNF-α [150, 151].  

It has been shown that monocytes which highly express the GM-CSF receptor (GM-

CSFR) are more likely to differentiate into dendritic cells, in comparison to GM-

CSFR low expressing monocytes which preferably differentiate into macrophages 

(reviewed in [152]). Interestingly, dendritic cells can derive from the same myeloid 

precursor as osteoclasts, and RANKL is essential for the activity and survival of 

dendritic cells [153, 154]. In addition, in vitro generated dendritic cells are reported to 

transdifferentiate into osteoclasts when cultured with RANKL and M-CSF [155, 

156]. However, M-CSF/GM-SCF regulate the differentiation of osteoclasts and 

dendritic cells. Differentiation of osteoclasts is inhibited by GM-CSF, and dendritic 

cell maturation induced by GM-CSF and RANKL is inhibited by M-CSF [157].  

There exist several subtypes of dendritic cells, some subtypes express macrophage 

markers such as CD68 [158] and F4/80 [159, 160]. Furthermore, both macrophages and 

dendritic cells can express MHCII, TRAP, as well as CD163 [161, 162]. However, 

commonly macrophages express F4/80, CD68, C-fms, and CD11b, whereas dendritic 

cells express CD86, CD80, MHCII and CD11c (Figure 8) [163].  
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Figure 8. Model of differentiation of a monocyte to a macrophage, osteoclast or 
dendritic cell 
Macrophages, osteoclasts and dendritic cells are ontogenetically related. In addition, 
multinucleated macrophage giant cells can evolve due to macrophage cell fusion during 
pathological conditions, e.g. alternative macrophage (M2) activation in response to IL-
4 and IL-13. In the presence of M-CSF and RANKL macrophages as well as dendritic 
cells are able to differentiate into osteoclasts. However, the osteoclast is believed to be 
a terminally differentiated cell. Commonly used markers for the respective cell type are 
illustrated in the figure. 
 

 

4. COAGULATION 
Coagulation factors 

There are several proteins involved in blood clotting and as a group they are termed 

coagulation factors (F). The coagulation factors are separated by roman numerals; I - 

XIII. Several of the coagulation factors exist as zymogens which are activated upon 

proteolytic cleavage. In the nomenclature, a activated coagulation factors is given the 

suffix a.  

 

4.1. Fibrinogen 
Fibrinogen (FI) is a plasma glycoprotein synthesized in the liver. Fibrinogen is 

composed of 3 different subunits: alpha (FGA), beta (FGB), and gamma (FGG). The 

conversion of fibrinogen to fibrin occurs in several steps; (1) removal by α-thrombin of 

fibrinopeptides A and B from the N-terminal regions of the alpha and beta chains, 

which forms a fibrin monomer, (2) aggregation of the fibrin monomer to form a fibrin 

gel, and (3) covalent cross-linking of fibrin, which is catalyzed by FXIIIa, to form an 

insoluble clot [164]. Fibrin plays an important role in tissue repair by providing an 
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initial matrix that stabilize the wound and support local cell migration and organization 

within the wound.  

If fibrinogen/fibrin has any role in bone development is not known, and there are no 

reports about that there exist a difference in the bone phenotype between fibrinogen-

deficient mice and normal mice [165]. Moreover, in bone, fibrinogen is not present in 

the mineralized bone matrix but mainly localized to blood vessels in the bone marrow 

and compact bone [166]. However, fibrinogen is reported to be localized to the 

osteoclast cell membrane in osteoclasts found in human fetal bone [167]. In addition, 

osteoclasts are reported to adhere to fibrinogen in vitro via the β3–integrin [168]. 

 

4.2. Prothrombin 
The main function of prothrombin (PT), also known as coagulation factor II (FII), is as 

an inactive zymogen to the serine protease α-thrombin (FIIa)1. α-thrombin plays a 

central role in blood coagulation through catalyzing the conversion of fibrinogen to clot 

fibrin.  

95% of PT is synthesized in the liver [169-171] and represents the coagulation factor 

present in highest concentration in blood (0.07-0.1 mg/ml) [172]. Except from 

expression in liver, PT is synthesized in small amounts in the central nervous system, 

skeletal and smooth muscle cells and by the kidney [173-177]. PT is also synthesized at 

some stages of development in adrenal tissue, diaphragm, intestine, spleen and stomach 

[170]. It is also reported that articular chondrocytes express PT [178] as well as in vitro 

cultured mouse peritoneal macrophages [179].  

Structurally, PT consists of a N-terminal Gla-domain, two kringle domains (situated in 

the same region as the activation fragment 1 and 2 (F1.2)), and a catalytic domain 

containing the thrombin light- and heavy- chain (Figure 9) [180]. The N-terminal Gla- 

residues interacts with calcium and cell surface phospholipids [181]. The kringle 

domains have an unknown function. 

 

 

                                                 
1 β- and γ-thrombin are proteolyzed forms of α-thrombin. β-thrombin as well as γ-

thrombin have limited proteolytic activity and are therefore not refered to in this thesis.  
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Figure 9. Prothrombin  
Mouse PT consists of 618 amino acids (a.a.) and the protein has a molecular weight of 
70269 Dalton (ref. UniParc sequence P19221-1, http://www.uniprot.org). PT contain an 
N-terminal Gla-domain, two kringle domains and a catalytic domain. The catalytic 
domain contains the thrombin light chain (TH LC, 325-360 a.a.) and thrombin heavy 
chain (TH HC, 361-618 a.a.). PT is cleaved by FXa at a.a. 360-361 and 324-325, which 
produces the serine protease α-thrombin. Furthermore, α-thrombin can cleave in the 
kringle domain at a.a. 200-201, which results in activation peptide fragment 1 (F1, a.a. 
44-200) and activation peptide fragment 2 (F2, a.a. 201-324). The PT RGD-sequence is 
located at a.a. 557-559. 
 

Conversion of PT to thrombin 

The conversion of PT to thrombin occurs at local sites in a cell-coagulation factor 

assembly known as the prothrombinase complex (reviewed in [171]). The Gla-domain 

binds to negatively charged phospholipids of cell membranes on platelets [182], tumor 

cells [183], lymphocytes, monocytes [184], macrophages [185], and endothelial cells. 

This facilitates the ability of PT to interact with cell- bound, activated forms of the 

coagulation co-factor V (FVa) and the protease factor X (FXa) which together form the 

prothrombinase complex. In the complex PT is cleaved in two stages by FXa [186, 

187]. The prothrombinase catalyzes the proteolysis of two peptide bonds in PT, which 

finally gives rise to the F1.2 region and α-thrombin. The first cleavage occurs between 

a.a 360-361 which yield an intermediate product called meizothrombin, composed of 

the F1.2 fragment and thrombin light-chain covalently linked by disulfide bonds to 

thrombin heavy chain. The second cleavage occurs at a.a. 324-325 and results in a free 

F1.2 fragment and α-thrombin [188, 189]. In addition, α-thrombin can cleave of the F1 

fragment from PT (Figure 9).  

 

Prothrombinase kinetics 

Although it is possible for FXa alone to catalyze the conversion of PT to α-thrombin, 

the reaction is slow. Compared to solely FXa, there is approximately a 300,000 fold 
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increase in conversion of PT to α-thrombin in the prothrombinase complex (Table 2) 

[190, 191].  

 

Table 2. Relative conversion rates of prothrombin in the presence of the different 
components of the prothrombinase complex  

Components present Prothrombin conversion, Relative Rate (%)* 
FXa, Ca2+, phospholipid, FVa 100 
FXa, Ca2+, FVa 0.13 
FXa, Ca2+, phospholipid 0.008 
FXa, Ca2+ 0.0007 
FXa 0.0003 

*Reference: The Prothrombinase Complex: Assembly and Function, Spencer et al. 

1997 [191]. 

 

4.3. Extrinsic and intrinsic coagulation 
The coagulation cascade can be initiated through two pathways, the extrinsic or the 

intrinsic pathway, which both results in activation of FX to FXa and the subsequent 

generation of α-thrombin. The extrinsic coagulation pathway consists of the factors 

TF(FIII)-FVIIa, whereas the intrinsic pathway consists of FXII-FVIIIa (reviewed in 

[171]). An important difference between the pathways is that extrinsic activation is 

dependent on a membrane bound factor, tissue factor (TF), which normally is not in 

contact with the blood circulation, whereas the intrinsic activation is dependent on 

factors present in the plasma. 

 

Tissue factor 

TF, also known as CD142 or factor III, is an integral membrane glycoprotein which 

forms a complex with FVII. TF functions in activating FVII, and FVIIa subsequently 

activates FX to FXa [191, 192]. TF is also necessary for the function of FVIIa and there 

is a 16,000 fold increase in conversion of FX to FXa in presence of TF compared to 

FVIIa alone [191, 193]. Normal hemostasis is initiated when FVII in plasma gains 

access to TF in the subendothelial tissues through a laceration in the vessel endothelium 

at a site of a wound [194]. TF is expressed by vascular smooth muscle cells, adventitial 

fibroblasts and pericytes that surround the blood vessel. However, during non 

pathological conditions TF is not expressed on endothelial cells or other cells that 

contact flowing blood [195]. The TF gene is induced by different factors. In human 

monocytes, the TF gene transcription is induced by TNF-α, IL-1β, IL-13 and LPS 

[196]. Induction by LPS is mediated by a distal enhancer of the promoter, containing a 
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κB site and two AP-1 sites, where the κB site bind to c-Rel-p65 heterodimers and the 

two AP-1 sites bind to Fos-Jun heterodimers [196].  

 

The extrinsic pathway 

The initiator of the extrinsic coagulation is TF [197]. The TF/FVIIa complex results in 

activation of FX (Figure 10) [191, 192]. 

 
Figure 10. The extrinsic coagulation pathway and the prothrombinase complex 
(1) Extrinsic coagulation is initiated by TF. TF functions as a high-affinity receptor for 
plasma FVII, an interaction which activates FVII to FVIIa. Subsequently, TF/FVIIa 
activates FX to FXa. 
(2) The cellular prothrombinase complex is enabled in presence of Ca2+ and cell surface 
phospholipids to which PT, FXa, and FVa binds. After a initial generation of α-
thrombin, FV is cleaved by α-thrombin to yield the active FV (FVa). 
 

The intrinsic pathway 

Intrinsic coagulation was believed to be initiated upon activation of plasma FXII by a 

negatively charged surface. Subsequently, activation of FXII results in activation of 

FXI which is followed by activation of FIX. However, deficiency in FXII is not 

associated with a bleeding phenotype and FXII is therefore still not believed to be 

necessary for the intrinsic coagulation [198]. Thus, more recently it has been found 

that FIX is activated by either FXIa or TF/FVIIa [199]. In the intrinsic activation FX 

is activated by a multicomponent complex consisting of FIXa, FVIIIa, Ca2+, and 

phospholipids. In the complex FVIIIa is the co-factor and FIXa the protease. 

Activation of FVIII is enabled by either α-thrombin or FXa [200]. Thus, the extrinsic 

and intrinsic pathways merge with the TF/FVIIa complex (Figure 11). The 

coagulation cascade propagates as TF/FVIIa generates some FXa which initiates α-

thrombin and fibrin formation. However, FIXa and FVIIIa on the surface of platelets 

are required to give a sustained generation of α-thrombin. During the coagulation  
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α-thrombin promotes platelet activation and enhances fibrin formation to sustain 

growth of the thrombus. Thus, the coagulation cascade can be divided into three 

different phases; (1) the initiation phase, TF expressing cells comes in contact with 

plasma FVII, (2) the amplification phase, thrombin activates FV, (3) the intrinsic 

coagulation cascade; activation of platelets and activation of FVIII and FIX [201]. 

 

 
Figure 11. The intrinsic and extrinsic coagulation pathways  
Intrinsic coagulation is initiated by (1) FXIIa as well as by (2) TF/FVIIa in the extrinsic 
pathway. Activation of FXII generates a subsequent activation of FXI, FIX and FVIII. 
FIXa is the protease generating FXa whereas FVIIIa is the co-factor. 
 

4.4. Platelets in coagulation 
Platelets do not express TF and subsequently they do not initiate extrinsic 

coagulation. However, the role of platelets in coagulation is extensive and important 

for the intrinsic coagulation (reviewed in [202]). Platelets are activated by α-thrombin 

and the α-thrombin-platelet interaction is mediated by G-protein-coupled protease-

activated receptors (PARs). The PARs expressed by platelets differ between mammal 

species; mice express PAR-3 and -4, whereas humans express PAR-1 and -4 [203]. 

The α-thrombin activation leads to an increase in cytoplasmic Ca2+, exposure of a 

procoagulant (phosphatidylserine) phospholipid surface [204], activation of the αIIbβ3-

integrin, and platelet aggregation [205]. Platelet exposure of the procoagulant 

phospholipid surface mediates binding of FVIIIa, FIXa, FVa and FXa [206, 207], 

which subsequently generates α-thrombin at the platelet surface [208]. Moreover, in 

resting platelets, αIIbβ3-integrin is in a low activation state [209]. The α-thrombin-PAR 

interaction activates the αIIbβ3, which thereafter binds fibrinogen and von Willebrand 

factor (vWF), resulting in platelet aggregation [210]. In conclusion, platelet activation 

by α-thrombin is necessary for normal hemostasis. This is obvious in PAR-4 knockout 
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mice, which display prolonged bleeding times, platelets which fail to increase 

cytoplasmic Ca2+ and aggregate in response to α-thrombin [211]. Thus, tail bleeding of 

PAR-4 deficient mice leds to 25 times more blood loss than in wild-type mice [211]. 

Moreover, binding of PT to αIIbβ3 on the platelet surface enhance the prothrombinase-

mediated conversion of PT to α-thrombin [42]. 

 

4.5. Macrophages in coagulation 
Seljelid et al. published in 1980 that macrophages displayed FXa activity which could 

be inhibited by heparin [212]. In the same year Österud et al. concluded that mouse 

peritoneal macrophages can produce all the vitamin K-dependent coagulation factors; 

FV, FVII, FIX,  FX, as well as PT [179]. Österud stated that “Together with tissue 

factor, these represent all the essential factors required to initiate coagulation via the 

extrinsic system”. In a later study they showed that the peritoneal macrophages also 

express TF, an expression that was increased in co-cultures with lymphocytes and 

LPS [213].   

 
4.6. Regulation of coagulation 
If total activation of all of the coagulation factors in blood occured, it would be 

sufficient to clot the fibrinogen present in the body more than 100 times. However, 

plasma contains protease inhibitors which slow down the coagulation cascades, i.e. 

antithrombin, protein C, and tissue factor pathway inhibitor (TFPI). Antithrombin 

(also known as antithrombin III) functions in blocking the activity of α-thrombin, 

FXa, FIXa and FXIa [214]. Another important regulation of blood coagulation is the 

thrombomodulin-protein C pathway. Thrombomodulin is an endothelial cell surface 

receptor that forms a complex with thrombin. This complex activates protein C, and 

activated protein C degrades FVa as well as FVIIIa. Thus, thrombomodulin converts α-

thrombin into a physiologic anticoagulant [214]. Moreover, protein S is a plasma 

protein that exists in a free form and a complex form bound to complement protein 

C4b. The free form of protein S inhibits blood clotting by serving as a co-factor for 

activated protein C in the inactivation of FVa and FVIIIa [215]. The extrinsic pathway 

is also regulated by TFPI (reviewed in [216]). TFPI binds and directly inhibits FXa. 

TFPI also inhibits the TF/FVIIa complex [217]. Moreover, TFPI-2 is a serine protease 

inhibitor with high homology to TFPI [218]. TFPI-2 exhibits strong inhibitory activity 

toward trypsin, FXIa, plasma kallikrein, and plasmin, but weaker inhibitory activity for 

the TF/FVIIa- complex (reviewed in [219]).  
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4.7. Coagulation during inflammation 
Coagulation is connected to inflammatory processes and inflammation is associated 

with a triggering of coagulation. Coagulation-inflammation interactions are important 

in different pathologies such as in chronic inflammations, e.g. atherosclerosis, RA, 

periodontitis, as well as in acute inflammations, e.g. bacterial infections leading to 

sepsis (reviewed in [220, 221]). One efficient and rapid way for the body to increase 

coagulation is to decrease the effect of the anticoagulant systems. In sepsis bacterial 

infection leads to a disseminated intravascular coagulation which can result in multiple 

organ failure. The increased coagulative activity is partly due to proteolytical 

inactivation of antithrombin. In severe sepsis, the antithrombin activity can be 

decreased to less than 50% of normal levels [222]. Another way to increase 

coagulation is to induce expression of TF. During inflammation TF is particulary 

induced in intravascular cells, such as monocytes. TF expression is induced by 

endotoxins (LPS), as well as by other inflammatory cytokines; e.g. TNF-α, IL-1β and 

IL-13 [196]. Subsequently, the TF induced coagulation results in fibrin/fibrinogen 

accumulation. Fibrin/fibrinogen interacts with the leukocyte receptor Mac1 

(CD11b/CD18) which leads to leukocyte activation (reviewed in [223]). In this 

context, both macrophage adhesion and cytokine production is suppressed in 

fibrin/fibrinogen knockout mice [224].  

Moreover, platelet activation contributes to inflammation and platelet activation 

results in activation of the complement system [225]. In addition, platelets express the 

CD40 ligand which is relased upon platelet activation [226]. Subsequently, CD40 

ligand induces expression of TF on endothelial cells [227]. In addition, CD40 ligand, 

as well as thrombin, triggers endothelial production of several inflammatory 

cytokines, e.g. IL-6 and IL-8 [226, 228].  

 
4.8. Coagulation factor deficient mice 
Mice with complete deficiencies in PT, FX, FV, TF or FVII die in utero or shortly 

after birth [229]. Moreover, mice expressing 1% of normal levels of TF exhibits 

shorter life spans than wild-type mice [230]. These mice have hemosiderin deposition 

and fibrosis in their hearts. This is likely due to hemorrhage from cardiac vessels 

because of impaired hemostasis. The same fibrosis pattern is seen in mice expressing 

1% of normal levels of FVII. However, there are no reported effects on bone 

development in the coagulation factor-deficient mouse models.  
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5. ANTICOAGULANTS 
5.1. Inhibition of vitamin K and γ-carboxylation 
Posttranslational carboxylation of glutamic acid residues to γ-carboxyglutamic acid 

(Gla) is necessary for the function of PT, FVII, FIX, FX, protein C and protein S as 

well as the bone proteins OCN and MGP [231]. The carboxylation process is catalyzed 

by γ-glutamyl carboxylase (GGCX) which uses reduced vitamin K as a co-factor, and 

in the process vitamin K epoxide reductase (VKOR) is responsible for the generation of 

reduced vitamin K. Thus, GGCX deficiency in mice causes either embryonic loss or 

early postnatal lethality due to severe bleeding [232], and VKOR deficient mice die 

due to bleeding within 2 to 20 days after birth [233]. Furthermore, VKOR deficient 

mice have reduced length of calcified long bones [233]. This is probably due to 

unfunctional OCN and MGP, consistent with phenotypes for the mouse knockouts for 

OCN [39] as well as MGP [37].  

Warfarin is a vitamin K antagonist which decrease blood coagulation by inhibiting 

VKOR and hence interferes with vitamin K metabolism [234]. The coagulation factors 

affected are those that require carboxylation of their glutamic acid residues to function; 

PT, FVII, FIX and FX, as well as protein C and protein S. A commonly prescribed 

warfarin based drug is Waran.  

 

5.2. Heparin  
Heparin binds to the enzyme inhibitor antithrombin which results in an conformational 

change that enhances the inactivation of α-thrombin, FXa, FIXa and FXIa [235]. The 

rate of inactivation by antithrombin can increase up to 2,000-fold due to the binding of 

heparin [236]. Low molecular weight heparins (LMWHs) are derived from heparin by 

de-polymerization. Compared to heparin, LMWHs have reduced ability to 

simultaneously bind α-thrombin and antithrombin which is necessary for the 

inactivation of α-thrombin. 

 

5.3. Anticoagulant effects on skeletal tissues 
Warfarin cause vitamin K deficiency 

Administration of the anti-coagulant warfarin during pregnancy results in embryopathy; 

nasal hypoplasia, distal phalangeal hypoplasia and abnormal mineralization in the 

epiphyses [237]. Rats given daily subcutaneous doses of sodium warfarin and vitamin 

K1 for up to 12 weeks of age can be used to study warfarin embryopathy. These 

injections create an extrahepatic vitamin K deficiency while preserving the vitamin K-
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dependent processes of the liver. In the warfarin-treated rats, the septal cartilage of the 

nasal septum shows large areas of calcification. There are also abnormal calcium 

bridges in the epiphyseal cartilages of the vertebrae and long bones. It is likely that the 

phenotype is due to that warfarin-induced vitamin K-deficiency prevents the normal 

formation of Gla-containing bone proteins, such as  MGP [238]. However, if warfarin 

results in any effects on bone in adult humans is debated. The previous studies 

demonstrate diverging results, and there are no obvious linkage between warfarin use 

and bone mineral density connected diseases, such as osteoporosis (reviewed in 

[239]). 

 

Heparin affect bone remodeling 

The major side effect of heparin is an enhanced bleeding tendency, another less 

common side effect is that it affects bone remodeling. Results from animal studies 

have suggested that heparin causes bone loss by decreasing bone formation and 

increasing bone resorption. In comparison, LMWH only decrease bone formation 

(reviewed in [240]). Thus, heparin at different molecular weights affects the bone in 

different ways. In a study where rats were treated with 1000 U/kg heparin for 28 days, 

the animals showed a 30% reduction in cancellous bone volume compared to control 

animals [241]. Rats treated with a similar dose of the LMWH tinzaparin showed a 

18% reduction. Both heparin and tinzaparin caused a reduction in osteoid surface and 

osteoblast covered surface, and both exhibited significantly reduced rates of bone 

formation. Furthermore, heparin was found to cause an increased bone surface 

erosion depth and increased osteoclast number compared with control animals. These 

effects were not seen in tinzaparin treated rats [241]. Moreover, in vitro, heparin 

inhibits the differentiation of osteoblasts from mesenchymal stem cells [242]. This 

inhibitory effect is four times greater with heparin than with LMWH [242]. In 

addition, heparin competitively binds to OPG [243], and thereby opposing the OPG 

dependent inhibition of osteoclastogenesis.  

 

 

6. EFFECTS OF PROTHROMBIN ON BONE 
6.1. Prothrombin inhibits HAP-mineralization 
Similarity to several other serum proteins, PT has been isolated from long bone protein 

preparations [21]. The Ca2+-binding Gla-domain of PT may direct the interactions with 

the mineralizing bone matrix, and studies by Romberg et al. implicated PT as an 
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inhibitor of hydroxyapatite crystal growth [41]. The first kringle domain (F1), 

containing the Gla-residues, inhibits the rate of hydroxyapatite crystal growth as 

potently as OCN. In comparison, prethrombin 1, which lack the Gla-residues is a very 

weak inhibitor of crystal growth.  

 

 

7. EFFECTS OF THROMBIN ON BONE 
Thrombin has been implicated in bone metabolism, in many contexts, such as fracture 

healing, angiogenesis and bone resorption (reviewed in [244]). Thrombin is also 

believed to play a role in bone pathologies, such as periodontitis and rheumatoid 

arthritis (RA) [244]. 

 

7.1. Thrombin enhances bone resorption  
The effect of thrombin on bone resorption has been studied in 45Ca-labeled mouse 

calvarial bones [245]. Thrombin stimulates 45Ca-release from organ cultures of these 

calvarias. Also, thrombin enhances the 45Ca-release from fetal rat long bones. 

Calcitonin reduces the 45Ca-releasing effect of thrombin, suggesting that the thrombin 

stimulated 45Ca-release is due to an increased osteoclast activity. In addition, the 

corticosteroids cortisol and dexamethasone are potent inhibitors of bone resorption 

stimulated by thrombin. Furthermore, prostaglandin synthase inhibitors reduce the 
45Ca-release from thrombin-stimulated calvaria. 

In this context, thrombin is reported to up-regulate osteoblast expression of the 

osteoclast-stimulatory factors prostaglandin E2 (PGE2) [246] and interleukin-6 (IL-6) 

[247]. RANKL expression in osteoblasts is up-regulated by PGE2 [248] as well as by 

IL-6 [249]. Thus, that thrombin stimulate bone resorption is probably due to indirect 

stimulatory effects of thrombin on osteoblasts.  

 
7.2. PAR-1 and -4 receptors expressed by osteoblasts respond to 
thrombin 
Thrombin is reported to exert direct effects on cells as a ligand for the G-protein-

coupled protease activated receptors (PARs) -1, -3 and -4 [244, 250]. PAR-1 and -4 are 

expressed on mouse osteoblasts [251-253]. Following the interaction with thrombin, 

intracellular signaling is activated, resulting in stimulatory effects on proliferation, 

migration and adhesion of osteoblasts [254]. Moreover, stimulation of primary 

calvarial osteoblasts with thrombin suppress endogenous alkaline phosphatase (ALP) 
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expression [255]. As ALP is an early marker of the osteoblastic phenotype, the 

suppression of ALP expression by thrombin indicates that activation of PAR-1 also 

results in an inhibition of osteoblast differentiation or activity. 

In addition, the role of PAR-1 in bone repair has been studied in PAR-1 knockout and 

wild type mice [256]. PAR-1 knockout mice displayed decreased migration and 

proliferation of mesenchymal cells into drilled tibial bone defects and, in vitro, 

thrombin was found to induce proliferation of bone marrow stromal cells through 

interaction with PAR-1. Interestingly, there was also an increased number of 

osteoclasts present in bone defects in PAR-1 knockout mice compared to wild-type 

mice [256]. However, although thrombin-PAR interactions results in numerous effects 

on osteoblasts it remains to be determined whether other bone cells besides osteoblasts 

express PAR receptors. Osteoclasts do not express PAR-1, and it is not clear if 

osteoclasts express PAR -3 and -4 [244].  

 

7.3. Osteoclasts mediates bone destruction in RA  
RA is characterized by the presence of an inflammatory synovitis accompanied by 

destruction of joint cartilage and bone. Destruction of cartilage matrix results 

predominantly from the action of proteases released by the synovial tissues. 

Moreover, osteoclasts play an important role in the pathogenesis of the bone erosions. 

The synovial tissues in RA produce a variety of factors that increase osteoclast 

formation and activity; e.g. M-CSF, IL-1α and -1β, IL-11, IL-17 as well as TNF-α. 

Moreover, CD4+ T-cells as well as synovial fibroblasts in RA synovium produce 

RANKL (reviewed in [257]).  

The expression pattern of RANKL, OPG and RANK at sites of articular bone erosion 

in RA has been elucidated [258]. RANKL is mostly present at sites of osteoclast-

mediated erosion at the pannus-bone interface and at sites of subchondral bone 

erosion. RANK-expressing osteoclast precursor cells are also present at these sites. 

OPG-expression is observed in numerous cells in synovium remote from bone, and is 

more limited at sites of bone erosion. Thus, the expression pattern of 

RANK/RANKL/OPG favours osteoclast differentiation and activity at sites of bone 

erosion in RA. In addition, the importance of RANKL-RANK signalling has been 

elucidated in rat adjuvant arthritis. In these arthritic animals blockade with OPG 

result in protection of bone and cartilage destruction but not of inflammation [67, 

259]. Furthermore, to evaluate the role of osteoclasts in RA, arthritis has been 

induced in the RANKL-knockout mouse [260]. The degree of bone erosion in 
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arthritic RANKL-knockout mice was dramatically reduced compared to arthritic 

control mice. Moreover, cartilage damage was present in both the arthritic RANKL-

knockout mice and in arthritic control littermates, but the cartilage damage in the 

RANKL-knockout mice was milder. Thus, osteoclasts appear to play an important 

role in the pathogenesis and bone erosion in arthritis [260]. 

 

7.4. Intra-articular TF/FVII complexes induces RA 
One of the morphological signs of RA is increased fibrin formation and deposition in 

the joint cavity [261, 262]. In this aspect, TF-expressing macrophages are reported to 

be found both in RA and OA synovial tissues [262]. In addition, RA synovia have a 

higher expression of TF in comparison to OA synovia [263].  

TF/FVII has been injected intra-articulary into mice to investigate the role of TF/FVII 

in the pathogenesis of joint inflammation. Morphological analysis of the joints four 

days after TF/FVII injection revealed influx of Mac1 (CD11b/CD18) 

macrophage/monocyte cells into synovial tissue followed by cartilage and bone 

destruction [264]. Inflammation induced by TF/FVII was more profound than that 

caused by the TF or FVII separately. Moreover, TF/FVII complexes were detected in 

the synovial fluid from 50% of RA patients, suggesting that that TF/FVII is an 

important component in both induction and progression of RA. 

 

7.5. Thrombin-cleaved OPN is present at elevated levels in RA synovial 
fluid 
Thrombin is reported to digest OPN [265], which subsequently exposes an N-terminal 

cryptic epitope [266, 267]. Once OPN is cleaved by thrombin and the cryptic domains 

revealed, besides  αVβ3, OPN binds to integrin α4β1 [268] and α9β1 [269] in an RGD-

independent manner. Furthermore, bone marrow cells from α9
-/- mice stimulated ex vivo 

with M-CSF and RANKL form smaller osteoclasts with lower resorption capacity on 

dentine slices compared to cells from wild type mice [269]. This could imply that 

prothrombinase activity, by cleaving OPN to a functional ligand for the α9β1-integrin, 

could promote osteoclast differentiation.  

Moreover, it has been demonstrated that in a mouse model for RA, animals treated with 

a monoclonal antibody against the α9β1-binding epitope for OPN had decreased bone 

joint erosion [270]. Furthermore, in vitro the antibody prevented osteoclast formation 

and osteoclast mediated bone resorption [270].  
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Also, a recent study demonstrated that thrombin-cleaved OPN was 30-fold higher in 

synovial fluid samples from persons with RA compared to OA [271]. 
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PRESENT INVESTIGATION 
AIM OF THE THESIS 
The overall aim of the thesis was to investigate functional aspects of PT in bone. 

This aim was divided into four studies with the respective aims;  

- Determine the localization and expression of PT in bone, particularly in relation 

to osteoclasts.  

- Investigate the involvement of osteoclasts in the extrinsic coagulation pathway. 

- Compare utilization of PT, thrombin, OPN and fibronectin as adhesive ligands 

for osteoclast like cells.  

- Analyze molecular and functional differences between osteoclast like cells that 

utilize PT or OPN as adhesive ligands. 
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METHODOLOGICAL CONSIDERATIONS  
In vitro osteoclastogenesis; RAW 264.7 cells 

The RAW 264.7 monocyte/macrophage cell line is commonly used in macrophage 

and osteoclast studies. RAW 264.7 was created through injection of Abelson murine 

leukemia virus into BALB/c mice [272]. RAW cells endogenously synthesize M-CSF, 

hence RANKL alone is sufficient to drive their differentiation into osteoclast like 

cells [273]. In comparison to primary bone marrow macrophages (BMMs), the RAW 

264.7 cell line is a homogenous cell population of pro-osteoclastic cells. However, 

RANKL differentiated RAW 264.7 cells exhibit a limited bone resorptive capacity. 

  

In vitro osteoclastogenesis; Bone marrow macrophages (BMMs) 
In vitro studies of osteoclastogenesis is commonly performed with flushed BMMs 

[274], which differentiate into osteoclasts in the presence of M-CSF and RANKL. The 

differentiating bone marrow macrophages can be divided into different maturity stages 

according to cell morphology and TRAP-positivity; (1) the pro-osteoclast; a spindle-

shaped, TRAP-negative macrophage cell (2) the pre-osteoclast; a small, round TRAP-

positive mononucleated cell, and (3) the mature osteoclast; a multinucleated TRAP-

positive cell. Furthermore, osteoclast genes, such as TRAP, carbonic anhydrase II, 

calcitonin receptor, MMP-9 and cathepsin K are not expressed in the M-CSF–

dependent bone marrow macrophage pro-osteoclast, weakly in the pre-osteoclast, and 

strongly expressed in the mature osteoclast [274].  

In comparison to the transformed RAW 264.7 cells, primary BMMs constitute a more 

physiological relevant population of pro-osteoclastic cells. However, in comparison 

to RAW 264.7, the BMMs is a rather crude population of pro-osteoclasts. 

 

RT-qPCR mRNA expression analysis 
RNA is extracted from cells or tissues and subsequently the RNA is treated with 

DNAse to remove genomic DNA which otherways could interfere with the PCR. 

Thereafter, mRNA is converted to cDNA in a reverse transcriptase reaction. The cDNA 

is subsequently used in a PCR-mix, which also includes primers, polymerase, H2O and 

salts. Two different qPCR- techniques were used in the thesis, Taqman method and 

SYBR green method. The Taqman method uses a probe with a fluorophore which emit 

light when the DNA is amplified, whereas the SYBR green method uses a dye which is 

incorporated in the DNA during amplification. The usage of the SYBR green and the 

Taqman technique has its drawbacks and benefits. An advantage with SYBR green is 
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that it enables melt curve analysis of the PCR products. Melt curve analysis makes it 

easy to judge if the final PCR product is specific for the gene that should be amplified 

or if there are also unspecific PCR products (primer- dimers, or several gene 

amplification products). Taqman probes are usually a preferable technique due to that 

the probe situated between the primers makes the method more specific and sensitive in 

comparison to the SYBR green method. However, it is not possible to perform melt 

curve analysis with Taqman probes. Furthermore, qPCR is performed with an 

endogenous control, ideally a gene which is expressed at a constant level, independent 

of what type of cell it is extracted from, e.g. GAPDH. Finally, the formula 2-ΔΔCt is used 

to calculate fold change (FC) differences between e.g. an unstimulated control cell and 

a stimulated cell. In 2-ΔΔCt, the ΔCt is the difference between the PCR cycle where 

GAPDH and the gene of interest is detected. The ΔΔCt is ΔCt (unstimulated cell) - ΔCt 

(stimulated cell). 

 

Microarray mRNA expression analysis 
Microarray analysis can be used to investigate the RNA expression levels of thousands 

of genes. Briefly, extracted mRNA is converted to cDNA which is tagged with 

fluorophores. Thereafter, the cDNA is hybridized to an array with spots including 

complementary sequences for the included genes. Finally, the array spot fluorescence is 

measured for each gene, thus the intensity will correlate to the amount of a gene 

specific mRNA present in the extracted RNA sample. The massive amount of data 

which is created during a microarray analysis requires data mining. The MetaCore 

software (http://www.genego.com (MetaCore, GeneGo Inc., USA)) enables network 

analysis of array data. For example, network analysis can reveal significant changes in 

gene expression between two cell types in genes involved in Gene Ontology -processes 

(GO; http://www.geneontology.org) such as immune system processes or anatomical 

structure development. 

Generally during microarray data submissions, Minimum Information About a 

Microarray Experiment (MIAME) should be followed [275]. In accordance to the 

MIAME guidelines the array data should be deposited in NCBI's Gene Expression 

Omnibus (www.ncbi.nlm.nih.gov/geo), where it is accessible to readers of a publication 

through a GEO series accession number, as in paper IV; GSE19950.  
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Prothrombinase activity assay 
In paper II, prothrombinase activity measurement was done to investigate how efficient 

osteoclasts could convert PT to thrombin. Briefly, cells were washed with culture 

media without added serum, followed by incubation for 60 minutes with media 

containing 1 µg PT. Thereafter, a chromogenic substrate (S-2238, Chromogenix 

Instrumentation Laboratory SPA, Italy) for thrombin was used to measure the amount 

of thrombin formed in the media, which correlates to the absorbance at 405 nm. 

Finally, the absorbance at 405 nm was correlated to dilution series of bovine thrombin.  

 

Prothrombinase activity inhibition assays 
In paper II, two different methods were used to inhibit the prothrombinase activity. 

Firstly, S-2222, which is a substrate for FXa, added to the cells prior to the 

prothrombinase assay inhibited the prothrombinase activity in a concentration 

dependent manner, due to a competitive inhibition between S-2222 and PT for the 

protease FXa [185]. The natural substrate PT is cleaved by FXa at two positions, each 

proceeded by the same amino acid sequence (Ile-Glu-Gly-Arg). S-2222 is composed of 

the same amino acids coupled to a chromophore.  

Secondly, pre-incubation with TF antibody inhibited binding of FVII to TF, which 

reduced the activation of FVII or inhibited binding of FX to the TF/FVIIa complex 

[276]. In either case, a reduced amount of FXa which convert PT to thrombin will be 

present.  

 

Osteoclast isolation and adhesion assay 
In paper III and IV, primary neonatal rat long bone cells were extracted and thereafter 

osteoclasts were allowed to adhere to different proteins. Briefly, plastic 96-well plates 

were pre-coated overnight at 4°C with mouse PT (50 μg/ml), bovine thrombin (50 

μg/ml), bovine OPN (5 μg/ml) or human fibronectin (10 μg/ml). Thereafter, the 

plastic were blocked with heat-denatured BSA (10 mg/ml) in PBS at 37°C for 1 hour 

followed by washing 3 times with a adhesion medium (α-MEM supplemented with 1 

mg/ml BSA and 100 mM HEPES, pH 7.4). Subsequently, osteoclasts were 

mechanically harvested from long bones of 2- to 5- day old Sprague-Dawley rats. 

Long bones were dissected and cleaned of soft tissue. The long bones were minced in 

adhesion medium using a scalpel, after which bone fragments and medium were 

transferred to tubes and shaked gently by a vortex mixer for 1 minute. The bone 

fragments were allowed to sediment and the supernatant containing osteoclasts was 
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seeded into each pre-coated plastic well. Cells were allowed to attach for 20 minutes 

at 37°C in a humidified 5% CO2 atmosphere. The wells were then washed 4 times 

with fresh adhesion medium. Cells were further incubated in a CO2 incubator for 45 

minutes to allow spreading followed by treatment depending on the analysis.  

Similar osteoclast extraction techniques has previously been used by, among others, 

Flores et al. [29], Helfrich et al. [168], and Lakkakorpi et al. [277]. Important to 

consider during the extraction is; (1) the time that the bone cells are allowed to 

adhere, (2) the washing steps after the bone cells have adhered. If the cells are 

attached for a too short time, the number of cells will be low. If the bone cells attach 

too long, the amount of unspecifically bound cells will increase. Similary, if the cells 

are washed too thoroughly, no cells will be left adhered. If the washing is to gentle, 

the number of cells attaching in a unspecific, not substrate specific, manner will 

increase. 
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RESULTS AND DISCUSSION 
Paper I. PT is present in the newly formed bone matrix in close 
association to osteoclasts 
The serum protein PT is converted to α-thrombin in the coagulation cascade. In paper I, 

immunoblot analysis of a protein fraction extracted from mouse tibia detected PT and 

smaller proteolytic smaller fragments of PT. The size of these fragments corresponded 

to meizothrombin(desF1), F1.2-thrombin light-chain, α-thrombin, as well as the F1-

domain of PT. Thus, the results indicate that PT is present in the bone matrix, as 

previously described by Lecrone et al. [21], and that the used PT-antibody displayed 

specificity for PT as well as its proteolytically derived fragments. These PT fragments 

in the bone protein extract can be interpreted as their presence is due to 

prothrombinase activity by bone cells. 

Moreover, the presence of PT in the newly formed bone matrix of the metaphysis was 

demonstrated by light microscopic and ultrastructural immunohistochemistry. 

Quantification of bound gold-labeled antibodies to PT (Au particles/μm2) from the 

ultrastructural immunohistochemistry showed approximately 5 times higher labeling 

density in the metaphyseal bone matrix compared to the cartilage.  

Furthermore, fluorescent immunohistochemistry on metaphyseal trabecular bone 

showed that MMP-9 and cathepsin K labeled two populations of metaphyseal 

osteoclasts, respectively. MMP-9 positive cells were detected predominantly in the 

proximal part of the metaphysis close to the chondro-osseous junction. Cathepsin K 

positive cells were detected towards the distal part of the metaphysis. In addition, the 

fluorescent immunohistochemistry showed that PT co-localized with the proximal 

MMP-9 expressing osteoclasts, whereas cathepsin K expressing osteoclasts were 

closely associated with PT present in the bone matrix.  

Furthermore, RT-qPCR analysis showed that PT mRNA was expressed in tibia. The 

ΔCt (Ct PT – Ct GAPDH) values for liver was 1.4 ± 0.2 and for tibia 10.1 ± 0.8 

(Mean ± SEM), corresponding to a 540- fold difference in PT mRNA levels. Thus, 

PT mRNA was detected in tibia, however at low levels in comparison to liver. In 

addition, the mRNA expression of PT was increased during RANKL-induced 

differentiation of RAW 264.7 cells and bone marrow macrophages to osteoclast- like 

cells.  

Abundant serum proteins, such as serum albumin [20], are incorporated into the bone 

matrix during bone formation. Furthermore, PT has previously been detected in a 

guanidine-EDTA extracted bone protein fraction [21]. However, the localization of PT 
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in bone matrix, and if PT is synthesized by bone cells has not been previously assessed. 

The results in paper I demonstrate that PT is synthesized in bone and up-regulated 

during RANKL dependent in vitro osteoclastogenesis. In addition, PT localized to 

MMP-9 positive osteoclasts and was found in the bone matrix in close association to 

cathepsin K positive osteoclasts.  

Thus, we conclude that it is likely that serum PT is absorbed and accumulated in the 

bone matrix, but that the presence of PT in the bone matrix is also due to a local 

synthesis by osteoclasts. 
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Paper II. RANKL induces TF expression and prothrombinase activity 
during osteoclast differentiation 
PT is converted to α-thrombin by FXa in the cell-associated prothrombinase complex. 

In addition, PT is present in the calcified bone matrix and thrombin exerts effects on 

osteoblasts as well as on bone resorption by osteoclasts. Therefore we investigated 

whether; (1) osteoclasts display a FXa- dependent prothrombinase activity, (2) 

osteoclasts express critical regulatory components upstream of the prothrombinase 

complex.  

RAW 264.7 cells and primary bone marrow macrophages (BMMs) were used for 

osteoclast differentiation. RANKL induced formation of multinucleated TRAP 

positive cells concomitant with induction of prothrombinase activity in cultures of 

RAW 264.7 cells and bone marrow macrophages. Western blot analysis revealed that 

RANKL enhanced protein levels of FXa as well as of TF. Moreover, RT-qPCR 

analysis demonstrated that TF mRNA expression was increased during osteoclast 

differentiation (Figure 12). In contrast, the other extrinsic coagulation factors; FVII, 

FV, and FX showed little or no difference in mRNA expression during osteoclast 

differentiation.  

 
Figure 12. Expression of TF and FVII during osteoclast differentiation of BMMs 
BMMs were cultured with RANKL + M-CSF or as control with M-CSF. RT-qPCR 
analysis of TF and FVII revealed that both coagulation factors were expressed in the 
cell cultures. However, TF was up-regulated during osteoclastogenesis whereas FVII 
was down-regulated. n = 3. Error bars = SEM. The TF-qPCR data is retrieved from 
paper II.  
 

Moreover, no prothrombinase activity was present without the addition of exogenous 

PT. This indicates that the expression of PT by osteoclasts (demonstrated in paper I) 

was too low to be measurable with the prothrombinase activity assay. 
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Interestingly, thrombin digests OPN [265], and thrombin-cleaved OPN is present at 

high levels in RA synovial fluid [271]. Once OPN is cleaved by thrombin, OPN binds 

to α9β1 besides αVβ3 [269]. Furthermore, bone marrow cells from α9
-/- mice stimulated 

ex vivo with M-CSF and RANKL form smaller osteoclasts with lower resorption 

capacity compared to cells from wild type mice [269]. Moreover, a monoclonal 

antibody against the α9β1-binding epitope for OPN prevent osteoclast formation and 

osteoclast mediated bone resorption in vitro [270]. This could imply that 

prothrombinase activity, by cleaving OPN to a functional ligand for the α9β1-integrin, 

could promote osteoclast differentiation. In conclusion, activation of the extrinsic 

coagulation pathway during osteoclast differentiation through induction of TF and FXa 

by a RANKL-dependent pathway indicates a novel role for osteoclasts in converting 

PT to α-thrombin (Figure 13).  

 
Figure 13. Model of in vivo function of osteoclast prothrombinase activity 
Conversion of PT to thrombin by osteoclasts could occur by (1) utilizing serum PT, 
(2) PT incorporated in the bone matrix, or (3) PT expressed by osteoclasts. Thrombin 
binds to PAR-receptors on osteoblasts (OBL) which enhance osteoblast proliferation 
and migration. Thrombin up-regulates osteoblast expression of the osteoclast (OCL) 
stimulatory cytokines PGE2 and IL-6. Furthermore, thrombin-cleaved OPN promotes 
the osteoclast α9β1-integrin interaction with OPN. 
 

Moreover, immunohistochemistry against TF in long bones demonstrated cellular 

staining of osteoclasts as well as of osteoblasts in the metaphysis, whereas the staining 

in bone marrow cells was negligible. Osteoblasts do not express RANK, therefore TF-

expression in osteoblasts should be dependent on other stimuli than RANKL. In the 

context, osteoblasts express the TNF-α receptor (TNFR1) [278]. The interaction of 

TNF-α with TNFR1 is reported to inhibit differentiation of osteoblasts and up-regulate 

the expression of M-CSF and RANKL by osteoblasts, which consequently induces 

osteoclastogenesis [278]. In addition, the TF-gene is reported to be critically regulated 

by the p50 of NF-kB transcription factor complex [279], and p50 of NF-kB is also 

required for TNF-α induced M-CSF expression in osteoblasts [278]. Thus, the 
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immunohistochemical TF staining of osteoblasts indicates novel roles for osteoblasts in 

coagulation. However, additional analyses are necessary to reveal the importance of 

this finding.   
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Paper III. Distinct populations of multinucleated TRAP positive bone cells 
utilize OPN or PT as adhesive ligands 
PT is an RGD-containing bone-residing precursor to the serine protease α-thrombin 

(TH). In paper III, we investigated the utilization of PT, TH, as well as OPN and 

fibronectin (FN) as adhesive ligands for neonatal bone-derived TRAP positive 

multinucleated cells. It was found that PT, TH, OPN and FN promoted adhesion of 

isolated neonatal rat long bone TRAP positive osteoclasts. However, the cells that 

adhered to PT and TH were smaller in size, rounded and contained 3–4 nuclei, in 

comparison to the cells adhering to OPN and FN, which were larger with extended 

cytoplasmic processes and 6–7 nuclei.  

Furthermore, the utilization of osteoclast integrins in the interaction with the adhesive 

proteins was investigated. The αv-integrin is expressed by osteoclasts and αv can be 

combined with the β1, β3, β5, β6, or β8 -subunits. Of these, the β1- and β3- subunits are 

expressed by osteoclasts, whereas β5 is expressed by osteoclast precursors and down-

regulated during osteoclast differentiation [280]. The β3- integrin is necessary for 

osteoclast polarization and bone resorption [100]. However, β3-deficient osteoclasts 

still attach to bone [100]. Thus, other osteoclast integrins besides the αvβ3-integrin are 

involved in osteoclast bone interactions in vivo. It was demonstrated in paper III that 

the attachment of the larger osteoclasts to OPN and FN was inhibited by antibodies 

towards β3- and β1- integrin subunits, respectively. Whereas an RGD-containing 

peptide inhibited adhesion of the smaller osteoclasts to PT and TH, this was not seen 

with β3- or β1- antibodies. In contrast, the β1-antibody augmented osteoclast adhesion to 

PT and TH in an RGD-dependent manner.  

In conclusion, it could not be decided which integrin the PT- and TH- adherent cells 

use for adhesion. However, the β1-antibody promoted osteoclast adhesion to PT and 

TH in an RGD-dependent manner, suggesting that there is an inhibitory influence of 

the β1-integrin on the PT/TH integrin. In addition, collagen degradation fragment 

(CTX) analysis demonstrated that the small osteoclasts were less efficient in resorbing 

mineralized bovine bone slices. In line with the bone resorption assay, RT-qPCR 

analysis revealed that the small osteoclasts expressed lower mRNA levels of the 

osteoclast proteases MMP-9 and the cathepsins K and L compared to the large 

osteoclasts.  

In paper III, the main conclusion was that the small osteoclast adhering to PT and TH 

may represent either an immature, less functional precursor to the large osteoclast or 

alternatively constitute a distinct osteoclast population with a specific role in bone.  
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Traditionally, osteoclasts have been defined as bone-derived multinucleated TRAP-

positive cells with resorptive capacity, and differences in sizes between extracted 

primary osteoclasts have been demonstrated previously. Helfrich et al. demonstrated 

that small round TRAP positive osteoclasts adhere to collagen type I [168]. Flores et 

al. showed that isolated primary osteoclasts bound to BSP coated on plastic via the 

αvβ3-integrin, but used the αIIβ3-integrin when BSP was coated on glass [29]. The 

morphology of the BSP-adherent TRAP positive multinucleated cell resembles the 

morphology of the PT/TH-adherent cell [29].  

In the context, Helfrich et al. extensively investigated which proteins osteoclasts 

adhere to [168]. They found that TRAP positive osteoclasts adhered well to the RGD- 

containing proteins; OPN, BSP, vitronectin, fibrinogen, von Willebrand factor, and 

fibronectin. Osteoclasts adhered less strongly to type I collagen. However, no 

attachment of osteoclasts was observed on thrombospondin, tenascin, and laminin. 

Moreover, in paper III, it was found that the TRAP-activity was 50% lower in small 

compared to large osteoclasts, correlating to the difference in cell size between the 

two populations. However, no difference between large and small osteoclasts was 

detected when the TRAP-activity was related to cell area or to cell protein. 
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Paper IV. The PT-adhering multinucleated TRAP positive cells belong to a 
subpopulation of bone marrow macrophages 
PT and OPN promote adhesion of different TRAP-positive multinucleated cells derived 

from neonatal rat long bone. In paper IV, phenotypic differences between the PT- and 

OPN-adherent cells were investigated with respect to; (1) genome-wide- microarray 

analysis, (2) TRAP (Acp5) promoter- mRNA expression analysis, (3) ability for 

phagocytosis, (4) M-CSF-dependent cell migration, and (5) in situ localization.  

(1) The microarray mRNA analysis revealed that the most differently enriched gene in 

the PT-adherent population was the macrophage scavenger receptor CD163 (1.8 FC), 

whereas the cysteine proteinase cathepsin K (-21.1 FC) was the most enriched gene 

expressed in the OPN-adherent population (p ≤ 0.001). Moreover, the microarray 

analysis revealed that the PT-adherent cells preferably expressed markers of innate 

immune responses as well as markers involved in phagocytosis. For example, 

complement 1 q subcomponent (C1q) is the activator of the classical pathway of the 

complement cascade [281]. C1q is composed of 3 different chains, which all were more 

highly expressed in the PT-adherent cells; C1qa (1.7 FC), C1qb (1.6 FC), and C1qc 

(1.5 FC). Furthermore, the PT-adherent cells expressed more highly the mannose 

receptor C type 1 (MRC1, 1.7 FC) and the macrophage scavenger receptor 1 (MSR1, 

1.5 FC), both involved in phagocytic engulfment [123, 124]. Notably, the microarray 

data demonstrated no significant difference in expression of neither C-fms nor RANK 

between the two cell-populations. The RANKL-RANK interaction results in expression 

of several osteoclastogenic transcription factors, such as NF-κB, c-Fos and NFATc1 

[85]. Furthermore, NFATc1 induction by RANKL is completely abrogated in c-Fos 

deficient mice [88]. c-Fos mutant mice develop osteopetrosis due to a block in the 

differentiation of osteoclasts [88]. Interestingly, the lack of c-Fos causes a lineage shift 

between osteoclasts and macrophages that result in increased numbers of bone marrow 

macrophages. In the context, both c-Fos (-3.4 FC) and NFATc1 (-1.4 FC) was more 

highly expressed in the OPN-adherent cells. Furthermore, the mRNA expression of 

several osteoclast genes was marginally different between the PT- and OPN-adherent 

cells. For example, the calcitonin receptor (n.s. FC) [282] as well as several genes 

involved in acidification of the osteoclast resorption lacuna, e.g. carbonic anhydrase II 

(n.s. FC) [106], vacuolar proton pump ATP6V0a3 (-1.7 FC) [103] and chloride channel 

ClC-7 (-1.4 FC) [107]. In contrast, proteases involved in degradation of bone matrix 

such as MMP-2, -9, -13, -14 (-6.3, -7.6, -14.6, -4.4 FC), and cathepsin K (-21.1 FC) 

were more highly expressed in the OPN-adherent cells. Thus, the expression analysis 



 

42 

corroborate the interpretation in paper III that the OPN-adherent multinucleated cell 

represents a matrix-degrading osteoclast.  

In addition, the high expression of the hemoglobin scavenger receptor CD163 could 

indicate a high uptake, accumulation and metabolism of iron in the PT-adherent cells. 

In this respect, the microarray analysis demonstrated higher expression of several genes 

involved in iron homeostasis in the PT-adherent cells, e.g. heme oxygenase (HMOX1, 

1.6 FC), the iron transporter ferroportin 1 (SLC40A1, 1.5 FC) [144], transferrin 

receptor (TFRC, 1.2 FC), and ferritin (FTL, 1.2 FC) [283]. Thus, gene expression of 

PT-adherent cells was skewed towards innate immune response, iron homeostasis, 

phagocytosis and scavenger receptor genes.  

(2) TRAP (Acp5) promoter- mRNA expression analysis revealed that the OPN-

adherent cells predominantly expressed the PU.1/MiTF/NFATc1-driven TRAP Exon 

1C mRNA, whereas PT-adherent cells preferably expressed TRAP Exon 1B mRNA.  

(3) Phagocytosis of Staphylococcus aureus and Dextran-particles demonstrated that the 

PT-adherent cells avidly phagocytosed Staphylococcus aureus and Dextran-particles. In 

contrast, OPN-adherent cells neither phagocytosed Staphylococcus aureus nor Dextran. 

(4) Cell migration analysis revealed differences in response to M-CSF. The PT-

adherent cells enhanced their migration on PT in the presence of M-CSF. In contrast, 

migration of OPN-adherent cells on OPN was inhibited by M-CSF. This is probably 

due to a inside-out signaling cascade initiated upon the M-CSF – C-fms interaction, 

which is reported to activate the αvβ3-integrin to a ligand-binding conformation 

possessing increased affinity for OPN [284, 285]. 

(5) Immunocytochemical staining of the extracted cells revealed that CD163 was 

expressed by both PT- and OPN-adherent cells, but only the OPN-adherent cells 

expressed cathepsin K. Finally, CD163/cathepsin K immunohistochemistry were used 

in an attempt to localize where the PT adherent cells were located in rat tibia. The 

CD163/cathepsin K immunohistochemistry showed that CD163 positive but cathepsin 

K negative multinucleated cells were mainly located in the diaphyseal bone marrow 

whereas the CD163-cathepsin K double positive cells were present on the metaphyseal 

and cortical bone surfaces. Thus, it is likely that the CD163 single positive cells found 

in the bone marrow are the cells which adhere to PT. 

In conclusion, the OPN-adherent cells display osteoclast characteristics whereas the 

PT-adherent cells represent a unique TRAP- positive multinucleated bone marrow 

macrophage implicated in cell recognition, phagocytosis and iron homeostasis.  
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In theory, the relation between the PT-adherent macrophage and the OPN-adherent 

osteoclast can be described as in Figure 14. 

 
Figure 14. Relation between the PT-adherent macrophage and the OPN-adherent 
osteoclast 
Macrophages and osteoclasts share a common origin in a myeloid precursor. During 
osteoclast differentiation, osteoclasts possess a macrophage phenotype before they 
become a terminal differentiated multinucleated bone resorbing cell. Macrophages 
enhance the expression of RANK upon the M-CSF - C-fms interaction, and thereafter 
the cells are able to respond to RANKL. The PT-adherent macrophage has high 
expression of CD163, MRC1, and C1q in comparison to the OPN-adherent osteoclast 
which more highly expresses CTSK, MMP-9 and αvβ3-integrin. (1) The PT-adherent 
cell is either a pre-osteoclast which is on the differentiating path to become a resorbing 
osteoclast, or (2) a terminally committed bone marrow macrophage with a unique 
function. 
 

Phenotype of the PT-adherent cell 

The expression of TRAP and multinucleation in the PT-adherent cells suggest that they 

are a different population of bone marrow macrophages than the BMMs that are 

commonly extracted and used for studies of in vitro osteoclastogenesis [274]. In the 

BMMs, osteoclast genes such as TRAP, carbonic anhydrase II, calcitonin receptor, 

MMP-9 and cathepsin K are not or weakly expressed. However, the expression of these 

genes are enhanced during the RANKL dependent in vitro osteoclastogenesis and 

strongly expressed in the mature osteoclast [274]. Moreover, in the context of TRAP 

and phagocytosis, undifferentiated RAW 264.7 cells phagocytose Dextran. However, 

after induction of osteoclast differentiation by RANKL, RAW 264.7 cells lose their 

ability to phagocytose when they become multinucleated TRAP-positive osteoclast-like 
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cells. Thus, these characteristics indicates that the PT-adherent macrophage represents a 

subpopulation of bone marrow macrophages, likely differentiated in vivo in a different 

way than solely with M-CSF. 

The microarray data suggested a relationship of the PT-adherent cells to macrophages 

with a relatively higher expression of genes like CD163, C1q, and MRC1 involved in 

immune responses, phagocytosis and cell recognition. Moreover, TRAP / Acp5 

promoter analysis revealed that the OPN-adherent cells preferably use the Acp5 Exon 

1C promoter in comparison to the preferred Exon 1B of the PT-adherent cells. Exon 1B 

is reported to be highly expressed in kidney and liver tissue, organs that contain TRAP-

positive macrophages [112], but no osteoclasts. TRAP is an iron-containing protein and 

transcription of the Exon 1B mRNA is reported to be induced by iron-saturated 

transferrin (FeTF) as well as inhibited by the iron chelator desferrioxamine [113]. Thus, 

the high expression of TRAP, and especially of the Exon 1B mRNA in the PT-adherent 

cells, could be the result of an abundant content of intracellular iron [111]. In possible 

support of this contention, the microarray demonstrated higher expression of several 

genes involved in iron homeostasis in the PT-adherent cells, e.g. heme oxygenase, 

ferroportin 1, transferrin receptor, as well as ferritin.  

With regard to TRAP Exon 1B mRNA expression and the presence of CD163 single 

positive multinucleated cells in the bone marrow compartment, distinct populations of 

macrophages have been reported to be involved in degradation of hemoglobin and 

subsequent recycling of heme-iron for erythropoiesis [140, 146, 147]. Moreover, during 

the isolation of the PT-adherent cells we noted an abundance of closely associated 

satellite cells that were removed during thorough washing steps. This pattern with 

nucleated cells closely attached to a macrophage is reminiscent of erythroblast islands, 

composed of erythroblasts at various stages of differentiation attached to a central 

macrophage [286]. 

These similarities lead us to conclude the PT-adherent cells are a subpopulation of 

macrophages involved in cell recognition, phagocytosis of senescent erythrocytes and 

iron homeostasis. 

 

Unexpected findings in paper IV were the small differences in TRAP protein between 

the cells as well as the presence of CD163 in the OPN-adherent osteoclasts. TRAP 

mRNA expression was higher in the OPN-adherent cells. However, TRAP Western 

blot analysis revealed no difference in staining intensity or in the size of TRAP 

fragments present in the protein extracts from the PT- and OPN-adherent cells. This 
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finding was in line with the TRAP-activity results in paper III. In paper III, no 

difference was detected in TRAP-activity between the PT- and OPN-adherent cells 

when the activity was related to cell area or to cell protein. This concludes; (1) OPN-

adherent cells has a higher turnover of TRAP, likely due to rapid secretion into the 

resorption lacuna, (2) The cathepsin K and L cleaved TRAP 5b is not only present in 

osteoclasts but also in the PT-adherent subpopulation of bone marrow macrophages. 

The macrophage scavenger receptor CD163 was the most highly expressed gene in the 

PT-adherent cells in comparison to the OPN-adherent cells. However, Western blot, 

immunocytochemical and immunohistochemical analyses demonstrated that the 

CD163-protein was more abundant in the OPN-adherent osteoclasts, which could be 

due to accumulation of CD163 during the differentiation of macrophages to osteoclasts. 

To our knowledge, there exist no previous reports that CD163 is present in osteoclasts. 

In macrophages CD163 has been coupled to e.g. immune responses and iron 

homeostasis. However, the function of CD163 in osteoclasts needs to be elucidated.   
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CONCLUSIONS 
In conclusion, the results in the thesis demonstrate that; 

(1) PT is synthesized by osteoclasts and present in the bone matrix in close 

association to osteoclasts. 

(2) Osteoclasts convert PT to α-thrombin by utilizing TF and FXa of the extrinsic 

coagulation pathway.  

(3) In contrast to osteoclasts which adhere to OPN, a TRAP positive multinucleated 

subpopulation of bone marrow macrophages use PT as an adhesive ligand. 

(4) M-CSF stimulates cell migration of the PT-adherent macrophages on PT but the 

migration of the OPN-adherent osteoclasts on OPN is inhibited by M-CSF. 

Thus, the thesis indicates novel roles for PT in bone as well as for osteoclasts in 

generation of α-thrombin from PT.  
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FUTURE PERSPECTIVES 
(1) In paper I it was shown that osteoclasts express PT and in paper II it was shown that 

osteoclasts express TF. However, investigations elucidating if other bone cells express 

these proteins would put the importance of these findings into a wider context. 

 

(2) In paper II it was demonstrated that RANKL induces TF expression and 

prothrombinase activity in osteoclasts. In paper IV, we performed microarray analysis 

of OPN-adherent osteoclasts and a PT-adherent subpopulation of TRAP positive 

multinucleated bone marrow macrophages. The microarray data revealed a higher 

mRNA expression in the osteoclasts of important genes involved in γ-carboxylation 

(Table 3) as well as in inhibition of TF (Table 4).  

 

Table 3. Microarray differences in mRNA expression between PT and OPN-
adherent bone cells of genes involved in γ-carboxylation  

Gene symbol // Gene name FC PT FI OPN FI Significance 

Ggcx // gamma-glutamyl carboxylase -2.5 171 422 *** 

Vkorc1 // vitamin K epoxide reductase complex, 

subunit 1 (VKOR) 

-4.1 294 1195 *** 

FC = fold change, + = higher expressed in PT-adherent cell population, - = higher 
expressed in OPN-adherent cell population. FI = array spot fluorescence intensity. 
n = 3. Student T-test. 
 

Table 4. Microarray differences in mRNA expression between PT and OPN-
adherent bone cells of genes involved in inhibition of TF  

Gene symbol // Gene name FC PT FI OPN FI Significance 

Tfpi // tissue factor pathway inhibitor -1.5 131 192 ** 

Tfpi2 // tissue factor patway inhibitor 2 -12.7 96 1216 *** 

 

Thus, the microarray data indicates novel roles of osteoclasts in γ-carboxylation as well 

as in inhibition of TF. A future perspective would be to investigate the role of this in 

osteoclastogenesis. To determine if RANKL induces mRNA and protein expression of 

Ggxcm, Vkorc1, Tfpi, or Tfpi2, it would be a preferable cell-system to use in vitro 

cultures of RAW 264.7 cells and BMMs. 

 

(3) In aspects of osteoclasts inducing extrinsic coagulation, little is known about what 

kind of effect it could have on normal bone development and bone formation. 

However, there are numerous reports about fibrin formation in joints from RA patients 

and thrombin-cleaved OPN has been linked to RA. Thrombin cleaved OPN is also 
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important for osteoclast differentiation and formation. Therefore, a future perspective 

would be to investigate the role of TF-expressing osteoclast in RA. This could be 

performed in murine arthritis models as well as in material retrieved from RA-patients.  

 

(4) To elucidate the role of prothrombinase activity on bone development, TF or FX 

cell specific or bone specific knockouts could be used. In theory, this can be achieved 

by using the Cre-recombinase knockout technique. The technique uses two mouse 

strains. One mouse strain has a promoter connected to Cre-recombinase so that it will 

be expressed in a specific tissue or cell. A second mouse strain contains loxP sites 

which flank the gene that should be deleted. By crossing the two mouse strains, the 

genetic modifications is incorporated into a single mouse that will have the gene with 

loxP sites deleted where the Cre-recombinase is, resulting in a tissue specific knockout 

[287]. 

 

(5) In study IV, it was detected that the PT-adherent macrophages commonly had 

attached satellite cells to their cell surfaces. Thus, the PT-adherent macrophage 

resembles the macrophage found in the erythroblastic island. However, if the satellite 

cells are erythroblasts and if the PT-macrophages are involved in erythropoiesis 

remains to be investigated. It was also shown that the PT-macrophages expressed genes 

involved in iron homeostasis. In this context, TRAP Exon 1B expression indicated that 

the PT-macrophages contained FeTF. However, this could be further investigated and 

ferric iron can be easily detected with a Prussian Blue histochemical-staining.  
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