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Abstract. During epithelial-mesenchymal interactions
associated with mammalian tooth development, epitheli-
ally-derived and mesenchymally-derived extracellular
matrix molecules form a discrete dentine-enamel junc-
tion. The developmental and molecular processes re-
quired to form this junction are not known. To address
this problem we designed studies to test the hypothesis
that ectodermally-derived epithelial cells synthesize and
secrete enamel proteins which function to nucleate and
regulate the growth of enamel calcium phosphate crys-
tals. Initial enamel crystals were detected separate from
the adjacent dentine. Electron-microprobe analyses re-
vealed that early enamel crystals were octacalciumphos-
phate or tricalciumphosphate rather than hydroxyapatite.
Thereafter, enamel crystals became confluent with the
adjacent, albeit significantly smaller hydroxyapatite crys-
tals associated with mineralized dentine. Therefore, we
interpret our data to indicate that de novo enamel crystal
nucleation and growth are independent from the mineral-
ization processes characterized for dentine. We further
argue that gene expression of enamel protein appears to
have a constitutive function during early enamel forma-
tion and that supramolecular aggregates of amelogenin
and enamelin provide the microenvironment for the nu-
cleation and crystal growth of the initial enamel matrix.

Key words: Enamel — Tooth development — High-volt-
age electron-microscopy — 3-D reconstruction — Mouse

Introduction

Enamel is an extracellular product of ectodermally-de-
rived epithelial cells which has 4 distinguishing charac-
teristics: (i) the organic matrix consists of enamelins and
amelogenins; (ii) the apatite crystallites are very much
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larger than those found in other vertebrate mineralized
tissues (e.g. bone, calcifying cartilage, cementum, and
dentine); (iii) the organic matrix is free of collagen; and
(iv) enamel when mineralized is essentially 99.9% min-
eral. Enamel is the tooth-covering tissue found in adult
amphibian, reptilian, and mammalian teeth. The appear-
ance of long and organized calcium hydroxyapatite
(HAP) crystals during vertebrate tooth evolution may be
correlated with the introduction of amelogenins into the
protein mixture of the forming enamel matrix. Si-
multanously, novel mechanisms for growth patterns of
crystals may have been created. In the developing mouse
molar, several mechanisms for nucleation and growth of
enamel crystals may be present. These reflect Haeckel’s
law of ontogenesis replicating phylogenic development
(Haeckel 1866).

In this report, we provide results from studies de-
signed to test the hypothesis that in the mouse molar, nu-
cleation and growth of enamel crystals are independent
of apatite crystal nucleation and growth in the dentine.
To test this hypothesis, we re-investigated the initial for-
mation of the dentine-enamel junction (DEJ) in develop-
ing molar tooth organs in vivo and in vitro using serum-
less medium (Yamada et al. 1980; Bringas et al. 1987;
Evans et al. 1988), and analyzed the spatial position of
the first enamel crystals to form in relationship to the
mineralizing dentine matrix. Initial enamel crystals, sur-
rounded by an electron-dense stippled organic matrix,
were first observed not to be connected to forming den-
tine crystals within mantle dentine. These enamel crys-
tals had Ca/P ratios indicative of octacalciumphosphate
(OCP) or tricalciumphosphate (TCP), but not of hyrox-
yapatite (HAP). Initial enamel formed as clusters of dis-
crete TCP or OCP crystals independent from dentine
HAP. The initial enamel mineral phases were different
from those characteristic of adjacent dentine HAP. In la-
ter stages, enamel crystals had Ca/P ratios indicative of
HAP, and then appeared as continuous with dentine
HAP crystals. These results suggest that initial nucle-
ation of enamel crystals occurs separately from the pres-
ence of mineralized dentine and thereafter becomes con-
tiguous with the mineralized dentine.
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Materials and methods

Molar dissection and organ culture

Newborn (day 0), 1, and 2 days postnatal mice were anesthesized
with ether and perfused with Karnovsky’s fixative for aqueous
processing, or ethylene glycol for anhydrous processing. Mice
were sacrificed and mandibular first molars were dissected. For
culture of tooth organ, mandibular first molar tooth organs were
dissected from timed-pregnant Swiss-Webster mice (Simonsen
Labs, Gilroy, Calif., USA). We cultured E15 cap stage tooth or-
gans for 11 and 18 days as previously described (Yamada et al.
1980; Bringas et al. 1987; Evans et al. 1988) and used BGJb me-
dium (Fitton-Jackson’s modified BGJ, GIBCO, Staten Island,
N.Y., USA) supplemented with 100 pig/ml L-ascorbic acid and
100 U/ml penicillin/streptomycin. Explanted molars were cultured
at 37.5°C with atmospheric conditions of 95% air and 5% CO.,.
Initial pH was adjusted to 7.4 and the medium was changed every
other day. All experiments were done in triplicate.

Histochemistry (von Kossa staining)

In vivo 0-2 day postnatal molar tooth organs were dissected, fixed
in 10% buffered formaldehyde overnight and processed for em-
bedding in HistoresinR. Sections were cut at a thickness of 1 um
and stained with von Kossa’s technique for inorganic phosphates
(Thompson and Hunt 1966).

Transmission electron microscopy
of developing molar organs

In vivo postnatal molar tooth organs and E15 mandibular first mo-
lar explants cultured for 11 days in vitro in serumless medium,
were sampled. Specimens were either fixed in Karnovsky’s fixa-
tive for further transmission electron microscopy as previously de-
scribed (Bringas et al. 1987; Evans et al. 1988), or were processed
using an anhydrous preparation method (Landis and Glimcher
1982) to investigate initial crystal formation using electron-micro-
probe analysis. Sections were cut on a Reichert-Jung ultramicro-
tome. Thickness of sections was determined by comparing the in-
terference colors of sections with a standard table. Sections were
always cut from the enamel toward the dentine to avoid disloca-
tions of enamel crystals away from the mineralized dentine. Ultra-
thin sections from Karnovsky-fixed tissues were contrasted in 1%
uranyl acetate followed by Reynold’s lead citrate for 15 min each.
Sections from anhydrously processed tissues were post-contrasted
in an alcoholic solution of 1% uranyl acetate no longer than 5
min. Observations were made on a JEOL 1200EX at 80 kV.

Sampling

After polymerization, Epon blocks were trimmed and re-embed-
ded to provide sampling in which the mesiobuccal cusp of the
mandibular first molar was always oriented perpendicular to the

Fig. 1a—c. Developmental stages of dentine-enamel junction
(DEJ) formation. Thick sections (1 pm) of Historesin®-embedded
material from 2 days postnatal molar development demonstrate
calcium phosphate precipitates with von Kossa’s stain. a Odonto-
blasts (Odont) have secreted mineralized matrix (dentine, D) par-
allel to proximal pole of ameloblasts (Amel). Unstained space is
observed between ameloblasts and mineralizing dentine. b Enam-
el mineralized matrix has been secreted adjacent to previously
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formed dentine layer. Spheroid precipitates formed with von
Kossa’s procedure {(arrowheads) are localized along dentine-
enamel junction (DEJ). ¢ Both dentine (D) and enamel (£) layers
have increased in thickness. Enamel matrix is covered with in-
tensely stained von Kossa-positive spherical granules (arrow-
heads). X1 600. Bar: 10 um
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Fig. 2a-d. Sequential changes in the interface between ameloblasts
and predentine prior to initial formation of enamel mineral. a Am-
eloblasts (Amel) and predentine (Pd) are separated by basal lamina
(BL). Matrix vesicles (V) and filaments (F) are located in predentine
adjacent to basal lamina. Mitochondria (M) and rough endoplasmic
reticulum (rER) are present in proximal pole of ameloblasts. b Bas-
al lamina is no longer detected along interface between ameloblasts
(Amel) and predentine. Electron-dense spheres and vesicle-like
structures (V) have accumulated at proximal pole of ameloblasts.

Network of collagen fibers (Coll) is predominant in predentine. ¢
Ameloblasts (Amel) have secreted stippled electron-dense materials
(S8t) along interface with predentine. Thick collagen fibers (Coll) are
visualized in close contact with electron-dense, stippled material
(S7). d Stippled material (Sr) has accumulated at interface between
ameloblasts (Amel) and mineralized dentine (D) prior to initial
enamel crystal formation. Arrowheads indicate cell membrane of
ameloblasts. (a) X12 000. Bar: 1 um: (b) 25 000. Bar: 500 nm; (c)
x50 000. Bar: 500 nm; (d) x100 000. Bar: 200 nm
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block-axis. Only the middle vertical plane was used for thin sec-
tioning to ensure comparable sampling areas.

Electron-microprobe analysis

Specimens representing E15 mandibular first molars cultured for
11 days and developmentally comparable neonatal in vivo con-
trols were isolated, fixed in ethylene glycol, and processed for ei-
ther electron-microprobe or electron-diffraction analyses using the
anhydrous preparation method (Landis and Glimcher 1982). Pre-
pared samples were analyzed for Ca/P ratios in 5 independent re-
gions of the forming enamel and dentine ECM by electron-dif-
fraction microprobe analysis, using a Cambridge 360 scanning
electron-microscope and LINK AN 10 000 EDS analyzing unit.

Crystal measurements

Ultrathin sections from 10 blocks per experimental group were
analyzed to ensure random sampling. We used 10 electron-photo-
micrographs of randomly selected areas of each block near the
forming dentine-enamel junction for further measurements. Crys-
tal length measurements of 20 randomly selected crystals (crystal
c-axis as revealed on micrograph) were taken (i) at the site of be-
ginning crystal formation and (ii) in areas where the enamel width
was 2 um thickness. Measurements represented the average crys-
tal length in c-axis direction as cut in 60 nm sections (gray-silver
coloring using the Reichert-Jung ultramicrotome) and analyzed
with 80 kV electron microscopy and not necessarily the entire
crystal length. We determined the average crystal length per sec-
tion and standard deviation.

Statistical analysis

Enamel HAP crystal length data was compared between enamel
layers of 2 um thickness formed in vitro with that formed in vivo.
Ca/P ratios for both 11 and 18 culture days in vitro and postnatal
days 2 and 7 in vivo were compared between enamel and dentine.
Results were analysed using Student’s r-test with a statistical soft-
ware program (InstatR). If both groups had significantly different
standard deviations, an unpaired nonparametric test (Mann-Whit-
ney2 sample test) was applied.

Electron microscopy of thick sections

To analyse anhydrously prepared sections of 1 um thickness, we
used the high voltage electron microscope Kratos EM 1500 of the
National Center for Electron Microscopy in Berkeley, Calif., at
1.5 million volts. Sections were tilted in steps of 5° in each direc-
tion in x and y axis up to 20°. Within the resolution of the instru-
ment, beam damage could not be reported after 2 h of operation.

Sections of 120 nm (gold coloring on Reichert-Jung ultrami-
crotome) of anhydrous preparations were analyzed using a JEOL
1200EX at 80 kV. Sections were tilted in x-axis up to 30° in steps
of 5°in + and — direction.

Serial sections and 3D visualization of enamel crystals

Serial sections of Karnovsky-fixed 2 days postnatal mouse molars
embedded into Epon were cut at 60 nm thickness (gray-silver col-
oring using Reichert-Jung ultramicrotome) and retrieved with un-
coated 200 mesh copper grids.

Electron micrographs were taken at 50 000x magnification,
printed on 8x10 inch high contrast paper and imported into an im-

Fig. 3. Initial enamel crystals are not continous with mineralized
dentine crystals. Short, randomly oriented initial enamel crystals
(arrowheads) are embedded in electron-dense stippled material in-
dependent of mineralized dentine (Denr). x 180 000. Bar: 100 nm

age analysis system using a tracing routine. A novel image analy-
sis software was designed and programmed specifically to pro-
duce 3D reconstructions. Single images were aligned using a
semi-automated routine.

Results

Initial biomineralization defines
the dentine-enamel junction

The onset of biomineralization in the developing mouse
molar was identified as a discrete interface along the fu-
ture dentine-enamel junction (DEJ) using von Kossa’s
stain for anionic phosphate salts indicative of mineral-
ization (Fig. 1). Initial mineral precipitates were formed
in the mantle dentine in juxtaposition to the ameloblast
layer (Fig. la). The mineralized mantle dentine in-
creased in thickness relative to the predentine layer (Fig.
la, b). Subsequently, unmineralized enamel matrix (ar-
rows) was deposited against the mineralizing outer man-
tle dentine surface (Fig. 1b). Initial enamel matrix was
characterized by only a few von Kossa-positive deposits
(Fig. 1b), whereas the number of discrete spherical pre-
cipitates increased during further enamel maturation
(Fig. 1c). Initial areas of mineralizing enamel were lo-
calized within the enamel matrix adjacent to the mineral-
izing dentine, defining the interface for the DEJ (Fig.



Table 1. Enamel crystal length per section
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Initial crystals

Significance
(initial vs. 2 pm)

Crystals in enamel layers
of 2 wm thickness

28.02 nm=15.16 nm S.D.
49.27 nm+42.84 nm S.D.

In vitro (E15+11d culture)
In vivo (2d postnatal)

P<0.01
P<0.001

193.13 nm+123.78 nm S.D.
314.29 nm+151.90 nm S.D.

Fig. 4. a Odontoblast processes {(Odproc) extend to mineralized
enamel layer (E). Odontoblast processes are associated with elec-
tron-dense stippled materials (S¢) similar to stippled materials in
enamel. b High magnification of a. Enamel crystals (arrowheads)

1b). A continuous progression of ameloblast differentia-
tion and increased mineral deposition progressed along
the DEJ from the apical to coronal aspects of the form-
ing mandibular first molar mesiobuccal cusp region (Fig.
1b, ¢).

During mouse molar tooth development, the interface
between ameloblasts and unmineralized dentine is de-
fined by the basal lamina of the ameloblasts in Kallen-
bach differentiation zone Il (Kallenbach 1971), (Fig.
2a). Microfilaments associated with the undersurface of
the basal lamina and matrix vesicles define the DEJ in
close proximity to the basal lamina (Fig. 2a). Subse-
quently, in Kallenbach differentiation zone V, the basal
lamina was no longer present (Fig. 2b). Electron-dense,
intracellular vesicles accumulated in the proximal pole
of the ameloblast (Fig. 2b). At this stage, the predentine
consisted of a network of thick collagen fibers (Fig. 2b).
Within a space in juxtaposition to forming dentine ma-
trix, ameloblasts secreted a characteristic extracellular
matrix that consisted of electron-dense, stippled materi-

near DEJ are associated with electron-dense stippled materials
(Sr) positioned separate from adjacent dentine mineralized matrix.
(a) x30 000. Bar: 500 nm; (b) x120 000. Bar: 100 nm

als (Fig. 2¢, d). Observations from a more coronal posi-
tion included discrete and single enamel crystals or bun-
dles of enamel crystals localized in aggregates of enamel
stippled materials (Fig. 3).

Early enamel crystals formed at the DEJ
were surrounded by stippled materials
and different from mature enamel crystals

Enamel crystal orientation and extension changed during
enamel formation, from short randomly oriented crystals
at the initiation of enamel formation to long and oriented
crystals within enamel layers thicker than 2 um. The
smallest clusters of crystals, localized to the apical re-
gion of the forming enamel layer, were embedded in ma-
trices of electron-dense stippled materials of 200 nm
thickness (Fig. 3) embedded in stippled materials. Initial
crystals had an average length per section of 49.3 nm
(42.9 nm S.D.) and were not oriented (Table 1); these



Fig. 5a, b. Anhydrous preparation of enamel mineralized matrix
in | day postnatal mouse mandibular first molar. a Prisms of short
and partially oriented enamel crystals originate from prominent
points in dentine matrix. Dashed lines indicate outlines of adja-

cent enamel prisms. b High magnification shows relationship be-
tween growing enamel () crystals (arrows) and adjacent mineral-
ized dentine (D). (a) x80 000. Bar: 200 nm; (b) x300 000. Bar:
50 nm




Fig. 6a, b. Anhydrous preparation showing mineralized matrix of
enamel in a 2 days postnatal mouse mandibular first molar. a
Long and parallel enamel crystals extend over entire enamel layer
from DEJ to proximal pole of ameloblast. b Close to DEJ, enamel

crystals are shorter and less oriented. The 120 nm thick section
used for this anhydrous preparation did not allow electron-optical
separation of enamel (E) and dentine (D) crystals (arrows). (a)
%80 000. Bar: 200 nm; (b) X300 000. Bar: 50 nm



Fig. 7a, b. Enamel mineralized matrix of 7 days postnatal mouse
mandibular first molar fixed in Karnovsky’s fixative. a Enamel
crystals are oriented in rods of long and parallel crystals originat-
ing from DEJ (dashed line). Alternating layers of rods are orient-

ed 90° toward each other. b Enamel crystals (E) in proximity with
dentine (D) mineralized matrix (arrowheads). (a) x10 000. Bar: 2
um; (b) X300 000. Bar: 50 nm
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Table 2. Calcium/Phosphorus (Ca/P) mass ratios in areas of developing mouse molar enamel

Dentine Enamel Significance

(mean, S.D.) (mean, S.D.) (enamel vs. dentine)
E15+11 days culture in vitro 1.3120.18 1.26+0.13 Not significant
E15+18 days culture in vitro 1.81+0.12 1.95+0.09 P<0.01
2 days in vivo 1.72+0.13 1.53+0.12 P<0.05
7 days in vivo 2.12+0.07 2.31£0.05 P<0.001

crystals pointed in several directions and were arranged
in varying angles toward each other. These relatively
short crystals were separated from each other and from
the adjacent dentine matrix by electron-dense stippled
materials (Figs. 3, 8a, d, e). Enamel crystals, not con-
nected to dentine crystals, were also localized to the sur-
faces of extended odontoblast processes (Fig. 4 a, b).
These crystals were localized in the stippled materials
associated with odontoblast processes (Fig. 4b).

During subsequent stages of mouse molar development,
enamel crystals become continous with the DEJ

Enamel crystals increased in length and orientation as
the enamel matrix increased in thickness (Table 1). In
enamel layers of increasing maturation, crystals were
oriented in bundles, but not parallel, and measured only
a small percentage of the entire enamel thickness (Fig.
Sa, Table 1). At this stage, a close relationship between
enamel crystals and adjacent dentine mineralized matrix
could be observed (Fig. 5b). However, we were not able
to determine whether there was any direct continuity be-
tween enamel and dentine crystals. (Fig. 5b). Subsequent
stages of maturing enamel contained long crystals which
were parallel, highly oriented, and which seemed to be
connected with the discrete DEJ (Figs. 6a,b, Table 1).
Crystals in the enamel layer of 7 days old molars were
even longer and more oriented (Fig. 7a). Rod- and inter-
rod enamel alternated regularly, and alternating layers of
rods were oriented at an angle of 90° toward each other
(Fig. 7a). High magnifications of the DEJ revealed an in-
timate relationship between enamel crystals and mineral-
ized dentine (Fig. 7b).

ACF, OCP and TCP represent the calcium phosphate
phases of initial enamel crystals

Ca/P ratios of initially formed enamel matrix formed by
E15 tooth explants cultured for 11 days in serumless me-
dium were 1.26+0.13 S.D., whereas Ca/P ratios from
comparably staged in vivo samples were 1.53+0.12 S.D..
These values were comparable to amorphous calcium-
phosphate (ACP) with a Ca/P ratio of 1.2 to 1.5 (Eanes
1973), octacalciumphosphate (OCP) with a Ca/P ratio of
1.33, and tricalciumphosphate (TCP) with a Ca/P ratio
of 1.50, but not to HAP which requires a Ca/P ratio of
1.67 (Nancollas 1979, 1989) (Table 2). In 7 days postna-
tal molars, Ca/P ratios increased to 2.3140.05 S.D. and

exceeded the 1.67 required for HAP crystal formation
(Table 2).

Tooth cultures in serumless, chemically-defined
medium replicate the onset of enamel biomineralization
and the sequence of dentine-enamel junction formation

The series of events during initial enamel biomineraliza-
tion as reported were also replicated in our serumless or-
gan culture model. Due to the characteristics of the cul-
ture system, which protracts events during mouse molar
development, areas containing several stages of initial
biomineralization were analyzed (Fig. 8a). Stages docu-
mented in this sampling area included (i) formation of
the DEJ along long crystals representing the outer-most
layer of dentine in juxtaposition to the ameloblast (Fig.
8b); (ii) secretion of electron-dense stippled material
(Fig. 8c¢); (iii) formation of short and randomly oriented
initial ename] crystals within the matrix of stippled ma-
terials, but not in contact with adjacent mineralized den-
tine (Fig. 8d); and (iv) enamel crystal orientation and
elongation (Fig. 8e).

Clusters of enamel crystallites embedded in stippled
materials were located up to 1 wm distance from the DEJ
in vitro. Initial crystals measured 28.02 nm (£15.16 nm
S.D.) in average length per section and were surrounded
by electron-dense stippled materials (Fig. 8d, e, and Fig.
9, D¢, D). No evidence for crystal continuity with the
adjacent dentine was observed (Fig. 8d). Using the organ
culture system, we analyzed the distribution of the elec-
tron-dense material at the interface between stippled ma-
terials containing no crystals and adjacent areas of initial
enamel crystal formation. The stippled material was
compartmentalized into subunits (Fig. 9a). The distance
between adjacent electron-dense subunits as well as the
distance between adjacent negatively stained subunits
was approximately 20 nm (Fig. 9, D, D,), a value which
was equivalent to the distance between two adjacent ini-
tial crystallites (Fig. 9, D;). The characteristic organiza-
tion of the organic matrix changed from the regular
granular pattern in the stippled materials toward elec-
tron-dense coats surrounding the initial crystals (Fig. 9a,
b). This electron-dense material surrounded the intial
enamel crystallites with a coat measuring between 3 and
10 nm in diameter while the initial crystal measured on-
ly between 1 and 3 nm in diameter (Fig. 9b, D,, D;). In
our culture system we observed a comparable increase in
size of enamel crystals as documented in vivo; in enamel
layers measuring 2 um thickness or more, crystals mea-






sured 193 nm (£123 nm S.D.) in average length per sec-
tion (Table 1).

Ca/P ratios indicated that E15 embryonic mouse man-
dibular molar organs cultured in serumless, chemically-
defined medium expressed normal patterns of initial
tooth enamel biomineralization. Microprobe analyses of
Ca/P ratios of enamel and dentine biomineralization
within cultured tooth explants at 11 and 18 days in vitro
were comparable to measurements of 2 and 7 days post-
natal molar tooth enamel and dentine as shown in Table
2. Ca/P mass ratio values for cultured molars and in vivo
samples exceeded unity in dentine as well as in enamel;
a value established as indicative of mineralization (Lee
et al. 1986; Landis and Glimcher 1982). In general, val-
ues for the in vivo samples were slightly higher than for
the in vitro samples.

Initial individual enamel crystals and early clusters of
enamel crystals do not extend from the mineralized den-
tine

In our investigations of the spatial relationship of clus-
ters of early enamel crystals in juxtaposition to forming
adjacent dentine matrix, we observed discrete enamel
crystals not connected to the mineralized dentine matrix.

Thick (120 nm gold color using the Reichert-Jung ul-
tramicrotome) sections of anhydrously prepared tissues
were observed using the tilting routine of the medium
voltage transmission electron microscope. We identified
clusters of enamel crystals not connected to the matrix
of dentine crystals (Fig. 10).

Using high voltage transmission electron microscopy,
a cluster of early enamel crystals was identified contain-
ing several isolated crystals not connected to the dentine
matrix. The section of 1 um thickness was tilted in the
x-axis while the cluster of crystals was placed in the cen-
ter of the electron beam (Fig. 11). Analysis of the pic-
tures revealed isolated crystals not connected to the den-
tine matrix. In some instances where crystals appeared
to be connected, tilting of the section demonstrated that
this effect was caused by superimposition (Fig. 11G).

Fig. 8a—e. Organ culture-replicated sequence of early enamel bio-
mineralization and dentine-enamel junction (DEJ) formation. a
Developmental stages of biomineralization from upper left to low-
er right corner. Electron-dense stippled materials (S7) of enamel
are located between DEJ and ameloblasts (Amel). Intracellular se-
cretory vesicles (V) are associated with electron-dense stippled
material observed in forming enamel matrix. Within organic ma-
trix, initial enamel crystals (E) have formed independent from
DEJ (arrowheads) and are entirely surrounded by organic matrix.
Dashed lines indicate DEJ interface. b—e Survey of stages of ini-
tial enamel biomineralization in organ culture. b Formation of
DEJ along long crystals (arrows) representing outermost layer of
dentine (D) facing ameloblasts (A). ¢ Electron-dense stippled ma-
terials (S7) as microenvironment for enamel crystal nucleation. d
Short and randomly oriented enamel crystals (arrowheads) have
formed within stippled material matrix but not in contact with ad-
jacent mineralized dentine (D). e During enamel maturation,
enamel crystals become longer and more oriented (arrowheads).
(a) x40 000. Bar: 500 nm; (b—e) x120 000. Bar: 100 nm
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Serial sections were cut and analyzed to reveal
length, extension, and orientation of crystals in areas as
thick as 300 nm, representing 5 serial sections of 60 nm
thickness (silver-gray color using a Reichert-Jung ultra-
microtome). These sections were thin enough to obtain a
50 000x image of the section in its entire thickness so
that the electron beam would project each crystal within
the section. Crystals did not continue over more than 2
sections, but were essentially restricted to single section.
We identified both single and clusters of enamel crystals
which did not connect to the mineral constituents of the
dentine matrix (Fig. 12, arrows).

Discussion

The present study provides the first evidence that initial
enamel crystal nucleation and growth are spatially inde-
pendent from dentine crystal formation. Discrete indi-
vidual enamel crystals were localized separate from the
dentine mineralized matrix along the forming DEJ.
Based on these observations we suggest a sequence of 3
major processes that control initial enamel formation: (i)
establishment of a suitable microenvironment associated
with the removal of the basal lamina and the secretion of
electron-dense, stippled material; (il) initial calcium
phosphate crystal formation within aggregates of elec-
tron-dense, stippled material separate from the dentine
matrix; and (iit) formation of long enamel HAP crystals
which eventually extend to the dentine mineral. The fol-
lowing discussion focuses on possible mechanisms of
enamel formation, the growth, and maturation of enamel
crystals during development, and the significant role of
the organic matrix surrounding initial enamel crystals.
Mineralization of all vertebrate calcifying tissues oth-
er than enamel involves the deposition of calcium phos-
phate and the formation of calcium hydroxyapatite in as-
sociation with collagen. In the initial stages of dentine
mineralization, matrix vesicles and type-I collagen pro-
vide a template for calcium hydroxyapatite mineral to
deposit in an orderly fashion (Anderson 1973; Slavkin
1973; Wuthier 1992; Yamauchi et al. 1992). This inter-
pretation has been supported by tomographic reconstruc-
tions from high voltage electron microscopy of newly
mineralized turkey tendon that provided direct 3-dimen-

Fig. 9a, b. Changes in organization of stippled material matrix re-
lated to initial formation of enamel crystal in mouse molar organ
culture using serumless medium. a Characteristic organization of
regular granular pattern in stippled material matrix (Sr) changes to
electron-dense coats (arrowheads) along surface of initial crystals
in proximity to secretory ameloblasts (Amel). Distance between
subunits of stippled “beaded” material is relatively constant and
comparable to distance between initially formed crystals: D, dis-
tance between 2 adjacent negatively stained subunits=20 nm; D,
distance between 2 adjacent electron-dense subunits=20 nm; and
D; distance between 2 adjacent initial crystallites=20 nm. b Elec-
tron-dense material coats initial enamel crystallites with electron-
dense material measuring between 3 and 10 nm in diameter (D=
5 nm). Initial crystals measure between 1 and 3 nm in diameter
(Ds=1.5 nm) and 15 to 50 nm in length (D;=50 nm, D,=25 nm).
(a) X250 000. Bar: 100 nm; (b) x400 000. Bar: 25 nm
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sional images. These images illustrated a possible spatial
and temporal sequence by which mineral crystals asso-
ciate with type-I collagen during normal calcification
(Landis et al. 1992). Since matrix vesicles as well as col-
lagen fibres are not present in forming enamel, nucle-
aton of enamel crystal is assumed to be controlled by the
unique protein matrix consisting of amelogenins and
enamelins (Robinson et al. 1982; Aoba et al. 1989; Finc-
ham et al. 1991). While several authors have supported
the concept of enamel crystal growth control by constit-
uent proteins in the organic enamel matrix (Doi et al.
1984; Diekwisch et al. 1993), the mechanisms for nucle-
ation of enamel crystal remain unclear.

In general, crystal formation requires a supersatured
solution and a nucleating event. A solution is supersatu-
rated when the ionic concentration exceeds its solubility
product. Putative nucleating events for enamel crystalli-
zation include: (i) contact with dentine crystals (Lehner
and Plenk 1932; Reith 1967; Bernard 1972; Fearnhead
1979; Arsenault and Robinson 1989); (ii) charged mac-
romolecules (Hohling 1966) like enamelins; i.e. tuftelin
(Deutsch 1989), collagen (Boyde 1964; Hohling et al.
1981; Arsenault and Robinson 1989; Landis 1985,
1986), serum proteins (Limeback 1991; Goodman et al.
1991; Infante and Gillespie 1977) or proteins of the
basement membrane (Deutsch 1989; Fincham et al.
1992); and (iii) specific properties of amelogenins
(Glimcher 1979). In our study, we report the nucleation
of initial enamel crystals spatially independent of den-
tine crystals or dentine collagen. We document initial
crystals embedded into an organic matrix of electron-
dense stippled material, and suggest that initial crystal
formation takes place within this microenvironment of
electron-dense stippled materials (Figs. 3, 8, 9). Our
study does not provide evidence as to the direct role of
amelogenins, enamelins, or other proteins in enamel
crystal nucleation or crystal growth (Aoba et al. 1989;
Diekwisch 1993). However, our analysis of forming
enamel in cultured molars (Figs. 8, 9) suggest parallels
between the novo enamel crystal formation within or be-
tween enamel-specific protein aggregates and the forma-
tion of apatite crystals within or between the collagen fi-
bers in developing bone (Landis 1985, 1986).

We concede that in some instances initial crystals
might have been closely associated with mineralized ma-
trix of the dentine, while adjacent crystals appeared not
to be associated with the dentine (Fig. 10). However, the
demonstration of clusters of initial crystals not associat-
ed with the adjacent dentine suggests other mechanisms
for initial crystal nucleation of enamel besides originat-
ing from mineralized dentine. Although the present

Fig. 10a—g. a Initial enamel crystals (Enamel) forming along den-
tine matrix (Dentine) in anhydrous preparation. Short, randomly
oriented crystals (arrowheads) have been transformed into, or re-
placed by, longer organized crystals (arrows). (b—g) Series of tilt-
ed aspects of initial enamel crystals further to the left than a. Cen-
ter was tilted 30° with 5° incident in 120 nm thick anhydrous
preparation. Initial enamel crystals (arrowheads) are not associat-
ed with mineralized dentine (D) independent of angle of electron
beam. (a) x30 000. Bar: 500 nm; (b—g) x75 000. Bar: 200 nm

study provides ample evidence to support the hypothesis
that initial enamel crystals are formed independent of the
mineralized dentine, our observations cannot give a de-
finitive answer to the question of the origin of the first
enamel crystals, especially since ameloblasts and organ-
ic matrices are easily deformable during manipulations
required for preparation, fixation, and embedding. Fur-
thermore, biochemical or physical inductive effects of
the adjacent dentine cannot be excluded.

We measured crystal length per section to document
the relative increase in crystal size during enamel matu-
ration (Table 1). Our data for the length per section of
the most recently deposited enamel crystals at the DEJ
(Table 1) were significantly smaller than the length data
previously reported by Travis and Glimcher (1964; 130
nm length for most recently deposited enamel crystals);
approximately 1/6 of the length of the crystals in layers
of 2 um thickness. Measurements of crystal length in ul-
trathin sections do not document the entire length of the
crystals. However, in our study they indicate that initial
crystals are relatively short, and that early crystals grow
many times their initial length until they form mature
enamel.

Initial enamel crystals were not only different from
more mature enamel crystals in terms of crystal size and
orientation, but they also were different in their Ca/P ra-
tios (Table 2). Ca/P ratios of 1.26 (in vitro) and 1.53 (in
vivo) in initially formed enamel layers were comparable
to amorphous calcium phosphate (ACP) with Ca/P ratios
between 1.2 and 1.5 , octacalciumphosphate (OCP) with
a Ca/P ratio of 1.33, and tricalciumphosphate (TCP)
with a Ca/P ratio of 1.50 (Nancollas 1979, 1989; Johns-
son and Nancollas 1992). Our observations are in agree-
ment with those reported by Landis and colleagues who
found Ca/P ratios of 0.99-1.46 (average 1.2410.15) in
earliest apical enamel areas (Landis et al. 1988). The
Ca/P mass ratios of enamel crystals later in development
exceeded the 1.67 required for HAP crystal formation
(Table 2) (Young 1973; Nancollas et al. 1979, 1989).

We interpret these data to support the concept that
during initial enamel formation, short and unoriented
crystals of a low calcium phosphate ratio are formed.
Several authors have investigated the transformation of
calcium phosphates of a low ratio into hydroxyapatites
(Eanes 1973; Eanes et al. 1973; Heughebaert and Montel
1973; Johnsson and Nancollas 1992; Newesely 1973).
We propose that in initial enamel, short and randomly
oriented crystals are of a calcium phosphate phase with a
lower Ca/P ratio than HAP, but since they are crystalline
they contain TCP or OCP and not ACP. As Bonucci
(1973) has suggested, only a few calcifying globules are
required to initiate a process of matrix-mediated miner-
alization. Following this proposal, initial crystallites of
low Ca/P ratios and adjacent mineralized matrix of the
dentine may be required for the formation of long HAP
crystals characteristic of enamel] (Figs. 5-7).

We observed a change in the characteristic organiza-
tion of the organic enamel matrix between those areas
which did not contain crystals, and adjacent areas con-
taining initial enamel crystallites (Figs. 4b, 8a, d, and 9).
In areas containing no crystallites, electron-dense stip-



Fig. 11. a High [ million voltage transmission electron photo-
micrographs of initial enamel crystals (Enamel) adjacent to miner-
alizing dentine (Dentine). 1-um-thick section tilted in the x-axis
direction from +5 ° to +15° (b—d), and from —5° to —15° (e~g).
Group of enamel crystals at left (arrowheads) is not associated

with mineralized dentine. These 2 arrowheads indicate identical
crystals that remained in center of beam during tilting sequence.
Group of enamel crystals at right (arrows) could be demonstrated
to be separate from adjacent dentine after tilting by —15° (g). (a)
%30 000. Bar: 500 nm; (b—g) x75 000. Bar: 200 nm






pled materials were organized in a random granular
fashion (Figs. 8a, ¢, 9). In the interface between stippled
materials and crystallites, the electron-dense organic ma-
trix lost its granular pattern, and appeared to surround
the initial enamel crystallites (Figs. 8a, d, e, 9b). Al-
though there i3 no direct evidence proving that the or-
ganic matrix surrounding the initial crystals is identical
to the organic matrix in the granules of the stippled ma-
terials, ultrastructural observations as shown in Figs. 8a,
e, and 9 suggest that enamel protein aggregates in the
stippled zones are continous with the electron-dense
coats around initially formed crystals.

Several lines of evidence should be considered. First,
Nanci et al. (1985) and Hayashi et al. (1986) have re-
ported immunocytochemical studies in which this coat-
ing material around crystallites as well as the stippled
material reacted with antibodies against amelogenin.
Second, this electron-dense material surrounding the
enamel crystallites is also observed in later stages of
enamel development (Figs. 5-7b). Third, organic materi-
al surrounding enamel crystals has been described as
crystal ghosts (Frank et al. 1960; Reith 1960; Bonucci
1979, Kallenbach 1982, 1986; Nanci et al. 1983; War-
shawsky; 1989) and suggested to consist of organic ma-
trix because of its close association with the forming
enamel crystal (Bonucci 1984). The experiments of
Slavkin et al. (1976) using autoradiography of 3H trypto-
phan-labeled proteins provided direct evidence for the
metamorphosis of enamel proteins from the stippled ma-
terial to proteins of the forming enamel matrix. Finally,
Travis and Glimcher (1964) suggested that this organic
matrix is a template for the inorganic crystals, whereas
other authors observed this material as fibrillar (Frank et
al. 1960), lamellar (Roennholm 1962), or helical struc-
tures (Smales 1975), and to represent an organic mantle
of the enamel crystals. We interpret the sudden change
in the organic enamel matrix from granular stippled ma-
terial toward electron-dense ghosts surrounding initial
crystals as indicative of an involvement of the amelo-
genins in the growth of enamel crystals. This observa-
tion supports and explains previous hypotheses and ex-
periments suggesting an involvement of amelogenins in
the control of enamel crystal length and habit (Robinson
et al. 1982; Aoba and Moreno 1989; Yanagisawa et al.
1989; Fincham et al. 1991; Diekwisch et al. 1993; Nel-
son and Barry 1989).

In summary, the present study provides evidence to
support the hypothesis that de novo nucleation and

Fig. 12a-f. Serial sections of initial enamel crystals embedded in
stippled materials (S7) adjacent to mineralized dentine (Dentine).
(a—e) Sequence of 5 consecutive sections, and (f) a 3-dimensional
reconstruction based on 5 serial sections shown in a-e. Initial
enamel crystals are not in contact with adjacent dentine mineral.
Crystals identified by triplet of arrows or arrowheads do not con-
tinue from one section to another (arrows, arrowheads) indicating
that they are so short and thin that their entire length is limited to
one section; they did not extend to dentine mineral in an adjacent
plane of section. White, less electron-dense space could be ob-
served between initial enamel crystals and adjacent dentine.
x50 000. Bar: 200 nm
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growth of enamel HAP crystal are independent of the
mineralization processes characterized for dentine. Our
study further indicates that early enamel crystals are
small and short crystals of TCP or OCP embedded in a
matrix of organic stippled materials. In later stages of
enamel formation, enamel crystals transform into long
and parallel-orientedHAP crystals which could not be
observed to be separate from dentine HAP crystals.
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