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ABSTRACT Calbindin-D 28 kDa (CaBP 28 kDa), a vitamin D-dependent cal-
cium-binding protein, has been associated with calcium handling by cells. We have
investigated the expression of this protein in the rat incisor enamel organ, an
epithelium interposed between a mineralizing matrix and connective tissue rich in
blood vessels, by radioimmunoassay (RIA), Western blotting, and quantitative
protein A-gold immunocytochemistry with antibodies to rat kidney CaBP 28 kDa.
RIA of cytosolic extracts showed that enamel organs contained relatively high
concentrations of CaBP 28 kDa (compared to kidney; see review by Christakos S,,
C. Gabrielides, and W.B. Rhoten 1989 Endocr. Rev., 10:3-25). Immunoblotting of
proteins extracted from enamel organ strips revealed an intensely-stained band
near 28 kDa throughout amelogenesis following ameloblast differentiation. Im-
munocytochemically, CaBP 28 kDa was localized exclusively within ameloblasts.
The density of labelling increased from the presecretory stage to the secretory
stage and fluctuated across the maturation stage in relation to ameloblast modu-
lation. Ruffle-ended ameloblasts consistently showed the most intense immuno-
reaction. Gold particles were present throughout the cytoplasm and nuclei of
amel oblasts but regions rich in rough endoplasmic reticulum or cell webs showed
a higher immunolabelling. Some gold particles were also associated with the ex-
ternal face of the rough endoplasmic reticulum. Multivesicular bodies in matura-
tion stage ameloblasts were occasionally immunoreactive. These data suggest that
the intracellular concentration of CaBP 28 kDa is regulated throughout amelo-
genesis reflecting a stage-specific control of calcium homeostasis in ameloblasts.

Various investigations have suggested that calcium
may regulate the overall process of amelogenesis (Fer-
guson and Hartles, 1964; Nikiforuk and Fraser, 1979;
Ameloot and Coomans, 1987; Wdltgens et al., 1987).
Intracellular ionic calcium acts as a second messenger
for a wide variety of physiological responses in many
cell types (reviewed by Carafoli, 1987). Small acidic
proteins of the troponin C superfamily (Perret et al.,
1988), which have high affinity calcium-binding sites
(Kretsinger, 1980), appear important in Ca’ *-medi-
ated events. Some of these proteins act as signal trans-
ducers (e.g., calmodulin or S100 protein; Kligman and
Hilt, 1988) while others participate in intracellular
Ca’ " homeostasis (e.g., parvalbumin; Heizmann and
Celio, 1987).

Four members of the troponin C family have been
identified in the epithelial component of the rodent
tooth germ: 1) the ubiquitous calmodulin (Hubbard et
al., 1981; Goldberg et al., 1987; Sasaki and Garant,
1987); 2) parvalbumin (Celio et al., 1984); 3) calbindin-
D 9 kDa; and 4) calbindin-D 28 kDa (CaBP 28 kDa)
(Celio et al., 1984; Taylor, 1984; Taylor et al., 1984,
Elms and Taylor, 1987; Berdal et al., 1989ab). The
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precise role of calbindinsin Ca* * metabolism is poorly
understood at present (reviewed by Christakos et al.,
1989). It has been proposed that these proteins trans-
locate Ca™* (Bronner and Stein, 1988) and, in teeth,
they are believed to play arole in the calcium-mediated
regulation of enamel formation (Berdal et al., 1989a).
CaBP 28 kDa is mainly found in one cell type of the
enamel organ, the ameloblast, and its level (as shown
by immunohistochemistry) varies throughout amelo-
genesis, data suggestive of a tight regulation of this
protein in ameloblasts (Celio et al., 1984; Taylor et al.,
1984; Berdal et al., 1989b).

Amelogenesis occurs in three distinct stages: 1) the
presecretory stage during which ameloblasts differenti-
ate; 2) the secretory stage where the bulk of enamel
matrix is deposited and mineralization is initiated; and
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3) the maturation stage where proteins are removed
while mineralization is completed (reviewed in Robin-
son and Kirkham, 1985; Smith et al., 1989; Nanci et
al., 1989a). The continuously erupting rat incisor offers
the possibility to examine this entire developmental
process in a single tooth (reviewed by Leblond and
Warshawsky, 1979). Furthermore, spatial reference
points and morphometric parameters for the various
stages of amelogenesis are well defined for mandibular
incisors (Robinson et al., 1981; Smith and Nanci, 1989).
This model, therefore, was chosen to investigate the
expression and subcellular distribution of CaBP 28
kDa in the enamel organ using radioimmunoassay
(RIA), immunoblotting, and immunocytochemistry.

MATERIALS AND METHODS
Radiographs of Mandibles

Five male Sprague-Dawley rats (Charles River,
Saint-Aubin Les Elbeuf, France) weighing about 160 g
were anesthetized with ether and decapitated. The
hemimandibles were rapidly dissected, cleaned of sur-
rounding soft tissues, and fixed by immersion in 4%
paraformaldehyde (Sigma Chemical Co., La Verpil-
liere, France) buffered with 0.1 M sodium phosphate,
pH 7.3, for 48 hours at 4°C. They were then rinsed in
water and microradiographs were taken on line films
(Ilford, Saint-Priest, France) using a microfocal X-ray
generator (Tubix, Paris, France) set at § mA, 30 kV,
and a focal distance of 56 cm. The films were exposed
for 8 minutes and then developed (Fig. 1).

SDS-PAGE and Western Blotting

Enamel organs, and underlying enamel, were
transected at 1 mm intervals into a series of strips on
freeze-dried incisors of male Wistar rats (Charles
River, St-Constant, Canada) weighing about 100 g as
described by Smith and Nanci (1989). The proteins in
these strips were solubilized by adding to individual
samples equal parts of 0.05 M phosphate buffered sa-
line (PBS) containing 0.01% Triton X-100 and sample
preparation buffer (20% glycerol, 20% B-mercaptoeth-
anol, 2% SDS, 0.02% bromophenol blue, and 0.1 M Tris,
pH 6.8). The samples were then boiled for 3 minutes
and used for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Approximately 5 pg of
constituent proteins were loaded per lane (estimated
from data in Smith et al., 1989). The proteins were then
separated on 5-15% linear gradient SDS-polyacryla-
mide gels and transferred onto nitrocellulose paper
(0.45 um pore size; Schleicher and Schuell Inc., Keene,
NH) at 4°C in a Hoefer TE 52 Transfer Electrophoresis
Unit (Hoefer Scientific Instruments, San Francisco,
CA) using a methanolic transfer buffer (20 mM Tris,
150 mM glycine, and 20% methanol). A voltage gradi-
ent of 10 V/em was applied for 30 minutes followed by
8 V/cm for 12 hours. Blots were probed with rabbit
antibodies to rat kidney CaBP 28 kDa (diluted 1:1,000)
for 2 hours at room temperature or overnight at 4°C
followed by calf alkaline phosphatase-conjugated goat
anti-rabbit IgG for 2 hours at 37°C, and then stained
for alkaline phosphatase using p-nitroblue tetrazolium
chloride and 5-bromo-4-chloro-3-indolyl phosphate (p-
toluidine salt) as the substrates. A buffer consisting of
0.5% casein, 154 mM NaCl, 10 mM Tris, pH 7.6, was
used both to quench non-specific binding sites and to
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dilute the antibodies. As control, similar blots were
processed with non-immune serum.

RIA of CaBP 28 kDa

Ten male Sprague-Dawley rats weighing 100 = 10 g
(Charles River, France) were anesthetized with ether
and decapitated. The mandibular incisors were re-
moved, placed on ice, and rinsed in 140 mM Tris-HCI
buffer (THB) containing 120 mM NaCl and 3 mM KCl.
The alveolar bone and odontogenic organs at the apical
ends of the teeth were removed. Lateral cuts were
made along the cemento-enamel junction and the
enamel organs were gently scraped from the labial as-
pect of the incisors.

The samples were homogenized at 4°C in 4x their
volume of THB with a Potter Elvehjem homogenizer
for 1 minute at 10,000 rpm. The homogenates were
centrifuged at 100,000g for 1 hour. All procedures were
carried out at 4°C. The concentration of proteins in the
supernatant was estimated by a modified Lowry
method (Thomasset et al., 1982) using bovine serum
albumin as a standard. RIAs with rabbit antibodies
raised against rat kidney CaBP 28 kDa were performed
as described by Intrator et al. (1985). The quantity of
CaBP 28 kDa in supernatants was determined using a
standard curve obtained with serial dilutions of unla-
beled purified rat kidney CaBP 28 kDa (from previous
data; Intrator et al., 1985). The results were expressed
as ug of CaBP 28 kDa/mg of total protein.

Tissue Preparation for Immunocytochemistry

Thirty male Wistar rats weighing 100 = 10 g (Charles
River, Canada) were anesthetized with chloral hydrate
(0.4 mg/g body weight) and perfused for 30 seconds
through the left ventricle with lactated Ringer's solu-
tion (Abbott Laboratories, Montreal, Canada) followed
by fixative (Meca Ltd., Montreal, Canada) for 20 min-
utes. Fixative solutions included 1) 4% paraformalde-
hyde, 2) 4% paraformaldehyde with 0.1% glutaralde-
hyde, 3) 1% glutaraldehyde, or 4) 1% paraformaldehyde
with 3% acrolein, all in 0.08 M sodium cacodylate buffer
containing 0.05% CaCl,, pH 7.3. Following perfusion,
kidneys and hemimandibles were removed and im-
mersed in their respective fixative solutions for 1 hour
at 4°C. Some hemimandibles were decalcified in 4.13%
disodium EDTA for 14 days at 4°C. All samples were
washed extensively in 0.1 M sodium cacodylate buffer
containing 4% sucrose, pH 7.3, and processed for em-
bedding in Lowicryl K4M (Chemische Werke Lowi,
Walkraiburg, Germany; Nanci et al., 1989b).

The various developmental stages of amelogenesis
were sampled from the apical to the incisal ends ofthe
incisor (Fig. 1; Warshawsky and Smith, 1974): pre-
secretory stage (ameloblasts facing pulp and dentin);
secretory stage (initial enamel and early inner
enamel); and maturation stage (postsecretory transi-
tion, smooth- and ruffle-ended ameloblasts). For illus-
tration of the stages, tissue samples were fixed by per-
fusion with 1% glutaraldehyde, osmicated, dehydrated
in graded alcohols, and embedded in LR White resin
(Bio-Rad Laboratories, Watford-Hertforshire, U.K.;
Fig. 2; Nanci et al., 1989b). Two micrometer-thick sec-
tions were prepared, stained with uranyl acetate and
lead citrate, and examined in the scanning electron
microscope using the backscatter mode (Nanci et al.,
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Fig. 1. Microradiograph of a rat hemimandible showing the molars
(Moy, Moy, Maog) and incisor. The enamel organ is situated on the
labial aspect of the continuously erupting incisor and contains all the
stages of the ameloblast life-cycle. The presecretory stage (PS), the
secretory stage (S), and the maturation stage (M) are disposed along
the length of the tooth from the apical (AE) to incisal (IE) end. GM,
gingival margin. x4,5.

Fig. 2. Backscattered electron images of rat incisor ameloblasts
showing the various developmental stages examined. A: presecretory
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stage ameloblasts (PS-Am) facing dentin (D); B: inner enamel secre-
tory stage ameloblasts (S-Am), D, dentin; C: postsecretory transition
ameloblasts (PST-Am); D: smooth-ended maturation stage amelo-
blasts (SE-Am); and E: ruffle-ended maturation stage ameloblasts
(RE-Am). Two micrometer-thick tissue sections of LR White embed-
ded tissues, stained with uranyl acetate and lead citrate, and exam-
ined in the scanning electron microscope using the backscatter mode
and inverse signal polarity. E, enamel; Od, odontoblast; PL, papillary
layer; S, stratum intermedium x600.
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Fig. 3. Immunoblot of enamel organ strips from different developmental stages (see Smith and Nanci
[1989] for sampling procedure) and early maturation stage enamel probed with anti-CaBP 28 kDa
antibody. The early presecretory stage sample (lane -7) and the enamel strip (lane E) show faint reac-
tivity, while an intensely-stained band is present near 28 kDa in strips from the secretory and matura-
tion stages. This band appears somewhat more intense in some maturation stage samples (lanes 2-8).
The position of molecular weight markers is indicated on the left side of the figure. PS, presecretory
stage; S, secretory stage; M, maturation stage.

TABLE 1. Effect of decalcification on labelling density' with anti-CaBP 28 kDa

Grid Pre-embedding No
decalcification decalcification decalcification
Enamel 2.45 = 0.69 (4) 2.11 = 0.58 (5) 2.76 = 1.12 (5)
Ameloblast 4.17 = 1.40 (32) 3.62 = 1.95 (40) 5.26 = 1.85 (40)
Stratum intermedium? 0.67 = 0.28 (8) 0.72 = 0.18 (10) 0.77 = 0.41 (10)

IMean number of gold particles/um? = S.D.; number in parentheses indicate sample size.
2Sample size was too small to perform similar rigorous statistical analysis as was done for ameloblasts.

ANOVA of the differences between treatments for ameloblasts

Source of variation D.F. M.S. F P
Between treatments 2 27.883 8.85 0.0003
No decalcification/grid decalcification 1 21.153 6.72 0.0109

No decalcification/pre-embedding decalcification 1 54.121 17.18 < 0.0001
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Fig. 4. Immunogold labelling of the distal convoluted tubule from
the kidney cortex. Because of the characteristic distribution of CaBP
28 kDa in renal tissue, the labelling procedure and antibody were
tested on kidney sections. Clear cells (clear) show numerous gold par-
ticles in their cytoplasm while dark cells (dark) have a negligible
labelling over their cytoplasm and nucleus (N). Mitochondria (m) con-
tain almost no gold particles. L, lumen of tubule. 4% paraformal de-
hyde + 0.1% glutaraldehyde. x26,000.

1990). For immunocytochemistry, thin sections (~100
nm-thick) of Lowicryl K4M embedded tissues were cut
with a diamond knife on an LKB Nova ultramicrotome
(LikB-Produkter AB, Bromma, Sweden) and mounted
on formvar- and carbon-coated nickel grids.

Immunocytochemical Procedures

Immunocytochemical labelling was performed using
the protein A-gold technique (reviewed by Bendayan,
1984). Some sections of mineralized incisors were grid-
decalcified by floating them on 4.13% disodium EDTA,
pH 7.3, for 30 minutes at room temperature followed by
repeated rinses in distilled water. The grids were then
floated for 5 minutes on a drop of 0.01 M PBS, pH 7.3,
containing 1% ovalbumin (Sigma Chemical Co., St.
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Fig. 5. Bar graph showing the density of labelling in ameloblasts
and adjacent cells of the papillary layer (stratum intermedium) at
various stages of amelogenesis. Quantitative analysis of the immu-
nolabelling shows little variation from the late presecretory stage to
postsecretory transition (beginning of the maturation stage) and an
important fluctuation during the maturation stage in relation to the
cell state. The density of labelling in papillary layer cells remains
more or less constant throughout amelogenesis. PSaq, presecretory
stage, ameloblasts facing dentin; S, initial enamel secretory stage;
Sie, inner enamel secretory stage; PST, postsecretory transition; SE,
smooth-ended maturation stage ameloblasts; RE, ruffle-ended matu-
ration stage ameloblasts.

Louis, MO) in order to saturate non-specific binding
sites. They were then incubated for 1 hour with rabbit
anti-rat kidney CaBP 28 kDa antibody (diluted 1:100
with PBS; Intrator et al., 1985). The grids were rinsed
with PBS, floated on PBS-ovalbumin for 5 minutes,
and incubated with protein A-gold complex for 30 min-
utes. The protein A-gold complex (with gold particles of
approximately 15 nm) was prepared as described by
Bendayan (1984). Control sections were incubated with
either 1) non-immune serum (Nordic, Tilburg, The
Netherlands), 2) antiserum to rat intestinal sucrase
(courtesy of Dr. J.P. Broyart, U120 INSERM), or 3)
anti-CaBP 28 kDa serum preadsorbed with purified rat
kidney CaBP 28 kDa (100 ng/pg of antiserum), all used
at the same final dilution as the immune serum. The
kidney was used as a positive control since the distri-
bution of CaBP 28 kDa has been well characterized in
this tissue (Roth et al., 1982). The stratum interme-
dium cells from the secretory stage were used as a neg-
ative control because they show almost no immuno-
staining for CaBP 28 kDa (Celio et al., 1984; Berdal et
al., 1989a). Following rinsing with PBS and distilled
water, the sections were grid-stained at room temper-
ature with uranyl acetate and lead citrate. Sections
were examined at 80 kV in either a Philips 201 or
Philips 410 transmission electron microscope.

Quantitative Analysis of the Immunocytochemical Labelling

The density of gold labelling obtained in sections in-
cubated with anti-CaBP 28 kDa serum and under con-
trol conditions was determined for various compart-



