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In Vivo and In Vitro Expression of Connexin 43
in Human Teeth

Imad About, Jean-Pierre Proust, Sylva Raffo, Thimios A. Mitsiadis,

and Jean-Claude Franquin
Laboratoire IMEB, Faculé d’'Odontologie, Marseille, France

of transmembrane proteins that belong to the connexin fam-

Gap junctions are composed of transmembrane proteins be- ily. Experimental studies have shown that the inhibition of gap
longing to the connexin family. These proteins permit the excha- junction communication with antibodies to connexins results in
nge of small regulatory molecules directly between cells for the the disruption of embryonic development [5, 11]. Furthermore,

control of growth, development and differentiation. Although the - . .
presence of gap junctions in teeth has been already evidenceol’mutat|on of the connexin 43 was lethal due to heart formation

the involved connexins have not yet been identified in human spec- failure [12].
ies. Here, we examined the distribution of connexin 43 (Cx43) in ~ Tooth development is also under the control of signaling
embryonic and permanent intact and carious human teeth. During  molecules: Sequential and reciprocal interactions between the
tooth development, Cx43 localized both in epithelial and mesenchy- g ithelium and mesenchyme lead to the differentiation of mes-
mal dental cells, correlated with cytodifferentiation gradients. In h | s int dontoblast d ithelial s int
adult intact teeth, Cx43 was distributed in odontoblast processes. enchymal cells into odontoblasts and epl ?'a Ce_ S 'n_o
While Cx43 expression was downregulated in mature intact teeth, @meloblasts. Odontoblasts secrete the dentin matrix while
Cx43 appeared to be upregulated in odontoblasts facing carious ameloblasts synthesize enamel matrix [13—15]. Mineralization
lesions. In cultured pulp cells, Cx43 expression was related to the takes place at the late bell stage. A differentiation gradient is ob-
formation of mineralized nodules. These results indicate that Cx43 ganeq where undifferentiated cells are located at the cervical
expression is developmentally regulated in human dental tissues, loop area, while differentiated cells are located in the cusp area
and suggest that Cx43 may participate in the processes of dentin P T . p :
formation and pathology. Gap junctions have been reported previously to be present
during odontogenesis inside the enamel organ and dental mes-
Keywords Connexin 43, Carious, Human, Tooth, DevelopmennChyme, respectively [16-19]. Freeze fracture and electron mi-
Differentiation, Mineralization. croscopy studies in human teeth have revealed the presence of
gap junctions between odontoblasts [20, 21] and between odon-
toblasts and subodontoblastic cells [22].

'NTROPUCT'ON o ) Connexin 43 is involved in the formation of gap junctions
Gap junctions are specialized regions of the cell membrapeihe developing rodent teeth [23-25]. In addition to Cx43,

forming channels between neighboring cells. These channglinexin Cx32 and connexin Cx26 are expressed in epithelial
permit the passage of ions and small molecules up to 1 kD bgsia cells and mature odontoblasts of rats, respectively [25].
tween cells [1, 2] and therefore direct cell-cell communication. 4w ever, the specific connexins involved in the formation of
In excitable tissues (i.e., heart muscle), gap junctions mediatg 4, junctions between dental cells have not been systematically
rapid propagation of electrical signals as well as synchronizatigp|ored in human species. This work was carried out to investi-

of cell activity [3]. In nonexcitable tissues, gap junctions medijaie the expression of connexin 43 in human teeth under normal
ate the cell to cell traffic of metabolites and may carry signaling, pathological conditions.

molecules for the control of cell growth and differentiation, as

well as organ formation [4-10]. Gap junctions are composed
MATERIALS AND METHODS

Materials
Address correspondence to Imad About, PhD, Laboratoire IMEErnbryonlc Te_eth
Facul€ d’Odontologie, 27 Boulevard Jean Moulin, 13385 Marseille, Te€th obtained from 17- and 22-week-old fetuses were col-
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Anatomy and Pathology (Timone Hospital, Marseilles, Franceé)Y). Minimum essential medium (MEM) was supplemented
The samples were obtained in agreement with the French ethiwéth 10% fetal bovine serum, 2 mM glutamine, 100 IU/ml peni-
laws and after obtaining the ethical committee agreement. Tti#in, 100 ng/ml streptomycin (Biowhittaker, Gagny, France),
gestation age was estimated from the fetal foot length and frand 0.25.g/ml amphotericin B (Fungizone).

the last menstruation of the mother. At each age, five central

incisors, five canines, and five first molars were used.

Permanent Teeth Methods

Teeth used in this study were (a) six third molars extractgdnTbr:yon'C 'Ir;eeth . diately fixed at@ for 1 h in 1%
during normal orthodontic treatment of adolescents (meas-age e teeth were immediately fixed at( for in 170

17 + 1 years), and (b) six mature intact and six carious te raformaldehyde prepared in phosphate-buffered saline (PBS)
(mean gge: 4)Oi 2 }fez)ars). e?gigma Chemical Co., St. Louis, MO). They were then dipped

overnight at 4C in a 15% sucrose PBS solution. Samples were

Antibodies and Reagents embedded in tissue-Tek O.C.T. compound (Miles, Elkhart, IN)

Anti Cx43 polyclonal antibodies were raised in rabbits againahd frozen over liquid nitrogen without prior decalcification. Se-
synthetic peptides and purified by affinity chromatographyial cryostat sections (10m thick) were mounted on Superfrost
These antibodies have been previously characterized [26—P8]s slides (CML, Nemours, France), dried at room tempera-
and cross-react with human tissues [26]. ture for 1 h, then processed for indirect immunohistochemistry.

For the preparation of the culture media, materials were piayer’s hematoxylin staining was performed on some sections
chased from Gibco BRL (Life Technologies, Inc., Grand Islandpr histologic examination.
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Figure 1. Immunohistochemical localization of Cx43 in embryonic human tooth germs at the bell stage of development: (A—C) Canine tooth germ of a 17-week-

old embryo. (D-F) First molar tooth germ of a 22-week-old embryo. (A) Mayer’s hematoxylin staining showing the different cell poputatjoiitié framed

area represents the portion in (C). (B) A gradient of Cx43 immunostaining: Strong labeling is evident in preameloblasts (pa) and faint imnguisqstegsnt

in inner enamel epithelium (iee) and stellate reticulum (sr) cel)((C) Higher magnification of the cusp area showing the expression of Cx43 in preameloblasts
and stratum intermedium (si) cellg40. (D) Mayer’s hematoxylin staining of a human first molar tooth germ at the bell stage The frames indicate the
sites of panels (E) and (F). (E) Strong Cx43 immunostaining is detected in preameloblasts, stratum intermedium, and stellate reticulum Jaretshetls

(F) In the cusp area, weak Cx43 immunostaining is also found in preodontoblasts (po; arrowkéad#)bbreviations: iee, inner enamel epithelium; si, stratum
intermedium; sr, stellate reticulum; oee, outer enamel epithelium; df, dental follicle; p, pulp; pa, preameloblast; po, preodontoblastaabpakeo
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Permanent Teeth
After extraction, intact and carious teeth were fixed in 10%
neutral buffered formalin for 7 days, demineralized in sodium
formiate for 21 days, and then routinely processed and embedded d d
in paraffin wax. They were then serially sectionedu(@-thick
sections) and processed for immunohistochemistry.

Culture of Human Pulp Cells
Cultures were performed as previously described [29]. Brie-

fly, after the extraction, the teeth were swabbed with 70% (v/v) o

alcohol and then washed with sterile PBS. They were then trans- o
ferred into a laminar flow tissue culture hood in order to per- A P B

form the rest of the procedures under sterile conditions. The

apical part of the teeth was removed and the dental pulps were - * |

minced with scalpels and rinsed with PBS. Each dental pulp |
was divided into two groups: cultured without (control) or with
B-glycerophosphate. In the control group, the explants were

cultured in 100-mm-diameter culture dishes (Becton Dickinson

Labware, Lincoln Park, NJ) in MEM medium. In the second

group, the explants were cultured under the same conditions in

the same medium supplemented with 2 riMlycerophosphate

(Sigma Chemical Co., St. Louis, MO). The cultures were main-

tained at 37C in a humidified atmosphere of 5% G(P5% d
air. Confluent cultures were collected by trypsinization (0.2%

trypsin and 0.02% ethylenediamine tetraacetic acid (EDTA))

and subcultured. C P D

Immunohistochemistry on Sections and on Cell Cultures Figure 2. Immunohistochemical localization of Cx43 in intact and carious
Cultured cells were fixed with 70% ethanolfb h at 4C  permanent human teeth. (A) In intact teeth of a 17-year-old adolescent, Cx43

o . : 0 - _ . immunostaining is detected in the odontoblastic process&$; (B) Higher
and permeab|llzed for 15 min with 0.5% Triton X-100 in F)Bér:agnification of (A);x40. (C) In carious teeth of 40-year-old adults, Cx43 im-

prior to immunohistochemistry. The endogenous peroxidase %’noreactivity is detected in odontoblastic processes facing the carious lesion
tivity was blocked with 3% HO, for 5 min. Immunoperoxidase front; x10. (D) Strong Cx43 immunostaining is found in the odontoblastic pro-
staining on sections and cell cultures were done as previoustyses approching the carious front (asterisk4)y. Abbreviations: d, dentin;
described [29-30]. Paraffin sections were first deparaffinizédodontoblasts; p, pulp.

while cryostat sections were immediately exposed to a 0.3% so-

lution of hydrogen peroxide in methanoland rinsed in PBS. After . ) . )

blocking with PBS containing 1% bovine serum albumin (BSAﬁne_d'ur_n' A staining gradl_ent was observed in the Inner enamel
the slideswererinsedin PBS and then incubated overnigmaté?,p'the“um from the qerwcal loop to the cusp region: the_ cer
with the anti-Cx43 serum (2g/ml) diluted in PBS containing Vic@l 100p was negative for Cx43, while the immunostaining
0.2% BSA. Secondary antibodies were affinity purified with godicréased toward the cusp region (Figure 1, A-C), where inner
anti-rabbit peroxidase-labeled immunoglobulins. Peroxida§82mel epithelial cells differentiate into preameloblasts.

was revealed by incubation with 3-amino-9-ethylcarbazole N the first molar of a 22-week-old embryo, Cx43 was de-

(AEC) reaction solution and then the slides were mounted withcted in the stratum intermedium, stellate reticulum, and

Glycergel (Dako Corporation, Carpinteria, CA). preameloblasts. Moreover, Cx43 staining was found in dental

Controls were performed by omitting the primary amibodie@ese?‘chyme and ?j|fferen|t|at_mg (r)](jontotilasts (Figure 1, D-F).
or the utilization of preimmune sera at the same dilution and in Inthe _17-year-o d developing third molars, Cx43 expression
the same manner as the connexin 43 antibody. was restricted to the odontoblast processes but was not observed

in the odontoblast cell bodies (Figure 2, A and B).
Connexin 43 expression in mature intact and carious teeth

RESULTS showed a distinctive pattern. While the labeling was completely

After the extraction of the tooth germs, the histological exabsent in mature control samples, Cx43 immunoreactivity was
amination showed that they were at the bell stage (Figure 1).observed in carious teeth as shown here (see Figure 2, C and D).

In the canine and central incisor tooth germs of a 17-weekhe labeling was restricted to the cells located in the vicinity of
old embryo, weak Cx43 immunostaining was seen in cells oérious lesions. There, Cx43 was distributed in the processes of
the inner dental epithelium, stellate reticulum and stratum intenature odontoblasts (Figure 2, C and D).
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Figure 3. Cx43 immunoreactivity in cultured human dental pulp cells in vitro afteflycerophosphate treatment. (A) Weak Cx43 immunostaining is observed
in cultures of pulp cellsx 20. (B) Cx 43 labeling is evident in aggregated cells involved in the formation of mineral nodules (arrowk2ad&}) Increased Cx43
immunostaining in cells involved in mineral matrix formation and depositio?). Abbreviation: n, nodule.

Connexin 43 Expression in Human Dental Pulp gradient of Cx43 toward their differentiated stages may have
Cells In Vitro some role in the differentiation of these cell types.
This present study was based on an established primary cul-
ture of human dental pulp explants where several moleculéx43 in Developing and Intact Adult Human Teeth
(collagen I, osteonectin, and nestin) and mineral (Fourier trans-Cx43 was upregulated in pulp cells differentiating into odon-
form infrared microspectroscopic analyses) forms of evidentgblast. Cx43 was predominantly expressed in the cuspal region
show the formation of dentin mineralized nodules in vitro (sesf the tooth pulp. Previous studies in cat teeth showed that when
refs. 29 and 30). Faint Cx43 immunoreactivity was observedle fluorescent lucifer yellow dye was introduced to odonto-
in monolayered pulp cells (Figure 3A), while clear immunolablasts, some subodontoblastic cells were fluorescent in addition
belling appeared to be associated with aggregated cells duringhe odontoblastic cells, indicating that the gap junctions be-
the initial stages of mineralized nodule formation (Figure 3Bjween the odontoblasts and the subodontoblast cells are func-
Furthermore, Cx43 labeling was even more clearly evidenctidnal [34]. Cx43 is expressed in the stratum intermedium. Few
and intense in well-formed mineralized nodules (Figure 3C). studies concerning the stratum intermedium are available, and
its functional role is not known. Itis believed that this layer may
DISCUSSION be essential to enamel formation, because it is absent in the part
This work shows the distribution of Cx43 in developing an@f the tooth germ that outlines the root portions of the tooth, but
adult human teeth. During teeth development, Cx43 is expres§gs not form enamel [35]. These data suggest that expression of
in epithelial cells (i.e., preameloblasts, stratum intermediuffrX43 may play a role in both amelogenesis and dentinogenesis
stellate reticulum) and differentiating odontoblasts. These ret human teeth.
sults are in agreement with previous results [23, 24] in ro- In permanentadolescentteeth,Cx43 is detected inthe odonto-
dent dental tissues, showing that Cx43 is expressed in b&ast processes. Ramifications exist between the dentinal tubuli
epithelial and pulp cells. Cx43 expression in dental tissues[#8], permitting the contact of either odontoblast processes or
correlated to cytodifferentiation gradients. Gradients of Cx4®rve fibers and odontoblast processes as suggested by Holland
expression have been also reported in the developing cardi®l- This may indicate that connexins are involved in the direct
muscle [31]. The precise role of gap junctions in such gradiommunication between odontoblasts and/or odontoblasts and
ents remains unclear, but in the deve|0ping teeth, these grd’tﬁfve fibers. In permanent adult teeth, Cx43 is downregulated.
ents correspond to the differentiation status of precise dental cgllfce gap junctions are detected in adult human tissues [20, 21],
populations. this suggests that other connexins are upregulated in adult den-
The interface between the inner enamel epithelium and ti@ tissues. As a matter of fact, it has been reported that Cx32
dental pulp displays various changes of basement membrags also expressed in epithelial cells during the late bell stage
components, such as type IV collagen, laminin, fibronectin, afé rodent tooth development and that Cx26 was expressed in
proteoglycans, at the region of differentiating odontoblasts [32dontoblasts of the adult rat teeth [25].
33]. In areas where cytodifferentiation starts, the preexisting
basement membrane components may be degraded and rem&x&3 in Irritated Adult Human Teeth
and new components must be deposed. Therefore, the expressiadicroorganisms are involved in both decalcification and pro-
of Cx43 in both pulp and inner enamel epithelial cells and treolysis of the dentin during the process of dental caries. In
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response to this irritation, the secretory activity of the odontof7] Lo, C.W. (1996). The role of gap junction membrane channels in devel-
blasts is stimulated to elaborate reactionary dentin [37] and the opmentJ. Bioenerg. Biomemh28(4):379-385. o
tubuli become calcified. Cx43 is reexpressed in the processes!f Wamer, AE., Guthrie, S.C., and Gilula, N.B. (1984). Antibodies to gap

dontoblast di th . lesi i | junctional proteins selectively disrupts junctional communication in an
odontoblasts surrounaing the carious lesion, suggesting a role early amphibian embrydature311:127-131.

for Cx43 in the hypercalcification process. [9] Fraser, S.E., Green, C.R., Bode, H.R., and Gilula, N.B. (1987). Selective
We have shown recently that dentin can be produced in vitro disruption of gap junctional communication interferes with a patterning

from cultured human pulp cells [29]. Cx43 is weakly expressed process in hydraéScience237:49-55.

in these cells, but its expression is upregulated during minertif2] Bevilacqua, A., Loch-Caruso, R., and Erickson, R. (1989). Abnormal de-

. L . . . velopment and dye coupling produced by antisense RNA to gap junction

|zat|o_n processes. This is in accordance with previous fmdmgs protein in mouse preimplantation embryeroc. Natl. Acad. Sci. USA

showing increased calcium content of the extracellular matrix gg:5444-5448.

and enlarged mineralization nodules in steoblastlike cells trafig Lee,S., Gilula, N.B., and Warner, A.E. (1987). Gap junctional communica-

fected with Cx43 cDNA [38]. The fact that Cx43 is important tion and compaction during preimplantation stages of mouse development.

in mineralization processes has been evidenced by recent aa Cell 51:851-860. . .

. .. . ... .. |12] Reaume, A.G., de Sousa, P.A., Kulkarni, S., Langille, B.L., Zhu,
shovymg '_[hat Cx43 d_ef|C|ency results in delayed (_)ssmcatl_o 1" D.. Davies, T.C., Juneja, S.C., Kidder, G.M., and Rossant, J. (1995).
CI’anIOfaCIa| abnOfma|ItIeS, and OSteOb|aSt dYSfunCtIOHS. ThIS IS Cardiac ma|f0rmati0n in neonata' mice |acking Connexin%ience
illustrated by the fact that Cx43-null mice exhibit reduced ex- 267(5205):1831-1834.
pression of specific genes and stunted mineralization in vitfd3] Kollar, E.J.,and Lumsden, A.G.S. (1979). Tooth morphogenesis: The role

indicating that Cx43 is involved in osteogenesis and normal os- ‘;f:geé%”ervation during induction and pattern formatiarBiol. Buccale
teoblastfunctions [39]' Theseresults suggest that Cx43 may Eﬁ’ Ten Cate, A.R. (1989Pral Histology, Development, Structure and Func-

be involved in the secretory activity of odontoblasts in dentin ~ tjon, 3rd ed. (C. V. Mosby, St. Louis, MO).
production and mineralization both during tooth developmefs] Stock, D.W., Weiss, K.M., and Zhao, Z. (1997). Patterning of the
and after dental injury. mammalian dentition in development and evolutiBibessaysl9:481—
In a model system where the rat teeth are forced to moye, 4%°: _ o
(orthodontic forces) expression of Cx43 has been shown in ([)156_] Garant, P.R. (1972). The demon§trat|on of complex gap junctions between
=0 - . ) the cells of the enamel organ with lanthanum nitrateJltrastruct. Res.
teoclasts and periodontal ligament cells in compression zones, 40:333-34s.
and in osteoblasts and osteocytes in tension zones of the pert Sasaki, T., Higashi, S., Tachikawa, T., and Yoshiki, S. (1981). Morpho-
odontal ligament. These results support the hypothesis that Cx43 genesis of gap junctions in rat amelogenesi&lectron Microsc30:191~
may play a role in the coordination of an alveolar bone remog-  197- _ .
eling [40]. Cx43 may also play a role in the synchronization cﬁs] Goldberg, M., Escaig, F., and Septier, D. (1981). Etude par cryofracture
. ) o : et sur coupes fines des jonctions intercellulaires entre les odontoblastes de
mineral matrix deposition by odontoblasts in human teeth. Iincisive de rat. Modifications induites par la vinblastideBiol. Buccale
In conclusion, Cx43 expression in human dental tissues is 9:141-153.

correlated with cytodifferentiation and mineralization processé9] Holland, G.R. (1987). The effect of nerve section on the incidence and

during both normal and pathologic conditions. distribution of gap junctions in the odontoblast layer of the Aatt. Rec.
218:458-465.
[20] Koling, A., and Rask-Andersen, H. (1984). Membrane junctions be-
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