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Original Article

Rat Incisor!

and CHARLES E. SMITH

Biochemical and histochemical studies have shown the pres-
ence of various carbohydrates in enamel. Using lectin-gold
cytochemistry, we have examined the distribution of glyco-
conjugates containing N-acetyl-D-galactosamine (GalNAc)
and/or N-acetyl-glucosamine (GIcNAc)/N-acetyl-neuraminic
acid (NeuNAc) residues in rat incisor ameloblasts and in
forming and maturing enamel embedded in Lowicryl K4M,
LR Gold, and LR White resins. The enamel proteins that
contain these carbohydrate moieties were further character-
ized by lectin blotting. All three resins allowed, albeit to
a variable degree, detection of the binding sites for Helix
pomatia agglutinin (HPA) and wheat germ agglutinin (WGA)
GalNAc, and GIcNAc/NeuNAc, respectively. In general,
Lowicryl K4M permitted more intense reactions with both
lectins. Lectin binding was observed over therough endoplas-
mic reticulum (weak labeling with WGA), the Golgi appara-
tus, lysosomes, secretory granules, and the enamel matrix.
These compartments were shown by double labeling with
WGA and anti-amelogenin antibody, and by previous im-
munocytochemical studies, to contain enamel proteins. Fur-
thermore, WGA binding was more concentrated at the

I ntroduction

Carbohydrates and mucopolysaccharides have been detected
histochemically in the enamel matrix (Goldberg and Septier, 1986;
Nakataet al., 1982; Glimcher et al., 1964; Engel, 1948). Biochemi-
cal analysis has revealed that the carbohydrates of forming and
maturing enamel are mostly in the form of hexose and hexosamine
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growth sites of enamel. Lectin blotting showed that several
proteinsin the amelogenin group were glycosylated and con-
tained the sugars GaINAc and GIcNAc/NeuNAc. Fewer pro-
teins were stained by HPA than by WGA, and the staining
pattern suggested that the extracellular proteinsrecognized
by these two lectins are processed differently. The HPA-
reactive proteinswerelost by or during the early maturation
stage, whereas many of the WGA-reactive proteins persisted
into the mid maturation stage. The heter ogeneous staining
of certain protein bands observed with WGA suggests that
they contain more than one component. Two distinct glyco-
proteins containing GIcNAc/NeuNAc also appeared during
the maturation stage. These results are consistent with the
notion that ameloblasts produce an extracellular matrix com-
posed mainly of glycosylated amelogenins which are differ-
ently processed throughout amelogenesis. (J Histochem
Cytochem 37:1619-1633, 1989)

KEY WORDS: Enamel; Glycoproteins; Secretion; Maturation; Lec-
tin-gold cytochemistry; Lectin blotting; Lowicryl K4M; LR Gold;
LR White; Rat incisor.

sugar residues (Belcourt et al., 1982; Elwood and Apostolopoulos,
1975; Seyer and Glimcher, 1969; Glimcher and Levine, 1966; Clark
et al., 1965; Burgess et al., 1960). Ameloblasts from both these stages
have been found to incorporate radiolabeled sugars and to secrete
glycosylated products (Josephsen and Warshawsky, 1982; Bennett
et al., 1981; Warshawsky, 1979; Weinstock and Leblond, 1971).
More recently, biochemical analysis of extracted enamel proteins
(EP) has revealed that both amelogenins and enamelins contain
various carbohydrate residues, including galactosamine and glucos-
amine (Menanteau et al., 1988; Termine et al., 1980). Radiolabeled
glucosamine was also shown to be incorporated into both low and
high molecular weight EP produced by tooth organs in vitro (Guen-
ther et al., 1977). Furthermore, the amino acid sequence of bovine
amelogenin, inferred from its cDNA, contains sites for both N-
linked and O-linked glycosylation (Shimokawa et al., 1987).
Post-translational modifications [reviewed by Farquhar (1985)],
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such as glycosylation, determine many of the biological activities
and the physicochemical and antigenic properties of proteins. In
the case of enamel, it has been suggested that glycosylation may
account for some of the heterogeneity observed among EP (Menan-
teau et al., 1988; Fincham and Belcourt, 1985; Termine et al., 1980).

In this study we have examined, using high-resolution lec-
tin-gold cytochemistry (Roth, 1983), the distribution of glycocon-
jugates containing N-acetyl-D-galactosamine (GalNAc) and N-
acetyl-glucosamine (GIcNAc)/N-acetyl-neuraminic acid (NeuNAc)
in rat incisor secretory and maturation stage ameloblasts and enam-
el. To minimize the possibility of alteration of binding sites by the
resin, the tissues were embedded in various acrylic resins (Lowicryl
K4M, LR Gold and LR White) known to permit lectin binding in
mammalian tissues (Herken et al., 1988; Ellinger and Pavelka, 1985;
Roth, 1983). The proteins of the enamel matrix that contain these
carbohydrate moieties were further characterized by lectin blotting.

Materials and Methods

Tissue Preparation for Lectin Cytochemistry

Mae Wistar rats (Charles Rivers Canada; St-Constant, Quebec) weighing
approximately 100 g were anesthetized with chloral hydrate (Sigma Chem-
ical Co; St Louis, MO) and perfused with lactated Ringer's solution (Ab-
bott; Montreal, Quebec), followed by either 4% paraformaldehyde con-
taining 0.1% glutaraldehyde, 1% or 2% glutaraldehyde in 0.08 M sodium
cacodylate buffer, pH 7.3, for 20 min. The hemi-mandibles were dissected
and immersed in their respective fixative for 3 hr at 4°C. Some mandibles
were decalcified in 4.13% EDTA (Warshawsky and Moore, 1967) for 14-21
days, and both cdcified and decalcified specimens were extensively washed
in 0.1 M sodium cacodylate buffer containing 5% sucrose, pH 7.3. Seg-
ments of incisors were then dehydrated and embedded in either Lowicryl
K4M, LR Gold, or LR White resins, as described below.

Lowicryl K4AM. Tissue segmentswere dehydrated in 30% and 50% meth-
anol for 15 min at 4°C, 75% methanol for 15 min at -20°C, and 90%
methanol for 30 min a -20°C. They were infiltrated at -20°C for periods
of 60 min with a 1:1 and 2:1 mixture of Lowicryl K4M-90% methanol,
followed by pure Lowicryl K4M. The resin was prepared in the proportion
of 4 g of cross-linker, 26 g of monomer, and 0.15 g of initiator (Chemische
Werke Lowvi GmbH; FRG). The tissues were then embedded in pure resin
mixture in gelatin capsules (Parke Davis, Brockville, Ontario). They were
left overnight at -20°C and the resin was then polymerized for 7-10 days
under two pairs of F15T8 BLB UV lights placed 30 cm above and below
the specimens (Bendayan et a., 1987; Carlemam et d., 1982).

LR Gold. Tissue segmentswere dehydrated in 50% methanol contain-
ing 20% polyvinylpyrrolidone (PVP, MW 44,000; JB EM Services Inc, Dor-
val, Quebec) for 15 min at 4°C, and 70% and 90% methanol containing
20% PVPfor 45 min each at -20°C. They were infiltrated at -20°C with
a1:1 mixture of LR Gold monomer-90% methanol containing 20% PVP
for 30 min, a 2:1 mixture for 60 min, and finadly only the monomer
containing 5% benzoin methyl ether (Bio-Rad Laboratories; Watford-
Hertforshire, UK) for 16-20 hr. The tissues were embedded in LR Gold
monomer containing 5% benzoin methy! ether in gelatin capsules and |eft
overnight a -20°C. The resin was then polymerized for 7-10 days at -20°C
using the above UV light set-up (Herken et a., 1988; Bendayan et al., 1987).

LR White. The incisor segments were dehydrated in 30%, 50%, and
70% ethanol for 15 min each, followed by two 15-min changes in absolute
ethanol. They were then infiltrated with a 1:1 mixture of LR White resin
(hard grade)-absolute ethanal for 1 hr, followed by three 1-hr changes in
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pure LR White resin (Bio-Rad). All procedures were carried out a room
temperature. The tissues were embedded in pure resin in Beem capsules
(JB EM). The resin was then polymerized under vacuum at 48°C for 48
hr (Bendayan et al., 1987; Newman et al., 1983).

Thin sections (gold interference color) of the tissues embedded in these
resins were cut with a diamond knife, recovered on Formvar-carbon-coated
nickel grids, and processed for lectin cytochemistry.

Lectin Preparation

The lectins and ovomucoid were complexed to colloidal gold of approxi-
mately 15 nm (Bendayan, 1984; Frens, 1973) as described by Roth (1983)
and Roth et al. (1983). Helix pomatia agglutinin (HPA), specific for N-
acetyl-D-galactosamine (GalNAc), wes directly coupled to colloidal gold
at a concentration of 10-20 pg/ml and diluted five to ten timesin 0.01 M
PBS, pH 7.2, for the incubations depending on the fixative, the resin, and
the batch of lectin used. Wheat germ agglutinin (WGA), specific for
N-acetyl-glucosamine (GlcNAc)/N-acetyl-neuraminic acid (NeuNAc), was
prepared a a concentration of 100 ug/ml of PBS and diluted one to three
times in PBS for the incubations. WGA binding sites were indirectly re-
vedled by using ovomucoid-gold complex (Geoghegan and Ackerman, 1977)
prepared at a concentration of 10 pg/ml colloidal gold and diluted sx to
nine times in PBS for use. The lectins, saccharides, and ovomucoid were
purchased from Sigma

Incubation Procedure

Tissue sections were floated on either (a) HPA-gold for 1 hr or (b) WGA
for 1 hr, PBS wash, and ovomucoid-gold for 30 min. Controls consisted
of (a) incubating the sections with the lectins in the presence of 0.02 M
of their respective competing saccharides (GalNAc for HPA and GIcNAc
+ NeuNAc for WGA), (b) exposing tissue sections to uncoupled HPA (10-20
pg/ml of PBS) before incubation with HPA-gold, and (c) exposing the sec-
tions to ovomucoid-gold only. After washing with PBS and distilled water,
the sections were then stained with 4% aqueous uranyl acetate for 510
min and Reynold's lead citrate for 1-3 min (depending on the resin used),
and examined with a Philips 300 or 410 electron microscope.

Immunolocalization of Enamel Proteins

Tissue preparation for immunocytochemistry and labeling of Epon sections
with an antibody to mouse amelogenins (courtesy of H.C. Slavkin) were
performed as described previously [see review of Nanci et al. (1987b)].

For double-labeling experiments, sections of tissue samples fixed with
1% glutaraldehyde and embedded in Lowicryl K4AM were first incubated
with WGA, followed by ovomucoid-gold complex as described above. The
sections were then washed with PBS, fixed for 5 min with 1% glutaralde-
hyde in PBS, and incubated with anti-amelogenin antibody for 1 hr. The
antigen-antibody reaction was reveded by using a 5-nm protein A-gold
complex (Sigma).

Quantitative Analysis

The density of labeling over secretory stage enamel embedded in Lowicryl
K4M, under experimental and control conditions, wes evaluated using a
Zeiss MOP-3 manual image analyzer to compute profile area and to count
gold particles. Counts were made at the enamel growth sites (near Tomes
processes) and deep to Tomes processes. Data from three animals were
pooled. Statistical tests were carried out on the resultant means by HP Statisti-
ca Library routines run on an HP Series 9000 Model 216 microcomputer.
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DS PAGE and Lectin Blotting

Tissue samples for lectin blotting were prepared and processed as described
by Smith et a. (1989). Briefly, the mandibles were dissected, the incisors
were exposed, and the enamel organs and associated connective tissue were
wiped from their labia surfaces. Sequential 2-mm strips of enamel represent-
ing the early and late secretory stage and the early and late (3-mm) matu-
ration stage were dissected, using as areference a line passing between the
first and second molars (Smith and Nanci, 1989a).

The proteinsfrom these stripswere extracted in 0.05 M PBS containing
0.01% Triton X-100 first for 1 hr a room temperature and then for 5 hr
a 4°C. An equal volume of sample prep buffer (20% glycerol, 20% B-
mercaptoethanol, 2% SDS, 0.02% bromophenol blue, and 0.1 M Tris, pH
6.8) was then added to the sample solutions and the extraction continued
overnight at 4°C. Subsequently, the samples were boiled for 3 min and,
based on an estimation of protein content of sequential enamel strips
throughout the length of the incisor (Smith et a., 1989), an equal amount
of protein was added in the lanes for each of the regions examined. The
extracted proteins were then separated by electrophoresis on 12% SDS-
polyacrylamide gels (Laemmli, 1970) and electrotransferred onto nitrocel-
lulose paper (0.45 pm pore size; Schleicher and Schuell, Keene, NH) using
aHoefer TE 52 Trandfer Electrophoresis Unit (Hoefer Scientific Instruments;
San Francisco, CA) at a voltage gradient of 7 V/em for 3-4 hr, followed
by 10 V/em for 2 hr. The sheets were stained with Ponceau S to visuaize
the transferred proteins (Coudrier et al., 1983), de-stained, and processed
for lectin blotting as follows. They were first pre-incubated for 30 min a
room temperature in Tris-buffered saline (TBS; 150 mM NaCl, 50 mM
Tris-HCI, pH 7.4) containing 2% polyvinylpyrrolidone (PVP, MW 40,000;
Sigma), filtered through a 0.2 um pore size nitrocellulose membrane (Bar-
tiesand Hubbard, 1984), and then incubated for 1 hr at room temperature
with bictinylated lectins (Sigma) at aconcentration of 20 ug/ml in TBS-PVP.
The sheets were then washed with the same buffer, blocked with TBS con-
taining 3% bovine serum albumin (fraction V; Sigma) for 30 min, and
incubated for 30 min at room temperature with avidin-biotin-peroxidase
complex (Vectastain ABC; Vector Laboratories, Burlingame, CA). After wash-
ing with TBS, lectin binding was visualized by the peroxidase colorimetric
reaction using 4-chloro-I-naphthol as the substrate. Control blots were ei-
ther incubated with the lectins in the presence of 0.2 M of their respective
competing saccharides (Sigma), GalNAc for HPA and GIcNAc for WGA,
or stained for peroxidase without prior incubation with the lectins.

To verify whether the voltage used for electrotransfer eluted proteins
from the nitrocellulose paper, transfer was aso done onto two overlying
sheets of paper. Both sheets were stained with Ponceau S.

Results

TissueProcessing

All fixatives and resins used in this study permitted the detection
of both HPA and WGA binding sites (Figures 1-13). Although bind-
ing varied depending on the strength of the fixative, the pattern
of labeling was the same with all fixatives used. Because 1%
glutaraldehyde resulted in a good combination of ultrastructural
preservation and binding efficiency, we preferentially used this fix-
ative. Under similar dilutions and incubation conditions, Lowicryl
K4M permitted labeling that was more intense than LR Gold and
LR White. Tissues embedded in thislatter resin, in general, showed
weaker labeling. However, certain structures, such aslysosomes, ap-
peared similarly well labeled with all three resins. Increasing the
incubation time improved the labeling of tissues embedded in LR
White without much affecting background. No obvious difference

1621

in the distribution of binding sites was observed in calcified and
decalcified specimens.

Distribution of HPA Binding Stes

Incubation of sections of secretory stage ameloblasts and enamel
with HPA-gold showed labeling over the Golgi apparatus (Figures
1A-1C), lysosomal elements (Figure 1C), secretory granules (Figures
2A and 2B), patches of granular material occasionally found be-
tween ameloblasts, and enamel (Figures 2A and 2B). The Golgi
apparatus was intensely labeled and delineated by the gold parti-
cles (Figures 1A-1C). In the maturation stage, the above compart-
ments were also reactive (Figures 3A, 4A, and 4B). Moreover, the
granular material among the apical infoldings of ruffle-ended
ameloblasts and the basal lamina-like structure separating the
ameloblasts from the enamel (Figure 3A), and multivesicular bod-
ies (Figures 4A and 4B), showed intense labeling.

In both stages, the labeling was reduced when sections were ei-
ther exposed to native lectin before incubation with HPA-gold or
incubated in the presence of the competing saccharide GalNAc
(Figures 2C and 3B).

Distribution of WGA Binding Stes

Tissue sections of ameloblasts and enamel from the secretory stage
incubated with WGA followed by ovomucoid-gold showed gold
particles over the rough endoplasmic reticulum (weak labeling),
Golgi apparatus, lysosomal elements, secretory granules, patches
of granular material between ameloblasts, and enamel (Figures 5-9).
The enamel at the interrod and rod growth sites was more intensely
labeled than that further away from the ameloblasts (Figure 9A).
In some cases, the gold particles appeared to delineate the organic
ribbon-like profiles left behind after decalcification.

The protein synthetic and secretory organelles, aswell as enamel,
were also labeled in the maturation stage (Figures 10, 12A, and
13A). Material present within the apical infoldings of ruffle-ended
cells was also reactive, and the enamel seemed to show a zone of
more intense labeling adjacent to the ameloblasts. In mid matura-
tion samples, gold particles were observed over the organic matrix
profiles of enamel left behind after whole-tooth decalcification in
EDTA (Figure 13A).

The labeling was reduced in the presence of both competing
sugars, GIcNAc and NeuNAc (Figures 9B, 11A, 11B, 12B, and 13B),
or when ovomucoid alone was used (Figure 12C). In some cases,
a high background was associated with nonspecific binding of
ovomucoid-gold. Further dilution of this gold complex helped to
minimize the problem.

Double-labeling incubations showed the co-localization of WGA
binding sites and EP antigenic sites within secretory granules, the
Golgi apparatus, lysosomal elements, and enamel (Figure 8).

Quantitative Analysis of Labeling Density

Quantitative analysis of the density of |abeling over secretory stage
enamel showed that the experimental |abeling with both HPA (Ta
ble 1) and WGA (Table 2) was significantly higher than in control
incubations. The number of gold particles present in controls was
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regarded as an indication of background. Enamel deep to Tomes'
processes showed more labeling with HPA-gold than that near the
processes (at the enamel growth sites), but these deeper layers also
showed more nonspecific binding under control conditions (Table
1). With WGA-ovomucoid-gold, the labeling over the enamel at
the growth sites was nearly threefold greater than that deep to the
processes (Table 2).
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Figure 1. Labeling of the Golgi apparatus
(Golgi) by HPA in secretory stage amelo-
blasts embedded in Lowicryl KAM (A, 4%
paraformaldehyde + 0.1% glutaraldehyde;
from a calcified specimen), LR Gold (B, 2%
glutaraldehyde) and LR White (C, 1% glutar-
aldehyde). All three resins allow the detec-
tion of HPA binding sites in this organelle.
D (Epon) shows the concurrent labeling of
the Golgi apparatus with an anti-amelogenin
antibody. ly, lysosome. Original magnifica-
tions: A x 7100; B x 12,000; C x 16,000;
D x 10,400. Bars = 05 pym.

Ponceau S Saining of Extracted Enamel Proteins

Proteins extracted from early and late secretory stage, and early
maturation stage samples, separated on 12% SDS-polyacrylamide
gels and electrotransferred onto nitrocellulose paper, were stained
with Ponceau S to reveal the transferred proteins before lectin stain-
ing. Several proteins were stained between approximately 14 and
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Control

Figure 2. HPA labeling over Tomes' process (TP) and the surrounding enamel in tissue samples from the secretory stage (A, Lowicryl K4M; B, LR White). Both
the secretory granules (sg) and the enamel show HPA binding sites. This labeling is greatly reduced when the incubation is carried out in the presence of the
competing saccharide GalNAc (C, Lowicryl K4M). Original magnifications: A, C x 12,000; B x 13,500. Bars = 05 pm.

32 KD and bands were also present near 10 KD (Figure 14A). In
the mid maturation stage, there was a reduction in the staining
intensity of the various proteins and some bands were absent (Fig-
ure 14A). Proteins were rarely seen above 32 KD. When electrotrans-
fer was performed onto two overlying sheets of nitrocellulose pa-
per, Ponceau S showed no discernible staining on the second sheet
(data not shown).

Figure 3. Labeling of maturation stage
ameloblasts and enamel with HPA. Binding
sites are observed over granular material
(arrowheads) present in the apical mem-
brane infoldings of ruffle-ended amelo-
blasts, the enamel, and the basal lamina
[BL; Nanci et al. (1987c)] separating it from
the cells (A; Lowicryl K4M). This labeling is
reduced when incubation is performed in
the presence of excess competing saccha-
ride (B). Original magnification x 12,000.
Bar = 05 um.

Lectin Blotting

Proteins extracted from early and late secretory stage enamel sam-
ples, separated on 12% SDS-polyacrylamide gels, transferred to
nitrocellulose, and incubated with HPA showed several reactive pro-
teins between 14-22 KD, some of which were intensely stained. A
few faintly stained proteins were observed between 26-32 KD (Fig-
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Figure 4. Intracellular distribution of HPA binding sites in maturation stage ameloblasts (A and inset, Lowicryl K4M; B, LR Gold). Labeling is present over the
Golgi apparatus (Golgi) and lysosomal elements (ly). Multivesicular bodies (mvb) are particularly labeled and show either peripheral (A) or more or less uniform

labeling (A inset, B). Immunolabeling is also observed over these organelles with an anti-amelogenin antibody (C; Epon). Original magnifications: A x 19,600;
Inset x 12,000; B x 12,000; C x 16,900. Bars = 0.25 pm.
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Figure 5. WGA labeling of secretory stage ameloblasts embedded in Lowicryl K4M. Gold particles are observed over the Golgi apparatus (Golgi), small secretory-
like granules (arrowhead), and lysosomes (ly). The rough endoplasmic reticulum is weakly labeled. Original magnification x 16,000. Bar = 05 pm.

Figure 6. Secretory stage ameloblasts labeled with WGA. Occasional patches of WGA-reactive material (arrow) are present between cells (Lowicryl K4M). This
material also labels with an anti-amelogenin antibody [see Nanci et al. (1987b)]. m, mitochondria; N, nucleus. Original magnification x 12,000. Bar = 0.5 um.
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Figure 7. Cross-sectioned Tomes' process (TP) of a secretory stage ameloblast from a calcified specimen embedded in Lowicryl K4M and incubated with WGA.

The secretory granules (sg) within the process and the forming enamel surrounding it show WGA binding sites. Inset (Epon) shows the immunolocalization of
EP within the granules and the enamel (E). Original magnification x 16,900; inset x 14,000. Bars = 0.25 pm.



