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Cadherins are calcium-dependent cell adhesion mole-
cules involved in the regulation of various biological
processes such as cell recognition, intercellular com-
munication, cell fate, cell polarity, boundary forma-
tion, and morphogenesis. Although previous studies
have shown E-cadherin expression during rodent or
human odontogenesis, there is no equivalent study
available on N-cadherin expression in dental tissues.
Here we examined and compared the expression pat-
terns of E- and N-cadherins in both embryonic and adult
(healthy, injured, carious) human teeth. Both proteins
were expressed in the developing teeth during the cap
and bell stages. E-cadherin expression in dental epithe-
lium followed an apical-coronal gradient that was op-
posite to that observed for N-cadherin. E-cadherin was
distributed in proliferating cells of the inner and outer
enamel epithelia but not in differentiated cells such as
ameloblasts, whereas N-cadherin expression was up-
regulated in differentiated epithelial cells. By contrast to
E-cadherin, N-cadherin was also expressed in mesen-
chymal cells that differentiate into odontoblasts and
produce the hard tissue matrix of dentin. Although N-
cadherin was not detected in permanent intact teeth, it
was re-expressed during dentin repair processes in
odontoblasts surrounding carious or traumatic sites.
Similarly, N-cadherin re-expression was seen in vitro,
in cultured primary pulp cells that differentiate into
odontoblast-like cells. Taken together these results sug-
gest that E- and N-cadherins may play a role during
human tooth development and, moreover, indicate that
N-cadherin is important for odontoblast function in
normal development and under pathological condi-
tions. (Am J Pathol 2002, 160:2123-2133)

Tooth development involves a series of interactions be-
tween the oral epithelium and cranial neural crest-derived

mesenchymal cells. These interactions progressively
transform the tooth primordia into complex mineralized
structures. During advanced stages of odontogenesis,
mesenchymal cells differentiate into odontoblasts that
synthesize the dentin matrix, whereas epithelial cells dif-
ferentiate into ameloblasts that are responsible for
enamel matrix formation. These epithelial-mesenchymal
interactions have been extensively investigated in rela-
tion to regulatory mechanisms by transcription factors,
growth factors, extracellular matrix molecules, and cell
adhesion molecules.’®

Cell adhesion molecules are cell surface glycoproteins
involved in diverse biological processes such as cell
adhesion, cell recognition, control of cell division, and
migration, differentiation, and morphogenesis.®~8 Cell
adhesion molecules are classified into four protein fami-
lies: the cadherins, the integrins, the selectins, and the
immunoglobulin superfamily proteins. Cadherins make
up a large superfamily that can be divided into classical
cadherins, desmosomal cadherins, protocadherins,
seven transmembrane cadherins, and FAT-like cad-
herins. E-cadherin (epithelial cadherin), N-cadherin (neu-
ronal cadherin), and P-cadherin (placental cadherin) rep-
resent the most well-characterized classical cadherins
and which were the first cadherins to be described.®™""
Although their names imply tissue specificity, the accu-
mulated knowledge shows that the expression of the
different cadherins is not completely tissue-specific. N-
cadherin, for example, is expressed also in mesenchymal
tissues, muscle, fibroblasts, and vessel endothelial cells.
Several cadherins can also be co-expressed in the same
cell types. Furthermore, all cadherins are dynamically
expressed in specific spatiotemporal patterns during em-
bryonic development.®~'° Classical cadherins function
through a Ca®*-dependent homophilic binding mediated
by their extracellular domains.®~'" In their cytoplasmic
domain, they interact with the catenins that connect them
to the actin filaments of the cytoskeleton.' In many cell
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types, the cadherin/catenin complexes are connected to
actin-based adherens junctions and this connection to
the cytoskeleton is crucial for efficient cell-cell adhe-
sion.”™® ' In addition to its structural role in adherens
junctions, B-catenin is also found in the cytosol, where it
interacts with other proteins and is an integral part of the
Wnt/Wingless signaling pathway.'® Tight regulation of the
level of cytoplasmic B-catenin is important because it can
interact with members of the high mobility group family of
transcription factors, such as LEF-1, and alter transcrip-
tion and cell fate.'® Several studies have correlated
changes in cadherin expression or function with the onset
of processes that control cell migration and cell differen-
tiation.'”18

During embryonic development, cadherins show char-
acteristic tissue-specific expression patterns and have
been proposed to act as morphogenetic regula-
tors.”®19-2" Misregulated cadherin expression or func-
tion disrupts embryonic morphogenesis and can alter the
characteristics of differentiated cells.?*2® The influence
of cadherins on cell motility seems to be important be-
cause it has been found that E-cadherin mediates con-
tact inhibition of cell migration.?* Furthermore, many
studies have correlated changes in cadherin expression
or function with human malignancies and the onset of
processes that control aggravated cancer cell invasion
and metastasis.?® E-cadherin was studied extensively in
experimental tumor cell systems and was found to act as
an invasion suppressor.®-2” In human tumors, mutational
disruption of E-cadherin has been observed in invasive
breast cancer, prostate cancer, and gastric carcino-
mas.?®2° However, the roles of other cadherins in patho-
logical conditions is less extensively investigated. A few
studies show increased N-cadherin expression on down-
regulation of E-cadherin in cancer cells.3°3"

Despite the significance of intercellular communication
in morphogenesis and pathology, few studies have been
made on the expression patterns of cadherins during
odontogenesis.®*~3° To date, there is no available study
on the expression of N-cadherin during tooth develop-
ment. It also remains uncertain if both E-cadherin and
N-cadherin are important for dentin repair after either
carious or traumatic lesions.

In the light of the dual role of cadherins in adhesion
and signaling, it is clearly of interest to examine their
possible roles in expression in human teeth, both during
development and under physiological and pathological
conditions. Here we present the expression patterns of
both E-cadherin and N-cadherin in embryonic, and in
permanent intact, injured, and carious human teeth. We
also report on E- and N-cadherin expression in a culture
system of human pulp cells in vitro.

Materials and Methods
Materials
Antibodies

Preparation and characterization of a rabbit antiserum
against mouse E-cadherin has already been de-

scribed.© This antiserum was demonstrated to react
specifically with E-cadherin in human tissues both in
immunohistochemistry and in Western blots, and does
not cross-react with other cadherins.*’ A rabbit poly-
clonal antibody raised against baculovirus-expressed
mouse N-cadherin was kindly provided by Dr. Thomas K.
Borg (University of South Carolina, School of Medicine,
Columbia, SC). This antibody was demonstrated to react
specifically with N-cadherin in immunohistochemistry of
human tissues (T. K. Borg, personal communication), and
we demonstrated that it reacted specifically with N-cad-
herin in Western blotting of human PC-3 cells, without any
cross-reactivity with E-cadherin (data not shown).

Chemicals

Vector Vectastain ABC kit was purchased from Biosys
(Compiegne, France). For the preparation of culture me-
dia, all materials were purchased from Life Technologies
Inc. (Grand Island, NY). Other chemicals were obtained
from Sigma (St. Louis, MO).

Culture Medium

For cultures, minimum essential medium was supple-
mented with 10% fetal bovine serum, 2 mmol/L glu-
tamine, 100 U/ml penicillin, 100 ug/ml streptomycin and
0.25 pg/ml amphotericin B.

Recombinant Proteins and Beads

Recombinant fibroblast growth factor 4 (FGF4; British
Biotechnology Products) and bone morphogenetic pro-
tein 4 (BMP4; Genetics Institute, Cambridge, MA) were
used to preload Affi-gel blue agarose beads (100 to 200
mesh, 75- to 150-um diameter; Bio-Rad). Control beads
were incubated in 0.1% bovine serum albumin in phos-
phate-buffered saline (PBS).

Embryonic Tissues

Human fetal tissues were obtained from legal abortions.
The material comprised teeth from five fetuses (8 to 30
gestational weeks). The gestation age was estimated
from the fetal foot length and from the last menstruation of
the mother. Embryos were healthy, and all tissues were
macroscopically and microscopically normal. The fe-
tuses were fixed immediately by the obstetrician in 10%
buffered formalin for 48 hours to 5 days according to their
size. The maxillary and mandibular processes from
8-week-old embryos were embedded in Paraplast at
56°C. The samples, ranging in age from 16 to 30 gesta-
tional weeks, were decalcified for 3 weeks in formic acid/
10% formalin before cryosectioning. Ten-um-thick sec-
tions were used for immunohistochemistry. This study
was performed in compliance with French legislation,
after approval of the Regional Ethics Committee of the
Hospital Center of Marseille (CCPPRB Marseille I).



Permanent Teeth

Permanent intact teeth extracted for orthodontic reasons,
and carious teeth of 40-year-old patients were used in
this study. The teeth were freshly extracted and used in
this study with the patient’s informed consent. The ex-
tracted teeth were fixed in 10% neutral-buffered formalin
for 7 days, demineralized in sodium formiate for 21 days,
and then embedded in paraffin wax. They were serially
sectioned (6-um thick) and then processed for immuno-
histochemistry.

Cavity Preparation and Tooth Processing

Cavities were prepared in intact first premolars sched-
uled for extraction, at the Dental Care Center of Marseille.
Cavities 2- to 3-mm wide and 1- to 1.3-mm deep were
then cut into the dentin with a bur using the least possible
pressure. The pulp chambers were not exposed during
the preparation of the cavities. The walls of the cavities
were immediately conditioned with a 3% hydrogen per-
oxide solution and dried with an extremely light air
stream. The cavities were restored with a calcium hydrox-
ide product (Dycal; Dentsplay, USA) that was covered by
a temporary filling material (IRM; De Trey Dentsplay IG,
Zurich, Switzerland). After a postoperative interval of 9
weeks, the teeth were extracted using a local anesthetic
with the patient’s informed consent. Teeth with cavities or
deep dentinal caries were fixed in 10% neutral-buffered
formalin for 7 days, demineralized in sodium formiate for
21 days, and then embedded in paraffin wax.

Cultures of Human Dental Pulp Cells,
Periodontal Ligament Cells, and Dental Pulp
Explants

Immediately after extraction of the first premolars of a
13-year-old patient, the teeth were washed with sterile
PBS. The dental pulps were gently removed with forceps,
minced with scalpels, and then rinsed with PBS. Cultures
of human dental pulp cells were performed as previously
described.**%® Cultures of periodontal ligament cells
were performed in a similar way. Briefly, cells were ob-
tained from the periodontal ligament of extracted molar
teeth. The periodontal ligament cells were mechanically
removed by scraping the middle third of the root surface
with a curette. The cells were put in 100-mm tissue cul-
ture plates and were incubated at 37°C in a humidified
incubator with 5% CO,. The culture medium was re-
placed every other day. Cells were dissociated with
0.25% trypsin and 0.05% ethylenediaminetetraacetic
acid, and were subdivided into T-25 flasks for experimen-
tation between the second and the fifth passages.
Explants were cultured in minimum essential medium
at 37°C in a humidified atmosphere of 5% CO, and 95%
air. Beads loaded with BMP4 or FGF4 (100 to 250 ng/ml)
or control beads in minimum essential medium were
transferred on top of the explants. Each explant received
1 ul of a solution containing 10 beads. After 14 hours of
culture the explants were fixed in 4% paraformaldehyde
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for 2 hours at 4°C and processed for whole-mount immu-
nohistochemistry as described previously.*®44

Immunohistochemistry of Sections and Cell
Cultures

Immunoperoxidase staining of sections was done as pre-
viously described.*34® Briefly, the sections were depar-
affinized, exposed to a 0.3% solution of hydrogen perox-
ide in methanol, and then incubated overnight at 4°C with
the primary antibody against either E-cadherin or N-cad-
herin. The E-cadherin antibody was incubated at a dilu-
tion of 1:150 in PBS containing 0.2% bovine serum albu-
min and 5% normal goat serum. The N-cadherin antibody
was diluted 1:50 in PBS for cryosections and cell cultures
and 1:10 for paraffin sections. Peroxidase was detected
by incubation with 3-amino-9-ethylcarbazole reaction so-
lution. After staining, the slides were mounted with Aqua-
mount (BDH, Gurr, UK). In control sections the primary
antibodies were either omitted or replaced by a nonim-
mune rabbit serum. Cultured cells were fixed in 4% para-
formaldehyde for 30 minutes and permeabilized for 15
minutes with 0.5% Triton X-100 in PBS before immuno-
histochemistry.

Results

E-Cadherin and N-Cadherin Expression in the
Developing Deciduous Human Tooth Germs

At the eighth gestational week the ingrowth of the stomo-
deal epithelium into the underlying neural crest-derived
mesenchyme gives rise to the dental bud of the future
deciduous tooth. At this stage, immunoreactivity for E-
and N-cadherins was not detected either in the epithelial
or in the mesenchymal components (data not shown).

At the 16th gestational week, the dental epithelium
acquires the cap configuration and forms the enamel
organ consisting of three distinct layers: the inner enamel
epithelium, the outer enamel epithelium, and the stellate
reticulum. The mesenchyme progressively forms the den-
tal papilla. A strong E-cadherin immunostaining was ob-
served in the enamel organ, whereas N-cadherin staining
was weak in the epithelial and some dental papilla cells
(data not shown).

From the 18th to 21st gestational weeks, increasing
growth of the enamel epithelium gives rise to an early
bell-shaped structure. A fourth epithelial cell layer, called
stratum intermedium, is formed, overlying the cells of the
inner enamel epithelium. The oral epithelium overlying the
tooth germs thickens and acquires several layers of cells
with distinct differentiation status (Figure 1A). E- and
N-cadherin staining was found in different cell layers of
the oral epithelium: N-cadherin was detected in prolifer-
ating cells located in the basal layer (Figure 1Cb),
whereas the newly differentiated cells of the overlying
layer were positive for E-cadherin (Figure 1Ca). These
complementary and distinct patterns of E- and N-cad-
herin distribution were also observed in the developing
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tooth germs. By contrast to the oral epithelium, E-cad-
herin staining was detected in proliferating inner enamel
epithelium cells (ie, cervical loop area; Figure 1, B and
Ea), whereas in inner enamel epithelium cells that have
acquired a higher degree of differentiation (ie, pre-amelo-
blasts at the tip of the cusp) the staining decreased and
was progressively lost (Figure 1, B and Da). The inverse
gradient was observed for N-cadherin: the immunoreac-
tivity was very faint in proliferating inner enamel epithe-
lium cells (Figure 1Eb) and strong in pre-ameloblasts
(Figure 1Db). Cells of the outer enamel epithelium exhib-
ited a strong staining for E-cadherin (Figure 1Fa),
whereas the N-cadherin reactivity was less pronounced
(Figure 1Fb). Cells of the stellate reticulum were also
positive for E-cadherin (Figure 1, Da and Fa), whereas
the staining for N-cadherin was weak and sporadic (Fig-
ure 1, Db and Fb). In dental papilla mesenchyme, a very
faint, hardly detectable N-cadherin labeling was ob-
served in cells located in the cusp region (Figure 1Db),
whereas no specific E-cadherin staining could be ob-
served (Figure 1Da). Some cells of the dental follicle, the
future periodontal ligament, exhibited E- and N-cadherin
immunostaining (Figure 1F).

During the 30th gestational week, the tooth germs are
in the late bell stage of development. Dentinogenesis and
amelogenesis have already started at the tip of the cusps
(Figure 2A). Pulp cells adjacent to the inner enamel epi-
thelium layer differentiate into odontoblasts that secrete
the organic matrix components of dentin. Pre-amelo-
blasts differentiate into ameloblasts that synthesize the
enamel matrix proteins.

As in the early bell stage, a decreasing gradient of
E-cadherin staining was observed in the dental epithe-
lium following the apical (proliferation area) to coronal
(differentiation area) direction. Thus, E-cadherin immuno-
reactivity was detected in inner enamel epithelium and
outer enamel epithelium cells of the cervical loop (Figure
2Ea) and median areas (Figure 2Da) of the tooth germ,
whereas the staining was completely absent in amelo-
blasts and weaker in outer enamel epithelium cells of the
cusp area (Figure 2Ca). A faint staining was observed in
the stellate reticulum. By contrast to the E-cadherin stain-
ing, the immunoreactivity for N-cadherin in the dental
epithelium was gradually increased in a coronal direc-
tion. A moderate N-cadherin staining was found in inner
enamel epithelium and outer enamel epithelium cells of
the cervical loop (Figure 2Eb), whereas the labeling was
strong in the pre-ameloblasts (Figure 2Db) and amelo-
blasts (Figure 2Cb). Although the staining was somewhat
patchy it gave the impression that the entire surface of
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the pre-ameloblasts and ameloblasts were positive for
N-cadherin. However, there was a tendency for stronger
staining of the pre-ameloblast surfaces toward the stel-
late reticulum, whereas the ameloblasts showed an ac-
cumulation of N-cadherin staining in distinct areas in the
opposite cellular pole, ie, toward the enamel. Cells of the
stratum intermedium were positive for N-cadherin (Figure
2Cb), whereas the staining was absent from stellate re-
ticulum cells. In the pulp, a strong N-cadherin immuno-
reactivity was detected in the differentiating (Figure 2, B
and Fb) and functional odontoblasts (Figure 2, B and
Gb), whereas the staining was absent from pulp fibro-
blasts (Figure 2B). Subodontoblastic cells (referred to as
Hohl's cells) were also stained for N-cadherin (Figure 2, B
and Gb). E-cadherin staining was very weak in functional
odontoblasts (Figure 2Ga) and absent in differentiating
odontoblasts and pulp fibroblasts (Figure 2Fa).

E-Cadherin and N-Cadherin Expression in
Intact, Carious, and Injured Permanent Human
Teeth

E- and N-cadherin immunoreactivities were absent from
odontoblasts and pulp fibroblasts of intact permanent
human teeth of a 40 year-old patient (data not shown).

In permanent teeth with carious lesions (Figure 3, A
and B), the secretory activity of the odontoblasts is stim-
ulated to produce tertiary dentin (hypercalcification). In
response to an increased irritation, the degenerated
odontoblasts are replaced by newly formed odontoblast-
like cells that elaborate the reparative dentin. N-cadherin
staining was observed in odontoblasts facing the carious
lesion (Figure 3, C and E), which produce the reparative
dentin (Figure 3D). The staining was detected in both the
odontoblast cell bodies and the odontoblast processes.
The pulp fibroblasts were negative for N-cadherin under
these conditions (Figure 3, C and E). In advanced carious
lesion (Figure 3B), inflammation was observed in the pulp
of the teeth. Under these conditions, N-cadherin staining
was also observed in the dilated blood vessels (Figure 3,
E and G). In odontoblasts far away from or surrounding
the carious lesion, N-cadherin immunoreactivity was re-
stricted to cell bodies (Figure 3G). By contrast to N-
cadherin, E-cadherin staining was not observed in the
pulp of carious teeth (data not shown).

Nine weeks after the cavity preparation involving the
dentin, the odontoblasts facing the injury site produce
tertiary dentin (Figure 4, A and B). N-cadherin staining
was seen in these odontoblasts, both in cell bodies and in

Figure 1. Comparison between the patterns of E- and N-cadherin immunostainings in oral epithelium and deciduous first molars. Ca, Da, Ea, and Fa: E-cadherin
labeling; Cb, Db, Eb, and Fb: N-cadherin labeling. A: Schematic illustration of the oral epithelium. Note the presence of different epithelial cell layers. B: Schematic
representation of a deciduous human first molar at the early bell stage of development (18 gestational weeks). The colored frames show the areas used for the
comparative study. Ca and Cb: Oral epithelium (red frames). E-cadherin is distributed at the surface of cells overlying the proliferating N-cadherin-positive cells
of the basal layer (asterisks). Da and Db: Cusp area (blue frames). Combinatory patterns of E- and N-cadherins: E-cadherin immunoreactivity is evident in outer
enamel epithelium and stellate reticulum, whereas N-cadherin is observed in pre-ameloblasts and stratum intermedium. Note the weak N-cadherin staining in
some dental pulp cells. Ea and Eb: Cervical loop area (green frames). Strong E-cadherin and faint N-cadherin staining in epithelial cells. Fa and Fb: Intermediate
area (orange frames). Strong E-cadherin and weaker N-cadherin reactivity in outer enamel epithelium and stellate reticulum. Note also a positive staining in several
mesenchymal cells surrounding the tooth germ. Abbreviations: b, bone forming cells; bl, basal layer; bm, basement membrane; de, dental epithelium; df, dental
follicle; iee, inner enamel epithelium; m, mesenchyme; oe, oral epithelium; oee, outer enamel epithelium; p, dental papilla (pulp); pa, pre-ameloblasts; si, stratum

intermedium; sl, squamus layer; st, stellate reticulum.



2128 Heymann et al
AJP June 2002, Vol. 160, No. 6

E-cad N -cad

" g - . oee:
sr s

. a si




Figure 3. Immunohistochemical localization of N-cadherin in sections of
carious permanent human teeth. A and B: H&E staining. In carious teeth,
tertiary or reparative dentin is seen near the sites of the carious lesions (A and
B; asterisk in B). The frames represent the sites shown in the following
panels. C: Higher magnification of the framed area in B. N-cadherin reactivity
is found in odontoblasts involved in reparative dentin production. D and E:
Higher magnification of the framed area in A (D), showing N-cadherin
immunostaining in odontoblasts producing the reparative dentin (E). Note
that the staining is distributed in both odontoblast cell bodies and processes.
F and G: Higher magnification of the framed area in B (F), showing N-
cadherin immunoreactivity in odontoblasts at a distance from the carious
lesion (G). Note that the staining in odontoblasts is restricted to the odon-
toblast cell bodies. Cells in dilated blood vessels are also positive for N-
cadherin. Abbreviations: d, dentin; o, odontoblasts; p, pulp; pd, predentin;
rd, reparative dentin; v, vessel.

processes (Figure 4C). The N-cadherin reactivity de-
creased in odontoblasts that were located in the proxim-
ity of the injury site (Figure 4D). The staining was very
faint in the cell bodies of the odontoblasts at a distance
from the cavity preparation (Figure 4E) and was mainly
distributed in their processes. Immunoreactivity for N-
cadherin was also observed in blood vessels (Figure 4D).
Furthermore, N-cadherin-positive fibers, most likely nerve
fibers, were observed in the pulp (Figure 4D), although it
was not possible to unambiguously distinguish these fi-
bers from putative odontoblast processes with the
present technique (Figure 4D). E-cadherin staining was
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Figure 4. Immunohistochemical localization of N-cadherin in sections of
permanent human premolars after cavity preparation. A: Schematic illustra-
tion of a premolar showing reparative dentin production, 9 weeks after class
V cavity preparation. The frame represents the area shown in the B. B: HKE
staining. The frames indicate the areas shown in C, D, and E. C: A strong
N-cadherin labeling is observed in odontoblasts producing the reparative
dentin. Note that the staining is detected in both odontoblast bodies and
odontoblast processes. D: N-cadherin reactivity is decreased in odontoblasts
near to the injury site, but not involved in reparative dentin synthesis. Note
that blood vessels are N-cadherin-positive. E: N-cadherin staining is very faint
in odontoblasts far away from the injury site. Note that the staining persists
in some of the odontoblast processes. Abbreviations: cav, cavity; d, dentin; o,
odontoblasts; p, pulp; rd, reparative dentin; v, vessel.

absent in all odontoblasts and pulp fibroblasts after cav-
ity preparation (data not shown).

E- and N-Cadherin Expression in Cultured
Human Tooth Periodontal Ligament and Pulp
Cells in Vitro

Previous experiments have shown that cultured dental
pulp cells produce nestin, osteonectin, type | collagen,
and dentin sialoprotein, which make them a good model
to study odontoblast differentiation and dentin formation
in vitro.#24346 pylp and periodontal ligament cells from

Figure 2. Comparison between the E- and N-cadherin staining patterns in deciduous first incisors. Ca, Da, Ea, Fa, and Ga: E-cadherin labeling; B, Cb, Db, Eb,
Fb, and Gb: N-cadherin labeling. A: Schematic illustration of a deciduous human first incisor at the late bell stage of development (30 gestational weeks). The
colored frames represent the areas used for the comparative study. B: Mesenchymal part of the cusp area (blue frame). N-cadherin staining is present in
odontoblasts and absent from pulp fibroblasts. Note that the gradient of N-cadherin staining in odontoblasts follows their maturation degree. Ca and Cb: Epithelial
part of the cusp area (green frames). E-cadherin reactivity is restricted in outer enamel epithelium, whereas N-cadherin is detected in ameloblasts, stratum
intermedium, and outer enamel epithelium. Note that in stellate reticulum the E- and N-cadherin immunoreactivities are weak. Da and Db: Intermediate area (red
frames). Strong E-cadherin staining in outer enamel epithelium and weaker in pre-ameloblasts and inner enamel epithelium. Heavy N-cadherin labeling in
pre-ameloblasts and weaker in outer enamal epithelium and inner enamel epithelium. Ea and Eb: Cervical loop area (orange frames). E- and N-cadherin
reactivities in dental epithelial cells. Note a positive staining in mesenchymal cells forming the alveolar bone. Fa and Fb: Mesenchymal part of the cusp area (blue
frames). Presence of N-cadherin and absence of E-cadherin staining in newly differentiated odontoblasts. Ga and Gb: Mesenchymal part of the cusp area (blue
frames). Strong N-cadherin and very faint E-cadherin reactivities in functional odontoblasts. Abbreviations: a, ameloblasts; d, dentin; df, dental follicle; e, enamel,
iee, inner enamel epithelium; o, odontoblast; oee, outer enamel epithelium; p, dental pulp; pa, pre-ameloblasts; si, stratum intermedium; sr, stellate reticulum.
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Figure 5. E- and N-cadherin immunoreactivities in human dental pulp ex-
plants, pulp cells, and periodontal ligament cells cultured in vitro. A: Con-
fluent periodontal ligament cells exhibit E-cadherin staining. B: Confluent
periodontal ligament cells are negative for N-cadherin. C: Confluent pulp
cells cultured without B-glycerophosphate are negative for N-cadherin. D: A
cell-surface staining for N-cadherin is observed in pulp cells implicated in the
formation of the nodules after B-glycerophosphate treatment. E: FGF4 beads
have no effect on N-cadherin expression in human dental pulp explants
cultured for 14 hours. Note the positive N-cadherin staining in nerve fibers
(arrowhead). F: N-cadherin immunoreactivity is not found in pulp cells
surrounding the BMP4 beads. Note the positive staining of the nerve fibers
(arrowheads). Abbreviation: b, bead.

healthy human teeth that have wide apices were cultured
for 3 to 4 weeks either in the presence or absence of
B-glycerophosphate. B-glycerophosphate is known to
stimulate hard tissue formation. At the fourth week, dep-
osition of mineral crystals was detected only in the cul-
tures of pulp cells treated with B-glycerophosphate. E-
cadherin immunoreactivity was detected in a restricted
number of periodontal ligament cells treated with B-glyc-
erophosphate (Figure 5A), whereas N-cadherin was ab-
sent from these cells (Figure 5B). Pulp cells cultured in
the absence of B-glycerophosphate were negative for
both E- and N-cadherins (data not shown and Figure
5C). Only N-cadherin staining was detected in the
surface of pulp cells treated with B-glycerophosphate
that will form the mineralization nodules (data not
shown and Figure 5D).

BMP4 and FGF4 Do Not Alter N-Cadherin
Expression in Human Pulp Explants

Because BMPs and FGFs are important for almost all
stages of tooth development,®* these signaling mole-
cules are good candidates for triggering N-cadherin up-
regulation in dental pulp cells after traumatic or carious
irritation. To test this hypothesis, we placed beads releas-
ing BMP4 or FGF4 on the top of dental pulp explants and
followed the expression of N-cadherin by whole-mount
immunohistochemistry. Analysis of the explants showed
restricted N-cadherin immunoreactivity in neuronal struc-
tures, but not in the pulp cells surrounding the beads
(Figure 5, E and F).

Discussion

E- and N-cadherins are cell-cell adhesion molecules in-
volved in both organ morphogenesis and patholo-
gy.679:20.26-31 |n the developing human teeth, E- and
N-cadherins exhibited specific and dynamic spatiotem-
poral expression patterns. Both proteins were down-reg-
ulated in adult teeth, but N-cadherin was re-expressed in
the dental pulp of carious and injured teeth.

E- and N-Cadherins in Developing and Intact
Adult Human Teeth

Although both N- and E-cadherin proteins were detected
in embryonic dental tissues, pronounced differences
were observed in the expression patterns of the two
cadherins. E-cadherin was initially expressed in the den-
tal epithelium at the cap stage, and was down-regulated
when ameloblast differentiation started at the bell stage.
N-cadherin showed an inverse gradient compared with
E-cadherin and was up-regulated in differentiated epithe-
lial cells. By contrast to E-cadherin, N-cadherin was also
detected in the dental pulp and its expression was re-
stricted to differentiated odontoblasts and HohI’s cells.
This expression pattern indicates that odontoblasts and
Hohl's cells have acquired a higher degree of differenti-
ation than other pulp cells. In addition, both cadherins
were expressed in the oral epithelium overlying the dental
organ, with N-cadherin preferentially expressed in the
basal proliferating cells and E-cadherin in the suprabasal
layer of cells.

The expression pattern of E-cadherin in human teeth
presents some differences from that previously reported
in rodent teeth.2*35:37:38 |n the developing human mo-
lars, E-cadherin was initially expressed in the epithelium
at the cap stage, whereas in mouse molars, it was first
detected at an earlier stage (bud stage).>*3527 In mice,
E-cadherin was weakly expressed in the odontoblasts of
the incisors,3® which contrasted to the lack of E-cadherin
in odontoblasts of human teeth. The reasons for these
species differences are not known, but it may either be a
consequence of different detection sensitivities in the two
species, or might be related to the difference in life span



between rodents and humans, the constant growth of
rodent incisors and/or the differences in usage of teeth.

The expression of E-cadherin and N-cadherin during
embryonic tooth morphogenesis and their down-regula-
tion in adult dental tissues indicate that these cadherins
have important roles in the development and shaping of
the dental organ. It is well established that both E- and
N-cadherins play important roles in morphogenetic
events; they regulate cell movement and maintain segre-
gation and positioning of cell groups.?®?" A differential
role for E- and N-cadherins in regulation of dental epithe-
lial cell growth may be suggested, because E-cadherin
expression was pronounced in proliferating cells (inner
enamel epithelium cells), whereas N-cadherin was up-
regulated in differentiating cells (ameloblasts). However,
the inverse gradient was observed in the oral epithelium,
where E-cadherin was expressed in the nonproliferating
cells and N-cadherin in the proliferating cells, thus sug-
gesting that the molecular mechanisms controlling the
growth of the tooth and the oral epithelium differ. The
findings of selective and reciprocal patterns of E- and
N-cadherin expression rather point to a role for these
cadherins in cellular organization and segregation of dif-
ferent cell populations during odontogenesis. These ex-
pression patterns are at the principal level identical to the
mutually exclusive expression patterns of various cad-
herins that are seen in a number of morphogenetic
events, such as neurulation and placode forma-
tion.9’17’21'47

E-cadherin down-regulation and N-cadherin up-regu-
lation in ameloblasts indicate that this specific cadherin
expression pattern may also be important for secretion of
enamel matrix. During ameloblast differentiation from in-
ner enamel epithelium cells an interesting cellular mor-
phological metamorphosis and polarization change oc-
cur. The inner enamel epithelial cells are initially basal
cells in a stratified epithelium attached to a basement
membrane. During ameloblast maturation, the basement
membrane disappears and the epithelial cell surface fac-
ing the basement membrane transforms into an apical,
secretory surface. Close to the apical surface, the secre-
tory cells are now joined by adherens junctions and an
underlying terminal web.“® The adhesive molecules in
adherens junctions are either E-cadherin or N-cad-
herin.' Because the ameloblasts express N-cadherin
but not E-cadherin their adherens junctions most likely
are formed by N-cadherin. This agrees with our observa-
tion that N-cadherin was concentrated toward the apical
surfaces in mature ameloblasts. These data suggest that
increased expression and apical localization of N-cad-
herin play an important role in ameloblast transformation
and polarization that is a prerequisite for enamel matrix
secretion.

A rich plexus of small unmyelinated nerve fibers is
formed beneath and between the odontoblasts, but con-
flicting information exists regarding the presence of di-
rect contacts between these two structures.*?° The ob-
servation that both neural crest-derived odontoblasts and
nerve fibers express N-cadherin may, however, suggest
that N-cadherin could mediate direct binding between
odontoblasts and the forming nerve plexus. This is in
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agreement with other studies that have shown that N-
cadherin is expressed in Schwann cells that are in con-
tact with unmyelinated nerve fibers and that adhesion of
Schwann cells to neurites or to other Schwann cells is
mediated through N-cadherin.*'>* Furthermore, it has
been demonstrated that N-cadherin is expressed by de-
veloping myotubules during the period of initial nerve-
muscle contact, and that this expression is down-regu-
lated within days after innervation.®®

N-Cadherin in Adult Human Teeth Exposed to a
Lesion

During the decalcification and proteolytic processes of
the carious dentin, the dentinal tubuli gradually become
calcified, provided that the odontoblasts remain vital. The
secretory activity of the odontoblasts facing the decay is
stimulated to elaborate reactionary dentin.®® In the case
that the irritation increases, the odontoblasts degenerate
and are replaced by newly formed odontoblasts secret-
ing the reparative dentin. N-cadherin was re-expressed
in odontoblasts surrounding the carious lesion. A similar
effect was observed in odontoblasts that elaborate reac-
tionary dentin after cavity preparations. Odontoblasts that
are not involved in reactionary dentin production, but
were located near the injury site, also expressed N-cad-
herin. However, N-cadherin was not re-expressed in
odontoblasts located at a distance from the cavity area.
These results suggest a role for N-cadherin in reparative
processes and most notably in the secretory activity of
odontoblasts after dental injury.

The origin of the newly formed odontoblasts during
reparative dentinogenesis is not yet known. It has been
suggested that cells of the immune system, Hohl’s cells,
and pulp fibroblasts may give rise to new odonto-
blasts.®®®” The observation that Hohl's cells expressed
N-cadherin during odontogenesis may suggest that
these cells are the precursors for the newly formed odon-
toblasts. Regardless of their origin, however, pre-odon-
toblastic cell migration is important for their participation
in the repair of the tooth tissues. Thus, the expression of
N-cadherin in these cells suggests that this molecule may
have an additional role in stimulating motility of the cells
giving rise to new odontoblasts, in analogy with the role of
N-cadherin in squamous carcinoma cells. Cells in oral
squamous carcinomas expressing N-cadherin rather
than E-cadherin no longer display an epithelial morphol-
ogy, but appear fibroblastic.®" Forced expression of N-
cadherin in these cells was characterized by increased
cell motility and invasion.3%:3"

In response to a profound irritation of the dental pulp
because of either deep cavity preparation or of advanced
carious lesion, new blood vessels are formed near the
injury site. N-cadherin and VE-cadherin are the two major
cadherins of endothelial cells and play essential roles in
angiogenesis and maintenance of blood vessel structural
integrity.®8~° N-cadherin expression by endothelial cells
represents an initial and transient signal that may be
involved in the commitment of early regenerating blood
vessels.®® Accordingly, neovascularization is accompa-
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nied by N-cadherin re-expression in endothelial cells.
The observation that N-cadherin became expressed in
blood vessels in the pulp of injured teeth caused by deep
cavity preparation thus suggests that these vessels rep-
resent newly formed blood vessels. N-cadherin expres-
sion was also observed in dilated blood vessels in the
inflamed tissue of carious lesions, indicating a correlation
between up-regulation of N-cadherin and inflammatory
events. Recently, such a relation has been demonstrated
between VE-cadherin expression in endothelial cells and
inflammatory cells accumulating at the pathological
site.®’

BMPs and FGFs are expressed in dental tissues, and
BMPs have been shown to induce odontoblast differen-
tiation in vitro.#®? During dentin decalcification after a
carious irritation, BMPs and FGFs may be released from
the matrix and diffuse to reach adjacent cells,®®°" trig-
gering dental pulp cells in the vicinity of the lesion to
differentiate into odontoblast-like cells, which would start
secretion and deposition of the reparative dentin matrix.
Therefore, we investigated if the differentiating effects of
BMP4 and FGF4 might include stimulation of N-cadherin
expression in human dental pulp explants. However, we
were not able to detect any N-cadherin expression under
these conditions, indicating either that other factors
and/or culture conditions are needed for N-cadherin ex-
pression. It has indeed been demonstrated that both
extracellular matrix components and growth factors are
important for induction of odontoblast differentiation.?
Even if the factors regulating odontoblast differentiation
are incompletely understood, we found that induction of
mineralization in vitro caused up-regulation of N-cadherin
in dental pulp cells that had differentiated to odontoblast-
like cells. This is consistent with the in vivo observations in
carious and injured teeth, and suggests a role for N-
cadherin in dentin hard tissue synthesis.
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