
Summary. Verifying whether periostin affects the
distribution of type I collagen, fibronectin and tenascin
C in the periodontal ligament (PDL) is important to
contribute to a more thorough understanding of that
protein’s functions. In this study, we have histologically
examined incisor PDL of mandibles in 20 week-old male
wild-type and periostin-deficient (periostin-/-) mice, by
means of type I collagen, fibronectin, tenascin C,
proliferating cell nuclear antigen, matrix metallo-
proteinase (MMP)-1 and F4/80-positive monocyte/
macrophage immunostaining, transmission electron
microscopy and quantitative analysis of cell
proliferation. Wild-type PDL featured well-arranged
layers of collagen bundles intertwined with PDL cells,
whose longitudinal axis ran parallel to the collagen
fibers. However, cells in the periostin-/- PDL were
irregularly distributed among collagen fibrils, which
were also haphazardly arranged. Type I collagen and
fibronectin reactivity was seen throughout the wild-type
PDL, while in the periostin-/- PDL, only focal, uneven
staining for these proteins could be seen. Similarly,
tenascin C staining was evenly distributed in the wild-
type PDL, but hardly seen in the periostin-/- PDL. MMP-
1 immunoreactivity was uniformly distributed in the
wild-type PDL, but only dotted staining could be
discerned in the periostin-/- PDL. F4/80-positive
monocyte/macrophages were found midway between
tooth- and bone-related regions in the wild-type PDL, a

pattern that could not be observed in the periostin-/-
PDL. In summary, periostin deficiency may not only
cause PDL collagen fibril disorganization, but could also
affect the distribution of other major extracellular matrix
proteins such as fibronectin and tenascin C.
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Introduction

Periostin, a 90kD homophilic protein belonging to
the Faciclin family (Horiuchi et al., 1999), has been
named based on its localization in the periodontal
ligament and periosteum. Later, the protein was
identified in other collagen-rich, fibrous connective
tissues such as heart valves and tendons (Kudo, 2011).
Putatively, periostin may be related to mechanical stress,
as periodontal tissues, heart valves, tendons and
periosteum are all sites subjected to loading in particular
ways. Also, periostin directly interacts with extracellular
matrix proteins such as type I collagen (Kii et al., 2006;
Takayama et al., 2006; Norris et al., 2007), fibronectin
and tenascin C (Kii et al., 2011) via its internal EMI and
FAS I domains (Kudo, 2011). These findings suggest
that periostin is a player among other extracellular
matrix proteins of tissues subjected to mechanical force. 

The periodontal ligament (PDL) is composed of
dense fibrous connective tissue that bears mechanical
stress. It lies between the tooth and the alveolar bone,
and is important for many physiological functions such
as proprioception, tooth support and tissue remodeling in

Altered distribution of extracellular matrix proteins 
in the periodontal ligament of periostin-deficient mice
Chihiro Tabata1,2, Hiromi Hongo1, Muneteru Sasaki1, Tomoka Hasegawa1, Paulo Henrique 
Luiz de Freitas3, Tamaki Yamada1, Tomomaya Yamamoto1, Reiko Suzuki1, Tsuneyuki 
Yamamoto1, Kimimitsu Oda4, Minqi Li5, Akira Kudo6, Junichiro Iida2 and Norio Amizuka1
Departments of 1Developmental Biology of Hard Tissue and 2Orthodontics, Graduate School of Dental Medicine, Hokkaido University,
Sapporo, Japan, 3Dental School, Federal University of Sergipe at Lagarto, Brazil, 4Division of Biochemistry, Niigata University
Graduate School of Medical and Dental Sciences, Niigata, Japan, 5Shandong Provincial Key Laboratory of Oral Biomedicine, The
School of Stomatology, Shandong University, Jinan, China and 6Department of Biological Information, Tokyo Institute of Technology,
Yokohama, Japan

Histol Histopathol (2014) 29: 731-742

Offprint requests to: Norio Amizuka, DDS, PhD, Department of
Developmental Biology of Hard Tissue, Graduate School of Dental
Medicine, Hokkaido University, Kita 13 Nishi 7 Kita-ku, Sapporo, 060-
8586, Japan. e-mail: amizuka@den.hokudai.ac.jp

DOI: 10.14670/HH-29.731

http://www.hh.um.es

Histology and
Histopathology
Cellular and Molecular Biology



response to mechanical loading. Besides the abundance
of type I collagen, the PDL contains many other
extracellular matrix proteins, e.g., type III collagen,
fibronectin, proteoglycans and oxytalan fibers (pre-
elastin type fibers) (Skougaard et al., 1970; Fullmer et
al., 1974; Bradamante and Svajger, 1977). Several works
report on the continuous and fast turnover of periodontal
collagen (Skougaadrd et al., 1970; Rippin, 1976, 1978;
Sodek, 1977, 1978; Beertsen and Everts, 1977;
Orlowski, 1978; Perera and Tonge, 1981). In rodents, the
incisor PDL is strongly influenced by the mechanical
stress provoked by continuous eruptive forces; not only
does it regulate tooth eruption by resisting eruptive
forces, but it also has a protective role against intrusive
biting forces (Chiba and Komatsu, 1993; Komatsu et al.,
1998). 

Based on histological investigations, the groups of
Beertsen and Everts (Beertsen et al., 1974, 1979, 1982;
Beertsen and Everts, 1977), and Sloan (1978)
determined the shear zone in the PDL of a growing
rodent incisor as that in the midway between alveolar
bone and tooth, with the tooth-related part of the
ligament moving with the tooth and the bone-related part
remaining stationary. As the pattern of mechanical
loading is diverse at different regions of a rodent incisor
PDL (Chiba and Komatsu, 1993; Komatsu et al., 1998),
the remodeling, as well as the width and arrangement of
its collagen fibers are probably influenced by such
regional differences. 

Fibronectin and tenascin C are two major
extracellular matrix glycoproteins. Fibronectin is crucial
in several connective tissue functions: it aids cells’
attachment to the substratum, especially to collagen
fibrils (Jones et al., 1986), via its collagen-binding
domain (Pankov and Yamada, 2002). As cells
preferentially adhere to fibronectin, it may also be
involved in cell migration and orientation (Berkovitz,
1990). Ultrastructural studies have found fibronectin on
collagen fibers and at the cell-to-collagen interface
(Pitaru et al., 1987). Consistently, Connor et al. (1984)
and Takita et al. (1987) demonstrated that fibronectin
was uniformly distributed in the PDL during the tooth
eruption. 

Tenascin C is primarily assembled as tenascin C-
hexabrachion, where six polypeptide chains are linked at
their amino termini via a tenascin assembly domain. Its
putative function is the capture and stabilization of the
junction of extracellular fibrils composed of fibronectin
and type I collagen, which form the extracellular
meshwork. In adult tissues, tenascin C was localized in
the perichondrium, periosteum, ligaments, tendons, and
myotendinous junctions (Chiquet-Ehrismann, 1990). It is
therefore possible that tenascin C is also present in the
PDL, somehow affecting the distribution and function of
fibronectin and type I collagen. Assessing whether and
how collagen, fibronectin and tenascin C have their
distribution altered in a periostin-deficient environment
is an interesting research avenue to pursue, since
periostin-/- mice showed retarded incisor eruption and
abnormal PDL histology (Kii et al., 2006). 
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The aim of this study is to verify, by employing
histological and quantitative methods, whether periostin
absence affects the distribution of extracellular matrix
proteins such as type I collagen, fibronectin and tenascin
C in PDLs. Since it has been suggested that regional
differences in the mechanical properties of the incisor
PDL may exist (Chiba and Komatsu, 1993; Komatsu et
al., 1998), we examined the immunolocalization of type
I collagen, fibronectin and tenascin C in the incisor PDL
at the apices and close to the first molars wild-type and
periostin-/- mice.
Materials and methods

Tissue preparation 

Twenty week-old male wild-type and periostin-/-
mice (n=6 for each) were used in this study, and all
animal procedures were performed in accordance with
the guidelines for animal experimentation laid by the
Tokyo Institute of Technology and Hokkaido University.
Mice were anesthetized with an intraperitoneal injection
of pentobarbital sodium and perfused with 4%
paraformaldehyde diluted in 0.1M cacodylate buffer (pH
7.4) through the cardiac left ventricle. After removal of
the surrounding soft tissues, mice mandibles were
extracted, divided in halves of right and left, and
immersed in the same fixative for 24 hrs at 4°C. The left
side of the mandibles were decalcified with 10%
ethylenediamine tetraacetic disodium salt (EDTA-2Na)
solution (for light microscopy) for 2 months, while the
right side of the mandibles were decalcified with 5%
EDTA-2Na solution (for transmission electron
microscopy: TEM) for 3 months. For light microscopy,
decalcified specimens were dehydrated in ascending
alcohol solutions for 2 days prior to paraffin embedding.
Sagittal paraffin sections were cut, and two specific
areas were examined immunohistochemically: 1) the
incisal region of the PDL, 4 mm distant from the incisor
apex, and 2) molar region of the PDL, below the distal
root of the first molar. For TEM, specimens were post-
fixed with 1% osmium tetraoxide with a 0.1M
cacodylate buffer for 4 hrs at 4°C, dehydrated in
ascending acetone solutions for 3 days, and embedded in
epoxy resin (Epon 812, Taab, Berkshire, UK). Sagittal
ultrathin sections of the wild-type and periostin-/-
incisors were prepared with an ultramicrotome, and then
stained with tannic acid, uranyl acetate and lead citrate
for TEM examination (Hitachi H-7000 Hitachi Co. Ltd,
Tokyo, Japan) at 80 kV.
Immunohistochemistry for type I collagen, fibronectin,
tenascin C, proliferating cell nuclear antigen (PCNA),
matrix metallo-proteinase (MMP)-1 and F4/80

For detection of fibronectin, tenascin C, MMP-1
corresponding McolA and McolB (Balbín et al., 2001)
and proliferating cell nuclear antigen (PCNA), dewaxed
paraffin sections were pretreated with 0.1% hydrogen
peroxide for 15 min for endogenous peroxidase



inhibition. After pre-incubation with 1% bovine serum
albumin (BSA)-PBS for 30 min at room temperature
(RT), sections were incubated with mouse antibodies
against fibronectin at a concentration of 0.5-1.0 µg/ml
following the manufacture’s instruction (Calbiochem,
Merck KGaA, Darmstadt, Germany), tenascin C at a
dilution of 1:100 (Kii et al., 2010, Immuno-Biological
Laboratories. Co., Ltd., Takasaki, Japan), MMP-1 at a
dilution of 1:100 (Shimamura et al., 2005, Daiichi Fine
Chemical Co., Ltd., Takaoka, Japan) or PCNA at a
dilution of 1: 50 (Amizuka et al., 1996, Calbiochem) at
RT for 1 hr. Then, the sections were incubated with
horseradish peroxidase (HRP)-conjugated rabbit anti-
mouse IgG (Bethyl Laboratories, Inc., Montgomery,
TX). Other slides were reacted with antibody to type I
collagen (Cosmo Bio, Co., Ltd., Tokyo, Japan) at a 1:
200 at RT for 1 hr, or with culture medium of hybridoma
secreting rat monoclonal antibody to F4/80 at RT for 1
hr. Then, these sections were incubated with HRP-
conjugated goat anti-rabbit IgG (DakoCytomation,
Glostrup, Denmark) or goat anti rat IgG (Zymed
Laboratories Inc., San Francisco, CA) for 1 hr. As
controls, sections not exposed to the primary antibodies
were incubated with the HRP-conjugated secondary
antibodies. For visualization of all immunoreactions,
diaminobenzidine tetrahydrochloride was employed as a
substrate. All sections were counterstained with methyl
green and observed under light microscopy 
(Eclipse E800, Nikon Instruments Inc. Tokyo, 
Japan). 
Statistical analysis for the index of PCNA-positive PDL
cells in wild-type and periostin-/- mice

The number of PCNA-positive PDL cells and the
total number of PDL cells were counted in assumed
boxed areas, surrounded by the surfaces of cementum
and alveolar bone 600 µm in length and the width of
PDL, obtained from two regions: 1) the incisal PDL,
4mm distant from the incisor apex, and 2) the molar
PDL, below the distal root of the first molar (n=6 for
each). Images of these boxed areas were taken under
light microscopy at 400x magnification, printed and
naked-eye examined by six calibrated individuals to
count the total number of PDL cells and the PCNA-
positive PDL cells. An index was expressed as the
percentage of PCNA-positive PDL cells per the total
number of ligament cells. Statistical analysis was
performed using Microsoft Excel 2003 statistical pack
(Microsoft Corporation, Redmond, WA), with
differences among groups being assessed by unpaired
Student's t-tests, and considered statistically significant
at p<0.05.
Results

Disturbed distribution of collagen fibrils in the periostin-/-
PDL

At a lower magnification, the PDL of periostin-/-

mice was not only thicker, but also had PDL cells and
collagen fibrils irregularly distributed at both the incisal
and the molar regions (Fig. 1D-F), especially when
compared with the regularly arranged PDL cells in the
wild-type specimens (Fig. 1A-C). Close to the bone
surface, the wild-type PDL cells had their longitudinal
axis obliquely aligned to the bone, while PDL cells
closer to the tooth paralleled the cementum surface (Fig.
2A,C). Such organization was not reproduced in the
periostin-/- PDL (Fig. 2B,D). Since the periostin-/- PDL
was wider, the percentage of PCNA-positive PDL cells
in both mice was assessed; significant differences at the
incisal region (wild-type vs periostin-/-, 36.1±12.7 vs
32.2±16.1, N.S.) and at the molar region (wild-type vs
periostin-/-, 65.0±12.2 vs 57.9±16.5, N.S.) were not
present, suggesting that the disturbed distribution of the
extracellular matrix and PDL cells could not be
explained by a possible enhanced proliferation of
periostin-/- PDL cells.

Under TEM, many collagen bundles ran parallel to
the longitudinal axis of the PDL cells in wild-type
specimens, at the ultrastructural level (Fig. 2E).
Alternatively, PDL cells in periostin-/- mice were
haphazardly arranged, as were the collagen fibrils (Fig.
2F). At an even higher magnification, wild-type PDL
cells intertwined with collagen fibril bundles in well-
organized layers (Fig. 3A,C). Although PDL cells in the
periostin-/- mice were also tangled in the collagen fibrils,
collagen fibril bundle formation was not evident (Fig.
3B,D). However, cross sections of individual collagen
fibrils did not seem to differ between wild-type and
periostin-/- specimens (Compare Fig. 3C and D). 
Immunolocalization of fibronectin and tenascin C was
altered in the periostin-/- PDL

At a lower magnification, type I collagen
immunoreactivity seemed to be uniform throughout the
wild-type PDL, and consistently, fibronectin
immunoreactivity was evenly distributed in the incisal
and the molar regions (Fig. 4). In contrast, an uneven
distribution of type I collagen along with a sparse
fibronectin immunoreactivity were present in the incisal
and the molar regions of the periostin-/- PDL (Fig. 5A-
D). At a higher magnification, immunoreactivity of type
I collagen was coarse, showing dispersed fibrils
associated with periostin-/- PDL cells (Fig. 5E).
Interestingly, a fine dotted fibronectin immunoreactivity
was seen close to these PDL cells (Fig. 5F). 

Similarly to fibronectin, tenascin C was uniformly
distributed throughout the wild-type incisor PDL (Fig.
6A-D). However, the periostin-/- PDL showed hardly any
immunoreactivity for tenascin C in the incisal (Fig.
6E,F) and the molar (Fig. 6G,H) regions; nonetheless,
areas closer to the alveolar bone featured a faint tenascin
C staining (Fig. 6F,H). Thus, in periostin deficiency, type
I collagen fibrils and fibronectin were similarly localized
in the neighborhood of PDL cells, while tenascin C
staining was very slight, with the exception of the areas
close to the alveolar bone. 
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Fig. 1. Histology of incisal
and molar regions in the wild-
type and periostin-/-

periodontal ligament The two
regions of interest in the PDL
(See M&M section) are
indicated in panels A and D
for wild-type and periostin-/-

mandibles, respectively. Both
the incisal (B, a in panel A)
and the molar (C, b in panel
A) regions feature well-
arranged PDL cells in the
wild-type periodontal
ligament. In contrast, the
incisal (E, a in panel D) and
the molar (F, b in panel D)
regions of periostin-/-

specimens feature a
disturbed orientation of their
PDL cells. ab, alveolar bone,
PDL, periodontal ligament.
Bars: A, D, 2 mm; B, C, E, F,
50 µm



Immunolocalization of MMP-1 and F4/80-positive
monocyte/macrophages in the wild-type and periostin-/-
PDLs

Immunohistochemistry using an antibody that
recognizes both the latent and the active form of human
MMP-1, corresponding to mouse McolA and McolB
(Balbín et al., 2001) was positive throughout the wild-
type PDL (Fig. 7A,C). MMP-1 immunopositivity in the
periostin-/- PDL was uneven, limited to short fibrous
matrices associated with PDL cells (Fig. 7B,D). F4/80-
positive monocyte/macrophages were mostly found at
the limit where PDL cells changed their orientation from
parallel to the cementum to perpendicular to the alveolar

bone surface in wild-type specimens, but some F4/80-
positive cells were occasionally seen in the vicinity of
blood vessels (Fig. 7E,G). In contrast, F4/80-positive
cells were scattered throughout the periostin-/- PDL (Fig.
7F,H).
Discussion

In this study, type I collagen and fibronectin were
found in similar locations in the wild-type and 
periostin-/- PDL. In the periostin-/- PDL, the
disorganized, dotted appearance of type I collagen-
immunoreactive fibrils was consistent with the distorted
direction of collagen fibrils observed under TEM.
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Fig. 2. Highly magnified and
transmission electron
microscopy imaging of the
PDL. Semithin sections
demonstrate that, in the bone-
related region of wild-type
specimens, PDL cells are
arranged obliquely or
perpendicular to the alveolar
bone. In the tooth-related
region, however, PDL cells are
almost parallel to the
cementum (A, C). TEM
imaging (E) was obtained from
the area shown in C.
Consistently, all PDL cells are
aligned roughly in the same
direction, with well-arranged
collagen fibrils among them
(E). In periostin-/- mice, PDL
cells are disorganized (B, D).
TEM imaging (F) was obtained
from the area shown in D,
demonstrating that PDL cells
are indeed disorganized. Note
the random disposition of
collagen fibrils (F). Collagen
fibrils dominate the field in F,
which also shows empty
spaces. ab, alveolar bone,
PDL, periodontal ligament.
Bars: A-D, 30 µm; E, F, 5 µm.



and Komatsu, 1993; Komatsu et al., 1998). Thus, it
seems likely that periostin influences the distribution of
major extracellular matrix proteins such as type I
collagen, fibronectin and tenascin C in the PDL.

Fibronectin was reported to bind collagen fibrils via
its internal collagen-binding domain (I6-9) (Pankov and
Yamada, 2002). One could infer, then, that type I
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Fig. 3. Ultrastructure of
collagen fibrils in wild-type and
periostin-/- PDL. TEM imaging
demonstrates the
ultrastructure of collagen
fibrils. In wild-type specimens,
collagen fibril bundles form
well-organized layers (A).
Note the thick horizontal
bundles of collagen fibrils
(black arrows, C) intertwined
with cross-running, thin
collagen fibril layers (white
arrows C). In periostin-/-

specimens, several collagen
fibrils are in close contact with
the membranes of PDL cells,
but are not assembled in a
proper bundle (B). Notice that
the cross sections of
individual collagen fibrils are
similar in both mice strains.
cb, collagen bundle, PDL,
periodontal ligament. Bars: A,
B, 0.5 µm; C, D, 0.1 µm.

Tenascin C, another component of the extracellular
meshwork, was found throughout the wild-type PDL.
Without periostin, tenascin C was virtually absent in
most regions except in the area close to the alveolar
bone. These findings were observed both at the incisal
and the molar regions, despite the suggested regional
differences in the mechanical properties of PDL (Chiba



collagen and fibronectin distribution in the wild-type
(Fig. 4) and the periostin-/- PDLs (Fig. 5) would be
similar. Although periostin was also shown to bind
fibronectin and collagen by means of its EMI domain
(Kudo, 2011), the distribution of collagen and
fibronectin was not affected by periostin deficiency.
Fibronectin binding affinity to collagen fibrils may be
relatively stronger or independent of periostin’s EMI
domain influence on PDL arrangement. 

An interesting finding of this study was the
disturbed organization of collagen fibrils and PDL cells
in the periostin-/- PDL, contrasting with the neatly
arranged collagen bundles and PDL cells in wild-type
specimens (See Fig. 2E,F). Without periostin, collagen
bundle organization seems to be disturbed, with collagen
fibrils extending randomly in different directions. The
disorganized distribution of collagen fibrils may relate to
the abnormal localization of fibronectin and tenascin C.
Fibronectin binds cell-surface integrins (Plow et al.,
2000), promoting attachment, migration and orientation
of cells to the substratum, especially to collagen fibrils
(Jones et al., 1986). Indeed, collagen fibril formation in
vitro seemed to be dependent on binding of fibronectin
to fibrils (McDonald et al., 1982). 

Fibronectin and tenascin C share the similar tissue

distribution: monoclonal antibody against tenascin
neutralized the protein’s effect on living fibroblasts,
inhibiting cell attachment and the spreading on
fibronectin (Chiquet-Ehrismann et al., 1988). Therefore,
the disturbed localization of type I collagen, fibronectin
and tenascin C may explain the disturbed localization of
PDL cells in periostin-/- mice.

Significant differences in the indices of PDL cells’
proliferation at the incisal or at molar regions between
wild-type and periostin-/- mice could not be obtained in
this study. We postulate that the reduced remodeling
capability of extracellular matrices in the periostin-/-
PDL may inhibit incisor eruption, as previously reported
(Kii et al., 2006). In a normal state, the loss of PDL cells
by means of incisor eruption may be dynamically
equivalent to PDL cell proliferation. It may be possible
that the retarded incisor eruption seen in periostin
deficiency resulted in accumulation of PDL cells in
periostin-/- mice, even though cell proliferation was not
affected by periostin deficiency. Since periostin may be
involved in fibrillogenesis under mechanical stress
(Kudo, 2011), the actual effect of periostin could lie in
the linking of extracellular matrix proteins that regulate
cell adhesion, migration and orientation, rather than in
cell proliferation. However, it is well known that
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Fig. 4. Immunolocalization for
type I collagen and fibronectin
in the wild-type PDL.
Immunoreactivity for type I
collagen (brown color) is
uniform throughout the wild-
type PDL in the incisal (A) and
the molar (C) regions.
Likewise, fibronectin
immunoreactivity (light brown
color) is also evenly distributed
in both the incisal (B) and the
molar (D) regions. Notice the
absence of staining for
fibronectin in bone and dentin.
ab, alveolar bone. BV, blood
vessel. PDL, periodontal
ligament. Bars: 50 µm.



extracellular matrix proteins can affect cell proliferation
and differentiation, and therefore there might be an
indirect effect in PDL cell proliferation that we were not
able to define in this study.

Another interesting finding of this study was that
tenascin C was absent in the periostin-/- PDL except for
the area close to the alveolar bone. Periostin and tenascin
C expression was reported to be induced by mechanical
stress, with transcription of these genes being regulated
by cytoskeletal actin (Asparuhova et al., 2009).
Periostin-mediated incorporation of tenascin C into the

extracellular matrix could, therefore, help to preserve
structural homeostasis when an organism is adapting to a
changing mechanical environment. However, tenascin C
knockout mice did not show an obvious abnormal
phenotype (Saga et al., 1992); therefore, we hypothesize
that the absence of tenascin C in the periostin-/- PDL is
not the cause, but rather the result of the disturbed
orientation of PDL cells and collagen fibrils. Assuming
that the haphazard arrangement of collagen fibrils and
PDL cells in periostin-/- mice reduces the mechanical
stresses resulting from incisor eruption, and knowing
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Fig. 5. Immunolocalization of
type I collagen and fibronectin
in the periostin-/- PDL. Uneven
immunostaining for type I
collagen is seen in the incisal
(A) and the molar regions (C).
Scattered fibronectin staining
throughout the periostin-/- PDL
is evident (incisal region: B,
molar region: D). At a higher
magnification,
immunoreactivity for type I
collagen is seen in fibrillar
structures surrounding
periostin-/- PDL cells (E).
Notice that dotted fibronectin
staining is seen in the
periphery of PDL cells
(arrows, F). ab, alveolar bone.
PDL, periodontal ligament.
Bars: A-D, 100 µm, E, F, 
10 µm.
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Fig. 6. Immunolocalization of
tenascin C in wild-type and
periostin-/- PDL. Tenascin C
(brown color) is uniformly
seen throughout the wild-type
PDL in the incisal (A, B) and
the molar (C, D) regions. 
B and D are magnified
images of A and C,
respectively. The periostin-/-

PDL hardly show
immunoreactivity for tenascin
C (asterisks in E-H), although
the areas close to alveolar
bone show some faint
staining. F and H are
magnified images of E and G.
ab, alveolar bone. BV, blood
vessel. PDL, periodontal
ligament Bars: A, C, 100 µm;
B, D, F, H, 50 µm; E, G, 
200 µm.
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Fig. 7. Immunolocalization of
MMP-1 and F4/80-positive
monocyte/macrophages in
wild-type and periostin-/- PDL.
MMP-1 immunoreactivity (light
brown color) is uniform
throughout the wild-type PDL
(A, C). In the periostin-/- PDL,
MMP-1 immunopositivity is
dotted, neighboring PDL cells
(B, D). C and D are magnified
images of A and C,
respectively. F4/80-positive
cells are seen midway
between the bone-related and
the tooth-related regions (E,
white arrowheads in G).
Notice that some F4/80-
positive cells neighbor blood
vessels. In contrast, F4/80-
reactive cells (black arrows)
are scattered throughout the
periostin-/- PDL (F, H). G and
H are magnified views of E
and F, respectively. ab,
alveolar bone. BV, blood
vessel. PDL, periodontal
ligament. Bar, A, B, E-H: 
50 µm, C, D: 10 µm
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that tenascin C expression is induced by mechanical
stress, the final result would be one of reduced tenascin
C presence in the periostin-/- PDL. It is interesting that
young periostin-/- mice showed a relatively undisturbed
PDL as compared to the disorganized one seen in older
animals (Kii et al., 2006). We postulate that the lack of
periostin slightly disturbs the orientation and assemblage
of collagen fibrils, which consequently affects tenascin
C expression and distribution in the PDL, and that in
turn may worsen the already disturbed distribution of
collagen and PDL cells. 

MMP-1 immunoreactivity was distributed similarly
to type I collagen in the periostin-/- PDL, suggesting that
PDL cells may secret MMP-1 at the time of collagen
fibril synthesis. F4/80-positive monocyte/macrophages
were found at the assumed shear zone midway between
the tooth and the bone in the wild-type PDL, as
previously reported (Kawahara et al., 1992). Many
reports documented a continuous and fast turnover of
periodontal collagen (Skougaard et al., 1970; Rippin,
1976, 1978; Beertsen and Everts, 1977; Sodek, 1977,
1978; Orlowski, 1978; Perera and Tonge, 1981), so that
the rodent incisor PDL features rapid remodeling as a
consequence of continuous eruptive forces. F4/80-
positive monocyte/macrophages may be present at the
shear zone exactly for the degradation of collagen fibril
fragments and other extracellular matrix proteins that
result from PDL remodeling. 

In summary, our histochemical studies demonstrated
that alterations in the distribution of major extracellular
matrix proteins such as type I collagen, fibronectin and
tenascin C in the PDL, suggesting that periostin plays a
crucial role in the linkage and the distribution of
extracellular matrix proteins. However, examinations on
the conformation of extracellular matrix proteins at the
molecular level may be necessary for further insights on
the biological functions of periostin.
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