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Abstract. A transcellular bulk flow of C&" ions through  As for the closely related osteogenesis, a transcellular bulk
the odontoblast layer is of central importance during denflow of Ca?* ions takes place, and earlier studies indicate
tinogenesis. For this, specialized mechanisms may exisfot this occurs primarily by an intracellular routee.,

which by a concerted action, gate Lanto the proximal o
end of the cells and extrude the ions towards the mineraiti"ough the odontoblasts [3-5]. The Tactivity in pre-

ization front. To elucidate these mechanismsjmwitro dentin,i.e., jUSt in advance of the mineralization front, is
model would be useful. Mature odontoblasts are, however2—3 times higher than that at the proximal (pulpal) side of

post-mitotic cells and cannot be propagated in cell culturethe odontoblasts [5], suggesting that odontoblasts constitute
The aim of the present study was, therefore, to characterizg yiffusion barrier between the two compartments, ardf Ca

the odontoblast-like rat cell line MRPC-1vith regard to . . . .
transcellular C& transport, barrier function, and intercel- 10NS are actively transported in a controlled and directed

lular junctions when cultured on membranes in Transwelimanner. For this transport, specialized mechanisms may ex-
chambers. The MRPC-1 cells grew as epithelial-like cells inist in odontoblasts, which by a concerted action, gaté'Ca

a continuous bilayer separated by a thin collagenous matrifito the proximal end of the cells and extrude the ions at

and with intercellular junctional complexes. They exhibited e gistal end towards the site of mineral formation [2, 4,
properties of a low-resistance epithelium, maintained & 7]

Ca&*-dependent diffusion barrier, and exhibited a functional™" . . . o
diversity between the two cell layers. MRPC-1 cells ex- As C&* transport is of importance for dentinogenesis, it
pressed ZO-1, occludin, E-, and N-cadherins in addition tovould be advantageous to obtain invitro experimental

a-, B-, y- and p12&*‘ catenins, thereby demonstrating somemodel, in which C&* fluxes can be studied and quantified,

traits in common with, but also differences from, epithelial 54 ca+ transport mechanisms and their regulation can be
cells and major differences from fibroblasts. The transcel . . . . .
lular Ca&* flux was inhibitable by nifedipine unidirection- further elucidated in detail. Mature dentinogenic odonto-

ally, giving evidence for an active intracellular €arans- ~ Plasts are, however, post-mitotic cells and cannot be prop-
port through voltage-gated channels of the L-type. Similari-agated in cell culture, and few convincing odontoblast-like
ties with native odontoblasts indicate that MRPC-1 cellscell lines have hitherto been published. The novel cell line
may be useful foin vitro studies of transcellular Catrans-  \RpC-1, anin vitro mineralizing subclone of the dental
gggts.mechamsms of importance for the calcification pro—pulp cell line RPC-C2A [8], exhibits an odontoblast-like

phenotype. Specifically, the cells express dentin-specific
Key words: Calcification — Dentinogenesis — Cadherins dentin sialophosphoprotein (DSPP), collagen type I, high
— Catenins — Intercellular junctions alkaline phosphatase activity [M. Marsh & H. H. Ritchie,
unpublished] and the three isoforms of the NCX1+IG#?*
exchanger, NaCa 3, 7, and 10, characteristic of native odon-
ﬁblasts and osteoblastic cells [9].

The aim of the present study was, therefore, to charac-
terize the odontoblast-like cell line MRPC-1, cultured in
“Franswell inserts, with respect to barrier function, expres-
sion of different tight and adherens junction proteins, and
transcellular C& transport. The results show that MRPC-1
cells, indeed, maintain a barrier function, display intercel-
lular junctional complexes, and perform an active and in-
Correspondence toT. Lundgren hibitable transport of Cé ions, making MRPC-1 cells an
1The MRPC-1 cell line was previously denoted MMP4., interesting model for transcellular €atransport studiem

Odontoblasts are ectomesenchymal cells of neural crest cet
origin. They play a central role during the formation of
dentin by synthesizing collagen and noncollagenous ma
romolecules of the dentin organic matrix [1]. In addition,
the odontoblasts are instrumental in mineral formation [2]



T. Lundgren et al.: Ci Transport in Rat Odontoblast-Like Cells 193

vitro. This may be of importance for a further understanding5% mercaptoethanol. Samples with equal amounts of protein were

of the detailed mechanisms involved in the calciﬁcation(r)eflgl"eOI by SDS-PAGE on 4-15% gradient gels, and transferred to
. . . .45 um nitrocellulose sheets in a Bio-Rad mini-trans-blot cell

process, specifically dentinogenesis. (Bio-Rad Laboratories, Hercules, CA, USA). The blotted sheets
were washed in Tris-buffered saline with 5% fat-free dry milk and
0.1% Tween followed by sequential 1-hour incubations with pri-

Materials and Methods mary and horseradish peroxidase-conjugated secondary antibod-
ies, respectively. After washin6 x 5 mnutes in Tris-buffered
Chemicals saline, immunoreactivity was detected by Enhanced ChemiLumi-

niscence (Amersham) and visualized by exposure to X-ray film.
a-MEM, fetal bovine serum, penicillin, streptomycin, L- As a reference, prestained molecular weight standards (Bio-Rad)
glutamine, fungizone, ascorbic acid, and all other cell culture comwere used.
ponents were obtained from Gibco BRL Life Technologies (Rosk-
ilde, Denmark). Nifedipine was obtained from Sigma Chemical
Co. (St LOUiS, MO, USA) A stock solution of nifedipine (l mM) Paracellular Electrical Resistance
in DMSO was prepared and stored in light-safe boxXé€aCl,

was obtained from ICN Biomedicals (Costa Mesa, CA, USA). The paracellular electrical resistance across cell layers cultured on
Primary antibodies directed against human ZO-1 (zonula ocyhe Transwell filters was measured by a Millicell ERBmeter
cludens-1), occludin, and N-cadherin were obtained from Zyme‘gMillipore, Bedford, MA, USA) at 1, 3, 6, and 8 days after seeding,

Laboratories (San Francisco, CA, USA). Pan-cadherin antibodiegg hare filter resistance was subtracted from the test measure-
were obtained from Sigma, and antibodies to human E-cadherif,gnts.

and murinex-, 3-, y(plakoglobin)- and p12®&*catenins were from
Transduction Laboratories (Lexington, KY, USA).

Transcellular C&* Flux

Cell Culture

MRPC-1 cells and pig thyrocytes cultured in Transwell chambers
Rat odontoblast-like MRPC-1 cells were seeded in either Lab-TeRvere incubated in the presence or absencé‘t@ee Hanks me-
Culture chamber slides (Nunc, Naperville, IL, USA) or in 6.5 mm dium + 0.5 mM EGTA) of C&" in either of the |2C1W9r or upper
Transwells (Costar, Badhoevedorp, NetherlandsHVEM — chambers. In the isotope-containing chamber;"@ree Hanks
(minimum essential medium) with additions of 10% fetal bovine Medium was used without EGTAXCa™ (final activity 0.01uCi/
serum, 100 U/ml penicillin, 20Qug/ml streptomycin, 2 mM L- ml) was added to either the lower or the upper chamber. After 5,
glutamine, 1% fungizone, 5Q.g/ml ascorbic acid, and 1.8 mM 10, 15, or 20 minutes, respectively, the liquid in the non-isotope-
CaCl, at 37°C in a 5% CQ atmosphere. Medium was changed containing chamber was collected. From these aliquots, liquid
every 2nd day. Typically, cells were kept in culture for 6-8 daysScintillation samples were prepared and measured in an LKB Wal-
before use. The lower and upper media volumes in the bicamera®C 1215 Rackbeta liquid scintillation counter.
Transwells were 500 and 2@, respectively. Porcine thyrocytes, Results are presented as means + SD. Statistical analyses were
isolated as previously described [10] were cultured in 6.5 mmperformed using a computerized unpaired Studetest (Stat-
Transwells ina-MEM with the addition of 5% fetal calf serum, View 4.01).P < 0.05 was considered to demonstrate a significant
200 U/ml penicillin, 200pg/ml streptavidin, and 2.5ug/ml fun-  difference.
gizone at 37°C in a 5% CQatmosphere. Confluent monolayers
were formed after 4-5 days. Madin-Darby canine kidney (MDCK)
cells and MRC-5 fibroblasts were cultured as described [11] Results

Transmission Electron Microscopy Paracellular Electrical Resistance
Filter-cultured MRPC-1 cells were fixed with 2.5% glutaraldehyde Confluent MRPC-1 cells grown on Transwell filters in

in sodium cacodylate buffer for 1 hour. After rinsing twice in cg+-containing medium established a low paracellular re-
sodium cacodylate buffer, the cells were postfixed in 1% OO g P

1 hour, after which the Transwell membranes were cut out of theistance of <20@ - cn¥. One day after seeding, resistance

inserts and dehydrated in ascending grades of ethanol. After endiffered significantly from the bare transfilter resistange (
bedding in epoxy resin, perpendicular sections were contrasted 0, 001) (Fig. 1). After 3 days of culture, the transcellular
with uranyl acetate and examined in a Philips 400 transmission _ _. .

electron microscope. resistance essentially reached a plateau, and from day 6 on

the the values no longer increased (not shown).

Immunofluorescence

After fixation in ice-cold ethanol for 20 minutes and preincubation Transmission Electron Microscopy
for 5 minutes in phosphate-buffered saline containing 7.5% su- _ o
crose, 5% fat-free milk, and 0.1% gelatin, MRPC-1 cells culturedWhen cultured for 6 days in C&containing a-MEM,

in Lab-Tek Culture chamber slides were incubated with primary; - i
Z0O-1, occludin, E-cadherin, pan-cadherinBecatenin antibodies, MRPC-1 cells were arranged on the Transwell filters as two

followed by biotin-labeled IgG and FITC-streptavidin. Each incu- Continuous layers of flattened cells separated by a narrow
bation lasted for 30 minutes followed/I8 x 5 ninute washings. space (Fig. 2A). The cytoplasm of all cells had a flat elon-

Examination and photography was performed with a Nikon FXAgated nucleus with poor morphological polarization in terms
fluorescence microscope on Kodak T-max 400 I1SO film. o . .

of nuclear localization (Fig. 2A). Junctional complexes
were seen in the intercellular spaces of the superior cell
layer. The cell height of the superior cell layer was some-

Confluent MRPC-1 cells, MDCK cells, pig thyrocytes, and What greater than the inferior, and occasionally villi-like
MRC-5 fibroblasts were boiled for 4 minutes in sample buffer with cytoplasmic extensions were observed along its cell surface

Western Blotting
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major band at 120 kDa in MRPC-1 cells, MDCK kidney

T cells and thyrocytes, whereas MRC-5 fibroblasts showed no

woxx staining for E-cadherin (Fig. 4A). The intensity was con-

40 siderably lower in MRPC-1 cells compared with both

. *x MDCK cells and thyrocytes, the latter showing the highest

20 1 expression. N-cadherin was immunostained as a distinct,

] rather strong band at 134 kDa in MRPC-1 cells, the expres-

sion being very weak in MDKC cells and MRC-5 fibro-
0 1 2 3 4 5 6 blasts, and essentially absent in thyrocytes (Fig. 4A). Pan-
Days of culture cadherin immunostaining revealed a major band at 134 kDa

Fig. 1. MRPC-1 cells grown on Transwell membranes i?€a in all cell types, Wi_th the strongest_staining in MRPC-1 cells

containing medium formed low transcellular resistance (<200  and the weakest in thyrocytes (Fig. 4A).

s bgttcanty o it st oo e (- -lenin was expressed as a single band at 102 KDa n

OI.OOl). Atgday 6 aft):er seeding, the transcellular resistance reachddRPC-1, MDKC} ‘?‘nd thyrocytes (!:Ig. 4'_3)' In MRC'S fi-

a maximal value. broblasts the staining was barely discerniliecatenin was
expressed as a major band at 92 kDa in MRPC-1, MDKC,
and thyrocytes (Fig. 4B). MRC-5 fibroblasts also exhibited

(Fig. 2B). The cytoplasm of both cell layers contained nu-g-catenin expression, although at a lower level. Staining

merous mitochondria along with rough endoplasmic reticuwith antibodies toy-catenin (plakoglobin) revealed a single

lum. The basal cell layer tended to lie directly on the Tran-pand at 82 kDa in MRPC-1 and MDKC cells (Fig. 4B).
swell filter with no discernible matrix between cells and MRPC-1 cells showed a clearly weaker expression than
filter (Fig. 2C). Between the cell layers, a collagenous matoth MDCK cells and thyrocytes, and in MRC-5 fibroblasts
trix with regular outlines was present. The collagen fibersthe staining was barely discernible. MRPC-1 cells, MDCK
were arranged in parallel with the flat cells (Fig. 2D). cells, and thyrocytes expressed anti-gEinmunostaining

(Fig. 4B). In MDKC cells a rather weak band was seen at

around 100 kDa, and a clearly stronger band was revealed in

thyrocytes at the same migration distance. In contrast,

Immunofluorescent staining of MRPC-1 cells cultured for MRPC-1 cells showed the expression of two bands at 100

6-8 days exhibited a polygonal cellular outline and revealednd 115 kDa, respectively, with the latter being the stronger

a difference between the upper and lower cell layers as tone. In the MRC-5 fibroblasts, only the 115 kDa band was

the distribution of cell adhesion molecules (Fig. 3). ZO-1very weakly discernible.

immunoreactivity of the upper cell layer appeared as thin  Immunoblotting for occludin (Fig. 4C) demonstrated a

homogenous lines along the circumference of all cells (Figstrong band at 67 kDa in the MDKC cells, but MRC-5

3A). Below the upper cell layer the homogenous ZO-1 im-fibroblasts expressed this band only weakly. The 67 kDa
munoreactivity was lost, the staining appearing as irregulacomponent was also present in MRPC-1 cells but, in addi-
dots with no continuity (Fig. 3B). In the same way, E- tion, an equally strong band was seen at a higher apparent
cadherin immunoreactivity of the upper cell layer appearedM,. This band was also weakly seen in the other two cell
as homogenous thin lines outlining every cell (Fig. 3C), andypes.

this immunoreactivity was lost beneath the upper cell layer

(Fig. 3D). Pan-cadherin immunostaining resulted in virtu-

ally identical intensities in both the upper (Fig. 3E) and Transcellular C&* Flux

lower cell layers (not shown). The staining was continuous,

outlining the circumference of the cells. In contrast, occlu-MRPC-1 cells grown on Transwell membranes comprised a

din immunoreactivity of the upper cell layer was irregular barrier toward$°Ca2* fluxes, when compared with cell-free

and weak (Fig. 3F). Within groups of cells, the staining Transwell membranes (Fig. 5)°Ca* added to the lower
outlined each cell, whereas other cells were essentiallgompartment in cell-free Transwells easily diffused into the
negative. No staining was seen in the lower cell layer (noupper compartment (Fig. 5A). When replaced with cell-
shown). The intercellular spaces of the upper cell layer im-covered Transwell membranes, tth€a2* flux was signifi-
munostained foB-catenin as thin homogenous lines aroundcantly (P < 0.001) hindered at all time points during the
the circumference of all cells (Fig. 3G). Below the upperincubation. After 20 minutes, cell-covered Transwell mem-
cell layer this regular immunoreactivity was lost, the stain-branes exhibited a 16% transcelluf&Ca?* flux as com-

ing appearing as irregular dots with no continuity (Fig. 3H). pared with cell-free Transwell membranes (Fig. 5A). When

added to the upper compartment in cell-free Transwells,

45Ca* diffused through the membrane as well (Fig. 5B).

The45C&* flux was significantly decreased during the 20-

Immunoblotting with E-cadherin antibodies demonstrated aninute incubation when cell-free Transwell membranes

D
(=}
1
*
*
*

Transcellular resistance (Q cm?)

Immunofluorescence

Western Blotting
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Fig. 2. Transmission electron micrographs of MRPC-1 cells) (  porting cells (arrow inC). Villi-like cytoplasmic extensions (as-
MRPC-1 cells cultured in Ca-containinga-MEM were arranged  terisk inB) were observed along the apical cell surfa®. A thin

on the Transwell membrane (M) as a continous bi-layer of flat-collagenous matrix with regular outlines was present between the
tened cells. B & C) Cells of both layers contained numerous two cell layers with the collagen fibers parallel to the cells. Active
mitochondria and rough endoplasmic reticulum. Junctional comsecretion into the matrix was observed (arrowheads). (A) x4,600;
plexes (arrow inB) were seen in the intercellular spaces of the (B) x13,000; (C) x22,000; (D) x17,000.

superior cell layer and occasionally also between the lower sup-

were replaced with cell-covered Transwell membranes. Afthe barrier function, the depletion of &aresulting in a
ter 20 minutes, the MRPC-1-covered membranes exhibitedignificantly (P < 0.01) higher transcellular €aflux as
14% P < 0.001) of the**Ca* flux when compared with seen after 10 minutes of incubation (Fig. 6B).
cell-free membrane values (Fig. 5B). Porcine thyrocytes, which were assayed in the same sys-
MRPC-1 cells grown in C-containing medium exhib- tem for comparison, exhibited a different behavior. In the
ited no difference irt5Ca* flux from the lower to the upper presence of Cd in the Transwell chambers, essentially no
Transwell chamber when compared with cells in?Ca 45Ca&* passed through the thyrocyte monolayer grown on
depleted conditions (Fig. 6A). After 20 minutes of incuba-the membrane (Fig. 7). When depleted offCaowever,
tion, the cellular barrier tightness in €acontaining me- this barrier to Ca* fluxes was severely compromised. Al-
dium did not differ from that in the Ca-depleted system. In ready at the onset of the incubation, the barrier was dis-
the other direction, however, from the upper to the lowerrupted in both directionsR < 0.001), and the difference
chamber, there was a difference in cellular ability to upholdbetween**Ca* fluxes in the C&*-depleted system and in
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tigate whether this transcelluldtCa?* transport was medi-
ated by the cells and inhibitable. For this purpose, nifed-
ipine, an inhibitor of C&" channels of the L-type, was em-
ployed. After a 20-minute pretreatment with oM
nifedipine in the lower Transwell compartment, no differ-
ence in**C&" fluxes from the lower to the upper compart-
ment was evident between treated and untreated cells (Fig.
8A). When nifedipine was added to the upper chamber,
however, the*>Ca?* transport from the upper to the lower
compartment was essentially totally inhibited (Fig. 8B).

Discussion

The MRPC-1 cell line is an odontoblast-like cell line origi-
nally subcloned from the rat incisor pulp RPC-C2A cell line
[8]. MRPC-1 cells form mineralized nodulés vitro, ex-
press dentin sialophosphoprotein (DSPP), collagen type I,
high alkaline phosphatase activity [Marsh & Ritchie, un-
published], and shows the identical expression of NCX1
Na*/Ca&* exchanger isoforms as odontoblasts and osteo-
blastic cells [7, 9]. In the present study, we report that
MRPC-1 cells form a bilayer of flattened cells separated by
a thin collagenous matrix when cultured on filter, and that
they exhibit morphological, biochemical and functional fea-
tures of epithelial-like cells. When confluent on Transwell
membranes, the MRPC-1 cells formed a low-resistance cell
layer (<200Q-crrP). This resistance was essentially fully
established after 3 days in culture (Fig. 1). Therefore, our
Transwell experiments were typically performed after 6
days in culture. In comparison, high-resistance epithelial
| gt P ' cells, such as thyrocytes, may develop transcellular resis-
R e W el A s g tance values exceeding &k cn? [12, 13].

Fig. 3. Immunoreactivity of tight and adherens junction proteins ~ 1Ne results indicated a clear functional difference be-
in cultured MRPC-1 cells.A) Immunoreactivity of ZO-1 in the tween the two MRPC-1 cell layers in culture. Distinct in-

superior cell layer appeared as thin homogenous lines outlining thgsrcellular junctional complexes were primarily seen be-
cell borders. B) In the basal cells, the homogenous immunoreac-

tivity was strongly decreased and appeared as irregular dys. ( tWeen 99”5 i_n the _superior Iaygr,_ _and this d_ifferepce was
E-cadherin also outlined the circumference of all cells in the upperlso evident in the immunoreactivities for various junction-

cell layer. D) In the basal cells, the immunoreactivity was essen- ; i i
tially absent. With pan-cadherin antibodies, immunostaining ap_assomated proteins (Fig. 3). The upper cell layer showed

peared with a similar pattern and intensities in both the uppr ( distinct circumferential cellular staining with ZO-1, E-
and lower (not shown) cell layers. Although somewhat less regulacadherin, pan-cadherin, afidcatenin antibodies, similar to

than E-cadherin, the staining essentially outlined all ceHsdc-  thyroid cells in monolayer [11, 14], whereas such a reac-
cludin immunoreactivity was weak and irregular. Within groups of

cells in the upper layer, staining outlined the cellular circumfer-tivity was essentially only seen with pan-cadherin antibod-
ence, whereas other groups of cells were unstair@dirgmuno-  ies in the lower MRPC-1 cell layer. Pan-cadherin antibodies
staining forg-catenin appeared as thin homogenous lines outlininggyre raised against a conserved sequence of N-cadherin and
the circumference of all upper layer cell$i)(Close to the basal .
part of these cells and below, the regular immunoreactivity was'€ often used as an overall cadherin detector. Of the four
lost. x40. cell types, MRPC-1 showed the strongest immunostaining
on westerns with both N-cadherin and pan-cadherin anti-
bodies and with an identical electrophoretic migration (Fig.
the C&*-containing medium further increased throughout4). This indicates that pan-cadherin immunoreactivity in
the 20-minute experiment, both in case of flux from theMRCP-1 cells largely represented N-cadherin. In native
lower to the upper chambelP (< 0.001) (Fig. 7A) and from odontoblastsin situ, earlier electron microscopic studies
the upper to the lower ond>(< 0.01) (Fig. 7B). demonstrated morphologically distinguishable tight junc-
As shown above (Figs. 6, 7), MRPC-1 cells differedtions between the distal, predentin-near, parts of odonto-
from thyrocytes in that a certain transcelluf&Ca?* flux blasts [15-19]. In those studies, however, the circumcellular
occurred over the MRPC-1 cell layer on the Transwelltight junction belt was reported to be more or less incom-
membranes. The final experiment was performed to invesplete.
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Fig. 4. Western blots of cadheriné\},
catenins B), and occludin €). Lane 1:
MRPC-1 cells; lane 2: MDKC kidney cells;
lane 3: porcine thyrocytes; lane 4: MRC-5
fibroblasts. A) Immunoblots for E-cadherin
demonstrated a major band at 120 kDa in
MRPC-1 cells, MDKC cells, and thyrocytes.
1 2 3 4 1 2 3 4 1 2 3 4 The intensity was highest in thyrocytes. In
A 203> MDCK cells a minor band with an apparent
o M, of 38 kDa was also seen. MRC-5
123 » -.. — - e — fibroblasts showed no E-cadherin staining.
83 N-cadherin was expressed as a single strong
band at 134 kDa in MRPC-1 cells, whereas
the expression was very weak in the other
cells. Blotting with pan-cadherin antibodies
resulted in a major band at 134 kDa in all
35 » cell types. The expression was strongest in
the MRPC-1 cells.B) a-catenin was
. i N i y ; expressed as a single band at 102 kDa in
E-cadherin cadherin pan-cacherin MRPC-1, MDKC, and thyrocytes but was
B only weakly discernible in MRC-5
fibroblasts.B-catenin was expressed as a
123 4 1 23 4 1 23 4 1 2 3 4 major band at 92 kDa in all cell types with
least intensity in MRC-5 cellsy-catenin was
expressed at 82 kDa in MRPC-1 cells,
MDKC cells, and thyrocytes, with MRPC-1
cells being the weakest. In thyrocytes, a
minor band with higher migration was also
51» seen, whereas staining was barely discernible
in MRC-5 fibroblasts. When antibodies to
a-catenin B-catenin ycatenin p120 pl2CGatcatenin were used, bands appeared
both at 115 kDa and 100 kDa. Both bands
were visible in MRPC-1 cells, the 115 kDa
1 2 4 band clearly being the strongest. In MDKC
cells and thyrocytes the 100 kDa band
C 203» predominated, even though a faint staining
could also be seen th the higher.Nh
123 > fibroblasts the 115 kDa band was vaguely
8 — discernible. C) Blotting with anti-occludin
3 > demonstrated a major band at 67 kDa that
— was weaker in MRPC-1 than in MDKC
51 » cells. MRC-5 fibroblasts expressed the band
: weakly. In addition to the 67 kDa band, a
band with higher molecular weight, 116 kDa,
Occludin appeared in all cell types.

51 p» .

203 »

835 p E -

The occurrence of junction-associated proteins in epithewhereas the MRC-5 fibroblasts were devoid of such an
lial cells has been thoroughly examined, such as duringxpression. E-cadherin is recognized as belonging to an
tooth development [20—24] and in the thyroid follicular epi- epithelial phenotype, but it may be expressed in other cell
thelium [10, 13, 25]. In cells of mesenchymal origin, thosetypes as well. We thus found that E-cadherin was expressed
proteins have been less studied. In dental papilla cells oht an intermediate level in MRPC-1 cells. This is in contrast
murine tooth germse.g., B-catenin was discerned during to osteoblastic cells [29, 30], which share common features
the cap and bell stages [22], and ZO-1 has been found to beith odontoblasts. It is an interesting observation that trans-
present at low levels in fibroblasts [26—28]. So far, no studyfection of fibroblasts with a plasmid containing the E-
has specifically addressed the expression of tight or adeadherin gene caused a transdifferention into an epithelial
herens junction proteins in dentinogenically active odontophenotype [29], so it may be that MRPC-1 E-cadherin ex-
blasts. pression is related to the epithelial-like features of these

Odontoblasts originate from the neural crest and are coreellsin vitro. Of the cells analyzed, MRPC-1, showed the
sidered as ecto-mesenchymal in origin. A question is, therestrongest N-cadherin expression, which is characteristically
fore, if this in some way is reflected in the MRPC-1 cells, present in neural tissues. However, expression of N-
and in which way MRPC-1 cells would differ from fibro- cadherin has earlier been demonstrated in human osteo-
blasts and epithelial cells, respectively. Clear differencedlasts [30] and osteoblastic cell lines [30, 31 yitro. Like-
were actually shown by the expression of junction-wise, N-cadherin but not E-cadherin was found in periodon-
associated proteins as demonstrated by western blots (Fital ligament cells forming mineralized noduliesvitro [32].

4). The two epithelial cell lines (MDCK cells and porcine  Another major difference from fibroblasts was that, ex-
thyrocytes) showed a strong expression of E-cadheringept for B-catenin, catenin expressions were very low in
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Fig. 5. MRPC-1 cells grown on Transwell membranes comprisesrig. 6. MRPC-1 cells in Ca*-containing medium exhibited no
a calcium ion flux barrier*>*Ce2* added to the lower compartment difference in45Ca2* flux from the lower to the upper Transwell

in cell-free Transwells easily diffused into the upper compartmentcompartment when compared to cells i?Gdepleted medium in
(upper panel). When replaced with cell-covered Transwell memyoth chambers (upper panel). In contrast, whada* flux was
branes, the>Ca¢* flux was significantly hindered. After 20 min- assayed in the other direction, from the upper to the lower com-
utes, cell-covered Transwell membranes exhibited a 184"  partment, the barrier function was compromised ir¥*Giepleted
flux when compared with cell-free membran&s< 0.001). Like-  medium (lower panely*5Ca2* fluxes were significantly higher in
wise, when added to the upper compartment in cell-free Trancg*-depleted mediumR < 0.01 at 10 minutes? < 0.05 at 15 and
swells, **Ce?* easily diffused into the lower compartment (lower 20 minutes of incubation).

panel), whereag®Ca* flux was significantly hindered by cell-

covered membranes. After 20 minutes, cell-covered Transwell

membranes exhibited 14.3% of tlteCa* flux when compared

with cell-free membranes(< 0.001). =115/112 kDa and CAS2A/B-96/100 kDa [33]. The epi-
thelial MDCK cells have been shown to express mainly
CAS?2 isoforms [33], which agrees with our result. The in-
MRC-5 fibroblasts. Like the two epithelial cell lines, tense expression by the MRPC-1 cells would correspond to
MRPC-1 cells expressed bothx and~y-catenin (plakoglo- one or both of the CAS 1 isoforms (Fig. 4B).
bin), the latter, however, at clearly lower levels than in the  Occludin was strongly expressed in MDCK cells, less
epithelial cells. A conspicuous finding was the high levelsstrongly in MRPC-1 cells, and sparsely in fibroblasts (Fig.
of p120at expressed by MRPC-1 cells (Fig. 4B). MDCK 4C). Earlier results have, however, indicated an absence of
cells and thyrocytes showed immunoreactivity on westerroccludin expression in fibroblasts, as revealed by negative
blots with anti-p126™ antibodies as well, however at a western as well as northern blots [35]. Also the immuno-
lower apparent M p12Gatwas originally characterized as a staining of MRPC-1 cells in culture showed a scarce distri-
tyrosine kinase substrate implicated in both cell transformabution of occludin (Fig. 3F). Occludin is known to contrib-
tion and ligand-induced receptor signaling. Due to its strucute significantly to the formation of transepithelial resis-
tural similarity with B- and-y-catenins, primarily a number tance, and this may then be the reason for the definite but
of Armadillo repeat motifs, it was eventually identified as a comparatively low transcellular resistance in MRPC-1 cells
catenin [33], associating with both E-cadherin and N-(Fig. 1).
cadherin [34]. UnlikeB- and~-catenins, however, p129 The flux of 45Ca&* was significantly hindered between
does not seem to be linked to the cytoskeleton througfTranswell compartments in both directions by the epithelial-
a-catenin but binds to a different juxtamembrane domain orlike MRPC-1 cell bilayer (Fig. 5). The MRPC-1 cells thus
cadherins, and its functional significance is presently notomprised a C& diffusion barrier, although some €awvas
understood. In mouse, p120is expressed as at least four found to pass across the MRPC-1 cell layer, in contrast to
isoforms (CAS1A/B and CAS2A/B) with CAS1A/B the tight barrier created by the epithelial thyrocytes (Fig. 7).
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Fig. 8. No difference could be seen ffCa* transport from the

0 5 10 15 20 lower to the upper Transwell compartment whether or not cells

were subjected to a 20 minute pretreatment wiflaNb nifedipine

in the lower compartment (upper panel). When added to the upper
Fig. 7. In Ca&*-containing medium, porcine thyrocytes constituted compartment, however, nifedipine caused a total blocking of

an essentially tight barrier fo®Cea2* fluxes, both from the lower “°Ce* transport from the upper to the lower compartment (lower

to the upper Transwell compartment (upper panel) as well as fronpanel). This difference if°Ca* flux was significantly different at

the upper to the lower compartment (lower panel). When media inl5 minutes P < 0.05) and 20 minutesP(< 0.01).

both compartments were depleted ofCahis barrier was signifi-

cantly compromised in both directions.

Incubation time (min)

flux. 45C&* transport in the other direction was not inhib-

ited (Fig. 8), thus giving additional evidence for a polariza-
The MRPC-1 diffusion barrier towards €aions was de- tion of MRPC-1 cell function in culture. From the fact that
pendent on calcium as weffCa?* fluxes towards the lower it was possible to totally abolish transcellular fluxes in one
chamber were significantly higher in €adepleted medium direction follows that this transcellular flux, in fact, repre-
(Fig. 6B), but such a difference was not found f8€a**  sents an active intracellular transport route, wheré"@a-
fluxes in the opposite direction (Fig. 6A), demonstrating atake through voltage-gated L-type channels plays an essen-
polarized C&" dependence of the MRPC-1 barrier function. tial role. We have demonstrated earlier that nifedipine in-
In contrast, thyrocytes, which grow in monolayer, exhibitedhibits uptake of C&" in native rat incisor odontoblasts [6],
a C&*-sensitive barrier independent of the direction ofand that plasma membrane-associatetl @athese cells is
45C&* flux (Fig. 7). In the case of thyrocytes, the increasedecreased by nifedipine [36]. The finding that nifedipine
in ionic flux has been attributed to loss of function of the administration to rats leads to a strongly decreased incor-
intercellular E-cadherin junctions upon €alepletion [25].  poration of*°Ca?* into the mineral phase of newly formed
Whether this is the case also for MRPC-1 cells, which ex-dentin, gave evidence for a cardinal role of L-type channels
press E-cadherin (Figs. 3, 4), or some othet'@ependent in Ca?* transport across the odontoblast layer during den-
adhesion mechanism is not yet known. tinogenesisn vivo [4]. Further evidence for the importance

A difference between MRPC-1 cells and the epithelialof L-type channels during the formation of calcified tissues

thyrocytes was that while the barrier functionvitro of the ~ was given by the demonstration that nifidipine hampers os-
latter towards C& was essentially total (Fig. 7), a certain teogenesisn vivo [37].
amount of transcellular flow of*Ca?* occurred continu- In vivo, C&* activities are significantly higher in the
ously during the experiments with MRPC-1 cells (Figs. 5, 6,predentin compartment than in the dental pulp extracellular
8). When nifedipine, a dihydropyridine inhibitor of L-type fluid during dentinogenesis [5]. Such a difference is depen-
C&* channels in the plasma membrane, was added tdent on the ability of the separating cell layer to constitute
MRPC-1 cells, only addition in the upper Transwell com- a diffusion barrier. The MRPC-1 cells displayed this prop-
partment had an inhibitory effect on transcelluf®Ca**  erty in culture, which may be ascribed to the junctional
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proteins expressed by the MRPC-1 cells. The finding of a
transcellular C#& ion transport through the MRPC-1 cells
which, as is the case for odontoblastsvivo, occurs by a
C&™* uptake through L-type channels gives additional evi-
dence for the odontoblast-like features of the MRPC-1 cells.
This, together with the findings of identical expression pat-;
terns of NCX1 N&/C&* exchanger isoforms [7, 9] and
Na*/P; cotransporters [38] as in native odontoblasts, makes
it probable that MRPC-1 cells may serve a useful purposéL
for studying ion transport mechanisms of importance for the
calcification process, specifically dentinogenesis.
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