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Abstract Experimental periodontal regeneration studies
have revealed the weak binding of repair cementum to the
root surface, whereas attachment of cementum to dentin
preconditioned by odontoclasts appears to be superior. The
aim of this study has been, therefore, to analyze the struc-
tural and partial biochemical nature of the interface that
develops between resorbed dentin and repair cementum by
using human deciduous teeth as a model. Aldehyde-fixed
and decalcified tooth samples were embedded in acrylic or
epoxy resins and sectioned for light and transmission elec-
tronmicroscopy. Antibodies against bone sialoprotein (BSP)
and osteopontin (OPN), two noncollagenous proteins accu-
mulating at hard tissue interfaces in bone and teeth, were
used for protein A-gold immunocytochemistry. Light mi-
croscopy revealed a gradually increasing staining intensity
of the external dentin matrix starting after the withdrawal of
the odontoclast. Labeling for both BSP and OPN was first
detected among the exposed collagen fibrils and in the in-
tratubular dentin matrix when odontoclasts had withdrawn
but mesenchymal cells were present. Subsequently, colla-
gen fibrils of the repair cementum were deposited concom-

itantly with the appearance of labeling for BSP and OPN
over the intratubular, intertubular, and peritubular dentin
matrix. Labeled mineralization foci indicated the advanc-
ing mineralization front, and the collagenous repair matrix
became integrated in an electron-dense organicmaterial that
showed labeling for BSP and OPN. Thus, no distinct planar
interfacial matrix layer lies between the resorbed dentin and
the repair cementum. The results suggest that odontoclasts
precondition the dentin matrix such that the repair cemen-
tum becomes firmly attached.
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Introduction

Mineralized connective tissues are biological composites
that provide rigid structural support and mechanical protec-
tion. Interfaces in mineralized tissues are critical regions,
because stress transfer occurs at these sites. Since structure
and composition determine function, a knowledge of the
structure–function relationships of matrix interfaces is fun-
damental in order to develop more predictable regenerative
therapies aimed at substituting pathologically altered min-
eralized tissues. The problem of regeneration is impres-
sively exemplified in teeth destroyed by periodontitis, an
infectious disease that results in the loss of tooth attachment
(Reynolds and Meikle 1997). Therapeutic interventions
lead to a wide range of outcomes, and periodontal regen-
eration has been claimed not to be achieved in the true sense
of the term (Schroeder 1992). Themajor biological problems
are physical and chemical alterations of the root surface;
these changes are incompatible with mesenchymal cell–
matrix interactions (i.e., cell attachment, spreading, and dif-
ferentiation) and impair matrix–matrix adhesion (Schroeder
1992). A crucial event is the new formation of root cemen-
tum and its adherence to the pathologically altered and
treated root surface. Cementum is themineralized tissue that
covers the root dentin and invests the principal periodontal
ligament fibers that connect and attach the root to the
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surrounding alveolar bone; it is, thus, indispensable for
normal tooth functioning. Histology suggests weak inter-
facial bonding between the treated root surface and the newly
formed cementum following various regenerative proce-
dures (Schroeder 1992; Blomlöf and Lindskog 1994; Luder
and Zappa 1998; Sculean et al. 1999). Although commonly
attributed to histological processing, interfacial tissue sep-
aration can also have other causes (Bosshardt et al. 2005).

The structural and molecular factors contributing to in-
terfacial mechanical resistance on treated and otherwise
modified root surfaces have not been determined. Variables
such as mechanical, chemical, and/or biochemical factors
and the wound environment itself may all unpredictably
influence the structural outcome, and consequently, the bio-
mechanical properties. Therefore, such periodontal models
may not be considered as ideal for analyzing the structure–
function relationship of tissue interfaces in teeth. In con-
trast, the development of the interface between repair ce-
mentum and resorbed dentin is under biological control and
is less influenced by unpredictable variables (Kawaguchi
et al. 2001). A further advantage is that repair cementum
formation in human deciduous teeth is predictable (Sahara
1998; Sahara et al. 1993). Furthermore, the absence of
tissue separation between the resorbed dentin and the re-
pair cementum in histological sections suggests that tissue
adherence is superior when root resorption precedes the
deposition of amineralized tissue (Schroeder 1992; Bosshardt
and Schroeder 1994). The root surface preconditioned by
odontoclasts may not only facilitate cell attachment and
differentiation, but also provide a superior substrate for
matrix–matrix adhesion. The aim of the present study has
therefore been to analyze the nature of the attachment
mechanism between resorbed dentin and repair cementum
in human deciduous teeth. Since bone sialoprotein (BSP)
and osteopontin (OPN) are two noncollagenous proteins
(NCPs) predominantly accumulating at tissue interfaces in
bone and teeth (Bosshardt et al. 1998; Nanci 1999), and
since OPN is implicated as being an interfacial adhesion
molecule (McKee and Nanci 1996b), we have applied high
resolution immunocytochemistry with antibodies against
these two NCPs.

Materials and methods

Fifteen human deciduous teeth from 13 girls and two boys
with a mean age of 12 years and 4 months (minimum and
maximum ages of 8 and 13.5 years, respectively) were
collected for this study at the Department of Operative, Pre-
ventive and Pediatric Dentistry, School of Dental Medicine,
University of Berne, Berne, Switzerland, and in a private
practice. All teeth were in the final stage of resorption. Rea-
sons for tooth extraction were delayed exfoliation or or-
thodontic tooth movement. Teeth exhibiting carious lesions
affecting the pulp tissue were excluded from the study. Fur-
thermore, the marginal tooth regions, which often show in-
gress of inflammatory cells (Sahara 1998), were not included
in the analysis.

Tissue processing for light and transmission
electron microscopy

Immediately after extraction, the teeth were fixed for 24 h at
4°C by immersion in 1% glutaraldehyde, 1% formaldehyde
buffered with 0.08 M sodium cacodylate (pH 7.4). After
decalcification in 4.13% disodium ethylenediamine tetra-
acetic acid (EDTA) for 4–6 weeks at 4°C (Warshawsky and
Moore 1967), the partially demineralized teeth were subdi-
vided into 145 thin slices oriented perpendicularly to the
excavated dentin. Following extensive washes in 0.1 M
sodium cacodylate buffer containing 5% sucrose, pH 7.3,
some tissue samples were postfixed with potassium-ferro-
cyanide-reduced osmium tetroxide (Neiss 1984). Osmicated
samples were processed for embedding in Taab 812 epoxy
resin (Merck, Dietikon, Switzerland), whereas osmicated
and unosmicated samples were processed for embedding in
LRWhite resin (Fluka, Buchs, Switzerland). Semithin sur-
vey sections (1 μm thick) were cut with glass and diamond
knives on a Reichert Ultracut E microtome (Leica Micro-
systems, Glattbrugg, Switzerland), stained with toluidine
blue, and observed in a Leica Dialux 22 EB microscope.
Thin (80–100 nm) sections were cut with a diamond knife,
contrasted with uranyl acetate and lead citrate, and examined
in a Philips 300 transmission electron microscope operated
at an accelerating voltage of 60 kV.

Immunocytochemistry

The high-resolution protein A-gold technique (Bendayan
1995) was used for the immunocytochemical localization of
BSP and OPN. All incubations were performed at room
temperature. Thin sections of LR White-embedded tissues
were mounted on formvar- and carbon-coated nickel grids.
Osmicated tissue sections were first treated with a saturated
solution of sodium metaperiodate (Bendayan and Zollinger
1983) for 15 min and washed with distilled water. They
were then floated on a drop of 0.01 M phosphate-buffered
saline (PBS), pH 7.3, containing 1% ovalbumin (Fluka) in
order to saturate non-specific binding sites. Sections were
transferred and incubated for 1 h on a drop of one of the
following primary antibodies: rabbit anti-human bone sial-
oprotein (Chemicon, Juro, Lucerne, Switzerland), rabbit
anti-human bone sialoprotein (LF-6), rabbit anti-human
osteopontin (LF-7), or rabbit anti-human osteopontin (LF-
123). The LF-6, LF-7, and LF-123 antibodies were courtesy
of Dr. L.W. Fisher, National Institutes of Health, Bethesda,
Md., USA) (Fisher et al. 1995). All antibodies were diluted
1:20 with PBS. The grids were then rinsed with PBS, floated
on PBS containing 1% ovalbumin for 10 min, incubated
for 30 min with protein A-gold complex prepared with gold
particles of approximately 10 or 14 nm (Drs. G. Posthuma
and J.W. Slots, University Medical Center Utrecht, Utrecht,
The Netherlands), and washed with PBS and distilled water.
The sections were subsequently contrasted as described above
for transmission electron microscope analysis. As negative
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controls, sections were incubated with protein A-gold alone,
nonimmune serum, or unrelated anti-IgG antibodies. The
differential labeling patterns obtained with the two anti-
bodies in the control tissues, viz., alveolar bone, dentin, and
the various root cementum types, including the bone–bone
(i.e., cement line) and the dentin–cementum interfaces, served
as internal positive controls. All these control tissues were
from humans and processed in the same way as the de-
ciduous teeth.

Results

In the teeth investigated, regions with ongoing resorptive
activity, arrest of resorptive activity, and various stages of
new cementum formation were observed in the crown den-
tin. Thus, the material collected allowed us to analyze the
complete sequence of repair tissue formation. No separation
of the newly formed cementum layer from the dentin matrix
was observed in any of the tissue sections.

Light microscopy

When odontoclasts were present in Howship’s lacunae, the
resorbed dentin matrix and the opened dentinal tubules
revealed the same staining intensity, both in the superficial
and in the deeper portions of the dentin (Fig. 1a). In the
absence of odontoclasts, mononuclear cells lined the re-
sorbed dentin surface (Fig. 1b, c). When multinucleated
cells were in the vicinity of the resorbed dentin matrix, the
periphery of the superficial portion of a few dentinal tubules
revealed a slightly increased staining intensity (Fig. 1b).
The number and staining intensity of the superficial portion
of the dentinal tubules was higher when no multinucleated
cells were present (Fig. 1c). In addition, a thin superficial
band of moderately stained intertubular dentin was discern-
ible at a few locations (Fig. 1c).When the deposition of repair
tissue, referred to here as repair cementum, had started, the
majority of dentinal tubules were intensely stained near the
dentin surface, and a moderately stained band of superficial
dentin matrix was consistently observed (Fig. 1d). The
staining intensity of this band diminished gradually toward

Fig. 1 Crown dentin (D) region
of human deciduous teeth at
various stages of resorption and
repair (EF extrinsic fibers, MNC
multinucleated cells). a In the
presence of odontoclasts (OC),
the dentin matrix at the site of
resorption reveals the same
staining intensity as in the deeper
portions. b After the withdrawal
of the odontoclasts, mononuclear
cells, presumably cementoblasts,
line the resorbed dentin surface,
and the superficial portion of a
few dentinal tubules reveals a
slightly increased staining inten-
sity (arrowheads). c The number
of stained dentinal tubules and
their staining intensity has in-
creased (arrowheads). In addi-
tion, a thin superficial band of
moderately stained intertubular
dentin matrix is seen at some
sites (arrow). d At the onset of
precementum (PC) deposition,
themajority of dentinal tubules is
intensely stained near the dentin
surface, and a moderately stained
band of intertubular dentin ma-
trix is present (arrowheads).
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Fig. 2 Advanced stages of re-
pair cementum formation. a The
resorbed dentin is covered with a
precementum (PC) layer. The
superficial portion of the inter-
tubular dentin forms now a con-
tinuous band (arrows). This band
and the superficial portion of the
intratubular dentin matrix
(arrowheads) are prominent
against both the rest of the dentin
(D) matrix and the precementum
layer. b The cementum thickness
has increased and a mineraliza-
tion front (MF) demarcates the
mineralized portion of the ce-
mentum (MC) from the prece-
mentum (PC) layer. Intense blue
staining can be seen in the inter-
tubular (arrows) and peritubular
(arrowheads) dentin matrix

Fig. 4 Transmission electron
micrographs showing immuno-
labeling for OPN after the with-
drawal of the odontoclasts. a The
boxed area outlined is shown at
higher magnification in b.
Mononuclear cells, presumably
pre-cementoblasts (CB), line the
resorbed dentin (D) surface.
Although a seam of exposed
dentin collagen fibrils (stars) is
still discernible, no electron-
dense matrix layer and no gold
particle labeling for OPN are
observed (DT dentinal tubules,
Nu nucleus)

Fig. 3 Immunocytochemical
staining with the anti-BSP anti-
body (ITD intertubular dentin
matrix). Odontoclasts (OC) in
contact with the dentin (D) ma-
trix possess a typical ruffled
border (RB). The resorbed dentin
surface consists of protruding
and exposed (i.e., demineralized)
collagen fibrils (CF, arrowheads).
Note that there is neither an
electron-dense matrix layer nor
any gold particle labeling evident
in association with the exposed
collagen fibrils, the underlying
dentin matrix, or the dentinal
tubules (DT).
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the deeper portions of the dentin. The basophilic superficial
dentin band was prominent against the surrounding tissues
before (Fig. 2a) and after (Fig. 2b) the cementum matrix
started to mineralize, and its thickness slightly varied from
one sample to another (compare Fig. 2a, b).

Ultrastructure and immunocytochemistry

All antibodies used yielded a similar labeling pattern in the
region of the developing interface. The labeling intensities
(i.e., number of gold particles per unit area) of the LF-6 and
LF-7 antibodies were slightly above those of the two other
antibodies. In all cases, sections incubated under negative

control conditions showed only a few, randomly distrib-
uted, gold particles. For all antibodies used, the matrices of
the control tissues, viz., dentin, acellular extrinsic fiber ce-
mentum, cellular intrinsic fiber cementum, alveolar bone,
and their corresponding tissue interfaces (i.e., the dentino–
cemental junction in teeth and the cement line in bone),
revealed a labeling pattern identical with that known from
other studies (Riminucci et al. 1995; Bosshardt et al. 1998;
Nanci 1999).

The dentin matrix subjacent to odontoclasts was devoid
of a superficial electron-dense matrix layer (Fig. 3a) but
consisted of exposed collagen fibrils protruding from the
deeper mineralized portion of the dentin (Fig. 3b). Incuba-
tions with antibodies against OPN (not shown) and BSP

Fig. 5 Transmission electron micrographs showing various initial
developmental stages of the interfacial region between repair ce-
mentum and resorbed dentin (D). Incubations with antibodies against
BSP (a–e) and OPN (f) gave identical results. a Immunolabeling is
first seen in association with the exposed dentin collagen fibrils (CF),
indicating the initial development of the dentin-cementum interface.
Secretory granules weakly labeled for BSP (arrowhead) are occa-
sionally found in the cytoplasm of the adjacent cells (CB cemento-
blast). b Labeled mineralization foci (arrowheads) revealing a similar
texture and electron density as the labeled organic material that ac-
cumulated among the exposed collagen fibrils are frequently observed.

c, dWhen newly deposited collagen fibrils are evident, labeling is still
restricted to the exposed dentinal matrix fibrils. The collagen fibril
diameter is greater in the dentin matrix (arrowheads) than in the matrix
of the repair tissue. The interfacial region consists of large interfibrillar
spaces (CP cytoplasmic process, DT dentinal tubules). e, f When the
exposed dentin matrix is heavily obscured by electron-dense organic
material, the large interfibrillar spaces are no longer discernible. Gold
particles are associated with the obscured matrix at the dentin surface
and the peritubular dentin (PTD). The intertubular dentin matrix (ITP)
in the deeper portions of dentin lacks gold particle labeling.

403



(Fig. 3b, c) showed that the exposed collagen fibrils and
both the intertubular and the peritubular dentin matrices
were devoid of gold particles. The lumen of the dentinal
tubules was often partly filled with collagen fibrils and also
lacked immunolabeling (Fig. 3c). In the absence of odon-
toclasts, mononuclear cells lined the resorbed dentin matrix,
and the seam of exposed dentinal collagen fibrils was still
discernible (Fig. 4a, b). Immunolabeling for BSP (not shown)
and OPN (Fig. 4b) was not observed in any of the dentin
compartments in this situation. Gold particle labeling for
both BSP (Fig. 5a) and OPN (not shown) was first discern-
ible in association with the exposed dentinal collagen fibrils
and concomitantly also in the peripheral portion of the in-
tratubular dentin matrix (not shown). Labeling for BSP was
occasionally found in secretory granules (Fig. 5a). Round
matrix patches labeled for both BSP and OPN and revealing
a similar texture and electron density as the labeled organic
material that accumulated among the exposed collagen fi-
brils were frequently observed (Fig. 5b). When newly depos-
ited collagen fibrils were evident (Fig. 5c), labeling was still
restricted to the exposed dentinal matrix fibrils (Fig. 5d). The
structure of the interfacial region was only slightly obscured

and revealed large interfibrillar spaces. The collagen fibril
diameter was greater in the exposed dentin matrix than in
the matrix of the repair tissue (Fig. 5d). When the exposed
dentin matrix was heavily obscured by electron-dense or-
ganic material, the large interfibrillar spaces were no longer
discernible; gold particles seemed to be associated with
the obscured matrix compartments (Fig. 5e). Collagen fi-
brils were present both between the dentin surface and the
adjacent cells and in the dentinal tubules. Gold particles
were also observed in the electron-dense peritubular dentin
matrix (Fig. 5e, f). An advanced stage of the deposition of
repair cementum matrix is illustrated in Fig. 6. Immuno-
labeling for BSP (Fig. 6a) and OPN (Fig. 6b) was seen (1)
in association with mineralization foci adjacent to the
mineralization front, (2) over the dentin matrix peripheral
to the resorbed surface, and (3) both internal and external to
the wall of the dentinal tubules. Gold particle densities
diminished toward the deeper portion of the dentin matrix,
i.e., away from both the resorbed surface and the periphery
of the dentinal tubules.

Discussion

The use of two different antibodies against BSP and OPN,
respectively, in the same study has allowed a direct com-
parison of their labeling results. All four antibodies yield
essentially the same labeling pattern. Consistent with other
studies (Riminucci et al. 1995; Bosshardt et al. 1998; Nanci
1999), immunolabeling for BSP andOPN is associated with
the electron-dense regions of the extracellular matrix, viz.,
regions that are indicative of mineralized matrix and cor-
respond to the dark matrix regions in decalcified sections
that are stained by metachromatic dyes for light microscopy
(Weinstock et al. 1972; Bosshardt and Schroeder 1991,
1994; McKee and Nanci 1993). The present study shows,
for the first time, that the region of the established interface
between the resorbed dentin and the repair cementum in
human deciduous teeth is heavily labeled for both BSP and
OPN. The sequential analysis has shown that (1) labeling
for both BSP and OPN is first detectable in association with
the exposed collagen fibrils of the resorbed dentin after the
withdrawal of the odontoclast, (2) the collagenous matrix of
the repair cementum becomes integrated in an electron-
dense zone that is labeled for both BSP and OPN, and (3) a
wide, variably thick zone, that is labeled for both BSP and
OPN, comprises, to a large extent, the underlying matrix of
the peripheral dentin.

The basophilic electron-dense matrix found at the inter-
facial region between the resorbed dentin and repair ce-
mentum, which is referred to as the reversal line, is thought
to represent a distinct interfacial layer with special functions
(Sahara et al. 1993). At present, we cannot conclude that the
reversal line contains molecules that trigger cementoblast
differentiation (Sahara et al. 1993). Nevertheless, dentin mat-
rix proteins exposed on or released from the resorbed dentin
are known to induce cell differentiation and mineralized
tissue formation (Bang and Urist 1967; Urist and Strates
1971; Somerman et al. 1987; Veis et al. 1989; Nebgen et al.

Fig. 6 Transmission electron micrographs illustrating advanced
stages of repair cementum formation after incubations with antibodies
against BSP (a) and OPN (b). Immunolabeling is seen adjacent to the
mineralization front (MF) over mineralization foci (arrowheads) and
over the dentin (D) matrix subjacent to the resorbed surface (PC pre-
cementum). Labeling extends over the dentin matrix with a gradual
decrease in the number of gold particles toward the deeper portions of
the dentin matrix. Gold particles are also present internal (arrows) and
external (double-arrows) to the wall of the dentinal tubules (DT).
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1999; Silva et al. 2004). During the reversal phase of the
bone remodeling cycle (Nanci 1999), a special class of
mononuclear cells has been proposed to form the cement
line in bone (Bosshardt and Schroeder 1994), a possible
equivalent to the reversal line in teeth. However, the ob-
servation that calvarial osteoblasts in culture form a cement-
line-likematrix containing OPN (Nanci et al. 1996) does not
support the concept that a special class of cells other than
osteoblasts form suchmatrix layers. The involvement of cells
in the synthesis of a particular protein by post-embedding
immunocytochemistry may be difficult to determine, since
the amount produced by a cell under normal conditions
appears to be near the threshold of detectability (Nanci 1999).
Nevertheless, protein labeling for BSP (present study;
Bianco et al. 1993) and OPN (McKee and Nanci 1996c;
McKee et al. 1996) in secretory granules of mineralized
tissue-forming cells have occasionally been observed. Fur-
thermore, from studies with other techniques, both cemento-
blasts and osteoblasts are known to synthesize and secrete
BSP and OPN (Bosshardt et al. 1998; Nanci 1999). Other
contributing sources such as blood plasma (Bautista et al.
1996; Seibel et al. 1996) and inflammatory cells (McKee
and Nanci 1996a) must however also be taken into
consideration (Bosshardt et al. 1998; VandenBos et al.
1999). There is no indication in the present study that
odontoclasts synthesize and secrete BSP or OPN. This has,
however, been proposed for odontoclasts (Sahara 1998)
and osteoclasts (Merry et al. 1993; Connor et al. 1995;
Dodds et al. 1995; Yamate et al. 1997). Based on the above
studies and considerations, the initial deposition of BSP
and OPN along the resorbed dentin surface is proposed as
being part of the normal protein secretory sequence of
cementoblasts that form repair cementum.

The reversal line in teeth, like the cement line in bone
(McKee and Nanci 1996b), may exert an adhesive function
(Sahara 1998; Yamamoto et al. 2000). The available data in
the literature suggest that, with respect to formation, com-
position, and function, fundamental differences exist be-
tween the cement line in bone and the reversal line in teeth
(Bosshardt and Schroeder 1994; Bosshardt et al. 1998;
Nanci 1999). The resorbed bone matrix lacks extensive
amounts of exposed (i.e., decalcified) collagen fibrils. This
arrangement apparently results in a more planar accumula-
tion of the cement line compared with the reversal line in
teeth. Extensive interlacement of collagen fibrils may not be
a desirable arrangement in bone, since the cement line must
have both adhesive and ductile properties to allow force
dissipation (Burr et al. 1988; McKee and Nanci 1996c;
Bosshardt et al. 1998). The present study shows that BSP
and OPN are co-distributed in both the peripheral dentin
matrix and the proper interfacial region in which they fill the
interfibrillar spaces. BSP (Fujisawa and Kuboki 1992;
Fujisawa et al. 1995) and OPN (Gorski et al. 1995) have an
affinity for collagen fibrils, and both proteins bind to hy-
droxyapatite crystals and may be involved in the regulation
of mineralization (Goldberg et al. 2001). Our findings sug-
gest that (1) BSP and OPN first occupy the most accessible
matrix elements, and (2) odontoclasts precondition the periph-
eral dentin matrix such that it is capable of accommodating

NCPs such as BSP and OPN, two proteins that are normally
found only inminute amounts in the dentin matrix (Butler et
al. 2003). This high accumulation in the old dentin matrix
apparently does not occur in the old bone matrix, suggesting
that fundamental differences exist between either the re-
sorptive activity of odontoclasts and osteoclasts or the ma-
trices of dentin and bone. Both osteoclasts (Stenbeck
2002; Sasaki 2003) and odontoclasts (Sahara et al. 1994,
1996; Oshiro et al. 2001; Linsuwanont et al. 2002a,b)
superficially dissolve the mineral crystals and proteolyti-
cally degrade the organic matrix. Molecules such as BSP
and OPN may regulate the spread of mineral and accom-
modate it. The mineralization process may thus be re-
garded as a continuum, starting in the depth of the old
dentin matrix and crossing over the interfacial region. The
spread of mineral, the possible cohesive forces between
NCPs, and the interdigitation of the collagen fibrils may
all assist in forming a force-resistant union between dentin
and cementum. Consistent with another study (Sahara 1998),
the deposition of the collagen fibrils of the repair cemen-
tum occurs almost concomitantly with the deposition of
organic material containing at least BSP and OPN among
the exposed dentinal collagen fibrils. Interdigitation of col-
lagen fibrils appears not to be as extensive as that found
in other studies (Bosshardt and Schroeder 1994; Bosshardt
et al. 1998), leaving large interfibrillar spaces that become
filled with NCPs as repair cementum formation progresses.
These observations are consistent with the known interfi-
brillar accumulation of BSP andOPN (Nanci 1999; Bosshardt
and Nanci 2000) and explains the strong labeling at this site.

Tissue separation between the repair cementum and the
treated root surface is a common observation in histological
sections. Tissue processing for paraffin embedding, which
produces severe shrinkage artifacts (Fletcher 1975; Litwin
1985; De Haan et al. 2002), is held responsible for tissue
separation. Splits are, however, also observed in resin-em-
bedded tissues, and split formation is associated with the
presence of an interfacial electron-dense noncollagenous
matrix layer (Listgarten 1972). Theoretically, the removal
of hydroxyapatite during the histological decalcification
process might weaken the interface. However, the presence
of similar splits in undecalcified tissues (Nalbandian and
Frank 1980) and the occurrence of cemental tears, which are
associated with rapid periodontal breakdown (Leknes 1997;
Marquam 2003), suggest that histological tissue processing
may not necessarily be the reason for interfacial weakness.
Furthermore, the detection of plaque bacteria and leuko-
cytes in such tissue gaps in histological sections has pro-
vided clear evidence that gap formation can occur before
tissue processing (Bosshardt et al. 2005). Thus, despite the
fact that root surface conditioning aims at providing a
suitable substrate for improved cell–matrix attachment
and matrix–matrix adhesion following periodontal therapy
(Lowenguth and Blieden 1993), interfacial strength after
root demineralization shows variable results (Schroeder
et al. 1992; MacNeil and Somerman 1999). The finding
that tissue separation between repair cementum and the
resorbed dentin is not observed in histological sections
suggests that the odontoclasts precondition the root surface
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such that the newly deposited repair cementum is firmly
attached to it. Future experimental studies aimed at im-
proving periodontal regeneration should better mimic the
natural root surface conditioning process.
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