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ABSTRACT

Heterotopic osteogenesis induced by allogenic bone matrix graft in the mouse muscle was analyzed by radiogra-
phy, morphology and morphometry. Diaphyses of the femurs of 18 fifty-day-old mice were demineralized with
0.6 M HCI and implanted into the adductor muscle of the right thigh of 36 mice. Two, 5, 7, 14, 21 and 28 days
after implantation, groups of 6 animals/period were sacrificed and radiographied, and specimens were collec-
ted and processed histologically. The presence of mineralized material in the graft was detected by radiography
only on day 21. Morphologic and morphometric analysis of the histological sections showed that: a) the matrix
remained intact up to day 7, followed by resorption of 16% by fibroblast-like mononuclear cells up to day 28; b)
cartilage tissue was first detected on day 14 at the highest quantity observed in the experiment, occupying 5% of
the graft volume and containing 4 x 10° chondrocytes/mm? graft, followed by a substantial decline up to day 28
when it reached a volume density of 0.5% and 0.6 x 10?> chondrocytes/mm?®; c) bone cells and matrix were detec-
ted in minute amounts from day 14 on, with a volume density of 0.4% and containing 0.2 x 10 cells/mm?, which
increased about 15 and 32 times, respectively, by the end of the 28-day, reaching 6% of the graft volume and 6 x
107 cells/mm’®. We conclude that, despite the relatively low percentage of graft matrix resorption (total of 16%),
the matrix was able to induce all events of the endochondral ossification cascade, i.e., formation and subsequent
disappearance of hyaline cartilage, osteoblast differentiation, new bone formation and, later, the formation of
hematogenous bone marrow.

UNITERMS
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INTRODUCTION trix antigen radicals'®*?%, This therapeutic alter-

) ) native has been proposed based on the pioneering
Ol’le Vlable alternatlve fOI‘ the treatment Of eX- discovery that Organic bone matrix Contains nume-

tensive craniobuccofacial bone defects or of defects
that are difficult to repair is the use of deminerali-
zed allogenic bone matrix graft submitted to spe-
cial procedures for the elimination of potential ma-
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rous soluble protein factors able to induce hetero-
topic osteogenesis by the mechanism of endochon-
dral ossification "2, The matrix proteins, called
bone morphogenetic proteins or BMPs, have been
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isolated and purified from bone of various ani-
mals??202434 and human BMPs have been produ-
ced and characterized by genetic recombinati-
0n31*33‘37.

Despite the enormous scientific advances in the
area of bone biology which have opened new pers-
pectives for the treatment of perennial bone lesi-
ons, lyophilized human bone matrix continues to
be widely used, especially in the field of dentistry.
Thus, it is important to broaden the basic unders-
tanding of osteogenesis induced by allogenic bone
matrix.

In the present morphometric study, we analyzed
heterotopic osteogenesis induced by allogenic de-
mineralized bone matrix implanted into the peri-
mysium of the thigh muscle of mice by quantifying
the disappearance of graft matrix, accumulation of
cartilage, bone matrix and myeloid tissue, and gro-
wth of cartilage and bone cell populations. Radio-
graphic control and qualitative histological analy-
sis were also performed.

MATERIAL AND METHODS

Fifty-four fifty-day-old male Swiss mice wei-
ghing about 40g, obtained from the Central Animal
House of the Bauru Dental School, were studied,
with the animals receiving pelleted Purina ration and
water ad libitum throughout the experiment.

Eighteen animals were sacrificed in order to
obtain the femurs used for the preparation of the

a

block allogenic grafts of demineralized bone ma-
trix. The remaining 36 animals were submitted to
surgery for the implantation of the graft into the
adductor muscle of the right thigh.

Preparation of the demineralized bone matrix
graft

The epiphysis was removed from the collected
femurs and the material was rigorously cleaned and
stored under refrigeration at -18°C. The femurs
were then demineralized in 0.6 M HCI under mo-
nitoring every 2 h by radiography, neutralized in
0.9% saline, cut into uniform 6mm long segments,
and stored in 70% ethanol for a maximum period
of three days?.

Surgical procedures of graft implantation
Under general anesthesia with intraperitoneal
injection of ketamine/xylazine (Agribrands do Bra-
sil Ltda), all experimental animals were submitted
to trichotomy of the right thigh, with a 1-cm inci-
sion being made in the tegmentum of the region
with a N°. 11 surgical knife (Figure 1A) after vigo-
rous disinfection with iodophor alcohol. The peri-
mysium that separates the two bundles of the thigh
adductor muscle was then pulled apart with scis-
sors (Figure 1B), thus forming a pocket that recei-
ved the graft (Figure 1C). The muscle fasciae were
closed with resorptive No. 5-0 polyvicryl sutures
and the tegmentum with No. 4-0 silk sutures (both
Ethicon, Johnson & Johnson) (Figure 1D).

FIGURE 1 - Surgical procedures: a) 1-cm incision in the tegmentum; b) divulsion of the conective tissue between muscle fascias; ¢) graft

implantation; and d) suture of the tegmentum.
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FIGURE 1 - Surgical procedures: a) 1-cm incision in the tegmentum; b) divulsion of the conective tissue between muscle fascias; ¢) graft

implantation; and d) suture of the tegmentum.

General histological procedures

Mice of the experimental group were sacrifi-
ced by injection of an overdose of the anesthetic 2,
5,7, 14,21 and 28 days after graft implantation (six
animals/period). After radiography, the implanted
graft of each animal with surrounding reactional
tissue was collected and fixed in 10% phosphate-
buffered formalin for one week. The specimens
were then demineralized in Morse solution (50%
formic acid and 20% sodium citrate, 1:1), dehydra-
ted in ethanol, cleared in xylene, and embedded in
Histosec (paraffin + synthetic resin, Merck). The
specimens were cut into Sum thick alternating sec-
tions at 100um intervals and stained with hemato-
xylin-eosin.

Morphometric analysis

A)Determination of volume density

Volume density, defined as the volume fraction
of the entire graft occupied by a given component
(demineralized matrix, resorption area, cartilage
tissue, bone tissue and myeloid tissue), was deter-
mined with a digitalized Zeiss image analysis sys-
tem consisting of an Axioskop 2 microscope, a
Sony CCD-IRIS-RGB camera, Kontron K-300 sof-
tware and an IBM microcomputer. Images from 25
histological fields selected by systematic randomi-
zation were captured on the microcomputer. In the-
se images, the area of the graft occupied by each
structure (Ai) and the total area examined (A) were
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determined, and the volume density (Vvi) of each
type of structure was calculated according to the
relation Vvi = AAi = Ai/A (WEIBEL??, 1969).

B)Determination of the number of cartilage
and bone cells in the graft

The number of cells per mm?® graft was deter-
mined by counting under a light microscope using
a Zeiss integration II grid placed in a Zeiss Kpl 8X
eyepiece and a Zeiss 100X oil immersion objecti-
ve. The number of images of nuclei (n) of each cell
type and the number of intersections (c) between
these nucleus images and the ten parallel lines of
the grid were counted in histological fields per
fifty animals selecteds by systematic randomizati-
on. The number of cells (N) of each cell type was
calculated according to the following formula:

2n. Vp
N =

A (C/nxd+2t)

(Aherne and Dunnil'), where A = total area exami-
ned, d = distance between grid lines, t = section
thickness, and Vp = processed volume.

Statistical analysis

All morphometric results were compared be-
tween groups by analysis of variance (ANOVA) and
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means were contrasted by the Student-Newman-
Keuls test using the Sigma Stat for Windows sof-
tware (Jandel Scientific), with the level of signifi-
cance set at 1 and 5%. Volume density values were
submitted to statistical analysis after arc-sin trans-
formation of the original data.

REesuLts

Radiographic results

Analysis of the radiographs obtained from the
thigh region of animals submitted to allogenic graft
implantation did not show any radiodense image
indicative of new bone formation at 2, 5, 7 or 14
days post-implantation (see image of the last peri-

od in Figure 2a). In contrast, at 21 days, a thin ra-
diodense line parallel to the femur was observed
(Figure. 2b), indicating the presence of minerali-
zed material. After 28 days, this radiodense line
became thicker, demonstrating increased formati-
on of mineralized material (Figure. 2c).

Morphologic results

At two days post-implantation, the old bone
nutrient canals and lacunae of the osteocytes pre-
sent in the graft were empty and the space of the
medullary canal was filled with blood clots. Blood
clots and an acute inflammatory infiltrate rich in
polymorphonuclear neutrophils were observed out-
side the matrix.

FIGURE 2 - Radiographic images of 14 days (A), 21 days (B) and 28 days (C) after implantation of matrix. Observed radiodense line (arrow)
under the femur

At five and seven days post-implantation, the
graft was still intact without signs of resorption on
the external and internal surface or inside the old
nutrient canals. The medullary canal showed tra-
ces of blood clots characterized by a fibrin network
and scattered blood cells and a network of fibro-
blast-like mononuclear cells close to the newly for-
med vessels. Outside, thick, dense capsule-like
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connective tissue, rich in blood vessels and fibro-
blast-like elongated cells arranged in layers paral-
lel to the graft surface, was noted.

At 14 days (Figures 3A-D), the graft already
showed signs of mononuclear cell-mediated re-
sorption both on the external and internal surfa-
ce, and areas of intensely basophilic cartilage tis-
sue, mainly close to the old bone nutrient canals,

Cienc Odontol Bras 2004 jan./mar.; 7 (1): 21-30



Yaedi RFY, Brighentti FL, Cestari TM, Granjeiro JM, Taga R

HETEROTOPIC OSTEOGENESIS INDUCED BY IMPLANTATION OF ALLOGENIC BONE MATRIX GRAFT INTO MOUSE MUSCLE PERIMYSIUM. A

MORPHOMETRIC STUDY

were observed. Some resorption areas inside the
graft already exhibited differentiated osteoblasts
and minute amounts of newly formed bone ma-
trix. The old medullary canal was completely fil-
led with richly cellularized and vascularized, loose
connective tissue, while outside the graft the ri-
chly vascularized, capsular connective tissue be-
came thinner.

Confirming the radiographic images, new bone
formation was detected in all animals at 21 days
post-implantation (Figure 4A-D). Some animals
showed numerous resorption areas inside the graft,
with the formation of new bone and bone marrow
in these areas, while the medullary canal was found

to be resorbed and covered with loose connective
tissue. In other animals, only small resorption are-
as were observed inside the graft, while its inter-
nal surface facing the old medullary canal was
found to be resorbed and covered with newly for-
med bone tissue, with some bone trabeculae inva-
ding the connective tissue filling the old medulla-
ry canal which, in these cases, contained large
amounts of myeloid tissue. A now thinner, fibrous
external capsule was observed in all animals. A si-
milar histological picture was observed 28 days
after graft implantation, showing only an increase
in the resorption areas and increased formation of
new bone and myeloid tissue.

FIGURE 3 - Histologic images of 14 days: a) panoramic aspect of matrix (asterisc) implanted between muscle fascia (star) exhibiting spaces
filled by conective tissue (arrowhead) and cartilaginous tissue (arrows). The old medullary canal (Cm) occupied by conective tissue; b) detail
of matrix (M) showing reabsorption (arrows) by mononuclear cells; ¢) detail of neoformated cartilage tissue (arrow) inside the matrix (M); d)
detail of the fibrous capsule between the matrix (M) and the muscle (star). Hematoxilin and eosin, magnification x34 and x340.
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FIGURE 4 - Histologic images: 21 days; a) panoramic aspect of matrix (M) showing great resorption areas (arrowhead) inside the graft, with
the formation of new bone and mieloid bone marrow; b) detail of new bone (arrows) and bone marrow (asterisc) inside the matrix (M); ¢)
panoramic aspect of matrix (M) exhibiting small resorption areas (arrow) and the old medullary canal filled by neoformated bone (arrows) and
bone marrow (asterisc); d) detail of new bone (arrow) and bone marrow (asterisc) . Hematoxilin and eosin, magnification x34 and x340.

Morphometric results

The volume density (%) of the various graft
components and the number of cartilage and bone
cells involved in the heterotopic osteogenesis in-
duced in mouse muscle are shown in Figures. 5
and 6, respectively. Only 16% of the graft volu-
me was resorbed 28 days after implantation. Re-
sorption areas started to occur by day seven, oc-
cupying 0.4% of the graft matrix volume and
increasing continuously about 12 times up to day
28 post-implantation, when they occupied 5% of
the graft volume. Cartilage tissue was first detec-
ted on day 14 post-implantation in relatively
large amounts, occupying 5% of the graft volume
and containing 3.8 x 10? chondrocytes/mm?, the
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maximum matrix and cell quantity observed throu-
ghout the experiment. The formed hyaline carti-
lage and the number of chondrocytes then decre-
ased substantially, occupying only 0.3% of the
graft volume and containing 0.6 x 10? chondro-
cytes/mm? at the end of the 28-day observation
period. Concomitantly with the presence of carti-
lage tissue on day 14 post-implantation, a small
quantity of bone tissue was observed, occupying
0.4% of the graft volume and containing 0.2 x 102
cells (osteoblasts + osteocytes)/mm? graft. During
the subsequent periods, coinciding with the disa-
ppearance of hyaline cartilage and chondrocytes,
the amount of bone tissue and the number of bone
cells increased about 15 and 32 times, respective-
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ly, occupying 6% of the graft volume and contai-
ning 6.4 x 102 cells/mm? graft at the end of the
28-day study period. Myeloid tissue associated
with the graft matrix (the tissue observed in the
old medullary canal was not included in the quan-
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FIGURE 5 - The density volume (%) of implanted matrix, area of
the reabsorption, cartilage, bone and bone marrow during the pos-
implantation periods. The points are the mean + SEM of six mouses.

Discussion

Since the 1960s it has been known that alloge-
nic organic bone matrix is able to induce new bone
formation when implanted at heterotopic sites, i.e.,
non-bone connective tissue such as subcutaneous
tissue and perimysium, and also at orthotopic or
bone sites®”!2%3% This inductive capacity is rela-
ted to the presence of proteins, called BMPs, be-
longing to a group of TGF-B growth factors, inside
the bone matrix which, when released into richly
vascularized connective tissue, induce the morpho-
genetic phase of osteogenesis by endochondral os-
sification, i.e., a cascade of events comprising che-
motaxis, migration and proliferation of
undifferentiated mesenchymal cells, cytodifferen-
tiation of chondrocytes and chondrogenesis, vas-
cular invasion and neovascularization, cytodifferen-
tiation of osteoblasts and new bone formation, and
the occurrence of myeloid tissue'$%.
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tification) was first detected in small amounts on
day 21 post-implantation (occupying 0.07% of the
graft volume) and significantly increased up to the
end of the study period (occupying 7% of the graft
volume).

[
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FIGURE 6 - The total number cells of the chondrocytes, osteocytes
and osteoblasts during the pos-implantation periods. The points are
the mean + SEM of six mouses.

The experimental model of osteoinduction at
heterotopic sites, notably connective tissue associ-
ated with skeletal muscle due to its high degree of
vascularization'>*, has been used to determine the
osteogenic potential of bone matrix as graft mate-
rial and of other natural or synthetic osteoinducti-
ve materials and proteins>#3813-42228 "and also as a
system to study osteogenesis and factors that in-
terfere with new bone formation and regulation of
bone metabolism'>!6. Despite its widespread use as
a study and biological test model, the morphome-
tric parameters of the events that occur during he-
terotopic osteogenesis in muscle connective tissue
of laboratory animals such as mice, the most wide-
ly used species in tests of osteoinductive biomate-
rials, have not yet been established.

In the present study, initial formation of new
bone tissue by endochondral ossification was de-
monstrated by histology in all animals of the 14-
day post-implantation group, and by radiographic
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and histological analysis in the subsequent groups,
confirming other studies on rabbits and rats in
muscle and subcutaneous sites>?3?72%3¢ However,
the total amount of newly formed bone tissue ob-
served here was very small compared to these in-
vestigations. These differences might be related to
the relatively young age of the animals that provi-
ded the allogenic grafts. Jergesen et al.® in 1991,
demonstrated that bone matrix from eight-month-
old rats possessed a markedly higher inductive ca-
pacity than that obtained from one-month-old ani-
mals. Within the same context, preliminary results
of studies carried out in our laboratory showed that
bone proteins isolated and purified from fetal bo-
vine bone with the molecular weight of BMPs (~
18 kDa) are unable to induce heterotopic or ortho-
topic osteogenesis in rats.

Another possibility to explain these differen-
ce is the technique used for allogenic matrix pre-
paration and the shape of the graft (particle or
block). Preparation techniques differ in terms of
the number of solvents used to remove non-colla-
genous proteins and in terms of the presence or
absence of endogenous protease inhibitors. On the
other hand, the geometry of the implant affects
its osteoinductive capacity due to variations in its
surface area®!.

Cartilage tissue was also initially detected by
day 14 at the highest quantity observed throughout
the experiment, indicating its occurrence during an
intermediate period between day seven and day 14
post-implantation. Reddi & Anderson'’, 1976, in
the rat, observed that chondrocyte differentiation
starts by day five, followed by a marked increase
in this cell population seven to eight days after
implantation of the graft. It should be noted that
during heterotopic osteogenesis induced by matrix
BMPs the hyaline cartilage formed undergoes cal-
cification accompanied by the death of chondro-
cytes and gradual disappearance of the tissue, whi-
ch is replaced with newly formed bone tissue, i.e.,
followed by the events of embryonic and fetal en-
dochondral ossification’.

In the present study, hyaline cartilage and chon-
drocytes had almost completely disappeared at the
end of the 28-day study period. On the other hand,
the number of bone cells (osteoblasts + osteocytes),
which were first detected in a small numbers on
day 14 together with a minute amount of radiogra-
phically undetectable newly formed bone matrix,
showed a significant 32-fold increase 28 days af-
ter implantation, accompanied by a 15-fold incre-
ase in the quantity of newly formed bone matrix.

Another event associated with BMP-induced
osteogenesis is the late formation of myeloid tis-
sue close to the newly formed bone. Bone marrow
was only detected on day 21 post-implantation,
associated with areas of ossification in the graft
matrix and with the old medullary canal, but had
increased significantly (more than 95 times) at the
end of the 28-day observation period.

CONCLUSION

The present results permit us to conclude that
only a small part (16%) of the allogenic deminera-
lized block bone matrix implanted into the connec-
tive tissue of the perimysium of the mouse thigh
adductor muscle is resorbed within the first 28 days
after implantation. However, during this resorpti-
on process the matrix is able to induce all events
of the endochondral ossification cascade, with the
formation of new bone tissue occupying 6% of the
graft volume and containing 6.4 x 107 cells (osteo-
blasts + osteocytes)/mm? graft.
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Resumo

A osteogénese heterotdpica induzida por enxerto de matriz dssea alogénica no perimisio de misculo de camun-
dongos foi avaliada radiogréfica, morfolégica e morfometricamente. Didfises de fémures de 18 camundongos
com cinquenta dias de idade, foram desmineralizados em HC1 0,6M e implantadas no musculo adutor da coxa
direita de 36 camundongos. Decorridos 2, 5, 7, 14, 21 e 28 dias apds-implantacdo, grupos de 6 animais/periodo,
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foram sacrificados e radiografados, e as pecas coletadas e processadas histologicamente. A andlise radiografica
detectou presenca de material mineralizado no enxerto somente a partir do 21° dia. Andlise morfolégica e mor-
fométrica dos cortes histolégicos mostrou que: a) a matriz manteve-se intacta até o 7° dia, sendo a partir dessa
data reabsorvida por células mononucleadas semelhante a fibroblastos num percentual de 16% até o 28° dia; b)
o tecido cartilaginoso estava presente inicialmente no 14° dia, ja numa quantidade a mais alta de todo periodo
experimental, ocupando 5% do volume do enxerto e exibindo 4 x 10? condréceitos/mm?do enxerto Nos periodos
subseqiientes a sua quantidade decresceu substancialmente, chegando ao 28° dia, com densidade de volume de
0,5% e 0,6 x 10* condrécitos/mm?; ¢) células e matriz Gsseas foram detectadas em diminuta quantidade a partir
do 14° dia, com uma densidade de volume de 0,4% e 0,2 x 102 células/mm?, aumentando ao redor de 15x e 32x,
respectivamente, ao final de 28 dias, passando a ocupar 6% do volume do enxerto e a exibir 6 x 10* células/mm?>.
Concluimos que apesar do percentual relativamente baixo de reabsor¢@o da matriz enxertada (total de 16%), este
foi capaz de induzir todos os eventos em cascata da osteogénese por ossificacdo endocondral, i.e., formacao e
posterior desaparecimento de cartilagem hialina, diferenciacdo de osteoblastos e a neoformagdo 6ssea, e forma-

¢do mais tardia de medula 6ssea hematdgena.

UNITERMS

Transplante dsseo; transplante homdlogo; 0sso; enxerto alogénico; osteogénese, ectoptica; osso, andlise morfo-

métrica; camundongo.
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