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ABSTRACT

The subcutaneous cellular and tissue alterations that occur during heterotopic osteogenesis induced by a demineralized
bone matrix graft in rats were studied morphometrically. Diaphysis segments obtained from 42 rat femurs were cleaned
and demineralized with 0.6 M HCI. Each segment was filled with a blood clot and implanted into the back of rats (1
segment/rat). Histological specimens were collected 2, 5, 7, 14, 21, 28 and 49 days after implantation (6 rats/period)
and processed after demineralization. Qualitative and morphometric analysis of the histological sections showed that
the external blood clots and those filling the medullary canal were replaced with connective tissue within 2-5 days
post-implantation. After 14 days, 11.2% and 0.5% of the implanted matrix was replaced with areas of resorption and
hyaline cartilage, respectively. After 21 days, 13.7%, 2.4% and 2.7% of the graft matrix showed areas of resorption,
cartilage tissue and bone tissue, respectively. At the end of the 49-day study period, 20.2%, 7.8% and 14.5% of the
matrix was replaced with areas of resorption, bone tissue and hematopoietic tissue, respectively. Bone induction in rat
subcutaneous tissue occurred only at the site of allogenic matrix implantation. The quantity of neoformed cartilage,
bone and myeloid tissue depended on the volume of matrix implanted and on the microenvironmental conditions, and
was regulated temporally by a cascade of events mediated by bone morphogenetic proteins (BMPs) presents in the
graft. These results also show that morphometric methods may be useful for assessing osteoinduction at ectopic sites.
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INTRODUCTION

Injured bone tissue has a high potential for
spontaneous regeneration [3]. The pioneering
discovery by Urist [27] that allogenic organic bone
matrix can induce the formation of new bone tissue
at heterotopic sites allowed the cellular and molecular
basis of this regeneration to be established. Organic
bone matrix is a reservoir of various growth factors
(PDGF, EGF, IGF and TGF) and of morphogens
known as bone morphogenetic proteins which are the
molecular mediators of bone differentiation,
maintenance and repair [24].

The implantation of allogenic demineralized bone
matrix in rat subcutaneous tissue leads to a series of
biochemical and morphogenetic events that
culminates in the formation of new bone at the site of
implantation as a result of endochondral ossification
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[20]. Since this allogenic matrix is not a vital tissue,
it will gradually be resorbed and replaced with new
bone tissue. In this case, the transplanted tissue serves
as a framework for new bone formation and also exerts
a stimulating action on bone cell differentiation
through the release of bone morphogens present in
the tissue during the process of resorption [21]. This
phenomenon currently provides the basis for the
increasing use of allogenic bone matrix obtained from
bone banks and of xenogenic matrix in the treatment
of perennial bone lesions, especially in the cranio-
maxillo-facial region.

The osteoinductive ability of allogenic bone
matrix varies with donor age, physiology and
pharmacological status, as well as with a variety of
other factors related to the processing and sterilization
protocols used by different bone banks [4]. In the last
decade, rat and nude mice ectopic models have been
used to evaluate the osteoinductive potential of
commercial demineralized bone allografts [4,7,8].

Although the cellular events that occur during
ectopic osteogenesis in subcutaneous tissue are well
established, no morphometric studies that better
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quantify the bone formation have been done. The aim
of this study was to use morphometric methods to
evaluate the time course of graft matrix disappearance
and to quantify the amount of new cartilage and bone
matrix formed in relation to the process of ectopic
ossification induced by the allogenic matrix.

MATERIAL AND METHODS

Seventy male Wistar rats 60 days old and weighing about
180 g were obtained from the Central Animal House of Bauru
Dental School and received standard pelleted rodent Purina chow
and water ad libitum throughout the experiment. The rats were
divided into two groups: group I consisted of 28 rats that provided
the femurs used for the preparation of the demineralized bone
matrix (allogenic graft) and group II consisted of 42 rats that
were surgically implanted with a graft in the dorsal subcutaneous
tissue and sacrificed 2, 5, 7, 14, 21, 28 and 49 days after
implantation (6 rats/period).

Preparation of the allogenic demineralized bone matrix

The femurs removed from group I rats were cleaned, stored
at -18°C, demineralized in 0.6 M HCI (under radiographic
control), neutralized in 0.9% saline, and stored in 70% ethanol
for three days [31]. A cylindrical block measuring 8 mm in length
by 3mm in outer diameter (mean weight of 36 = 0.94 mg) was
obtained from each demineralized femur.

Surgical procedures for matrix implantation

Under general anesthesia following an intraperitoneal
injection of ketamine/xylazine (Agribrands do Brasil Ltda,
Paulinia, SP, Brazil), all rats in group II underwent a dorsal
trichotomy and vigorous disinfection of the region with iodophor
alcohol. A contralateral incision was then made in the dorsal
skin of the rat with a n°. 15 surgical knife and subcutaneous
pouches were created by blunt dissection. The cylindrical block
of allogenic graft soaked in blood obtained by cardiac puncture
was then implanted in the pocket formed. The skin was
subsequently closed with no. 4 Ethicon sutures (Johnson &
Johnson, Sao José¢ dos Campos, SP, Brazil).

Histological procedures

The rats were sacrificed with an overdose of anesthetic on
days 2,7, 14,21, 28 and 49 after implantation, and the implanted
graft along with the surrounding tissue was collected and fixed
in 10% formalin in phosphate buffer for one week. After
demineralization in formic acid and sodium citrate [11], the
specimens were dehydrated in ethanol, cleared in xylene and
embedded in Histosec-Merck (paraffin + synthetic resin) melted
at 60°C. Alternating sections 5 um thick were stained with
hematoxylin-eosin (HE).

Stereological analysis

The volume density (Vvi) or the fraction of graft volume
occupied by the demineralized bone matrix, the area of
resorption, cartilage tissue, bone tissue and myeloid tissue were
determined with a digitized image system consisting of a Zeiss
Axioskop 2 microscope, a Sony CCD-IRIS-RGB camera and
Kontron KS-300 software (Kontron Electronic GmbH) installed
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on an IBM computer. Using a 100X immersion objective, images
from 25 histological fields per rats, selected by systematic
randomization, were captured. In these images, the area occupied
by each type of structure (Ai) and the total area analyzed (A)
were determined. The density of the area of each type of structure
(AAI), which corresponded to its volume density (Vvi), was
calculated according to the relation AAi = Vvi = Ai/A [36].

Statistical analysis

The data were tested for normality using the Kolmogorov-
Smirnov test and comparisons between groups were done by
analysis of variance (ANOVA) and pairwise multiple comparison
procedures (Student-Newman-Keuls test) using Sigma Stat
software (Jadel Corporation, Chicago, IL, USA), with the level
of significance set at 1% and 5%. Volume densities were
compared after arcsin transformation of the original data.

RESULTS

Postoperative follow-up showed no signs of
infection in the surgical area in any of the rats. Some
rats presented moderate edema that disappeared
completely a few days later with no suppuration or
opening of the incision.

Morphological results

At two days post-surgery, the graft was surrounded
by blood clots and by an acute inflammatory infiltrate
containing a large number of polymorphonuclear
neutrophils; the old medullary canal was also
occupied by blood clots. Within the graft matrix, the
spaces corresponding to the nutrient canals of old bone
were occupied by cells of the surrounding
inflammatory infiltrate. Five days after implantation
(Fig. 1A,B), the internal part of the graft matrix was
histologically similar to that observed after two days.
However, on the external surface, fibrous connective
tissue had begun to form a capsule rich in cells and
with collagen fibers arranged in parallel to the graft
surface. Fibrin nets and many scattered blood cells
were still seen in the old medullary canal, as well as a
mass of fibroblast-like cells close to the newly formed
blood vessels. After seven days, the matrix was
surrounded by a thick fibrous capsule rich in blood
capillaries and elongated fibroblast-like cells
organized in layers parallel to the matrix. The external
graft surface already showed areas of resorption
containing numerous cells with a fibroblast-like
morphology and the old medullary canal was occupied
by richly vascularized and cellularized loose
connective tissue. At 14 days post-implantation (Figs.
2A-D), numerous areas of mononuclear cell-mediated
resorption were observed on the external and internal
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Figure 1. Five days after implantation of an allogenic graft. A) Panoramic view of the bone matrix (M) showing the old nutrient
canals (arrowhead) occupied by mononuclear cells, the external surface (Es) surrounded by a capsule of connective tissue and the
old medullary canal (Cm). B) Detail of the old medullary canal (Cm) filled with connective tissue rich in cells with a fibroblast-like
morphology (thin arrows), capillaries (V) and remains of blood clots. Fibroblast-like cells are also present in the bone matrix canal
(thick arrow), HE.
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Figure 2. Fourteen days after implantation of an allogenic graft. A) Panoramic view of the bone matrix (M) showing areas of matrix
reabsorption (arrowheads) and numerous old nutrient canals (large arrows) filled with chondrocyte-like cells. B) Detail of matrix
(M) showing reabsorption by mononuclear cells (arrowheads). C) Detail of the small islets of chondrocytes in old nutrient canals
(arrows), and D) Reabsorption areas (arrowhead) of neoformated cartilage tissue (*), HE.

surfaces and within the graft matrix. Intensely
basophilic, chondrocyte-like cells were seen within
the nutrient canals of old bone, and some areas of
cartilaginous extracellular matrix exhibited coronary
isogenous groups, hypertrophied chondrocytes and
reabsorption of calcified matrix. The old medullary
canal was filled with loose connective tissue. At 21
days post-surgery (Fig. 3A,B), the implanted matrix
showed a large increase in the area of resorption.
Newly formed bone matrix covering the resorbed
matrix surface was observed in various areas of
resorption; in these cases, the space of the resorption
area was occupied by red myeloid tissue. Between
28 and 49 days post-implantation, the histological
picture was characterized by the gradual
disappearance of cartilaginous tissue and increase in
the areas of resorption and an increase in newly
formed bone and myeloid tissue.

Morphometric results

The volume density results obtained for the
components involved in the process of graft resorption
and in new bone formation during the different periods
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are shown in Figure 4.

The volume density of the implanted matrix
declined from 100% to 57% (p<0.01) during the
period from 5 to 49 days post-surgery, while the
volume density of the resorption areas increased from
3% to 21% (p<0.01) between 7 and 49 days after
implantation. The volume density of cartilage tissue
showed a biphasic evolution. During the first phase,
from 14 to 21 days post-implantation, there was an
increase from 1.5% to 4% (p<0.01), while during the
second phase (from day 21 to day 49), this tissue
almost completely disappeared to reach a volume
density of 0.08% at the end of the period. In contrast,
the volume density of bone tissue increased from 3%
to 8% (p<0.01) between 21 and 49 days postsurgery.
This increase coincided with the decline in the volume
fraction occupied by cartilage tissue.

DISCUSSION

Since the pioneering discovery of Urist [27,32]
in the 1960s, numerous studies have demonstrated
the osteoinductive capacity of allogenic bone matrix
grafts at heterotopic and orthotopic sites in laboratory
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Figure 3. Twenty one days after implantation of an allogenic graft. A) Panoramic view of bone matrix (M) showing large areas of matrix
reabsorption (arrowheads), a few nutrient canals (large arrow) filled with chondrocyte-like cells, and neoformed bone tissue (B). B) Detail
of new bone (B) inside the matrix (M), HE.
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Figure 4. The volume density (%) of implanted matrix, area of
reabsorption, cartilage, bone and myeloid tissue during the post-
implantation periods. The points are the mean = SEM of six rats.
animals [13,33,35]. This inductive capacity of bone
matrix is due to the presence of soluble matrix proteins
known as bone morphogenetic proteins (BMPs) or
osteoinductive proteins (OP), which show a high
capacity to stimulate the morphogenetic phase of
osteogenesis, leading to the cytodifferentiation of
osteoblasts and new bone formation [2,10,26,29].
These discoveries have resulted in the use of
allogenic bone matrix previously subjected to special
demineralization and preparation procedures to
completely eliminate matrix cells and antigenic
determinants, as graft material for inducing new bone
formation in permanent bone defects or defects that
are difficult to repair [12,30,31]. Despite major
advances in the molecular biology of bone
regeneration, this alternative treatment continues to
be widely used, especially in dentistry. Experimental
osteoinduction at heterotopic sites has been used not
only to evaluate the osteogenic potential of bone
matrix as graft material but also as a model for
studying osteogenesis, including the factors involved
in new bone formation and in the regulation of bone
metabolism (see reviews by Reddi [19,20]). The genes
for bone morphogenetic proteins have been cloned
and recombinant proteins have been used to explore
the mechanism of action in ectopic models [16,18].
The cellular events that occur during heterotopic
osteogenesis induced by allogenic demineralized bone
matrix in rat subcutaneous tissue have been studied
in detail by Reddi and Anderson [21]. In their study,
histological analysis revealed invasion of the area by
an inflammatory infiltrate consisting of poly-
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morphonuclear neutrophils on the first day after
implantation of the particulate matrix. After 3-4 days,
fibroblast-like cells were already observed around and
within the graft canals. Chondrocyte differentiation
had started by day 5, with a marked increase in the
number of chondrocytes being observed 7-8 days after
graft implantation. Neovascularization, hypertrophy
and calcification of the hyaline cartilage formed
started on day 9 post-implantation. On day 10, there
was generalized chondrolysis and the presence of
bone matrix-producing osteoblasts. The histological
picture 12 days post-implantation was characterized
by the almost complete disappearance of cartilage and
the beginning of bone remodeling. Foci of myeloid
tissue were seen as early as the end of 16 day.

Although studies such as that above have
described the morphological and molecular events
involved in the osteogenesis induced by allogenic
grafts in subcutaneous tissue, there was no
stereological assessment of these events.

In the present study in which relatively large
femur diaphysis pieces were used as graft material,
the first five days after implantation were marked by
blood clot resorption and by an initial acute
inflammatory reaction followed by vascular and
cellular invasion. According to Reddi [22] and Kale
et al. [9], this inflammatory reaction characterized
by the recruitment, activation and interaction between
polymorphonuclear leukocytes and the graft matrix
represents a critical factor for activation of the cascade
of events leading to osteogenesis. For this reason,
some investigators have questioned the use of anti-
inflammatory drugs such as indomethacin and
corticoids during the initial post-implantation period
since these drugs reduce the initial inflammatory
response and, consequently, the migration and
proliferation of undifferentiated mesenchymal cells
essential for osteoinduction and osteoblast
differentiation [6,14,17,22]. In the present study, none
of the rats required anti-inflammatory drugs or
antibiotics.

The acute inflammation had practically
disappeared by day 7 post-implantation and was
replaced with cell- and blood vessel-rich connective
tissue, which was more fibrous outside and looser
inside the medullary canal, and closely resembled the
mesenchymal tissue observed by others [22,27,
28,32,]. With respect to the graft, only 3% of its total
volume had been resorbed by mononuclear cells. This
resorption, which became more intense after the first
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week post-implantation, was always associated with
the presence of mononuclear cells and the absence of
multinucleate giant cells. Morphologically, these cells
showed fibroblast characteristics upon light
microscopy. Fibroblasts have a high capacity to secrete
matrix metalloproteinase-1 (MMP-1), a potent
collagenase able to degrade structured collagen I and
other MMPs that act as gelatinases during collagen
turnover [23].

At 14 days post-implantation, the areas of external
and internal resorption already occupied 11% of the
graft matrix volume, i.e., a 2.6-fold increase compared
to the previous period. This period was marked by
the presence of hyaline cartilage filling the old matrix
nutrient canals, with practically no resorption on the
internal surface; this cartilage occupied 2% of the graft
volume. In relation to the formation of this tissue,
BMPs present in the bone matrix can induce the
formation of new bone by endochondral ossification.
This formation of new heterotopic bone in
subcutaneous or intramuscular connective tissue
stimulated by BMPs mimics bone development during
embryonic and fetal life [5,24].

The BMPs are intimately bound to collagen and
other binding proteins such as noggin and chordin of
demineralized extracellular matrix. These soluble
morphogens act in the cells through an autocrine or
paracrine mechanism, binding to two types of
transmembrane serine/threonine kinase receptors, that
transduce the signal to the nucleus through Smad
proteins. After translocation to the cell nucleus, Smad
proteins regulate the transcription of target genes
binding directly to DNA, interacting with other DNA
binding proteins, and recruiting transcriptional co-
activators or co-repressors, with specific effects in
various cell types (for reviews see [1,34]). In addition,
the signals mediated by Smad proteins are also
positively or negatively controlled by cross-talk with
other hormone, growth factor or cytokine signaling
pathways, thereby modulating the biological actions
of BMPs [15]. Thus, the inflammatory response
results in by-products that interact with BMPs and
affect their biological potential [25].

The quantity of hyaline cartilage was maximal
by day 21 post-implantation and occupied 4% of the
graft volume. After this period, the amount of cartilage
tissue and the number of chondrocytes declined
drastically, and had almost completely disappeared
by day 49. The peak level of cartilaginous tissue seen
on day 21, was accompanied by a relatively large

amount of newly formed bone tissue close to the
resorption areas; this tissue occupied 3% of the graft
volume. During subsequent periods, concomitant with
the disappearance of hyaline cartilage and
enlargement of the resorption areas, the amount of
bone tissue increased significantly by 2.86-fold to
occupy 8% of the graft volume after 49 days.

By day 28, relatively large amounts of myeloid
tissue were present in areas of new bone formation.
This tissue occupied 5% of the graft volume, but
increased significantly to 14% by day 49 post-
implantation.

One unexpected finding was the absence of
cartilage formation in the old medullary canal during
throughout the experiment. In addition, the presence
of bone and myeloid tissue at the resorbed internal
surface of the graft matrix and the connective tissue
filling the old medullary canal was seen as early as
14 days post-implantation, indicating that the
osteogenesis resulted from intramembranous
ossification with no previous formation of hyaline
cartilage.

The present results indicate that bone formation in
rat subcutaneous tissue occurred only at the site of
allogenic matrix implantation and that the quantity of
cartilage, bone and myeloid tissue formed depended on
the volume of matrix implanted and on the micro-
environmental conditions. This bone formation was
limited temporally by a cascade of events mediated by
BMPs. These findings also show that morphometric
methods may be useful for measuring osteinduction at
ectopic sites.

ACKNOWLEDGMENTS

The authors thank Danielle Santi Ceolin for technical
assistance and Beonildes Teresinha Ruiz Correia for typing the
manuscript. This study was supported by FAPESP (Process n°
00/00877-0). MMH and AY were recipient of a scholarship from
CNPq/IC/USP. Rumio Taga is a CNPq researcher (Process no.
463077/00).

REFERENCES

1. Balemans W, Van Hul W (2002) Extracellular regulation of
BMP signaling in vertebrates: a cocktail of modulators. Dev.
Biol. 250, 231-250.

2. Bessho K, Tagawa T, Murata M (1992) Comparison of bone
matrix-derived bone morphogenetic proteins from various
animals. J. Oral Maxillofac. Surg. 50, 496-501.

3. Buser D, Dula K, Hess D, Hirt HP, Belser UC (1999)
Localized ridge augmentation with autografts and barrier
membranes. Periodontol 200019, 151-163.

4. Carnes Jr DL, De La Fontaine J, Cochran DL, Mellonig JT,
Keogh B, Harris SE, Ghosh-Choudhury N, Dean DD, Boyan
BD, Schwartz Z (1999) Evaluation of 2 novel approaches

Braz. J. morphol. Sci. (2004) 21(2), 81-88



88

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hamata et al.

for assessing the ability of demineralized freeze-dried bone
allograft to induce new bone formation. J. Periodontol. 70,
353-363.

Carrington JL, Reddi AH (1991) Parallels between
development of embryonic and matrix-induced endochondral
bone. Bioessays 13, 403-408.

DiCesare PE, Nimni ME, Peng L, Yazdi M, Cheung DT
(1991) Effects of indomethacin on demineralized bone-
induced heterotopic ossification in the rat. J. Orthop. Res. 9,
855-861.

Edwards JT, Diegmann MH, Scarborough NL (1998)
Osteoinduction of human demineralized bone:
characterization in a rat model. Clin. Orthop. 357, 219-228.
Garraway R, Young WG, Daley T, Harbrow D, Bartold PM
(1998) An assessment of the osteoinductive potential of
commercial demineralized freeze-dried bone in the murine
thigh muscle implantation model. J. Periodontol. 69, 1325-
1336.

Kale AA, Clancy R, Leslie MP, Di Cesare PE (1999) Effect
of demineralized bone matrix on polymorphonuclear
leukocyte degranulation. J. Orthop. Res. 17, 598-606.
Luyten FP, Cunningham NS, Ma S, Muthukumaran N,
Hammonds RG, Nevins WB, Woods WI, Reddi AH (1989)
Purification and partial amino acid sequence of osteogenin,
a protein initiating bone differentiation. J. Biol. Chem. 264,
13377-13380.

Morse, A (1945) Formic acid-sodium citrate decalcification
and butyl alcohol dehydration of teeth and bones for
sectioning in paraffin. J. Dent. Res. 24, 143.

Mulliken JB, Glowacki J, Kaban LB, Folkman J, Murray JE
(1981) Use of demineralized allogeneic bone implants for
the correction of maxillocraniofacial deformities. Ann. Surg.
194, 366-372.

Narang R, Wells H, Laskin DM (1982) Experimental
osteogenesis with demineralized allogeneic bone matrix in
extraskeletal sites. J. Oral. Maxillofac. Surg. 40, 133-141.
Nilsson OS, Bauer HC, Brosjo O, Tornkvist H (1986)
Influence of indomethacin on induced heterotopic bone
formation in rats. Importance of length of treatment and of
age. Clin. Orthop. 207, 239-245.

Nishimura R, Hata K, Ikeda F, Matsubara T, Yamashita K,
Ichida F, Yoneda T (2003). The role of Smads in BMP
signaling. Front. Biosci. 1(8), s275-s284.

Okubo Y, Bessho K, Fujimura K, Konishi Y, Kusumoto K,
Ogawa Y, lizuka T (2000) Osteoinduction by recombinant
human bone morphogenetic protein-2 at intramuscular,
intermuscular, subcutaneous and intrafatty sites. Int. J. Oral
Maxillofac Surg. 29, 62-66.

Rath NC, Reddi AH (1979) Influence of adrenalectomy and
dexamethasone on matrix-induced endochondral bone
differentiation. Endocrinology 104, 1698-1704.

Reddi AH (1997) Bone morphogenetic proteins: an
unconventional approach to isolation of first mammalian
morphogens. Cytokine Growth Factor Rev. 8, 11-20.
Reddi AH (1998) Role of morphogenetic proteins in
skeletal tissue engineering and regeneration. Nat.
Biotechnol. 16, 247-252.

Reddi AH (2000) Morphogenesis and tissue engineering of
bone and cartilage: inductive signals, stem cells, and
biomimetic biomaterials. Tissue Eng. 6, 351-359.

Braz. J. morphol. Sci. (2004) 21(2), 81-88

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Reddi AH, Anderson WA (1976) Collagenous bone matrix-
induced endochondral ossification hemopoiesis. J. Cell Biol.
69, 557-572.

Reddi AH, Wientroub S, Muthukumaran N (1987) Biologic
principles of bone induction. Orthop. Clin. North Am. 18,
207-212.

Reunanen N, Westermarck J, Hakkinen L, Holmstrom TH,
Elo I, Eriksson JE, Kahari VM (1998) Enhancement of
fibroblast collagenase (matrix metalloproteinase-1) gene
expression by ceramide is mediated by extracellular signal-
regulated and stress-activated protein kinase pathways. J.
Biol. Chem. 273, 5137-5145.

Ripamonti U, Reddi AH (1992) Growth and morphogenetic
factors in bone induction: role of osteogenin and related bone
morphogenetic proteins in craniofacial and periodontal bone
repair. Crit. Rev. Oral Biol. Med. 3, 1-14.

Sykaras N, Opperman LA (2003) Bone morphogenetic
proteins (BMPs): how do they function and what can they
offer the clinician? J. Oral Sci. 45, 57-73.

Sampath TK, Muthukumaran N, Reddi AH (1987) Isolation
of osteogenin, an extracellular matrix-associated, bone-
inductive protein, by heparin affinity chromatography. Proc.
Natl. Acad. Sci. USA 84, 7109-7113.

Urist MR (1965) Bone: formation by autoinduction. Science
150, 893-899.

Urist MR, Hay PH, Dubuc F, Buring K (1969) Osteogenetic
competence. Clin. Orthop. 64, 194-220.

Urist MR, Huo YK, Brownell AG, Hohl WM, Buyske J,
Lietze A, Tempst P, Hunkapiller M, DeLange RJ (1984)
Purification of bovine bone morphogenetic protein by
hydroxyapatite chromatography. Proc. Natl. Acad. Sci.
US4 81, 371-375.

Urist MR, Iwata H, Ceccotti PL, Dorfman RL, Boyd SD,
McDowell RM, Chien C (1973) Bone morphogenesis in
implants of insoluble bone gelatin. Proc. Natl. Acad. Sci.
USA 70, 3511-3515.

Urist MR, Mikulski A, Boyd SD (1975) A chemosterilized
antigen-extracted autodigested alloimplant for bone banks.
Arch. Surg. 110, 416-428.

Urist MR, Silverman BF, Buring K, Dubuc FL, Rosenberg
IM (1967) The bone induction principle. Clin. Orthop. 53,
243-283.

Vandersteenhoven JJ, Spector M (1983) Histological
investigation of bone induction by demineralized allogeneic
bone matrix: a natural biomaterial for osseous reconstruction.
J. Biomed. Mater. Res. 17, 1003-1014.

von Bubnoff A, Cho KW (2001). Intracellular BMP signaling
regulation in vertebrates: pathway or network? Dev. Biol.
239, 1-14.

Wang J, Glimcher MJ (1999) Characterization of matrix-
induced osteogenesis in rat calvarial bone defects: II. Origins
of bone-forming cells. Calcif. Tissue Int. 65, 486-493.
Weibel ER (1969) Stereological principles of morphometry in
electron microscopic cytology. Int. Rev. Cytol. 26, 235-302.

Received: September 29, 2003
Accepted: April 14, 2004



