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To assess new biomaterials for possible use as bone graft substitutes, a number of
techniques allow interactions with osteoblastic cells to be studied, with respect to effects on
proliferation and differentiation of osteoprogenitors. In vitro models include the use of bone
explant cultures, fetal rat calvarial-derived osteoblast cells, primary stromal populations,
transformed and non-transformed cell lines and immortalized osteoblast cell lines. However,
these assessments are limited by the extent of osteogenic differentiation and bone formation
that can be observed in vitro, species differences and phenotypic drift of cells cultured in
vitro. The use of in vivo experimental systems such as the segmental/calvarial bone defect
model, the subcutaneous implant model and the diffusion chamber implantation model
circumvent some of these issues and, in the appropriate model, provide data on ef®cacy,
biocompatibility and osteointegration of a biomaterial. The combination of in vitro and in
vivo approaches together with the development of new cell labeling techniques, in particular
the ability to genetically mark and select speci®c human bone cell populations provides new
avenues for their potential evaluation in combination with appropriate biomaterials for
clinical use. These in vitro and in vivo techniques are reviewed and those recently developed
for assessment of human osteogenic cells should be applicable to many other cell systems
where knowledge of speci®c human tissue or cell interactions with biomaterials is required.
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1. Introduction
How cells interact with their environment is a crucial

aspect of cell biology. The extensive use of biomaterials

for human tissue restructuring and tissue and organ

regeneration procedures demands extensive knowledge

about the cellular interactions with these materials. This

will enable future sound development of highly

compatible medical devices. Furthermore, the many

different proliferation and differentiation responses

exhibited by cells derived from different species dictates

that human cells should be used for optimal assessment.

This is relatively easily accomplished with respect to any

in vitro test proposed, and there are many examples using

a variety of currently used methods in the literature [1±6]

and some will be mentioned here. With regard to in vivo
procedures, any ®nal assessments must await licensing

for human implantations. Nevertheless, before this

occurs there are a number of ways which may be

useful to assess important interactions of human cells

with biomaterials in neo-physiological situations that

may give important information concerning the cellular

responses and the behavior of the biomaterials in in vivo
systems. Despite obvious limitations of these models,

their use has the potential to give additional information

on cell±biomaterial responses and such methods will also

be described here. The techniques to assess these

interactions are expanding rapidly as new morphological

and analytical methods of cell and molecular biology

become applied to this extended area of interactions of

cells with the surfaces of materials.

2. In vitro approaches
To function within a skeletal site, issues of (i)

biocompatibility, (ii) bone apposition, (iii) mechanical

integrity and (iv) maintenance of skeletal function need

to be addressed for any potential biomaterial for clinical

use. To this purpose, progress in the evaluation of

biomaterial interaction with cells of the osteogenic

lineage has been facilitated by the development of

tissue culture techniques for the isolation and growth of

cell populations with osteogenic potential [reviewed in

1]. These include: (i) bone explant cultures [7±10]; (ii)

fetal rat calvarial derived osteoblast populations [2, 11±

12]; (iii) primary stromal populations [3, 13±14]; (iv)

transformed and non-transformed cell lines [15±18] and

(v) immortalized osteoblast cell lines [6, 19±20]. These

model in combination with mechanical and material

analysis, morphological (light/electron/transmitted/scan-

ning microscopy), histochemical, biochemical (enzyme

assays, radio-immunoassays, receptor binding assays,*Author to whom correspondence should be addressed.
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immunocytochemistry) and molecular biology

approaches (in situ hybridization, reverse transcriptase

polymerase chain reaction, northern blot analysis), have

allowed an evaluation of the cytotoxicity or biocompat-

ibility of biomaterials and to improved assessments of

materials for use in vivo.

2.1. Bone explant cultures
The use of bone-derived cells from explant cultures has

gained wide acceptance over the last decade. Early

reports of the culture of human bone cells in in vitro
culture came from Bard et al. [7], over 25 years ago and

from Cheung et al. [21] who utilized bone explant

cultures from Pagetic bone. However, a number of

investigators in the mid-1980s developed protocols,

currently employed in the ®eld, for the generation of

populations of human bone-derived cells, from trabe-

cular explants of bone placed in de®ned culture

conditions [8±10, 22±23]. The ®broblastic cells derived

from these explants express many of the characteristics

of the osteoblast phenotype including alkaline phospha-

tase activity, an ability to synthesize collagenous and

non-collagenous proteins as well as secretion of the

osteoblast-speci®c matrix protein osteocalcin [reviewed

in 23]. Bone-derived cells form mineralized bone-like

nodules in vitro but do not form cartilage and,

signi®cantly, in vivo studies indicate these cells are

osteogenic [24]. The heterogeneity of cell populations

obtained and the potential loss of osteoblast phenotype

with sequential passaging or subculture of the osteoblast-

like cells may limit the use of this model. However, the

latter issue of phenotypic drift can be partially

circumvented by replating the trabecular explants at the

end of primary culture into new ¯asks to give additional

cell populations [23].

2.2. Fetal rat calvarial-derived populations
The development and establishment of protocols for the

culture of fetal rat calvarial-derived osteoblast popula-

tions has provided a signi®cant aid in the elucidation of

the temporal sequence of gene and protein expression in

the development of the osteoblast phenotype. Work from

Stein and Lian's group elegantly demonstrated, using in
situ hybridization, that primary cultures of calvarial

derived osteoblasts undergo a developmental expression

of genes re¯ecting growth, extracellular matrix matura-

tion, and mineralization [11, 12]. Furthermore, these

cultures form multilayered nodules with a bone-tissue-

like organization and thus this model system appears to

mimic in vivo bone formation. However, variation in

preparations from fresh tissues between studies, practical

limitations in the numbers of cells available and,

signi®cantly, species differences including any variation

in responses from fetal versus mature osteoblasts, are all

limitations of this model.

2.3. Primary stromal preparations
Adherent marrow stromal cell preparations can be

generated in vitro from single-cell suspensions of

marrow cells which proliferate to form colonies derived

from a single colony-forming unit-®broblastic (CFU-F)

whilst the majority of the haemopoietic cells remain in

the supernatant [reviewed in 3]. These CFU-F can

differentiate into cells of osteogenic, adipogenic,

®broblastic and reticular lineages. Thus, preparations of

adherent marrow stromal ®broblasts allow examination

of their normal differentiation and proliferation in in
vitro culture and provide a useful model for the

assessment of the effects of growth factors, hormones

and biomaterials on these cells [5, 25±28]. Using this

system, a number of agents have been shown to induce

the osteoblast phenotype including dexamethasone and

1,25 dihydroxyvitamin D3�1; 25(OH)2D3�, both of which

have been shown to increase total colony number as well

as the number of colonies expressing the osteogenic

marker alkaline phosphatase [3], suggesting a similar

approach for the examination of the effects of new and

established biomaterials. We have recently examined the

growth and differentiation of human bone marrow cells

on three novel calcium-de®cient, hydroxyapatite-type,

calcium phosphate ceramics and an amorphous calcium

phosphate cement using morphological, histochemical

and biochemical approaches, as outlined above [29±30].

Cell proliferation was signi®cantly reduced and cell

differentiation, assessed by alkaline phosphatase activity

and collagen production, increased in the presence of the

ceramics compared to cells cultured on plastic. Light

microscopic examination showed close integration of the

bone marrow cells and the ceramics and marked toxicity

was observed on cells grown on an amorphous calcium

phosphate. Thus, calcium-de®cient hydroxyapatite type

calcium phosphate ceramics, which approximate bone

hydroxyapatite in composition, support the growth and

differentiation of human bone marrow cells, indicating

the potential use of this in vitro model for the evaluation

of new biomaterials.

2.4. Non-transformed and transformed cell
lines

The use of bone-derived cells, fetal rat calvaria and

adherent marrow stromal cultures has provided a wealth

of information on the proliferation and differentiation of

osteoblasts in vitro. However, these models all contain

heterogeneous cell populations and, with subculture,

cells with greater proliferative ability will dominate the

culture altering the original properties of the primary

culture. The development of established clonal osteo-

blast-like cell lines from rat osteosarcomata (UMR series

and ROS series) provided cell lines that were homo-

geneous, phenotypically stable, easy to propagate and

maintain in culture and which expressed many of the

properties of their non-transformed osteoblast counter-

parts, and this has helped circumvent some of these

problems [15±18]. However, as these cells are (i) tumor

derived, (ii) transformed and display an aberrant

genotype, (iii) have an uncoupled proliferation/differ-

entiation relationship and, (iv) exhibit phenotypic

instability in long-term culture, these osteoblast-like

cells may not re¯ect the true phenotype of the non-

transformed osteoblast population. An alternative

approach has been the generation of clonal osteoblast-

like cells from neonatal mouse (MC3T3E1) and fetal rat
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calvarial populations (RCJ) by limiting dilution, which

express many of the characteristics of the osteoblast

phenotype including alkaline phosphatase activity,

collagen type I production and nodule formation [31±

33]. However, the fetal rat calvarial populations have not

proved phenotypically stable and murine cells require

culture under de®ned and controlled conditions to avoid

phenotypic drift limiting the usefulness of these cell

lines.

2.5. Immortalized cell populations
The phenotypic instability observed in many of the rat

and mouse clonal cell lines and the obvious concerns

over species differences have led to the development of

conditionally transformed adult human osteoblast cell

lines [6, 19, 20]. Houghton and coworkers [6] have

reported on the generation of a human stromal cell line,

which contains bipotential precursor cells able to

differentiate into either an adipocytic or osteoblastic

lineage, by immortalization with a temperature-sensitive

oncogene (SV40 large T antigen). This, and other cell

lines produced using similar techniques, should prove

useful tools for biologist and material scientist alike.

3. Morphological and biochemical
assessment

A number of markers are available to characterize

osteoblast populations and enable the evaluation of the

effects of growth factors, hormones and materials on the

differentiation and proliferation of osteoblast populations

including: type I collagen, osteocalcin, bone-gla protein,

osteonectin, osteopontin, bone sialoprotein, and a variety

of matrix glycoproteins (reviewed in [3]). Perhaps the

most widely evaluated marker of the osteoblast is the

membrane bound enzyme, alkaline phosphatase, which

is expressed at relatively high levels in the osteoblast, has

long been recognized as a marker of osteoblastic

differentiation [34], and, has been implicated in the

mineralization process. Expression of alkaline phospha-

tase, collagen and the other osteoblast proteins has been

shown to be induced in a highly co-ordinated and

temporal sequence [12], with type I collagen and alkaline

phosphatase expressed by the early osteoprogenitors,

whereas osteopontin and osteocalcin are expressed later

in the osteoblast differentiation pathway.

Thus alkaline phosphatase expression together with

type I collagen expression (which constitutes over 90%

of the organic material in the bone matrix), and

osteocalcin expression (a 49 amino acid non-collagenous

protein speci®cally expressed by differentiated osteo-

blasts), a pro®le of the modulation and activity of

osteoblasts and the interaction of biomaterials on the

expression of the differentiated phenotype can be

followed.

Until recently, identi®cation of the earliest osteopro-

genitors was hampered by the absence of appropriate

markers. The generation of monoclonal antibodies

against early osteoblastic cell surface antigens by

Bruder et al. [35] (monoclonal antibody SB10) and

ourselves [36] (monoclonal antibody HOP-26) provides

new tools for the isolation of speci®c subpopulations of

early osteoprogenitors using appropriate cell-sorting

techniques for the promotion and evaluation of bioma-

terials in the modulation of osteogenesis and cellular

differentiation. In an extension of these studies we have

developed protocols for the marking of cells of the

osteogenic lineage using retroviral-mediated gene

transfer [37]. This has allowed the generation of

genetically labeled populations of human and rabbit

osteogenic precursor cells using a murine leukaemia

virus encoding a reporter gene (lacZ) and a selective

marker gene (neor), and these marked cells have been

shown to form bone in diffusion chamber culture. These

populations will provide a useful tool for the evaluation

of human bone cell differentiation and this method has

the potential to provide direct information on the

interaction of biomaterials with human bone cell

populations in the osteogenic process in neo-physiolo-

gical situations.

Studies on the expression of proteins in bone in vivo
following material implants have been hampered by the

hard nature of bone tissue and, until relatively recently,

the absence of appropriate protocols of suf®cient

sensitivity to detect these proteins. However, a number

of molecular probes are now available for the bone

proteins which will provide further tools for the

evaluation of materials on the modulation of the

osteogenic process [11, 12, 35, 36, 38]. Neo et al. [38]

in a recent study demonstrated the power of in situ
hybridization to investigate in a longitudinal study, the

effects of b-tricalcium phosphate (b-TCP) implanted into

the distal epiphysis of rabbit femurs on bone formation in
vivo. In normal bone sections, procollagen a-1(1) RNA

was observed in periosteal osteoblasts and in osteoblasts

in the mineralizing zone. Similarly, in the b-TCP

implants the temporal expression of procollagen a-1 (I)

RNA was comparable to that observed in controls

suggesting no altered modulation of bone-forming

activity of osteoblasts by b-TCP, which is consistent

with osteoconductive nature of this biomaterial.

Furthermore, the application of reverse-transcriptase

polymerase chain reaction to analyze samples following

implant retrieval or material analysis ex vivo will allow

the determination of changes in protein/growth factor/

cytokine expression from limited tissue samples.

4. In vivo approaches
Modulation and delineation of the osteogenic lineage and

the control of bone cell proliferation and differentiation

has been aided by the extensive in vitro studies available

in the literature. From this work, the pluripotentiality of

stem cells derived from marrow stroma and their ability

to differentiate into ®broblastic, osteogenic, adipogenic

and reticular cells with an apparent degree of plasticity or

interconversion has been demonstrated. Furthermore, it

is clear that osteogenic differentiation is a precisely co-

ordinated and tightly regulated temporal sequence and it

is important, therefore, that any potential biomaterial for

clinical use should not interfere with the differentiation

of osteoprogenitors or the subsequent development of

osteogenic tissue in vivo. It is crucial that any new

biomaterial for use in the treatment of bone defects and

for implantation must demonstrate biocompatibility and

609



osseointegration within the bone micro-environment and

the maintenance of normal marrow stromal cell

development in vivo. In vitro assays are not without

their limitations: (i) species differences encountered in

the various osteoblast culture models; (ii) phenotype drift

of bone cell cultures in vitro with time; (iii) the loss of a

three-dimensional matrix organization and the com-

plexity of factors and mechanical forces observed in
vivo; and (iv) in vitro observations may not extrapolate to

the in vivo situation. All these drawbacks have

necessitated the development of in vivo models. In vivo
models allow the evaluation of toxicity of a biomaterial

and, if an appropriate model is used, the ef®cacy of a

biomaterial (for example in the induction of any newly

formed bone) within a therapeutic application.

Furthermore in vivo studies allow the examination of

osteointegration, that is, the close apposition of bone to

the implant/material surface, essential for clinical

application and this further enables analysis of the

effects of the biomaterial on the expression of the

osteoblast phenotype in vivo.

In vivo experimental systems include: (i) the seg-

mental/calvarial bone defect; (ii) subcutaneous

implantation of demineralized bone matrix/material;

and (iii) the diffusion chamber implantation model.

The segmental bone defect and the subcutaneous implant

model have been used extensively in the evaluation of

the ef®cacy of osteoinductive matrices [39±44, reviewed

in 45]. Ohgushi et al. [43] using rodents and Ripamonti

and coworkers [45±47], using primates, have shown the

value of these models to evaluate the bioactivity and

biocompatibility of a number of hydroxyapatites in vivo.

In studies using hydroxyapatite impregnated with rat

marrow stromal cell populations the former authors

observed extensive new bone formation after subcuta-

neous implantation in the rat. In adult primates, the latter

authors observed that adsorption of a bone morphoge-

netic protein on to hydroxyapatite induced rapid bone

differentiation in calvarial defects of these animals [45±

47].

The diffusion chamber model provides an enclosed

environment to investigate the effect of biomaterials on

the differentiation of skeletally derived cells when

implanted in an appropriate syngeneic or allogeneic

animal host. Using this model, the formation of bone

from isolated bone marrow cell suspensions and cultured

marrow preparations has been observed from a number

of different species including rat, rabbit porcine and

human. The key advantage of this animal model is the

unequivocal identi®cation of the new bone tissue

generated within the chamber, to the donor cells.

Furthermore, bone formation within this system has

been shown to follow the temporal pattern of bone

differentiation observed in normal embryonic and adult

development [48]. The evaluation of human osteoblast

cells in this model and the interaction of biomaterials

such as hydroxyapatite on the osteogenic differentiation

and capacity of these cells has important therapeutic

implications. Indeed, the increase in hip arthroplasties,

skeletal reconstructions for bone defects and joint

replacement has led to the need for synthetic biomaterial

bone substitutes and model systems for their evaluation.

A number of calcium phosphate ceramics including

hydroxyapatite, tricalcium phosphate or chemical mix-

tures of the two agents have been developed to this end.

These compounds exhibit excellent osteoconductivity,

biocompatibility, are non-carcinogenic and bind directly

to bone tissues in vivo [43, 47, 49, 50]. These studies

indicate porous ceramic provides a scaffolding for bone

ingrowth with ultimately the substitution of the implant

with new bone to form a functional skeletal element,

although there is no evidence that porous hydroxyapatite

is osteoinductive. In studies using the diffusion chamber

model Gundle et al. [24] con®rmed the osteoconductive

nature of hydroxyapatite. Human osteoprogenitor cells

derived either from trabecular bone explant cultures or

marrow suspensions cultured in the presence of

dexamethasone and impregnated into porous hydroxya-

patite (Triosite) form bone following implantation in

xenogeneic hosts. These observations validate the

diffusion chamber as an experimental system to evaluate

the potential osteoconductivity of new and established

biomaterials. Furthermore, our use and development of

new techniques for producing genetically marked human

osteoprogenitor cells and incorporation of these cells into

biomaterials with subsequent implantation into xeno-

geneic immunocompromised hosts, gives the possibility

of further assessing important interactions of human

osteogenic cells with biomaterials in neophysiological

situations.

5. Summary
In conclusion, a variety of in vitro and in vivo techniques

have been developed over the last two decades to study

bone cell differentiation and the effect of biomaterials on

this process. The advent of molecular techniques, in

particular the ability to mark and select speci®c

subpopulations of osteoprogenitor cells with enhanced

osteogenic capacities provides new avenues for their

potential evaluation in combination with appropriate

biomaterials for clinical use in a number of therapeutic

areas. The challenge for the millennium will be the

integration of clinicians, scientists and tissue engineering

to deliver therapeutic applications from the plethora of

biomaterials available for clinical use.

Acknowledgments
The authors would like to acknowledge the contribution

of various past and present members of the group to the

work presented including Roger Gundle, Clive Joyner,

Herve Petite, Lorna Smith and Giovanni Zambonin. Due

to limitations of space, many key references have been

omitted and recent reviews cited in their place. The

authors acknowledge the crucial contributions made by

other investigators to the work discussed. The support of

the Medical Research Council is gratefully acknowl-

edged.

References
1. G . R . M U N DY, G . D . RO O D M A N , L . F. B O N E WA L D , R . O . C .

O R E F FO and B . B OY C E , Methods Enzymol. 198 (1991) 502.

2. T. A . OW E N , M . S . A RO N OW, L . M . B A RO N E , B .

610



B E T T E N CO U R T, G . S . S T E I N and J . B . L I A N , Endocrinology
128 (1991) 1496.

3. J . T. T R I F F I T T, in ``Principles of bone biology'', edited by J.

Bilizekian, L. Raisz and G. Rodan (Academic Press Inc.,

San Diego, 1996) p. 39.

4. B . E CA ROT - C H A R R I E R , N . S H E PA R D , G . C H A R E T T E , M .

G RY N PA S and F. H . G LO R I E U X , Bone 9 (1988) 147.

5. R . O . C . O R E F FO , A . S . V I R D I and J . T. T R I F F I T T, Eur. J. Cell
Biol. 74 (1997) 251.

6. A . H O U G H TO N , B . O . OYA J O B I , G . A . FO S T E R , R . G . G .

R U S S E L L and B . M . J . S T R I N G E R , Bone 22 (1998) 7.

7. D . R . B A R D , M . J . D I C K E N S , A . U . S M I T H and J . M . Z A R E K ,

Nature 236 (1972) 314.

8. M . M A U R I Z I , L . B I N A G L I A , E . D O N T I , F. OT TAV I A N I , G .

PA L U D E T T I and G . V E N T I - D O N T I , Cell Tissue Res. 229
(1983) 505.

9. J . N . B E R E S FO R D , J . A . G A L L A G H E R , J . W. PO S E R and R . G .

G . R U S S E L L , Metab. Bone Dis. Rel. Res. 5 (1984) 229.

10. B . A U F ' M KO L K , P. V. H A U S C H K A and E . R . S C H WA R T Z E R ,

Calcif. Tissue Int. 37 (1985) 228.

11. S . PO C K W I N S E , J . B . L I A N and G . S . S T E I N , J. Cell Physiol.
143 (1990) 420.

12. G . S . S T E I N and J . B . L I A N , Endocrinol. Rev. 4 (1995) 290.

13. M . E . OW E N , in ``Marrow stromal cell culture'', edited by J. N.

Beresford and M. E. Owen (Cambridge University Press,

Cambridge, 1998) p. 1.

14. S . G R A N T H O S , S . E . G R AV E S and P. J . S I M M O N S , ibid.,

p. 26.

15. N . C . PA R T R I D G E , R . J . F R A M P TO N , J . A . E I S M A N , V. P.

M I C H E L A N G E L I , E . E L M S , T. R . B R A D L E Y and T. J .

M A R T I N , FEBS Lett. 115 (1980) 139.

16. N . C . PA R T R I D G E , D . A L CO R N , V. P. M I C H E L A N G E L I , G .

RYA N and T. J . M A R T I N , Cancer Res. 43 (1983) 4308.

17. R . J . M A J E S K A , S . B . RO D A N and G . A . RO D A N , Exp. Cell
Res. 111 (1978) 465.

18. Idem., Endocrinology 107 (1980) 1494.

19. P. E . K E E T I N G , R . E . S COT T, D . S . CO LVA R D , M . A .

A N D E R S O N , M . J . O U R S L E R , T. C . S P E L S B E R G and B . L .

R I G G S , J. Bone Miner. Res. 7 (1992) 127.

20. S . A . H A R R I S , R . J . E N G E R , B . L . R I G G S and T. C .

S P E L S B E R G , ibid. 10 (1995) 178.

21. H . S . C H E U N G , F. R . S I N G E R , B . M I L L S and M . E . N I M N I ,

Proc. Soc. Exp. Biol. Med. 163 (1980) 547.

22. P. G . RO B E Y and J . D . T E R M I N E , Calcif. Tissue Int. 37 (1985)

453.

23. J . A . G A L L A G H E R , R . G U N D L E and J . N . B E R E S FO R D , in

``Methods in molecular medicine: human cell culture protocols'',

edited by G. E. Jones (Humana Press Inc., New Jersey, 1996)

p. 233.

24. R . G U N D L E , C . J . J OY N E R and J . T. T R I F F I T T, Bone 16 (1995)

597.

25. S . C H E N G , J . W. YA N G , L . R I FA S , S . Z H A N G and L . V.

AV I O L I , Endocrinology 134 (1994) 277.

26. S . K A S U G A I , S . O I D A , T. I I M U R A , N . A R A I , K . TA K E D A , K .

O H YA and S . S A S A K I , Bone 17 (1995) 1.

27. P. S . L E B OY, J . N . B E R E S FO R D , C . D . D E V L I N and M . E .

OW E N , J. Cell Physiol. 146 (1991) 370.

28. J . T. T R I F F I T T and R . O . C . O R E F FO , in ``Molecular and

cellular biology of bone'', Advances in Organ Biology Series,

edited by M. Zaidi (JAI Press Inc., Stamford, 1998) pp. 475-498.

29. R . O . C . O R E F FO , F. C . M . D R I E S S E N S , J . A . P L A N E L L and

J . T. T R I F F I T T, in Proceedings of the 13th European Society for

Biomaterials, edited by P. Thomsen, Goteborg, Sweden, 1997,

p. 38S.

30. Idem., Biomaterials 19 (1998) 1845.

31. J . E . A U B I N , K . T U R K S E N and J . N . M . H E E R S C H E , in

``Cellular and molecular biology of bone'', edited by M. Noda

(Academic Press Inc., San Diego. 1993) p. 1.

32. H . A . KO D A M A , Y. A M A G A I , H . S U D O , S . K A S A I and S .

YA M A M OTO , Jpn J. Oral Biol. 23 (1981) 899.

33. H . S U D O , H . A . KO D A M A , Y. A M A G A I , S . YA M A M OTO and

S . K A S A I , J. Cell Biol. 96 (1983) 191.

34. J . E . A U B I N and F. L I U , in ``Principles of bone biology'', edited

by J. Bilizekian, L. Raisz and G. Rodan (Academic Press Inc., San

Diego, 1996) p. 51.

35. S . P. B R U D E R , M . C . H O ROW I T Z , J . D . M O S CA and S . E .

H AY N E S WO R T H , Bone 21 (1997) 225.

36. C . J . J OY N E R , A . B E N N E T T and J . T. T R I F F I T T, ibid. 21
(1997) 1.

37. L . F. S M I T H , K . H A R T, R . O . C . O R E F FO and J . T. T R I F F I T T,

ibid. 20 (suppl 4) (1997) p. 78S.

38. M . N E O , C . F. VO I G T, H . H E R B S T and U . M . G RO S S ,

J. Biomed. Mater. Res. 30 (1996) 485.

39. Y. H O R I S A K A , Y. O K A M OTO , N . M AT S U M OTO , Y.

YO S H I M U R A , J . K AWA D A , K . YA M A S H I TA and T.

TO M O M I C H I , Clin. Orthop. 268 (1991) 303.

40. M . A A B O E , E . M . P I N H O LT and E . H J é R T I N G - H A N S E N , Brit.
J. Oral Maxillofac. Surg. 33 (1995) 312.

41. E . E . J O H N S O N , M . R . U R I S T and G . A . M . F I N E R M A N , Clin.
Orthop. 277 (1992) 229.

42. A . W. YA S KO , J . M . L A N E , E . J . F E L L I N G E R , V. RO S E N ,

J . M . WO Z N E Y and E . A . WA N G , J. Bone Joint Surg. 74A (1992)

659.

43. H . O H G U S H I , V. M . G O L D B E R G and A . I . CA P L A N , J. Orthop.
Res. 7 (1989) 578.

44. J . G O S H I M A , V. G O L D B E R G and A . I . CA P L A N , Clin. Orthop.
Rel. Res. 262 (1991) 298.

45. U . R I PA M O N T I , Biomaterials 17 (1996) 31.

46. U . R I PA M O N T I , S . M A and A . H . R E D D I , Plast. Reconstr. Surg.
89 (1992) 731.

47. U . R I PA M O N T I , S . M A , B . VA N D E N H E E V E R and A . H .

R E D D I , ibid. 90 (1992) 382.

48. S . P. B R U D E R , D . G A Z I T, L . PA S S I - E V E N , I . B A B and A . I .

CA P L A N , Bone Miner. 11 (1990) 141.

49. M . O K U M U R A , H . O H G U S H I , K . I N O U E , Y. TA K A K U R A and

S . TA M A I , Biomaterials 17 (1996) 1499.

50. T. TA K AO K A , M . O K U M U R A , H . O H G U S H I , K . I N O U E , Y.

TA K A K U R A and S . TA M A I , ibid. 17 (1996) 1499.

Received 1 December 1998
and accepted 16 February 1999

611


