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Abstract — Mineralization of heterotopic bone was studied in a bone induction model using allogenic
demineralized dentin implanted in the abdominal wall of guinea pigs. There was a high yield of newly
formed osteoid and bone as well as some cartilage together with areas of resorption of the dentin, and
fibroblast proliferation. The osteoid contained many matrix vesicles IT and less of lysosome-like type I
vesicles. Early cartilage formation had more type I vesicles. The implanted dentin contained no matrix

vesicles. The first signs of mineralization occurred mainly as irregular clusters of mineral crystals in the

matrix close to the surface of collagen fibrils. Crystal

-like figures were also found inside some type IT matrix

vesicles, although most of these vesicles in the mineralization zone had no crystals. The type I vesicles of
both bone and cartilage exhibited often crystals near the outer membrane. The mineralizing bone showed
a reduction in the size and number of proteoglycan particles. Remineralization of the implanted dentin
was also often found and the mineralization pattern resembled the mineralization of bone except for the
absence of matrix vesicles. Electron diffraction of selected areas showed that the crystals in the new bone

and the mineralized dentin were hydroxyapatite.
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The mechanism of mineralization of hard tissue
such as bone, dentin and cartilage has been
studied- extensively, and several theories have
been proposed during recent decades.

Until about 1970 the effect and importance of

some macromolecular species were emphasized,
and mineralization was reg‘ardéd as an ex-
tracellular process (7, 11). A relationship
between collagen and crystals was first described
by Rosmson & Warson (35). Crystal-like
particles have been shown to be sequentially
orientated in collagen fibrils (25). GLIMCHER &

KRrANE (22) suggested also that the collagen
fibrils were the substrate for nucleation and that
the initial stages showed crystalsin “holes” in the

- collagen fibrils. Other investigators have pro-

posed that the initiation of mineralization also
involves the effect of proteoglycans (10, 19, 41),
lipids (24, 51), and alkaline phosphatases (27,
36, 39).

During the past decade the role of cells

involved in mineralization has been emphasized

(20, 49). AnpErsoN (2) and Bonuccr (15)
demonstrated membrane-bounded vesicles in
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the matrix of hard tissues having a diameter of
about 100 nm. They proposed that the initial
crystals appeared inside these vesicles. Later two
subtypes of these matrix vesicles have been
described, type I having a dark, lysosome-like
content and type II having a content resembling
intracellular matrix (31, 44). Several investi-
gators have proposed that matrix vesicles
constitute the initial site of the mineralization in
cartilage (3, 5, 16) as well as early mineralization
of dentin (13, 26) and bone (4, 14, 17). THYBERG
(42), however, failed to demonstrate initial
crystals

cartilage.

Using an experimental bone induction model
(8, 32, 48) we are able to study bone formation
that occurs de novo in postfetal life. Previous
light microscopic studies of induced heterotopic
bone formation in guinea pigs showed increasing
amount of osteoid and bone between 16 and 28 d
(9). Some cartilage formation was also found.
The bone induction was performed by implant-
ing freeze-dried allogenic dentin in the ab-
dominal muscles of guinea pigs (9).

A previous study of the cellular reactions in
this model (31) showed many type II matrix
vesicles in the osteoid. Type I matrix were also
observed but less frequently in osteoid than in the
early cartilage formation. The aim of the present

in matrix vesicles of mineralized

study was to investigate the ultrastructure of the -

matrix and the cellular components in the initial
phase of mineralization of newly formed hetero-
topic hard tissues. Special emphasis was laid on
correlating this process with the remineraliz-
ation of the implanted dentin.

Material and methods

Fifteen randomly bred guinea pigs were used. They
were fed a standard mixed diet (Norwegian standard
for guinea pigs and rabbits, Statens Institutt for
folkehelse) supplemented with swedes and hay and
given water ad libitum. Under general anesthesia
(Nembutal ®) demineralized and freeze-dried allo-
genic teeth were implanted intramuscularly as de-
scribed previously (8). Four implants were used in each
animal. The dentin implants were obtained from
incisors and molars of adult male guinea pigs. The
apical soft part and the pulp were removed. The
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demineralization was performed in 0.6 M hydro-
chloride acid (HCI) at room temperature (20° C).

After 16, 21 or 28 d the implanted teeth with
surrounding tissue were taken out under general
anesthesia, immediately divided into small pieces (1
mm), and placed in ice-cold 2% glutaraldehyde
buffered with 0.1 M cacodylate buffer with 7.5%,
sucrose. The specimens were postfixed in 2%, OsO, in
the same buffer, dehydrated and embedded in Epon
812®, Sections 1-pm-thick were cut with glass knives
and stained with toluidine blue (19,). Areas of osteoid,
bone cartilage and remineralized dentin were pre-
pared and sectioned at 70 nm on a Reichert OM U3
ultramicrotome using a diamond knife. Both uncoated
grids and Formvare® coated grids were used, and the
floating time was as brief as possible. The sections were
stained with uranyl acetate and lead citrate. Some
sections were also examined unstained. All the sections
were examined in a Philips 300 electron microscope at
80 kV accelerating voltage. Selected area electron
diffraction was performed in the electron microscope
on areas approximately 0.9 pm in diameter. The
diffraction pattern was compared with unstained
ultrathin sections from synthetic hydroxyapatite em-
bedded in Araldite® (14%, hydroxyapatite).

Results

Three types of cellular reactions were observed:
1) resorption, 2) fibroblastic proliferation and 3)
zones of new matrix production. New matrix
production was found consistently close to the
implanted dentin (Fig. 1).

At 16 d the osteoid was dominating while at 21
d there was more mineralized bone. After 28 d
there was abundant mineralized bone and
remineralized dentin. Cartilage formation was
observed less frequently than bone and mostly at
16 and 21 d.

The cells of the outer part of the osteoid
resembled osteoblasts with polarized cytoplasm,
having a prominent endoplasmic reticulum and
Golgi apparatus. The osteocytes in the deeper
parts of bone (Fig. 2) became more irregular,
with diminished size, less prominent Golgi
apparatus, smaller endoplasmic reticula and
more free ribosomes, and their nuclei had more
indentations and were more hyperchromatic.
Electron dense granules were found regularly in
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Fig. 5. Mineralization of the collagen matrix of osteoid with initial crystals surrounding cross-sectioned collagen

fibrils. Note amorphous area in unmineralized matrix (*). Uranyl acetate and lead citrate. x 43 100. Fig. 6.

Crystal located close to, but not inside, a collagen fibril from remineralizing dentin (see Fig. 1). Uranyl acetate and

lead citrate. x 200 000.

the mitochondria of (Fig. 2) matrix-producing
cells. Extrusion of mitochondria or these gran-

ules was not seen. There was always a distinct

crystal-free zone between the cell membrane of

the osteocyte and the mineralization front. This
[cature was also obvious along most cytoplasmic
extensions, although the unmineralized zone
here was narrower.

The collagen in the dentin and the osteoid
both showed a periodic banding of 50-60 nm.

The collagen in the dentin was about twice as
thick as that of the bone. Between the collagen
fibrils in bone and cartilage small granules
(about 5-10 nm) were found. Early cartilage
had more of these granules and less collagen in
the matrix. The granules decreased in size and
number during the mineralization.

Type II matrix vesicles were frequently found
in the hard tissue forming area. They had a
trilaminar unit membrane (Fig. 3) and had a

Fig. 1. Light microscopic picture of implanted dentin {D) with remineralized areas (open arrow). Outside dentin

there is bone formation (BY and resorption of hard tissue with giant cells (arrow). Toluidine blue. x 225. Fig. 2.

Osteocvte in induced heterotopic bone with fusiform appearance, and many free ribosomes. Mitochondria

granule open arrow . Uranyl acetate and lead citrate. x 9100. Fig. 3. Type II matrix vesicles with trilaminar

membrane. One of the vesicles tarrow) contains crystal-like particles. Uranyl acetate and lead citrate. x 19 800.

Fig. 4. T'vpe L matrix vesicle arrow with a trilaminar membrane and electron dense content appearing close to

some clusters of ervstals. Uranyl acetate and lead citrate. x 130 000.
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- diameter from 40 nm to 150 nm. Type I matrix
vesicles (Fig. 4), with a more osmiophilic content
than type I1, were also found, but less frequently
in osteoid and bone than in cartilage.

Crystals were regularly found close to the
membrane of type I vesicles (Fig. 4), while type
IT matrix vesicles were surrounded by a crystal-
free zone. Crystal-like structures were seen inside
some of these vesicles (Fig. 2) while others
contained electrondense granules. Most of the
matrix vesicles, however, had a content like the
cytoplasm of the cells.

In areas of the initial mineralization of the
osteoid radially orientated crystals were found
near the collagen in small clusters. In other areas
they seemed to increase in size and coalesce. The
new crystals were mostly found surrounding the
collagen fibrils, forming a filigree pattern on
cross-section (Fig. 5). Intrafibrillar crystals were
not found in areas of initial mineralization.

- Areas with an amorphous appearance were
frequently observed close to areas of initial
mineralization (Fig. 5), but without any sharp
delineation to the more distinct collagen matrix.
The electron density homogeneous areas seemed
to' be equal to that of collagen.

Remineralization of the implanted dentin
occurred regularly, mostly close to the mineraliz-
ing osteoid. Cellular components resembling
matrix vesicles were not observed in the dentin.
The initial crystals of the dentin appeared in
small clusters close to the surface of the collagen
fibrils, but without any further specific orien-
tation (Fig. 6). ‘

The initial crystals were not found inside
fibrils. The size and shape of the crystals
resembled those of bone. '

Selected area electron diffraction of the initial
clusters of crystals in bone and remineralized
dentin showed diffraction patterns identical to
that of synthetic hydroxyapatite. The diffraction
rings were continuous and diffusely outlined.

Discussion

The present study supports the previous findings
with regard (8, 31) to type of cellular reaction,
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including the amount of osteoid, bone and
cartilage formation. More mineralized bone and
remineralized dentin were observed, however,
than in the previous electron microscope study
(31) due to the longer experimental period in the
present-experiment. ‘

The osteocyte decreased in size and appeared
structurally simplified as the amount of bone
increased, supporting earlier observations with
this model (31) and previous reports of aging of
bone cells (46, 47), showing that the osteocytes
represent the terminal stages of the matrix-
producing cell.

Electron-dense granules was found in the
mitochondriae in osteoblasts and osteocytes
which is in keeping with other reports (1, 21).
Gay & ScHAER (21) and Aul e al. (1) have

'proposed that these granules are involved in

calcium accumulation and that the mitochon-
driae were involved in concentration of calcium
and phosphorus and the export of these elements
to the matrix. No type of extrusion of such
granules was observed in the present study.

The predominance of type II matrix vesicles
over type I in mineralizing bone was in keeping
with earlier findings (31). In contrast to the
findings in osteoid, early cartilage formation
exhibited more type I matrix vesicles, confirm-
ing another study of metaphyseal cartilage (45).

Tuveerc & FriBerc (43, 44) and MEIKLE
(30) showed that some of the type I vesicles in
cartilage demonstrated acid phosphatase ac-
tivity. Other investigators, however, failed to
demonstrate acid phosphatase in matrix vesicles.
In a recent light microscopic study of the present
model, acid phosphatase activity was dem-
onstrated to be higher in young cartilage, both
intracellularly and extracellularly (unpublished
data) than in osteoid (32). SiLBERMAN &
FrRoMMER (40) described also a possible contri-
bution of acid phosphatase to mineralization of
cartilage. These enzyme histochemical results
together with the ultrastructural picture may
indicate that type I matrix vesicles are lysosome-
like and have a function in changing the matrix
to a ““calcifiable” stage, according to the view of
UrisT (49).
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The granules between the collagen fibers
presumably contain proteoglycans. They re-
semble those described in bone (45) and showed
no specific morphologic relationship to crystals.
The reduction of the amount and size of the
proteoglycans in the areas of initial mineraliz-
ation may, however, corroborate previous ob-
servations suggesting that this is an important
initiating factor of mineralization (10, 29, 42).
Cathepsin D, which is a lysosomal protease, has
been proposed to reduce the proteoglycans in
mineralizing tissue (33). Greater amounts of acid
phosphatase were found in mineralizing car-
tilage than in osteoid (32), and could be
explained by higher amounts of type I matrix
vesicles reflecting the need of enzymes for
degradation of the proteoglycans.

Some type II matrix vesicles contained
crystal-like material in the area of initial
mineralization although several other vesicles
showed electron dense material. Other investi-
gators have found that the initial crystals
appeared inside the matrix vesicles in the early
mineralization of cartilage (2, 3, 16), dentin (26)
and bone (12, 17).

BerNARD (12) and Bonuccr & GHERARDI (17)
have proposed that mineralization of the inter-
fibrillar material occurred after the mineraliz-
ation of matrix vesicles had started. HOHLING et
al. (24) proposed that the first crystals of apatite
were found in matrix vesicles and that the
general mineralization of collagen matrix was a
secondary event. THYBERG (42), however, found
that intravesicular crystals were only found in
heavily mineralized cartilage. The present study
shows that the initial crystals appeared ex-
travesicularly but also to a certain extent inside
the type II vesicles.

The dominating matrix vesicles in osteoid and

bone were type II, which indicates possible

budding-off of the cytoplasmic process (31, 34).
The membrane of these vesicles exhibits alkaline
phosphatase including ATPase (28, 44). These
enzymes are also believed to take part in
mineralization of hard tissue (27, 36, 39),
AnDERsON & REYNOLDS (4) have suggested that
matrix vesicles concentrate calcium phosphate
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by.an enzymatic process and in that way initiate
mineralization. Matrix vesicles from cartilage
have been shown by means of electronprobe
analysis (1) to be rich in calcium. AL et al. (1)
suggested that the mineral present in the matrix
vesicles is crystallike in nature. The present
study, however, showed only few intravesicular
crystals.

The amorphous intravesicular material ob-
served in a part of matrix vesicles type II may
represent amorphous calcium phosphate, which
is proposed to precede the crystal formation in
matrix vesicles. It seems therefore likely that
calcium and phosphorus may accumulate in
osteoblasts and osteocytes and matrix vesicles.
The present study, however, shows that the first
crystals seem to appear mostly outside the matrix
vesicles.

Early mineral deposits inside the fibrils were
not found, in contrast to previous reports on
bone (22, 25) and dental cementum (37, 38).
Except for the crystals found in some type II
matrix vesicles, initial crystals were mostly found
in small clusters in the ground substance in
between and close to collagen fibrils. This is in
accordance with the findings of AscEnzi &
BeNEDETTI (6). Other specific patterns could not
be observed although a periodic banding of the
mineralized matrix was observed in some areas
of more mineralized matrix using low magnifi-
cation. This banding, however, may be an
artefact (18).

The size of the crystals and their random
orientation in small clusters between the col-
lagen fibrils of the remineralized dentin re-
sembled the crystal formation between the
collagen fibrils of mineralizing bone. Matrix
vesicles or other cellular material, however, were
not observed in the dentin. Remineralization of
the dentin seemed mostly to occur after minerali-
zation of the corresponding osteoid had started,
in keeping with the results of FirscHEIN & URist
(20). A direct cellular contribution to the
remineralization of the dentin, however, was not
observed. Remineralization of the implanted
dentin may thus be explained by the fact that
this matrix was altered by having been minera-
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lized previously and thus had the criteria of a
“calcifiable” matrix, according to Urist (49).

The present study and discussion show that
the cells and the cell derived matrix vesicles seem
to be important in the control of the initial
mineralization of heterotopic bone. The cells
and matrix vesicles may contribute to this initial
mineralization by accumulating calcium, and by
producing enzymes which could alter the matrix
prior to the initial mineral deposition.
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