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INTRODUCTION 
 
Bone metabolism stays active throughout life, i.e. bone is a dynamic tissue, being 
formed and resorbed continually under the control of hormones, cytokines, 
growth factors and physical forces. Remodeling of bone requires coordinated 
actions of osteoclasts to remove bone, and osteoblasts to replace it. In this way 
microfractures are repaired and bone structures are adapted to stress and other 
biomechanical forces. Bone turnover is normally low in adults but its basal level 
can increase in the case of different processes like fracture healing or heterotopic 
ossification (HO), which is defined as non-malignant abnormal formation of 
mature, lamellar bone (often containing bone marrow) in soft tissue structures 
where bone normally does not exist (Spry et al., 1995). HO, which was first 
described already in 1692 by Patin (Geschickter and Maseritz, 1938), has many 
causes and it can be found in different locations. Most frequently, it has been 
described in the hip following total hip arthroplasty (THA). HO has also been 
described to be caused by trauma of muscles, spinal cord or brain or bone fracture 
(Sawyer et al., 1991; Stołtny et al., 2007). The exact reasons for this phenomenon 
are still unknown. It has been suggested that HO may originate from the 
mesenchymal stem cells and/or particles of the bone/bone matrix that are left in 
the operation wound after surgery (Bosse, 1997). Due to active cellular com-
munication and active metabolism of bone as a vascular tissue, many systemic 
and local effectors, e.g. cytokines, hormones, growth factors and prosta-
glandins/leukotriens and their antagonists have a significant impact on formation 
and function of normal bone and HO. The growth factor type mainly studied in 
connection with bone is the bone morphogenetic protein (BMP). This thesis focus 
on the role of transforming growth factor beta (TGF-β) isoforms in HO as, 
although they are considered to be the key players in bone formation and 
functioning, a few studies have focused on their role in HO formation. One direct 
indication of the role of TGF-β is that the content of TGF-β has been found to be 
6.8 times higher in HO than in normal bone (Sawyer et al., 1991).  

As TGF-β isoforms have been detected in osteoblasts, chondrocytes and 
also in the bone matrix (Joyce et al., 1990b) and as different levels of expres-
sion of TGF-β isoforms and their receptors have been described in the human 
during bone formation (Horner et al., 1998), TGF-β isoforms are of interest in 
the context of HO.  

Because HO after THA is the most common HO to cause clinical problems 
and because relatively little is known about TGF-β isoforms in HO, the aim of 
this study was to monitor changes of TGF-β isoforms in HO after THA, as well 
to describe the histomorphology of developing HOs and to find out progenitor 
cells for HO formation. To address these questions, in addition to studying 
patients’ HO samples, a rat HO exprerimental model was developed mimicking 
the situation after THA.  

A better knowledge of the dynamics of HO formation and specific changes 
of growth factors in HO are important in understanding the pathogenesis of HO 
and rapid bone formation. 
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REVIEW OF LITERATURE 
 

1. TGF-β superfamily 
 
The transforming growth factor β (TGF-β) superfamily is a large family of 
structurally similar proteins that regulate a wide range of cellular functions, 
including tissue differentiation, cellular migration, morphogenesis and proli-
feration. The superfamily was named after its first member, TGF-β1, originally 
described in 1983 (Assoian et al., 1983). The TGF-β-family members comprise 
about 30 members in the mammalian system and can be divided into the TGF-
β/activin group and the BMP group (bone morphogenetic protein). 
 
TGF-β superfamily ligands are: 
– activins (activin A, activin B, activin AB, activin C),  
– BMPs (Bone Morphogenetic Proteins) (BMP-2, BMP-3, BMP-4, BMP-5, 

BMP-6, BMP-7, BMP-8, BMP-9, BMP-10, BMP-3b/GDF-10, BMP-
15/GDF-9B, decapentaplegic),  

– Growth/Differentiation Factors (GDFs) (GDF-1, GDF-3, GDF-5, GDF-6, 
GDF-7, GDF-8, GDF-9, GDF-11, GDF-15),  

– GDNF Family Ligands (Artemin, Neurturin, GDNF, Persephin),  
– TGF-β family (TGF-β1, TGF-β2, TGF-β3, TGF-β4, TGF-β5),  
– Other TGF-β Superfamily Ligands (Lefty, MIS/AMH, Lefty-1, Nodal, 

Lefty-A) (Chang et al., 2002). 
 
All TGF-β superfamily members have roles in skeletal morphogenesis, their 
receptors and receptor binding proteins affect skeletal differentiation and 
function. Mutations in genes encoding these proteins result in a variety of 
skeletal malformations (Chang et al., 2002).  
 

 
1.1 TGF-β signaling 

 
TGF-βs regulate cellular processes by binding to three high-affinity cell-surface 
receptors known as types I, II and III (Blobe et al., 2000). The receptors directly 
involved in signaling of TGF-β superfamily members are the type I and type II 
serine/threonine kinase receptors. Five type II receptors (BMPR-II, ActR-II, 
ActR-IIB, TGF-βR-II and AMHR-II) and seven type I receptors (ALK 1–7), 
also termed receptor-like kinases (ALKs), have been identified (Shi and 
Massagué, 2003). The type II receptor is a constitutively active kinase which, 
upon ligand-mediated heteromeric complex formation, phosphorylates parti-
cularly serine and threonine residues in the type I receptor (Arsura et al., 2003). 
For BMP signal transduction, ALK-2 is the most important receptor. 

In the extracellular space TGF-βs bind either the type III TGF-β receptor 
(RIII) (characteristic of TGF-β2), which then presents it to the type II receptor 
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(RII) or directly to RII on the cell membrane (characteristic of TGF-β1 and 
TGF-β3). The binding of TGF-β to RII leads to binding of the type I receptor 
(RI) to the complex and to phosphorylation of RI. This phosphorylation 
activates the RI protein kinase, which then phosphorylates the transcription 
factor Smad2 or Smad3. The TGF-β receptors transduce their signals via Smad 
proteins. Phosphorylated Smad2 or Smad3 binds to Smad4, and the resulting 
complex moves into the nucleus. In the nucleus the Smad complex interacts 
with various other transcription factors in a cell-specific manner to regulate the 
transcription of TGF-β-responsive genes and to mediate the effects of TGF-β at 
the cellular level (Blobe et al., 2000) (see Figure 1). 
 

 
Figure 1. TGF-β-signaling. For all the TGF-β isoforms, TGF-β signaling begins with 
high-affinity binding to a type II Ser/Thr kinase receptor called TGF-β RII. The TGF-β2 
also binds to a complex of the accessory receptor β-glycan (also known as TGF-β RIII). 
The receptor TGF-β RII then phosphorylates and activates a second Ser/Thr kinase 
receptor, TGF-β RI (also called activin receptor-like kinase (ALK) -5), or alternatively, 
ALK-1. This complex phosphorylates and activates Smad proteins that regulate 
transcription (Wahl et al., 2006; Zúñiga et al., 2005; de Caestecker, 2004). From the 
article by Blobe and co-workers (Blobe et al., 2000; Reproduced with permission).  
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Eight different Smad proteins are known today. The functional classes of the 
Smad proteins are:  
I  – the receptor activated R-Smads (Smads 1, 2, 3, 5, and 8). 
II  – the co-mediator Co-Smad (Smad 4).  
III  – the inhibitory I-Smads (Smads 6 and 7). 
 
In non-active cells, R-Smads are generally localized in the cytoplasm, Co-
Smads are equally distributed in the cytoplasm and in the nucleus and I-Smads 
are generally located in the nucleus. When the receptors of the TGF-β super-
family are stimulated, R-Smads become phosphorylated and activated and will 
undergo dimerization and form heterotrimers with Co-Smads. The formed 
complexes then translocate to the nucleus where they affect transcriptional 
regulation (Lebrin et al., 2005). Transcription factors (like AP-1) facilitate 
binding of Smads to DNA. 

The TGF-βs are stored to different degrees in the bone matrix and are 
released in their activated form during bone remodeling but also under several 
pathophysiologic conditions like ischemia/reperfusion. It is likely that TGF-βs 
are important in normal bone remodeling and normal injury repair (Mundy, 
1991; Poncelet and Schnaper, 2001). Enhanced expression of TGF-β responsive 
genes, like collagen, is also mediated by Smads and AP-1 (Poncelet and 
Schnaper, 2001). 
 
 

1.2 TGF-β subfamily 
 
In higher vertebrates five TGF-β isoforms (TGF-β1–5) with close amino acid 
sequence homologies have been characterized. The TGF-β1, TGF-β2 and TGF-
β3 are found in human and murine tissues while TGF-β4 and TGF-β5 are found 
in chicken and Xenopus, respectively, and in 1998 the first fish TGF-β gene 
(rainbow trout TGF-β – related mostly to TGF-β5 and TGF-β4) was charac-
terized (Hardie et al., 1998). Five isoforms share approximately 75% of se-
quence identity but exert different biological activities in normal bone for-
mation although there occurs some overlapping (Mittl et al., 1996).  

Transforming growth factor β (TGF-β) isoforms are involved in early 
embryonal development, in tissue repair as well as in remodeling and haemato-
poiesis (Herpin et al., 2004), but also in development of early inflammatory 
reaction. They recruit inflammatory cells, primarily neutrophils and macro-
phages, to the site of inflammation, as they have been reported to be powerful 
chemoattractants (Faler et al., 2006).   
 
 

1.3 Examples of the functions of TGF-β isoforms in the body 
 
TGF-β1 is a multifunctional protein that controls proliferation, differentiation, 
and several other functions in many cell types. Many cells synthesize TGF-β1 
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and essentially all cells have specific receptors for TGF-β1. Examination of 
TGF-β1 mRNA levels in adult murine tissues indicates that expression of TGF-
β1 is predominant in the spleen, lung and placenta (Miller et al., 1989). TGF-β1 
has a part in controlling the immune system, and it has different effects on 
different cell types, or on cells at different developmental stages. The TGF-β1 
increases the expression of certain cytokines in T cells and promotes their 
proliferation. The TGF-β1 is also secreted by most immune cells (or leukocytes) 
(Letterio and Roberts, 1998). The TGF-β1 is known to induce severe and 
progressive fibrosis (Bonniaud et al., 2003). In carcinogenesis, TGF-β1 plays a 
complex role, having both tumor suppressor and oncogenic actions (de 
Caestecker et al., 2000). 

The TGF-β2 mediates activation and separation of endothelial cells and it is 
the only ligand involved in EMT (epithelial-mesenchymal cell transformation) 
(Mercado-Pimentel and Runyan, 2007). The TGF-β2 is also expressed in the 
myocardium and bronchial epithelia (McCartney-Francis and Wahl, 1994). The 
TGF-β2 regulates the excitability of the basal forebrain cholinergic neurons 
through an atypical signaling mechanism (Williams et al., 2002). Cardiac, lung, 
craniofacial and urogenital defects have been noted in mice lacking TGF-β2 
(Sanford et al., 1997). 

The TGF-β3 mediates endothelial cell invasion into the extracellular matrix 
(Mercado-Pimentel and Runyan, 2007). It has also been noted to be expressed 
in the developing lung, in the bronchial epithelia and in the mouse embryonic 
heart as well as TGF-β2 (Mercado-Pimentel and Runyan, 2007). The TGF-β3 is 
a cytokine which is involved in cellular differentiation, e.g. in skeletal muscle 
progenitor cells (Schabort et al., 2009), in embryogenesis, e.g. in a wide variety 
of mesenchymal tissues including areas of chondrogenic activity (Gatherer et 
al., 1990), and in embryonic development, e.g. during umbilical cord develop-
ment (Copland et al., 2002; Herpin et al., 2004). Mice lacking TGF-β3 have 
been noted to have cleft palates (Proetzel et al., 1995). 
 
 

2. TGF-βs in bone 
 
In normal bone TGF-β isoforms are, besides some bone morphogenetic proteins 
(BMPs), the most important growth factors of the TGF-β superfamily, that affect 
bone growth, repair and regeneration. TGF-β isoforms have been found, for 
example, in proliferating mesenchymal cells, in osteoblasts lining forming bone, 
in young and mature chondrocytes and in the bone matrix (Joyce et al., 1990b). 
TGF-β isoforms stimulate bone formation but do not possess any osteoinductive 
properties, either in human or in rodent cells (Matsaba et al., 2001). Instead, 
addition of TGF-β to forming bone accelerates the bone formation process (Joyce 
et al., 1990a). However, TGF-β isoforms have been noted to have osteogenetic 
properties in the non-human primate Papio ursinus (Ripamonti et al., 2009). 
TGF-β isoforms have been suggested to have bone stimulatory effects in the early 
phases of osteoblast differentiation (Bonewald, 2002).  
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In healing fractures in a chick model, TGF-β isoform expressions have been 
observed, with more prominent expressions of the TGF-β2 and TGF-β3 isoforms 
(Rosier et al., 1998).  

The TGF-β1 is a polypeptide that is most abundant in the bone matrix of the 
three isoforms, with 200 µg/kg of TGF-β1 being present in bone (Seyedin et al., 
1985). It is produced by bone cells, and it modulates proliferation and 
differentiation of osteoblastic cells in vitro (Pfeilschifter et al., 1988). The TGF-
β1 plays an important role in bone remodeling as a potent stimulator of osteo-
blastic bone formation, causing chemotaxis, proliferation and differentiation of 
committed osteoblasts (Mundy, 1991). The TGF-β1 mRNA appears to be more 
highly expressed by differentiated osteoblasts as well as by bone resorbing 
osteoclasts, compared to other isoforms. In bone and cartilage, mRNA of TGF-
β1 can be detected more readily at later developmental stages and it can also be 
detected in ossification centers (Centrella et al., 1994). 

The TGF-β2 takes part in endochondral ossification and chondrogenesis 
(Joyce et al., 1990b; Opperman et al., 2000) and is, for example, involved in 
regulation of cell proliferation and apoptosis in cranial suture formation 
(Opperman et al., 2000). The TGF-β2 mRNA is mainly localized in the 
mesenchymal components of tissues such as bone, cartilage and blood vessels 
(Pelton et al., 1989). During bone formation TGF-β2 expression is high in the 
preosteoblasts and in the osteoblast-rich cambial layers (Zhang et al., 1999), as 
well as in the perichondrium, in precartilagineous regions and in the growth 
zones of long bones (Centrella et al., 1994). In transgenic mice over-expressing 
TGF-β2, there were noted increased activities of osteoblasts and osteoclasts but 
impaired matrix mineralization by osteoblasts (Erlebacher and Derynck, 1996).  

The TGF-β3 regulates many functions associated with bone formation, 
primarily collagen synthesis, mitogenesis, and alkaline phosphatase activity and 
it is, like TGF-β2, involved in regulation of cell proliferation and apoptosis in 
suture formation (ten Dijke et al., 1990; Opperman et al., 2000). With mRNA in 
situ hybridization, TGF-β3 mRNA appears to be strongly expressed in the 
perichondrium and in the less differentiated mesenchyme close to sites of 
ossification of the intramembranous bone (Millan et al., 1991). The expression 
of TGF-β3 has been shown to be decreased in osteoporotic mice (Orlic et al., 
2007). It has also been shown that exogenous TGF-β3 inhibited the osteogenic 
differentiation of mesenchymal stem cells and significantly reduced alkaline 
phosphatase activity and mineral deposition (Moioli et al., 2007). The TGF-β3 
seems to be involved in osteoblast proliferation, chemotaxis, and also in 
collagen synthesis (Bouletreau et al., 2000).  
 
 

2.1 Expression and binding of TGF-β isoforms in bone 
 
Bone cells synthesize all three TGF-β isoforms and express cell surface TGF-β 
receptors. Less is known about the molecular events that control TGF-β 
synthesis or differential isoform expression. One study on non-skeletal tissue 
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provided data for a positive autocrine feedback by TGF-βs on their own 
expression: in fetal murine fibroblasts, TGF-β1 induces TGF-β1 mRNA levels 
rapidly and solely. The TGF-β2 has another stimulatory pattern in that it 
immediately induces TGF-β2 mRNA, followed soon by TGF-β3 mRNA, while 
the levels of TGF-β1 mRNA increase only after longer treatment intervals 
(Bascom et al., 1989). In both cases TGF-β1 appeared to be regulated by 
transcriptional and posttranscriptional effects.  

It has been noted that both TGF-β1 and TGF-β3 increase TGF-β1 and TGF-β3 
transcripts in osteoblast-enriched cultures of fetal rat bone (Centrella et al., 
1994).   

The TGF-β1, -β2 and -β3 all produce analogous maximal stimulatory effects 
in primary cell cultures from fetal rat bone, and each isoform inhibits 
proliferation in rat osteosarcoma cultures. However, on a molar basis, TGF-β3 
was up to 10-fold more potent than TGF-β1 or TGF-β2 (Centrella et al., 1994). 
The TGF-β3 has approximately 3-fold higher binding affinity to fetal bone cells, 
but paradoxically binds with lower affinity to type I sites in rat osteosarcoma 
cultures (ten Dijke et al., 1990), which suggests that TGF-β3 couples binding 
site occupancy more effectively with signal transduction. Differences in 
biological potency seem to be determined by small differences in the midregion 
of TGF-β1 and TGF-β2, which may be related to their differential affinities to 
α2-macroglobulin (Burmester et al., 1993). 
 
 

3. Heterotopic ossification (HO) 
 
Heterotopic ossification (HO) is defined as non-malignant abnormal formation 
of mature, lamellar bone (often containing bone marrow) in soft tissue 
structures where bone normally does not exist (Spry et al., 1995; Balboni et al., 
2006). The HO was first described in 1692 by Patin in children with myositis 
ossificans progressiva (Geschickter and Maseritz, 1938). In 1883 and in 1918 a 
clearer description was provided by Riedel (Riedel, 1883) and by De´jerine and 
Ceillier (De´jerine and Ceillier, 1918), respectively.  

HO has been given multiple names including myositis ossificans, paraosteo-
arthropathy, periarticular ectopic ossification, periarticular new bone formation, 
neurogenic osteoma and neurogenic ossifying fibromyopathy (Sawyer et al., 
1991). A more common phenomenon is heterotopic calcification (calcium 
deposits in soft tissues), without formation of new bone (ossification), and thus 
heterotopic calcification is clearly differentiated from HO (Vanden Bossche and 
Vanderstraeten, 2005). In this thesis HO is therefore used when bone formation 
occurs while calcium deposits are called calcifications. 

HO formation can occur at any site. However, it has been found most 
frequently in the hip following total hip arthroplasty. The hip is also the most 
common site of HO formation in patients with traumatic brain or spinal cord 
injury. The knee is less frequently affected (Vanden Bossche and Vander-
straeten, 2005). 
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The most common causes of HO are direct muscle trauma, with accom-
panying bone fracture, spinal cord or cerebral injury (Sawyer et al., 1991; 
Stołtny et al., 2007). During World War I, HO was predominantly observed in 
soldiers who had become paraplegic from intramedullary gunshot wounds 
(De´jerine and Ceillier, 1918). The HO can be classified according to the 
inductive factors and extent of HO spreading (Puzas et al., 1989; Thomas, 1992; 
Bosse, 1997): 
1)  generalized HO caused by systemic illnesses (e.g. fibrodysplasia ossificans 

progressiva) or by CNS injury (e.g. spinal cord injury) 
2)  local HO caused by local trauma (surgical trauma [e.g. after THA], fracture, 

muscle injuries, burns) 
3)  local HO caused by metabolic or organic tissue changes (e.g. intramuscular 

and subcutaneous injections, tumors) (Toom, 2007). 
 
The reasons why soft tissues (muscle or connective tissue) are converted to 
bone remains poorly understood. It is possible that after hip replacement 
potentially bone-forming cells or fragments of bone tissue form a focus for 
further bone formation; however, in other cases, when bone formation occurs 
far from sites of neurological injury, there are no clues (Smith and Wordsworth, 
2005). Although being a fairly common problem – approximately 37% of THA 
patients are affected (Toom et al., 2001) – HO rarely causes serious clinical 
disturbances. However, if such disturbances do occur, they can be a serious 
burden causing pain and/or restriction of the movement of the joints. Sometimes 
surgical intervention is necessary. 
 
 

3.1 HO formation and growth factor expression 
 
Relatively little is known about the expression of growth factors during HO 
formation. The growth factors studied most in connection with bone are bone 
morphogenetic proteins (BMPs), among them BMP-2, in particular, that has a 
well known ability to induce bone formation (Yoshida et al., 1998). However, 
only a few facts can be brought out regarding the roles of growth factors in HO 
formation in general. For example, it has been noted that basic fibroblast growth 
factor inhibits endochondral heterotopic ossification (Sakano et al., 2002). 
Significant expression of BMP-2, TGF-β, and vascular endothelial growth 
factor (VEGF) has been noted in chondrocytes during thoracic ossification of 
the human ligamentum flavum (Yayama et al., 2007) and impaired angio-
genesis and endochondral bone formation have been noted in mice lacking 
certain isoforms of vascular endothelial growth factor (Maes et al., 2002). 
Transforming growth factor beta and connective tissue growth factor are 
involved in ossification of the nevus of Nanta (Keida et al., 2005). However, 
studies on the other growth factors, especially on TGF-β isoforms are scarce. 
Although TGF-β isoforms contribute to bone formation and functioning, they 
seem to be less studied compared to other effectors and little is known about 
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their specifics, especially in a HO setting. A few changes have been noted in the 
TGF-β isoform expression pattern. Changes in the expression pattern of TGF-β 
isoforms have been observed during bone formation in human atherosclerotic 
lesions (Jeziorska, 2001). Immunoreactivity against TGF-β1 has been detected 
in pulmonary adenocarcinoma with HO (Kim et al., 2009). The TGF-β2 has 
been observed in young osteocytes during pathologic new bone formation 
around radicular cysts (Kusafuka et al., 2006). 
 
 

3.2 HO formation after total hip arthroplasty (THA) 
 
As HO is a rather common side effect of total hip arthroplasty (THA), with 
approximately 37% of THA patients being affected (Toom et al., 2001), the 
current thesis focuses on HO formation after THA, or in an animal model after 
the operation mimicking THA. The HO may cause pain and/or restriction of the 
movement of the joints depending on its location. The main risk factors for HO 
after THA are male gender, active ankylosing spondylitis, post-traumatic 
arthritis, hypertrophic arthrosis, previous HO, Paget's disease, extensive 
osteophytosis and nerve and/or spinal cord injury and the rare inherited disorder 
fibrodysplasia ossificans progressiva (Toom et al., 2001; Iorio and Healy, 
2002).  

The etiology of HO is still not entirely known. The factors contributing to 
formation of HO include hypercalcemia, tissue hypoxia, changes in sympathetic 
nerve activity, prolonged immobilization, mobilization after prolonged 
immobilization and imbalance between parathyroid hormone and calcitonin 
(Shehab et al., 2002). Regardless of what the initial effectors actually are, the 
initial stage of HO formation involves osteoblast differentiation and strong 
osteoblastic activity.  

The most common HO develops in the soft tissues around the hip following 
total hip arthroplasty (THA). Although there is no direct evidence, it is 
hypothesized that after THA, HO may arise either from the osteoblastic cells 
migrating from the femoral canal (Bosse, 1997), or from pieces of the bone/ 
bone matrix that are left in the operation wound and induce bone formation, as 
has been shown by Urist (Urist, 1965), or from operation related connective 
tissue damage which can also induce mesenchymal cells to be differentiated 
into osteoblasts and to start forming bone (Nilsson and Persson, 1999). 
Morphological and biochemical analysis of HO has shown intense turnover and 
high content of growth factors, indicating that HO is a metabolically active 
tissue (Bosse, 1997). In the initial phases of HO formation cellular infiltration 
and inflammation can be seen. Inflammatory processes and released growth 
factors are thought to stimulate differentiation of mesenchymal cells into 
osteoblasts and osteoblast proliferation (Hughes et al., 2006). Postoperative 
administration of NSAIDs is therefore generally considered a rather effective 
preventive treatment of HO (Gebuhr et al., 1995; Dorn et al., 1998; Persson et 
al., 1998).   
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3.3 Maturation of HO 
 
The HOs can be classified depending on their age and maturation. The HO 
formation is relatively rapid in the initial phases but slows down later during 
maturation of the ectopic bone, which usually takes 12–18 months (Park et al., 
2007). During the maturation period osteoblastic differentiation and proli-
feration take place and osteoblasts start forming the bone matrix, but 
calcification is limited and HO is then considered to be immature. At the later 
stage osteoblastic activity is lower but remodeling still continues.  

Ackerman suggested that HO develops in centrifugal pattern (Ackerman, 
1958) and consists of lamellar bone and proliferating osteoblasts, while stroma 
is mainly located centrally. Today it is generally accepted that although the 
histology is different, three zones can be distinguished: formed bone, zone of 
active bone formation and zone with fibrous connective and fibrocartilagineous 
tissue (Toom, 2007). This histological order does not always apply to larger 
ossificates which may contain multiple ossicles, with separately organized 
layers in each ossicle (Bosse et al., 1994b). This is probably due to the multi-
nucleate origin of larger ossifications. 

Formed bone is mineralized bone matrix with osteocytes. On the surface of 
formed bone is the zone of active bone formation, which contains osteoblasts 
and osteoclasts. In the fibrous connective zone undifferentiated mesenchymal 
cells (star-shaped cells with large nuclei) can be noted. These cells differentiate 
into osteogenic cells and migrate to the zone of active bone formation (Urist et 
al., 1978). 

Mature HO shows cancellous bone and mature lamellar bone with blood ves-
sels and bone marrow, with limited hematopoiesis (Vanden Bossche and Van-
derstraeten, 2005). In our studies we used the age of the HO to differentiate 
between immature and mature HOs, as was originally suggested by Abrahamsson 
and co-workers (Abrahamsson et al., 1984). 

The HOs are usually removed during THA revision surgery, but occasionally 
they can be the reason for indicating surgery. The HOs have to be removed 
when they cause pain and/or restriction of the movement of the joints. The 
optimal timing of surgery is still controversial. Usually, it is suggested to wait 
until complete maturation of ectopic bone has occurred, which is believed to 
avoid recurrences. Another treatment strategy is to pay more attention to 
functional and neurological recovery rather than to maturity of the bone 
(Vanden Bossche and Vanderstraeten, 2005).  
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3.3.1 Grading of HO 
 
Classifications of HO evaluate mostly the size of HO (Brookers’, Della Valles’) 
but also the size and localization of HO (Arcqs’ or DeLees’). The aim of a 
classification of HO is to: 
–  allow to compare clinical HO cases or, 
–  facilitate the decision-making when setting up the treatment regimen. 
 
Brooker’s system is the most common and the most widely used classification 
system of HOs (Brooker et al., 1973), but in some cases Della Valles’, Arcqs’ 
or DeLees’ classifications are also used. In clinical practice quantitative and 
qualitative estimations of HO are usually carried out by comparison of frontal 
or plain x-rays of the proximal hip region, which are regularly made during the 
postoperative period and follow-up.  
 
Brooker’s classification. There are four classes of HOs according to Brooker’s 
classification (Brooker et al., 1973). 
Class I:  islets of bone in the soft tissue regardless of their size 
Class II:  bone originating from the pelvis or the femur with at least a 1 cm 

gap between opposite bone surfaces 
Class III:  bone originating from the pelvis or the femur but with less than a 

1 cm gap between opposite bone surfaces 
Class IV:  ankylosis 
 
Brooker’s classification is the most widely used classification so far, despite its 
shortcomings that were pointed out later by Wright and co-workers (Wright et 
al., 1994). Brooker’s classification evaluates mostly the size of ossificates. 
Their localization is evaluated on the basis of whether the HO is connected to 
nearby bone or is located separately in soft tissues. Alternative classifications, 
which differ from Brooker’s classification in some details, were suggested by 
Della Valle (Della Valle et al., 2002), DeLee and coauthors (DeLee et al., 1976) 
and Arcq (Arcq, 1973). 
 
 

4. Preventive treatment of HO 
 
Three types of treatments are proposed to prevent HO in patients at risk. 
1) Postoperative treatment with non-steroidal inflammatory drugs (NSAIDs) 
2) Pre- and postoperative irradiation of the hip region 
3) Postoperative treatment with bisphosphonates 
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4.1 Treatment with NSAIDs 
 
NSAID treatment is the most common and rather well proven method for 
prevention of HOs. The shortest effective treatment time is between 5 and 10 
days, starting the treatment on the day of surgery (Gebuhr et al., 1995; Wurnig 
et al., 1997; Dorn et al., 1998; Persson et al., 1998). The mechanism by which 
the NSAIDs prevent formation of HOs is most likely through inhibition of 
prostaglandin (e.g. PGE2) synthesis (Gebuhr et al., 1995; Wurnig et al., 1997; 
Persson et al., 1998). Prostaglandins are mediators in inflammatory reactions 
and it is believed that inflammatory response may initiate formation of HO. 
NSAIDs inhibit the synthesis of prostaglandins by inhibiting enzymes 
cyclooxygenases (COX). Currently two COX isoenzymes are known: COX-1 
and COX-2. It is suggested that there is also COX-3, which is thought to be a 
splice variant of COX-1 and is sometimes also called COX-1b or COX-1 
variant (COX-1v) (Chandrasekharan et al., 2002). Studies have shown 
equivalent efficacy for selective COX-2 inhibitors and non-selective NSAIDs in 
prevention of HO (Vastel et al., 2005; van der Heide et al., 2007). 

The most common medications for prevention of HO after THA are 
indomethacin (standard dose 25 mg three times daily), ibuprofen (standard dose 
400 mg three times daily), acetylsalicylic acid (standard dose 1 g three times 
daily) and naproxen (standard dose 0,5 g two times daily) (Schmidt et al., 1988; 
Sodemann et al., 1990; Elmstedt et al., 1985). It has been shown that the 
minimum time of NSAID treatment should be 5 to 10 days (Elmstedt et al., 
1985) and treatment that exceeds three weeks does not reduce the incidence of 
HO any further (Persson et al., 1998).  

Major concern about NSAID treatment is that NSAIDs that inhibit hetero-
topic bone formation also inhibit bone remodeling and bone ingrowth in porous 
implants, which may increase the risk of loosening the prosthesis (Keller et al., 
1989). However there are no clinical studies to confirm this hypothesis. 
 

 
4.2 Irradiation 

 
In the initial stages of HO formation rapid osteoblastic differentiation and 
proliferation and DNA replication may be hindered by irradiation. It has been 
shown that radiation with a single dose of 5 to 8 Gy pre- or postoperatively 
effectively prevents HO formation (Fingeroth and Ahmed, 1995; Rumi et al., 
2005). However, the cost and risk of radiation-induced sarcoma as well as a 
decrease in both bone growth and fixation of implants limits the use of this 
method. 
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4.3 Usage of bisphosphonates 
 
Bisphosphonates inhibit the action of osteoclasts and the resorption of bone by 
killing osteoclastic cells. Bisphosphonates are divided into non-nitrogenous and 
nitrogenous bisphosphonates. In the cell non-nitrogenous bisphosphonates (such 
as etidronate, clodronate and tiludronate) form a nonfunctional molecule that 
competes with adenosine triphosphate (ATP) in cellular energy metabolism and 
therefore the osteoclast initiates apoptosis and dies, leading to an overall 
decrease in the breakdown of bone (Frith et al., 1997). Nitrogenous 
bisphosphonates (such as pamidronate, alendronate and risedronate) inhibit the 
enzymes of the mevalonate pathway. This pathway is among other actions 
responsible for attaching lipid moieties to small GTP-binding proteins present 
in the osteoclast, which are essential for cell survival and activity. Inhibition of 
this pathway inhibits resorptive function and triggers apoptosis (Selby et al., 
2002; van Beek et al., 2003). Calcification of the formed osteoid can be 
postponed by postoperative treatment with bisphosphonates, but ossification 
develops when the medication is discontinued. Therefore bisphosphonates are 
generally not the first choice treatment in HO prevention (Urrutia and Bono, 
2009). 
 

5. Experimental HO 
 
The first laboratory model for inducing bone formation in soft tissues was 
described by Marshall Urist in 1965 (Urist, 1965). Demineralized allogeneic 
bone-segments induced bone formation in situ when implanted into muscle 
pouches. Since then implantation of the demineralized allogeneic bone matrix 
(DABM) has been used to study bone metabolism.  
However, it is known today that induction of bone (also in heterotopic 
locations) requires bone cells (i.e. active osteoblasts), a matrix/scaffold on 
which osteoblasts may start to form bone (e.g. demineralized allogeneic bone 
matrix (DABM)) and the specific growth factors (secreted by bone cells but 
also the surrounding cells). Growth factors help differentiate and activate cells 
so that they can start forming bone. In recent years matrixes with multipotent 
mesenchymal stem cells and different growth factors have been used to aid 
bone reparation but also to conduct bone research. 

Although many growth factors tend to have osteoinductive properties, BMP-
2 is considered to be the best for bone induction and it even has the potential to 
differentiate mesenchymal cells at the implantation site into bone cells. In our 
research we used rhBMP-2. Successful use of rhBMP-2 requires implantation 
with biomaterial which acts as a scaffold for cell invasion for osteoinduction 
and retains rhBMP-2 at the site of implantation (Uludag et al., 1999). Nowadays 
collagenous sponges and also mineral based carriers (e.g. synthetic 
hydroxyapathite and tricalcium phosphate) are used besides the demineralized 
bone matrix (see also Materials and methods). 
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AIMS OF THE STUDY 
 
General aim: to evaluate the cellular origin, morphological changes and 
differences in the localization and expression patterns and content of BMP-2 
and TGF-β isoforms in HO in the human and in an experimental animal model. 
 
1.  To describe and compare the histology of immature and mature HOs and 

bone formation activity in HOs of different ages to that in orthotopic bone 
and its development in the human.   

 
2. To determine differences in the gene expression of BMP-2 and TGF-β 

isoforms between the zones of HO and orthotopic bone as well as between 
immature and mature HOs and to estimate the content and localization of 
three TGF-β isoforms in immature and mature HOs in humans after THA. 

 
3. To develop an animal model that mimicks the situation after THA for 

studying initial and early changes during HO formation. 
 
4. To determine differences in the expression, localization and content of TGF-

β isoforms at the onset of HO in order to elucidate their different roles in the 
initial and early ossification processes in a rat model. 

 
5. To investigate how muscle damage and cells originating from the drilled 

femoral canal influence formation of heterotopic bone. 
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MATERIALS AND METHODS 
 

1. Obtaining of patient samples 
 

1.1 Experimental subjects 
 
Patients undergoing endoprosthetic revision surgery due to aseptic loosening, 
quiescent endoprosthetic infection, or HO between the years 2001 and 2004 
were invited to participate in this study. All samples were otherwise to be in-
cinerated. Patients with apparent tissue changes related to active endoprosthetic 
infection as well as those having any rheumatic or systemic disease of the 
connective tissue were not enrolled. One patient was excluded after sample 
harvesting and histological investigation as secondary changes characteristic of 
osteoporosis were found in HO, as confirmed by histomorphometric analysis. In 
this case, there was an extensive period (34 years) between HO induction and 
sample harvesting. 

Enrolment was voluntary, and all patients gave their informed consent. This 
study was approved by the Ethics Review Committee on Human Research of 
the University of Tartu. 
 
 

1.2 Sample harvesting 
 

1.2.1 For the mRNA study 
 

Seven samples of HO were harvested during revision arthroplasty, and 12 
control samples (fibrous part of the hip joint capsule and orthotopic bone from 
the femoral neck – from an age- and diagnosis-matched control group, which 
was enrolled according to the inclusion criteria for the study group) were 
harvested during primary arthroplasty. In the control group all patients except 
for one male, who had developed necrosis of the femoral head, were operated 
due to coxarthrosis of idiopathic causes. 
 
 

1.2.2 For the histological and immunohistochemical study 
 
Altogether material from 15 patients was harvested during revision arthroplasty 
and used in this study. Five of the patients had immature heterotopic 
ossifications (less than 17 months old) and 10 of them had mature ossifications 
(3–9 years old) (see Table 1).  

In order to study the metabolic effects on HO formation, patients with septic 
loosening of the prosthesis were excluded from the study. However, no signi-
ficant correlations were found between maturity of HOs and the characteristics 
of the patients or the prosthesis (see Table 1). Nor were significant differences 
noted in the content of TGF-β isoforms in HOs depending on age, type of 
prosthesis or bone cement.  
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Table 1. Table of patient characteristics. 
 
Patient 
no 

Age Gender Pathology before 
prosthesis 
implantig  

Reason for 
surgery 

Type of hip 
prosthesis or 
preoperative 
local 
situation 

Bone 
cements 

Mature HOs 

1 77 male 
Post-traumatic 
coxarthrosis 

Aseptic loosening 
of endoprosthesis 

Customized Cemented 
prosthesis 

2 53 male 

Idiopathic 
coxarthrosis  

Aseptic loosening 
of endoprosthesis 
+ implant fracture 

Link Lubinus 
IP 

Cemented 
prosthesis 

3 40 male 
Post-traumatic 
coxarthrosis 

Aseptic loosening 
of endoprosthesis 

Link Lubinus 
IP 

Cemented 
prosthesis 

4 64 male 
Post-traumatic 
coxarthrosis 

Heterotopic 
ossifications 

Link Lubinus 
IP 

Cemented 
prosthesis 

5 65 female 
Idiopathic 
coxarthrosis  

Aseptic loosening 
of endoprosthesis 

Link Lubinus 
IP 

Cemented 
prosthesis 

6 75 male 
Idiopathic 
coxarthrosis  

Aseptic loosening 
of endoprosthesis 

Müller 
prosthesis 

Cemented 
prosthesis 

7 51 male 
Proximal femoral 
fracture 

Girdlestone 
situation 

Girdlestone 
situation 

Girdlestone 
situation 

8  76 male 
Idiopathic 
coxarthrosis 

Aseptic loosening 
of endoprosthesis 

Link Lubinus 
IP 

Cemented 
prosthesis 

9 62  male 
Idiopathic 
coxarthrosis  

Aseptic loosening 
of endoprosthesis 

Link Lubinus 
SP II 

Cemented 
prosthesis 

10 74 female 
Idiopathic 
coxarthrosis  

Aseptic loosening 
of endoprosthesis 

Müller 
prosthesis 

Cemented 
prosthesis 

Immature HOs 

11 61  female 

Idiopathic 
coxarthrosis + 
benign cyst of 
greater trochanter 

Luxatio 
endoprosthesis 
 
 

BICON 
PLUS/SL-
PLUS 

Uncemente
d prosthesis 

12 80 female 
Proximal femoral 
fracture 

Pain after 
hemiarthroplasty 

Austin-Moore Uncemente
d prosthesis 

13 38 female 

Idiopathic 
coxarthrosis after 
dysplasia 

Aseptic loosening 
of endoprosthesis 

BICON 
PLUS/SL-
PLUS 

Uncemente
d prosthesis 

14 39 female 

Idiopathic 
coxarthrosis  

Luxatio 
endoprosthesis 
(some large HOs) 

BICON 
PLUS/SL-
PLUS 

Uncemente
d prosthesis 

15 44 male 
Proximal femoral 
fracture 

Luxatio 
endoprosthesis 

Link Lubinus 
SP II 

Cemented 
prosthesis 
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1.3 Preparation of samples for the study 
 

1.3.1 For the mRNA study 
 
The HOs intended for gene expression analyses were repeatedly rinsed in 
normal saline and placed in the RNA preserving medium RNAlater (Ambion, 
Austin, TX, USA), at the time of macroscopic separation of HO from the adja-
cent tissue. Samples were flash-frozen in liquid nitrogen at about -196ºC until 
final dissection under a stereomicroscope. 

The HOs were dissected according to three developmental zones as 
exemplified for a younger HO in Figure 2 and for older HOs in Figure 3. Sepa-
ration procedures were performed in a dissection chamber at -68ºC (using solid 
carbon dioxide). Pieces from the border of the two different zones were 
discarded. Only pieces whose type could be identified by their hardness and 
visible color were collected for further investigation. Collected samples of 
different types of tissue were stored at –70ºC until RNA extraction. 
 
 

 
 
Figure 2. Three zones in immature HO: (1) zone of cellular proliferation, (2) zone of 
osteoid formation, and (3) zone of formed bone. White lines indicate approximate 
cutting lines during separation of the immature HO into three zones. Hematoxylin and 
eosin staining. 
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Figure 3. Bone formation in the middle zone of a mature ossificate. (1) Chondroclasts 
resorbing calcified fibrocartilage; (2) osteoblasts replacing it with osteoid. Abundance 
of this kind of remodeling activity is reflected also by the higher amount of osteoid 
surface in mature HOs compared to control bone. Azan staining. 
 
 

1.3.2. For the histological and immunohistochemical study 
 
Harvested samples were first fixed in neutral buffered 4% formaldehyde 
solution, then decalcified in EDTA-solution, dehydrated by alcohol-chloroform 
solutions and embedded into paraffin according to standard methods. 
 
 
2. Obtaining of experimental samples from the rat model 

 
2.1 Experimental animals 

 
Twenty 9-month old Bkl Wistar strain adult male rats weighing between 500–
600 g were purchased from Scanbur BK AB (Sweden). The rats were housed in 
polycarbonate cages (Tecniplast, Italy) (Eurostandard type III) and were 
maintained under specific pathogen free (SPF) conditions – water, cages, lids 
and bedding were autoclaved. Room temperature was 20±2 ºC and relative 
humidity was 50±5 %. Food (Labfor R70, Lactamin, Sweden) and autoclaved 
water were available ad libitum. The rats were exposed to a 12 h: 12 h 
light/dark cycle. Lights were switched on from 08:00 to 20:00. Autoclaved 
aspen chips (chip size 4×4×1 mm, Estap, Estonia) were used as bedding. The 
cages were changed each Monday. 
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This project received the approval of the Animal Ethics Committee at the 
University of Tartu.  
 
 

2.2 Experimental HO 
 
We used rhBMP-2 to induce bone growth. In order to use rhBMP-2 suc-
cessfully, one needs to implant it with a biomaterial which acts as scaffold for 
cell invasion for osteoinduction and retains rhBMP-2 at the site of implantation 
(Uludag et al., 1999). Collagenous sponges, mineral based carriers (e.g. 
synthetic hydroxyapathite and tricalcium phosphate) and demineralized bone 
matrix can be used for this purpose. It has been shown that, unlike collagen-
based carriers, in which rhBMP-2 retention was continuously decreased, 
mineral-based carriers (except for synthetic hydroxyapatite) seemed to retain a 
fraction of rhBMP-2 in the implant (Uludag et al., 1999). Therefore we decided 
that use of a mineral-based carrier (β-tricalcium phosphate) would be the most 
appropriate for our research. And since we decided to apply stereological 
analysis for evaluation of the relative content of the growth factor in induced 
bone, the cube-shaped β-tricalcium phosphate implant served best. 
 
 

2.3 Operative procedure and implantation technique 
 
The animals were anesthetized with isoflurane inhalation (Isoflurane Baxter®, 
Baxter Medical AB, Sweden). Antibacterial prophylaxis was performed using a 
single intramuscular dose of ampicillin prior to the operation. Analgesia was 
provided before the operation and for 72 hours postoperatively using morphine 
sulphate. No anti-inflammatory drugs were applied.  

The surgical procedure was the following: The hip joint was exposed, the 
gluteus maximus was retracted, and 3 mm of the gluteus medius was pinched 
for 2 minutes with a standard vascular clamp giving the same clamp force to 
produce muscular damage. Further, the compressed muscle was immediately 
visually inspected for the extent of damages. Bilateral femoral capsulotomies 
were then performed. On the right side, a 1.6 mm diameter canal with a depth of 
8 mm was created in the femur with the opening at the tip of the greater 
trochanter, slightly medial to the highest point. A conic drill-bit was used for 
cortical opening, after that the opening of the canal was continued using a 
standard-shaped 1.6 mm drill-bit. Tissue remnants were not removed after the 
opening of the femoral canal. No canal was created on the left side and care was 
taken to avoid any periostal injury during the capsulotomy and implantation 
procedures. 

A 36 mm3 cube-shaped implant of beta-tricalcium phosphate (ChronOS™ 
Block, Mathys Medical Ltd, Bettlach, Switzerland, with 70% porosity and with 
the capacity to contain approx. 25 mm3 liquid) was used. For half of the 
animals, the implant was immersed in a solution of rhBMP-2 (supplied by Prof. 
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Walter Sebald, Biozentrum der Universität Würzburg, Am Hubland, Germany). 
The estimated amount was 12.5 µg/20 µl per implant. Control implants were 
immersed in sterile phosphate-buffered isotonic saline. The implants were 
placed into the capsulotomy wounds. This surgical procedure has been 
described earlier by Toom and co-workers (Toom et al., 2006). 
 
 

2.4 Euthanasia 
 
The rats were decapitated under sedation with isoflurane 3 or 21 days after the 
operation. 
 
 

2.5 Study groups 
 
Differences in the expression and localization of BMP-2 and three TGF-β 
isoforms were studied in 4 groups of rats with 5 rats in each group. Two 
implants were inserted into each rat so that each group consisted of 10 implants.  
Group I –  implants were immersed in saline and the rats were killed 3 days 

after the operation and the implants were removed.  
Group II –  as in group I but the implants were immersed in rhBMP-2 solution.  
Group III –  as in group I but the rats were killed after 21 days.  
Group IV –  as in group III but the implants were immersed in rhBMP-2 

solution. 
 
The beta-tricalcium phosphate implants were removed after 3 or 21 days and 
systematic cryosections were made. A three-day endpoint was used for studying 
the initial stages of bone formation and the expression of the growth factors at 
the site where ossification was expected. A 21-day endpoint was used for 
studying the early stage of bone formation, where bone and cartilage formation 
had already occurred, i.e. for characterizing the expression and localization of 
the above mentioned growth factors in developing/remodeling bone. 
 

 
3. Preparation of samples for the study 

 
3.1 For the histological study 

 
Samples from animal experiments were fixed in neutral buffered formalin, then 
decalcified in EDTA-solution, dehydrated in alcohol-chloroform solutions and 
embedded into paraffin.  
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3.2 For the mRNA study and  
for the immunohistochemical study 

 
Beta-tricalcium phosphate implants were removed after 3 or 21 days and 
systematic cryosections were made according to the principle of systematic 
uniform and random selection. Sections with a thickness of 10 µm for surface 
analysis and cell counting according to Cavalieri’s principle (Gundersen et al., 
1988) were collected systematically after every 80 µm. 
 
 

4. Processing of samples 
 

4.1 For the histological study 
 
Samples were systematically sectioned and azan staining was performed (the 
method combines staining with azocarmine, aniline blue and orange G) 
(Kiernan, 1999). All stains were obtained from Sigma-Aldrich (St. Louis, 
USA). 
 

4.2 Total RNA extraction 
 
For RNA extraction, bone tissue was crushed using a custom metal bone-
crushing device that maintains low temperature of the tissue by using liquid 
nitrogen around the crushing tube. After sample crushing, the pieces were 
warmed up to 4ºC, rinsed thoroughly with buffered saline in order to eliminate 
the free bone marrow cells, and thereafter dried. The sample was then 
homogenized with a polytrone (Ultra-Turrax IKAT25; Labassco, Partille, 
Sweden) in Trizol reagent (Invitrogen Life Technologies, Stockholm, Sweden). 
The RNA extraction procedure was then conducted according to the manu-
facturers’ instructions. Total RNA concentrations were measured spectrophoto-
metrically, and RNA integrity was controlled by agarose gel electrophoresis. 
Absence of DNA contamination was assessed by polymerase chain reaction 
(PCR). 
 
 

4.2.1 Analysis of mRNA expression (on human samples) 
 
Total RNA (1 µg) was used for semiquantitative reverse-transcription PCR 
(RT-PCR) with gene-specific primers. The RT-PCR was performed using the 
commercial kit Access RT-PCR System (Promega, Falkenberg, Sweden) 
according to the manufacturers’ instructions. Primers for RT-PCR were 
designed using the Oligo Primer Analysis Software, version 6 (MedProbe, Oslo, 
Norway). The primers were ordered from CyberGene (Huddinge, Sweden). 
Primer sequences were the following: human β-actin (product length 427 bp), 
forward primer 5´-GGCACCACACCTTCTACAAT-3´ and reverse primer 5´- 
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CCATCTCTTGCTCGAAGT-3´; human BMP-2 (product length 330 bp), 
forward primer 5´-GCAAAGAAAAGGAACGGACA-3´ and reverse primer 5´-
GTCTCTGTTTCAGGCCGAAC-3´; human TGF-β2 (product length 407 bp), 
forward primer 5´-TGCCTG AACAACGGAT-3´ and reverse primer 5´-
GGTCTGTTGTGACTCAAGTCT-3´; human TGF-β3 (product length 409 bp), 
forward primer 5´-TGCTGAACTTTGCCACGGT-3´ and reverse primer 5´- 
CTGCTCGGAATAGGTTGGTTCT-3´. 

The β-actin primers were used as internal control because β-actin has been 
shown to be constantly expressed in mesenchymal tissues as well as unaffected 
by the activity of TGF-βs (Pisano et al., 2003). The PCRs were optimized 
according to standard procedures (Saiki et al., 1988) in order to achieve 
linearity for all primer pairs under the same general conditions. The PCR 
products were labeled with 32P-ATP (Amersham Biosciences, Aylesbury, UK) 
and separated on a 1.5% agarose gel. The bands and some blank gel pieces of 
equal size were cut from the gel and dissolved in 4 mL scintillation fluid 
(UltimaGold; Packard Bioscience, Groningen, the Netherlands) overnight. The 
blank gel from the lanes was used as control to set the zero values. 
Radioactivity was measured with a Wallac (Turku, Finland) 1409 Liquid 
Scintillation Counter, and the expression levels of mRNA relative to β-actin 
mRNA were calculated. 
 

4.3 In situ hybridization 
 
The β-tricalcium phosphate implants were removed after 3 or 21 days and 
systematic cryosections were made. The sections were bleached with 0.6% 
H2O2. The sections were then washed in PBT (phosphate buffered saline 
containing 0.1% Tween 20) and treated with proteinase K solution for 5 minu-
tes. Proteinase K reaction was stopped in glycine solution. Slides were refixed 
in 4% PFA containing 0.2% of glutaraldehyde. Commercial DIG-labeled probes 
(from GeneDetect, Auckland, New Zealand) were used to hybridize mRNAs of 
BMP-2; TGF-β1; TGF-β2 and TGF-β3. For BMP-2 the hybridization probe was 
complementary to nucleotides 237–284 (TGTTTGGCCTGAAGCAGAGACCC 
AGGACGTCGTGGTGC), for TGF-β1, the standard GeneDetect oligonucleoti-
de probe pack for TGF-β1 was used (code: GD1254-OP), for TGF-β2 the hybri-
dization probe was complementary to nucleotides 342–389 (TGCATCTGGTC 
CCGGTGGCGCTCAGTCTGTCTACCTGCAGCACCCTCG) and for TGF-β3 
the hybridization probe was complementary to nucleotides 720–767 (TTC 
GACATGATCCAGGGGCTGGCGGAGCACAATGAACTGGCAGTCTGC). 
Hybridization was carried out in RNA hybridization buffer (50% formamide, 
5xSSC, 1% sodium dodecyl sulphate [SDS], at 70°C overnight, and post-
hybridization washes were performed at a final stringency of 50% formamide/ 
2xSSC at 70°C for 2 x 30 min. The anti-DIG antibody (Roche 11 093 274 910, 
Bromma Sweden) was used at a dilution of 1:5000, in blocking solution (1x 10x 
TBST (0.25 M Tris-HCl pH 7.5, 1.4 M NaCl, 27 mM KCl, 1% Tween 20) + 9 
X MQ water) at 4°C overnight. Detection of the antibody was done using 
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NBT/BCIP stock solution (Roche (1 681 451)), which was diluted in (100 mM 
Tris-HCl pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween 20, 2 mM 
levamisole). The washing steps were performed in PBT. 
 
 

4.4 Immunohistochemistry 
 
Samples were sectioned and deparaffinized or cryosections were treated with 
0.6% H2O2 to inactivate endogenous peroxidase and then with 1% BSA to block 
non-specific binding. After blocking, the sections were incubated with the 
mouse monoclonal antibody to TGF-β1 (ab27969) or with the rabbit polyclonal 
antibodies to TGF-β2 (ab15539), TGF-β3 (ab15537) or BMP-2 (ab14933) 
overnight at 4ºC (all antibodies produced by Abcam Ltd., United Kingdom). In 
the study on the effects of femoral canal cells, the mouse monoclonal antibody 
to osteonectin (Acris Antibodies GmbH, Germany), the mouse monoclonal 
antibody to osteocalcin (Abcam Ltd., United Kingdom), or the rabbit polyclonal 
anti-Collagen type I antibody (Research Diagnostics Inc., NJ, USA) were used. 
Visualization of the primary antibodies was performed using the commercial kit 
“Strept ABComplex/HRP Duet Mouse/Rabbit system” (Dako Cytomation 
Denmark A/S, Denmark) and DAB+ Chromogen (Dako Cytomation, USA) as 
the substrate. The washing steps in-between were carried out in phosphate 
buffered saline (PBS) which contained 0.07% of Tween 20 as the detergent. 
Thionine blue (Sigma-Aldrich, St. Louis, USA) was used for background 
staining. No immunohistochemical staining was noted in negative controls 
where the primary antibody was omitted. 
 
 

5. Evaluation of samples 
 

5.1 Cell counting (on rat samples) 
 
Cell counting and evaluation of growth factor distribution in different tissues 
was performed with the light microscope “Olympus BX51” (Olympus, 
Olympus Company Ltd., Japan) and analysis was made with the software “Cast 
2” (Olympus, Olympus Company Ltd., Japan). Cavalieri's principle (which 
states that the volumes of two objects are equal if the areas of their correspon-
ding cross-sections are in all cases equal) was applied and the relative as well as 
the absolute volumes of different types of tissues in the implants were 
calculated. Quantified data was analyzed by comparing the groups with the 
paired t-test.  
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5.2 Semiquantitative evaluation of in situ hybridization  
(on rat samples) 

 
A subjective score system was adopted for visual interpretation of in situ 
hybridization slides for semiquantitative analysis of the data. The scale ranged 
from 0 to +++ (0 - absence/faint staining; + - weak staining; ++ - moderate 
staining; +++ - strong staining) as described by Matsuzaki and co-authors 
(Matsuzaki et al., 1999). Differences between the groups were tested by the 
Mann-Whitney U test. 
 
 

5.3 Semi-quantitative estimation of the content of proteins in 
heterotopic bone (on human samples) 

 
Estimation was performed on randomly selected representative digital images of 
HO sections. The pictures of comparative slides were taken from the areas 
where only bone cells and the bone matrix were seen. At least 5 randomly 
selected pictures were evaluated for each HO. All pictures were taken at 
standard conditions using a 40x objective (Olympus BX-50 microscope 
equipped with a ColorView IIIu camera). Analysis of staining intensity in the 
bone was performed using the software Adobe Photoshop CS2 (Adobe 
Systems) as described by Lehr and co-workers (Lehr et al., 1999). The 
procedure of determination of immunostaining intensity included the following 
steps. Using the Magic Wand tool in the Select menu, a typical stained area was 
selected with tolerance level set at 15 units. Applying the Similar command in 
the Select menu, all stained areas were automatically selected. An optical 
density plot of the selected area was generated using the Histogram tool in the 
Image menu.  

The results are presented as the proportion of the stained areas in the whole 
analyzed HO area. The Mann-Whitney test was used to analyze the data.  
 
 

6. Statistical analysis 
 
Analysis of variance (ANOVA) with post-hoc testing was applied to reveal 
statistical significance in mRNA expression between different zones of human 
HO. The results obtained by systematic cell counting (according to Cavalieri's 
principle) were analysed with the t-test. Non-parametric statistics like the 
semiquantitative data of in situ hybridization and analysis of staining intensity 
in bone according to method by Lehr and co-workers (Lehr et al., 1999) were 
analysed with the Mann-Whitney test. 
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RESULTS 
 

1. Morphology of HO – description and comparison  
of the histological structure of immature and  

mature HOs in humans (Paper I) 
 

1.1 Histology of immature and mature HOs 
 
In our study HOs were divided into immature HOs (less than 17 months old) 
and mature HOs (3–9 years old). Immature ossifications consisted of ossicles 
formed almost completely of woven bone (see Figure 4). There were plenty of 
osteoblasts on the outer surface of immature HOs and active bone formation 
was noted. Only a small amount of cartilage was found. The HOs were 
surrounded by the fibrous connective tissue which contained many star-shaped 
cells with multiple processes and large nuclei, thus morphologically resembling 
undifferentiated mesenchymal cells. Also, proliferation of low-differentiated 
cells with the morphological appearance, resembling preosteoblastic and 
prechondroblastic cells, were seen.  

Mature ossifications consisted of either one or a few ossicles where cross-
sectional morphology was typical of trabecular bones: spongy area with bone 
marrow spaces surrounded by cortical bone (see Figure 5). The HOs were 
mostly surrounded by the fibrocartilaginous tissue. Remodeling of bone, 
including osteoblastic activity, was often seen on the surface of the formed HO. 
 
 

 
 
Figure 4. Immature HO (7–19 months old).  
Azan staining. Red indicates formed bone.   
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Figure 5. Mature HO (3–9 years). Azan staining. Red indicates  
formed bone. Bone marrow is visible in bone cavitations. 
 
 
 

1.2 HO – an actively remodeling tissue 
 
The HO is an actively remodeling bone tissue compared to regular bone tissue. 
The histological structure of the HO is similar to callus formation of a healing 
fracture and the onset of the ossification process seems to involve fibroblastic 
metaplasia (Vanden Bossche and Vanderstraeten, 2005).  

Histological studies have demonstrated a zone of fibroblastic proliferation in 
the HO, followed by chondroblasts, which eventually are transformed into 
osteoblasts. However, HO formation could also be intramembranous. In this 
case the undifferentiated mesenchymal cells start producing bone straight from 
the connective tissue. Regardless of the origin of the bone, HO formation is 
rapid at first and slows down in the later stages, thus resembling the fracture 
healing process. Although remodeling and active tissue formation slow down 
with maturation of HO, remodeling activity remains higher than it is in normal 
bone, without turning into a malignant process. 
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2. Detection of differences in the expression and 
production of the BMP-2 and TGF-β subtypes between 

the zones of HO and orthotopic bone and in HO  
of different ages (Papers I and II) 

 
2.1 mRNA expression in HOs compared to normal bone and  

the fibrous tissue 
 
Specific changes in the expression of different growth factors may help 
understand the etiology of HO and therefore the expression and production of 
TGF-β isoforms were evaluated. As no clear differences were noted in the 
amount of TGF-β1 in HO during the immunohistochemical study and the TGF-
β1 protein seemed to be universally present in many tissues, we only quantified 
the expressions of TGF-β2 and TGF-β3. 

The expression of TGF-β2 in the bone formation zone of ossifications (0.79 
± 0.35) was significantly higher than in control bone (0.32 ± 0.04, P = 0.050), 
while the difference was not significant for the capsular tissue. Relative ex-
pression levels of TGF-β3 were 0.61 ± 0.12 and 0.59 ± 0.09 in the bone 
formation zone and in the surrounding tissue, respectively, which were 
significantly higher than in control bone (0.30 ± 0.03, P = 0.003 and 0.001, 
respectively) but not in the capsular tissue (0.43 ± 0.06). Expression levels of 
BMP-2 were similar in all groups. However, the highest expression (0.56 ± 
0.16) was detected in the zone of bone formation, which was significantly 
higher than the mean value in the zone of formed bone (0.24 ± 0.02, P = 0.040) 
but, at the same time did not differ significantly from the values in the control 
sample. 
 
 

2.2 mRNA expression in different zones of HOs 
 
Expression levels of growth factors were normalized to the zone of formed bone 
(Figure 6). All middle zones (zones of bone formation) had higher levels of 
BMP-2, TGF-β2, and TGF-β3. In the outer zone, TGF-β2 and TGF-β3 were 
higher than in the central zone (zone of formed bone) (Figure 6). 
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Figure 6. Expression of RNA for BMP-2, TGF-β2, and TGF-β3 genes in different zones 
of all (n = 7) (A) and immature (n = 3) (B) ossifications normalized to the zone of 
formed bone from the same patient. 
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2.3 The amount of growth factors in heterotopic bone 
 
Immunohistochemistry showed the presence of all TGF-βs in the bone-forming 
zones of HOs. The three TGF-β isoforms showed different localization patterns 
in the heterotopic bone. The TGF-β1 was mostly found in the connective tissue 
surrounding the HO and in the areas of osteoblastic bone formation (see Figure 
7). A clear signal of TGF-β2 was detected exclusively in the bone formation 
zones in undifferentiated mesenchymal cells and preosteoblasts (small, round 
cells lining bone surface), while during remodeling it was clearly detectable 
also in differentiated osteoblasts. Staining for TGF-β2 was noted in the 
osteocytes of the immature HO (see Figure 8). The TGF-β3 was located in the 
cells lining the formed HO (in all stages of differentiation of  osteoblastic cells) 
in the bone formation zone but also in osteocytes in the deeper parts of the HO 
away from the bone formation area, as well as in osteoclasts. Staining for TGF-
β3 was also detected in the walls of the newly formed blood vessels as well as in 
the connective tissue surrounding the HO (see Figure 9). The protein expression 
of BMP-2 was detected mainly in the matrix of the woven bone, in osteoblasts, 
and in areas surrounding the osteoblasts in all stages of differentiation in 
immature ossificates (Figure 10), whereas in mature ossifications the expression 
was hardly detectable.    
 
 

 
 
Figure 7. A – TGF-β1 in an immature HO (7–19 months); B - TGF-β1 in a mature HO 
(3–9 years). Staining can mostly be seen in osteoblasts and osteocytes but also in the 
connective tissue. Positive staining for the growth factor TGF-β1 is brown. 
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Figure 8. A – TGF-β2 in an immature HO (7–19 months); B - TGF-β2 in a mature HO 
(3–9 years). Staining can be seen in osteoblasts and osteocytes of the immature HO. 
Positive staining for the growth factor TGF-β2 is brown. 
 
 

 
 
Figure 9. A - TGF-β3 in an immature HO (7–19 months); B - TGF-β3 in a mature HO 
(3–9 years). Staining can be seen in both osteoblasts and osteocytes. Positive staining 
for the growth factor TGF-β3 is brown.  
 
 

 
 
Figure 10. A – BMP-2 in an immature HO (7–19 months); B – BMP-2 in a mature HO 
(3–9 years). Staining can be seen in osteoblasts on bone surface. Positive staining for 
the growth factor BMP-2 is brown. 
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2.4 Changes in the content of growth factors  
in heterotopic bone over time 

 
Analysis of TGF-β isoforms showed that TGF-β1 was the most abundant growth 
factor in the HO followed by TGF-β3 and TGF-β2. The only significant diffe-
rence found between the immature and mature HO groups was that the content 
of TGF-β2 was almost three fold higher in the immature heterotopic bone 
(P=0.0064; see Table 2). This difference was clear even despite the relatively 
small amount of immature HO samples. 
 
 
Table 2. The percentages of TGF-β1, TGF-β2 and TGF-β3 in the heterotopic bone, i.e. 
the proportion of immunostaining in the whole analyzed area ± SEM (standard error of 
the mean). Each analyzed area was a microscopic field within the HO. Adobe Photo-
shop was used for estimation of IHC staining. For further details see Materials and 
Methods.  
* – P=0.0064. 
 
TGF-β isoform in immature HO in mature HO 
TGF-β1 2.97 (± 0.72) 2.22 (± 0,87) 
TGF-β2  0.33 (± 0.10)* 0.11 (± 0.02)* 
TGF-β3 0.93 (± 0.26) 0.90 (± 0.18) 

 
 

3. Differences in the expression, localization and  
content of the TGF-β isoforms at onset of HO  

in a rat model (Paper III) 
 
In rats of group I (implants immersed in saline) and group II (implants im-
mersed in rhBMP-2 solution) initial changes were studied at the site of expected 
HO formation on the third day after the inserting of beta-tricalcium phosphate 
implants into the capsulotomy wounds of the hip joint. In both groups the inner 
pores of the implants were mostly empty and the outward pores were filled with 
the connective tissue together with inflammatory and undifferentiated 
mesenchymal-like cells. A higher expression of TGF-β2 and TGF-β3 in group II, 
where rhBMP-2 was applied, was found by semi-quantitative evaluation of in 
situ hybridization (see Table 3 and Figure 11). Immunohistochemical staining 
of the proteins of all TGF-β isoforms was discovered in the connective tissue 
and mesenchymal-like cells. In group II the undifferentiated mesenchymal-like 
cells stained 49.6% more for TGF-β3 compared to group I (p=0.024; see Table 3 
and Figure 11). No other significant differences were found in the expression or 
production of growth factors at day three. Although immunohistochemical 
BMP-2 staining was increased in group II, it probably was due to the remaining 
exogenous protein. 
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In the implants removed from the rats 21 days after the operation (group III 
(implants immersed in saline) and group IV (implants immersed in rhBMP-2 
solution)), early events of HO formation were studied. In group III, the surface 
of outer pores contained a limited amount of osteoid and cartilage. In group IV, 
where rhBMP-2 was applied, significant bone formation was found and cells 
penetrated the implants from all sides and widespread osteoid formation was 
observed. Evaluation of in situ hybridization suggested that the mRNA expres-
sion of TGF-β3 was stronger in group IV compared to group III, but this diffe-
rence was not obvious for immunohistochemical staining (see Table 4). Im-
munohistochemistry showed, that in groups III and IV all growth factors were 
present in all types of tissues, however in the connective tissue surrounding the 
heterotopic bone, all TGF-β isoforms were generally more prevalent than BMP-
2 (see Table 4). In group IV osteoblasts stained 27.2% more for TGF-β3 com-
pared to TGF-β1 (p=0.045) and seemed to stain more for TGF-β2 compared to 
TGF-β1 (p=0.09) (see Table 4). As seen in Table 4, in group IV, the bone tissue 
contained 32.1% and 47.8% more of TGF-β2 and TGF-β3 respectively, com-
pared to TGF-β1 (p=0.007 and p=0.006, respectively, for representative images, 
see Figure 12). In group IV the implants were largely reabsorbed and replaced 
by bone, indicating good osteoconductive properties of beta-tricalcium 
phosphate. 
 
 
Table 3. Percentage of immunohistochemically (IHC) stained mesenchymal-like cells 
(± standard deviation; n=10 in each group). a – p=0.024 in Group II vs Group I for TGF-
β3. Total mRNA staining (in situ hybridization, ISH) in the implant graded as: 0 – 
absence/faint staining; + – weak staining; ++ – moderate staining; +++ – strong 
staining. b – p=0.0005 TGF-β2 in Group II vs TGF-β2 in Group I; c – p=0.001 TGF-β3 in 
Group II vs TGF-β3 in Group I. 
 
 TGF-β1 TGF-β2 TGF-β3 
 Group I Group II Group I Group II Group I Group II 
IHC 55.67±16.96 63.81±22.28 41.61±28.12 52.31±19.84 47.11±21.68a 70.46±22.55a 
ISH + + 0b +b 0c +c 
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Figure 11. In group II (where rhBMP-2 was applied) the undifferentiated mesenchymal-like 
cells produced more TGF-β3 compared to group I (brown staining marks the protein). 
Arrows show examples of positive staining. Some differences were also seen in mRNA 
expression (blue staining on the right). Legend: IHC – immunohistochemistry; ISH – in 
situ hybridization; i – remnants of the implant; p – pore of the implant; c – connective 
tissue. The scale bar represents 20 µm. 
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Figure 12. In group IV the cells lining the newly formed bone stained more for TGF-β3 
compared to TGF-β1 (see Table 4). After the application of rhBMP-2, the newly formed 
bone tissue produced more TGF-β2 and TGF-β3 compared to TGF-β1 (see Table 4) 
(brown staining marks the protein). Some differences were also seen in mRNA expres-
sion (blue staining on the right). Legend: IHC – immunohistochemistry; ISH – in situ 
hybridization; p – pore of the implant; b – bone tissue; c – connective tissue. The scale 
bar represents 20 µm. 
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4. How cells originating from  
the femoral canal influence heterotopic bone  

(Paper IV) 
 
In order to study how cells originating from drilled femoral canals and damaged 
muscles influence formation of heterotopic bone, a model of heterotopic 
ossification, which allows or omits drilling of femoral canals, was designed to 
evaluate the effect of access of bone marrow cells to the joint area and periarti-
cular tissues. To follow cellular dynamics in time, two timepoints were set (3 
days and 21 days). 

At 3 days the pores of the cubes were mostly filled with inflammatory cells 
and there was no significant difference between the implants in the degree of 
cellular penetration. Poorly differentiated connective tissue cells were present in 
the outer pores of all implants. The proportion of connective tissue-filled 
implant volume in total implant volume was significantly different for the 
rhBMP-2 groups and for the saline treated groups, 5.22±1.67% and 1.31± 
0.35%, respectively (p=0.004). There was no difference between the implants 
where femoral canal cells were present and the implants where they were absent 
with regard to the presence of connective tissue cells. Considering the 
endothelial lining the reference of the vascular lumen, this histological finding 
suggests activation of perivascular cells. 

At 21 days no bone tissue had been formed in the saline treated groups, 
except for one implant from the group with the open femoral canal, where an 
osteoid region with a volume of 0.075 mm3 was detected (Figure 13). In the 
other samples, osteoblast-like cells were only occasionally found on the surface 
of the implant, without any recognizable osteoid or bone formation. Negligible 
fibrous cartilage formation was detected with metachromatic staining in the 
outer pores of some samples from the saline treated groups. Nor was there any 
difference between the saline treated groups in the number of fibrous tissue 
cells, capillary sprouts, or inflammatory cells. The saline impregnated implants 
were mostly surrounded by cell-rich fibrous connective tissue with fibers 
positioned in arbitrary directions, which were observed similarly in both groups. 
There was no qualitatively distinguishable difference between the osteocalcin 
and osteonectin expression patterns as revealed by immunohistochemical 
staining, either.  
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Figure 13. Picture of an implant where no rhBMP-2 was added but access of the 
femoral canal cells was granted. There was only one limited area in one sample from 
group 1A where osteoid formation was recognizable. (AZAN stain): 1 – osteoid 
mineralization, 2 – osteoid seal, 3 – implant, note the presence of some inflammatory 
cells inside the implant material, ob – osteoblastic cells.  
 
 
Heterotopic bone was induced in all implants in the rhBMP-2 treated groups. 
Ossification occurred around the implants, in the pores of the implants, and in 
the implant itself, partly replacing the cube with newly formed bone (Figure 
14A and 14B). Complete replacement of the implant occurred in one of the five 
in the group with the open femoral canal and in two of the five in the group with 
the closed femoral canal. A rigid bridging between the implant and the greater 
trochanter was seen in 60% of the group with the open femoral canal and in 
80% of the group with the closed femoral canal. There was no case of comple-
tely ossified bridging; the connections were predominantly of the calcified 
fibrocartilage or hyaline cartilage.  

The mean ratio of bone volume to total sample volume (BV/TV) was similar 
for the groups with the open and closed femoral canal, 33.1% (SD 7.4%) vs 
30.0% (SD 7.6%) (p=0.234). However, comparison between these groups 
revealed that more bone had been mineralized in the group with the closed fe-
moral canal, where mineralized volume (Md.V/TV) was higher than in the 
group with the open femoral canal, 18.2% (± 4.5%) vs 12.7% (± 2.9%) 
(p=0.019). The ratio of osteoid volume to bone volume (OV/BV) was higher in 
the group with the open femoral canal than in the group with the closed femoral 
canal, 57.3% (± 5.0%) vs 45.3% (± 3.0%) (p=0.010). The ratio of osteoid sur-
face to total bone surface (OS/BS), 61.3% (± 5.8%) in the group with the open 
femoral canal and 56.8% (± 6.8%) in the group with the closed femoral canal, 
did not differ significantly between the groups (p=0.184). There was no signi-
ficant difference in the ratio of osteoblast surface to bone surface (Ob.S/BS) or 
in the ratio of eroded surface to bone surface (ES/BS) between these two 
groups, either. 
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Figure 14A. Representative microanatomical photo of an implant. Immunohisto-
chemical staining for osteocalcin. Note very fast bone formation expressed as intense 
resorption of the implant material by osteoclasts (<), newly formed bone trabeculae (#) 
and marked osteocalcin expression (brown stain) in actively synthesizing osteoblasts 
but also in osteocytes and in some cartilage cells present in the cartilage remnants (*) 
(Osteocalcin, counterstain with toluidin). 
 
 

 
 
Figure 14B. Representative microanatomical photo of an implant. Note the remodeling 
of implant structure expressed as osteoclastic resorptive activity (<), as well as the 
formation of cartilagineous (*) and bony structures inside the pores (#); (toluidin stain).  
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DISCUSSION 
 
Transforming growth factor beta (TGF-β) isoforms have shown to have 
versatile effects on bone metabolism. Different levels of expression of TGF-β 
isoforms and their receptors have been shown in human bone formation (Horner 
et al., 1998). TGF-βs differentially affect osteoblast differentiation by pro-
moting the early stages and suppressing final differentiation, while their role in 
osteoclast functioning and bone resorption seem to be very complex as TGF-β 
have been found to either stimulate or repress osteoclast differentiation 
depending on TGF-β concentration and on the model system used (Janssens et 
al., 2005). This research focused on TGF-β isoforms in development of human 
heterotopic ossification (HO) and on the initial and early stages of HO 
formation in an animal model mimicking the situation after THA, as well as and 
also on local morphological changes in both cases. 
 

 
1. TGF-β1, TGF-β2 and TGF-β3 in human HO 

 
Although it is generally agreed that TGF-β isoforms play an important role in 
HO formation, little is known about the functions of TGF-β isoforms in this 
process. In our study we evaluated the dynamics of expression and production 
of TGF-β isoforms in time after THA. In 1994 Bosse and coworkers described 
higher expression of TGF-β2 in the zones of bone formation and higher 
expression of TGF-β3 in the zone of cellular differentiation (Bosse et al., 
1994a). They demonstrated the expression of TGF-β1 in the areas of endo-
chondral ossification by using digoxigenin-labeled cDNA probes. Our results 
indicate that TGF-β2 and TGF-β3 isoforms are related to intramembranous 
ossification, since it seems to be the main mode of HO formation after THA 
(Paper II). We also showed increased expression of TGF-β2 and TGF-β3 in 
immature HOs as compared to mature HOs, using a method with β-actin serving 
as control for expression (Paper II). We confirmed that the HO content of TGF-
β2 is clearly higher in immature HOs compared to mature HOs and that 
increased expression thus leads to increased formation of TGF-β2 (Paper I). It 
should, however, be noted that the overall bone content of TGF-β2 was lower 
compared to the other TGF-β isoforms (see Table 2). We also demonstrated that 
TGF-β3 expression was increased (Paper II) while no difference was seen in 
protein level. However, it should be emphasized that in tissues protein level 
does not always correspond to the mRNA profile. This difference in mRNA 
expression and the protein content of TGF-β3 can be explained by the fact that 
TGF-β genes also appear to be regulated posttranscriptionally, which may ac-
count for lack of correlation between mRNA expression and level of protein 
secreted from some cells (Bonewald, 2002).  

Our results suggest that after THA, HO originates mostly from connective 
tissue damage (Paper II), in which several effectors like BMP-2, TGF-β iso-
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forms, PGE2, IL-6, etc can be involved (Roelen and Dijke, 2003; Bartlett et al., 
2006; De Benedetti et al., 2006).  

Since TGF-βs have the ability to accelerate bone formation (Joyce et al., 
1990a) and since growing HO could be problematic after THA if not treated, it 
was in our interest to find out specific changes in TGF-β isoforms that can be 
related to bone formation.  

Immunohistochemically, there are distinctive differences in the location of 
the three isoforms in HOs: TGF-β2 and TGF-β3 are both produced more in the 
osteoblastic and preosteoblastic cells compared to TGF-β1 which seemed to be 
more prominent in the surrounding connective tissue.  

We also found strong TGF-β3 protein staining in the walls of the vessels 
located densely in the region surrounding the bone formation zone. It may be 
suggested that TGF-β3 is involved in the neovascularization of the HO since 
TGF-β3 is known to promote mesenchymal cell proliferation and angiogenesis 
(Muraoka et al., 2005). Detection of TGF-β3 in blood vessels and osteocytes, 
but also in osteoblasts suggests that TGF-β3 is involved in the normal function 
and remodeling of the HO. The TGF-β2, which is detected in osteoblasts, seems 
to participate in their functioning and is produced more in immature HOs. Since 
osteoblasts and preosteoblasts have a high osteogenic potential (Puzas et al., 
1989), inhibition of TGF-β2 may also specifically inhibit HO formation.  
 
 

2. Initial and early changes of TGF-β in HO  
in the rat model 

 
The experimental rat model involving application of implants immersed in 
saline or in rhBMP-2 solution was used to investigate changes in the locali-
zation, expression and content of TGF-β isoforms during the initial and early 
stages of HO formation. The implants were removed 3 days (groups I and II) 
and 21 days (groups III and IV) after implantation. 

In this experimental model undifferentiated mesenchymal-like cells and 
connective tissue cells invaded the outer parts of the implant after three days. 
Although no overall changes in histological appearance were noted, a pro-
portion of TGF-β3 was increased in the mesenchymal-like cells when rhBMP-2 
was added. Therefore, we can conclude that addition of rhBMP upregulates the 
production of TGF-β3 and that more TGF-β3 is produced in the area where HO 
formation is expected. This was also supported by the in situ hybridization 
findings of mRNA of TGF-β3, which showed stronger expression in group II 
compared to group I (see Table 3). The total expression of mRNA of TGF-β3 in 
the implant was stronger in group IV compared to group III (see Table 4). This 
difference was not obvious in the estimations of immunohistochemical staining 
of TGF-β3 in the connective tissue in the implant, while it was not possible to 
compare staining of the bone tissue as there was almost no bone formation in 
group III. However, compared to TGF-β1, TGF-β3 was produced more in the 
osteoblasts lining the newly formed heterotopic bone in group IV, which was 
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not noted in group III (see Table 4). These results indicate the probable re-
gulating role of this growth factor for the process of HO formation, since it has 
been described to participate in the differentiation of mesenchymal stem cells 
(Barry et al., 2001). There were more immunohistochemically detectable TGF-
β2 and TGF-β3 in newly formed heterotopic bone compared to TGF-β1 (see 
Table 4). Although this difference was not evident at the mRNA level, it sug-
gests that these isoforms are produced more during the remodelation of a newly 
formed HO. Since the bone content of these two isoforms increased in the early 
stages of the HO formation, it may be that these isoforms take part in both 
formation and remodeling of the HO.  

In induced HOs the expression of TGF-β1 has been noted to increase by day 
30 (Ripamonti, 2005). Our results indicate that during induced HO formation 
changes in the production of the other isoforms (TGF-β2 and TGF-β3) take place 
earlier. Since isoforms TGF-β2 and TGF-β3 rather than TGF-β1 have been 
shown to be expressed during the course of fracture healing in murine bone 
(Cho and Gerstenfeld, 2002), these results show that the pattern of changes in 
the tissue content of TGF-β2 and TGF-β3 during HO formation is similar to the 
pattern noted during fracture healing. Specific changes in mRNA levels of 
TGF-β2 and TGF-β3 rather than TGF-β1 have also been shown during experi-
mental HO formation after Achilles tenotomy (Lin et al., 2009), which indicates 
their role in the early phases of HO formation. Although TGF-β1 is considered 
the most abundant isoform of the three, with 200 µg/kg of TGF-β1 present in 
bone (Seyedin et al., 1985), it seems that this accumulation does not take place 
within 21 days from induction and may occur later during bone remodeling. 
 
 

3. Factors related to the open femoral canal 
 
Our method was developed to study heterotopic bone formation under stan-
dardized conditions regarding bone induction and osteoconduction by using 
homogenous materials with an exact chemical composition (beta-tricalcium 
phosphate, rhBMP-2) and mimicking the situation after total hip replacement 
surgery.  

Many reports address occurrence of the HO in the region of the abductor 
musculature, especially in the gluteus medius and gluteus minimus muscles 
(Nollen and Slooff, 1973; Bisla et al., 1976; Søballe et al., 1988; Puzas et al., 
1989; Kjaersgaard-Andersen et al., 1990; Ahrengart, 1991), which correspond 
to the structures often subjected to tensile forces and damaged during total hip 
replacement surgery. The same location, i.e. the greater trochanter underlying 
the abductor musculature, involving the capsulotomy wound, was used in our 
model by determining the exact amount of osteoconductive and/or osteoinduc-
tive factors, our method allows to reduce variability of bone induction and the 
number of subjects needed for studying local factors. 

Osteoid volume (OV/BV) was very high in the rhBMP-2 treated groups, 
which indicates a high rate of formation of new bone. Thus, HO formation was 
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evident in both hind limbs in all animals, regardless of the presence or absence 
of femoral canal cells. It is difficult to explain the significantly lower mine-
ralized volume of bone (Md.V/TV) on the side with the open femoral canal, 
while the volume of formed bone (BV/TV) itself was similar on both sides. This 
may be due to an increased washout of rhBMP-2 caused by bleeding from the 
femoral canal; presence of inhibitory factors originating from the femoral canal 
cannot be ruled out.  

This study suggests that presence or absence of femoral canal cells has no 
significant effect on development of HO. Secondly, tissue injury and implant 
alone are insufficient to cause heterotopic ossification and osteoinductive 
signal, as e.g. rhBMP-2 plays a crucial role in heterotopic ossification. Thirdly, 
we believe that this method can be used in in vivo studies of HO. 
 
 

4. General discussion 
 
Formation of HO is a complex process. Involvement of four factors is necessary 
in the pathogenesis of heterotopic bone (Kaplan et al., 2004). The first factor is 
usually an episode of trauma which may include a hematoma. In true myositis 
ossificans trauma is often minimal consisting in only a few torn muscle or 
collagen fibers (Jackson et al., 2009). The second factor is a signal from the site 
of injury. This signal consists of proteins secreted from cells of the injured 
tissue and from inflammatory cells migrating to the site in response to the tissue 
injury (Ahn et al., 2003; Kaplan et al., 2004; Paper I). Also a change in the 
chemical environment may serve as the signal (e.g. in the case of pulmonary 
HO formation (Chan et al., 2002)) or dystrophic calcification (ossification of 
the cardiac valves (Mohler et al., 2001)). The third factor is availability of cells 
that can produce bone (e.g. undifferentiated mesenchymal cells, preosteoblasts). 
With the help of the appropriate signal at the site of injury, the genes which 
synthesize osteoid and chondroid and direct differentiation of mesenchymal 
cells into osteoblasts or chondroblasts are activated (McCarthy and Sundaram, 
2005; Jackson et al., 2009). Heterotopic bone formation can occur anywhere 
where these uncommitted mesenchymal cells are present, like in the skeletal 
muscle, the perivascular tissue and the fibrous tissue. The fourth factor is an 
appropriate environment conductive to the continued production of heterotopic 
bone (e.g. formation of a calcified area or scaffold) (Ekelund et al., 1991). The 
relationship between these four factors is debatable. According to McCarthy 
and Sundaram (2005), signaling agents appear to play the most important role 
and progress has been made recently in the understanding of these agents.  

One finding that may change the perspective of factors important for HO 
formation is presented in this thesis: we found that TGF-β isoforms have diffe-
rent expression patterns during HO formation and their relative content changes 
differently during HO maturation. These changes were notable for the less 
studied isoforms TGF-β2 and TGF-β3, and especially in undifferentiated 
mesenchymal cells in the area of HO formation (Paper I; Paper III).  
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The HOs removed from patients after total hip arthroplasty reveal morpho-
logical (rapid bone formation, presence of bone forming zones) and biochemical 
changes (growth factors, like BMP-2 and isoforms of TGF-β, but also IL-6, 
PGE2, type-I collagen, etc) occurring over the time (Paper I; Paper II; Wilkinson 
et al., 2003). In order to investigate initial and early changes at the site of HO 
formation, an animal model was created which mimicks the situation after 
THA. The advantage of our model compared to other methods is that osteo-
induction occurs in the joint area and its variability is low, which was achieved 
by determining the exact amount of osteoconductive and/or osteoinductive 
factors. The method of HO formation introduced by Schneider and co-workers 
(Schneider et al., 1998) mimicked the situation after THA but in that case 
osteoinduction varied considerably. According to the method of Kantorowitz 
and co-authors (Kantorowitz et al., 1990), HO formation was studied in a 
subcutaneous location and in a situation not occurring after THA. We stan-
dardized the osteoinductive signal by using exogenous rhBMP-2 (whose 
osteoinductive properties have been well described (Urist, 1965; Wozney et al., 
1988)) and chose beta-tricalcium phosphate as the carrier of rhBMP-2 since it 
has the ability to form a depot of recombinant BMP-2 (Uludag et al., 1999; 
Seeherman and Wozney, 2005). It can be noted that the concentration of 
rhBMP-2 in the implant remains relatively constant and beta-tricalcium 
phosphate possesses good osteoconductive properties (Seeherman and Wozney, 
2005). The usage of an external inductor (BMP-2) in this model can be con-
sidered a disadvantage. However, this was absolutely necessary to ensure stable 
bone growth. Although the animal model raises the question about the com-
parability and extrapolation of these results to humans, we have shown that the 
histological appearance of HOs and the dynamics of TGF-β isoforms are similar 
in the rat and in the human during the growth of HO, which confirms that the 
introduced model is suitable for experiments exploring the dynamics of TGF-β 
isoforms during HO formation (Paper III; Paper IV). 

The TGF-β isoforms have similar but not overlapping effects and their 
expression patterns are different during normal bone formation (Cho and 
Gerstenfeld, 2002). Changes in the expression and production of HOs in time 
show that their relative functions in HOs change in time. Differences in the 
expression and HO content of TGF-β isoforms at different time points suggest 
that these isoforms may have different roles in formation of HO and further 
demonstrate the complexity of the HO formation.  

Numerous factors affect bone as well as HO formation and it is clear that 
TGF-β isoforms play an important role in this process. So far the literature data 
about the functions of TGF-β isoforms have been controversial. In this thesis we 
showed that TGF-β isoforms are present in HO and their dynamics can be 
followed in time. Our studies suggest that there are distinctive differences in the 
expression and content of TGF-β isoforms in HO depending on the age or type 
of HO formation.  

Although TGF-β1 is considered to be the most abundant isoform of the three, 
we showed that the expression and production of the isoforms TGF-β2 and 
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TGF-β3 are more prevalent in the early stages of HO formation. In healing 
fractures, the isoform expressions of the TGF-βs have also been observed, with 
more prominent expressions of the TGF-β2 and TGF-β3 isoforms (Rosier et al., 
1998). Since the bone content of these two isoforms was also elevated in the 
early stages of HO formation, it may be that these isoforms take part in both 
formation and remodeling of HO, particularly during the initial and early stages 
of heterotopic bone formation (Paper III). Moreover, it has been noted that the 
histological structure of the HO is similar to the histology noted in callus 
formation of a healing fracture and the onset of the ossification process seems to 
involve fibroblastic metaplasia (Vanden Bossche and Vanderstraeten, 2005). 
Considering the above findings, it can be suggested that the process of HO 
formation resembles the process of fracture healing and is (like fracture healing) 
initiated by tissue damage and an inflammatory process involving several 
inflammatory markers (e.g. PGE2), inflammatory cells, growth factors (vascular 
growth factors, BMP-2, TGF-β isoforms) (Tatsuyama et al., 2000; Rapuano et 
al., 2008; Paper I; Paper III). This is also confirmed by the fact that therapy 
with NSAIDs has been proven to be successful in prevention of HO after THA 
(Gebuhr et al., 1995; Dorn et al., 1998; Persson et al., 1998). Therefore, 
suppression of inflammatory response immediately after THA is an important 
tool in HO prevention. 

Also recent results support the notion that HO is initiated by tissue damage 
and not by multipotent cells which migrate from the femoral canal to the 
surrounding tissues (Paper IV). 

Further research should establish whether usage of TGF-β isoform specific 
inhibitors might have some pharmacological potential and whether they could 
be used for HO suppression.  

An overall review of the literature shows tens of biomolecules that are active 
at some point of bone formation and growth. Although the problem has been 
studied by different authors it is still not completely solved; further testing and 
introduction of new animal models would better elucidate this issue. The picture 
emerging from the study of the TGF-β isoforms indicates that they are 
somehow involved in almost every aspect of HO formation. Their way of action 
is intricate with overlapping features, which makes evaluation of their 
importance ambiguous. This complication is further confused by our finding in 
this thesis that importance of the TGF-β isoforms changes over time. Further 
research, probably largely restricted to in vitro action studies, are needed to 
clarify the role of the TGF-β isoforms. 
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CONCLUSIONS 
 
1.  Immature HOs had multiple ossicles with clearly distinguishable active bone 

formation on their outer surfaces, with bone marrow but also undiffe-
rentiated mesenchymal-like cells remaining inside. Mature HOs were histo-
logically very similar, consisting of one or a few ossicles whose cross-sectio-
nal morphology was typical of trabecular bones: spongy area with bone 
marrow spaces surrounded by cortical bone. The OS/Ps ratios were higher 
for mature HOs compared to control bone, which indicates that remodeling 
activity in mature HOs is still high. The HO has high bone forming activity 
which slows down with time. Based on morphological and morphometric 
findings, the HO can be considered as mature after three years.  

 
2.  The expressions of TGF-β2 and TGF-β3 were increased during HO formation 

and remodeling (in the zone of bone formation and in the zone of cellular 
differentiation of HO) and the bone tissue content of TGF-β2 was clearly 
reduced in mature HOs suggesting that the isoform TGF-β2 is definitely 
involved in the growth of immature HO.  

 
3.  Stable and reliable bone formation, similar to the situation after THA, was 

achieved in the joint area in the presented animal model, which confirms that 
this model can be used to evaluate initial and early changes during HO 
formation. 

 
4.  A specific increase in the expression and tissue content of TGF-β2 and TGF-

β3 was shown in the initial and early stages of heterotopic bone formation; it 
is likely that these TGF-β isoforms had a particular effect on HO formation 
at these developmental stages in the experimental rat model.  

 
5.  Presence of femoral canal cells did not exert an additional osteoinductive 

effect, or an effect on the amount of bone to be formed and osteoinductive 
signal from exogenous BMP-2 was prevalent in our experimental HO rat 
model, suggesting that local signals and cells of local origin have a more 
significant role in HO formation compared to the effect of the multipotent 
cells of the femoral canal. 

 
General conclusion: From the point of view of the histology and dynamics of 
the TGF-β isoforms, the process of HO formation resembles the fracture healing 
process rather than normal bone development. 
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SUMMARY IN ESTONIAN 
 

TGF-β isovormide ja luukoe eelrakkude roll heterotoopse 
ossifikatsiooni patogeneesis. Eksperimentaalne ja kliiniline 

uuring puusaliigese endoproteesimisest 
 

TGF-β perekond ja heterotoopne ossifikatsioon 
 
Transformeerivate kasvufaktorite superperekonna liikmetest mõjutavad hetero-
toopse luu teket kindlasti kõige enam luu morfogeneetilised proteiinid (bone 
morphogenetic proteins – BMP). Samas on suhteliselt vähe teada organismis 
olulisi funktsioone täitvate TGF-β isovormide (imetajatel täheldatud isovormid: 
TGF-β1, TGF-β2 ja TGF-β3) rolli kohta selles protsessis – ehkki on teada, et 
TGF-β isovormidel puuduvad osteoinduktiivsed omadused, on näidatud, et need 
stimuleerivad luuteket olulisel määral (Joyce et al., 1990a). Isovormide 
funktsionaalset erinevust iseloomustab näiteks see, et kuigi luukoes on kõige 
levinumaks isovormiks TGF-β1, mille funktsioonide hulka kuuluvad osteo-
blastide diferentseerumise ja prolifereerumise mõjutamine (Seyedin et al., 
1985), mängivad olulist rolli ka teised isovormid. Näiteks osaleb TGF-β2 endo-
kondraalses ossifikatsioonis ja kondrogeneesis (Joyce et al., 1990b) ning TGF-
β3 reguleerib kollageeni sünteesi, mitogeneesi ja alkaalse fosfataasi aktiivsust 
(Opperman et al., 2000). 

Heterotoopne ossifikatsioon (HO) on teisisõnu skeletiväline luustumine ja 
seda tuleb eristada heterotoopsest kaltsifitseerumisest, mille puhul luukudet ei 
teki (Vanden Bossche and Vanderstraeten, 2005). HO võib tekkida erinevates 
kohtades, kuid kõige sagedamini esineb seda pärast puusaliigese endopro-
teesimist (Toom et al., 2001). Kuna pehmete kudede luustumise täpsed põh-
jused ei ole veel siiski teada, on selles dissertatsioonis keskendutud mesen-
hümaalsete tüvirakkude ja kasvufaktorite rollile HO tekkes. 
 
 

Uurimuse eesmärgid 
 
Uurimuse üldeesmärk oli hinnata muutusi BMP-2 ja TGF-β isovormide 
ekspressioonimustris ja sisalduses ning morfoloogilisi muutusi HO-s nii 
inimesel kui loommudelis. Täpsemalt: 
 
1. Kirjeldada HO morfoloogiat ja luutekke aktiivsust ajalises dünaamikas ja 

võrrelda seda inimesel normaalse luu arenguga. 
2. Hinnata ajalises dünaamikas erinevusi BMP-2 ja TGF-β isovormide ekspres-

sioonis, sisalduses ja lokalisatsioonis inimese HO erinevates tsoonides ning 
küpsetes ja mitte-küpsetes HO-des pärast puusaliigese endoproteesimist. 
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3. Töötada välja loommudel, mille abil saab jäljendada puusaliigese endopro-
teesimisel tekkivat olukorda ja uurida HO tekke esialgseid ja varajasi etappe. 

4. Hinnata erinevusi TGF-β isovormide ekspressioonis, lokalisatsioonis ja 
sisalduses HO tekkimise esialgsetes ning varajastes etappides (loommudel). 

5. Uurida luuüdikanalist pärinevate tüvirakkude ja lihaskoe kahjustuse mõju 
HO moodustumisele (loommudel). 

 
 

Materjalid ja meetodid 
 
I ja II artiklis kasutasime patsientidelt kogutud proove, et uurida muutusi luukoe 
morfoloogias ja kasvufaktorite ekspressioonis ning sisalduses ossifikaadi 
küpsemise käigus. Selleks rakendasime vastavalt histomorfomeetrilist analüüsi 
ja semikvantitatiivset pöördtranskriptaasi reaktsiooni ning immuunohisto-
keemilist uuringut. 

III ja IV artiklis modelleerisime katseloomadel totaalendoproteesimise 
järgset situatsiooni, et uurida luukoe kasvufaktorite sisalduse muutusi HO-s ja 
luuüdikanali tüvirakkude ja lokaalse trauma mõju heterotoopse ossifikatsiooni 
tekkimisele HO moodustumise esialgsetes ja varajastes etappides, kasutades 
selleks immuunhistokeemilist uuringut ja stereoloogilist analüüsi. 
 
 

Tulemustest lähtuvad järeldused 
 
1.  Inimmaterjali histomorfomeetriline analüüs näitas, et küpses HO-s on võrrel-

des normaalse luuga suurem osteoidi pinna/periostaalse pinna suhe ja luukoe 
remodelleerumine toimus aktiivselt ka küpsetes HO-des. Küpsete HO-de 
histoloogia sarnanes trabekulaarsete luude puhul täheldatuga: selles esinesid 
spongioosse luu piirkonnad, milles leidus ka luuüdi ja mida ümbritses korti-
kaalne luu. Samas oli luuteke veelgi aktiivsem nooremates ossifikaatides, 
mida iseloomustasid muuhulgas ka muutused kasvufaktorite ekspressioonis 
ja produktsioonis. Nooremate ossifikaatide välispinnal oli selgelt eristatav 
luutekke piirkond ning luukoe sees võis leida nii luuüdi kui diferentseeru-
mata mesenhümaalseid rakke. Küpseks võib lugeda üle 3-aastast hetero-
toopset ossifikaati. 

2. Pärast puusaliigese endoproteesimist tekkinud HO-de hindamisel tähel-
dasime, et transformeeriva kasvufaktor beeta (TGF-β) isovormide ekspres-
sioon ja produktsioon muutub ossifikaadi küpsedes ja erinevusi võib näha ka 
TGF-β isovormide lokalisatsioonis. TGF-β2 ja TGF-β3 mRNA ekspressiooni 
suurenemine HO tekkimise ja remodelleerumise ajal ja TGF-β2 hulga oluline 
langus küpsemates ossifikaatides viitab TGF-β2 võimalikule rollile HO 
varajases arengus. 

3.  Töötasime välja loommudeli, mille puhul tagatakse rotil stabiilne HO teke 
situatsioonis, mis sarnaneb puusaliigese endproteesimise järgsele olukorrale 
inimesel ja lähtudes morfoloogilistest muutustest ja muutusest kasvufaktorite 
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sisalduses võime öelda, et loommudelit võib kasutada hindamaks muutusi 
HO tekke esialgsetes ja varajastes etappides. 

4.  Näitasime loommudelil, et muutused kasvufaktorite (eelkõige TGF-β2 and 
TGF-β3) tasemetes on täheldatavad juba HO tekke esialgsetes ja varajastes 
staadiumites, mis viitab sellele, et need kasvufaktorid võivad antud loom-
mudelis mõjutada skeletivälise luutekke algstaadiume. 

5.  Reieluu kanalist pärinevad rakud ei avaldanud täiendavat mõju HO tekkele 
ega selle kasvamisele ning konkreetses loommudelis on tunduvalt suurem 
osakaal lokaalsel osteoinduktiivsel signaalil (BMP-2). 

Histoloogilisest vaatepunktist ja TGF-β isovormide dünaamikast lähtudes 
tundub, et HO teke sarnaneb rohkem luumurru paranemise protsessi kui tava-
pärase luu arenguga. 
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