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ABSTRACT

he distribution of enamel proteins (EP) within extracellular and subcellular compartments of the enamel

organ has been characterized by use of the protein A-gold immunocytochemical technique and an
antibody against mouse amelogenins. EP were immunolocalized within the protein synthetic and secretory
organelles, and within lysosomal elements of ameloblasts in both the secretion and maturation stages. The
results provide direct evidence that ameloblasts maintain active secretory and degradative pathways for EP
throughout the secretory and early maturation stages of amelogenesis. The origin of the immunoreactive ma-
terial within lysosomes is unclear and could derive from the direct shunting of newly formed EP from the
synthetic organelles to the lysosomes or from endocytosis of aged proteins. These findings ultimately provide
new insights into the multifunctional role which ameloblasts play throughout amelogenesis.

INTRODUCTION

Amelaoblasts in the rodent incisor progress through
distinct stages associated with the secretion and mat-
uration of enamel (Warshawsky and Smith, 1974).
These cells synthesize and secrete the magjority of
enamel proteins (EP) during the secretory stage of
amelogenesis. During the maturation stage, the ame-
loblasts are believed to cease biosynthesis of EP and
participate actively in calcium transport and in the
removal and degradation of alarge portion of the EP
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they had previously secreted into the extracellular
matrix (reviewed in Leblond and Warshawsky, 1979;
Smith, 1979; Sasaki et al., 1984; Robinson and Kirk-
ham, 1985). The intracellular aspects of EP biosyn-
thesis and subsequent secretion into the forming
extracellular matrix have been described by use of
both light and electron microscopic radio-autography
(Frank, 1970; Weinstock and Leblond, 1971; Slavkin
et al., 1976; Warshawsky and Vugman, 1977; Frank,
1979; Leblond and Warshawsky, 1979; Warshawsky,
1979). This technique, while giving a "time dimen-
sion" to the movement of molecules (Leblond, 1965),
has a limitation in that it labels more than one prod-
uct of the cell. In contrast, immunocytochemistry
permits the direct in situ localization of specific mol-
ecules. The recently developed protein A-gold im-
munocytochemical technique offers the possibility of
localizing antigenic sites quantitatively and with high
spatial resolution (Roth et al., 1978; Bendayan, 1984).
This technique has been used to study protein secre-
tion in various endocrine and exocrine systems and
has been shown to be a powerful tool in cell biology,
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particularly when combined with other techniques
such as biochemistry, cytochemistry, and radio-au-
tography (Bendayan ef al., 1986).

The present paper reviews our application of the
protein A-gold technique to the characterization of
the distribution of EP within extracellular and sub-
cellular compartments of the enamel organ (Nanci ef
al., 1985, 1987). A polyclonal antibody against 26-kDa
mouse amelogenins was used. This antibody has been
shown to cross-react with EP in general (amelogenins
and enamelins) (Slavkin ef al., 1982; Zeichner-David
et al., 1985) and thus is considered a reliable probe
for revealing intact, aggregated, or partially degraded
EP.

MATERIALS AND METHODS

Tissue Preparation for Immunocytochemical Studies

Male Wistar rats (each weighing 100 = 10 g) and
CD-1 mice (each weighing 25 + 5 g) (Charles River
Canada, St-Constant, Quebec) were anesthetized by
intraperitoneal injection of sodium pentobarbital
(M. T.C. Pharmaceuticals, Hamilton, Ontario). The left
ventricle was cannulated and the vascular system
flushed for about 30 sec with lactated Ringer's solu-
tion (Abbott Laboratories, Montreal). The animals were
perfused for 10 min with 1% glutaraldehyde in 0.1
mol/L or 0.08 mol/L sodium cacodylate buffer, pH
7.3, containing 0.05% CacCl,, and the mandibles were
removed and immersed for one hr in fresh fixative at
4°C. They were then washed briefly in cold 0.1 mol/
L sodium cacodylate buffer, pH 7.4, containing 4%
sucrose (CS buffer), and some were decalcified in
4.13% disodium EDTA (BDH Chemicals, Montreal)
for 14 days at 4°C (Warshawsky and Moore, 1967).
The mandibles were washed for two days in frequent
changes of cold CS buffer. Excess bone and molars
were removed, and the incisors were subdivided into
segments by means of a razor blade. The segments
of both calcified and decalcified incisors were post-
fixed for one hr at 4°C in 1.5% potassium ferrocyan-
ide/1% osmium tetroxide (reduced osmium; Karnov-
sky, 1971). They were dehydrated in graded acetone,
infiltrated, and embedded in Epon 812 substitute
(MECA Laboratories, Montreal). Epon blocks of both
calcified and decalcified incisor segments were trimmed
and faced with razor blades and glass knives, and
thick sections (1 um) were cut with glass knives. Thin
sections of selected areas, containing ameloblasts from
the secretion (mouse and rat) and early maturation
(rat) stages, were then cut with a diamond knife on
a Reichert Ultracut E microtome, mounted on 200-
mesh nickel grids having a carbon-coated Formvar
film, and processed for immunocytochemistry.

Immunocytochemical Labeling

The protein A-gold technique was used for detec-
tion of antigenic sites in thin sections of osmicated
and Epon embedded material (Bendayan and Zollin-
ger, 1983; Bendayan, 1984). Briefly, thin sections were
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treated with sodium metaperiodate for one hr at room
temperature, washed with distilled water, and incu-
bated with rabbit polyclonal antibody against SDS-
denatured mouse amelogenins (1/10 dilution) fol-
lowed by protein A-gold as described previously
(Nanci et al., 1985, 1987). The sections were then grid-
stained with uranyl acetate and lead citrate and ex-
amined with a Philips 300 or 410 electron microscope.
Controls consisted of sections incubated with (a) an-
tibody that had been exposed to an excess of ame-
logenin, (b) pre-immune serum, or (¢) protein A-gold
alone (see Nanci et al, 1985). The specificity of the
antibody used in this study has been documented
elsewhere (Slavkin ef al., 1982), and it has been found
to cross-react with amelogenins and enamelins de-
rived from the mouse as well as from a variety of
other mammalian species (Slavkin et al., 1982, 1984;
Zeichner-David ef al., 1985; Snead ef al., 1985).

Cytochemistry

Rat incisors were fixed, decalcified, and sectioned
with a tissue chopper as previously described (Nanci
et al., 1987). The tissue-chopper sections were washed
and incubated as reported by Nanci et al. (1987), in
conventional acid phosphatase media, with (3-glycero-
phosphate (BGP, Sigma Chemical Co., St. Louis, MO)
(Gomori, 1950) or cytidine 5'-monophosphate (CMP,
Sigma Chemical Co., St. Louis, MO) (Novikoff, 1963)
used as substrates. Some sections were also incu-
bated in the medium described by Doty et al. (1977),
with inorganic trimetaphosphate (TMP, Sigma
Chemical Co., St. Louis, MO) used as substrate. Con-
trols for all experiments consisted of incubation of
separate sections in duplicate media prepared with
all components except substrate. Following incuba-
tions, the sections were washed, osmicated, and
processed for embedding in Epon as described pre-
viously (Smith, 1981). Thin sections were cut on a
Reichert Omu4 ultramicrotome, grid-stained with lead
citrate, and examined in a Philips 400 electron micro-
scope. Some thin sections were mounted on nickel
grids, treated with sodium metaperiodate or sodium
borohydride (1%, five min), and incubated with an-
tibody as described above (dual cytochemical-im-
munocytochemical preparations).

Quantitative  Analysis
of the Immunocytochemical Labeling

Non-overlapping and randomly selected micro-
graphs were taken. Prints were made, and a Zeiss
MOP-3 manual image-analyzer was then used for
computation of profile areas within which gold par-
ticles were located. Data were expressed directly in
pm’ by use of the internal correction capability of the
MOP. Statistical tests were carried out on resultant
means by HP Statistical Library routines run on an
HP Series 9000 Model 216 microcomputer. It was es-
timated that a total of at least 100 ameloblasts was
sampled at each site quantitated for this study.
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RESULTS

Tissue Processing

Tissue fixation with 1% glutaraldehyde, followed
by post-fixation with potassium ferrocyanide reduced
osmium, resulted in adequate ultrastructural preser-
vation and sufficient retention of antigenicity for the
detection of EP on sections of Epon-embedded tis-
sues. The good ultrastructural preservation, the small
size, and the particulate nature of the gold particles
permitted a precise localization of the antigen-anti-
body complexes.

I mmunocytochemistry of Ameloblasts
in the Secretion Stage

In both rat and mouse, a specific immunocyto-
chemical labeling was detected over ameloblasts in
the secretory stage (Figs. 1-4). Gold particles were
present over the rough endoplasmic reticulum (Fig.
2, inset), the Golgi apparatus (Figs. 2, 3), secretory
granulesin the Golgi region (Fig. 2), occasional gran-
ules in the intranuclear compartment and granules
which accumulate in Tomes' process (Fig. 1). The ex-
tracellular enamel matrix was intensely labeled (Figs.
1, 19a), and gold particles could be seen both between
and over the crystal-like structures (Fig. 20). Labeling
was also seen over dark and pale lysosomes and mul-
tivesicular bodies (Fig. 3). Few gold particles were
observed over mitochondria (Fig. 4) and nuclei, and
the density of labeling over these structures was used
as an index of non-specific background labeling (see
Nanci et al., 1985). Labeled patches of material were
sometimes found laterally between ameloblasts and
between ameloblasts and cells of the stratum inter-
medium (Fig. 4).

Immunocytochemistry  of Ameloblasts
in the Maturation Stage

Sections of rat enamel organs from regions of early
maturation incubated with anti-amelogenin antibod-
ies showed specific labeling with gold particles (Figs.
5-11). Dark and pale lysosomes and multivesicular
bodies of both smooth- and ruffle-ended cells were
labeled (Figs. 6, 7, 9, 10, 11). The rough endoplasmic
reticulum, the Golgi apparatus, and the secretory-like
granules of these ameloblasts also showed labeling
(Figs. 8-10). The labeling of the protein synthetic or-
ganelles was weak and variable in ameloblasts asso-
ciated with enamel where rods are clearly visible (Nanci
et al., 1987) (Fig. 13). Gold particles were present over
material located between cells (Fig. 7) and within ap-
ical invaginations of ruffle-ended ameloblasts (Fig. 5a).
The contents of the invaginations appeared as aloosely
granular or denser material (Fig. 5a). The apical la-
beling was heaviest over ruffle-ended ameloblasts
across the first 2 mm of the maturation zone, then
decreased gradually in an incisal direction (Fig. 12).
Labeled multivesicular bodies were often seen at the
base and among the apical invaginations (Fig. 6). The
enamel extracellular matrix was labeled (Figs. 5a, 8)
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and, in the region where rods are visible, the gold
particles were mostly over the fine thread-like pattern
of organic material (Fig. 21) obtained after whole tooth
decalcification with EDTA (Warshawsky, 1971).

Pattern of Labeling
at Sites Adjacent to the Ameloblasts

Cells of the stratum intermedium (Fig. 4), stellate
reticulum, outer enamel epithelium (Fig. 16), papil-
lary layer (Figs. 17, 18), and labial connective tissue
(Fig. 15) showed few gold particles. Occasionally,
patches of labeled material were found between cells
of the stratum intermedium (Fig. 4) and of the pap-
illary layer (Fig. 17). Likewise, few gold particles were
seen over odontoblasts (Fig. 14), pre-dentin, and dentin
(Fig. 19a).

Immunocytochemical ~ Controls

Controls using pre-immune serum (Fig. 19b), an-
tibody absorbed with excess antigen (Fig. 19c), and
the protein A-gold complex alone showed few gold
particles distributed at random over the tissue section
(for details, see Nanci et al., 1985).

Quantitative  Analysis
of the Immunocytochemical Labeling

Quantitative analysis of the immunocytochemical

labeling indicated the following points:

(1) Almost no labeling occurred under control con-
ditions, thereby confirming the specificity of the
immunolabeling (see Nanci et al., 1985);

(2) the density of labeling increased along the se-
cretory pathway (Table);

(3) the frequency and density of labeling in lyso-
somes and multivesicular bodies varied, the lat-
ter being most intensely and frequently labeled
(Table); and

(4) the density of labeling was higher over enamel
matrix from the secretory stage as compared
with the maturation stage (Table).

Cytochemical Characterization of the Lysosomal
Population of Maturation Ameloblasts

In rat maturation ameloblasts, dark lysosomes were
reactive for acid phosphatase and trimetaphospha-
tase, while pale lysosomes and multivesicular bodies
were generally unreactive or weakly reactive. Dual
cytochemical and immunocytochemical preparations
indicated that the strongest and most consistent cy-
tochemical staining was present within weakly im-
munoreactive dark lysosomes, as opposed to the more
moderately immunoreactive pale lysosomes or in-
tensely immunoreactive multivesicular bodies (Fig. 11).

DISCUSSION

While transmission electron microscopy, radio-au-
tography, and biochemical analyses have contributed
greatly to our understanding of amelogenesis, the
protein A-gold immunocytochemical method pro-
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Figs. 1-4 —Immunocytochemical preparations illustrating the distribution of gold labeling over various compartments of ameloblasts from
the secretion stage of calcified (Figs. 2-4) and decalcified (Fig. 1) incisors.

Fig. 1 —Rat: The secretory granules (sg) which accumulate in Tomes' process (Tomes) and the enamel (E) which surrounds it are labeled
by numerous gold particles. The paucity of gold particles over the granule-free cytoplasm (*) is indicative of the specificity of the immu-
nolabeling. x 52,000. Bar = 0.25 pm.

Fig. 2—Mouse: cross-cut profiles of the Golgi apparatus (G) showing labeling over the various saccules and the secretory granules (sg) on
the trans face. x 29,900. Bar = 0.5 pm. The inset shows labeling over the rough endoplasmic reticulum. x 40,000. Bar = 0.25 pm.



152 NANCI et al. Adv Dent Res December 1987

:_; R A= "
g

F7 v Tl
T el N

‘3,*’ L B

> 2 v 9 : . y
e ry 2 ) 5 . p N . X .t . _A . 4 > : v
. ,‘4-. : . " . - v oy . ’ ) - 1 ,?‘j., ‘. 4 n. . .
MR i g : : "N v e - e —
8 . , PR » ool S P -
PRy O Y AT Y B LX ¥ .y
Fig. 3—Mouse: Lysosomes appear variably labeled. Multivesicular bodies are often intensely labeled (mvb*). An unlabeled multivesicular

body (mvb’) and an unlabeled dark lysosome (dl) are shown. The Golgi apparatus (G) shows some labeling by gold particles. x 24,875.
Bar = 0.5 um.

Fig. 4—Mouse: Labeled material (arrows) is occasionally found laterally between ameloblasts (A) and between cells of the stratum inter-
medium (8l). m, mitochondria. x 24,875. Bar = 0.5 pm.
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Figs. 5-11— Immunocytochemical preparations, from rat incisors decalcified prior to being embedded, illustrating the distribution of gold
labeling over various compartments of ameloblasts in the early maturation stage.

Fig. 5— Micrographs showing oblique cuts though the apical portions of ruffle-ended ameloblasts incubated with antibody (Fig. 5A) and
with antibody that was pre-absorbed with excess antigen (Fig. 5B).

In Fig. 5A, gold particles are present over the enamel and the granular material within the apical invaginations (inv). Note also the
presence of structures containing a labeled but denser material (arrows). This labeling is abolished when absorbed antibody is used (Fig.
5B), thereby demonstrating the specificity of the immunolabeling. x 26,000. Bar = 0.5 pm.

Fig. 6— Cross-cut preparation through the apical portion of ruffle-ended ameloblasts; numerous labeled multivesicular bodies (mvb) are
seen among the apical invaginations (inv). The invaginations in this plane of section appear as large vacuolar profiles containing variable
quantities of granular material. x 24,875. Bar = 0.5 um.

Fig. 7—Occasionally, patches of granular material (*), labeled by gold particles, are found between ameloblasts (A). mvb, multivesicular
body. x 16,900. Bar = 0.5 um.
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Fig. 8—Apical portions of smooth-ended ameloblasts; numerous gold particles are present over the enamel layer, which is separated from
the cells by a basal lamina-like structure (BL). Small, immunoreactive secretory-like granules (arrows) are seen in the apical portions of
these cells. x 28,000. Bar = 0.5 um.

Fig. 9 —Supranuclear compartment of two ruffle-ended ameloblasts; the Golgi apparatus (G) and some rough endoplasmic reticulum profiles
(arrows) are labeled by gold particles. A labeled dark lysosome (dI), pale lysosome (pl), and a multivesicular body (mvb) are also shown.
X 26,000. Bar = 0.5 um.



