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Summary. The aim of the present work was to investigate 
changes in cross-sectional morphologies of enamel crystal- 
lites as a function of location in secretory porcine enamel. 
Enamel tissues were obtained from 5- to 6-month-old slaugh- 
tered piglets. For examination by electron microscopy, a 
portion of the secretory enamel was embedded in resin and 
ultrathin sections were prepared with a diamond knife. In 
parallel studies, compositional and structural changes of 
enamel mineral were assessed by chemical analysis and Fou- 
rier transform infrared (FTIR) spectroscopy. For this pur- 
pose, two consecutive layers of the outer secretory enamel, 
each approximately 30 Ixm thick, were separated from the 
labial side of permanent incisors. Using high-resolution elec- 
tron microscopy, early events of enamel crystal growth were 
characterized as the epitaxial growth of small apatite units 
on the lateral surfaces of the initially precipitated thin rib- 
bon. These apatite units had regular triangle or trapezoid 
cross-sections. After fusions of those isolated trapezoids on 
both lateral sides of the platy template, the resulting enamel 
crystallites had the well-documented flattened-hexagonal 
shapes in cross-sections. The initially precipitated thin plate 
was buried inside the overgrown apatite lamella and then 
retained as a central dark line. Similar morphological evi- 
dence for the epitaxial nucleation and overgrowth of carbon- 
atoapatite on the platy template was obtained in vitro. Chem- 
ical and FTIR analyses of the enamel layer samples showed 
that the characteristics of the youngest enamel mineral were 
distinct from those of enamel crystals found in older secre- 
tory enamel. The overall results support the concept that 
initial enamel mineralization comprises two events: the ini- 
tial precipitation of thin ribbons and the subsequent epitaxial 
growth of apatite crystals on the two-dimensional octacal- 
cium phosphate-like precursor. 

Key words: Enamel - Amelogenesis - Crystal growth - Cal- 
cium phosphates - Biomineralization. 

In the mineralization process taking place in early stages of 
mammalian amelogenesis, the morphology of the initially 
formed crystals is thin ribbons and their subsequent growth 
gives rise to elongated plates having flattened hexagonal 
cross-sections [1-3]. Much interest has been directed to the 
fact that the thin-ribbon morphology is more consistent with 
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the morphology of octacalcium phosphate (OCP) crystallites 
than it is with the hexagonal symmetry of apatite crystals [4, 
5]. However, the existence of OCP has not been demon- 
strated in developing enamel tissues. Moreover, details of 
the growth process of enamel crystals still remain elusive. 
Particularly, there is a paucity of information as to how the 
cross-sectional morphology of enamel crystallites changes 
from the original plate of one- or two-unit cells wide to the 
flattened hexagonal shape. Other unresolved questions are 
whether the size and shape of enamel crystallites are primar- 
ily controlled by physico-chemical mechanisms, and what is 
the role of the secreted matrix proteins in the initial stage of 
enamel mineralization. 

Recent in vitro studies [6-8], using high-resolution elec- 
tron microscopy, clearly demonstrated that apatite struc- 
tures grow epitaxially on the (100) plane of OCP, thereby 
embedding the OCP lamella in the center of the apatite crys- 
tals. From this evidence, obtained in the absence of organic 
matter, it was inferred that similar physicochemical reac- 
tions may occur in vivo, giving rise to the characteristic mor- 
phology of enamel crystals. No direct evidence has been 
reported for the assumed epitaxial growth of apatite nuclei 
on OCP-like thin ribbons in the initial stage of enamel min- 
eralization. Thus, using high-resolution electron micros- 
copy, we attempted to visualize the precipitation and growth 
events taking place during the secretory stage of porcine 
amelogenesis. The rationales for use of this animal model are 
that (1) the chemical, biochemical, and ultrastructural as- 
pects of early mineralization processes were delineated in 
our previous studies [9-12]; (2) the enamel prism structure is 
close to that of human enamel and less complex than that of 
bovine enamel; and (3) its wide secretory enamel provides 
the most convenient experimental system for investigation 
of morphological alterations of enamel crystallites progres- 
sively as a function of location from the outermost (young- 
est) secretory enamel toward the inner (older) secretory 
enamel. Moreover, the pig enamel model allows us to collect 
sufficient amounts of young secretory enamel samples [9, 
12]. Efforts were also taken, using chemical analysis and 
Fourier transform infrared spectroscopy (FTIR), to assess 
changes in the composition and structure of enamel mineral 
which are presumed to be in accord with morphological al- 
terations of enamel crystallites. 

Materials and Methods 

Preparation o f  Secretory Porcine Enamel 

Tooth germs of upper and lower permanent incisors were obtained 
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from 5- to 6-month-old slaughtered piglets. The enamel organ was 
dissected out of the bones and then the covering soft tissues were 
removed. Prior to ultrastructural observations, the teeth obtained 
from the same animal were divided into two groups: (1) a group fixed 
with 2.5% glutaraldehyde-2.0% paraformaldehyde in 0.05 M caco- 
dylate buffer and then dehydrated in a graded ethanol series; and (2) 
a group lyophilized without fixation and then immersed in absolute 
ethanol. All dehydrated specimens were embedded in Polyester 
resin (Rigolac-2004, Nissin EM Co., Tokyo). Portions of the embed- 
ded enamel within the zone of secretion were sliced transversely and 
then ground to yield thin sections of 0.5-1 mm thick. From those 
sections, three enamel zones (the outer, middle, and inner secretory 
enamel) were cut with a sharp razor blade. Each of the cut enamel 
specimens was re-embedded with POLY/BED 812, and ultrathin 
sections were prepared on a Sorvall Porter-Blum microtome 
equipped with a diamond knife. Water used for collecting the sec- 
tions was presaturated with synthetic hydroxyapatite. The sections 
prepared from each resin block were transfered on holey carbon 
support f'llms. Special care was given (1) to section enamel prisms 
perpendicular to their long axis, consequently making it possible to 
observe cross-sections of enamel crystallites; and (2) in cases of the 
outer enamel specimens, to prepare and collect ultrathin serial sec- 
tions in order to examine progressive changes in crystal morphology 
taking place in the outer secretory zone close to the ameloblasts. 

For chemical and FTIR analyses, the secretory enamel was col- 
lected from the labial side of the permanent incisors of age-matched 
animals. After removing the covering soft tissues, the exposed 
enamel surface was wiped gently with a paper tissue to remove the 
cellular debris and traces of blood. The outermost (youngest) secre- 
tory sample (here referred to as S1), less than 30-txm thick, was 
separated with a sharp razor blade. Subsequently, the second layer 
($2), having about a 30-1xm thickness, was obtained in the same 
way. Thicknesses of those separated enamel tissues were examined 
under a stereo-zoom microscope. Following removal of the two 
outer layers, the underlying inner secretory enamel ($3) was 
scrapped as a whole with a small spatula. In order to collect suffi- 
cient amounts of S1 and $2 samples, dissection of the secretory 
enamel was conducted on 50 or more teeth. The enamel samples 
corresponding to each zone were pooled. Each of the pooled enamel 
samples was lyophilized and then stored at -30°C until used for 
analyses. 

Synthetic Carbonatoapatites. For comparative purposes, the mor- 
phology of carbonatoapatites precipitated in aqueous media was ex- 
amined by electron microscopy. The precipitation reaction was 
started by simultaneously delivering calcium and phosphate solu- 
tions into a reaction solution that was adjusted to 80 -+ °C and 
neutral pH (7.2-7.4). Details of the experimental conditions and 
procedures have been previously reported [13]. When precipitates 
appeared in the reaction solution, an aliquot of the suspension was 
withdrawn. The solid in the suspension was separated quickly by 
centrifugation at 4°C, washed with ice-cold deionized water, and 
then lyophilized. For observation of the recovered crystals at low 
magnifications, the powder sample was suspended in absolute eth- 
anol and then transferred onto microgrids supported with carbon 
films. For the high-resolution studies, the solid was embedded in 
POLY/BED 812 resin, and ultrathin sections were prepared in the 
same way as described for enamel specimens. 

Electron Microscopy. The cross-sectional morphology of enamel 
and synthetic crystals was observed, without staining, at direct mag- 
nifications of 50-100 K in a JEM 1200EX electron microscope at 120 
kV. High-resolution lattice fringes were obtained at a direct magni- 
fication of 300 K, using JEM-2000FX II and 2010 electron micro- 
scopes at 200 kV. To minimize electron beam-damage to the crys- 
tallites, a specimen holder was cooled with liquid nitrogen, and elec- 
tron currencies were kept at the lowest levels. Furthermore, 
crystallites showing desirable orientations were searched on a video 
camera-image enhancing system attached to the electron micro- 
scope. 

Chemical Analyses of Enamel Samples 

In order to gain information on the possibility of OCP precipitation 
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in enamel mineralization, the acid phosphate content of the dis- 
sected enamel samples was determined according to the procedure 
of Gee and Dietz [14]. Each of the pooled powder enamel samples 
were plasma ashed at about 60°C (to remove organic matter and 
carbonate on crystal surfaces, which may interfere with pyrophos- 
phate formation [12]) and then heated at 400°C for 12 hours. The 
pyrolysis conditions were chosen after a series of preliminary de- 
terminations to secure the maximum yield of pyrophosphate. We 
also determined the Ca, P, and CO 3 contents of the enamel samples. 
The Ca and P contents were determined by atomic absorption spec- 
trophotometry and colorimetry, respectively. The CO3 content of 
the enamel samples was determined by Conway's microdiffusion 
method [15] with CaCO3 as standards. The estimated uncertainties 
for HPO4, Ca, P, and CO3 determinations were 6%, 4%, 1.5%, and 
8%, respectively, of the analyzed quantities. 

Fourier Transform Spectroscopy. FTIR spectra of the secretory 
enamel samples were recorded with a diffuse-reflectance attachment 
in a Perkin-Elmer 1640 FTIR. Each sample (about 1 mg) was mixed 
with KBr in an agate mortar. Sixty-four spectral scans were con- 
ducted over the wavenumber range of 4500-450 cm-  1 with 4 cm-  1 
resolution. The number of bands and their locations were deter- 
mined by taking the second derivative of the spectrum. As the secre- 
tory enamel was abundant in organic matter, spectral signals of the 
formed mineral crystals were overlapped with the signals originating 
from organic matter. Thus, difference spectra were obtained by sub- 
traction between the experimental spectra recorded from the enamel 
sample and the organic matrix sample extracted from the outer 
secretory enamel. Preparation of the protein sample and its charac- 
terization were reported previously [16]. The second derivative and 
subtraction were obtained using software provided by Perkin- 
Elmer. 

Results 

Figure  l A D  shows typical  low-magnif icat ion e lec t ron  mi- 
crographs of  porcine  enamel  crystal l i tes ,  which were  taken 
at var ious sites f rom the surface region toward  the inner  
secretory enamel.  In prel iminary examinat ion,  it was con- 
f irmed that there were  no marked  variat ions in crystal  mor-  
phology  due to the di f ferent  me thods  o f  p rocess ing  the 
enamel  spec imens  (i .e. ,  f ixa t ion /dehydra t ion  ve r sus  lyo- 
philization). Thus,  micrographs shown here  were  taken f rom 
the f ixed and then dehydra ted  samples  unless  o therwise  
specified. As previous ly  documented  [1-3], the younges t  
crystall i tes,  which were  found in a narrow zone  adjacent  to 
the secretory ameloblasts ,  were  thin r ibbons or  needle- l ike 
in cross-sect ions (Fig. 1A). When  observat ions  were  made  
on the serial sections corresponding to the outer  enamel  re- 
gion, it was not iced that the con tour  of  needles  became  ir- 
regular as a funct ion of  dis tance f rom the enamel  surface.  As 
indicated by arrows in Figure 1B, many dot-l ike s t ructures  
or  p ro jec t ions  were  d i sce rned  sur rounding  the  needles .  
F rom the middle and inner regions as shown in Figures  1C 
and D, respect ive ly ,  enamel  crystal l i tes having e longated  
hexagonal  shapes in cross-sect ions  were  observed .  Their  
thickness increased gradually and their  contour  became  well  
faceted with advancemen t  of  mineral izat ion.  Mos t  of  the 
sect ioned crystall i tes retained dark contras t  in their  central  
port ion (central  dark line). It should be noted  that  the thick- 
nesses of  the corresponding apatite crystal l i tes  were  rela- 
t ively uniform at certain sites, and that  their  lateral  surfaces 
were  relat ively smooth  and flat wi thout  dis t inct ive projec-  
tions. With the decrease  in the intercrystaUine space,  due to 
partial degradat ion and remova l  of  organic mat te r  [9], some 
crystals were  in contact  with neighboring crystals  or  repre-  
sented crystal  branches.  Those  features  may  have  been  in- 
duced by fusions or  lateral  growing, as suggested by Daculs i  
et al. [17]. 

Figure  2 shows high-resolut ion e lec t ron micrographs  of  
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Fig. 1. Low magnification electron micrographs of secretory por- 
cine enamel. (A) Thin ribbons, or needles in their cross-sections, 
found in the outermost zone in the vicinity of ameloblasts. (B) Crys- 
tals found in the outer secretory enamel slightly underlying from 

(A). Arrowheads indicate dot-like structures or projections sur- 
rounding the needles. (C and D) Crystals found in the middle and 
inner secretory enamel, respectively, had elongated hexagonal 
shapes in cross-sections. Horizontal bar corresponds to 100 nm. 

enamel crystallites located at various sites within the secre- 
tory enamel. The youngest thin ribbon crystallites were as 
small as one- or two-unit cells wide (Fig. 2A). Their lateral 
surfaces remained relatively smooth and flat at the very be- 

ginning of precipitation. The following step of porcine 
enamel mineralization was characterized by the appearance 
of small, regular triangle and trapezoid crystal units on the 
surface of the thin ribbons (Fig. 2B,C). The intersecting lat- 
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Fig. 2. High-resolution electron micrographs of porcine enamel 
crystals representing various steps of their crystal growth. (A) 
Cross-sectional images of thin ribbons precipitated in the outermost 
zone adjacent to the ameloblasts. (B and C) Non-uniform deposition 
of apatitic units on the lateral surfaces of thin ribbons. The corre- 

rice fringes found in each unit had an angle of 120 ° , which 
corresponds to the [0001] zone image of apatite crystals. 
Hohling et al. [18] reported the precipitation of dot-like iso- 
lated crystals, which appeared to be aligning linearly. In the 

sponding micrographs were taken at sites that were slightly inward 
(10-20 ~m in depth) from the outermost zone shown in (A). (D) 
Enamel apatite crystallites having well-faceted, characteristic flat- 
tened, hexagonal cross-sections, which were found in the middle- 
inner secretory enamel. Horizontal bar corresponds to 10 nm. 

present studies, careful examination of many serial sections 
at high magnifications showed that the dot-like structures at 
low magnifications (see Fig. 1B) corresponded to the small 
apatite units attached to the thin plate. Most likely, the reg- 
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Fig. 3. Electron micrographs of synthetic carbonatoapatite. (A) 
Low-magnification micrograph showing thin plates in morphology. 
(B) High-resolution micrograph of their cross-sections, representing 
the sequential events of nucleation, overgrowth, and fusions of ap- 

atitic units on the plane having the dark contrast. The central dark 
line was retained in the apatite crystals after fusions of the over- 
grown units. Horizontal bar corresponds to 10 nm. 

ular triangles represented the initial shape of apatite nuclei 
formed on the thin ribbon template and, with their growth in 
both horizontal and vertical directions, their cross-sectional 
morphology changed into trapezoids (see Discussion). It ap- 
pears that the originally isolated trapezoids fused to each 
other on both sides of the thin plate, giving rise to elongated 
hexagonal shapes. Figure 2D shows the resulting enamel ap- 
atite crystallites having flattened hexagonal shapes, which 
were found in the middle to inner zones. Most of those crys- 
tallites retained defects in the central portion and steps of a 
few unit cells high on their lateral surfaces. 

Figure 3 shows electron micrographs of synthetic carbon- 
atoapatites. The precipitated crystals were characterized as 
thin plates (Fig. 3A), which had the composition of Ca 35.0 
wt%, P 17.9 wt%, CO3 2 wt%, and HPO 4 15% of the total P. 
Extensive surveys of sectioned crystallites at high magnifi- 
cations disclosed that a small number of those crystallites 
retained a central dark line. This observation is in good 

agreement with the results reported by Nelson et al. [19]. As 
can be seen from Figure 3B, observations of more impor- 
tance were that the epitaxial growth of apatite on the lateral 
planes of the thin platy precursor were reproduced in vitro 
and that the overgrowing apatite units displayed regular tri- 
angular and trapezoid shapes in cross-sections, resembling 
those found on enamel thin ribbons. 

Table 1 gives chemical analyses of the dissected and 
pooled enamel samples. The outermost (youngest) secretory 
enamel (SI), which comprised mixtures of thin ribbons and 
overgrowing apatitic units, contained the highest HPO4 z -  , 
corresponding to about 22% of the total phosphate. With the 
increase in both Ca and P contents (i.e., advancement of 
enamel mineralization), the acid phosphate content de- 
creased markedly from 15% of the total phosphate in $2 to 
11% in $3. The steep decline of the acid phosphate content 
as a function of location within secretory porcine enamel is 
in good agreement with the results reported by Slew et al. 
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Table 1. Chemical composition of secretory porcine enamel 

Depth HPO 4 Ca P CO3 
Sample (~m) (% of total P) (wt%) (wt%) (wt%) 

S1 30> 21.9 (0.2) 13.0 (0.03) 6.7 (0.02) 1.6 (0.3) 
$2 30-60 15.2 (0.6) 19.6 (0.06) 10.0 (0.03) 2.5 (0.1) 
$3 60< 11.7 (0.5) 24.2 (0.14) 12.3 (0.05) 3.2 (0.1) 

S 1, outermost secretory enamel; $2, outer secretory enamel; $3, inner secretory enamel. The 
analytical results are represented by the average (SE) of three determinations 

[20], which were achieved using the rat incisor enamel 
model. 

FTIR experimental spectra of the pooled enamel samples 
were characterized by the presence of a broad band of water 
around 3000 cm-1 and amide bands (the peak maxima for 
amide I, II, and III appeared at approximately 1660, 1515, 
and 1240 cm-1, respectively) (Fig. 4, left side). A unique 
feature in the FTIR spectrum of the S1 enamel sample was 
the prominence of a P O  4 band at 1120 cm-  1; the correspond- 
ing band was assigned as originating from labile, nonapatitic 
pools of phosphate ions [21]. The P O  4 band at 1118 cm -1 
already disappeared in the spectrum recorded from $2, sup- 
porting the fact that a rapid change in the properties of 
enamel mineral occurred within the narrow surface zone. 
The spectra of both $2 and $3 samples were characterized 
by the prominent CO3 bands in the range of 1560-1420 and 
880-870 cm-1. As shown in the last column of Table 1, 
chemical analysis confirmed that the $2 and $3 enamel sam- 
ples contained significant amounts of carbonate. From dif- 
ference spectra shown in the right side of Figure 4, it was 
verified that, in addition to the changes of the P O  4 band at 
1118 cm -1, the peak maxima of the P O  4 band was shifted 
gradually from 1026 cm -1 for S1 to 1030 cm -a for $2 and 
1035 cm -a for $3. The observed shifts of the P O  4 peak max- 
ima may be interpreted either by mineral maturation from 
OCP-like precursors into apatitic crystals [22], or by im- 
provement of apatite crystallite perfection, as reported by 
Pleshko et al. [23]. 

Discussion 

The nucleation and overgrowth of apatitic units on enamel 
thin ribbons are considered to represent the same phenom- 
enon as the in vitro apatite formation on OCP template, 
which was most elegantly demonstrated by Iijima et al. [7, 
8]. As we reported previously [24], the in vivo morphological 
evidence for the apatite overgrowth on thin plates was ob- 
tained from developing fish enameloid, which contained rel- 
atively low fluoride. The current HPO4 and FTIR analyses 
showed that the characteristics of the youngest enamel min- 
eral are distinct from those of enamel crystals found in older 
secretory enamel. The high acid phosphate content of the 
youngest enamel might be interpreted as indicative of the 
formation of OCP at the very beginning of amelogenesis. 
However, it should be noted that it is very difficult to obtain 
indisputable evidence for the existence of OCP (such as one- 
unit cell intergrowth) in those biosystems. Indeed, the de- 
crease of the H P O  4 content and the peak shifts of P O  4 bands 
with age also might be explained by changes in the adsorbed 
acid phosphate regardless of the nature of initially precipi- 
tating mineral phase(s). 

The similarity of in vivo and in vitro crystal growth events 
supports the concept that the precipitation mechanisms and 
the nature and morphology of the formed crystals are pri- 

marily determined by the driving force in the mineralizing 
milieu. It is most likely that the driving force for enamel 
mineralization is highest in the narrow region adjacent to the 
secretory ameloblasts, which tightly control Ca transport 
into the mineralizing milieu [25, 26]. Indeed, our previous 
studies on the enamel fluid surrounding the secretory enamel 
crystals [27, 28] showed that the separated enamel fluid was 
undersaturated with respect to OCP but may become super- 
saturated with respect to this salt by an increase in the Ca 
concentration up to 1 mM. The assumed declining concen- 
tration gradient of Ca, or the decreasing driving force, from 
the surface toward the inside of the secretory enamel is con- 
sistent with the observed transition in precipitation mecha- 
nisms from the initial precipitation of OCP-like thin ribbons, 
through the epitaxy and rapid overgrowth of apatites on the 
thin-ribbon template, to the thickening of apatite crystals at 
slow rates. 

On the basis of the foregoing results and consideration, 
the crystal growth process taking place at early stages of 
porcine enamel mineralization is illustrated in Figure 5. (1) 
The two-dimensional growth of an OCP-like precursor oc- 
curs rapidly to yield thin-ribbon morphology elongating in 
length and width in a narrow outermost zone adjacent to the 
ameloblasts. (2) With the decrease of the driving force after 
precursor precipitation, the epitaxial growth of apatite on the 
thin ribbon is prominent in the underlying outer secretory 
enamel. (3) The lateral growth of isolated apatite units on the 
template leads to fusions of neighboring units, consequently 
giving rise to the elongated hexagonal shape. (4) Once 
enamel apatite crystals have flattened hexagonal shapes, 
their thickening continues at slow rates by acquisition of 
apatite unit cells on the prism planes of apatite crystals. 

According to the proposed crystal growth model, it is 
germane to consider that the observed uniformity of enamel 
apatites with respect to their thickness is acquired by con- 
trolling the number of epitaxial sites on the thin ribbon and 
the growth rate of apatite nuclei. Nelson and Barry [29] pos- 
tulated the presence of screw dislocations which emanate 
from the central planar defect because of slight OCP/apatite 
lattice mismatch there. Recently, Cuisinier et al. [30] dem- 
onstrated the presence of screw dislocations in young thin- 
plate crystallites of human fetal enamel. From our observa- 
tions, it appears that the regular triangle images of the epi- 
taxially formed apatite represent the continuous growth 
around screw dislocations. Intriguingly, those triangle im- 
ages were replaced by the trapezoids. This phenomenon in- 
dicates that the growth rate in the horizontal direction was 
much faster than that in the vertical direction, leaving a 
broad lateral plane. A plausible explanation for this aniso- 
tropic growth reaction is that the screw dislocations may be 
extinguished with the deposition of carbonated apatite 
lamella or blocked by impurities. Under such circumstances, 
it is perceived that (1) the growth in the horizontal direction 
was able to advance rapidly by incorporation of the lattice 
units into remaining kink sites, which provide two- 
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Fig. 4. FTIR experimental spectra of porcine enamel samples in the 
range of 4000 and 450 cm- 1 (left) and their difference spectra in the 
range of 1300 and 800 cm 1 (right). (A) Outermost secretory enamel 
(less than 30 ixm thick). (B) Outer secretory enamel dissected from 
the zone ranging from about 30 to 60 Ixm in depth from the enamel 
surface. (C) Underlying inner secretory enamel. Note the marked 
spectral changes with developmental advancement or mineraliza- 
tion, namely, the disappearance of the P O  4 band at 1118 cm 1 and 
a gradual shift of the peak maxima of PO4 band from 1026 to 1035 
cm- t. 
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Fig. 5. Schematic illustration of enamel crystal growth occurring in 
early stages of porcine amelogenesis. (A) Epitaxial growth of apatite 
on the thin ribbon. (B) Lateral growth of isolated apatite units on the 
template and fusions of the neighboring units. (C) Thickening of 
apatite crystals by acquisition of apatite unit cells on their prism 
planes. 

dimensionally both lateral and bottom supporting planes; in 
contrast  (2) the growth in the vertical direction required ac- 
quisition of new apatite nuclei on the surface plane, which is 
energetically less stable. Similar consideration is relevant to 
the slow growth of enamel apatite crystals ,  mainly their 
thickening, after depletion of the kink sites by fusions of the 
trapezoids on the thin-ribbon precursors.  

Another  important conclusion from the proposed growth 
model is that the central dark line represents the vestige of 
the platy precursor,  which was buried by the overgrowth of 
apatitic units. In connection with the embedding of the initial 
precursor,  it is interesting to point out that the central dark 
line was found ubiquitously in most enamel crystall i tes,  
whereas its occurrence was much less frequent in synthetic 
carbonatoapati tes and, as reported previously [24], in fish 
enameloid crystals containing high fluoride. Under  condi- 
tions where OCP hydrolysis occurs rapidly (e.g., in the ab- 
sence of proteinaceous inhibitors in vitro or by fluoride), the 
precursor structure may be converted into apatite before it is 
buried by the overgrown apatitic lamella. Our recent in vitro 
studies showed that platy OCP crystals were formed, but 
rapidly hydrolyzed in media containing low concentrations 
of fluoride (e.g., 0.05 ppm as found in the enamel fluid) [31]. 
It was also verified that the secreted enamel matrix proteins, 
particularly amelogenins, have adsorption affinity onto OCP 
crystals [16] and that the adsorbed proteins, in concert  with 
carbonate and magnesium ions in the mineralizing milieu, 
stabilize the precursor phase (unpublished data). 

In conclusion, the present  studies indicate that the initial 
enamel mineralization comprises two events: the initial pre- 
cipitation of OCP-like thin ribbons and the subsequent epi- 
taxial growth of apatite crystals on the surfaces of the pre- 
cursor. These precipitat ion reactions and the resulting mor- 
phological features are reproducible in vitro. The overall 

results support the importance of physicochemical mecha- 
nisms in determining the nature and properties of enamel 
mineral. It should be noted that the foregoing conclusion 
does not exclude the functional importance of matrix pro- 
teins in the initial stage of enamel mineralization. As men- 
tioned briefly in relation to stabilization of the precursor 
phase, the abundance of proteinaceous crystal growth inhib- 
itors in the outermost secretory enamel [32] contributes sig- 
nificantly to each of the initial mineralization steps. Their 
putative roles are to control the number and orientation of 
thin ribbons precipitated in the outermost region, to prevent  
random proliferation of apatite crystals,  and to regulate the 
kinetics of apatite overgrowth on the precursor  template. At  
present, most of their functional roles still remain specula- 
tive. More experimentation both in vivo and in vitro is re- 
quired to gain a better insight into the protein-crystal  inter- 
action in the early stage of amelogenesis. 
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