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ABSTRACT The pattern and timing of the breakdown and loss of matrix pro­
teins were studied in developing rat incisor enamel using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), fluorography, radioautography, 
and in vitro incubations of proteins isolated from freshly dissected, crushed pieces 
of enamel. For biochemical studies, the technique of Robinson et al. (1974, 1977, 
1983) was used to transect the enamel organ and enamel into a series of strips at 
1 mm intervals along the length of the tooth. The proteins in each strip were 
extracted and either quantified by Lowry analysis or applied to 12% slab (enamel) 
or 5-15% continuous gradient (enamel organ) SDS-polyacrylamide gels and sep­
arated by electrophoresis. The biochemical studies indicated that the amount of 
protein contained within an enamel strip increased gradually by volume across the 
secretory stage, reached a peak early during the maturation stage, and then de­
clined rapidly thereafter. The distribution of enamel proteins on SDS-polyacryla­
mide gels changed markedly throughout this period. These changes included in­
creases and decreases in the intensity of staining of proteins at certain molecular 
weights (e.g., 18 kDa) and the appearance and disappearance of some proteins not 
seen clearly near the start of the secretory stage of amelogenesis (e.g., 32 and 
10 kDa). Labeling studies with 35S-methionine suggested that the "stacked" ar­
rangement of proteins typical of forming enamel (secretory stage) actually repre­
sented a very dynamic association of proteins, with new ones being added at the top 
of the stack and then breaking down with time to become those seen at lower 
molecular weights. Across the secretory stage, new proteins were always added to 
the top of the stack, but during early maturation this activity slowed dramatically, 
allowing the breakdown of aging proteins to be visualized more clearly. Radioau-
tographic studies with 3H-methionine indicated that the breakdown of newly se­
creted proteins also was correlated with a movement of label from the site of 
secretion into deeper, previously unlabeled, areas of forming enamel. In vitro stud­
ies revealed that the rate and degree of breakdown of enamel proteins varied 
markedly, depending on the stage of amelogenesis from which the proteins were 
extracted. Secretory stage enamel proteins showed slow in vitro degradation with 
accumulation of proteins near 18 kDa. Early maturation stage enamel proteins 
showed more rapid breakdown with little accumulation of proteins near 18 kDa, 
whereas late maturation stage enamel proteins showed complete degradation by 2 
days of incubation in vitro. Degradation of maturation stage enamel proteins could 
be effectively inhibited with aprotinin. These results support the concept that 
amelogenins are degraded into small polypeptides through the action of extracel­
lular proteinases, at least one of which appears to be a trypsinlike serine protein­
ase. These results further suggest that amelogenins begin to break down within 
hours of their secretion. There also appears to be an increase in the activity and/or 
amount or type(s) of proteinases involved in the degradation of amelogenins be­
tween the secretory and maturation stages of amelogenesis. 
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Enamel, unlike other hard tissues, loses matrix pro­
teins as it develops (reviewed in Glimcher et al., 1977, 
Eastoe, 1979, and Robinson and Kirkham, 1985). This 
phenomenon is not comparable to remodeling in bone, 
but it represents an event that must occur as part of a 
series of changes that apparently allow enamel to 
achieve its characteristic, and unusually high, level of 
mineralization (Eastoe, 1979; Robinson et al., 1983; 
Robinson and Kirkham, 1985). Current biochemical 
evidence suggests that it is primarily one type of 
enamel matrix protein—the amelogenins—that are re­
moved from developing enamel (Glimcher et al., 1977; 
Robinson et al., 1977, 1982, 1983; Eastoe, 1979; Ter-
mine et al., 1980a; Fincham et al., 1982a; Lyaruu et al., 
1982; Deutsch et al., 1984; Fincham and Belcourt, 
1985; Robinson and Kirkham, 1985; Strawich and 
Glimcher, 1985). The loss of amelogenins appears to 
occur very quickly once the enamel layer has been 
formed to its full thickness and the ameloblasts begin a 
series of rapid modulation cycles along the surface of 
the maturing enamel (Robinson et al., 1977, 1981, 
1982; Smith et al., 1987b). 

There have been several theories proposed to explain 
how the majority of enamel proteins (amelogenins) 
could remain in situ at one point in time (secretory 
stage) and then rapidly leave this thick, acellular, and 
nonvascularized layer at a later time (maturation 
stage). One concept views the organic phase of devel­
oping enamel as a thixotrophic gel that is "solid" when 
the proteins are first secreted, but which then becomes 
"liquid" when crystals of hydroxyapatite start to grow 
and to exert pressure on the proteins filling the spaces 
between crystals (reviewed in Eastoe, 1979). This phys­
ical change would solubilize the otherwise hydrophobic 
enamel proteins (amelogenins) and make them easier 
to remove. Other concepts suggest that the highly hy­
drophobic amelogenins are actually small polypeptides 
that aggregate firmly when they are first secreted but 
later become "loosened," and more soluble as the phys­
ical environment in which they reside is altered, per­
haps through the intervention of the ameloblasts or by 
catalytic action along the surfaces of the growing hy­
droxyapatite crystals (Glimcher et al., 1977; Eastoe, 
1979; Shimizu, 1984; Yeh et al., 1987). In contrast, sev­
eral authors have proposed that the amelogenins are 
lost through a mechanism that involves active degra­
dation of a parent protein into smaller-molecular-
weight, more soluble end products by means of protein­
ases derived either from the ameloblasts or by 
activation of plasmin (Suga, 1970; Shimizu et al., 1979; 
Moe and Birkedal-Hansen, 1979; Termine et al., 1980b; 
Shimizu and Fukae, 1983; Carter et al., 1984; Cren­
shaw and Bawden, 1984; Robinson et al., 1984; Menan-
teau et al., 1986). In tandem with these concepts, it has 
long been suspected that ameloblasts actively resorb 
(endocytose) intact and/or partially degraded enamel 
proteins from maturing enamel and digest them within 
lysosomes (Reith and Cotty, 1967; Katchburian and 
Holt, 1969). Resorptive activity is viewed as being 
greatest when the ameloblasts display the ruffle-ended 
morphology during the maturation stage of amelogen­
esis (Takano and Ozawa, 1980, 1984; Sasaki, 1984a,b; 
Nanci et al., 1987b). 

Despite strong evidence for the presence of extracel­
lular enzymes in developing enamel (reviewed in 

Menanteau et al., 1986), there has been much conflict­
ing data concerning which class (or classes) of protein-
ase(s) degrade amelogenins. It is also unclear if all 
amelogenins are degraded uniformly to the same low 
molecular weight end product by the proteinases or if 
ameloblasts resorb some of them at intermediate mo­
lecular weights (Robinson et al., 1983; Robinson and 
Kirkham, 1984). This is an important question in light 
of recent evidence for extremely rapid ameloblast mod­
ulation cycles along the enamel surface during the pe­
riod in the maturation stage when the final breakdown 
and loss of amelogenins occur very quickly, at least in 
rodent incisors (Smith et al., 1987b). The frequent ap­
pearance of the relatively leaky smooth-ended amelo­
blast morphology could provide a "doorway" through 
which low molecular weight degradation products 
might diffuse from the maturing enamel. Present data 
suggest that smooth-ended ameloblasts are permeable, 
at least in a direction from cell toward enamel, to poly­
peptides weighing 5.7 kDa or less (Takano and Ozawa, 
1984; McKee et al., 1986). 

Although certain differences in protein composition 
and overall timing of the secretory and maturation 
stages of amelogenesis have been described for differ­
ent species (Fincham et al., 1982b; Deutsch et al., 1984; 
Fincham and Belcourt, 1985; Robinson and Kirkham, 
1985; Zeichner-David et al., 1987), there appears to be 
general agreement that the extracellular, degradative 
changes in amelogenins likely involve "top-down" pro­
cessing in which a primary protein weighing 25-30 
kDa, as estimated by SDS-PAGE, is cleaved in steps 
toward a 10 kDa or lower end product (Sasaki and 
Shimokawa, 1979; Fincham et al., 1982a; Lyaruu et al., 
1982; Robinson et al., 1982, 1983; Sasaki et al., 1982, 
1983; Deutch et al., 1984; Fincham and Belcourt, 1985; 
Robinson and Kirkham, 1985; Strawich and Glimcher, 
1985; Aoba et al., 1987a-c). It is presently very contro­
versial how much post-translational processing occurs 
before the amelogenins are secreted from ameloblasts 
(Chrispens et al., 1979; Snead et al., 1983; Zeichner-
David et al., 1983, 1985; Shimokawa et al., 1984, 1987; 
Farge et al., 1987; Snead and Lau, 1987; Young et al., 
1987). It is also unclear if ameloblasts secrete parent 
25-30 kDa amelogenins directly or if they are derived 
from a larger precursor just before, during, or immedi­
ately after they are released from the cell (Chrispens et 
al., 1979; Robinson et al., 1982; Belcourt et al., 1983). It 
is suspected, however, that once degradation of the par­
ent 25-30 kDa amelogenins starts, this may alter the 
physical properties of the fragments such that they be­
come more soluble and mobile and less likely to inter­
act with the mineral phase (Aoba et al., 1987a-c). It is 
also suspected that degradation of some amelogenins 
occurs during the secretory stage of amelogenesis as 
the enamel layer is being created by appositional 
growth (Blumen and Merzel, 1982; Sasaki, 1983, 
1984a; Robinson and Kirkham, 1984, 1985). When the 
maturation stage begins, the input of new protein 
slows dramatically, and the most recently secreted, in­
tact amelogenins and the older, partially degraded 
amelogenins that have accumulated in the matrix to 
this point all are driven to their final low-molecular-
weight end products, presumably by the extracellular 
proteinases (Robinson et al., 1983). 

Despite the numerous and detailed biochemical stud-
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ies that have been done on amelogenesis to date, few 
workers have used radioactive labeling techniques in 
vivo to visualize progressive changes in the molecular 
weight of amelogenins over the course of amelogenesis 
(Sasaki and Shimokawa, 1979; Robinson et al., 1982; 
Sasaki et al., 1982, 1983; Strawich and Glimcher, 
1985). Also, there have been no attempts to correlate 
changes seen by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) directly with 
those observed by radioautography in histological sec­
tions. The purpose of this study was to explore this 
approach in developing rat incisor enamel using 35S- or 
3H-labeled methionine as a precursor for amelogenins. 
Methionine was selected for several reasons: 1) it is an 
essential amino acid; therefore, ameloblasts are likely 
to maintain very small intracellular pools of this amino 
acid compared with others such as proline (Lehninger, 
1975); 2) enamelins, the second type of enamel matrix 
proteins that have been described (Termine et al., 
1980a; reviewed in Robinson and Kirkham, 1985; 
Limeback, 1987; Deutsch, 1989) contain little methio­
nine, whereas amelogenins have at least 43 residues of 
methionine per 1,000 amino acids (rat incisor enamel; 
Robinson et al., 1977); 3) almost no methionine is found 
in the proteins of mature enamel (rat: Robinson et al., 
1977; Robinson and Kirkham, 1985); 4) little methio­
nine is present in collagen, which could reduce counts 
associated with turnover of bone and connective tissue 
in long-term studies (Josephsen and Warshawsky, 
1982); and 5) 35S-labeled methionine can be purchased 
with very high specific activity, which improves the 
chance of detecting proteins produced in small amounts 
by ameloblasts (Zeichner-David et al., 1983). The re­
sults of this study are of interest not only because they 
provide a direct demonstration of the breakdown of 
parent 28-30 kDa amelogenins into small polypeptides, 
which starts within hours of their secretion (Seyer and 
Glimcher, 1977), but also because they suggest that 
amelogenins formed early during the secretory stage of 
amelogenesis undergo substantial degradation, and 
end products from some of these may be already re­
moved by the time the maturation stage of amelogen­
esis begins. 

MATERIALS AND METHODS 
Biochemical Studies 

Dissection procedures 

Initial preparations. Rats were anesthetized with ether 
and decapitated. The mandible were removed quickly, 
split at the symphysis, and the hemimandibles were 
cleaned of adhering muscle and soft tissues. The left hemi-
mandible was sealed in a plastic bag and buried in 
crushed ice. Working under a dissecting microscope in a 
Petri dish chilled by an ice bath, the bone covering the 
labial surface of the incisor on the right hemimandible 
was removed piecemeal, using dental tools, to the level of 
the cementoenamel junctions. The third molar and asso­
ciated bone were also removed, but the first and second 
molars were otherwise left intact. Then this hemimandi­
ble was immediately either plunged into liquid nitrogen 
in preparation for freeze-drying (see below), or the labial 
surface of the incisor was wiped to remove the enamel 
organ and a strip dissection of the enamel layer done (see 
below). The left hemimandible then was processed by the 

same procedure for freeze-drying or wiping and strip dis­
section. There was usually no more than a 3 minute delay 
between dissections of the right and left hemimandible 
from the same rat in experiments involving freezing in 
liquid nitrogen, but there could be up to 45 minute delay 
between dissections of the two hemimandibles in experi­
ments involving wiping and immediate strip dissection of 
enamel. Preliminary studies indicated that this delay had 
no obvious effect on enamel proteins (as judged by SDS-
PAGE), provided that the left hemimandible remained 
chilled at 4°C until dissections were carried out (data not 
shown). 

Freeze-drying. Hemimandibles were kept in liquid ni­
trogen for 5 hours from their initial immersion and then 
dried under vacuum for 18 hours on a Virtus Model 24 
lyophilizer (Virtus Co. Inc., Gardiner, NY). The hemiman­
dibles were placed in sealed vials and stored at 4°C in a 
container with Drierite (Fisher Scientific, Montreal, Que­
bec) until strip dissections of the enamel organ and 
enamel were done on each incisor (see below). 

Wiping. The enamel organs and associated labial con­
nective tissues were wiped from the labial surfaces of se­
lected incisors using coarse gauze wetted with ice-cold 
normal saline (0.9%). The wiping was always done in an 
incisal-to-apical direction, and the enamel surfaces were 
examined at high magnification for the presence of cell 
debris and rewiped as required prior to carrying out strip 
dissections. Preliminary studies indicated no obvious 
changes in the distribution pattern of enamel proteins fol­
lowing SDS-PAGE and staining with Coomassie blue or 
silver in comparing various series of enamel strips ob­
tained from incisors wiped with wet gauze with those ob­
tained from incisors wiped with dry gauze or removed 
from unwiped, freeze-dried teeth (data not shown). 

Strip dissections. The technique of Robinson et al. 
(1974, 1977, 1981) was used, with three modifications, to 
transect the enamel organ and/or enamel layer into a con­
tinuous series of strips at 1 mm intervals along the length 
of each tooth. One modification was to use a calibrated 
line graticule mounted in a self-focusing eyepiece of the 
dissecting microscope to measure consecutive 1 mm inter­
vals along the midline of the labial surface of the incisor. 
A second modification was to make releasing cuts for a 
transverse strip across the labial surface from the mesial 
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dentin 
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maturation stage 
enamel partially soluble in EDTA 
polyacrylamide gel electrophoresis 
reference line 
enamel soluble in EDTA 
standard deviation 
sodium dodecyl sulfate 
secretory stage 
enamel rods visible 
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Fig. 1. Mesial view of a left hemimandible illustrating the tech­
nique for cutting strips (thin lines beneath long arrows) of cells 
(enamel organ) and enamel at 1 mm intervals using a reference line 
(R) reflected from the junction between the first and second molar per­
pendicular to the labial side of the incisor. Strips cut in an apical 
("minus") direction (AE) from the reference line traverse progres-

to the lateral cementoenamel junctions and along the 
length of the cementoenamel junctions between trans­
verse cuts by freehand dissection using a #11 scalpel 
blade. A third modification was to use cross hairs etched 
on the line graticule to reflect an imaginary line from the 
junction between the first and second mandibular molars 
perpendicular to the labial surface of the incisor (Fig. 1), 
which served as a reference for aligning the series of strips 
removed from the incisor with the stages of amelogenesis 
on the tooth (Smith et al., 1987b; Smith and Nanci, 1989). 
Independent histological studies with decalcified incisors 
have shown that this reference line (Fig. 1) crosses the 
labial surface of the incisor at a point located approxi­
mately 1,238 ± 424 µm incisal to the beginning of the 
maturation stage of amelogenesis in rat mandibular inci­
sors (Smith and Nanci, 1989). It has also been found that 
strip dissections of freeze-dried incisors are aligned appro­
priately to the stages of amelogenesis when the apical side 
of the "R" (reference) strip is positioned at one standard 
deviation from the histological mean indicated above, that 
is, at a point situated about 814 µm incisal to beginning of 
the maturation stage of amelogenesis (Smith and Nanci, 
1989; the data shown in Figs. 2-7 herein are aligned using 
this value). Hence strip dissections for the present study 
were always started by first turning a given hemimandi­
ble on its side as illustrated in Figure 1 and making a 
score mark with the scalpel through the cells and/or 
enamel where the reference line crossed the labial surface 
of the incisor. The hemimandible then was turned such 
that the labial surface of the incisor was visible in the 
dissecting microscope, and strips of cells (enamel organ) 
and/or enamel were cut at 1 mm intervals from the refer­
ence point in an apical ("minus") direction toward the be­
ginning of the secretory stage of amelogenesis or in an 
incisal ("plus") direction toward older regions of the mat­
uration stage of amelogenesis (Fig. 1). Each cell or enamel 
strip was lifted from the incisor with a curved excavator 
and placed in a separate vial chilled on ice. The vials were 
either processed immediately or frozen at -20°C for later 
use. Strip dissections of cells were always carried out un­
der absolutely dry conditions. Strip dissections of enamel, 

sively younger regions of the secretory stage of amelogenesis; those 
cut in an incisal ("plus") direction (IE) from the reference line traverse 
progressively older regions of the maturation stage of amelogenesis. 
Arrowhead "S" indicates the approximate site on the tooth where 
enamel is soluble following decalcification with EDTA. x4.5. 

however, were usually done in a wet state by adding a few 
drops of ice-cold normal saline periodically to freeze-dried 
enamel or to the enamel on wiped teeth. This helped to 
prevent the strips from crumbling when they were ele­
vated from the tooth. This procedure was instituted fol­
lowing preliminary studies that indicated no obvious 
changes in the distribution pattern of enamel proteins fol­
lowing SDS-PAGE and staining with Coomassie blue or 
silver comparing various series of enamel strips dissected 
exclusively in a freeze-dried state with those dissected fol­
lowing rehydration (data not shown). 

Dry weight (enamel) and protein content (enamel and cells) 

Series of enamel strips were cut at 1 mm intervals 
from the labial surfaces of wiped mandibular incisors of 
two male Wistar rats (Charles Rivers Canada Inc., St. 
Constant, Quebec) weighing about 100 g for the weight 
measurements (Fig. 3) and from eight male Wistar rats 
weighing 111 ± 10 g for Lowry analysis (Fig. 4). Series 
of freeze-dried enamel organ strips with associated la­
bial connective tissue were also cut at 1 mm intervals 
from the right and left hemimandibles of six male 
Wistar rats weighing 106 ± 4 g for Lowry analysis 
(Fig. 7). For weight measurements, a set of vials from 
a given tooth was removed from the freezer and the 
enamel strips warmed to room temperature and air-
dried. Each strip then was placed directly into the 
weighing pan of a calibrated Mettler Micro Gram-atic 
Balance (Fisher Scientific, Montreal, Quebec) and the 
weight recorded after the balance stabilized. The data 
for strips at equivalent distances from the reference 
position were averaged and plotted against tooth 
length as presented in Figure 3. For protein determi­
nations, sets of vials were removed from the freezer, 
warmed to room temperature, and the strips crushed 
into a fine powder. To each vial, 0.4 ml of 0.5 N NaOH 
was added, and the vials were vortexed, immersed for 2 
minutes in a Bransonic Model 220 sonicator operating 
at 125 watts (Branson Cleaning Equipment Co., Shel-
ton, CT), and placed for 20 minutes in a boiling water 
bath. The vials were cooled and the fluids transferred 
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Fig. 2. Volume (mean ± SD) occupied by enamel ( • ) and cells (V, 
enamel organ) as estimated from histological sections in cross-sec­
tional segments cut at 1 mm intervals along the length of the tooth 
relative to the reference line (arrowhead, R; see Fig. 1). The abscissa 
represents total tooth length from apical end to the gingival margin (0 
—> 17.8 mm). Vertical lines demarcate the limits of the secretory stage 
of amelogenesis (1.95 —> 6.7 mm); arrowhead "S" indicates the point 
where enamel becomes soluble in EDTA as measured from histolog­
ical sections. Note that the mean volume of an enamel strip (per mm 
of tooth length) increases across the secretory stage as a result of 
continued appositional growth in the thickness of the enamel layer. 

Fig. 3. Dry weight (mean ± SD) of enamel strips cut at 1 mm in­
tervals along the length of the tooth relative to the reference line 
(arrowhead, R; see Fig. 1). The abscissa represents total tooth length 
from apical end to the gingival margin (0 —> 17.8 mm). Vertical lines 
demarcate the limits of the secretory stage of amelogenesis (1.95 —> 
6.7 mm); arrowhead "S" indicates the point where enamel becomes 
soluble in EDTA as measured from histological sections. The X-inter-
cept of the linear regression line drawn through the data points 
crosses the abscissa at 1.79 mm, which is only -160 µm from the 
actual measured point where secretion of the enamel layer begins. 
This suggests that the method used to align the reference point (R) to 
the stages of amelogenesis is reasonably accurate. 

Fig. 4. The amount of protein (mean ± SD) as measured by Lowry 
analysis contained within enamel strips cut at 1 mm intervals along 

the length of the tooth relative to the reference line (arrowhead, R; see 
Fig. 1). The abscissa represents total tooth length from apical end to 
the gingival margin (0 —> 17.8 mm). Vertical lines demarcate the 
limits of the secretory stage of amelogenesis (1.95 —> 6.7 mm); arrow­
heads indicate the points where enamel rods become visible (V) and 
where enamel becomes partially (P) or completely soluble (S) in 
EDTA, as measured from histological sections. Three regression lines 
are drawn through data points related to secretory stage enamel (A), 
early maturation stage enamel (B), and midmaturation stage enamel 
(C) (see Table 2). The X-intercept of regression line "A" crosses the 
abscissa at 1.8 mm, which is only -150 |xm from the actual measured 
point where secretion of the enamel layer begins. The X-intercept of 
regression line "C" crosses the abscissa at 12.86 mm, which is only 
-590 µm from the actual point where enamel is too hard to cut with 
a scalpel blade (13.45 mm). 

Fig. 5. Correction of protein data (Fig. 4) for differences in the ab­
solute volume of each enamel strip (Fig. 2) does not alter basic trends 
indicated by linear regression lines, i.e., for an increase in protein 
content for secretory stage enamel (line D), a slight decrease in pro­
tein content for early maturation stage enamel (line E) and rapid 
decrease in protein content for midmaturation stage enamel (line F) 
(see also Table 2). Line D suggests that the enamel contains at least 
160 µg of enamel proteins (BSA equivalents) per mm3 at the begin­
ning of the secretory stage of amelogenesis. Note that line F crosses 
the abscissa at 12.91 mm in this volume corrected data. 

to standard glass test tubes and assayed for protein 
content by the Lowry method (Lowry et al., 1951) using 
bovine serum albumin boiled in 0.05N NaOH as a stan­
dard. The data for strips at equivalent distances from 
the reference position were averaged and plotted 
against tooth length as shown in Figures 4, 5, and 7. 
Protein data for enamel were corrected for differences in 
strip volume by dividing mean values in Figure 4 by 
corresponding values in Figure 2 and expressing results 
as protein content per mm3 (Fig. 5). Lastly, protein data 

for strips at various distances along the length of the 
incisor were expressed as a percent of total dry weight 
of the strip (wt/wt; Fig. 6) by dividing mean values in 
Figure 4 by those in Figure 3. They were also expressed 
as a percent of total volume of the strip (vol/vol; Fig. 6) 
by coverting the mean values in Figure 4 from µg to 
mm3 (volume) using 1.27 as a value for the density of 
protein (as proposed by Robinson et al., 1988) and then 
dividing the resultant volumes for protein by the vol­
umes for each corresponding strip (Fig. 2). 
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Fig. 6. Protein content in enamel strips cut at 1 mm intervals along 
the length of the tooth relative to the reference line (arrowhead, R; see 
Fig. 1) expressed as a percentage of the dry weight (wt/wt) of each 
strip (Fig. 3) (tri) and as a percentage of the volume (vol/vol) of each 
strip (Fig. 2) (dia). All data are fitted by linear regression lines. Protein 
content by dry weight of enamel remains fairly constant at 35% across 
the secretory stage but then drops uniformly to near 3% by midmat-
uration stage. In contrast, protein content by volume of enamel in­
creases across the scretory stage to a peak value of about 25% at the 
beginning of the maturation stage and then declines rapidly to about 
4% by midmaturation stage. Note that line G extrapolates to a volume 
ratio of 0.12 (12%) at the beginning of the secretory stage of amelo­
genesis. Note also that line I and the linear regression line drawn 

through the weight data would both cross the abscissa near the same 
point (12.89 mm). 

Fig. 7. Amount of protein (mean ± SD) measured by Lowry analysis 
in cell (enamel organ) strips cut at 1 mm intervals along the length of 
the tooth relative to the reference line (arrowhead, R; see Fig. 1). The 
abscissa represents total tooth length from the apical end to the gin­
gival margin (0 —> 17.8 mm). Vertical lines demarcate the limits of the 
secretory stage of amelogenesis (1.95 —> 6.7 mm); arrowhead "S" in­
dicates the point where enamel becomes soluble in EDTA as mea­
sured from histological sections. Data were best fit by a ninth order 
polynomial following regression analysis, producing a curve with one 
clear peak positioned about two thirds across the secretory stage. 

SDS-PAGE 

Eighteen male Wistar rats weighing 93 ± 6 g were 
anesthetized with sodium pentobarbital (0.06 ml/100 g; 
M.T.C. Pharmaceuticals, Hamilton, Ontario) and in­
jected via the external jugular vein with 0.5 mCi 
35S-L-methionine (S.A. = 1134 Ci/mmol; Dupont NEN 
Research Products, Boston, MA) suspended in 0.2 ml of 
0.05 M phosphate-buffered-saline (PBS), pH 7.4. At 6 
minutes from the start of the experiment, the animals 
were injected via the contralateral external jugular 
vein with a large excess of nonradioactive L-methio-
nine (10 mM; Sigma Chemical Co., St Louis, MO) sus­
pended in 0.1 ml of 0.05 M PBS, pH 7.4. The animals 
then were decapitated in groups of two or three at var­
ious intervals ranging from 6 minutes to 16 days after 
the initial injection of the radioactive methionine. An­
imals that had recovered from the sodium pentobar­
bital were anesthetized with ether prior to decapita­
tion. The hemimandibles were dissected, the bony caps 
covering the incisors were removed, and the specimens 
were frozen in liquid nitrogen, dried, and stored at 4°C 
(3 weeks maximum) as described above. A series of cell 
(enamel organ) strips, and later of enamel strips, were 
cut at 1 mm intervals from each incisor and placed in 
separate vials as described above. The strips were 
crushed into a fine powder and 50 µl of 0.05 M PBS 
containing 0.01% Triton X-100, pH 7.4, added to each 
vial. After 1 hour at room temperature, 55 µl of a sam­
ple preparation buffer containing 30% glycerol, 20% 
β-mercaptoethanol, 2% SDS, 0.02% bromophenol blue, 
and 0.1 M Tris buffer, pH 6.8, was added to each vial, 
and the vials were stored for about 12 hours (over­
night) at 4°C. On the next day, the vials were sonicated 
for 1 minute, immersed in a boiling water bath for 10 
minutes, and then cooled to room temperature. No ob­
vious differences were found in the final results if the 

samples were boiled immediately after the sample 
preparation buffer was added or following 12 hours of 
treatment at 4°C. However, some proteolytic break­
down was evident if the samples remained for more 
than 1 hour at room temperature in the PBS solution 
alone (Termine et al., 1980a,b; Menanteau et al., 1986; 
Limeback, 1987; Figs. 8-10). Either 15 µl aliquots 
(14% of total; gels scheduled for silver staining) or 80 µl 
aliquots (76% of total; gels scheduled for fluorography) 
of extraction fluid were taken from each vial and ap­
plied to adjacent lanes of a SDS-polyacrylamide gel. 
Therefore, each gel contained the entire sequence of 
cell, or enamel, strips cut from a single incisor. The 
proteins were separated by electrophoresis on a Hoefer 
SE 600 vertical slab gel unit (Hoefer Scientific Instru­
ments, San Francisco, CA) using a discontinuous sys­
tem (Laemmli, 1970) with 1.5 mm thick 5-15% linear 
gradient-resolving gels for cell (enamel organ) samples 
and 12% resolving gels for enamel samples. Some of the 
lanes in every gel were used for high and/or low mo­
lecular weight markers (Bio-Rad Laboratories Canada 
Ltd., Mississauga, Ontario). A separate lane of every 
gel scheduled for fluorography was also loaded with 
14C-labeled molecular weight markers (Dupont NEN 
Research Products, Boston, MA). 

Silver staining 

After electrophoresis, one of two gels prepared for 
cell or enamel samples from each incisor was stained 
with silver by the method of Wray et al. (1981). Briefly, 
these gels were washed for a minimum of 6 hours in 
three changes of 50% methanol and then stained for 15 
minutes with a solution containing 1.6 g AgNO3, 0.15 g 
NaOH, and 2.9 ml of 14.3 M NH4OH. The gels were 
washed in three changes of double-distilled water and 
developed for about 8 minutes in a solution containing 
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Fig. 8. SDS-PAGE of fluids sampled from vials containing 
crushed pieces of secretory stage enamel incubated in 0.05M PBS + 
0.01% Triton X-100 for 7 days at 37°C (CONtrol, +APRotinin, 
+ LEUpeptin) or for 10 days at 4°C in vitro. In the top left and bottom 
panels, the first lanes at the left-hand side of these gels show the 
separation pattern observed for matrix proteins in the fluids at 1 hour 
after the start of the experiment; those to the right show the separa­
tion pattern noted for aliquots removed from the same vials at sub­
sequent 24 hour intervals. The panel at the top right shows the pro­
teins present in aliquots taken at sequential 24 hour intervals from 3 
days to 10 days after the start of the temperature experiment. Arrow­
heads indicate the location of proteins having a molecular weight of 
about 28 kDa on each gel. Those weighing about 18 kDa would be 
located about halfway between the arrowheads and the bottom of each 
gel. 

Fig. 9. SDS-PAGE of fluids sampled from vials containing 
crushed pieces of early maturation stage enamel incubated in 0.05M 
PBS + 0.01% Triton X-100 for 7 days at 37°C (CONtrol, + APRotinin, 
+ LEUpeptin) or for 10 days at 4°C in vitro. In the top left and bottom 
panels, the first lanes at the left-hand side of these gels show the 
separation pattern observed for proteins in the fluids at 1 hour after 
the start of the experiment; those to the right show the separation 
pattern noted for aliquots removed from the same vials at subsequent 
24 hour intervals. The panel at the top right of the figure shows the 
proteins present in aliquots taken at sequential 24 hour intervals 
from 3 days to 10 days after the start of the temperature experiment. 
Arrowheads indicate the location of proteins having a molecular 
weight of about 28 kDa on each gel. Those weighing about 18 kDa 
would be located about halfway between the arrowheads and the bot­
tom of each gel. 

25 mg citric acid and 95 mg paraformaldehyde in 500 
ml of double-distilled water. 

Fluorography 

The remaining gels were stained for 1.5 hours at 
room temperature in a solution containing 0.1% 
Coomassie brilliant blue, 50% methanol, and 10% ace­
tic acid and then destained overnight in a solution con­
taining 30% methanol and 7% acetic acid. The fluids 
were decanted and the gels soaked for 1 hour in En­
hance (Dupont NEN Research Products, Boston, MA). 
The gels were rinsed for 1 hour in double-distilled wa­

ter and then soaked in 5% glycerol for 30 minutes at 
room temperature. The gels were dried for 2 hours at 
60°C under vacuum on a Bio-Rad Model 1125B slab gel 
dryer, loaded into x-ray cassettes, and pressed closely 
against Kodak XAR-5 high-speed, blue-sensitive sheet 
film (Eastman Kodak Co., Rochester, NY). The cas­
settes were stored at -70°C for 10 days, at which time 
the film was developed. 

In vitro incubations of enamel and SDS-PAGE of 
extraction fluids 

Strips of enamel (2-3 mm wide) were cut from the 
labial surfaces of wiped mandibular incisors of six 
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Fig. 10. SDS-PAGE of fluids sampled from vials containing 
crushed pieces of midmaturation stage enamel incubated in 0.05M 
PBS + 0.01% Triton X-100 for 7 days at 37°C (CONtrol, + APRotinin, 
+ LEUpeptin) or for 10 days at 4°C in vitro. In the top left and bottom 
panels, the first lanes at the left-hand side of these gels show the 
separation pattern observed for matrix proteins in the fluids at 1 hour 
after the start of the experiment; those to the right show the separa­
tion pattern noted for aliquots removed from the same vials at sub­
sequent 24 hour intervals. The panel at the top right of the figure 
shows the proteins present in aliquots taken at sequential 24 hour 
intervals from 3 days to 10 days after the start of the temperature 
experiment. Arrowheads indicate the location of proteins having a 
molecular weight of about 28 kDa on each gel. Those weighing about 
18 kDa are located about halfway between the arrowheads and the 
bottom of each gel. 

male Wistar rats weighing about 100 g each. The ap­
proximate locations from which these strips were ob­
tained in terms of tooth length (e.g., the abcissa, Fig. 2) 
were as follow: secretory stage enamel, between 3.5 
and 6.5 mm (3 mm strip); early maturation stage 
enamel, between 7.5 and 9.5 mm (2 mm strip); and 
midmaturation stage enamel, between 9.5 and 12.5 
mm (3 mm strip). The area of enamel located 1 mm 
apical to the reference point (6.5-7.5 mm) was avoided 
because it represented a mixture of both late secretory 
and early maturation stages of amelogenesis (Smith 
and Nanci, 1989). The three strips of enamel from a 
given incisor were placed in separate vials and 

crushed. To each vial, 105 µl of an extraction buffer 
were added per mm of enamel. This buffer contained 
0.05 M PBS (pH 7.4), 1% penicillin and streptomycin, 
and 0.01% Triton X-100 (Sigma Chemical Co., St. 
Louis, MO). In one group of experiments, enamel sam­
ples from six incisors were incubated for 10 days either 
in a shaking water bath at 37°C or free standing at 
20°C or at 4°C. 

In a second group of experiments, enamel samples 
from six incisors were incubated for 7 days at 37°C in a 
shaking water bath in either normal extraction buffer 
(control) or in an extraction buffer supplemented with 
aprotinin (a serine protease inhibitor; 25 or 50 µg/ml; 
Boehringer Mannheim Canada, Dorval, Quebec) or leu-
peptin (a thiol and serine protease inhibitor; 30 or 60 
(µg/ml; Sigma Chemical Co., St. Louis, MO). Starting at 
1 hour and then continuing at 24 hour intervals 
throughout the incubation period, the vials containing 
the secretory stage and early and midmaturation-
stage samples were vortexed, and 10 µl aliquots of 
fluid were removed from each vial. These were mixed 
with 10 µl aliquots of sample prep buffer (see previous 
section) in individual, new vials. These additional sets 
of vials were immediately immersed in a boiling water 
bath for 10 minutes and stored at 4°C until the SDS-
polyacrylamide gels were run. After the in vitro incu­
bations were completed, proteins in the boiled extrac­
tion fluids were separated by electrophoresis on a 
Hoefer SE 640 vertical demigel unit (8 cm height) us­
ing a discontinuous system with 0.75 mm thick 12% 
resolving gels and with 10 µl of the boiled extraction 
fluid loaded per lane from each vial. The gels were 
subsequently stained with silver and dried (see previ­
ous section), and were organized in such a way that 
eight adjacent lanes corresponded to eight time inter­
vals throughout the incubation period for pieces of 
enamel removed from the secretory stage (Fig. 8) and 
early (Fig. 9) and late (Fig. 10) maturation stages from 
a given tooth and for a given set of incubation condi­
tions (temperature or protease inhibitors). 

Histological Studies 

Estimates of sample volume (enamel organ and enamel) 

The material used for volume estimates (Fig. 2) were 
prepared in the course of another study (Smith and 
Nanci, 1989). Briefly, seven male Wistar rats weighing 
108 ± 3 g each were perfused with 2% glutaraldehyde 
in sodium cacodylate buffer, pH 7.3. Mandibles were 
removed, decalcified at 4°C for about 14 days in diso-
dium EDTA, and washed in cacodylate buffer. The 
right and left mandibular incisors of each rat were cut 
with a thin razor blade into a series of cross-sectional 
segments at 1 mm intervals proceeding in an apical 
direction and then an incisal direction, from an initial 
cut made along a reference line reflected as a perpen­
dicular to the labial side of the incisor from the junction 
between the first and second mandibular molar (as il­
lustrated in Fig. 1). Each segment was placed in a sep­
arate vial, postfixed in reduced osmium, dehydrated in 
acetone, and embedded in Epon such that the cut apical 
surface of the cross-sectional segment formed the even­
tual block face. The actual apical-to-incisal length of 
each cross-sectional segment at the labial side then 
was measured directly from the polymerized Epon 


