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Abstract
Bone morphogenetic proteins (BMPs) constitute a large family of osteoinductive proteins. Different
BMPs are widely used in animal experiments and increasingly in the field of bone surgery. However,
the sterilization of BMPs and the choice of a suitable mode of delivery, which binds and slowly
releases BMP molecules, are still under intensive investigation.

The aims of this study were to evaluate the effects of ethylene oxide and gamma sterilizations and
different delivery systems on the osteoinductivity of reindeer BMP extract by using heterotopic and
orthopic animal models.

Ethylene oxide gas (Steri-Vac 4XL, temperature 29 °C, exposure time 4 h, concentration 860 mg/
l) and gamma (doses of 3.15 or 4.15 Mrad) sterilizations were used. The tested delivery systems for
reindeer BMP were collagen (Lyostypt®), gelatine capsule (no.1) and composites containing collagen
combined with tricalcium phosphate (TCP) or hydroxyapatite (HA) or biphasic tricalcium phosphate-
hydroxyapatite (TCP/HA) or biocoral (NC) frames. The injectability of reindeer BMP was tested by
using injections containing a saline or gelatine vehicle. Osteoinductivity was evaluated as ectopic
bone formation in the thigh muscle pouches of mouse hind legs. The induced new bone was evaluated
based on the incorporation of 45Ca or calcium yield, radiographs and histological examination three
weeks after the operations.

The effect of gamma sterilization on the bone healing capacity of reindeer BMP extract was
evaluated in a rabbit radial bone defect model in comparison with non-sterilized reindeer BMP extract
and recombinant BMP-2. Bone healing was evaluated after eight weeks based on radiographs,
mechanical tests and peripheral computerized tomography (pQCT).

All BMP implants induced new bone in vivo visible in radiographs, but no bone formation was
seen in the control implants without reindeer BMP. Gamma sterilization did not decrease
significantly the osteoinductivity of reindeer BMP extract, except when administered as an injection
containing gelatine vehicle. Ethylene oxide sterilization decreased significantly the osteoinductivity
of reindeer BMP extract and was significantly inferior compared to gamma sterilization. Reindeer
BMP combined with collagen or composite containing collagen and TCP/HA frame induced new
bone significantly better than reindeer BMP combined with composite containing collagen and TCP
frame. BMP injections with gelatine or saline vehicles induced new bone effectively. Injections were
easy to handle and well tolerated by the mice. Reindeer BMP extract administered with collagen
carrier healed the bone defect of the rabbit radius significantly better than control implants without
reindeer BMP or no treatment and its effect was comparable with rhBMP-2 treatment.

Keywords: bioassay, BMP, bone defect, bone healing, bone morphogenetic protein, carrier,
composite, sterilization
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 Abbreviations 

AAA-Bone Autolyzed antigen-extracted allogeneic bone 
ACG  Autogenous cancellous bone graft 
BMC  Bone mineral content 
BMD  Bone mineral density 
BMP  Bone morphogenetic protein 
CSD  Critical size bone defect 
cDNA  Complementary deoxyribonucleic acid 
DBM  Demineralized bone matrix 
FDA  Food and Drug Administration 
GDF  Growth and differentation factor 
GuHCl  Guanidine hydrochloride 
HA  Hydroxyapatite 
IARC  International Agency for Research on Cancer 
NaCl  Natriumchloride 
NC  Natural coral 
OP-1  Osteogenic protein-1 
PGA  Polyglycolide 
PLA  Polylactide 
PLGA  Poly[DL-lactide]-coglycolide 
pQCT  Peripheral quantitative computerized tomography 
rhBMP  Recombinant bone morphogenetic protein 
RNA  Ribonucleic acid 
SMAD  Small signal modulating molecule 
TCP  Tricalcium phosphate 
TCP/HA  Tricalcium phosphate/Hydroxyapatite 
TGF- β  Transforming growth factor β 
 





 Definitions 

Autograft bone  Bone material taken from the same individual. 
Allograft bone Bone material taken from another individual of the same 

species. 
Bioassay Evaluation of the effect of an agent (e.g. BMP) on a living 

organism (e.g. muscle pouch of mouse). 
Biodegradation  Breakdown of material in living tissue. 
Bone graft  Bone material replace bone tissue in a defect. 
Bone union Ossified bone defect. 
Carrier Material used to deliver agent and to provide controlled 

release of the agent. 
Chemotaxis A process whereby certain agent(s) attract cells to a certain 

site. 
Collagen The single most abundant protein in mammals. 
Composite  Composed at least two different material or phases acting 

together as an implant (e.g. collagen and hydroxypatite 
together as a carrier). 

Critical size bone defect A bone defect which does not heal if left untreated. 
Implant A medical device made of one or more biomaterials that is 

intentionally placed within body, either totally or partially 
buried beneath the epithelial surface. 

Mesenchymal cell A cell which has ability to differentiate in many different ways. 
Osteoblast A bone forming cell. 
Osteoclast A bone-resorbing cell. 
Osteoconduction An osteoconductive surface is one that permits bone growth on 

its surface or down into pores, channels or pipes. 
Osteoinduction A process whereby one tissue, or a product derived from it, 

causes a second undifferentiated tissue to differentiate into 
bone tissue. 

Xenograft Bone material taken from an individual of another species.
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1 Introduction 

Bone morphogenetic proteins (BMPs) constitute a large group of bone-inductive proteins 
which are part of TGF-β superfamily. They were originally described by Urist in 1965 
(Urist 1965). Different BMPs are widely used in animal experiments and increasingly in 
the field of bone surgery. 

In clinical situations, it is necessary to sterilize all medical implants and parenteral 
drug delivery systems prior to surgical placement or injection, to reduce the risk of 
infections and associated complications. Ethylene oxide and gamma irradiation are 
commonly used sterilization methods (Munting et al. 1988, Aspenberg et al. 1990, Moore 
et al. 1990, Sigholm et al. 1992, Ijiri et al. 1994, Solheim et al. 1995, Zhang et al. 1997, 
Aspenberg and Lindqvist 1998, Andriano et al. 2000, Ripamonti et al. 2000), but the 
optimal sterilization method of BMPs has been a topic of considerable controversy. Some 
studies have demonstrated deleterious loss of osteoinductivity of BMPs after ethylene 
oxide (Munting et al. 1988, Aspenberg et al. 1990, Ijiri et al. 1994, Aspenberg & 
Lindqvist 1998) or gamma (Munting et al. 1988, Ijiri et al. 1994, Zhang et al. 1997) 
sterilization, but no or only slight alterations have also been reported (Sigholm et al. 
1992, Solheim et al. 1995, Zhang et al. 1997, Andriano et al. 2000, Ripamonti et al. 
2000). 

BMPs need a delivery system to be successfully active in the target tissue. An ideal 
carrier substrate of BMP should meet the following criteria: biodegradability, function as 
scaffold for cell adhesion and proliferation, immunological inertia and slow release of 
BMPs through controlled biological degradation. The substrates should also be 
osteoconductive, practicable and easy to operate with, and they should have adequate 
mechanical strength for loading (Aldinger et al. 1991, Lindholm & Gao 1993). A variety 
of organic materials, such as collagen and allografts, inorganic materials, including 
coralline, hydroxyapatite and tricalcium phosphate, and resorbable synthetic polymers 
have been used for BMP delivery (Urist et al. 1984b, Lindholm & Gao 1993, Gao et al. 
1996a,b, Viljanen et al. 1996b, Jin et al. 2000, Tuominen et al. 2000, Alam et al. 2001, 
Bessho et al. 2002, Gao et al. 2002, Seeherman et al. 2002, Bragdon et al. 2003, Geiger 
et al. 2003). However, knowledge of the suitability of these delivery agents is still 
insufficient. 
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BMPs are usually administered with a solid delivery material during open surgery. In 
some instances, percutaneous injection of BMPs with a minimally invasive technique 
would be optimal for the treatment of different bone healing problems. Percutaneous 
adminstration of BMP-7 and rhBMP-2 has recently been successfully used in different 
experimental animal models (Bax et al. 1999, Muschik et al. 2000, Blokhuis et al. 2001, 
den Boer et al. 2002, Li et al. 2002 and 2003, Einhorn et al. 2003, Mizumoto et al. 2003, 
Saito et al. 2003, Seeherman et al. 2003, Takahashi et al. 2003), but the injection of 
native BMP extracts has received only scant attention (Muschik et al. 2000). 

Segmental bone defects due to infection or trauma are difficult to manage in patients 
and may also be resistant to treatment despite the variety of modern surgical techniques 
available. For this reason, segmental long bone defects with close similarity to clinical 
situations have been used as models for orthopic bone reconstruction in assaying the 
efficacy of BMPs and carrier material. The bone healing capacity of different 
recombinant and extracted BMPs has been studied by using various bone defect models, 
such as dog radius (Johnson et al. 1996, Sciadini and Johnson 2000, Hu et al. 2003), dog 
ulna (Tuominen et al. 2000 and 2001a,b, Salkeld et al. 2001), sheep tibia (Gao et al. 
1996b, 1997, den Boer et al. 2003) and rabbit radius (Zegzula et al. 1997, Texeira & Urist 
1998, Wheeler et al. 1998, Mori et al. 2000). Despite the intensive investigations of 
BMPs, differencies between recombinant and extracted BMPs as well as the effects of 
gamma irradiation on the osteoinductivity of reindeer BMP extract have not yet been 
evaluated by using long bone defect models. 

The present series of studies were designed to evaluate the effects of ethylene oxide 
and gamma sterilizations and the different delivery systems used for reindeer BMP 
implants and injections on the osteoinductivity of reindeer BMP extract by using the 
muscle pouch model of mouse and the bone defect model of rabbit radius. 



2 Review of the literature 

2.1  Concepts of osteoinduction and osteoconduction 

Osteinduction is a process whereby primitive, undifferentiated and pluripotent cells are 
stimulated by some osteoinductive signals to develop into a bone-forming cell lineage 
and, ultimately, to enable remodelling of new bone tissue. 

The classic osteoinductive phenomenon was well defined by Huggins (1931), who 
demonstrated that autoimplantation of transitional bladder epithelium to the abdominal 
wall muscle in dogs provoked ectopic bone formation. This finding has been verified and 
further extended by other investigators (Levander 1938, Friedenstain 1962, Lindholm et 
al. 1973, Markin 1962, Wlodarski 1991). 

The concept of osteoinduction was derived from Spemann´s theory (Spemann 1938). 
The osteoinductive process involves interaction between two systems, inductive and 
reactive. The inductive system in osteoinduction includes hypertrophied cartilage, newly 
formed or demineralised bone matrix, transitional epithelium and osteogenic agents, 
while the reactive system consists of mesenchymal tissue cells with the competence to 
become osteoblasts. 

Osteoconduction means that bone grows on a surface. An osteoconductive site is one 
that permits bone growth on its surface or down into pores, channels or ducts. When 
osteoconductive material is placed in an osseus environment, living tissue for the host 
bed migrates into the cancellous structure, which results in new bone formation and 
incorporation of that structure. Osteogenesis is a process of new bone formation by 
surviving pre-osteoblasts and osteoblasts within autografts or around injured bone tissue 
in vivo. Autoinduction, as proposed in the classic study by Urist (1965), means that new 
bone induced by demineralised cortical bone is derived from proliferated pluripotent cells 
of the host itself. 



 20

2.2  Bone morphogenetic protein 

2.2.1  History of bone morphogenetic protein (BMP) 

In 1965, Marshall R. Urist made the seminal discovery that demineralised bone matrix 
(DBM) contains a substance that has the capacity to induce ectopic bone formation upon 
intramuscular implantation in rabbits and rats. Later, the isolation of this bone-inducing 
substance from demineralised bone matrix revealed that a certain low-molecular weight 
protein extract was responsible for the formation of new bone (Urist et al. 1973, Urist et 
al. 1979). These protein extracts were termed bone morphogenetic proteins (BMPs). 
Since that, 1965 bone-inducing proteins have been intensively investigated, and a 
massive number of studies have been published to date. 

2.2.2  TGF-β superfamily 

The TGF-β superfamily comprises a large and diverse group of polypeptide morphogens, 
including the transforming growth factors (TGF-βs), BMPs and growth and 
differentiation factors (GDFs) (Burt & Law 1994). The members of this superfamily 
exhibit structural variations in their C-terminal amino acid sequences and have similar 
biological activities. The proteins of the TGF-β superfamily mediate several 
physiological processes, including immune response, the regulation of hormone 
secretion, cell growth and differentiation, tissue morphogenesis and regeneration and 
bone induction and modulation (Wozney et al. 1988, 1992, Reddi et al. 1997,1998a, Zhu 
et al. 1999). 

The BMPs are soluble low-molecular weight transmembrane glycoproteins that exist 
as dimers linked by disulfide bonds. Each monomer consists of about 120 amino acids 
with seven canonical cysteine residues (Reddi 1998b). Nowadays, about twenty different 
BMPs are known, and sixteen of them have been characterized (Table 1). Only BMP-1 is 
unrelated to the other BMPs and is a member of the astacin family (Dumermuth et al. 
1991, Jiang & Bond 1992). BMP-1 does not regulate the growth and differentiation of 
skeletal cells. It is a procollagen C-proteinase that cleaves procollagen fibrils as well as 
chordin, which is a peptide that binds and antagonizes the actions of BMP-2 and -4 
(Kessler et al. 1996). BMPs 2-16 are the currently known members of the TGF-β 
superfamily (Sampath et al. 1987, Wang et al. 1990, Reddi & Cunningham 1993, Burt & 
Law 1994, Dube & Celeste 1995, 1996, Wozney & Rosen 1998). They can be divided 
into different subgroups according to how closely they are related to each other 
structurally (Table 1). The bone morphogenetic proteins 2, 4, 6, 7 (also called OP-1) and 
9 are generally considered the most active osteoinductive family members (Wozney et al. 
1988, Celeste et al. 1990, Celeste et al. 1994, Cook 1999, Boden et al. 2001 and 2002, 
Guo et al. 2002, Wozney 2002, Yoon & Boden 2002, Barrack et al. 2003, Cheng et al. 
2003, Sandhu 2003). These proteins are important growth and differentiation factors, 
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which are necessary for proper embryogenesis. They are also involved in the 
development of many nonskeletal tissues, such as renal and neural tissues. 

Table 1. Bone morphogenetic proteins (BMPs) 

BMP Alternative names Subfamily Reference 
BMP-1   Wozney et al. 1988 
BMP-2 BMP-2A BMP 2/4 Wozney et al. 1988 
BMP-3 Osteogenin BMP3 Wozney et al. 1988 
BMP-3B  BMP3 Takao et al. 1996 
BMP-4 BMP-2B BMP2/4 Wozney et al. 1988 
BMP-5  OP1/BMP7 Celeste et al. 1990 
BMP-6 Vgr-1 OP1/BMP7 Celeste et al. 1990 

Celeste et al. 1990 BMP-7 OP-1 OP1/BMP7 
Ozkaynak et al. 1990 

BMP-8 OP-2 OP1/BMP7 Ozkaynak et al. 1992 
BMP-8B OP-3 OP1/BMP7 Zhao et al. 1996 
BMP-9 GDF2 Miscellanous Celeste et al. 1994 
BMP-10  Miscellanous Celeste et al. 1995 
BMP-11 Gdf11 Miscellanous Celeste et al. 1995 
BMP-12 CDMP3/GDF7 CDMP/GDF Celeste et al. 1995 
BMP-13 CDMP2/GDF6 CDMP/GDF Dube et Celeste 1995 
BMP-14 CDMP1/GDF5 CDMP/GDF Murray et al. 1997 
BMP-15  others Dube et Celeste 1996 
BMP-16  others Murray et al. 1997 

2.2.3  Native BMP extract 

During the period from 1960 to date, various purification methods for bone 
morphogenetic proteins have been described, and the BMP extract has been widely 
characterized. Native BMPs have been extracted from the bone matrices of a variety of 
animal species and from humans as well as from bone tumours. Table 2. summarizes the 
main reports on purified native BMPs. 
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Table 2. Extracted BMP preparations 

Source MW pI Reference 
Dunn osteosarcoma 63kD, <30kD  Hanamura et al. 1980 
Murine osteosarcoma 19.5 and 22.5kD, 32kD  Takaoka et al. 1982, 1993 
Rat bone <50kD  Sampath et Reddi 1981 
Human bone 17.0±0.5kD  Urist et al. 1983 
Human bone 17.0kD 4.9 Bessho et al. 1991a 
Bovine bone 18.5±0.5kD 4.9-5.1 Urist et al. 1984a 
Human, monkey, bovine bone <50kD  Sampath et Reddi 1983 
Bovine bone 18kD 4.9 Bessho 1989,1991a 
Bovine bone 30-40kD  Luyten et al. 1989 
Bovine bone 11-18kD  Yoshimura et al. 1993 
Porcine bone 19.7Kd  Wu and Hu 1988 
Porcine bone 26kD  Ko et al. 1990 
Porcine bone 20kD  Bessho et Izuka 1994 
Rabbit bone 24kD 4.65-4.73 Takahashi et al. 1987 
Dentin (human) 20kD  Bessho et al. 1991b 
Dentin (rabbit) 15-28kD 4.85 Kawai and Urist 1989 
Bovine, porcine, rabbit and rat bone 12-24kD 8.8 Bessho et al. 1992 
Moose bone 18.5kD  Viljanen et al. 1996a 
Bovine, reindeer, sheep and porcine bone 18.5kD  Jortikka et al. 1993a,b 

The extraction of native BMP from demineralized bone matrix is extremely difficult, 
because the extract contains high-molecular weight protein aggregates and is insoluble in 
conventional buffer solutions. Many steps of chromatography, gel filtration and 
electrophoresis are required to obtain a purified fraction of BMP. In general, the 
purification process of native BMP extract involves the following steps: 

− mechanical stripping of cortical bones and pulverization of bone material 
− demineralization in HCL 
− extraction of noncollagenous proteins in GuHCl or urea 
− concentration by ultrafiltration and dialyzation against water 
− chromatography 
− sterilization 

The extraction procedure has been problematic due to the lengthy assay, the large amount 
of bone needed and the small yield of purified native BMP extract. About two 
micrograms of BMP can be isolated from 1 kg of cortical bone. Extracted native partially 
purified BMP contains several different BMP proteins and minor contaminants of other 
proteins. 

Native BMP extracts have been well documented to induce bone in many animal and 
clinical experiments (Urist 1965, Urist et al. 1971, Johnson et al. 1992, Gao et al. 1993, 
Jortikka et al. 1993a,b, Sailer & Kolb 1994, Johnson & Urist 2000, Friedlander et al. 
2001, Damien et al. 2002, Wozney 2002, Yoon & Boden 2002, Kujala et al. 2004). 
Native bovine BMP is the most frequently used BMP extract in experimental studies, 
mainly because of its good availability and osteoinductivity. However, reindeer BMP 
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extract has proved to possess even better osteoinductivity than bovine BMP extract 
(Jortikka et al. 1993a, Ulmanen et al. 2005). Despite the good osteoinductivity of 
different native BMP preparations, there are problems in clinical use due to the 
theoretical risk of disease transmission and the need to verify the high quality of crude 
material. 

2.2.4  Recombinant BMPs 

Advances in biochemical techniques and the advent of biotechnology allowed the 
purification of bovine bone matrix at a sufficient level to achieve a BMP extract with a 
molecular mass of 30 kD, which yielded proteins of 30, 18 and 16 kD on reduction 
(Wang et al. 1988). Later, the individual polypeptide isolated human complementary 
DNA clones corresponding to these three polypeptides and designated these proteins as 
BMP-1, BMP-2A and BMP-3 (Wozney et al. 1988). Recently, this procees led to the 
isolation of human cDNAs encoding novel proteins named BMP-1 through 16. (Table 1) 

Recombinant BMPs have been used to induce bone in many animal and clinical 
experiments, and commercial products have also been manufactured (Cook 1999, Boden 
et al. 2001 and 2002, Govender et al. 2002, Johnsson et al. 2002, Yoon & Boden 2002, 
Wozney 2002, Barrack et al. 2003, Sandhu 2003, Sandhu & Khan 2003). 

Although single rhBMPs are able to induce ectopic new bone formation, purified BMP 
extract from human matrix has been demonstrated to produce new bone more efficiently 
than rhBMP-2 (Bessho 1999). This suggests that native BMP extract represents the 
synergistic activity between different single BMP proteins. 

2.2.5  Chondrogenesis and osteogenesis induced by BMP 

BMP produces bone via a complex series of events. The process involves autocrine and 
paracrine effects with complex interactions between the BMPs at the implantation site 
(Reddi & Anderson 1976, Sporn & Todaro 1980, Reddi 1981, Urist et al. 1985). During 
the osteoinductive process, bone morphogenetic proteins are secreted and bind specific 
BMP receptors that belong to the family of serine and threonine kinase receptors and are 
able to transduce the signal across the cell membrane. These receptors are dimeric and 
have individual ligand recognition chains with specifity for particular BMPs. Within a 
cell, a set of small signal-modulating molecules, called SMADs, then further modulate 
the BMP signal. These secondary messengers comprise a family of small signal-
transducing molecules within the intracellular domain, which can be either negative or 
positive modulators of a BMP signal (Dewulf et al. 1995, Reddi 1998a, Laitinen 1999, 
Miyazono 1999, Yoon & Boden 2002). Bone morphogenetic proteins induce a cascade of 
events that lead to either endochondrial or membranous ossification. The chronological 
derivation of the process in a rodent assay system can be histomorphologically described 
as follows: 
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− Morphogenetic phase (Urist et al. 1985): Mesenchymal cells and pericytes undergo 
disaggregation, migration, reaggregation and proliferation prior to cytodifferentiation 
within 72 hours after implantation under the influence of BMP. 

− Cytodifferentiation phase (Firschein & Urist 1971): BMP-inducible cells transform 
into chondroblasts and enter a chondro-osteogenetic pathway to produce cartilage and 
bone at 4 to 7 days after exposure to BMP. 

− Chondrogenetic phase: A large amount of mature or hypertrophied cartilage cells and 
chondroid are present at implanted sites from 8 to 10 days. Concomitantly, blood 
vessels and osteoblasts are also observed around the cartilage matrix. 

− Osteogenetic phase: Deposition of new bone takes place, and woven bone appears 
through endochondral ossification. Mineralized bone matrix is seen by 12 days after 
implantation (Muthukumaran & Reddi 1985). Subsequently, remodelling of woven 
bone into lamellar bone occurs coincidentally with the colonization of bone marrow. 

2.3  Carriers of BMP 

An ideal carrier substrate of BMP should meet the following criteria: relative insolubility 
in physiological conditions, biodegradability, protection against proteolytic digestion, 
function as scaffold for cell adhesion and proliferation, immunological inertia and slow 
release of BMPs through controlled biological degradation. The substrates should also be 
osteoconductive, practicable and easy to operate with, and they should have adequate 
mechanical strength for loading (Aldinger et al. 1991, Lindholm & Gao 1993). There is 
no absolute need for a delivery system in small animal models, if a sufficient amount of 
bone morphogenetic protein is applied (Forslund & Aspenberg 1998, Wozney & Rosen 
1998). However, a delivery system is required in larger animal models and human 
clinical trials to optimize the osteogenic activity of BMPs. (Lindholm & Gao 1993). 

Four major categories of carrier materials are used for BMPs: 

− natural polymers 
− inorganic materials 
− resorbable synthetic polymers 
− composites of the above materials 

2.3.1  Natural polymers 

Natural polymers include collagen, hyaluronan, fibrin, chitosan, alginate and other animal 
or plant-derived polysaccharides. 

The most abundant proteins in mammal extracellular matrix are members of the 
collagen family, which account for about 30% of all proteins. They are the major 
structural element of all connective tissues and are also found in the interstitial tissues of 
virtually all parenchymal organs, where they contribute to the stability of tissues and 
organs and maintain their structural integrity. So far, 27 genetically distinct collagen types 
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have been described (van der Rest & Garrone 1991, Sato et al. 2002, Banyard et al. 2003, 
Gelse et al. 2003, Myllyharju & Kivirikko 2004). 

Based on their structure and supramolecular organization, collagens can be grouped 
into fibril-forming collagens, fibril-associated collagens, network-forming collagens, 
anchoring fibrils, transmembrane collagens, basement membrane collagens and others 
with unique functions. The most abundant and widespread family of collagens, which 
accounts for about 90 % of total collagen, is represented by the fibril-forming collagens, 
including the collagen types I, II, III, V and XI (Gelse et al. 2003). 

The major component of bone collagen is type I collagen with traces of type III and V 
collagens (Cheung et al. 1983, Keene et al. 1991). In bone, type I collagen defines a 
considerable number of biomechanical properties responsible for load bearing, tensile 
strenght and torsional stiffness, particularly after calcification (Gelse et al. 2003). 
Mineralized cartilage is a mixture of collagen type II and the types IX, X (Glass et al. 
1989, Boskey 1992). 

Type IV collagen is the most important structural component of basement membranes, 
which are involved in cell differentiation and orientation, membrane polarization, 
selective permeability to macromolecules and migration of various cell types (Aumailley 
& Timpl 1986, Herbst et al. 1988, Burgeson & Nimni 1992). Basement membranes, 
which contain type IV collagen, have been postulated to play a role in embryonic 
cartilage and bone induction (Gumpel-Pinot 1980, Paralkar et al. 1990). The structure of 
type IV collagen is characterized by three domains: the N-terminal 7S domain, the C-
terminal globular domain (NC1) and the central triple-helical part with short interruptions 
of the Gly-X-Y repeats resulting in a flexible triple helix. The NCl domain of type IV 
collagen can alter neuronal development by selectively stimulating axonal growth, and it 
thus promotes neuritic outgrowth in selected neuronal cell types (Carbonetto et al. 1983, 
Lein et al. 1991). 

Collagens, in their variable forms, are commonly used carriers of BMPs and have been 
used successfully in animal tests and clinical applications (Bessho et al. 1991a, Gao et al. 
1993, Viljanen et al. 1996b, David et al. 1999, Murata et al. 1999, Sciadini & Johnson 
2000, Yudell & Block 2000, Boyne 2001, Govender et al. 2002, Ahn et al. 2003, Geiger 
et al. 2003). 

In addition to their delivery function, collagens have been shown to have favourable 
effects on the bone-forming activity of BMPs (Moore et al. 1990a, Paralkar et al. 1990 
and 1992, Murata et al. 1999). Collagen acts as a temporary scaffold for bone formation 
and sets up chemotaxis for the aggregation of osteoprogenitor cells (Nakahara et al. 
1989). It has been observed that natural or denatured type IV collagen has a more potent 
affinity to BMP-2B and BMP-3 than the type I, II, IX and XI collagens (Paralkar et al. 
1990 and 1992). Lindholm et al. (1992) reported that a comparison of the biological 
activities of BMP among the different bonding forms with the type I and IV collagens 
showed type IV collagen covalently bound to BMP to be a better carrier for 
osteoinduction. Paralkar et al. (1990) reported improved neoavascularization by collagen 
contributing to bone formation and remodelling. Murata et al. (1999), using a rat cranial 
periosteal pocket model, also reported that rhBMP-2 with type I collagen carrier resulted 
in active new bone formation and concluded that collagen carrier not only plays a role in 
rhBMP-2 delivery, but also provides cell anchorage for cell differentiation and remains as 
an artificial matrix in woven bone. Another advantage of collagen carrier is its 
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malleability and slight swelling to conform to an irregular osseous architecture (Moore 
1990a). In spite of affording a good delivery system for BMPs, collagen possesses neither 
fixed geometry to fill in bone defects, nor sufficient strength for weight bearing. Also, 
type I collagen is thought to be responsible for causing an immunogenic response when 
introduced into xenogeneic hosts (Takaoka et al. 1988, 1991). 

The bone-inductive capacity of demineralized bone matrix (DBM), which includes 
nanograms of BMP per gram of matrix, has been well established (Urist et al. 1965, Tuli 
et al. 1978, Einhorn et al. 1984, Dahners and Jacobs. 1985, Hulth et al. 1988, Lindholm 
et al. 1988, Martin et al. 1999). DBM has been used in its inactivated form as a carrier 
material for BMPs (Cook et al. 1994a,b, Sciadini et al. 1997b). This inactivated DBM 
extracted with 4 mol/L GuHCl followed by extensive washing of insoluble matrix has 
been defined as a type I collagen carrier of BMP (Wolfe & Cook 1994). Commercially 
available preparations of demineralized freeze-dried human bone powders have also been 
manufactured (Niederwanger & Urist 1996). The major disadvantages of DBM include 
immunogenicity, relatively slow bone-inductive capacity and the risk of disease 
transmission (Sampath & Reddi. 1983). 

Autolyzed antigen-free allogenic bone (AAA) was developed by Urist and co-workers. 
AAA bone has weak immunogenicity, good osteoconduction, moderate loading strength 
and biodegradation. AAA bone was used as a carrier of BMPs in clinical studies by 
Johnson et al. (1992 & 2000) with promising results. 

2.3.2  Inorganic materials 

A variety of inorganic biomaterials, such as hydroxyapatite (HA), tricalcium phosphate 
(TCP) and coral (NC), have been widely used as carriers of BMPs (Urist et al. 1984b, 
Lindholm & Gao 1993, Gao et al. 1996a,b, Arnaud et al. 1999, Laffrague et al. 1999, Jin 
et al. 2000, Alam et al. 2001, Seeherman et al. 2002, Bragdon et al. 2003). Metals and 
bioglasses are also included in the group of inorganic carrier materials (Pajamäki et al. 
1993, Sailer & Kolb 1994). These biomaterials share the feature of being 
immunologically inert, osteoconductive, partially or completely biodegradable and 
mechanically strong. 

Hydroxyapatite (HA) (Ca10[PO4][OH2) was introduced in the field of hard tissue 
replacement during the 1970s (Monroe et al. 1971, White et al. 1972). It has been used in 
animal studies for BMPs as either a granular or a block formulation in ectopic muscle 
implantations and various bone defects (Lindholm & Gao 1993, Ono et al. 1995a,b, 
Takahashi et al. 1999). Hydroxyapatite blocks containing BMPs have shown 
considerably superior osteoinductivity compared to combinations with hydroxyapatite 
powders (Alper et al. 1989, Ripamonti 1992, Lindholm et al. 1993). The prolonged 
residence time of ceramics can also compromise the biomechanical properties of repair 
(Jarcho 1981, Bruder et al. 1998). High-porosity hydroxyapatite is capable of binding 
more BMPs, improves the combination of BMPs with hydroxyapatite and restricts the 
release of BMPs (Ono et al. 1992). Interconnecting fenestration enlarges the absorptive 
areas for BMPs and also improves the degradation of hydroxyapatite (Eggli et al. 1988). 
The pore size of inorganic frames has been shown to be associated with the quantity of 
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bone newly formed through the growth of osteoblasts and the attachment and ingrowth of 
vessels (Klawitter & Hulbert 1971, Kawamura et al. 1987, Tsuruga et al. 1997, Kuboki et 
al. 2001). Klawitter & Hulbert (1971) showed that a pore size of 100-200 is sufficient for 
osteoinduction. Kawamura et al. (1987) reported that pore diameters of 90-200 µm 
produced earlier ingrowth than larger pore sizes when hydroxyapatite was used as a 
carrier for BMP. Tsuruga et al. (1997) and Kuboki et al. (2001) showed the optimal pore 
size to be 300-400 µm. 

The first attempts to render calcium phosphates into macroforms for potential 
prosthetic application began to appear in the literature some three decades ago (Driskell 
et al. 1973). Tricalcium phosphate (TCP) [Ca3(PO4)2] is usually available in β-whitlockite 
crystal structure. The manufacturing process was described by Klawitter and Hulbert 
(1971). The main difference between TCP and HA materials is that tricalcium phosphate 
degrades much faster than HA (Jarcho 1981, Shimazaki & Mooney 1985). TCP has been 
used with satisfactory outcomes in carriers of BMPs (Urist et al. 1984b, Wu et al. 1992, 
Gao et al. 1996, Laffraque et al. 1999, Ahn et al. 2003, Niedhart et al. 2003). Urist et al. 
(1984b) used TCP as a carrier of bovine BMP extract in a heterotopic rat model. A 12-
fold amount of new bone was induced by an implant of TCP/BMP in comparison with an 
implant of BMP alone at 21 days. Laffraque et al. (1999) showed, by using a femoral 
condyle bone defect model of rabbits, that tricalcium phosphate is a serviceable matrix 
for recombinant BMP-2 and gives it osteoinductive properties in a dose-dependent 
manner. Niedhart et al. (2003) reported, by using rat femur bone defects, that tricalcium 
phosphate cement combined with rhBMP-2 induces effectively new bone and would thus 
be a suitable substitute for autologous bone grafts. 

Coral is the limestone skeleton of various species of marine invertebrates. The porous 
structure and dimensions in ceratin types of coral microscopically resemble those in 
human trabecular bone (Winter et al. 1981). The dominant inorganic component of coral 
is calcium carbonate (CaCO3). Biocoral® is a biomaterial obtained from the natural 
mineral skeleton of scleractinian coral. Its porosity ranges within 20 - 50% of volume 
with pore sizes of 150-500 microns. Natural coral has been used with good success as a 
delivery agent for BMPs in experimental animal models (Gao et al. 1996, Sciadini et al. 
1997a, Tuominen et al. 2000) and also clinically in resistant ulnar nonunions (Kujala et 
al. 2004). 

2.3.3  Resorbable synthetic polymers 

Biodegradable polymers with high biocompatibility originated in the development of 
suture materials for surgery, and soon afterwards, biodegradable polymeric orthopaedic 
implants and screws were developed (Partio et al. 1992, Ylänen et al. 1999, Rokkanen et 
al. 2001). In the recent years, considerably interest has been focused on resorbable 
synthetic polymers as carriers of BMPs. Compared to natural polymers, these synthetic 
polymers eliminate the possibility of disease transmission. The most commonly used 
synthetic polymers consist of the class of poly (α-hydroxy acids). This class of synthetic 
polymers has been approved by Food and Drug Administration (FDA, USA) (Hollinger 
et al. 1996a). The most widely used polymers are polylactide (PLA), polyglycolide 
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(PGA) and their copolymers (poly[DL-lactide]-coglycolide) (PLGA) (Heckman et al. 
1991, Lee et al. 1994, Hollinger & Leong 1996, Whang et al. 1998, Winn et al. 1999, 
Murakami et al. 2003, Gao et al. 2002, Bessho et al. 2002, Saito et al. 2003). 
Degradability, nonimmunogenicity and good tensile strength are the outstanding 
advantages of synthetic polymers. 

2.3.4  Composite carrier of collagen-impregnated ceramics 

Combinations of the above-mentioned materials have been used to optimize the 
properties of the delivery vehicle of BMPs. Inorganic biphasic carriers containing 
different ratios of HA and TCP have been used as a carriers for BMPs with satisfactory 
incomes to form more resorbable and porous framing material (Alam et al. 2001, Boden 
et al. 2002 Guo et al. 2002, Sumner et al. 2004). 

Collagen-coated frames have been typically used as composite carriers of BMPs in 
different animal studies and also clinically (Takaoka et al. 1988, Gao et al. 1996a and 
1997, Ma et al. 2000, Okubo et al. 2000b, Tuominen et al. 2000, Itoh et al. 2002a,b, 
Kujala et al. 2004, Sun et al. 2004). 
Tuominen et al. (2000) reported that a composite implant containing coral, collagen and 
native bovine BMP extract enhanced the healing capacity of segmental ulnar defects of 
canine, but the effect was not equally good as that of cortico-cancellous autograft. Kujala 
et al. (2004) used a similar composite and concluded that it might be a feasible alternative 
or superior to autografting in the treatment of resistant ulnar nonunions in humans. Gao et 
al. (1996a) used composites containing natural coral and type IV collagen in the delivery 
of native moose BMP extract in a mouse muscle pouch model. The composite implant 
induced new bone effectively and had even better delivery than tricalcium phosphate 
combined with type IV collagen. Ma et al. (2000) used a rat muscle model and reported 
coral combined with type I collagen to be an effective carrier for rhBMP-2. Takaoka et al. 
(1988) also reported, by using a similar animal model, that semipurified BMP extract of 
sarcoma origin combined with porous hydroxyapatite and collagen induced new bone 
effectively. Sun et al. (2004) and Itoh et al. (2002b) reported, by using a spinal fusion 
model, that HA and collagen combined with rhBMP-2 is a promising bone substitute with 
quick biodegradation, fine bone-bending ability and high osteoconductivity. 

2.4  Injectable BMP implants 

Injectable BMP implants have been recently investigated in many animal experiments 
with promising results (Forslund and Aspenberg 1998, Bax et al. 1999, Muschik et al. 
2000, Blokhuis et al. 2001, den Boer et al. 2002, Li et al. 2002 and 2003, Einhorn et al. 
2003, Mizumoto et al. 2003, Saito et al. 2003, Seeherman et al. 2003, Takahashi et al. 
2003). 

Muschik et al. (2000) reported dose-dependent bone formation and effective anterior 
spine fusion in rabbits after the injection of native bovine BMP-associated insoluble 
collagen proteins. Blokhuis et al. (2001) studied the injection of BMP-7 with acetate 
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buffer and collagenous matrix in the closed diaphyseal fracture model of goats. They 
reported the injections to accelerate the healing of closed fractures, and no histological 
signs of any adverse effects were seen. Forslund and Aspenberg (1998) showed BMP-7 
with acetate buffer to induce a large amount of bone when injected percutaneously into 
the rat achilles tendon region. Mizumoto et al. (2003) showed the injection of rhBMP-7 
with an aqueous solvent to accelerate effectively the regeneration of new bone in a rat 
femur osteotomy model and to shorten the period of treatment with an external fixator 
during distraction osteogenesis. Li et al. (2001) used a rabbit model of leg lengthening 
and reported the injection of rhBMP-2 with buffer to enhance the consolidation of 
distraction osteogenesis. Studies by Bax et al. (1999) showed the injection of rhBMP-2 
with buffer to accelerate the healing of rabbit tibial fractures. Takahashi et al. (2003) 
showed, by using a dog anterior thoracic spinal fusion model, that the injection of 
rhBMP-2 with semi-liquid synthetic polymer (polylactic acid polyethylene glycol [PLA-
PEG] block polymer) induces new bone effectively and is useful for bone formation in 
spinal fusion. Einhorn et al. (2003) also evaluated, by using a standard rat femoral 
fracture model, that a single percutaneous injection of rhBMP-2 with buffer vehicle 
accelerated fracture repair and would thus be rational in the repair of fractures that do not 
require more extensive surgical treatment. 

2.5  Sterilization of BMPs 

2.5.1  Ethylene oxide 

Prior to surgical implantation of medical implants and parenteral injection of drugs, 
sterilization is needed to reduce the risk of infections and associated complications. 
Gamma irradiation and ethylene oxide gas sterilization have been most commonly used 
to sterilize BMP implants (Munting et al. 1988, Wientroub and Reddi 1988, Aspenberg et 
al. 1990, Moore et al. 1990b, Wientroub et al. 1990, Sigholm et al. 1992, Ijiri et al. 1994, 
Solheim et al. 1995, Zhang et al. 1997, Aspenberg & Lindqvist 1998, Andriano et al. 
2000, Ripamonti et al. 2000). 

Ethylene oxide (C2H4O) is a cyclic ether with a molecular weight of 44.053 kDa. It 
was first prepared by Wurtz 1859. It is a poisonous and mutagenous gas, which has been 
classified by the International Agency for Research on Cancer (IARC) as a known human 
carcinogen (IARC, Monographs on the Evaluation of Carcinogenic Risks to Humans 
1994). This extremely reactive gas acts by alkylation of nucleophilic N-groups in the 
purine and pyrimidine bases of RNA and DNA (Munting et al. 1988). 

Most studies on the effects of ethylene oxide sterilization on the bone inductive 
activity of BMPs have been performed by using demineralized bone matrix (DBM). 
Zhang et al. (1997) reported, by using the rat muscle pouch model, that ethylene oxide 
sterilization of DBM at 40°C leads to only a slight alteration of osteoinductivity. Moore 
et al. (1990b), Sigholm et al. (1992) and Solheim et al. (1990) concluded that DBM 
retained its osteoinductive properties after correctly applied ethylene oxide gas 
sterilization. On the other hand, Munting et al. (1988), Aspenberg et al. (1990) and 
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Aspenberg and Linqvist (1998) detected severe impairment of DBM after the time 
needed for ethylene oxide sterilization at 37ºC by using the rat muscle pouch model. 

Ijiri et al. (1994) reported, by using a thoracic subcutaneous rat model, that the 
majority of osteoinductivity of native bovine BMP was lost after sterilization with 
ethylene oxide at 37°C for 4 hours and at 55ºC for 1 hour. The reduction in the activity of 
native bovine BMP was about half of the control values when the sterilization was 
performed at 29 °C for 5 hours. 

2.5.2  Gamma irradiation 

Gamma irradiation is composed of electromagnetic wave motion and holds a lot of 
energy with high penetrating capacity. Sterilization by gamma irradiation uses 
radioisotope Cobalt-60 as an energy source. The virucidal and bactericidal effects of 
gamma irradiation take place by inducing primarily DNA damage, such as strand breaks 
and base alterations, leading to genome dysfunction and destruction (von Sonntag 1987, 
Hansen & Shaffer 2001). Currently, the standard dose of gamma irradiation 
recommended for sterilization by the Food and Drug Administration (Rockville, MD) is 
2.5 Mrad. 

Wientroub et al. (1988 & 1990), who used allogenic demineralized bone matrix with 
endogenous native BMPs, reported that samples could tolerate up to 5-7 MRads of 
gamma irradiation as long as appropriate temperatures (4 ºC or less) were maintained. 
Ripamonti et al. (2000) investigated the effects of gamma irradiaton at doses of 2.5-3.0 
MRad on the osteoinductivity of human OP-1 and observed that gamma-irradiated human 
OP-1 combined with irradiated xenogeneic bovine collagenous matrix carrier is effective 
in regenerating and maintaining the architecture of induced bone. Andriano et al. (2000) 
showed that gamma irradiation at doses of 1.5-2.5 Mrads did not reduce the activity of a 
composite of bovine-derived BMPs and polymer matrix [poly(DL-lactide-co-glycolide)] 
and thus appears to be a promising sterilization method for BMPs. They even reported 
that irradiation of the polymer matrix actually improved the extent of new bone 
formation, but this trend was not supported by statistical analysis. However, Ijiri et al. 
(1994) reported, by using a thoracic subcutaneous rat model, that the exposure of bovine-
derived BMP with type I collagen carrier to 2.5 MRad of gamma irradiation reduced the 
activity of BMP to 4.4 % of that in controls. Moreover, they suggested that the irradiation 
of bovine type I collagen carrier alone with 2.5 MRads dramatically reduced the 
osteoinductivity of nonirradiated bovine-derived BMP released from this carrier. 

2.6  Animal models used to evaluate the osteoinuctivity of BMPs 

Numerous animal models have been described in literature to evaluate the osteoinductive 
activity of BMPs and their capacity to heal different bone defects. The main animal 
models are briefly presented below. 
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2.6.1  Bioassays evaluating the osteoinductivity of BMP 

There are several heterotopic models for testing osteogenesis in vivo: subcutaneous 
model, intramuscular model, intraperitoneal model, diffusion chamber model and 
mesentery model (Gao et al. 1993, Jortikka et al. 1993b, Gundle et al. 1995, Ishaug-Riley 
et al. 1997, Okubo et al. 2000a). 

The standard method for assaying BMP activity since its discovery has been its 
implantation in the mouse hindquarter muscle and the estimation of heterotopic new bone 
formation after 10-21 days by radiology and histology (Urist & Strates 1971, Reddi & 
Huggins 1972, Urist et al. 1986). At first, this assay was qualitative, but heterotopic 
osteoinduction has since been quantified by different methods, such as computerized X-
ray image analysis, measurement of bone ash weight, Ca content, alkaline phosphatase 
activity, 45Ca uptake and histological analysis (Lindholm & Urist 1980, Sampath & Reddi 
1984, Mahy & Urist 1988, Bessho et al. 1992, Gao et al. 1996a). 

One interesting heterotopic model is the diffusion chamber technique, where a 
semipermeable chamber containing DBM or BMPs is implanted subcutaneously or 
intramusculary in a rodent (Goldhaber 1961, Ashton et al. 1980, Ono et al. 1994, Gundle 
et al. 1995). After implantation, cartilage differentiates around the chamber in 1-2 weeks 
and is replaced by bone in 3-4 weeks (Ono et al. 1994). 

2.6.2  Segmental bone defect models 

Segmental bone defects due to infection or trauma are difficult to manage in patients and 
may also be resistant to treatment despite the variety of modern surgical techniques. 
Defects of this type also significantly affect the patient’s life for years. For this reason, 
segmental long bone defects with close similarity to clinical situations have been used as 
models for orthopic bone reconstruction in assaying the efficacy of BMPs and carrier 
material as well as their possible immunologic or other side effects. Critical-size defect 
(CSD) is frequently used. CSD is defined as the smallest size of bone defect that does not 
heal spontaneously when left untreated for a certain period of time (often six month) 
(Friedenberg & Lawrence 1962, Frame 1980, Takagi & Urist 1982, Lindholm 1988). It is 
well accepted that the length of the CSD in long bone is twice the diameter. 

Animals studies with bone defects treated with BMPs or bone substitute materials 
include dog radius (Heckman et al. 1991 and 1999, Johnson et al. 1996, Sciadini & 
Johnson 2000, Hu et al. 2003), dog ulna (Nilsson et al. 1986, Cook et al. 1994a, 
Tuominen et al. 2000 and 2001a,b, Salkeld et al. 2001), dog femur (Bruder et al. 1998, 
Murakami et al. 2003), dog fibula (Enneking et al. 1975, Burchardt et al. 1978), sheep 
tibia (Gao et al. 1996b and 1997, Marcacci et al. 1999, den Boer et al. 2003), rabbit ulna 
(Bolander & Balian 1986, Bostrom et al. 1996, Kokubo et al. 2003, Li et al. 2003), rabbit 
radius (Kim et al. 1992, Zegzula et al. 1997, Texeira & Urist 1998, Wheeler et al. 1998, 
Mori et al. 2000) and rat femur (Texeira & Urist 1998, Einhorn et al. 1984, Ohura et al. 
1999). 

The rabbit radial segmental bone defect model was first described by Herold in 1971, 
who tested the effect of growth hormone on the healing of bone defects. Later, it has been 
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established as a popular and appropriate animal model (Tuli et al. 1981, Zegzula et al. 
1997, Zellin & Linde 1997, Texeira & Urist 1998, Wheeler et al. 1998, Yuehuei & 
Friedman 1999, Mori et al. 2000) for the following reasons: 

− the radius is a tubular bone, which allows the creation of a segmental defect that 
enables convenient radiographic and histologic evaluation 

− the radius has a good size for easier surgical procedures and specimen handling 
− no fixation is required because of the support by ulna 
− the model has been well studied and is reproducible 
− the procedure is relatively inexpensive 

Adult rabbits with closed growth plate should be used, which eliminates the possibility of 
epiphyseal slipping. 

2.6.3  Other preclinical bone defect models 

This chapter will briefly introduce a couple of interesting bone models, including cranio-
mandibulo-facial bone defects, especially critical-size skull defects, and a spinal fusion 
model. 

The skull trephine defect has been used as an experimental test system for 
demineralised bone matrix and various substitutes for over a century, and during the last 
20 years, it has also been used for BMP (Senn 1893, Chalmers & Sissons 1959, Tagaki & 
Urist 1982, Sato & Urist 1985, Ferguson et al. 1987, Lindholm et al. 1988, 1994 and 
1996, Viljanen et al. 1996b, Viljanen & Lindholm 1997, Shi et al. 2003, Schmoekel et al. 
2004). The skull defect model is very popular due to the easy accessibility of skull bone, 
its good size for surgical procedures and the ease of specimen handling. The skull model 
is reproducible, and the skull plate allows the creation of a uniform circular defect that 
enables convenient radiographic and histological analysis. 

The testing of a bone repair material in the craniomandibulofacial region involves 
discontinuity defects in the mandibles of test animals, such as adult dogs (Yudell & Block 
2000, Nagao et al. 2002, Barboza et al. 2004, Sorensen et al. 2004, Wikesjo et al. 2004), 
rabbits (Ueno et al. 2003), rats (Arosarena et al. 2003, Roldan et al. 2004) or monkeys 
(Asahina et al. 1997). The advantages are that the model system permits the evaluation of 
the material in a functional area, allows a comparison of the rate of healing against that of 
particulate cancellous bone marrow, and permits evaluation of the material at a site where 
it may eventually be widely used in humans (Einhorn 1999). 

Spinal fusions plays a very important role in the treatment of a number of pathologic 
conditions, including spine trauma, congenital anomalies, degenerative diseases and 
tumours (Cloward 1953, 1985). The optimal method for spinal fusion would induce rapid 
growth of bone at the site via an osteoconductive and osteoinductive implant (Sheehan et 
al. 1996). Thus, BMPs with osteoconductive carrier material have been successfully used 
in many animal (Takahashi et al. 1999, 2003, Muschik et al. 2000, Damien et al. 2002, 
Guo et al. 2002, Sandhu & Khan 2003, Vaccaro et al. 2002a,b) and clinical studies 
(Boden et al. 2002, Johnsson et al. 2002, Baskin et al. 2003, Sandhu 2003, Vaccaro et al. 
2003) to form a spinal fusion. 
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2.7  Clinical use of BMP 

Recombinant human bone morphogenetic protein-2 (rhBMP-2), rhBMP-7 or osteogenic 
protein-1 (OP-1) and BMP extracts have been used clinically to enhance bone healing in 
long bone nonunions, cranio-maxillo-facial reconstructions and spinal surgery. 

One of the first clinical studies was that reported by Johnson et al. (1988a), in which 
twelve patients with intractable nonunion of the femur were managed with internal 
fixation and purified human BMP extract. In eleven of the twelve patients the femur 
healed after a single procedure. Later, the authors reported many studies where femoral, 
tibial and humeral nonunions were treated successfully with the same BMP product 
(Johnson et al. 1988b, Johnson et al. 1990 & 1992). 

Johnson & Urist (2000) treated 30 patients with femoral nonunions after a failure of 
fracture with plating and human BMP extract delivered with allogeneic, autolyzed, 
antigen-free cortical human bone. They concluded that the implant was an excellent 
structural and delivery system that induced host bone formation. 

Bai et al. (1996) treated with a composite of bovine bone morphogenetic protein and 
plaster of Paris (bBMP/PLP) sixteen patients with nonunion of femoral shaft fractures. 
Seventeen operations were done on the 16 patients, and union was attained in 16 of the 
17 operations. The average time of union for the 16 successful operations was 5.7 
months, and no significant postoperative complications were detected. 

Geesink et al. (1999) studied the effect of rhBMP-7 (OP-1) with a collagen type-I 
carrier in 24 patients with fibular defects of critical size. The results showed no 
significant formation of new bone in the presence of collagen alone, while in the OP-1 
group, all except one of the patients showed formation of new bone from six weeks 
onwards. 

A prospective, randomized clinical trial involving 122 patients with tibial nonunions 
was conducted with the use of rhBMP-7 (OP-1) and fixation or standard treatment with 
fixation and autologous bone grafting by Friedlander et al. (2001). They concluded that 
OP-1 implanted with type I collagen carrier was a safe and effective treatment for tibial 
nonunions. On basis of these data, United States Food and Drug Administration (FDA) 
issued an OP-1 implant to be used as an alternative to autograft in recalcitrant long bone 
nonunions where the use of autograft is unfeasible and alternative treatments have failed. 

Govender et al. (2002) reported a prospective, randomized clinical trial (BESTT) of 
450 patients, where rhBMP-2 with absorbable collagen sponge (InductOs™) was used 
for the treatment of open tibial fractures. Compared with patients treated with standard 
care, those treated with 1.50 mg/kg of rhBMP-2 had fewer hardware failures and fewer 
infections and showed faster wound healing. 

In spinal surgery, the clinical trials by Johnsson et al. (2002) and Vaccaro et al. (2003) 
showed rhBMP-7 with type-I collagen carrier combined with or without autograft to be 
comparable to the traditional autografting method. Also, rhBMP-2 applied with 
absorbable collagen sponge proved to be efficient to form spinal fusion (Burkus et al. 
2002a,b, Baskin et al. 2003). 

In cranio-maxillo-facial surgery, recombinant BMPs have been used with promising 
results in maxillary sinus augmentation (Howell et al. 1997, Boyne et al. 1999, 
Groeneveld et al. 1999). 
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The favourable results of preclinical and clinical trials have recently led to regulatory 
approval of both OP-1 (Osigraft™, Howmedica International S. de R.L., Raheen, 
Limerick, Ireland) and rhBMP-2 (InFUSE™ Bone Graft/LT-GAGE™ Lumbar Tapered 
Fusion Device, Medtronic Sofamor Danek, Memphis, TN, USA; InductOS™, Wyeth 
Europa, Maidenhead/Berkshire, UK) for some of these applications by governmental 
agencies (Friedlander et al. 2001, Burkus et al. 2002a,b, Govender et al. 2002) 



3 Aims of the present study 

These six experiments (I-VI) were designed to evaluate the effects of ethylene oxide and 
gamma sterilization and different delivery systems on the osteoinductivity of reindeer 
BMP extract. The specific aims of this study were: 

1. To study the effects of ethylene oxide gas and gamma sterilization on the 
osteoinducivity of reindeer BMP extract by using a muscle pouch model of mouse 
and a bone defect model of rabbit radius. 

2. To evaluate the osteoinductivity of composite implants containing reindeer BMP 
extract and collagen combined with tricalcium phosphate (TCP) or hydroxyapatite 
(HA) or biphasic tricalcium phosphate-hydroxyapatite (TCP/HA) or natural coral 
(NC) frames by using a muscle pouch model of mouse. 

3. To test the suitability of percutaneous administration of reindeer BMP extract 
administered with saline or gelatine vehicles by using a muscle pouch model of 
mouse. 

4. To investigate the bone healing capacity of reindeer BMP extract by using a bone 
defect model of rabbit radius. 



4 Materials and methods 

4.1  Experimental Animals 

The study protocols were accepted by the Institutional Ethical Committee, and the 
guidelines of National Institute of Health (USA) for the care and use of laboratory 
animals were followed (The Committee on Care and Use of Laboratory Animals of the 
Institute of Laboratory Animals Rescources). The numbers of test animals in the different 
research categories were as follows: 

− Ethylene oxide and gamma irradiation in the sterilization of reindeer BMP extract (25 
male NMRI mice, 67 male Balb/C mice and 26 male NZW rabbits). 

− New bone formation induced by the injection of reindeer BMP extract (62 male 
Balb/C mice). 

− Effect of the different composite carriers on the osteoinductivity of reindeer BMP 
extract (40 male NMRI mice). 

− Reindeer BMP extract in the healing of rabbit radius critical-size defects (26 male 
NZW rabbits). 

A summary of the experimental animals, sterilization methods and implant types is 
presented in table 3. 

4.2  Reindeer (Rangifer Tarandus) BMP extract 

Reindeer BMP extract was prepared from reindeer diaphyseal bone. Cortical bones from 
each animal were chilled immediately after death. The epiphyseal ends, bone marrow and 
periosteum were mechanically removed, and after freezing in liquid nitrogen, the cleaned 
cortical bones were ground into a particle size of 1.0 mm3. The pulverized bone was 
demineralized in 0.6 M HCl and extracted in 4M guanidine hydrochloride (GuHCl) at 4 
ºC. The GuHCl-extracted solution was filtered with a tangential flow system and 
concentrated. The concentrated solution was dialyzed against deionized water, and the 
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water-insoluble material was collected. After re-dissolution in 4 M GuHCl solution, the 
water-insoluble material was dialyzed against 0.25 M citrate buffer, pH 3.1. The citrate-
buffer-insoluble material was washed with deionized water and lyophilized (Jortikka et 
al. 1993). 

4.3  rhBMP-2 

A commercial product of recombinant human bone morphogenetic protein-2 
(InductOS™, Wyeth Europa, Maidenhead/Berkshire, UK) was used. InductOs™ is 
authorized for the treatment of tibial fractures and consists of recombinant human Bone 
Morphogenetic Protein-2 (rhBMP-2, dibotermin alfa) applied to an Absorbable Collagen 
Sponge (ACS, type I bovine collagen) matrix. 

4.4  Carriers of BMP 

4.4.1  Collagen and gelatine 

Absorbable collagen sponge (Col, Collagen) (Lyostypt ®, compress from native collagen 
of bovine origin, mainly consisting of type IV collagen, B. Braun, Tuttlingen, Germany) 
and type I collagen matrix (InductOS™, Wyeth Europa, Maidenhead/Berkshire, UK) 
were used as collagen carriers. 

Gelatine capsules (no. 1) and type A gelatine from porcine skin (Bloom 300, Sigma 
Chemicals Co., St Louis, USA) were used as gelatine carriers. 

4.4.2  Tricalcium phosphate 

The size of the tricalcium phosphate frame (TCP), ([Ca3(PO4)2]), (Bioland, Toulouse, 
France) was 3x3x4mm and average weight 30 mg. The pore diameters were 200 to 500 
μm with 70 % porosity. 

4.4.3  Hydroxyapatite 

The size of the hydroxyapatite frame (HA) (Ca10[PO4]6[OH]2) (Bioland, Toulouse, 
France) was 3x3x4mm and average weight 30 mg. The pore diameters were 200 to 500 
μm with 70 % porosity. 
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4.4.4  Biphasic tricalcium phosphate and hydroxyapatite 

The size of the tricalcium phosphate and hydroxyapatite frame (TCP/HA), (Bioland, 
Toulouse, France) was 3x3x4 and average weight 30 mg. The frame consisted of 25 % 
hydroxypatite and 75 % tricalcium phosphate. The pore diameters were 200-500 μm with 
70% porosity. 

4.4.5  Natural coral 

The natural coral frame (NC) (Biocoral R, Inoteb, St Connery, France) was a symmetrical 
ball 3 mm in diameter, and its average weight was 40 mg. Coral, i.e. the limestone 
skeleton of various species of marine invertebrates, consists mainly of calcium carbonate 
(>98%, CaCO3). The remaining portion includes such elements as fluoride, strontium, 
magnesium and amino acids. The mean diameter of macropores was 150 μm with 50 % 
porosity. 

4.5  Reconstitution of implants 

All implants were prepared aseptically, and the dose of reindeer BMP extract was 
determined beforehand according to our preliminary test. A summary of the implant types 
is presented in table 3. 
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Table 3.  Summary of the experimental animals and implants types used in the 
experiments I-VI 

Study Animal No. Implant type Sterilization  Dose of BMP 
 

Implants 

I NMRI mouse 25 Collagen/reindeer BMP 
Collagen/reindeer BMP 
Collagen 

EO-sterilized 
Non-sterilized 
Non-sterilized 

3mg 
3mg 
-  

20 
20 
10 

II Balb/C mouse 20 Gelatine/reindeer BMP injection 
NaCl/reindeer BMP injection 
Gelatine 
NaCl 

- 
- 
- 
- 

6mg 
6mg 
- 
-  

10 
10 
10 
10 

III Balb/C mouse 25 Collagen /reindeer BMP 
Collagen /reindeer BMP 
Collagen 

EO-sterilized 
Gamma sterilized
Non-sterilized 

5 / 10mg 
5 / 10mg 
-  

10 / 10 
10 / 10 
10 

IV NMRI 
mouse 

40 Col/reindeer BMP 
TCP/Col/reindeer BMP 
HA/ Col/reindeer BMP 
TCP/HA/ Col/reindeer BMP 
NC/Col/reindeer BMP 
Corresponding controls 

- 
- 
- 
- 
- 
- 

3mg 
3mg 
3mg 
3mg 
3mg 
-  

10 
10 
10 
10 
10 
6 in each 

V Balb/C mouse 42 Gelatine capsule/reindeer BMP 
Gelatine/reindeer BMP injection 
Gelatine capsule/reindeer BMP 
Gelatine/reindeer BMP injection 
Corresponding controls 

Gamma sterilized
Gamma sterilized
Non-sterilized 
Non-sterilized 
Non-sterilized 

5mg 
5mg 
5mg 
5mg 
- 

15 
15 
15 
15 
6 in each 

VI NZW rabbit 26 Collagen/reindeer BMP 
Collagen/reindeer BMP 
Collagen/reindeer BMP 
Type-I collagen/rhBMP-2 
Collagen 
Untreated defect 

Gamma sterilized
Non-sterilized 
Non-sterilized 
- 
- 

10mg 
10mg 
5mg 
70μg 
- 
-  

10 
10 
8 
8 
8 
8 

4.5.1  Implants containing reindeer BMP extract and collagen  
or gelatine capsule 

The collagen sponges (Col, Collagen), (Lyostypt®) were formulated to the sizes of 8 mm 
x 8 mm (used in the muscle pouch model) or 25mm x 10mm (used in the bone defect 
model). The doses of reindeer BMP extract in the implants were 3, 5 and 10 milligrams. 3 
and 5 mg of reindeer BMP extract were dissolved in 40 microlitres and 10mg in 100 
microlitres of sterile water and then pipetted on to the collagen sponge to form an 
implant. Finally, the implants were lyophilized in test tubes for 48 hours. 

Implants containing gelatine gapsule carrier were prepared by introducing 5 mg of 
reindeer BMP extract into the capsule (no. 1). 
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4.5.2  Implants containing rhBMP-2 and collagen 

The InductOs™ (Wyeth Europa, Maidenhead/Berkshire, UK) kit for implant contained 
12 mg of rhBMP-2, 10 ml of sterile water and absorbable collagen sponge matrix. 
Solvents containing 12mg of rhBMP-2 were made according to manufacturer´s 
instructions before the surgical operation. 46.7 microlitres of solvent containing 70 
micrograms of rhBMP-2 was then pipetted on the each formulated matrix size of 10mm x 
20mm to form an implant. The dose of rhBMP-2 was determined according the literature 
(Hollinger et al. 1998, Bessho et al. 1999, Li et al. 2002). 

4.5.3  Composite implants containing reindeer BMP extract,  
collagen and inorganic frame 

The composite implants were constructed by pipetting 3 mg of reindeer BMP extract on 
to the collagen sponges (Lyostypt®, compress from native collagen of bovine origin, 
mainly consisting of type IV collagen, B.Braun, Tuttlingen, Germany). Then, tricalcium 
phosphate (TCP), hydroxyapatite (HA), coral (NC) or biphasic tricalcium phosphate 
hydroxyapatite (TCP/HA) frames were embedded with collagen sponges containing 
reindeer BMP extract. Finally, composite implants were lyophilized in test tubes for 48 
hours. 

4.5.4  Injectable implants containing reindeer BMP extract  
and gelatine or saline 

Reindeer BMP extract and gelatine (Type A from porcine skin, Bloom 300, Sigma 
Chemicals Co., St Louis, USA) were mixed with 0.9 % saline to obtain a homogenized 
emulsion containing 100mg of gelatine per one millilitre. The total volumes of emulsion 
were 1 ml, which contained 60 mg, and 1.5 ml, which contained 75 mg of reindeer BMP 
extract. The volume of one injection was 100 microlitres, and the injections thus 
contained thus 6 and 5 mg of reindeer BMP extract, respectively. 

Also, 60 mg of reindeer BMP extract was mixed with one millilitre of 0.9 % saline 
(NaCl) to achieve a homogenized emulsion. A 100 mg injection thus contained 6 mg of 
reindeer BMP extract. 

4.5.5  Control implants 

Control implants were constructed identically but without reindeer BMP extract. 
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4.6  Sterilization of BMP implants 

Ethylene oxide (EO) sterilizations were carried out in a 4 XL Steri-Vac ethylene oxide 
gas sterilizer (3M, St Paul, MN, USA) at 29 ºC with 4 h 10 min exposure and 10 h 
aeration time. The ethylene oxide gas concentration was 860 mg/l and relative humidity 
60 %. The process was carried out according to the manufacturer`s instruction. The 
exposure time was determined based on these instructions when the temperature was 
chosen. The efficacy of each sterilization cycle was monitored with a commercially 
prepared pack containing a biological samples of Bacillus subtilis spores (3M, Attest 
1264). Before the sterilization, the test pack was placed in the center of the load and when 
the sterilizer cycle was completed the sterility was cheked with the test pack according to 
manufacture´s instruction. 

Gamma sterilizations were performed by specialized companies (Mölnlycke Health 
Care Co., Ilomantsi, Finland, dose of 3.15 MRad and Isotron Ltd, Swindon, UK, dose of 
4.10 MRad). 

A summary of the sterilization methods applied to different implant types is presented 
in table 3. 

4.7  Experimental procedures 

4.7.1  Mouse bioassay evaluating the osteoinductivity of reindeer  
BMP extract 

Male mice aged 28-35 weeks were used. The implants were introduced or the injections 
(1 ml syringe, 20G needle) made in sterile conditions into both thigh muscle pouches in 
the bilateral hind legs under neuroleptic analgesia (Hypnorm® Janssen, Belgium; 
Dormicum® Roche, Swiss). After the implantation, the muscle was closed with 5-0 and 
the skin with 3-0 resorbable sutures. Pain medication after the operations consisted of 
buprenorfin (Temgesic®) at 0.01 mg/kg administered intarmuscularly by veterinary 
nurses. 

The animals were killed in a chamber with carbon dioxide 21 days after the 
operations, and the hind legs were harvested. 

4.7.2  Bone defect model of rabbit radius for evaluating the bone healing 
capacity of reindeer BMP extract and rhBMP-2 

Eight-month-old male NZW rabbits were used. The surgical procedure was done under 
general anesthesia (Domitor® 0.3 mg/kg, Ketalar® 20 mg/kg), and 1 ml of procaine 
benzylpenicililin 50,000 IU/kg (Procapen®, 300,00 IU/ml, Orion, Espoo) was given pre 
and postoperatively. For the operation, longitudinal skin incisions were made bilaterally 
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over the radial bones on the middle third of the front leg. The periosteum was carefully 
separated from the surrounding muscles. A 15 mm critical-size defect (CSD) located 
about 2 to 2.5 cm proximal to the radiocarpal joint was created using a circular saw 
attached to a dental handpiece. After that, the defect was checked carefully and any 
remaining periosteum was removed. A thorough wash with saline was made, and the 
implant was applied to the defect (Fig. 1). No fixation was needed because of the support 
by the ulna, and unrestricted weight bearing was normally allowed. Postoperative pain 
medication consisted of buprenorfin (Temgesic®) at 0.01 - 0.05 mg/kg administered 
intarmuscularly by veterinary nurses. 

The rabbits were killed eight weeks later with an overdose of pentobarbital 
(Mebunat®) 60 mg/kg intravenously. Their radial bones were dissected out, and the soft 
tissues were removed. The bones were wrapped in saline and frozen at -20 ºC until 
analysis. 

Fig. 1. Critical-size bone defect of a rabbit radius and a reindeer BMP extract implant. 
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4.8  Methods of analysis 

4.8.1  Area and optical density of new bone formation evaluated  
by radiographs 

After the harvest, standard lateral position radiographs (100 mA, 20 kV, 0,08 s/exp; 
Mamex de Maq, Soredex, Orion, Espoo) were taken from all hind legs of the mice and 
the radial bones of the rabbits (Fig. 2, Fig. 3). The radiographic images were transferred 
into a computer by using an optical scanner (HP Scan Jet, Hewlett Packard, USA). 
Ectopic and orthopic new bone formations were evaluated as the areas (mm2) of calcified 
tissue visible in the radiographs defined by using the Scion Image Beta 4.02 (Scion 
Corp., USA) software. The mean optical density (mmAl) of the defined area was 
measured with the same equipment. Calibration of the optical density was performed by 
using an aluminium wedge (Al) with 0.25 mmAl steps, giving a calibrated density range 
up to 4 mmAl (Jämsä et al. 2000). 

Fig. 2. Radiographs shows the new bone formation induced by different amounts of reindeer 
BMP in the muscle pouches of mice. (A) Bovine serum albumin, (B) 1 mg of BMP, (C) 3 mg of 
BMP, (D) 5 mg of BMP, (*) new bone. 

4.8.2  New bone formation and bone union at the defect site  
evaluated radiographically 

The percentage of new bone formation within the bone defect and the development of 
union or nonunion in the rabbit radius were clinically estimated semiquantitatively from 
the radiographs (Fig. 3) by two independent investigators using the scoring system 
presented by Sciadini et al. (1997b). Any cases of disagreement were reviewed together. 
The interpretation was blinded as to group allocation. 



 44

Fig. 3. Healing of critical-size bone defects. (A) No bone formation, nonunion, (B) Average 
amount of bone formation, nonunion, (C) Normal bone formation, union. 

4.8.3  Calcium yield of new bone formation 

The tissue at the implantation site of the harvested hind leg was taken en bloc as a 
specimen immediately after the radiography to evaluate the calcium yield of ectopic bone 
formation. The specimens were heated in crucibles in an oven at 110 °C for 4 hours and 
then ashed in a muffle furnace at 500 °C for 2 hours and at 800 °C for 4 hours. The ash 
was dissolved in 2 ml of 6 N HCl and transferred into a test tube. The calcium content 
was measured fluoroscopically with a metal complexing dye orthocresolphthalein 
complexon with calcium C-Test (Wako, Pure Chemical, Osaka, Japan) and expressed as 
mg/ml. 

Fourteen ethylene oxide-sterilized and non-sterilized reindeer BMP extract samples 
and six collagen samples were examined from the study I. 

4.8.4  New bone formation evaluated based on the 45Ca activity  
of new bone 

Twenty-four hours before sacrifice, all the mice received an intraperitoneal injection of 
diluted carrier-free 45Ca solution (Amersham, England, 40 μCi/kg of body weight). The 
muscle tissue of each harvested hind leg, including the implant and the newly formed 
bone, was taken en bloc as a specimen immediately after the radiography. Pieces of intact 
foreleg muscle were used as reference. All specimens were weighed and digested in a 
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mixture of 0.2 ml of 70% perchloric acid and 0.4 ml of 33% peroxide at 70 oC for 3 
hours. 0.6 ml of the digested solution was pipetted into a diffuse scintillation vial, and 5 
ml of scintillation cocktail (OptiPhase´Hi-safe 3`, Wallac, Finland) was added. The 
samples were counted in a liquid scintillation counter (Wallac 1410, Pharmacia, Finland) 
with an internal spectrum library. 45Ca incorporation into tissue was expressed as 
DPM/mg of tissue. 

All samples were examined in the studies II, III and V. In the study IV, eight samples 
were examined from each group given reindeer BMP extract and four samples from the 
each control group. 

4.8.5  Histological examination 

The samples used for histological observation were harvested from the hind legs of the 
mice. The specimens were fixed in 10% neutral formalin solution, decalcified in 0.1 N 
HCl, cut at 2.0 mm intervals into 5-μm-thick sections and stained with hematoxylin-
eosin. 

Six ethylene oxide-sterilized and non-sterilized reindeer BMP extract samples and four 
collagen samples were examined from the study I. Two samples of each group were 
examined from the study IV. 

4.8.6  Mineral content of new bone evaluated by peripheral  
quantitative computed tomography (pQCT) 

After thawing, all rabbit radial bones were scanned using a peripheral quantitative 
computerized tomographic (pQCT) device (Stratec XCT 960A, 5.21 software version, 
Norland Stratec Medizintechnik GmbH, Birkenfeld, Germany). A voxel size of 0.148 x 
0.148 x 1 mm3 was used. Three slices were scanned of each sample, one slice in the 
middle of the implant, and one at both ends 5 mm from the middle slice. The slice 
positions were defined by using an axial scout view of the pQCT system. Bone density 
(mg/cm3), and cross-sectional bone area (mm2) were recorded for each slice as given by 
the pQCT software, using an attenuation threshold of 0.4 cm-1 (169 mg/cm3) for bone. 
Average values of three slices were used in the statistical analysis. 

4.8.7  Mechanical tests 

All rabbit radial bones were thawed at room temperature for torsional testing. During the 
mechanical tests the bones were kept moist (Turner & Burr 1993). The bone ends were 
embedded into the moulds with dental stone (GC Fujirock, Improved Dental Stone, G-C 
Dental Industrial Corp., Tokyo, Japan) using a torsional shaft of 3.5 cm. After the 
hardening of dental stone, the bones were placed in the torque machine and torsionally 
loaded at a constant angular speed of 6 degrees per second until failure (Jämsä and 
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Jalovaara 1996). Maximum breaking load (Nm) and torsional stiffness (Nm/deg) were 
recorded. 

4.8.8  Statistics 

Statistical analysis was performed by using the SPSS for Windows statistical package 
(SPSS Inc., version 9.0). The non-parametric Kruskall-Wallis test was used to evaluate 
the statistical differences between the groups, and the Mann-Whitney test for pairwise 
comparison was also used. Values of p<0.05 were considered statistically significant. A 
specialist was consulted concerning the planning of the statistical analyses. 



5 Results 

5.1  Effects of ethylene oxide and gamma sterilization on the 
osteoinductivity of reindeer BMP extract evaluated  

by a muscle pouch model of mouse. 

5.1.1  Area of new bone formation evaluated radiographically 

The mean area (mm2) of new bone induced by ethylene oxide (EO)-sterilized reindeer 
BMP extract implants was significantly smaller than that induced by non-sterilized 
reindeer BMP extract implants (p=0.004). (Table 4) 

There was no significant difference in the mean new bone area between the gamma-
sterilized and non-sterilized reindeer BMP extract implants (p=0.412). However, a 
significant decrease in new bone area could be seen in the gamma-sterilized reindeer 
BMP extract injections compared to the non-sterilized reindeer BMP extract injections 
(p=0.000). (Table 5) 

No significant difference was seen in the mean new bone area between the ethylene 
oxide or gamma-sterilized reindeer BMP extract implants, even though the new bone area 
induced by the gamma-sterilized reindeer BMP extract implants was 45 % larger than 
that of the ethylene oxide-sterilized reindeer BMP extract implants, respectively. (Table 
6) 

Control implants without reindeer BMP extract were not able to induce new bone. 
(Table 4 and 5) 
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5.1.2  Optical density of new bone formation evaluated  
radiographically 

The mean optical density (mmAl) of new bone induced by the ethylene oxide-sterilized 
reindeer BMP extract implants was significantly smaller than that induced by the non-
sterilized reindeer BMP extract implants (p=0.000). (Table 4) 

 There were no significant differences in the optical density of new bone between the 
gamma-sterilized and non-sterilized reindeer BMP extract implants (p=0.325) or 
injections (p=0.161). (Table 5) 

The mean optical density of new bone was 75 % (p=0.00) higher in the gamma-
sterilized reindeer BMP extract implants containing five milligrams and 70 % (p=0.00) 
higher in the implants containing ten milligrams compared to the corresponding ethylene 
oxide-sterilized reindeer BMP extract implants. (Table 6) 

Because the control implants showed no radiologic new bone formation, their optical 
density could not be measured. 

Table 4. Area, optical density and calcium yield (mean ± SD) of new bone formation 
induced by ethylene oxide-sterilized and non-sterilized reindeer BMP extract in muscle 
pouch of NMRI mice. Mann-Whitney statistical test was used. 

Groups  N. Bone area 
(mm2) 

Optical density of new 
bone (mmAl) 

N. Calcium yield 
(mg/ml) 

Non-sterilized BMP  20 48.51 ± 20.29 *  0.59 ± 0.10 ^ 14 2.74 ± 1.44 
EO-sterilized BMP  20 31.52 ± 17,89 0.36 ± 0.10 14 2.19 ± 1.30 
Collagen 10 0 † -  6  0.02 ± 0.01 † 

*p=0.004, ^ p=0.000 vs EO-sterilized BMP †p=0.000 vs EO-sterilized BMP and Non-sterilized BMP 

5.1.3  Calcium yield of new bone formation 

The mean calcium yield of new bone was 20% lower in the ethylene oxide-sterilized 
reindeer BMP extract implants than in the non-sterilized reindeer BMP extract implants, 
but this difference was not significant (p=0.202). 

The calcium yields of the implants containing BMP were manifold compared to the 
collagen implants (p=0.001). (Table 4) 

5.1.4  45Ca incorporation of new bone formation 

There was no significant difference in the mean 45Ca incorporation of new bone between 
the gamma-sterilized reindeer BMP extract and the non-sterilized reindeer BMP extract 
(p=0.699) implants. However, a significant decrease in the 45Ca incorporation of new 
bone could be seen in the gamma-sterilized reindeer BMP extract injections compared to 
the non-sterilized reindeer BMP extract injections (p=0.045). (Table 5) 
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The mean 45Ca incorporation of new bone was 30% (p=0.04) higher in the gamma-
sterilized reindeer BMP extract implants containing five milligrams and 60 % (p=0.02) 
higher in those containing ten milligrams compared to the corresponding ethylene oxide-
sterilized reindeer BMP extract implants, respectively. (Table 6) 

The mean 45Ca incorporation of new bone induced by implants containing reindeer 
BMP extract was multifold compared to the corresponding implants without reindeer 
BMP extract (p=0.00). (Table 5 and 6) 

5.1.5  Histological evaluation 

Six ethylene oxide-sterilized and non-sterilized reindeer BMP extract samples and four 
collagen samples were histologially examined. No new bone formation was seen in the 
specimens without reindeer BMP extract. Endochondral new bone formation was seen in 
the specimens containing ethylene oxide or non-sterilized reindeer BMP extract, and this 
seemed to be most abundant in the non-sterilized samples of reindeer BMP extract, while 
the decalcified samples did not allow quantitative analysis. There was a substantial 
amount of hypertrophied and calcified chondrocytes, remodelling ectopic trabecular 
woven bone and hematopoietic bone marrow cells in the specimens containing reindeer 
BMP extract. Also no inflammatory reaction was seen. However, there were no 
qualitative histologic features distinctive of the non-sterilized and ethylene oxide-
sterilized reindeer BMP extract samples. (Fig. 4) 

Fig. 4. Histological picture showing the new bone formation in muscle pouch of mouse 
induced by reindeer BMP extract. Chondrocytes (C), new bone (B), hematopietic bone 
marrow cells (H) and muscle (M). (Magnification x 100; hematoxylin-eosin) 
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Table 5. Area, optical density and 45Ca incorporation (mean ± SD) of new bone 
formation induced by gamma-sterilized and non-sterilized reindeer BMP extract in 
muscle pouch of Balb-C mice. Mann-Whitney statistical test was used. 

Groups  N. Bone area 
(mm2) 

Optical density of new 
bone (mmAl) 

45Ca incorporation 
(DPM/mg) 

Non-sterilized BMP 15 78.8 ± 32.5  0.39 ± 0.11  313.0 ± 256.3 
Gamma sterilized BMP 15 74.2 ± 22.9  0.41 ± 0.09  281.1 ± 119.9 
Non-sterilized BMP-
injection  

15 54.8 ± 12.7 *  0.41 ± 0.09 469.0 ± 497.5 

Gamma sterilized BMP-
injection  

15 27.4 ± 14.4  0.39 ± 0.12 343.1 ± 543.2 

Non-sterilized gelatine 6 0 † -  2.4 ± 2.0 † 
Gamma sterilized gelatine 6 0 † -  5.7 ± 3.8 † 
Non-sterilized gelatine 
injection 

6 0 † -  3.6 ± 2.1 † 

Gamma sterilized gelatine 
injection  

6 0 † -  5.0 ± 3.4 † 

*p=0.000 vs Gamma sterilized BMP-injection †p=0.000 vs corresponding groups containing BMP 

Table 6. Comparison of the areas, optical densities and 45Ca incorporations (mean ± SD) 
of new bone formations induced by ethylene oxide-sterilized and gamma-sterilized 
reindeer BMP extract in muscle pouch of Balb-C mice. Mann-Whitney statistical test was 
used. 

Groups  N. Area of new bone 
(mm2) 

Optical density of new 
bone (mmAl) 

45Ca incorporation 
(DPM/mg) 

Gamma sterilized 5mg BMP 10 19.56 ± 15.32  0.32 ± 0.13 *  18.53 ± 9.80 ¤  
Gamma sterilized 10mg BMP 10 36.89 ± 25.58  0.42 ± 0.20 ^ 48.78 ± 30.29 #  
EO-sterilized 5mg BMP 10 11.00 ± 14.98  0.08 ± 0.09  12.84 ± 21.89  
EO-sterilized 10mg BMP 10 20.61 ± 28.32  0.13 ± 0.11  19.82 ± 26.08  
Collagen 10 0 † - 0.38 ± 0.38 † 
*p=0.000 vs EO-sterilized 5mg BMP ^p=0.000 vs EO-sterilized 10mg BMP ¤p=0.040 vs EO-sterilized 5mg 
BMP #p=0.020 vs EO-sterilized 10mg BMP †p=0.000 vs groups containing BMP 

5.2  Effects of different mineral frames and type IV collagen  
on the osteoinductivity of reindeer BMP extract evaluated  

by a muscle pouch model of mouse 

5.2.1  Area of new bone formation evaluated radiographically 

The mean areas (mm2) of new bone induced by the implants containing reindeer BMP 
extract combined with collagen (Col/BMP) (p=0.026) or with tricalcium 
phosphate/hydroxyapatite/collagen composite (TCP/HA/Col/BMP) (p=0.012) carriers 
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were significantly higher than the new bone area induced by the implant containing 
reindeer BMP extract combined with tricalcium phosphate/collagen composite carrier 
(TCP/Col/BMP). (Table 7) 

Control implants without reindeer BMP were not able to induce new bone visible in 
radiographs. (Table 7) 

5.2.2  Optical density of new bone formation evaluated radiographically 

The mean optical density (mmAl) of new bone induced by reindeer TCP/HA/Col/BMP 
composite implant was significantly higher than the optical density of new bone induced 
by TCP/Col/BMP (p=0.036) or Col/BMP (p=0.020) composite implants. (Table 7) 
Because the control implants without reindeer BMP extract showed no new bone 
formation, their optical density could not be measured. (Table 7.) 

5.2.3  45Ca incorporation of new bone 

The mean 45Ca incorporations of new bone induced by Col/BMP (p=0.046) or 
TCP/HA/Col/BMP (p=0.046) composite implants were significantly higher than the 45Ca 
incorporation of new bone induced by TCP/Col/BMP composite implant. (Table 7) 

The mean 45Ca incorporation of new bone induced by implants containing reindeer 
BMP extract was multifold compared to the corresponding implants without reindeer 
BMP extract (p=0.00). (Table 7) 

5.2.4  Histological evaluation 

Two samples of each group were histologically examined. Histological examination 
showed endochondral new bone formation in all specimens containing reindeer BMP 
extract but not in those without. The most abundant bone formation was seen in the 
specimens of reindeer BMP extract combined with collagen (Col/BMP), which showed 
substantial amounts of hypertrophied and calcified chondrocytes, remodelled ectopic 
trabecular woven bone and hematopoietic bone marrow cells. Some residuals of fibrotic 
collagen pellets could also be seen. 

In the other specimens with reindeer BMP extract, the histological features were quite 
similar. The newly formed woven bone mainly occurred in small patches around the 
frames. The calcified cartilage and the connective tissue were dispersed around and 
deposited into the pores of the frames. The specimens of the reindeer BMP extract 
combined with tricalcium phosphate/hydroxyapatite carrier (TCP/HA/Col/BMP) seemed 
to contain the most abundant amounts of fibrotic connective tissue and smaller amounts 
of cartilage and endochondral woven bone than the other specimens. No inflammatory 
cells were seen. 
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Table 7.  Area, optical density and 45Ca incorporation (mean ± SD) of new bone 
formation induced by reindeer BMP extract in muscle pouch of NMRI-mice. Mann-
Whitney statistical test was used. 

Groups N. Bone area 
(mm2) 

Optical density of new 
bone (mmAl) 

N. 45Ca incorporation 
(DPM/mg tissue)  

TCP/Col/BMP 10 4.47 ± 10.15  0.35 ± 0.31 #  8 157.69 ± 357.99  
HA/Col/BMP 10 11.52 ± 14.07 0.41 ± 0.30 8 370.36 ± 419.50 
TCP/HA/Col/BMP 10 11.86 ± 6.55 *  0.62 ± 0.24 8 310.21 ± 237.82 †  
NC/Col/BMP 10 17.38 ± 13.85 0.49 ± 0.35 8 382.07 ± 330.65 
Col/BMP 10 22.39 ± 15.66 * 0.38 ± 0.22 (#) 8 457.48 ± 419.37 †  
TCP/Col 6 0 ^ - 4 13.59 ± 1.25 ^ 
HA/Col 6 0 ^ - 4 9.76 ± 2.76 ^ 
TCP/HA/Col 6 0 ^ - 4 24.01 ± 8.11^ 
NC/Col 6 0 ^ - 4 8.04 ± 1.66 ^ 
Col 6 0 ^ - 4 11.90 ± 2.48^ 
*, †p<0.05 vs TCP/Col/BMP #p<0.05, (#)p<0.001 vs TCP/HA/Col/BMP ^p<0.001 vs corresponding group 
containing reindeer BMP extract  

5.3  Ectopic bone formation induced by injection of reindeer BMP 
extract evaluated by a muscle pouch model of mouse 

5.3.1  Use of injections 

Injections were easy to perform and well tolerated by the mice. There were no 
complications during or after the procedure, and no infections were seen. 

5.3.2  Area and optical density of new bone formation evaluated 
radiographically 

Injections containing reindeer BMP extract with gelatine (Gelatine) (mean area 33.64 ± 
17.03 mm2, mean optical density 0.230 ± 0.071 mmAl) or saline (NaCl) (mean area 46.04 
± 26.84 mm2, mean optical density 0.248 ± 0.081 mmAl) vehicle resulted in abundant 
bone formation. 

There were no significant differences between the new bone areas (p=0.247) and 
optical densities (p=0.739) induced by the injections containing reindeer BMP extract 
with gelatine or saline vehicle. 

The injections without reindeer BMP extract were not able to induce new bone visible 
in radiographs (p=0.000). 
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5.3.3  45Ca incorporation of bone formation 

There was no significant difference (p=0.739) in the 45Ca incorporation of new bone 
between the injections containing reindeer BMP extract with gelatine (mean 45Ca 
incorporation 35.40 ± 21.72 DPM/mg) and those with saline (mean 45Ca incorporation 
33.62± 29.36 DPM/mg) vehicles. 

The mean 45Ca incorporation of new bone was manifold in the injections containing 
reindeer BMP extract (p=0.000) compared to the injections containing only gelatine 
(mean 45Ca incorporation 0.93 ± 0.80 DPM/mg) or saline (mean 45Ca incorporation 1.38 
± 0.76 DPM/mg) vehicles, respectively. 

5.4  Reindeer BMP extract in the healing of rabbit radial bone defects 

5.4.1  Test animals used to evaluate the bone healing capacity  
of reindeer BMP extract 

Ephiphyseolysis occurred in the radius bones of seven rabbits during the evaluation time 
and these animals had to be sacrifaced before the end point. Therefore, since the animals 
were bilaterally treated, three samples from the 5 mg of reindeer BMP, 10 mg of reindeer 
BMP, 10 mg of sterilized reindeer BMP extracts and untreated groups and one sample 
from the rhBMP-2 and collagen groups were excluded from the study. 

5.4.2  Bone formation and bone union evaluated clinically  
and radiographically 

Bone formation at the defect sites induced by the 5mg of reindeer BMP (p=0.037), 10mg 
of reindeer BMP (p=0.004), 10mg of sterilized reindeer BMP (p=0.021) and rhBMP-2 
(p=0.001) implants was significantly more abundant than that in the untreated defects. BF 
was also significantly higher in the rhBMP-2 (p=0.024) implants and nearly significantly 
higher in the 10 mg of BMP (p=0.061) implants than in the collagen implants. (Table 8.) 

The rate of development of bone union induced by the 5mg of reindeer BMP 
(p=0.044), 10mg of reindeer BMP (p=0.013) and rhBMP-2 (p=0.013) implants was 
significantly higher than in the untreated defects. Bone union was also significantly 
higher in the 10mg of reindeer BMP (p=0.037) and rhBMP-2 (p=0.037) implants than in 
the collagen implants. (Table 8) 

There were no significant differences in bone formation and bone union between the 
different types of implants containing BMPs. (Table 8) 
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5.4.3  New bone area and optical density evaluated radiographically 

The mean area (mm2) of new bone induced by the 5mg of reindeer BMP (p=0.028), 10mg 
of reindeer BMP (p=0.019), 10mg of sterilized reindeer BMP (p=0.042) and rhBMP-2 
(p=0.004) implants was significantly larger than that in the the untreated defects. Also, 
the new bone area was significantly larger in the 10mg of reindeer BMP extract 
(p=0.025) and rhBMP-2 (p=0.035) implants than in the collagen implants. There were no 
significant differences in the new bone areas between the different types of implants 
containing BMPs. (Fig 4.) 

There were no significant differences in the mean optical density (mmAl) of the new 
bone formation between the different types of implants. (Table 8) 

5.4.4  Mechanical testing 

The mean stiffness (Nm/deg) of the radius bones treated by 10 mg of reindeer BMP 
extract implants was significantly greater (p=0.020) than that in the radius bones treated 
by collagen implants. The mean breaking load (Nm) of the radius bones showed no 
significant differencies between different implant types. (Table 8) 

5.4.5  Cross-sectional bone area and bone density evaluated by pQCT 

Computerized tomography (pQCT) showed cross-sectional bone area to be significantly 
larger (p<0.05) in the bone defects treated by rhBMP-2 implants than in the collagen 
implants. Bone density was significantly higher in the defects treated by 10mg of reindeer 
BMP extract (p<0.05) implants than in the rhBMP-2 implants. (Table 8.) 



 55

 
* p<0.05, ** p<0.01 vs  Untreated 
# p<0.05   vs Collagen 

Fig. 5. New bone areas (Mean ± SEM) of rabbit radius bone defects in the different groups 
evaluated radiographically by using computer software. Mann-Whitney statistical test was 
used. 

Table 8. Bone formation in the defect area of rabbit radius evaluated by radiographical 
analysis, mechanical testing and pQCT densitometry. Mann-Whitney statistical test was 
used. 

Radiographical analysis Mechanical test pQCT analysis Groups 
Optical 
density 
(mmAl) 

Bone 
formation  

Bone union Breaking 
load (Nm)

Stiffness 
(Nm/deg) 

Bone cross-
sectional 

area (mm2) 

Bone density  
(mg/cm3) 

5 mg of 
BMP (n=5) 

2.2± 0.7 3.6± 0.4 * 2.4± 0.6 * (#) 0.32±0.1 0.02±0.01(#) 28.2±5.9  613.2±63.3 

10 mg of 
BMP (n=7) 

2.0± 0.6 3.9± 0.1** (#) 2.6± 0.4 * # 0.54±0.16 0.04±0.01# 22.1±3.3 747.6±32.7† 

10 mg of 
sterilized 
BMP (n=7) 

1.8± 0.5 3.6± 0.3* 1.7± 0.6 0.24±0.09 0.01±0.01 28.2±4.3 712.5±43.3(†) 

rhBMP-2 
(n=7) 

2.5± 0.6 4.0± 0.0** #  2.6± 0.4 * # 0.27±0.08 0.02±0.01 (#) 32.0±5.4# 612.6±33.0 

Untreated 
(n=5) 

1.6± 0.4 2.2± 0.4 0.8± 0.5 0.25±0.07 0.02±0.01 24.6±4.7 708.4±70.8 

Collagen 
(n=7) 

1.7± 0.6 1.9± 0.8 0.9± 0.6 0.19±0.13 0.01±0.01 16.6±4.4 644.2±107.1 

* p<0.05, ** p<0.01  vs Untreated (#) p<0.1, # p<0.05 vs Collagen (†) p<0.1, † p<0.05 vs rhBMP-2 



6 Discussion 

6.1  Methodological aspects 

6.1.1  Animal models and implants 

We used a muscle pouch model of mouse to evaluating the osteoinductivity of reindeer 
BMP extract. Muscle pouch model of mouse has been a standard method for assaying the 
activity of BMP since its discovery and has been shown to be an appropriate heterotopic 
animal model (Sampath & Reddi 1981, Wlodarski & Reddi 1986). The cascade of bone 
formation in the mouse muscle pouch induced by BMP can be seen within 21 days after 
implantation (Urist & Strates 1971, Reddi & Huggins 1972, Reddi 1981, Jortikka et al. 
1993a,b). For about twenty years, our research group has been using the muscle pouch 
model as a standard assay when evaluating the osteoinductivity of extracted BMP. Thus, 
one of the reasons that prompted me to use this animal model was our good knowledge 
and, on the other hand, the good reproducibility, reliability and cost-effectiveness of the 
model. This bioassay was considered the best model for our purposes, and no more 
complicated bone defect model was needed. The mice tolerated the surgical procedures 
well, and no infections were seen. 

Also, we used the segmental bone defect model of rabbit radius to evaluate the bone 
healing capacity of BMPs. This model was first described by Herold in (1971), and it is a 
well-established animal model in the field of BMP research (Tuli et al. 1981, Zegzula et 
al. 1997, Zellin & Linde 1997, Texeira & Urist 1998, Wheeler et al. 1998, Yuehuei and 
Friedman 1999, Mori et al. 2000). We used critical-size bone defects (CSD), which do 
not normally heal when left untreated (Key 1934, Heiple et al. 1963, Nilsson et al. 1986). 
It is well accepted that the length of the CSD in long bone is twice the bone diameter, and 
bone defects of 15 millimeters were thus used. This animal model was used because it 
correlates well with the clinical situtations, the radius is easily accessible, no fixation is 
needed because of the ulnar support, and the model is well documented and reproducible. 
In this animal model, it is recommendable to use adult rabbits to prevent epiphyseal 
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slipping. We used eight-month-old rabbits, but some animals underwent ephiphyseolysis 
during the period of evaluation. These animals had to be sacrificed before the end-point, 
and they were therefore excluded from the study. 

6.1.2  Gamma and ethylene oxide sterilization of BMP 

Gamma sterilization of the implants was performed by specialized companies at doses of 
3.15 and 4.10 Mrad, which are higher than the present requirements. Currently, the 
standard dose of gamma irradiation recommended by the US Food and Drug 
Administration (Rockville, MD) is 2.5 Mrad. Ethylene oxide sterilizations of the implants 
were performed with a commercial gas sterilizer according to the manufacturer’s 
instructions. 

There were no problems during the sterilization procedures. We selected these two 
sterilization methods because they are generally used in the sterilization of BMPs, but 
their effects on the osteoinductivity of BMPs have still been debated. 

6.1.3  New bone formation and bone healing evaluated  
radiographically 

The analytical methods were selected to define ectopic bone formation and bone healing 
as quantitatively as possible. New bone formation induced in the mouse muscle pouch 
and in the bone defect of the rabbit radius was defined radiographically as area and 
optical density after scanning the images and saving the files in the computer for analysis. 
The measured areas and densities do not represent completely accurately the real volume 
of new bone, but still correlate with the total amount of bone, and the data are thus 
comparable between the different groups. 

In the literature, different scoring systems have been used to evaluate clinically the 
bone formation and bone union of bone defects (Bostrom et al. 1996, Johnson et al. 1996, 
Sciadini et al. 1997b). We decided to use the scoring methods presented by Sciadini et al. 
(1997b), which constituted the most suitable scoring system for our study. The aim was to 
achieve a clinical scoring system compatible with the computer analysis used. 

6.1.4  Quantitative computed tomography (pQCT) 

Quantitative computed tomography was also used to evaluate the healing of the bone 
defects. Three slices were scanned on each implant area, but no clear differences in the 
mean cross-sectional areas and bone mineral contents between the different groups were 
seen. pQCT analysis was not in line with radiographic analysis, but we think that the 
radiographic analysis used here correlated more accurately than pQCT with the total 
amount bone. 
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6.1.5  45Ca activity and calcium yield 

Measuring the activity of 45Ca has been shown to be a reliable method for studying 
calcium metabolism during bone turnover (Gao et al. 1996a). Here, 45Ca activity was 
determined when studying ectopic new bone formation, and no methodological problems 
were encountered in 45Ca analyses. 

Also, the calcium yield of ectopic new bone formation was used without 
methodological problems. This method was used in the first experiment, and it also 
seemed to be reliable. 

6.1.6  Histology 

Histology was assessed by evaluating qualitatively the new bone formation induced by 
reindeer BMP extract. Histological analysis is a powerful and widely used method in the 
examination of bone formation qualitatively. In this study, histological examination was 
considered important when studying the effects of the different carriers on the 
osteoinductivity of reindeer BMP extract. The quality of the new bone, the resorption of 
the mineral frames and the possible immunological reactions could be assessed. 

6.1.7  Mechanical testing 

Mechanical tests were made when analyzing the healing of bone defects. The method was 
first described by Jämsä and Jalovaara (1996), and a test machine has also been 
developed in our laboratories. Maximum breaking load (Nm) and torsional stiffness 
(Nm/deg) were recorded. In the cases of nonunion, no mechanical tests could be done, 
and these samples received the value of zero. This study showed only slight differences 
between the groups in the mechanical properties of bones. This is mainly due to the small 
sample number and the limited ability of mechanical testing to discriminate bones with 
nonunion. 

6.2  Effect of gamma and ethylene oxide sterilization on the 
osteoinductivity of reindeer BMP extract 

An important problem in the clinical application of BMPs and their carriers is 
sterilization. Ethylene oxide gas and gamma irradiation have been used in many 
protocols, but the optimal method for the sterilization of BMPs has continues to be a 
topic of considerable controversy (Munting et al. 1988, Aspenberg et al. 1990 and 1998, 
Ijiri et al. 1994, Zhang et al. 1997, Wientroub & Reddi 1988, Wientroub et al. 1990, 
Andriano et al. 2000, Ripamonti et al. 2000). 
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Ijiri et al. (1994) reported that ethylene oxide sterilization at 29 oC for 5 hours 
decreased the osteoinductivity of native bovine BMP with collagen carrier to about half 
of the control values, but gamma irradiation (2.5 Mrad) decreased them even more 
significantly. In the study by Zhang et al. (1997), gamma irradiation reduced the 
osteoinductivity of demineralized bone matrix (DBM) by about 40 %, while sterilization 
with ethylene oxide at 40 oC resulted in only a slight alteration. On the other hand, 
Munting et al. (1988) found gamma irradiation at 2.5 Mrad to be less harmful for DBM 
than exposure to ethylene oxide at 37 ºC; the loss of inductive capacity was about 50% 
after gamma sterilization, but nearly complete after ethylene oxide treatment. 

According to our study, gamma irradiation seemed to be less deleterious for the 
osteoinductivity of reindeer BMP extract than ethylene sterilization, and this finding is, 
by and large, in line with the results of Munting et al. (1988), but in conflict with those of 
Ijiri et al.(1994) and Zhang et al. (1997). However, previous studies have also shown 
ethylene oxide sterilization to decrease clearly the osteoinductive activity of BMPs 
(Munting et al. 1988, Aspenberg et al. 1990, Aspenberg & Linqvist 1998, Ijiri et al. 
1994). In this respect, the other studies are in line with our study, which showed ethylene 
oxide sterilization to reduce the bone-forming activity of reindeer BMP extract by one 
third. 

In addition to its decreasing effect on the osteoinductive activity of BMPs, ethylene 
oxide also has other harmful effects: it is mutagenous and poisonous due to the formation 
of reactive free radicals during the sterilization process (Munting et al. 1988). 

Recent studies suggest that gamma irradiation has no or only slight effects on the 
osteoinductivity of BMP. Andriano et al. (2000) reported that gamma irradiation at doses 
of 1.5-2.5 Mrads did not reduce the activity of the composite of bovine-derived BMPs 
and polymeric carrier. Ripamonti et al. (2000) investigated the effects of gamma 
irradiation at doses of 2.5-3 MRad on the osteoinductivity of human OP-1 and concluded 
that gamma-irradiated human OP-1 combined with irradiated xenogeneic bovine 
collagenous matrix carrier is effective in regenerating and maintaining the architecture of 
induced bone. 

In this study, gamma irradiation did not seem to decrease significantly the 
osteoinductivity of reindeer BMP extract implants, but when the bone defect model was 
used, the osteoinductivity of gamma-sterilized reindeer BMP extract seemed to be 
slightly inferior compared to non-sterilized extract. A reduction was observed when 
reindeer BMP extract in an injectable mixture with soluble gelatine was exposed to 4.1 
MRads of gamma irradiation. In spite of the reduction, the osteoinductivity of reindeer 
BMP extract was still high enough to induce new bone formation efficiently.  

It has been shown that irradiation changes the constitution of collagen. Buring et al. 
(1970) reported that gamma irradiation in excess of 2.0 MRads increased the solubility of 
collagen and destroyed the fibrillar network of bone matrix. It is possible that these 
changes have harmful effects on BMPs, or that collagen potentiates these deterious 
effects of irradiation on BMPs by an unknown mechanism. 

Currently, the standard dose recommended by the Food and Drug Administration 
(Rockville, MD) is 2.5 Mrad. However, even when we used a larger dose (4.1 and 3.15 
MRad) here, BMP maintained its osteoinductivity well. Because the safety requirements 
allow the use of even lower doses than we used, gamma irradiation can be recommended 
for the sterilization of BMP material for clinical purposes. 
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6.3  Effects of different carriers on the osteoiductivity of reindeer 
BMP extract 

We tested composite implants containing collagen and different inorganic frames in the 
delivery of reindeer BMP extract. These frames may not work properly with BMPs alone, 
primarily because of the too rapid release of BMPs, and collagen is thus needed. In 
addition to the delivery function, collagens have been shown to have favourable effects 
on the bone-forming activity of BMPs (Moore et al. 1990a, Paralkar et al. 1990 and 
1992, Murata et al. 1999). 

In our study, only the implants with reindeer BMP extract showed induction of bone 
formation. This indicates that reindeer BMP extract was effective, and the carrier worked 
appropriately. The frames used did not have osteoinductive properties and proved to 
function solely as osteoconductive materials. However, the frames may have different 
effects on the osteoinductive capacity of BMPs. 

Tricalcium phosphate has been used with BMPs with satisfactory outcomes (Urist et 
al. 1984, Gao et al. 1996a, Laffrague et al. 1999). Laffraque et al. (1999) showed, by 
using a femoral condyle bone defect model in rabbits, that tricalcium phosphate is a 
serviceable matrix for recombinant BMP-2 and gives it osteoinductive properties in a 
dose-dependent manner. In our study, the tricalcium phosphate frame worked, but not so 
well as the other frames. This is in line with the study by Gao et al. (1996a), who used a 
study design similar to ours and showed that natural coral worked better than tricalcium 
phosphate. 

It should be noted that reindeer BMP extract induced new bone formation equally well 
or better with collagen alone than with any of the frames tested. BMPs have been 
successfully used with collagen to treat different experimental bone defects in animal 
models (Hollinger et al. 1998, Sciadini et al. 2000, Yudell et al. 2000, Li et al. 2002). It 
has been presented that composite implants with frames have more favourable effects on 
the osteoinductive capacity of BMPs than collagen alone (Gao et al. 1996a), but this 
finding could not been confirmed in this study. However, the frames may be indicated as 
part of a composite for fixation, osteoconduction and mechanical loading because 
collagen possesses neither a fixed geometry to fill in bone defects nor sufficient strength 
for weight bearing. The composites containing hydroxyapatite, biphasic 
tricalciumphosphate-hydroxyapatite and biocoral frames seemed here to be roughly 
similar. 

6.4  Injection of the reindeer BMP extract 

Injection of BMPs, which is a minimally invasive technique, would be suitable for the 
treatment of different bone healing problems, such as closed fractures. Experimental 
animal studies with injectable implants have been performed by using native bovine BMP 
extract and recombinant BMPs with good success (Forslund & Aspenberg 1998, Bax et 
al. 1999, Muschik et al. 2000, Blokhuis et al. 2001, den Boer et al. 2002, Li et al. 2002 
and 2003, Einhorn et al. 2003, Mizumoto et al. 2003, Saito et al. 2003, Seeherman et al. 
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2003, Takahashi et al. 2003). Our study also showed a single injection of reindeer BMP 
extract to induce effectively new bone formation in a mesenchymal environment in the 
thigh muscle pouch of mice. 

It has been suggested that BMPs need a carrier which acts as releaser for effective 
bone induction, and that the amount of BMP needed could be reduced by using a carrier 
(Gao et al. 1993, Lindholm et al. 1993). However, Bax et al. (1999) and Li et al. (2001) 
reported that BMP injections with buffer healed bone defects more efficiently than the 
implantation of BMP with collagenous carrier. Blokhuis et al. (2001) showed the 
stimulatory effect of the injection of BMP-7 with sodium acetate buffer to be comparable 
to the effect of the injection of BMP-7 with collagenous matrix. Forslund et al. (1998) 
also reported the percutaneous injection of BMP-7 without carrier material into the rat 
achilles tendon region to induce a large amount of bone. 

Our results showed the injection of reindeer BMP extract with physiological saline to 
induce new bone formation equally well or even better than the injection of BMP with 
collagenous carrier, which confirms the previous findings. 

 The effective bone formation without collagenous carrier may be partly explained by 
the amount of injected BMP. Forslund et al. (1998) assumed that the fairly large amount 
of OP-1 used in their study might explain the fact that no collagenous carrier was needed. 
Blokhuis et al. (2001) used an even larger dose of OP-1 than Forslund et al. (1998), and 
we also used an excessive amount of reindeer BMP extract. The previous assumption is 
partly supported by Muschik et al. (2000), who reported that bone formation was not so 
efficient when a small amount of native bovine BMP was injected. One might postulate 
that when BMP is administered in large doses, the responding cells at the site of injection 
are more likely enabled to come into contact with BMP. The slow release of BMP 
induced by collagen might be more important when smaller doses of BMPs are used. At 
least when estimated based on radiographic new bone formation, our results suggest that 
carrier materials of different origins are not always necessary for the injection of BMPs. 
This might be important for reducing the number of rejections and complications caused 
by the carrier. 

The experimental model used here has some, though not great, clinical relevance. In 
clinical situations, the injection must be made into tissues of different consistencies, such 
as bone defects and nonunited fractures. The target of injection should be properly 
localized beforehand, and the solution should remain evenly in the target area. In this 
respect, the carrier and its consistency may play an important role. The experimental 
model used here demonstrated that the reindeer BMP extract can be applied by injection, 
and that the injection induces bone formation, i.e. the injected material is distributed 
locally, which keeps it effective and prevents it from spreading widely into the tissue, 
whereupon it loses its effect. 

6.5  Reindeer BMP extract and recombinant BMP-2 in the healing  
of critical-size defect of rabbit radius 

Until now, there have been no studies on the ability of reindeer BMP extract to heal long 
bone defects. In this study, we compared the bone healing capacity of reindeer BMP 
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extract to rhBMP-2 (InductOS™), because the bone healing capacity of the latter is well 
documented in animal experiments and clinical trials (Hollinger et al. 1998, Sciadini et 
al. 2000, Yudell & Block.2000, Govender et al. 2002, Li et al. 2002). 

Many previous studies concerning the capacity of BMPs to heal long bone defects 
have been performed by using synthetic polymer carriers or composite implants 
containing collagen and frames such as coral, tricalcium phosphate or hydroxyapatite 
(Gao et al. 1996b and 1997, Sciadini et al. 1997a, Tuominen et al. 2000 and 2001, Hu et 
al. 2003). 

Here, we did not use composite implants, because the rabbit radius is a relatively small 
bone and its critical-size bone defect does not need extra fixation or a mechanically 
stronger carrier than collagen. BMPs have also been used successfully in the healing of 
fractures with collagen carrier alone (Bax et al. 1999, Blokhuis et al. 2001, Govender et 
al. 2002, Einhorn et al. 2003). 

Hollinger et al. (1998) used rhBMP-2 with collagen carrier in the healing of critical-
size rabbit radial bone defects. After eight weeks, rhBMP-2 treatment had regenerated the 
osseous contour, and new bone formation was significantly more abundant in the rhBMP-
2 or autograft groups than in the collagen or untreated groups. Sciadini et al. (2000) 
reported, by using the radial bone defect of dog, that rhBMP-2 with collagen sponge 
carrier had potential osteoinductive activity according to biomechanical parameters when 
evaluated 12 and 24 weeks postoperatively. Defects treated with rhBMP-2 implants were 
comparable to those treated by autografts and significantly stronger than those exposed to 
placebo. Li et al. (2002) enhanced bone consolidation of distraction osteogenesis in a 
rabbit model by using rhBMP-2 with absorbable collagen sponge carrier. They concluded 
rhBMP-2 to enhance the consolidation of distraction osteogenesis in the rabbit tibia. Also, 
Yudell and Block (2000) showed rhBMP-2 with absorbable collagen sponge carrier to 
potentially stimulate bone gap healing in zygomatic arch osteotomies. 

Our results are in line with the previous studies. rhBMP-2 effectively stimulates the 
healing of critical-size bone defects in the rabbit radius. Reindeer BMP extract induced 
bone healing effectively and was comparable to rhBMP-2. These findings on a long bone 
defect model also confirm our previous results, which have shown excellent 
osteoinductivity of reindeer BMP extract in a muscle pouch model of mouse. Gamma 
sterilization of reindeer BMP extract did not reduce its osteoinductivity significantly, but 
was slightly inferior compared to non-sterilized reindeer BMP extract. 



7 Conclusions 

1. Gamma sterilization did not decrease the osteoinductivity of reindeer BMP extract, 
except when administered as an injection containing gelatine vehicle. This finding 
must be given serious consideration, but the remaining activity seemed to be 
sufficient for the induction of bone formation in preclinical and clinical situations. 
Ethylene oxide sterilization reduced the osteoinductivity of reindeer BMP extract by 
about one third and was more deterious than gamma irradiation. 

2. The effects of hydroxyapatite, biocoral and biphasic tricalciumphosphate-
hydroxyapatite frames on the osteoinductivity of reindeer BMP extract were on the 
same level, but the tricalcium phosphate frame seemed to be somewhat worse. On 
the other hand, collagen carrier alone with reindeer BMP extract induced new bone 
equally well as or even better than the composites with the best frames. 

3. The injection of native reindeer BMP extract with collagen or physiological saline 
induced effectively new bone formation in the mouse thigh muscle pouch. Both of 
these vehicles proved to be suitable carrier materials for injectable native reindeer 
BMP extract. The injections were easy to perform and well tolerated by the mice. 

4. Reindeer BMP extract administered with collagen carrier healed critical-size bone 
defects of rabbit radius effectively and was comparable to rhBMP-2. 
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