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ABSTRACT In the continuously erupting rat incisor the ameloblasts progress 
through distinct stages associated with the secretion and maturation of enamel. We 
have examined the possibility that the so-called "postsecretory" ameloblasts of the 
maturation stage of amelogenesis remain biosynthetically active and are engaged 
in the synthesis, secretion, and degradation of enamel gene products. The ultrastruc-
tural distribution of antigenic sites for enamel proteins was studied within enamel 
organ cells during the early maturation stage of amelogenesis in rat incisors by 
using the protein A-gold immunocytochemical technique and rabbit polyclonal anti­
bodies developed against mouse amelogenins. All regions of amelogenesis from late 
secretion through the first complete modulation from ruffle-ended to smooth-ended 
ameloblasts were examined. Specific immunolabelling was found within the rough 
endoplasmic reticulum, Golgi saccules, secretory granules, and lysosomes of amelo­
blasts throughout these regions. The heaviest intracellular immunolabelling was 
found within secretory granules and lysosomes (multivesicular type). Quantitative 
analyses showed that the Golgi saccules and the multivesicular lysosomes of modu­
lating ameloblasts were generally less immunoreactive compared to similar organ­
elles in ameloblasts secreting the inner enamel layer. Radioautographic studies 
confirmed that ameloblasts of the maturation stage incorporated 3H-leucine and 3H-
methionine and secreted labelled proteins into the enamel layer. Grain counts 
indicated that ameloblasts from the first ruffle-ended band incorporated about two­
fold less 3H-methionine and secreted about tenfold less labelled proteins into the 
enamel compared to ameloblasts secreting the inner enamel layer. The results of 
this study confirm that ameloblasts do not terminate biosynthesis and secretion of 
enamel proteins once the final layer has been deposited on the surface of the 
developing enamel. They continue to form and release new proteins during the 
maturation stage which intermix with older proteins laid down initially during the 
secretory stage of amelogenesis. Secretory activity for enamel proteins has been 
detected in ameloblasts up to at least the second ruffle-ended phase of maturation, 
at which point the enamel matrix is partially soluble in EDTA. 
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Several authors have suggested that certain epithelial 
cells have the capacity to down regulate the production 
of specific gene products using intracellular degradative 
mechanisms (reviewed in Bienkowski, 1983). One model 
for critically examining these possibilities can be found 
in developing enamel in which ectodermally derived 
ameloblasts produce an extracellular matrix of finite 
thickness (reviewed in Smith, 1979). 

The organic matrix of enamel is believed to contain 
two main subfamilies of proteins termed amelogenins 
and enamelins (reviewed in Eastoe, 1979; Termine et al., 

1980; Robinson et al., 1983; Shimizu and Fukae, 1983; 
Fincham and Belcourt, 1985; Robinson and Kirkham, 
1985). Amelogenins are found in highest concentrations 
within newly formed and partially mineralized "young" 
enamel. Enamelins comprise the major protein associ­
ated with the mineral in fully "mature" enamel (refer­
ences above). Current biochemical evidence suggests 
that small amounts of enamelins are present along with 
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the amelogenins in newly formed enamel (Termine et 
al., 1980; Robinson et al., 1983; Shimokawa et al., 1984; 
Zeichner-David et al., 1985). Hence, enamel maturation 
is viewed as a process which results in the breakdown 
and selective loss of amelogenins with the preferential 
retention of the enamelins (reviewed in Robinson and 
Kirkham, 1985). 

Radioautographic studies by several workers have in­
dicated that ameloblasts incorporate the greatest 
amounts of labelled amino acids during the secretory 
stage of amelogenesis (Slavkin et al., 1976; War-
shawsky, 1979; Blumen and Merzel, 1982; Takano and 
Ozawa, 1984; see also Robinson et al., 1982). Such find­
ings are consistent with the idea that these cells actively 
synthesize and secrete large quantities of matrix pro­
teins (amelogenins and enamelins) in order to create an 
enamel layer by appositional growth. There is addi­
tional evidence suggesting that ameloblasts also form 
exportable proteins after the enamel layer has devel­
oped to its full thickness (Weinstock, 1972; Warshawsky, 
1979; Warshawsky and Josephsen, 1981). The exact 
chemical nature of these proteins remains obscure, but 
it is believed that they may represent components of a 
basal-lamina-like structure which appears on the sur­
face of the enamel near the beginning of the maturation 
stage of amelogenesis (Weinstock, 1972; Takano, 1979). 
It is also possible that a portion of these proteins could 
constitute newly formed enzymes such as proteases 
("amelogenases") which some workers believe are se­
creted extracellularly to cleave the amelogenins into 
small molecular weight fragments thereby promoting 
enamel maturation (reviewed in Carter et al., 1984; 
Crenshaw and Bawden, 1984). No evidence presently 
exists that part, or all, of this material is newly synthe­
sized enamel proteins secreted by the ameloblasts dur­
ing the maturation stage of amelogenesis. 

We originally undertook this investigation to probe 
the distribution of antigenic sites to enamel proteins 
with the lysosomal system of the ruffle-ended amelo­
blasts of the maturation stage of amelogenesis. These 
cells are believed to internalize fragments of partially 
degraded amelogenins and digest them via the lyso­
somes (Reith and Cotty, 1967; Kallenbach, 1974; Ozawa 
et al., 1983; Sasaki, 1984b). We assumed that if these 
cells resorb enamel proteins, then there should be a 
subpopulation of lysosomes containing material with 
sufficient antigenicity to be detected by high-resolution 
immunocytochemistry. Over the course of this investi­
gation it became apparent that ameloblasts associated 
with maturing enamel showed not only immunoreactive 
lysosomes but also a pattern in the intracellular distri­
bution of antigenic sites to enamel proteins reminiscent 
of the one reported recently for ameloblasts from secre­
tory stage of amelogenesis (Nanci et al., 1985). Hence, it 
became necessary also to reevaluate the synthetic poten­
tial of the modulating ameloblasts by conventional light 
microscopic radioautography. 

MATERIALS AND METHODS 
Tissue Preparation 

Immunocytochemical studies 

Six male Wistar rats weighing 100 ± 10 g body weight 
(Charles Rivers Canada, St.-Constant, Quebec) were an­
esthetized by intraperitoneal injection of sodium pento­

barbital (M.T.C. Pharmaceuticals, Hamilton, Ontario). 
The left ventricle was cannulated and the vascular sys­
tem was flushed for about 30 seconds with lactated Ring­
er's solution (Abbott Laboratories, Montreal). Four 
animals were perfused for 10 minutes with 1% glutaral­
dehyde in 0.1 M or 0.08 M sodium cacodylate buffer, pH 
7.3, containing 0.05% CaCl2. Two animals were perfused 
with 4% paraformaldehyde in 0.1 M sodium cacodylate 
buffer, pH 7.4. The mandibles were removed and im­
mersed for 1 hour in fresh fixative at 4°C. They were 
then washed briefly in cold 0.1 M sodium cacodylate 
buffer, pH 7.4, containing 4% sucrose (CS buffer) and 
decalcified in 4.13% disodium EDTA (BDH Chemicals, 
Montreal) for 14 days at 4°C (Warshawsky and Moore, 
1967). The mandibles were washed for 2 days in frequent 
changes of cold CS buffer. Excess bone and molars were 
removed, and most incisors with surrounding alveolar 
bone were subdivided into four segments about 5 mm in 
length. Each segment was then split in half by passing 
a razor blade down the midline of the segment (Smith, 
1974). Some of the hemisegments were postfixed for 1 
hour at 4°C in 1.5% potassium ferrocyanide/1% osmi­
um tetroxide (reduced osmium; Karnovsky, 1971). The 
hemisegments were dehydrated in graded acetone, infil­
trated, and flat embedded with Epon 812 substitute 
(MECA Laboratories, Montreal) so as to produce longi­
tudinal sections of the enamel organ. Other unosmi-
cated tooth specimens were dehydrated in graded 
methanol, infiltrated, and embedded in Lowicryl K4M 
(Bendayan, 1984) for cross sections of the enamel organ. 
Thin sections of selected areas were 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. 

Radioautographic studies 

Twelve male Wistar rats weighing 109 ± 5 g were 
anesthetized with sodium pentobarbital and injected via 
the external jugular vein with 0.1 ml of a normal saline 
solution containing 1 mCi of either [methyl-3H]-L-methi-
onine (s.a. 80 Ci/mM) or [3,4,5, -3H (N)]-L-leucine (s.a. 
147 Ci/mM) (Dupont NEN, Boston). The radioactive 
amino acids had been concentrated in a Speed Vac (Sa­
vant Instrument Inc., Farmingdale, NY) and resus-
pended in normal saline just prior to use. After 6 minutes 
the rats were injected via the opposite external jugular 
vein with 0.1 ml of a normal saline solution containing 
an excess of "cold" L-methionine or L-leucine (10 mM) 
(Sigma Chemical Co., St. Louis, MO). The rats were 
killed in pairs at 20 minutes, 1 hour, and 4 hours after 
the initial injection of radioactive tracer by first perfus­
ing the vascular system via the left ventricle with lac­
tated Ringer's for about 30 seconds and then with 
fixative for 20 minutes. Rats from the 20-minute group 
were perfused for 4 minutes with 4% paraformaldehyde 
in 0.08 M sodium cacodylate buffer, pH 7.4., containing 
0.05% CaCl2 (done to avoid nonspecific binding of amino 
acids to protein; see Josephsen and Warshawsky, 1982). 
This was followed by 5% glutaraldehyde in 0.05 M so­
dium cacodylate buffer, pH 7.3, containing 0.05% CaCl2 
for 16 minutes. The remaining rats were perfused di­
rectly for 20 minutes with the glutaraldehyde fixative 
solution after vascular prewashing. The mandibles were 
removed and immersed for a total of 4 hours in fresh 
fixative at 4°C. The mandibles were washed overnight 
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at 4°C in CS buffer on a rotator, decalcified in 4.13% 
disodium EDTA for 16 days, washed, and split into 
hemisegments as described above. All hemisegments 
were postfixed for 2 hours at 4°C in reduced osmium, 
dehydrated in graded alcohol and propylene oxide, and 
flat embedded in Epon 812 substitute. A series of l-µm-
thick sections was cut with glass knives on a Reichert 
Omu4 or Ultracut E microtome. The first sections from 
each block were placed on separate glass slides and 
stained with toluidine blue. The remaining sections were 
mounted on alcohol-cleaned glass slides and stained with 
Regaud's hematoxylin. Three slides were prepared from 
each block with 3 to 4 sections per slide. The slides were 
dipped in Kodak NTB2 liquid emulsion, exposed for 4 
days (two slides, for quantitation) or 14 days (one slide, 
for photography), and developed (Kopriwa and Leblond, 
1962). 

Cytochemical studies 

Eleven male Sprague-Dawley or Wistar rats weighing 
100-150 g were anesthetized with chloral hydrate (0.4 
mg/g body weight) and perfused for 8-10 minutes via 
the left ventricle with 2% or 2.5% glutaraldehyde in 0.1 
M or 0.08 M sodium cacodylate buffer, pH 7.3, contain­
ing 0.05% CaCl2. In some experiments 2% dextran 
(40,000 MW; Pharmacia, Montreal) was included in the 
fixative solution, and the vascular system was flushed 
with lactated Ringer's prior to perfusion with fixative. 
The mandibles were removed and immersed in fresh 
fixative for 1 hour at 4°C. They were washed with cold 
CS buffer for about 2 hours and then decalcified in 4.13% 
EGTA (Eastman Kodak Co., Rochester) for 5 or 14 days 
at 4°C with constant agitation. The mandibles were 
washed in frequent changes of CS buffer for 2 days at 
4°C on a rotator. In some cases enamel organs were 
dissected from the labial surfaces of incisors in three 
parts corresponding to the secretory stage and the early 
and the late maturation stages of amelogenesis. In other 
cases whole incisors were cut grossly into three seg­
ments containing one of these same three stages. The 
location of cross cuts demarcating these stages was es­
tablished by measurements taken with a ruler through 
the eyepieces of a dissecting microscope. All dissections 
were done in a petri dish filled with ice-cold CS buffer. 
The segments were embedded in 7% agar and cut at 50-
70 µm thickness on a Sorvall TC-2 tissue chopper, and 
the sections were washed in CS buffer and processed for 
cytochemistry. 

Immunocytochemical Labelling 

The protein A-gold technique was used for detecting 
antigenic sites in thin sections from Lowicryl- or Epon-
embedded material (Bendayan, 1984). Thin sections cut 
from osmicated and Epon-embedded material were 
treated with sodium metaperiodate for 1 hour at room 
temperature, washed with distilled water, and incu­
bated with rabbit polyclonal antibody against SDS-de-
natured mouse amelogenins (1/10 dilution) followed by 
protein A-gold as described previously (Nanci et al., 
1985). The sections then were grid stained with uranyl 
acetate and lead citrate and examined with a Philips 
300 or 410 electron microscope. Controls consisted of 
incubating sections with 1) antibody that had been ex­
posed to an excess of amelogenin, 2) pre-immune serum, 
or 3) protein A-gold alone (see Nanci et al., 1985). The 
specificity of the antibody used in this study has been 

documented elsewhere (Slavkin et al., 1982, 1984). It 
has been found to cross-react with amelogenins and en­
amelins derived from mouse as well as a variety of other 
mammalian species (Slavkin et al., 1984). Only results 
from glutaraldehyde-fixed, osmicated, and Epon-embed­
ded material are presented in this report because this 
procedure gave the best balance between labelling in­
tensity, background, and resolution. 

Cytochemistry 

Tissue chopper sections were washed and incubated 
for 15, 30, 60, or 90 minutes at 37°C and pH 5.0 in 
conventional acid phosphosphatase media by using β-
glycerophosphate (BGP) (Gomori, 1950) or cytidine 5'-
monophosphate (CMP) (Novikoff, 1963) as substrates. 
Some sections were also incubated for 20 or 40 minutes 
at 37°C and pH 3.9 in the medium described by Doty et 
al. (1977), with inorganic trimetaphosphate (TMP) as 
substrate. Controls for all experiments consisted of in­
cubating separate sections in duplicate media prepared 
with all components except substrate. Following incu­
bations the sections were washed, osmicated, and pro­
cessed for embedding in Epon as described previously 
(Smith, 1981). Thin sections were cut on a Reichert 
Omu4 ultramicrotome, grid stained with lead citrate, 
and examined in a Philips 400 electron microscope. Some 
thin sections were mounted on nickel grids, treated with 
sodium metaperiodate, and incubated with antibody as 
described above. 

Quantitative Analyses 
Distribution of gold particles (immunocytochemistry) 

Nonoverlapping and randomly selected micrographs 
were taken in the supranuclear compartment and along 
the apical surfaces of ameloblasts situated near the junc­
tion between an initial smooth-ended band (SE0) and the 
first true ruffle-ended band of maturation (RE1) (see Fig. 
2 and Results sections for details). Similar micrographs 
were also taken from ameloblasts engaged in early and 
mid-inner enamel secretion (IES). Prints were made and 
a Zeiss MOP-3 manual image analyzer was then used to 
compute profile areas within which gold particles were 
located (Tables 1, 2). Data were expressed directly in 
micrometers squared by using the internal correction 
capability of the MOP, and data for organelles other 
than lysosomes were pooled across individual prints. 
Density of labelling was computed separately for each 
set of individual (lysosomes) or pooled (other organelles) 
area measurements and particle counts. Statistical tests 
were carried out on resultant means by using HP Statis­
tical Library routines run on an HP series 9000 model 
216 microcomputer (Hewlett-Packard Desktop Com­
puter Division, Fort Collins, CO). It was estimated that 
a total of at least 100 ameloblasts were sampled at each 
site quantitated for this study (Tables 1, 2; IES, SE0, 
RE1). 

Distribution of silver grains (radioautography) 

Silver grains were counted with the aid of a Whipple 
ocular grid mounted in a self-focusing eyepiece on Wild 
light microscope. The counts were done by using an oil-
immersion objective lens within rectangular areas of the 
grid measuring 1 vertical x 3 horizontal squares or 8.6 
µm x 25.8 µm at the magnification used. The location 
for sampling within the secretory zone of amelogenesis 
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TABLE 1. Immunocytochemistry: Density of gold labelling over enamel and organelles in ameloblasts following 
incubation with antiamelogenin antibody 

1Samples were pooled in all cases except for lysosomes where the number of fields equals the number of individual lysosomal profiles measured. 
2Mean ± standard deviation. 
3Data pooled from early and mid-inner enamel secretion. 
4Data from small areas of matrix sampled just distal (deep) to the Tomes' processes (IES) or the basal lamina covering the surface of the enamel 
layer (SE0,RE1). 
5Area measurements included the cytoplasmic spaces between the saccules. 
6Immature and/or mature secretory granules encountered near the Golgi apparatus. 
7Average of nuclear and mitochondrial labelling; other values were significantly higher compared to this background as evaluated by the 
Student's t-test(P<.05). 

was selected arbitrarily at a point where the thickness 
of enamel from the base of interrod prongs to the den-
tino-enamel junction (DEJ) occupied seven vertical rec­
tangles. This location corresponded roughly to the 
thickness of enamel through which newly formed pro­
teins seemed to diffuse by 4 hours after injection of 3H-
methionine. Ameloblasts at this position were slightly 
beyond the midpoint in the secretory zone, and they 
were forming inner enamel. For animals at 20 minutes 
after injection the horizontal lines of the grid were 
aligned parallel to DEJ and the edges of the prongs of 
interrod material at the apex of the ameloblasts, and 
the number of silver grains over the Tomes' processes 
and/or matrix in each rectangle was counted. The grid 
was then moved and superimposed over the cells adja­
cent to the area of enamel just counted. Care was taken 
to align the top of the grid at the same position corre­
sponding to the base of the preceding counts. The num­

ber of silver grains over cytoplasm and/or nuclei of cells 
was scored across all rectangles extending vertically 
from the apex of ameloblasts to the outer basement 
membrane of the enamel organ. This process was re­
peated for two sections per slide, and for each of two 
slides per tooth yielding a total of 16 samples per posi­
tion per time interval from which means and standard 
deviations were computed after corrections for back­
ground labelling (estimated at 0.75 ± 1.2 grains per 
rectangle based on counts done over areas of plastic 
devoid of tissue; therefore, the correction factor for back­
ground = 0.75 x [the number of rectangles occupying a 
compartment of interest]). For animals at 1 and 4 hours 
after injection the grid lattice was advanced incisally 
from the seven-rectangle-thick position an amount equal 
to the estimated average migration occurring relative to 
the animals at 20 minutes after injection (baseline) (18 
µm and 99 µm, respectively; estimated from data in 
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1Mean number of gold particles per µm2 (± standard deviation) for all lysosomes in each class. 
2See Table 1 for definition of background; values in parentheses indicate percent labelled lysosomes in each class. 
3Mean number of gold particles per µm2 (± standard deviation) for labelled lysosomes in each class. 
4Lysosomes showing ten + background or fewer gold particles per µm2; values in parentheses indicate the percent of labelled lysosomes that 
were weakly labelled. 
5Lysosomes showing 100+background or more gold particles per µm2; values in parentheses indicate the percent of labelled lysosomes that 
were heavily labelled. 
6Data pooled from early and mid-inner enamel secretion. 

Abbreviations 
a Apical surface of ameloblast 
BL Basal lamina 
cv Coated vesicle 
dl Dense lysosome 
IES Inner enamel secretion (secretory stage) 
inv Apical invagination 
isg Immature secretory granule 
mvb Multivesicular body 
n Nuclear compartment of ameloblast 
pl Pale lysosome 
s Supranuclear compartment of ameloblast 
sg Secretory granule 
tp Tomes' process 

Regional classification (from most apical to most incisal) 
NTP No Tomes' process 
ASH Ameloblasts shrink in height 
PST Postsecretory transition (combined NTP + ASH) 
RE Ruffle-ended (subscript indicates sequence beginning 

with the initial or '0' band) 
SE Smooth-ended (as above) 
LPG Large pigment granules 
NPG No large pigment granules 
REO Reduced enamel organ 
GM Gingival margin 

Smith and Warshawsky, 1975). The sampling position 
for counts within the maturation stage of amelogenesis 
was located at a point 1 mm incisally from where Tomes' 
processes were no longer evident at the apices of the tall 
columnar ameloblasts (see Figs. 1, 3). Ameloblasts at 
this site in all teeth counted were engaged in the first 
ruffle-ended phase of maturation (RE1; see Fig. 3). 
Counts were made vertically in rectangular areas across 
enamel and adjacent cells of the enamel organ as de­
scribed above. The density of silver grains was esti­
mated by dividing the total number of grains over 
enamel or cells by the total number of rectangular areas 
within which grains were distributed (Table 3). Al-

Fig. 1. Mesial side of the left mandible from a male Wistar rat 
weighing about 100 g body weight. The apical (NTP) and incisal (GM) 
limits of regions defined relative to the maturation stage of ameloge­
nesis in the incisor are indicated by the white arrows. The site marked 
"NTP" corresponds to the origin, or zero point, for the length measure­
ments presented in Figures 2-4. x3. 

though only the data from animals injected with 3H-
methionine are presented in this report, the qualitative 
findings from animals injected with 3H-leucine were 
identical to those for methionine. 

Length measurements 

Lengths of various regions within the maturation zone 
of amelogenesis (Figs. 2, 3) were estimated directly from 
a light microscope by using l-µm-thick toluidine-blue-
stained sections. The microscope, equipped with a draw­
ing tube, was mounted over the magnetic tablet of the 
MOP, and a light-emitting cursor was traced along the 
apices of ameloblasts to measure the apical/incisal 

TABLE 2. Immunocytochemistry: Distribution of reactive and unreactive lysosomes in ameloblasts following incubations 
with antiamelogenin antibody 
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Fig. 2. Bar graph summarizing data from length measurements in 
various sequential regions defined by the appearance of the enamel 
matrix in EDTA-decalcified incisors. The height of each bar represents 
the mean length ± standard deviation (SD). The right ordinate shows 
a time scale based on the cell migration studies by Smith and War-
shawsky (1975). At the bottom of the figure the length of each region 
(± SD) is represented to scale along an abcissa beginning at the point 
where the Tomes' processes were no longer visible at the apices of 
ameloblasts and extending incisally to the gingival margin. 

Fig. 3. Bar graph summarizing data from length measurements in 
various sequential regions defined by the morphology of ameloblasts. 
The height of each bar represents the mean length ± standard devia­
tion (SD). The right ordinate shows a time scale based on the cell 
migration studies by Smith and Warshawsky (1975). At the bottom of 
the figure the lengths of each region are represented to scale along an 
abcissa beginning at the point where the Tomes' processes were no 
longer visible at the apices of ameloblasts and extending incisally to 
the gingival margin. The lines under the long bar indicate the mean 
position (± SD) for points of transition from smooth-ended (SE0->4) 
(shaded) to ruffle-ended (RE0->5) bands, and for the location of the 
gingival margin. The region marked "RE0/SE0" (stippled bar third 
from left) was variable in its composition and contained ameloblasts 
displaying either an incompletely ruffled apical surface or a true 
smooth-ended apical surface or a combination of both (with smooth-end 
cells usually abutting RE1). The presence of distinct accumulations of 
mitochondria at the base of apical invaginations provided one criterion 
by which ameloblasts of the first true ruffle-ended band (RE1) could be 
distinguished from those forming a partially ruffle-ended band (RE 0 ) 
when smooth-ended cells (SE0) were not present in this region. 

Fig. 4. Probability maps showing the location of boundaries between 
sequential regional compartments measured relative to the enamel 
matrix (top panel) or the ameloblasts (bottom panel). The line bisecting 
each map represents the average or mean location of a boundary in all 
incisors (50% probability), as is illustrated for the cellular compart­
ments by the horizontal bar running across the middle panel. In these 
maps a vertical boundary line would mean that the compartment 
began (or terminated) at the same location in all teeth whereas a tilted 
line means the reference point was distributed over a wider range of 
values between incisors. The map in the lower panel further demon­
strates that certain compartments were not observed on all teeth (e.g., 
an SE4 band was present on only about 75% of all incisors used in this 
study). Note these maps suggest that there is a 100% probability the 
first complete modulation (RE1 to SE1) will occur relative to matrix 
which is insoluble in EDTA and in which the enamel rods usually are 
clearly visible. There is a 70% probability the second modulation (RE2 
to SE2) will occur before the matrix is soluble in EDTA. 

length of various regions. Fields were enlarged at x200 
magnification and data were converted into microme­
ters by using the internal correction capability of the 
MOP. Measurements were taken on one section per seg­
ment per animal, and the data from 21 teeth were used 
to obtain the means and standard deviations shown in 
Figures 2 and 3. The probability lines in Figure 4 were 
computed by first mapping the position of the regions 
for each incisor on graph paper and then determining 
the cumulative number of teeth containing the region 
in sequential 250-µm steps from the apical reference 
point (no Tomes' process) incisally to the gingival mar­
gin. In Figures 3 and 4 the transitional areas from 
ruffle-ended to smooth-ended ameloblasts (Josephsen and 
Fejerskov, 1977) were included with the ruffle-ended 
bands. 

RESULTS 
Location and Morphological Features of Regions Sampled 

Relative to Early Maturation 
The classifications of Warshawsky and Smith (1974), 

Kallenbach (1974), Josephsen and Fejerskov (1977), Tak-
ano (1979), and Inage and Toda (1984) were used to 
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divide the maturation zone of amelogenesis into regions 
arrayed sequentially from the point marking the site 
where Tomes' processes were no longer visible at the 
apices of ameloblasts1 to the gingival margin (Figs. 1-
4). Across these regions characteristic changes in the 
appearance of the enamel matrix and in the morphology 
of ameloblasts were evident at the level of the light 
microscope in EDTA-decalcified incisors. Compartments 
defined relative to the enamel matrix (Fig. 2) included 
regions within which the matrix 1) was deeply stained 
and the outlines of enamel rods were invisible or indis­
tinct, 2) contained clearly visible enamel rods, 3) shrank 
in thickness and the rods became pale staining, and 4) 
was absent and represented by a clear space. Compart­
ments defined relative to ameloblasts (Fig. 3) included 
regions within which the cells 1) were tall in height but 
lacked Tomes' process (NTP— a list of abbreviations and 
their meanings precedes Fig. 1), 2) shrank in height 
(ASH), 3) displayed variable apical morphology consist­
ing either entirely of a poorly defined ruffle-end (most-
frequent) or a short segment of incompletely ruffled cells 
followed by true smooth-ended ameloblasts ( R E 0 / S E 0 ) 4) 
possessed a true ruffled apex (RE1, RE2, etc.), 5) were 
smooth-ended with lateral intercellular spaces (SE1, SE2, 
etc.), 6) contained large pigment granules in both the 
supranuclear and infranuclear compartments (LPG), 7) 
were devoid of these granules (NPG), or 8) were cuboidal 
in shape (REO). Measurements taken from l-µm-thick 
plastic sections showed that all regions could be identi­
fied fairly consistently within incisors from different 
animals despite wide variations in the exact location of 
certain transition points such as the start of EDTA-
soluble enamel or the location of smooth-ended bands 
(Figs. 2-4). These data also indicated that the length of 
an incisor over which detectable quantities of enamel 
proteins were present in maturing enamel (regions of 
indistinct rods + visible rods + partially soluble enamel) 
on the average was almost identical to the exact length 
of the secretory zone of amelogenesis (4,688 ± 520 µm 
vs. 4,618 ± 296 µm, respectively, as measured in Wistar 
rats weighing l00 g). Furthermore, ameloblasts gener­
ally completed only two modulations, or they were en­
gaged in the third ruffle-ended phase, relative to the 
change from EDTA-insoluble to EDTA-soluble enamel 
(Fig. 4). Regions of interest to this study included those 
representing transition and reorganization from secre­
tion to maturation (NTP, ASH, R E 0 / S E 0 in Fig. 3) and 
initial modulation (RE1, SE1, RE2 in Figs. 3 and 4). 
These regions occupied about 2.5 mm at the apical as­
pect of the maturation zone of amelogensis in rat 
incisors. 

Immunocytochemical Labelling 
Distribution of gold particles 

Enamel organ sections from regions of early matura­
tion incubated with antiamelogenin antibodies showed 
specific labelling with gold particles. Gold particles were 
found in the heaviest concentration over the enamel 
layer, over granular material situated in the extracel­
lular spaces along the lateral sides or within apical 
invaginations of ruffle-ended ameloblasts and over the 
protein synthetic (rough ER, Golgi saccules, secretory 
granules) and degradative (lysosomes) organelles of 
ameloblasts (Table 1, Figs. 5-12). Nuclei and mitochon­
dria (Fig. 6) rarely contained labelling above an amount 

attributed to background (Table 1; see also Nanci et al., 
1985). Occasional degenerating ameloblasts were ob­
served which showed accumulations of immunoreactive 
material in the cytoplasm, and small focal patches of 
immunoreactive granular material were sometimes ob­
served between papillary layer cells near the bases of 
ameloblasts (not shown). No significant labelling was 
found over coated vesicles at the apical surfaces of ame­
loblasts (Fig. 6) or over other intracellular and extracel­
lular sites related to cells of the papillary layer including 
macrophages. Gold particles were almost completely ab­
sent over enamel and over ameloblasts within control 
sections incubated under conditions where antibody was 
preabsorbed with excess antigen (Fig. 9). 

Distribution of immunoreactive ameloblasts 

Ameloblasts with obvious immunoreactive Golgi sac­
cules, secretory granules, and lysosomes were observed 
continuously across all regions up to the beginning of 
the second ruffle-ended phase of maturation (NTP, ASH, 
R E 0 / S E 0 , RE1,SE2,RE2, Fig. 3; Figs. 10, 11). Although 
no major differences in the pattern of intracellular label­
ling were obvious in these morphologically different 
ameloblasts, a gradual decrease in the intensity of im-
munolabelling was evident incisally across these re­
gions especially in relation to Golgi saccules, small 
secretory granules, and the invaginations at the apical 
surfaces of ruffle-ended ameloblasts (e.g., Figs. 7, 8). 
Ameloblasts which contained ferritin pigment in the 
cytoplasm or the lysosomes (RE2 and beyond) showed 
little immunolabelling except over lysosomes (Fig. 16) 
and occasional residual granular material in the apical 
invaginations of ruffle-ended cells. 

Distribution of immunoreactive lysosomes in ameloblasts 

Lysosomes were identified on the basis of cytochemical 
localizations by using acid phosphatase (AcPase) and 
inorganic trimetaphosphatase (TMPase) as enzyme 
markers (Novikoff, 1963; Doty et al., 1977). Based on 
these experiments the lysosomes in ameloblasts were 
divided into three morphologically distinct groups—the 
consistently TMPase-positive dark lysosomes and the 
variably TMPase-positive and AcPase-positive pale ly­
sosomes and multivesicular bodies (Figs. 13-15). All 
types were variably immunoreactive, but the multivesi­
cular bodies showed the greatest frequency and inten­
sity in labelling with gold particles (Table 2). Im­
munoreactive lysosomes were found in ameloblasts 
throughout all regions where these cells abutted EDTA-
insoluble enamel (Fig. 4). Ameloblasts sampled from 
areas of EDTA-soluble enamel (probably late RE2 or RE3) 
still contained some immunoreactive lysosomes. Dual 
immunocytochemical and cytochemical localizations 

1It is an oversimplification to equate the disappearance of Tomes' 
processes with the exact beginning of the maturation stage of amelo­
genesis. For example, the final enamel layer is rod-free and secreted 
by ameloblasts which have no Tomes' process. The definition of postse-
cretory transition given by Warshawsky and Smith (1974) (used in 
this study) takes into account the overlap of events between cessation 
in appositional growth of the enamel layer and the completion of 
morphological changes associated with maturation of the enamel. 
Other classifications, such as the one given by Kallenbach (1974), 
define postsecretory transition exclusively in the context of the phys­
ical shortening of ameloblasts. The difference between these two 
classifications constitutes 255 ± 87 µm linear distance or about 9.4 
hours of cell time in the rat incisor. 



114 A. NANCI, H.C. SLAVKIN, AND C.E. SMITH 


