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ABSTRACT The movement of proteins into and out of enamel was followed 
over time using a highly sensitive microprecipitation technique to quantify the 
amount of TCA-insoluble radioactivity present within small pieces of freeze-dried 
enamel and cells (enamel organ) dissected from the mandibular incisors of rats 
injected with L-[35S]-methionine. Conventional image processing techniques were 
also used to estimate the number of silver grains over enamel and cells in radio-
autographs of mandibular incisors from rats similarly injected with L-[methyl-
3H]-methionine. Data from both techniques indicated that the average half-life for 
labeled proteins secreted into enamel was about 8.9 days. Typically, radioactive 
proteins accumulated in increasing amounts for 8 hours after which they were lost 
slowly up to 4 days and more rapidly thereafter when enamel formed during the 
secretory stage underwent maturation. The half-life for radioactive proteins in 
cells was only about 20.7 hours. No significant accumulation of radioactivity could 
be detected in the TCA-soluble or TCA-insoluble fractions of cells as enamel de­
velopment proceeded. Results from this study suggest that radioautographs pro­
vide an accurate estimate of changes occurring to proteins in enamel and cells 
except at early time intervals (less than 1 hour) when a high percentage of total 
radioactivity is present within the TCA-soluble fraction of cells. 

The majority of extracellular matrix proteins se­
creted by ameloblasts are lost and replaced by mineral 
during enamel development (reviewed in Robinson and 
Kirkham, 1985; Deutsch, 1989; Smith et al., 1989b; 
Aoba and Moreno, 1991). Although the exact number 
and types of proteins formed by ameloblasts is contro­
versial (reviewed in Deutsch, 1989; Limeback and 
Simic, 1990; Tanabe et al., 1990; Aoba and Moreno, 
1991), it is widely accepted that the proline-rich, hy­
drophobic amelogenins constitute the main class of ex­
tracellular proteins that are removed during enamel 
maturation (reviewed in Robinson and Kirkham, 1985; 
Deutsch, 1989; Aoba and Moreno, 1991). A particularly 
contentious issue has been whether the disappearance 
of the amelogenins result from physical disaggregation 
of a "macroprotein" that comprises several low molec­
ular weight subunits (reviewed/reported in Limeback 
and Simic, 1990), or whether it represents a true ex­
tracellular degradative process catalyzed by protein­
ases that cleave large parent proteins into progres­
sively smaller fragments (reviewed/reported in Overall 
and Limeback, 1988; DenBesten and Heffernan, 
1989a,b; Deutsch, 1989; Smith et al., 1989a,b). Irre­
spective of the mechanism(s) responsible for evoking 
this change in their molecular size, amelogenins ulti­
mately are believed to be endocytosed (resorbed) and 
disposed of in the lysosomal system of ameloblasts, es­
pecially during the maturation stage when these cells 
are ruffle-ended (Reith and Cotty, 1967; Kallenbach, 

1980a,b; Takano and Ozawa, 1980; Sasaki et al., 1983; 
Sasaki, 1984a,b). The exact nature of the polypeptides 
that might be resorbed by ruffle-ended ameloblasts re­
mains undefined. 

Of the various biochemical approaches that have 
been used to study protein turnover in developing 
enamel, one of the least explored techniques is simple 
partitioning of "high" molecular weight (insoluble) and 
"low" molecular weight (soluble) compartments with 
TCA (Greenwald, 1915). It is well known that TCA 
alone can precipitate effectively dissolved proteins of 
about 10 kDa or higher, and, in combination with a 
large excess of exogenous protein such as bovine serum 
albumin (BSA), it can also be used to precipitate small 
polypeptides such as intact EGF (6.05 kDa) or insulin 
(5.75 kDa) (Lai and Guyda, 1984; Lai et al., 1985). In 
the case of enamel, TCA has an added advantage in 
that it will rapidly demineralize samples and expose 
crystal-associated proteins for precipitation. Taking 
into account the hypothesis that the molecular weight 
of amelogenins becomes lower as they age, one of the 
main objectives of this study was to determine if sig-
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nificant amounts of radioactivity accumulate within 
the TCA-soluble compartment of enamel at long time 
intervals following a single injection of radioactive me­
thionine. In order to provide as high a resolution as 
possible relative to the stages of amelogenesis, conven­
tional TCA precipitation techniques were down-scaled 
to allow experiments to be carried out using very small 
pieces of enamel dissected from rat incisors (Robinson 
et al., 1974; Smith and Nanci, 1989a). Another objec­
tive of this study was to compare data on protein turn­
over obtained by biochemical procedures to those esti­
mated by conventional radioautographic techniques, 
which are generally incapable of preserving highly 
aqueous soluble components. 

MATERIALS AND METHODS 
Materials 

[14C]-methylated bovine serum albumin (BSA, s.a. 
14 µCi/mg), carbonic anhydrase (s.a. 5 µCi/mg), cy­
tochrome C (s.a. 29 µCi/mg), L-[35S]-methionine (s.a. 
1072-1134 Ci/mmol), L-[methyl-3H]-methionine (s.a. 
80 Ci/mmol), Protosol Gel Solubilizer, and Econofluor-
2 scintillation cocktail were purchased from Dupont 
Canada (Mississauga, Ontario). Amplify® and a solu­
tion of premixed [14C]-methylated proteins comprising 
carbonic anhydrase (s.a. 40 µCi/mg), trypsin inhibitor 
(s.a. 24 µCi/mg), cytochrome C (s.a. 89 (µCi/mg), apro-
tinin (s.a. 63 µCi/mg), and insulin (s.a. 44 µCi/mg) 
were obtained from Amersham Canada Ltd. (Oakville, 
Ontario). Optifluor scintillation cocktail was from 
Canberra-Packard Canada (Mississauga, Ontario). Re­
agents for SDS-PAGE were purchased from Bio-Rad 
(Mississauga, Ontario). All other chemicals were of an­
alytical grade and obtained from local companies. 

Biochemical Studies 
TCA precipitation assay 

Scintillation counting. From 1-100 ng of labeled protein 
standards were dispensed in duplicate sets and diluted to 
a final volume of 100 µl in phosphate buffered-saline 
(PBS; 50 mM phosphate buffer and 150 mM NaCl, pH 7.4). 
Each 100-µl sample in the first set was placed in a sepa­
rate, sealed scintillation vial containing 9 ml of 7% proto-
sol/Econofluor-2 scintillation cocktail (vol/vol), mixed, 
and counted after 4 days at room temperature in a Pack­
ard Model Tri-Carb 460 scintillation counter (Fig. 1A-D; 
total counts). Twenty-five microliters of 2.5% nonradioac­
tive BSA were added to each vial in the second set of 
samples, and the proteins were precipitated with 250 µl of 
cold 10% TCA. The samples were left at 4°C for 30 minutes 
then pelleted at 10,000 g for 10 minutes. The superna-
tants were decanted and 50 µl of fluid from each sample 
was added to 9 ml of cocktail and counted after 4 days. The 
pellets were resuspended overnight in 1 ml scintillation 
cocktail, the volume was adjusted to 9 ml with additional 
cocktail, and the samples were counted on the 4th day 
(Fig. 1A-D; TCA-insoluble precipitates). 

SDS-PAGE. Ten microliters of [14C]-labeled BSA, cy­
tochrome C, and premixed proteins were aliquoted in 
duplicate sets ("A" and "B"). Ten microliters of 1% non­
radioactive BSA were added to each vial in set "A" and 
the proteins were precipitated with 20 µl of cold 10% 
TCA. The samples (set "A") were left at 4°C for 15 
minutes and then pelleted at 10,000 g for 5 minutes. 
The supernatants were decanted and neutralized with 

50 µl of 1 N NaOH. Fluids from set "B" and superna­
tants from set "A" were prepared for gel electrophoresis 
by boiling them for 3 minutes in a sample buffer con­
taining 62.5 mM Tris (pH 6.8), 1% SDS, 10% glycerol, 
5% β-mercaptoethanol, and 0.001% bromophenol blue 
(all final concentrations, 0.5 ml total volume). Proteins 
in the samples were separated in a discontinuous sys­
tem using 8-18% linear gradient, polyacrylamide gels 
(Fig. 2) according to Laemmli (1970). The volumes of 
fluids loaded to the lanes of a gel from set "B" were 
adjusted to contain approximately 3.4 x 104 dpm of 
radioactivity per lane. Identical volumes of fluids from 
the boiled supernatants of set "A" were also loaded to 
other lanes of a gel (Fig. 2). Following electrophoresis, 
the gels were stained for 1.5 hours with 0.1% 
Coomassie Brilliant Blue R-250, destained overnight 
in acetic acid-methanol, and processed for fluorogra-
phy as described previously (Smith et al., 1989b). 

In vivo radiolabeling studies 

Sample preparation. The teeth used in these experi­
ments were obtained from the same rats employed to pre­
pare fluorographs in a previous investigation (Nanci et 
al., 1989; Smith et al., 1989b; contralateral incisors). 
Briefly, 18 male Wistar rats (Charles Rivers Canada, St-
Constant, Quebec) weighing about 100 g were anesthe­
tized and injected intravenously with 0.5 mCi of L-[35S]-
methionine in 0.2 ml PBS followed 6 minutes later by an 
intravenous chase with 10 mM nonradioactive L-methio-
nine in 0.1 ml PBS. The rats were decapitated in pairs at 
10 minutes, 1, 4, and 8 hours, and 1, 4, 8, and 16 days after 
injection of radiolabeled methionine. The hemimandibles 
were removed and partially dissected to expose the 
enamel organs along the labial sides of each incisor. The 
hemimandibles were immersed in liquid nitrogen for 5 
hours and freeze-dried. The enamel organ and underlying 
enamel on each tooth were transsected into a series of 
strips at 1-mm intervals as described by Smith and Nanci 
(1989a) (Fig. 3). Each strip was removed from the incisor, 
placed in a separate vial, and processed for protein extrac­
tions. 

Protein extractions. Enamel organ strips were individ­
ually crushed and incubated for 2 hours at room tem­
perature in 0.5 ml of a urea-HCl-Triton extraction 
buffer (pH 2.2) prepared with 6 M urea, 0.2 N HC1, and 
0.1%) Triton X-100. A single 0.1-ml aliquot was re­
moved from each vial, added to 5 ml of scintillation 
cocktail (Opti-fluor) and counted (total counts; Fig. 4). 
Then, 0.1 ml of 2.5% nonradioactive BSA was added to 
the remaining 0.4 ml of fluid in each vial. Proteins 
were precipitated by adding 1 ml of cold 10% TCA to 
each vial. The samples were centrifuged at 4°C for 10 
minutes at 10,000 g. The supernatants (TCA-soluble 
components) were decanted and 0.5 ml of fluid from 
each sample was added to 5 ml of scintillation cocktail 
and counted. The pellets (TCA-insoluble components) 
were dried overnight in an oven at 40-50°C. The pro­
teins in each sample were resolubilized in 0.5 ml of 0.6 
N NaOH for 24 hours at 65°C, and 0.2 ml of the fluid 
from each sample was added to 5 ml of scintillation 
cocktail and counted. Enamel strips were crushed to a 
fine powder and incubated in extraction buffer (pH 2.2) 
for 2 hours as described for cell samples. After incuba­
tion, the enamel samples were centrifuged for 10 min­
utes at 4°C and 10,000 g and the fluids were decanted 
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Fig. 1. Estimation of reliability and sensitivity of the microprecip-
itation assay. Known amounts (1-100 ng) of [14C]-labeled BSA (panel 
A), carbonic anhydrase (panel B), cytochrome C (panel C), and 
mixed proteins (panel D) were aliquoted in duplicate sets and diluted 
to the same final volume. One set of samples was counted without 
further treatment (total counts; filled symbols) while proteins in the 

separately from each vial. Then, 0.5 ml of 0.6 N NaOH 
was added to each vial and incubated for 24 hours at 
65°C to solubilize any residual material left undis­
solved after extraction with urea-HCl-Triton buffer. A 
single 0.1-ml aliquot was taken from this alkaline di­
gest ("residue") as well as a single 0.1-ml aliquot of 
fluid from the first supernatant of each sample ("total 
extract"). These were added separately to vials contain­
ing 5 ml of scintillation cocktail (Opti-fluor), and the 
samples were incubated and counted. Next, 0.1 ml of 
2.5% nonradioactive BSA was added to the remaining 
0.4 ml of the first supernatants from each sample. Pro­
teins were precipitated by adding 1 ml of cold 10% TCA 
to each vial. The samples were centrifuged and pro-

second set were precipitated with TCA, resuspended, and counted 
(TCA-insoluble counts; open squares). Data shown are the average of 
two independent repeats of the same experiment. In all cases, more 
than 85% of the proteins in the sample were precipitated by TCA at 
all concentrations tested. 

cessed for scintillation counting of TCA-soluble and 
TCA-insoluble fractions as described for cell samples. 

Counts in the residue fractions of enamel strips were 
exceedingly low but were added to precipitate counts 
for data shown in Figures 4, 6, 7, 9, and 14. All data 
were also corrected for the short half-life of [35S] (87 
days). Results were expressed as counts per minute 
(CPM), rather than disintegrations per minute (DPM), 
because there was no quench curve available for [35S] 
at the time these experiments were carried out. How­
ever, standard curves constructed with increasing con­
centrations of [35S]-methionine (in microcuries) plotted 
against CPMs suggested there was a highly correlated 
linear relationship between these parameters from 9 
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Fig. 2. Fluorograph of a 8—18% linear gradient polyacrylamide gel 
showing amounts of radioactivity present in original samples (lanes 
1, 3, 5) and in supernatants (lanes 2, 4, 6) following TCA precipitation 
of [14C]-labeled BSA (69 kDa; lanes 1 and 2), cytochrome C (12.3 kDa; 
lanes 3 and 4), or mixed proteins (5.75—30 kDa; lanes 5 and 6). Lanes 
1, 3, and 5 were loaded with equal dpms as calculated from data in 
Figure 1, and lanes 2, 4, and 6 were loaded with all of the fluid left 
following TCA precipitation in a duplicate set of samples. Arrowhead 
= 30 kDa. 

nCi to 625 nCi of radiolabeled methionine (data not 
shown). The latter value is equivalent to 1.417 x 106 

CPM total radioactivity, which is well above levels de­
tected in any cell or enamel strip at any time interval 
used in this study. Hence, it seems unlikely there was 
any differential quenching for the data presented in 
Figures 4, 6, 7, 9-11, and 13-18. 

Radioautographic Studies 
Specimen preparations 

The incisors used in these studies were obtained from 
rats prepared in the course of a previous investigation 
(Smith et al., 1989b). Briefly, 22 male Wistar rats 
weighing about 100 g were anesthetized and injected 
intravenously with 1 mCi of L-[methyl-3H]-methionine 
in 0.1 ml PBS followed 6 minutes later by an intrave­
nous chase with 10 mM nonradioactive L-methionine 
in 0.1 ml PBS. The rats were killed in pairs, or groups 
of 3, by vascular perfusion with 4% paraformaldehyde 
or 1% or 5% glutaraldehyde at 10 and 20 minutes, 1, 4, 
and 8 hours, and 1, 4, and 8 days after injection of 
radiolabeled methionine. The hemimandibles were re­
moved and decalcified for 14—21 days in disodium 
EDTA. The incisors were split into segments and pro­
cessed for flat embedding in Epon. One micrometer-
thick sagittal sections were cut from each segment and 
mounted on glass slides. The sections were stained 

with iron hematoxylin and the slides were dipped in 
Kodak NTB2 liquid emulsion, exposed for 14 days, and 
developed. 

Grain counts 

The distribution of silver grains over cells of the 
enamel organ and over developing enamel was quan­
tified at consecutive 250-µm intervals along the length 
of each tooth (Fig. 5; 69 locations per tooth) as de­
scribed previously using a microcomputer system hav­
ing a counting window precalibrated to 10 µm height 
x 20 µm width (Smith and Nanci, 1989b; Smith et al., 
1989b). Raw data from all windows falling over amelo­
blasts and papillary layer cells at a given location on a 
given tooth were summed to produce a single estimate 
for the number of silver grains over "cells" at a partic­
ular time interval. A similar procedure was used to 
sum counts over "enamel" where present. Two indepen­
dent estimates of grain distribution were made on each 
tooth (2 mandibular incisors per rat x 2 estimates = 4 
final values per compartment per location per animal) 
across all animals in a group (three rats each for 10 and 
20 minutes and 1, 4, and 8 hours; two rats each for 1, 4, 
and 8 days). For graphic purposes it was necessary to 
convert (average) data at consecutive 250-µm intervals 
into consecutive 500-µm intervals in order to have 
enough room to draw symbols on the graphs shown in 
Figure 5. As noted previously, the number of silver 
grains attributable to background in these radioauto-
graphs represented less than 0.1% of all pixels per win­
dow (Smith and Nanci, 1989b; Smith et al., 1989b). 
Data in Figure 5 were plotted without correction for 
this exceedingly low background. Data in Figures 8 
and 12 were computed by integrating areas under the 
curves for enamel and cells at a particular stage and 
time interval indicated. Normalized data (Figs. 9, 13, 
18) were computed by dividing all values of a given set 
by the single number that represented the peak value 
of labeling for the set. 

RESULTS 
Sensitivity and Reliability of the Microprecipitation Assay 
Standard curves prepared with [14C]-labeled proteins 

of known molecular weights suggested that micropre-
cipitations carried out with exogenous BSA were very 
sensitive and capable of removing as little as 1 ng of 
radioactive proteins from a total fluid volume of 375 µl 
(Fig. 1A-D). No obvious differences were evident in the 
efficiency of the assay relative to molecular weight of a 
protein (Fig. 1A-C), or relative to whether the proteins 
were in pure form or mixed together (Fig. 1D). A 
slightly higher amount of excess label was observed, 
however, in the TCA-soluble supernatants of the mixed 
proteins (Fig. 1D). Fluorographs revealed that this sol­
uble radiolabel seemed to arise from a 10-kDa contam­
inant in the mixture that was not precipitated by TCA 
(Fig. 2, lanes 5 and 6). 

Regional Distribution of Labeled Proteins in Cells 
and Enamel as Observed by Scintillation Counting 

and Radioautography 

Strip dissections of freeze-dried incisors at 1-mm res­
olution (Fig. 3) indicated that radioactivity was distrib­
uted across the stages of amelogenesis (length of tooth) 
essentially in a bell-shaped curve following single in-
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Fig. 3. Mesial view of a left hemimandible (freeze-dried) from a 
100 g rat illustrating method employed for transsecting the enamel 
organ and underlying enamel of the incisor (I) into a series of 1 mm-
long strips using a molar (M) reference line to define the starting 
point for the microdissection (long arrow from molar to incisor). The 
two short vertical lines indicate the approximate starting point and 
the ending point for the secretory zone within the length of the inci­
sor. They are identical to the vertical lines drawn at a distance of 2 

mm and 6.7 mm on each of the 16 graphs shown in Figures 4 and 5. The 
arrowhead marks the starting position of a reference strip and corre­
sponds to the positions marked by arrowheads in the upper left-hand 
panel of Figures 4 and 5 (10 MIN). Note that the sixth cell strip incisal 
to the molar reference line in this figure (white arrow) has been re­
moved to show the enamel underlying the cells. It was impossible to 
remove any enamel more incisal to this point (distance of 14 mm on 
the abscissa of graphs shown in Fig. 4; see also Fig. 18). Bar = 1 mm. 

jections of [35S]-methionine (Fig. 4). At 10 minutes af­
ter injection, the majority of radioactivity was located 
in cells of the enamel organ (ameloblasts) with the 
peak of radioactivity positioned near the boundary be­
tween secretory and maturation stages (Fig. 4, 10 
MIN). From 10 minutes to 1 hour after injection, there 
was a rapid movement of radioactivity from cells into 
enamel, ultimately creating a peak of radiolabeling 
relative to midsecretory stage enamel (Fig. 4, 1 
HOUR). The distribution of radioactivity in enamel ap­
peared to change little from 1 hour to 1 day after in­
jection, when eruption of the incisor started to carry 
secretory stage enamel incisally into the maturation 
stage (Fig. 4, 4 HOUR, 8 HOUR, 1 DAY). The amount 
of radioactivity in enamel declined from 1 day to 8 days 
after injection and the radiolabeling curve became 
more spiked (Fig. 4, 4 DAY and 8 DAY). Little radio­
activity was detected in enamel or cells by 16 days after 
injection (Fig. 4, 16 DAY). Essentially the same re­
gional distribution of radioactivity was observed by se­
rial grain counts along the length of incisors of rats 
injected with [3H]-methionine (Fig. 5, 10 MIN-8 DAY). 

Distribution of Radioactivity in TCA-Soluble and 
TCA-lnsoluble Compartments of Cells and Enamel Over 

Time; Comparison With Radioautographic Data 

Analysis of biochemical data in Figure 4 by stages of 
amelogenesis and by amounts of radioactivity present 
within the TCA-soluble and TCA-insoluble compart­
ments indicated that the highest absolute amount of 
radioactivity was located in the TCA-insoluble com­
partments of enamel (Figs. 6, 7) and cells (Figs. 10, 11) 
at all intervals from 10 minutes to 16 days after injec­
tion of [35S]-methionine. Changes in the absolute 

amount of radioactivity detected in enamel and cells 
paralleled exactly those observed for TCA-insoluble 
compartments (Figs. 14, 15). 

The amount of radioactivity associated with the 
TCA-insoluble compartment of secretory stage enamel 
was very low initially, then rose sharply to reach a 
peak tenfold its starting value by 4 hours after injec­
tion (Fig. 6). There was a decrease in the amount of 
radioactivity present within the TCA-insoluble com­
partment thereafter that averaged about -4.11% per 
day from 4 hours to 1 day after injection and -6.06% 
per day from 1 day to 16 days after injection (Fig. 6). 
The amount of radioactivity present within the TCA-
insoluble compartment of maturation stage enamel at 
10 minutes after injection was about one-half the quan­
tity observed in secretory stage enamel (Fig. 7). It in­
creased 4.4-fold by 1 hour and changed little until 1 day 
when there was another 2.3-fold increase between 1 
day and 4 days after injection (Fig. 7). The amount of 
radioactivity present in the TCA-insoluble compart­
ment decreased thereafter, averaging -3.27% per day 
from 4 - 8 days after injection and -10.21% per day 
from 8-16 days after injection (Fig. 7). Analysis of ra­
dioautographic data in Figure 5 by stage of amelogen­
esis showed changes in the distribution of silver grains 
over enamel of rats injected with [3H]-methionine that 
were almost identical to those observed biochemically 
for the TCA-insoluble compartments of secretory and 
maturation stage enamel of rats injected with [35S]-
methionine (Figs. 8, 9, 18). 

While the absolute amount of radioactivity was 
never very high in the TCA-soluble compartments of 
secretory or maturation stage enamel (Figs. 6, 7), 
secretory stage enamel generally showed more radio-



Fig. 4. Biochemical data. Distribution of total radioactivity (cpms) 
along the length of rat incisors at various time intervals following a 
single injection of [35S]-methionine. Cell and enamel strips (Fig. 3) 
were dissected from freeze-dried incisors of rats killed at the times 
indicated from 10 minutes (10 MIN) to 16 days (16 DAY) after injec­
tion. The proteins in each strip were extracted at pH 2.2 and then 
precipitated with TCA, and the radioactivity associated with precip­
itates (TCA-insoluble) and supernatants (TCA-soluble) of each strip 
was determined. The bars represent total radioactivity present in pre­
cipitates and supernatants of cells and enamel (where present) while 
the filled circles represent total radioactivity associated with enamel. 

Distance refers to the absolute position of a strip along the length of 
the incisor from youngest (0 mm, apical loop) to oldest (17.8 mm, 
gingival margin) regions. The two vertical lines at 2 mm and 6.7 mm 
indicate the beginning and end respectively of the secretory stage of 
amelogenesis (see Fig. 3). The maturation stage is between 6.7 mm 
and 17.8 mm on the abscissa of each graph. The arrowheads indicate 
the location of the same cohort of cells and enamel carried incisally 
with the erupting incisor over time. All points and bars represent the 
average computed from two independent repeats of the same experi­
ment. 



Fig. 5. Radioautographic data. Distribution of total radioactivity 
(silver grains ± SD) along the length of rat incisors at various time 
intervals following a single injection of [3H]-methionine. The number 
of silver grains over ameloblasts and associated cells of the enamel 
organ and those over enamel (where present) were estimated by com­
puter image processing at each of 69 sequential positions (34 repre­
sented in graphs) along the length of incisors of rats killed at different 
times from 10 minutes (10 MIN) to 8 days (8 DAY) after injection. The 
bars represent total number of silver grains present over enamel or­
gan cells and enamel (where present) while the filled circles represent 
the total number of silver grains over enamel alone. The graph in the 
lower right-hand corner shows the number of silver grains (± SD) 

exclusively over ameloblasts at 10 minutes (filled squares), 1 hour 
(open circles), 1 day (open triangles), and 8 days (open squares) after 
injection. Distance refers to the absolute position of cells or enamel 
along the length of the incisor from youngest (0 mm, apical loop) to 
oldest (17.8 mm, gingival margin) regions. The two vertical lines at 2 
mm and 6.7 mm indicate the beginning and end respectively of the 
secretory stage of amelogenesis. The maturation stage is between 6.7 
mm and 17.8 mm on the abscissa of each graph. The arrowheads 
indicate the location of the same cohort of cells and enamel carried 
incisally with the erupting incisor over time. All points and bars 
represent the mean grain counts from the right and left incisors of at 
least two rats per group. 
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Fig. 6. Distribution of total radioactivity (filled circles) in secretory 
stage enamel (S) relative to TCA-insoluble (TCA/I, filled squares) and 
TCA-soluble (TCA/S, open squares) compartments at various time 
intervals following a single injection of [35S]-methionine (summarized 
from data in Fig. 4). 

Fig. 7. Distribution of total radioactivity (filled circles) in matura­
tion stage enamel (M) relative to TCA-insoluble (TCA/I, filled 
squares) and TCA-soluble (TCA/S, open squares) compartments at 
various time intervals following a single injection of [35S]-methionine 
(summarized from data in Fig. 4). 

Fig. 8. Distribution of the total number of silver grains over secre­
tory stage enamel (S) (filled diamonds) and over maturation stage 
enamel (M) (open diamonds) at various time intervals following a 
single injection of [3H]-methionine (summarized from data in Fig. 5). 

Fig. 9. Relative distribution of radioactivity within enamel (all 
stages) over time comparing data for the TCA-insoluble compart­
ment (TCA/I) (filled squares) as determined by scintillation counting 
after metabolic labeling with [35S]-methionine to grain count data in 
radioautographs (RAG) (filled diamonds) after metabolic labeling 
with [3H]-methionine. 

activity in this compartment than maturation stage 
enamel until 4 - 8 days after injection when the amount 
rose noticeably in the TCA-soluble compartment of 
maturation stage enamel (Figs. 6, 7). In relative terms, 
the percentage of total radioactivity present in the 
TCA-soluble compartment of secretory and maturation 
stage enamel increased linearly from 8 hours to 16 
days (Fig. 16). Maturation stage enamel, however, 
showed almost twofold more relative radioactivity in 
the TCA-soluble compartment than secretory stage 
enamel across these time intervals (Fig. 16). 

The pattern of changes in the distribution of radio­
activity within the TCA-soluble and TCA-insoluble 

compartments of enamel organ cells was very similar 
between the stages of amelogenesis (Figs. 10, 11) but 
noticeably different compared to enamel (Figs. 6, 7). In 
general terms, more radioactivity was detected in the 
TCA-soluble and TCA-insoluble compartments of cells 
from the maturation stage than from the secretory 
stage at all time intervals examined (Figs. 10, 11). 
However, at both stages there was an abrupt drop in 
the amount of radioactivity associated with the TCA-
soluble compartment of cells between 10 minutes and 1 
hour after injection followed by a progressive decline in 
the quantity of radioactivity in this compartment up to 
16 days (Figs. 10, 11). As observed with enamel, the 
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Fig. 10. Distribution of total radioactivity (filled circles) in enamel 
organ cells from the secretory stage (S) of amelogenesis relative to 
TCA-insoluble (TCA/I, filled triangles) and TCA-soluble (TCA/S, open 
triangles) compartments at various time intervals following a single 
injection of [35S]-methionine (summarized from data in Fig. 4). 

Fig. 11. Distribution of total radioactivity (filled circles) in enamel 
organ cells from the maturation stage (M) of amelogenesis relative to 
TCA-insoluble (TCA/I, filled triangles) and TCA-soluble (TCA/S, open 
triangles) compartments at various time intervals following a single 
injection of [35S]-methionine (summarized from data in Fig. 4). 

Fig. 12. Distribution of the total number of silver grains over 
enamel organ cells from the secretory (S) (filled diamonds) and mat­
uration (M) (open diamonds) stages at various time intervals follow­
ing a single injection of [3H]-methionine (summarized from data in 
Fig. 5). 

Fig. 13. Relative distribution of radioactivity within cells of the 
enamel organ (all stages) over time comparing data for the TCA-
insoluble compartment (TCA/I) (filled triangles) as determined by 
scintillation counting after metabolic labeling with [35S]-methionine 
to grain count data in radioautographs (RAG) (filled diamonds) after 
metabolic labeling with [3H]-methionine. 

relative amount (percentage) of total radioactivity 
present in the TCA-soluble compartment of cells in­
creased linearly from 8 hours to 16 days but at almost 
a constant rate for both stages (Fig. 17). The amount of 
radioactivity present within the TCA-insoluble com­
partment of cells decreased sharply (secretory stage) or 
changed little (maturation stage) from 10 minutes to 
4 -8 hours, then decreased exponentially to very low 
values from 8 hours to 16 days after injection (Figs. 10, 
11). As with enamel, analysis of radioautographic data 
in Figure 5 by stage of amelogenesis showed changes in 
the distribution of silver grains over cells that were 

very similar to those observed biochemically for the 
TCA-insoluble compartments of cells in rats injected 
with [35S]-methionine (Figs. 12, 13, 18). 

DISCUSSION 

Understanding of enamel development has evolved 
somewhat slower than for other hand tissues in part 
because few investigators do research in this area, and 
in part because there are certain unusual technical 
problems that restrict the types of experiments that 
can be carried out with enamel. Some of these problems 
are that (1) enamel is one of the hardest mineralized 




