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An immunohistochemical
study of the attachment
mechanisms in different
kinds of adhesive interfaces
In teeth and alveolar bone of
the rat

Arambawatta AKS, Yamamoto T, Wakita M. An immunohistochemical study of the
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bone of the rat. J Periodont Res 2006, 41: 259-265. © Blackwell Munksgaard 2006

Background and Objective: This study was designed to examine the histological
and immunohistochemical nature of different kinds of adhesive interfaces in the
rat molar region under identical experimental conditions and to discuss the
structural and functional similarities between these adhesive interfaces.

Material and Methods: Four kinds of adhesive interfaces — an initial attachment
layer for principal fibers on the developing alveolar bone surface, a reattachment
layer for principal fibers on resorbed alveolar bone surface, cement lines on the
alveolar bone surface unrelated to the principal fibers, and the cemento—dentinal
junction — were examined in 25-d-old male Wistar rats. Routine histological
staining, immunohistochemical staining for bone sialoprotein and osteopontin,
and digestion tests with trypsin were conducted.

Results: The adhesive interfaces showed very similar histological and immu-
nohistochemical features: they were intensely hematoxylin-stainable, deficient in
collagen fibrils, and rich in bone sialoprotein and osteopontin. After trypsin
treatment the four adhesive interfaces had lost immunoreactivity to bone
sialoprotein and osteopontin, and the two adjacent tissue parts held together
finally separated at the adhesive interfaces.

Conclusion: The above findings suggest that (i) the different types of adhesive
interfaces in the rat molar region have a common structure in that they are filled
with highly accumulated bone sialoprotein and osteopontin and deficient in col-
lagen fibrils; (ii) accumulated bone sialoprotein and osteopontin are closely
associated with the adhesion at the interfaces; and (iii) the adhesive interfaces have
a similar developmental process.
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When bone resorption and remodeling
occur, the newly deposited bone is often
demarcated from the older bone by a
secreted matrix layer known as ‘cement

lines’ or ‘reversal lines’, which are
intensely stained with hematoxylin. The
cement lines are deficient in collagen
fibers (1-3) and are rich in noncolla-

genous bone-related glycoproteins (GPs),
osteopontin, and bone sialoprotein
(4-7). These GPs are phosphorylated,
acid glycoproteins with cell-binding
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sequences of an Arg—Gly-Asp (RGD)
motif (6,7), and have been suggested
to play important roles in the minerali-
zation, matrix—matrix and cell—cell/
matrix attachment, and in cell differen-
tiation in mineralized tissue (6-11).
Based on the apparent accumulation
of bone sialoprotein and osteopontin
at cement lines, bone sialoprotein and/
or osteopontin have been proposed to
act as an interfacial adhesion promoter
between ‘new’ and ‘old’ mineralized
bone, and through this to maintain the
overall integrity of mineralized tissue
4-7).

Several types of adhesive interfaces
form in the rat molar region. During
physiological drifting of rat molars,
active osteoclastic resorption and
transitory reattachment of principal
fibers occur constantly on the alveolar
bone surface facing the distal side of
teeth (12-17), resulting in one type of
cement line. This type of cement line
forms on the resorbed bone surface
prior to the reattachment of principal
fibers, and is stained with hematoxylin,
reacts positively for toluidine blue and
Alcian blue, but does not stain with
silver impregnation. This type of
cement line maintains its histological
features after it is covered with the
Sharpey’s fiber containing new bone (=
bundles bone) (13-15,17). A different
type of cement line forms on resorbed
bone surfaces in an area unrelated to
the alveolar socket or the principal fi-
bers. This type of cement line also
maintains its histological features after
it is covered with lamella bone. In
addition, unrelated to bone resorption,
a specialized layer forms on the alveo-
lar bone surface just prior to the initial
attachment of principal fibers (18,19).
The histological and immunohisto-
chemical characteristics of this layer
are very similar to that of the cement
lines. This layer also maintains its his-
tological features after it is covered
with bundle bone.

The cemento—dentinal junction has
been studied in detail (10,20-31). The
cemento—dentinal junction has been
found to be very similar to cement lines
in histological and immunohisto-
chemical characteristics (17,20,21,31).
However, the four types of adhesive
interfaces have generally been studied

separately under different conditions
and there have been no reports com-
paring all four types of adhesive inter-
faces in one study under identical
experimental conditions.

The purpose of this study was to
examine the histological and immu-
nohistochemical characteristics of the
four different types of adhesive inter-
faces under identical experimental
conditions, and to elucidate whether
these adhesive interfaces are structur-
ally and functionally similar.

Material and methods

Ten 25-d-old Wistar rats, weighing
~ 50 g, were used. The criterion for the
use of this age group in the present
study has been delineated in previous
studies (18,19,31). All the experimental
animals and tissue specimens were
treated in accordance with the guide-
lines for the care and use of laboratory
animals of the Experimental Animal
Committee, Hokkaido University,
Graduate School of Dental Medicine.

General histology

The animals were anesthetized by
intraperitoneal injection of sodium
pentobarbital, and perfused with 4% (v/
v) paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4) for ~ 15 min at
room temperature. The maxillae were
dissected out, fixed in the same fixative
solution for 24 h, and demineralized in
0.2 methanolic alkylammonium EDTA
(32) for =~ 2-3 mo at 4°C. After demin-
eralization, the tissues were dehydrated
in a graded series of ethanol and
embedded in paraffin. Serial sections of
7-um thickness were cut in the mesio-
distal plane of the tooth and either
stained with hematoxylin and eosin or
silver-impregnated to demonstrate col-
lagen fibers. Some sections were used in
digestion tests. They were immersed in
1% (w/v) trypsin (Merck, Darmstadt,
Germany) in 0.1 m phosphate buffer
(pH 7.0) containing 0.1% (w/v) NaF
and 0.4% (w/v) NaCl for 212 h at 37°C
(33). Controls were immersed at 37°C in
the same solutions, from which only the
enzyme was subtracted. The digested
sections and control sections were
stained with hematoxylin and eosin.

Immunohistochemistry

Detection of osteopontin and bone sialo-
protein Three types of antibodies were
used as primary antibodies for the
detection of bone sialoprotein [anti-
mouse bone sialoprotein rabbit poly-
clonal antibody (LSL, Tokyo, Japan);
anti-human bone sialoprotein rabbit
polyclonal  antibody  (Chemicon,
Temecula, Canada); and anti-human
bone sialoprotein rabbit polyclonal
antibody (Alexis, Lausen, Switzer-
land)] and osteopontin [anti-mouse
osteopontin rabbit polyclonal anti-
body (LSL); anti-human osteopontin
mouse monoclonal antibody (Ameri-
can Research Products, Belmont,
MA, USA); and anti-mouse osteo-
pontin rabbit polyclonal antibody
(American Research Products)].
After blocking the endogenous per-
oxidase with 0.3% (v/v) hydrogen per-
oxide in methanol, the deparaffinized
sections were incubated with 2.5% (w/v)
testicular hyaluronidase (Sigma Chem-
ical Co., St Louis, MO, USA). Then, the
sections were treated with primary
antibodies, biotinylated anti-rabbit
swine or anti-mouse rabbit polyclonal
antibody (Dako, Japan, Kyoto, Japan),

and  streptavidin—biotin—horseradish
peroxidase complex. Finally, they
were visualized by the 0.03%

3’-3” diaminobenzidine method. Nor-
mal mouse or rabbit serum was substi-
tuted for the primary antibodies in
negative controls. Some trypsin-treated
sections were also immunostained.

Results

Four locations were selected for
examining the structure and composi-
tion of the different types of adhesive
interfaces. The areas examined are
illustrated in Fig. 1.

General histology

Initial attachment layer for principal fibers
on the developing alveolar bone sur-
face The initial attachment layer is the
layer that functioned in the initial
attachment of principal fibers (18,19).
This layer was seen in the developing
maxillary alveolar bone surface facing
the distal root of the second molar
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Fig. 1. Diagrammatic illustration of a longitudinally sectioned maxilla in a 25-d-old rat (AB,
alveolar bone; OE, oral epithelium; 1M, first molar; 2M, second molar; 3M, third molar).
Boxed areas indicate the locations of the different kinds of adhesive interfaces. (A) Initial
attachment layer (arrowheads) for principal fibers on the developing alveolar bone surface.
(B) Reattachment layer (arrowheads) for principal fibers on the resorbed alveolar bone
surface. (C) Cement line (arrowheads) of alveolar bone unrelated to the principal fibers. (D)
Cemento—dentinal junction (arrowheads). AC, acellular cementum; arrows, Sharpey’s fibers;
D, dentine; NB, new bone; OB, old bone; PDL, periodontal ligament; PF, principal fibers.

Fig. 2. The initial attachment layer for principal fibers (arrowheads) in sections stained with
hematoxylin and eosin (a), silver (b), and anti-bone sialoprotein (c) and anti-osteopontin (d)
immunoglobulin. The initial attachment layer is intensely stained with hematoxylin (a) and
not impregnated with silver (b). Anti-bone sialoprotein (c¢) and anti-osteopontin (d) immu-
noglobulin stain the initial attachment layer most intensely in the bone. Arrows, Sharpey’s
fibers; NB, new bone; OB, old bone. Bars, 10 pm.

(Fig. 1). The layer was intensely
stained with hematoxylin (Fig. 2a) and

artificial separation occurred at this
layer (Fig. 3b), without showing

showed no affinity to silver impregna-
tion (Fig. 2b). Sharpey’s fibers of new
bone did not cross this layer (Fig. 2-
a,b). In sections treated with trypsin
for 12 h, the initial attachment layer
lost its staining affinity to hematoxylin
(Fig. 3a) and appeared as a transpar-
ent layer. With further treatment,

structural damage to collagen fibers.

Reattachment layer for principal fibers on
the resorbed alveolar bone surface The
reattachment layer comprises cement
line that functioned in the reattachment
of principal fibers (15,17). This layer was
seen in the alveolar bone surface facing

the distal root of the first molar (Fig. 1).
This layer was stained with hematoxylin
(Fig. 4a), but not impregnated with
silver (Fig. 4b). Sharpey’s fibers of new
bone terminated at this layer, without
crossing it (Fig. 4a,b). In the sections
digested for 12 h, the layers lost staining
affinity to hematoxylin (Fig. 5a), and
new bone and old bone were detached
with further treatment (Fig. 5b).

Cement lines of alveolar bone unrelated to
the principal fibers This type of cement
line was seen in the alveolar bone directly
covered with the oral epithelium at the
site mesial to the first molar. The cement
lines were intensely stained with hema-
toxylin (Fig. 6a). They showed no
affinity to silver and appeared as a
transparent layer (Fig. 6b). After the
digestion test the cement lines lost the
staining affinity to hematoxylin (Fig. 7a)
and, finally, artificial separation
occurred at the cement lines (Fig. 7b).

Cemento—dentinal junction The cemen-
to—dentinal junction of the acellular ce-
mentum was examined in the mesial
root of the first molars (31). The
cemento—dentinal junction appeared as
a thin layer, which was more intensely
stained with hematoxylin than the rest
of the acellular cementum (Fig. 8a). In
silver-impregnated sections, the cemen-
to—dentinal junction showed no affinity
to silver and appeared as a transparent
layer (Fig. 8b). Well-developed princi-
pal fibers were arranged at right angles
to the cementum surface. The ends of
the principal fibers were embedded in
the cementum as Sharpey’s fibers. In the
sections digested for 12 h, the cemento—
dentinal junction lost the staining
affinity to hematoxylin (Fig. 9a). With
further treatment, artificial separation
occurred at the junction (Fig. 9b).

Control sections for the digestion
test showed the same staining affinity
as that in conventionally stained sec-
tions (data not shown).

Immunohistochemistry

The three types of anti-bone sialopro-
tein and anti-osteopontin immuno-
globulins provided a similar labeling
pattern for bone sialoprotein and
osteopontin, respectively. Therefore,
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Fig. 3. The initial attachment layer for principal fibers (arrowheads) in sections stained with
hematoxylin and eosin (a, b) and with anti-bone sialoprotein (c) and anti-osteopontin (d)
immunoglobulin in trypsin-treated sections (a, ¢, d: 12 h of treatment; b: > 12 h of treat-
ment). After 12 h of treatment, the initial attachment layer has lost staining affinity to
hematoxylin (a), and to anti-bone sialoprotein (c) and anti-osteopontin (d) immunoglobulin,
and appears as an almost transparent layer. With longer treatment time, the new bone is
separated from the old bone at the initial attachment layer (asterisk in b). Arrows, Sharpey’s
fibers; NB, new bone; OB, old bone. Bars, 10 um.

Fig. 4. The reattachment layer for principal fibers (arrowheads) in sections stained with
hematoxylin and eosin (a), silver (b), and anti-bone sialoprotein (c) and anti-osteopontin (d)
immunoglobulin. The reattachment layer is stained with hematoxylin (a) and not impreg-
nated with silver (b). Anti-bone sialoprotein (c) and anti-osteopontin (d) antibodies stain the
reattachment layer most intensely in the bone. Arrows, Sharpey’s fibers; NB, new bone; OB,
old bone. Bar, 10 um.

Fig. 5. The reattachment layer (arrowheads) in sections stained with hematoxylin and eosin
(a, b) and with anti-bone sialoprotein (c) and anti-osteopontin (d) immunoglobulin in
trypsin-treated sections (a, ¢, d: 12 h of treatment; b: > 12 h of treatment). After 12 h of
treatment, the reattachment layer has lost the staining affinity to hematoxylin (a), and to anti-
bone sialoprotein (c) and anti-osteopontin (d) immunoglobulin, and appears as an almost
transparent layer. With longer treatment time, the new bone is separated from the old bone
at the reattachment layer (asterisk in b). Arrows, Sharpey’s fibers; NB, new bone; OB, old
bone. Bars, 10 pm.

alveolar bone surface, the reattach-
ment layer for principal fibers on the

sections stained with antibodies pur-
chased from LSL are shown in the

figures. The authenticity of these anti-
bodies to rats has been established in
previous studies (19,31,34).

The initial attachment layer for
principal fibers on the developing

resorbed alveolar bone surface, and the
cement lines of alveolar bone unrelated
to the principal fibers, showed identical
immunohistochemical findings, that is,
they showed intense immunoreactivity

to both bone sialoprotein (Figs 2c, 4c
and 6c) and osteopontin (Figs 2d, 4d
and 6d). The bulk of the bone was
weakly immunoreactive. After the
digestion test, the interfaces lost their
immunoreactivity to bone sialoprotein
(Figs 3¢, 5c and 7c¢) and osteopontin
(Figs 3d, 5d and 7d), and became
transparent.

Anti-bone sialoprotein immuno-
globulin stained the cementum and the
cemento—dentinal junction moderately
to intensely, and stained the principal
fibers moderately (Fig. 8c). Anti-osteo-
pontin immunoglobulin stained the ce-
mento—dentinal junction and the
principal fibers moderately to intensely,
but did not stain the rest of the
cementum (Fig. 8d). Control sections
showed no immunoreaction (data not
shown). After 12 h of digestion, the ce-
mento—dentinal junction lost its stain-
ing affinity to both bone sialoprotein
(Fig. 9¢) and osteopontin (Fig. 9d) and
became almost transparent.

Discussion

Based on the consistent accumulation of
the noncollagenous bone-related GPs,
bone sialoprotein, and/or osteopontin
in mineralized tissue interfaces in bone
and teeth, it has been suggested that
these molecules act as an adhesive factor
between new and old bone at cement
lines (4-7), and at the initial attachment
layer for principal fibers on the devel-
oping alveolar bone surface (19), as well
as between cementum and dentine at the
cemento—dentinal junction (31). These
adhesive interfaces have been studied
separately by different investigators
under different conditions, and the data
presented in the previous studies were
not sufficient to derive conclusions
concerning the adhesive function of the
two GPs. This study is the first to
examine the four different kinds of
adhesive interfaces by histological and
immunohistological staining under
identical conditions in one study and
confirms that these adhesive interfaces
have common structural features; that
is, they are intensely hematoxylin-
stainable, deficient in collagen fibrils,
and are rich in bone sialoprotein and
osteopontin. Furthermore, this study
supports the suggestion that the densely
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Fig. 6. Cement lines (arrowheads) of alveolar bone unrelated to the principal fibers in sec-
tions stained with hematoxylin and eosin (a), silver (b), and anti-bone sialoprotein (c) and
anti-osteopontin (d) immunoglobulin. The cement lines are stained with hematoxylin (a) and
not impregnated with silver (b). The cement lines are most intensely stained with anti-bone
sialoprotein (¢) and anti-osteopontin immunoglobulin (d) in the bone. NB, new bone; OB,
old bone. Bars, 10 pm.

Fig. 7. Cement lines (arrowheads) of alveolar bone unrelated to the principal fibers in sec-
tions stained with hematoxylin and eosin (a, b), and with anti-bone sialoprotein (c) and anti-
osteopontin (d) immunoglobulin in trypsin-treated sections (a, ¢, d: 12 h of treatment; b,
> 12 h of treatment). After 12 h of treatment, the cement lines have lost the staining affinity
to hematoxylin (a), and to anti-bone sialoprotein (c) and anti-osteopontin (d) immuno-
globulin, and appear as an almost transparent layer. With longer treatment time the new
bone is separated from the old bone at the cement line (asterisk in b). NB, new bone; OB, old
bone. Bars, 10 pm.

Fig. 8. The cemento—dentinal junction (arrowhead) between the acellular cementum
(between arrows) and dentine in sections stained with hematoxylin and eosin (a), silver (b),
and anti-bone sialoprotein (c) and anti-osteopontin (d) immunoglobulin. Principal fibers are
attached on the cementum surface. The cemento—dentinal junction is intensely stained with
hematoxylin (a) and not impregnated with silver (b). The anti-bone sialoprotein immuno-
globulin stains the acellular cementum moderately to intensely and the principal fibers
moderately (c). The anti-osteopontin stains the cemento—dentinal junction intensely and the
principal fibers moderately, but does not stain the rest of the cementum. D, dentine; PF,
principal fibers. Bars, 10 um.

accumulated bone sialoprotein and os-
teopontin, and not the fibril intermin-
gling, are closely associated with the
adhesion at the interfaces in collagen-
based hard tissues (19,31).

The adhesive function of bone sia-
loprotein and osteopontin at these

adhesive interfaces was examined by
digestion tests. After trypsin treatment,
all four types of adhesive interfaces lost
immunoreactivity to bone sialoprotein
and osteopontin, and were finally bro-
ken without structural alterations of
collagen fibers. Trypsin digests and
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depletes most protein polysaccharides
(35), but does not degrade collagen fi-
brils. This has been confirmed by bio-
chemical studies (36-39). Moreover,
scanning electron microscopy has re-
vealed that trypsin-treated collagen
fibrils maintain the intact fibril struc-
ture and orientation without distortion
(40). On the basis of these findings and
additional findings in the present
study, it can be concluded that bone
sialoprotein and osteopontin are com-
mon adhesive compounds at the dif-
ferent types of interfaces, and the loss
of bone sialoprotein and osteopontin
causes the artificial detachment.

The above has only considered the
GPs, bone sialoprotein and osteopontin
as being adhesive factors at the fibril-
deficient interfaces. Indeed, the interfa-
ces may contain many noncollagenous
matrices other than bone sialoprotein
and osteopontin (41), which could be
digested with trypsin. In addition, some
findings raise questions about the
absolute necessity of these noncolla-
genous GPs in the calcified tissue cohe-
sion (11), as the osteopontin knockout
mice develop normally and do not
reveal any major bone defects (42).
Nevertheless, we would like to propose
bone sialoprotein and osteopontin as
the main adhesive factors at the inter-
faces studied here, because (i) bone sia-
loprotein and osteopontin are the most
densely accumulated at the interfaces in
the mineralized tissues; (ii) it has been
established that bone sialoprotein and
osteopontin  mediate matrix—matrix
adhesion; and (iii) it has not yet been
reported that other matrices provide
stronger adhesion than bone sialopro-
tein and osteopontin. However, it is
premature to conclude that bone sialo-
protein and osteopontin are the only
factors maintaining the integrity of
these interfaces. When mineral forma-
tion and its deposition are inhibited in
nonspecific  alkaline  phosphatase
knockout mice, the deposition of the
noncollagenous matrix is also prevented
and, as a result, the principal fibers are
not firmly anchored by Sharpey’s fibers
(43). Moreover, it is still unknown how
the interdigitation of the mineral crys-
tallites is involved in the interface
integrity, because this study only
examined demineralized sections. To
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Fig. 9. The cemento—dentinal junction (arrowhead) in sections stained with hematoxylin and
eosin (a, b), and with anti-bone sialoprotein (c) and anti-osteopontin (d) immunoglobulin in
trypsin-treated sections (a, ¢, d: 12 h of treatment; b, > 12 h of treatment). After 12 h of
treatment, the cemento—dentinal junction has lost the staining affinity to hematoxylin (a) and
anti-bone sialoprotein (c) and anti-osteopontin (d) immunoglobulin, and appears as an al-
most transparent layer. With longer treatment time the acellular cementum is split from the
root dentine at the cemento—dentinal junction (asterisk in b). D, dentine; PF, principal fibers.

Bars, 10 pm.

date we assume that bone sialoprotein
and osteopontin provide the firmness of
the interfaces in co-operation with a
still-unknown complex system.

The development of one type
of adhesive interface, the cemento—
dentinal junction, has been studied
extensively in human and rat molars
by light, transmission, and scanning-
electron microscopy (10,20-31). In a
series of articles, Yamamoto et al.
reported that (i) with the initial dentin
calcification in rat acellular cemento-
genesis, a hematoxylin-stained and
bone sialoprotein and osteopontin-rich
initial cementum layer formed on the
calcified dentine surface; (ii) succes-
sively the initial or primitive principal
fibers attached on this layer; and (iii)
after the acellular cementum had been
established, the initial cementum layer
remained as the cemento—dentinal
junction, maintaining the structural
features (20,21,28,29,31). From these
findings, they suggested that (i) com-
plicated intermingling would not occur
between already calcified dentinal fibrils
and principal fibers; (ii) therefore, the
bone sialoprotein- and osteopontin-rich
layer is necessary to mediate the initial
principal fibers attachment; and (iii) as a
result, the cemento—dentinal junction
becomes fibril-poor.

Regarding the cellular cementogen-
esis, no agreement has been reached on
the details of the initial development
of the cemento—dentinal junction.
Bosshardt et al. (10) reported that the
overlapping and interlacement of col-
lagen fibrils occurred at the dentino-—

cemental interface. Yamamoto et al.
(34) reported that in the cellular
cementogenesis, the cemento—dentinal
junction developed differently in mesial
and distal surfaces in the same root: in
the mesial surface, the cemento—denti-
nal junction containing only a few fi-
brils forms; in contrast, in the distal
surface the cemento—dentinal junc-
tion containing the interlacement of
dentinal and cemental fibrils forms.
An answer to details of the dentine—
cellular cementum attachment awaits
further investigation.

We have studied the development of
the initial attachment layer for princi-
pal fibers on the developing alveolar
bone surface (18,19). In several aspects,
the development of the layer is similar
to that of the cemento—dentinal junc-
tion in the acellular cementum.

(i) The alveolar bone surface is almost
completely mineralized and osteoid
is discernible only in places, prior to
the appearance of the initial attach-
ment layer.

(i) The hematoxylin-stainable and
bone sialoprotein- and osteopontin-
rich initial attachment layer appears
on the bone surface, after which the
initial principal fibers attach onto the
layer.

(ii1) After the layer is covered with the
new bone, it remains between the
new and the old bone, maintaining
the intense immunoreactivity to
bone sialoprotein and osteopontin.

These findings suggest that the devel-
opmental process is similar between the
initial attachment layer and the cemen-

to—dentinal junction (in acellular
cementum), and that the initial attach-
ment layer develops necessarily to an-
chor the initial principal fibers. A
similar interpretation could be applied
to the reattachment layer. The reat-
tachment layer forms on the resorbed
alveolar bone surface at the interdental
septum and/or interadicular septum
prior to the reattachment of principal
fibers, and then principal fibers reattach
onto the layer (13—15). Similarly, it is
common knowledge that hematoxylin-
stainable, fibril-poor, and bone sialo-
protein- and/or osteopontin-rich ce-
ment lines form on the resorbed bone
surface prior to the deposition of new
bone matrices (3-5,44). On the basis of
these data, it is reasonable to consider
that the four different adhesive interfa-
ces develop in a similar manner to bind
the collagen fibrils of newly formed hard
tissue and, after the new hard tissue has
formed, the adhesive interfaces function
to bind the established tissue.

In conclusion, we suggest that (i) the
different types of adhesive interfaces in
rat molar region have a common struc-
ture; they are filled with highly accu-
mulated noncollagenous bone-related
GPs, bone sialoprotein, and osteo-
pontin and are deficient in collagen fi-
brils. (i1) Accumulated bone
sialoprotein and osteopontin are closely
associated with adhesion at the adhesive
interfaces (iii). The developmental pro-
cess of the adhesive interfaces is similar.

The origin of the matrices of the
four adhesive interfaces is still unde-
termined. Therefore, further studies
will be required to elucidate which cells
produce the noncollagenous GPs and
the factors that induce the formation
of the interfaces.
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