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Biomineralization during early stages of the developing
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secretory stage of amelogenesis
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ABSTRACT Inthissurvey we summarize data on mineralization of enamel mostly obtainedin organ
culture experiments in our laboratory. Historically, the enzyme alkaline phosphatase has been
proposed to stimulate mineralization by supplying phosphate or by splitting away inorganic
pyrophosphate PP, a potent inhibitor of mineralization. Localization of alkaline phosphatase in
developing teeth by enzyme histochemistry shows that cells of the stratum intermedium contain
extremely high levels of alkaline phosphatase but secretory ameloblasts that are engaged in
deposition of the matrix and in transport of mineral ions lack alkaline phosphatase. The function
therefore must be an indirect one, since no activity was seen at the site of enamel mineralization. We
propose that the main function of alkaline phosphatase in the stratum intermedium is to transport
phosphate or nutrients from blood vessels near the stratum intermedium into the enamel organ.
Another function of the enzyme in stages of cell differentiation was deduced from inhibition
experiments with the specific alkaline phosphatase inhibitor I- pBTM, showing that in tooth organ
culture the enzyme may be involved in the generation of phosphorylated macromolecules from Pions
originating from pyrophosphate. Calcium plays anindispensable role in enamel mineralization in vitro.
Low calcium concentration in the culture medium prevented initial dentin mineralization and enamel
formation. Moreover, differentiating ameloblasts did notbecome secretory, in contrast to odontoblasts
that secreted a layer of predentin matrix. Variations in phosphate concentration in the culture medium
do not seem to affect tooth organ cultures adversely during mineralization in vitro. Exposure to F’,
however, has adverse effects on enamel mineralization depending on concentration and exposure
time and produces a variety of disturbances. Many of the fluoride-induced changesin the enamel organ
are reversible: young ameloblasts recover and resume secretion and mineralization of the fluorotic
matrix when fluoride is removed from the medium. This recovery is enhanced when medium calcium
levels are increased. Only the changes in the hypermineralized enamel remain irreversible. Thus, we
hypothesize that fluoride induces a local hypocalcemia in the enamel fluid surrounding the enamel
crystals by stimulating a hypermineralization of the pre-existing enamel crystals.
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Introduction

The development and mineralization of teeth have been the subject
of mostly descriptive or analytic investigations (Schroeder, 1991). How-
ever, few attempts have been made to establish how mineralization might
be studied experimentally (Wigglesworthand Hayward, 1973; Rahkamo,
1974; Bawden and Wennberg, 1977) and how results emanating from
different disciplines might be related to each other, principally because of
the lack of a well-controlled model for manipulating enamel formation
without interference from the homeostatic mechanism of the body. To
quantify biochemically and histologically the direct relationships of spe-
cific components or processes, that might be relevant for the develop-

ment and subsequent biomineralization of teeth without the interference
of systemic factors such as calcium homeostasis, well-controlled organ
culture conditions adapted for studying the in vitro development of the
tooth germ are needed.

Inthe present study we review results obtained in our laboratory using
an organ culture system that allows us to acquire and quantify normal
enamel and dentin mineralization in vitro (Bronckers, 1981; Wéltgens et
al., 1982). Special aftention is given to the early mineralization events in
enamel, based on modulations of enamel development and mineraliza-
tion during organ culture.

\bbreviations used in this paper: F, fluoride.
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Fig. 1. Histochemical staining for alkaline phosphatase activity in a 4 day old developing hamster molar tooth germ, stained with naphtol-AS-
TR phosphate and fast blue BB as substrate. (A) Strong staining for alkaline phosphatase was revealed in the stratum intermedium (Sl) and
subodontoblastic (sO) layer adjacent to the secretory odontoblasts (O). In the odontoblasts the enzyme reaction is restricted to the lateral plasma
membranes only. Apart from the low to moderate activity in the osteoblasts associated with the alveolar bone (B), the rest of the tissue appears negative
for the enzyme reaction. (B) Control section, incubated in substrate solution containing 1 mM of parabromotetramisole (an inhibitor of non-specific alkaline
phosphatase) exhibited only a weak staining over the stratum intermedium (S1). Historesin® (plastic) sections, undemineralized, not counterstained.
Abbreviations: A, secretory ameloblasts; B, alveolar bone; D, dentine; DP, dental pulp; O, secretory odontobiasts; pA, preameloblasts; pd, predentine;
00, preodontoblasts; sO, subodontoblastic layer. * sectioning artefact. (Bar, 100 um)

We have restricted ourselves to findings mainly on a) the role of
alkaline phosphatase in enamel mineralization, b) the modulation
of secretion and biomineralization by calcium and phosphate
regulation, and c) fluoride effects during the early stages of
amelogenesis.

The role of alkaline phosphatase in enamel mineralization

High alkaline phosphatase (AP-ase EC 1.3.1.3) activity has
been associated for a long time with the cells of mineralizing tissues
such as bone (Robison, 1930) and teeth (Bonting and Nuki, 1963;
Woéltgens et al., 1970; Larmas and Thesleff, 1980). By virtue of its
high activity in calcifying tissues, the enzyme, alkaline phosphatase
has for many years been implicated in mineralization presumably
as a supplier or generator of phosphate necessary for the induction
and/or progression of the mineralization processes. Originally it
was thought that the function of the enzyme in mineralizing tissues
was to increase the local concentration of inorganic phosphate at

the mineralization front by hydrolysis of hexose mono- and
diphosphates to the point where calcium phosphate would sponta-
neously precipitate (Robison, 1930).

However this theory could not explain why extraskeletal tissues
with high alkaline phosphatase activity do not mineralize and also
could not account for the fact that the plasma level of these
phosphate esters is too low to generate sufficient inorganic phos-
phate for spontaneous calcium phosphate precipitation. With this
in mind, Neuman and Neuman (1958) proposed an alternative
theory, suggesting that mineralization would occur only in tissues
with templates (i.e., collagen) that facilitate precipitation of calcium
phosphate salts. Fleisch (1964) showed that most tissues contain
such templates but that these tissues are prevented from becom-
ing mineralized because they also contain mineralization inhibi-
tors. He also reported that phosphate esters are amongst the most
potent inhibitors of mineralization. Even small concentrations of
adenosine triphosphate (ATP), adenosine diphosphate (ADP) and
particularly inorganic pyrophosphate (PP) atlevels as low as 10°5-




107 M inhibited mineralization. Fleisch (1964) postulated that
mineralization is only possible in tissues containing enzymes that
are able to remove (hydrolyze) these inhibiting phosphate esters.
Dulce (1960) reported that PP, can be hydrolyzed by inorganic
pyrophosphatase (PP-ase), an enzyme present in high activity in
mineralizing cartilage. In bone, Eaton and Moss (1968) demon-
strated an inorganic pyrophosphatase activity that was also part of
the alkaline phosphatase; in mineralizing hamster molars, Woligens
et al. (1970), Woltgens and Bervoets (1978) provided strong
evidence that the alkaline phosphatase enzyme may have PP -ase
activity too. Since PP, is also present in teeth (Bisaz ef al., 1968) a
function of alkaline phosphatase might be to remove small amounts
of PP, and thus induce or promote dental mineralization.

In cartilage the enzyme is localized in matrix vesicles that are
involved in initial stages of mineralization (Ali, 1976; Felix and
Fleisch, 1976). Such vesicles were originally demonstrated by
electron microscopy in mineralizing dentine by Bernard (1972).
According to Slavkin (1975), matrix vesicles in predentin contain
both alkaline phosphatase and hydroxy-apatite. Thus alkaline
phosphatase can induce the precipitation of apatitic mineral inside
the vesicle by increasing the phosphate concentration there (Ali,
1976) or by eliminating inhibitors of mineralization to such an extent
that spontaneous mineral precipitation takes place even in the
absence of any template (Felix and Fleisch, 1978).

In developing mouse molars, DePorter and TenCate (1976)
suggested a close relationship between alkaline phosphatase and
calcium transport during enamel formation. However, in studies
with hamsters fed on a phosphate-deficient diet, Wéltgens (1971)
showed that only during mineralization phosphate, and not calcium
uptake coincides with the increase in alkaline phosphatase activity.
This was later confirmed by in vitro data (Wéltgens ef al.,1982). L-
parabromotetramisole (I-pBTM) inhibits specifically both p-NPPase
as well as PP-ase activity in homogenates of developing teeth
(Woltgens et al., 1985), obviously in an uncompetitive way (van
Belle, 1972). When added to tooth organ cultures this inhibitor had
a more profound effect on the uptake of phosphate ions than of
calcium ions during stages of mineralization (Lyaruu et al., 1983).
Consequently they proposed that in developing teeth the enzyme
was related more to phosphate metabolism and/or transport than
with calcium, contrary to the suggestion made by DePorter and
TenCate (1976).

With the aid of microdissection techniques, Bonting and Nuki
(1963) were able to analyze and quantify biochemically the content
of alkaline phosphatase in various dissected layers of the enamel
organ and dental papilla of the developing hamster tooth germ.
They found high alkaline phosphatase activity in stratum
intermedium and subodontoblastic layer as opposed to low activity
in ameloblasts and odontoblasts in mineralizing molars (Fig. 1).
Recently, alkaline phosphatase mRNA signals have also been
revealed in the cells of the stratum intermedium in rat molars by in
situ hybridization (Helder, personal communication) (Fig. 2), indi-
cating that these cells synthesize the enzyme.

Though evidence has been presentedthat alkaline phosphatase
and PP-ase are identical (Woltgens et al., 1970), the PP-ase
requires Zn?* for its hydrolytic activity but the alkaline phosphatase
does not when determined in tooth homogenates with the non-
physiological substrate paranitrophenylphosphate (p-NPP). Moreo-
ver PP -ase activity (but not alkaline phosphatase) can be inhibited
by cadmium ions (Cd?*), perhaps by replacing Zn®* from the active
site of the enzyme molecule. Ascorbic acid is also able to inhibit
selectively the PP -ase activity (Woltgens et al., 1971), which can
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Fig. 2. Expression of alkaline phosphatase mRNA in a developing rat
molar tooth germ shown by in situ hybridization. Unfixed frozen
sections from a 2 day old developing rat molar were incubated with 355-
labeled riboprobes specific for rat bone alkaline phosphatase (a gift of Dr.G
Rodan, Merck, Sharpe and Dohm, USA). The sections incubated with
antisense riboprobe (A) darkfield illumination; (B) bright field illumination
showed a strong signal over the stratum intermedium (SI) and a diffuse
signal over the stellate reticulum (SR) and dental pulp (DP). These signals
were not seen in control sections incubated with sense riboprobe (C). (A
and B) Counterstained with hematoxylin. (Courtesy: Dr. M.H. Helder).
(Bar, 100 um)

be reversed by addition of Zn?* (Wéltgens, 1974). Apparently L-
ascorbic acid removes Zn?* from the active center of the PP -ase.
For mouse tooth germs in culture, Togari et al. (1993) showed that
addition of 100 uMol Zn?* to the medium also increased the specific
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Fig. 3. Histochemical staining of
alkaline phosphatase in ham-
ster tooth germs cultured for
eight days (A and B) or not cul-
tured (C), stained with the lead
method wusing sodium 8-
glycerophosphate as substrate. (A)
Alkaline phosphatase reaction
preduct is localized in the mem-
branes of most stellate reticulum
cells (SR), the outer epithelial layer
in contact with culture medium
(CM, A) and the stratum intermedium cells (Sl) adjacent the preameloblasts
(pA, B). Some reaction product is also seen in the membranes at the basal
portions of the preameloblasts in contact with the stratum intermedium
cells (B). (C) In vivo, an intense reaction product is present over the
membranes of the stratum intermedium cells (Si) and basal and lateral
membranes of adjacent preameloblast (pA). In contrast to the cultured
explants, the membranes of the stellate reticulum cells (Sl) exhibited a faint
staining at the level of the stratum intermedium (Sl) that decreased
towards the outer enamel epithelium. Abbreviations: N, nucleus. (Bars, A:
3um; Band C, 2 um).

activity of alkaline phosphatase, even if its activity is determined
using the non-physiological substrate p-NPP. Apparently Zn?* is
not only required to activate the PP,-ase activity as found in
experiments ondental tissue homogenates, but may also stimulate
the de novo synthesis of alkaline phosphatase protein, increasing
thereby its specific activity even if determined with p-NPP as
substrate.

Indeveloping tooth germs in vivo, maximum alkaline phosphatase
activity is always associated with the cells of the stratum intermedium
(Bonting and Nuki, 1963). In vitro however, a shift of this high
activity from the stratum intermedium cells to the stellate reticulum
cells and cells of the outer enamel epithelium in contact with the
culture medium has been observed (Fig. 3A-C; Lyaruu, 1983).
These findings suggest a role of alkaline phosphatase in the
transport and uptake of nutrients necessary for the enamel organ.
The fact that in vivo in ameloblasts the enzyme is only present in
the basal membranes facing the stratum intermedium cells and in

odontoblasts only in the lateral plasma membranes, all remote
from the mineralization front, makes it likely that the function of the
alkaline phosphatase in mineralization is indirect by regulating
transport of nutrients and/or of ionic transport. In this respect, the
inhibition of the mineralization of newly formed enamel and dentine
matrices by the specific alkaline phosphatase inhibitor I-pBTM in
vitro could be indirectly the consequence of the suppression of the
uptake of P (Lyaruu, 1983).

Furthermore Lyaruu et al. (1987b) showed that when 32PP, was
added to the culture medium instead of *P,, phosphorylation of
organic compounds was increased, especially in young non-
mineralizing molars. This effect was also completely inhibited by
the alkaline phosphatase inhibitor I-pBTM. Thus, the enzyme may
also be involved in phosphorylation of organic macromolecules
necessary for other activities related to cell differentiation, as
recently suggested for alkaline phosphatase transfected cell lines
(Hui et al., 1993) and for levamisole-treated osteoprogenitor cells
(Klein et al., 1993). Apart from the physiological substrate PP, this
phosphorylation also needs the cofactor Zn?*, because replace-
ment of the cofactor by Cd?* results not only in the aforementioned
inhibition of PP-ase activity (Woltgens et al., 1989a), but also in
tooth organ cultures in an inhibition of phosphorylation of macro-
molecules (Wéltgens et al., 1991).

Alkaline phosphatase from hamster tooth germs has been
partially purified by high pressure chromatography and
chromatofocusing or electrophoretically by Dogterom et al. (1984).
Its molecular weight ranges from 50.2kDain the hamster (Dogterom
etal., 1984) to 16 kDa in the rat (Tojyo et al., 1981;Tojyo, 1983). In
the hamster its isoelectric point is 3.7 and no differences could be
found between the alkaline phosphatase derived from the
mesenchymal and epithelial part of the developing tooth (Dogterom
et al., 1984). For bovine dental tissues Qida et al. (1985) purified
the enzyme up to 703 U/mg protein. The tooth-derived purified
enzyme showed the same properties as the kidney-type iso-
enzyme and contained carbohydrate moieties, which react with
concavalin A. They identified the enzyme as a dimeric glycoprotein
consisting of two identical subunits each having a molecular weight
of 80 kDa.

Collectively, from the in vitro data it can be derived that in
developing teeth alkaline phosphatase stimulates mineralization
indirectly by supplying phosphate or eliminating inhibitors of min-
eralization present in the extracellular tissue fluid such as PP, In
the presence of PP, the enzyme is also able to phosphorylate
macromolecules and is involved in cell differentiation.

Modulation of secretion and biomineralization by cal-
cium and phosphate regulation

The mineralization process in enamel differs greatly from dentin
and bone not only morphologically but also biochemically (Butler,
1992). Glick (1979) and Engel (1981) reported calcium and phos-
phorus gradients in forming enamel in rat and mouse, which was
confirmed by Stratmann et al. (1991) for mineralizing hamster
enamel. They also observed qualitatively similar gradients of
calcium and phosphorus in enamel deposited in organ culture. All
dataindicate thatthe concentration of both elements increase from
enamel surface toward dentin-enamel junction as well as from the
cervical loop toward the cusp tip.

With respect to the regulation of dentin and enamel mineraliza-
tion by calcium and phosphate ions, Ferguson and Hartles (1966)
reported histological and microradiographic changes in minerali-




Fig. 4. Effect of fluoride on early enamel miner-
alization in vitro. (A) Depicts an electron micro-
graph of early developing enamel from a hamster
tooth germ explanted during the early stages of
amelogenesis and then exposed to 10 ppm F for 24
h in organ culture and (B} shows a similar micro-
graph from a tooth germ also exposed to the same
fluoride regime in vitro but followed by a further one
day recovery culture period in a medium without the
drug. Fluoride treatment (A) resulted in hyper-
mineralization of the pre-exposure enamel (FE) de-
posited in vivo before the onset of culture and the
secretion of unmineralized enamel matrix (FM).
Enamel hypermineralization manifests itself as crys-
tals having a high intrinsic electron density through-
out the enamel layer — up to the dentin-enamel
Junction (dej) due to the high mineral content as a
consequence of the fluoride treatment (see Lyaruu,
et al. 1989a, for more details). The unmineralized
fluorotic enamel matrix secreted during the fluoride
exposure (A, FM) subsequently mineralized during
the recovery culture period (B, RE). The fluoride-
induced hypermineralization of the pre-exposure
enamel was not affected by culture in fluoride-free
medium (compare FE, Fig. A and FE, B). The recov-
ery enamel (RE) layer deposited on top of the
hypermineralized fluorotic enamel (RE) layer is com-
parable in structure and miuneral content to that
observed in control, untreated tooth germs (not
shown; see also Lyaruu et al., 1989a,b, for more
detailed data). (Bars, 1 um).

zation in incisors of rats maintained on diets deficient in calcium
(Ca), phosphate or phosphate and vitamin D. Only the Ca-deficient
diets significantly reduced tooth dry weight. Recently, Lozupone
and Favia (1994) demonstrated that administration of low calcium
diet to pups nursed by a mother also on a calcium-deficient diet,
inhibited tooth growth and led to a dramatic but reversible reduction
of mineralization of enamel without any effect on the amount of
organic matrix deposition. Pindborg (1982) related enamel distur-
bances, known as enamel hypoplasia with neonatal hypocalcemia.
Nikiforuk and Fraser (1979) studied patients with congenitally low
plasma levels of calcium or phosphate and noticed that enamel
formation was seriously affected when plasma calcium (but not
plasma phosphate) is low during enamel development. On the
other hand, when plasma phosphate is low, formation of dentin
(and bone) is mainly affected. They suggested that for normal
enamel formation, adequate plasma calcium levels are crucial. It
remains unknown however whether plasma calcium levels act on
enamel formation indirectly via the action of calcium homeostatic
hormones or directly.

Woltgens et al. (1987) presented in vitro evidence that
amelogenesis is indeed considerably more sensitive to changes in
calcium levels than in phosphate levels. In organ culture experi-
ments using hamster molars they observed that lowering of the
medium calcium concentration from 2.4 to 0.9 mMol prevented
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initial dentin mineralization and enamel matrix secretion but not
secretion of collagenous predentin matrix. This phenomenon indi-
cates that the secretion of enamel matrix is more sensitive to low
levels of calcium than secretion of collagenous predentin although
predentin failed to mineralize under low calcium conditions. An-
other possibility is that enamel matrix secretion and mineralization
is triggered by the presence of a mineralized mantle dentin layer
opposite the ameloblasts. Recently, these calcium-dependent
changes in phenotypic expression have been associated with the
presence of an extra vitamin D-dependent Ca-binding protein
(Berdal et al., 1993) and with a change in Ca2+*-ATPase (Takano et
al., 1986; Borke et al., 1993) in secretory ameloblasts or with the
protein kinase C (PKC)-related transduction system in young
ameloblasts and odontoblasts during early stages of mineraliza-
tion (Bawden et al., 1994). Inversely, inhibition of enamel matrix
secretion by microtubular inhibitors colchicine (Bronckers et al.,
1988) and vincristine (Lyaruu et al., 1995) in vitrois also accompa-
nied by a comparable decrease in calcium uptake.
Transepithelial transport of calcium ions toward the enamel
mineralization front was examined by localization of ionic calcium
in early stages of formation of dentin and enamel in tooth germ
cultures using the K-pyroantimonate cytochemical technique
(Lyaruu et al., 1987a). These studies suggested that both
odontoblasts and (pre)-ameloblasts are involved in the calcium
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TABLE 1

SURVEY OF THE LOWEST F- CONCENTRATION AFFECTING
VARIOUS STAGES OF ENAMEL DEVELOPMENT IN VITRO

STAGE OF F- TREATMENT

DEVELOPMENT SN = == .
short term parameter long term parameter

1-2 days 4-8 days

pre-ameloblasts 1.3 mMol histology 1.3 mMol histology

presecretory and 52 uMol histology 1-2 uMol biochemistry

early secretory

ameloblasts

secretory 52 pMol biochemistry 52 uMol biochemistry

ameloblasts mineralization mineralization

matrix breakdown

matrix breakdown

acquisition necessary for the initial stages of mantle dentin miner-
alization, similar to in vivo. Indeed, during the initial stages of
mantle dentin mineralization, there was also in the adjacent
ameloblast an intracellular calcium gradient increasing to the
mineralization front. At later stages of secretory amelogenesis,
ionic calcium was located in the inner aspects of the secretory
ameloblast membranes, decreased in the membranes of Tomes'
processes and was visualized extracellularly at the enamel crystal
growth points. These results supplement earlier in vivo and in vitro
dataindicating that the movement of ions including calciuminto the
developing enamel is controlled by the cells of the enamel organ
(Bawden and Wennberg, 1977; Bawden et al., 1982). The fact that
during all stages of dentin and enamel mineralization most of the
calcium in the (pre)-ameloblasts was accumulated in the apical
poles of the cells suggests that there is an active calcium gradient
in the direction of the mineralization front. This calcium gradient is
probably perpetuated by the activity of Ca*-ATPase presentin the
extracellular side of the lateral plasma membranes of the secretory
ameloblasts in vivo (Takano et al., 1986; Takano, 1992; Borke et
al., 1993). The localization of calcium along the lateral plasma
membrane of the secretory ameloblasts, as reported in these
investigations, supports the transcellular calcium transport mecha-
nism according to the model proposed by Reith (1983) and Reith
and Boyde (1985). In agreement with data obtained from the non-
cultured developing rat tooth germ (Deporter, 1977; Kogaya and
Furuhashi, 1986) intracellular enamel matrix does not seem to be
directly involved in calcium sequestration or its translocation to the
enamel mineralization front. This opinion is further substantiated
by autoradiographic studies using tritiated amino acids and *>Ca,
showing that matrix synthesis and secretion require more than 10
min, while calcium translocation from the circulatory system to the

enamel mineralization front takes less than 30 sec (Leblond and
Warshawsky, 1979). The Tomes' processes seem to regulate
transmembrane calcium transport to the mineralization front. In
areas where Tomes' processes did not develop, the enamel was
devoid of the characteristic rod/interrod enamel prism arrange-
ment and became completely aprismatic. Apparently the appear-
ance of Tomes' processes is related with the rod/interrod arrange-
ment of enamel prisms (Lyaruu ef al., 1987a).

Unlike calcium, phosphate uptake is regulated by alkaline
phosphatase and seems to have — as mentioned earlier — only an
indirect function in dental mineralization (Lyaruu, 1983). Contrary
to the findings of Ameloot et al. (1987) high levels of P (3.6 mMol
instead of 1.6 mMol) in the culture medium did not affect biochemi-
cal parameters such as *>Ca and **P-uptake in mineralizing tooth
organ cultures (Wéligens et al., 1987). Yet histologically, high
phosphate medium levels resulted in the formation of a more
regular but thinner enamel layer. High phosphate medium levels
however were not able to induce de nove matrix secretion and
mineralization in the enamel when medium calcium levels were low
(Woltgens et al., 1987).

Inshort, fromthe in vitrodata onthe role of calciumin developing
teeth obtained so far we may conclude that enamel formation and
secretory ameloblasts are more sensitive to calcium depletion than
odontoblasts in the process of dentinogenesis. Changing phos-
phate concentration in the organ culture medium per se will have
only minor effects on amelogenesis in our in vitro system.

Fluoride effects during early stages of amelogenesis

It is well established that optimal fluoride concentration (1 ppm)
in the drinking water will diminish dental caries drastically, but on
the other hand that higher concentrations can lead to adverse
effects on enamel formation resulting in mottled enamel (Ericsson,
1977). One reason for the sensitivity of forming enamel to F- could
be the affinity of fluoride for this tissue. Fluoride concentrations as
high as 250 ug F/g dry weight have been found in developing
enamel from various species obtained from non-fluoridated areas
by chemical analysis of dissected enamel particles (Speirs, 1978;
Weatherell et al, 1975; Deutsch and Gedalia, 1982). Also the
enamel organ soft tissue contains high fluoride concentration
(Bawden et al., 1992) along with a high calcium content. Remark-
ably, high fluoride content in forming enamel is mainly associated
with the secretory phase of amelogenesis, but not with the more
mineralized post- secretory stages. During the maturation stages
the fluoride content in the developing enamel begins to decrease
and reaches very low levels in the mature pre-eruptive enamel
(Weatherell ef al., 1975; Speirs, 1978).

TABLE 2

REGULATION OF ENAMEL MINERALIZATION BY Ca AND F

medium medium F (mMol) enamel fluid between
Ca (mMol) Tp* and mf** Ca (mMol)
24 - =102***
21 0.1 <102
4.2 : 2102
4.2 0.1 =102

transition from pre-
ameloblast to
secretory ameloblast

hypermineralization
of pre-exposure enamel
(HA formation)

new matrix mineralization
(OCP formation)

+ + -

- -
-+ ++ -
+ - +

* Tp, Tomes process; ** mf, mineralization front; *** Aoba and Moreno (1987).




Studies on the distribution of fluoride injected into hamsters in
early stages of secretory amelogenesis and measured by micro-
Proton-Induced Gamma-ray Emission (PIGE) technique reveal
that the highest levels of fluoride are incorporated in the area of the
mineralizing mantle dentin. The entire area of secretory stage (pre-
exposure) enamel also incorporates fluoride ions but at higher
levels in the more mature enamel near the dentin-enamel junction
than in the more superficial layers (Lyaruu et al., 1989a; Tros et al.,
1993). In vivo enamel matrix secreted during exposure to fluoride
fails to mineralize and forms a radiographic hypomineralized layer
(e.g. Kruger, 1968, 1970; Walton and Eisenmann 1974). One may
argue that this fluorotic matrix has different properties with regard
to crystal formation than does the normal matrix. However organ
culture studies of Bronckers and Wdltgens (1985) and recovery
experiments of Lyaruu et al. (1987c¢) suggested that the quality of
fluorotic enamel matrix formed during exposure was not different
from that of normal enamel matrix. Based on the observation that
this fluorotic matrix was able to mineralize after removal of fluoride
from the culture medium, Lyaruu ef al. (1989a, 1987c) suggested
that there was no avid binding of fluoride to the enamel matrix and
that this fluorotic matrix was still capable of forming enamel
crystals. These results are contrary to those of Hammarstrom
(1971), Weatherell et al. (1975), and DenBesten et al. (1992), but
in agreement with equilibrium experiments by Crenshaw et al.
(1978).

To interpret the fluoride effects on enamel formation in vivo, a
more accurate determination of actual plasma F- levels after F-
intake under various conditions is needed. Many factors, such as
F- dose, method of administration, time of exposure, composition
of the diet, bone metabolism, and acid-base status have been
reported to influence plasma F" levels and accordingly its effect on
dental mineralization (Bronckers, 1986). The fact that plasma
fluoride levels do not necessarily reflect the actual concentration of
F- at the site of action during amelogenesis also complicates
matters. To avoid these problems, effects of fluoride on tooth
development were directly studied on enamel formation in organ
culture conditions (Bronckers et al, 1984a,b; Bronckers and
Woltgens, 1985).

In Table 1 biochemical and histological effects obtained so far
in vitroby minimal F- concentration at early stages of amelogenesis
during short-term (1-2 days) and long-term (4-8 days) treatment
are summarized.

During long-term exposure to F- the secretion of extracellular
amelogenins was already inhibited at levels of 1-2 uMol F~ and
higher and uptake of calcium at 10 pMaol and higher. Both concen-
trations are in the same range as those found in plasma at which
fluorosis can be observed during chronic ingestion (Ekstrand,
1987; Wdltgens et al., 1989b).

On the other hand, short-term exposure of the secretory
ameloblast to F- enhanced enamel mineralization (uptake of *Ca
and 32P) at levels of 52 uMol (1 ppm) F. In addition, new matrix
formed in organ culture during F" treatment (designated as fluorotic
matrix) fails to mineralize but the pre-existing crystallites of previ-
ously formed enamel (called pre-exposure enamel) become
hypermineralized (Lyaruu et al., 1989a). In this respect, it is
interesting to mention that F~ entry into the enamel compartment is
not under cellular control of the overlaying secretory ameloblasts
(Bawden and Deaton, 1981) and that F- uptake is independent of
the presence of calcium in the extracellular environment (Bawden
and Crenshaw, 1984). Thus, F- can be assumed to have free
access toward the enamel mineralization front, resulting in an
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increased incorporation of ionic calcium from the enamel fluid into
the existing secretory stage enamel crystals, which leads to the
hypermineralization of pre-exposure enamel. Not all secretory
stage enamel is hypermineralized by F to the same degree. An
inverse relationship can be observed between early secretory,
secretory and late secretory stages regarding the amount of non-
mineralized fluorotic enamel matrix, and the degree of fluoride-
induced hypermineralization (Lyaruu et al., 1989a). To explain
these differences we speculate that variation in non-mineralized
enamel matrix thickness produced during fluoride treatment will
lead to variation in local fluoride concentration near the forming
enamel crystals and determines the degree of hypermineralization
there. Consequently, the F-induced hypermineralization is most
distinct at the initial and final stages of enamel deposition, when the
rate of enamel matrix secretion is low.

The ultrastructural and microprobe results obtained so far
(Lyaruu et al., 1987c, 1989a,b) indicate that fluoride induces
hypermineralization of preculture enamel by preferential enhance-
ment of crystal growth in thickness at the expense of growth in
length. An important recent paper by Miake et al. (1993) studied
compositional and structural changes in the enamel mineral during
secretory amelogenesis. Their results support the idea that initial
mineralization comprises two events: the initial precipitation of thin
ribbons (increase in crystal length) and the subsequent epitaxial
growth of apatite crystals on the octacalcium phosphate-like pre-
cursor (increase in crystal thickness). We hypothesize that both
these processes regulate the cleavage of the originally secreted
surrounding enamel matrix. Aoba and Moreno (1991) demon-
strated that the lower molecular weight amelogenins adsorb less to
hydroxy-apatite crystals and are less soluble in enamel fluid than
the high molecular weight amelogenins. The proportional increase
of lower molecular amelogenins over time in their model explains
the preference of enamel crystals for growing width-wise instead of
length-wise at older secretory stages as shown in cultured tooth
explants (Lyaruu et al., 1989a) as well as in isolated pieces of
developing enamel from pigs (Miake, ef al., 1993).

According to Brown et al. (1987), F stimulates transformation of
octacalcium phosphate to hydroxy-apatite. Thus, assuming that
octacalcium phosphate is the precursor mineral in enamel, F- may
favor crystal growth in width at the expense of crystal growth in
length concomitantly with an increased cleavage of the original
enamel matrix. This phenomenon is very pronounced near the
youngest secretory ameloblasts and may lower calcium concen-
tration in the enamel fluid between the cell and hypermineralizing
enamel front to such extent that secretion of enamel matrix is
impaired (cf. Woltgens et al., 1987). Under F~ exposure and in
cooperation with young odontoblasts newly differentiated
ameloblasts only continue to form mantle dentin—which in our view
consists of non-collagenous matrix proteins of both ameloblast and
odontoblast origin — that subsequently mineralizes. This mantle
dentin is covered by some rudimentary enamel that does not yet
increase in thickness because of lack of further enamel matrix
secretion (Lyaruu ef al., 1989a). In this way exposure of tooth
cultures to fluoride will create a distance between the forming
dentin front and enamel front (Bronckers et al., 1989). Due to direct
or indirect cytotoxic effect of fluoride (e.g. caused by lowering of
ionic calcium in the enamel fluid) secretory ameloblasts lose their
Tomes' processes. Loss of Tomes' processes or preventing their
formation at the initial stage also prevents formation of rod/interrod
structures of the forming enamel resulting in a layer of aprismatic
enamel.
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Young ameloblasts can recover from exposure to F: they
resume matrix secretion and mineralization of the in vitro formed
non-mineralized fluorotic enamel matrix when fluoride is removed
from the culture medium (Lyaruu et al., 1987c). This recovery
process is enhanced when extra calcium is added to the medium
(Table 2). Only the hypermineralized enamel remains irreversible.
Generally the orientation of the new enamel crystals within the
matrix depends on the degree of hypermineralization of the fluorotic
enamel (Lyaruu et al., 1987c; Bronckers et al., 1989). An example
of these fluoride effects is illustrated in a high power electron
micrograph of the cervical loop region of a developing hamster
tooth germ (Fig. 4). It shows highly hypermineralized aprismatic
enamel induced by the presence of fluoride in the culture medium
during the initial 24 h of culture (Fig. 4A). This layer is deposited in
vivo before the onset of fluoride treatment in vitro (pre-exposure
enamel, Lyaruu et al., 1989a). During exposure fluorotic enamel
matrix is formed that fails to mineralize but resumes mineralization
when fluoride is removed from the culture medium or medium
calciumis enhanced (Bronckers et al., 1989). The orientation of the
new enamel crystals is more or less parallel to the surface of the
underlying fluorotic enamel.

Taken together we hypothesize that F- acts directly on the
existing enamel crystals thereby promoting the conversion of
octacalcium phosphate into hydroxy-apatite and enhancing cal-
cium incorporation into the crystal lattice. This process consumes
calciumions fromthe enamelfluid and causes a local hypocalcemia
between the mineralization front and Tomes' process of the secre-
tory ameloblast. It is this hypocalcemia in the enamel fluid below
the actual level of 102 mMol (Aoba and Moreno, 1987; Bawden,
1989) that subsequently impairs mineralization of the fluorotic
matrix. A strong argumentin favor of this concept is our observation
thatif along with F* the medium calcium levels are enhanced, these
layers of fluorotic matrix do mineralize, suggesting that local
hypocalcemia is indeed responsible for the failure of fluorotic
matrix to mineralize (Bronckers et al., 1989).

Transitional ameloblasts also appear to be very sensitive to
short-term exposure to F- (levels 4-8 uMol and higher) but F- has
no direct histological effects on resorbing ameloblasts during
maturation in vitro (Wdéltgens and Lyaruu, 1988). In agreement with
the findings of Lange et al. (1986) and Simmelink and Lange (1989)
for rat enamel and more recently of Kierdorf et al. (1993) for deer,
Lyaruu ef al. (1989b) recorded that a high fluoride dose injected in
hamster always resulted in cyst formation under a layer of
hypermineralized pre-exposed enamel. These cysts were how-
ever produced not by all but by certain isolated transitional
ameloblasts, that became degenerative whilst other cells of the
same developmental stage remained unaffected. These cysts may
have been caused by the sudden increase in hydrostatic pressure
in the enamel fluid due to enhanced generation of water molecules
during the F-induced transformation of octacalcium phosphate
into hydroxy-apatite.

In conclusion, the use of an organ culture system has proved to
be a valuable technigue for acquiring and quantifying direct effects
of modulators of enamel mineralization in developing tooth explants.
Alkaline phosphatase has been implicated in dental mineralization
for many years, although functional studies have not been re-
ported. Experiments with I-pBTM (a specific inhibitor of alkaline
phosphatase) in organ culture suggest that alkaline phosphatase
stimulates dental mineralization indirectly through the modulation
of phosphate supply and/or by eliminating phosphate esters known
to inhibit mineralization. In stages before mineralization alkaline

phosphatase may also be involved in phosphorylation of organic
macromolecules. Organ culture experiments also reveal that for
dental mineralization, the level of calcium in the medium is more
crucial than that of phosphate, particularly for enamel formation.
When medium calcium levels are low (about 1 mM) pre-ameloblasts
fail to become secretory. in contrast to pre-odontoblasts and no de
novo mineralization will occur, not even in the secreted predentin.

F induces many adverse effects on enamel development, but
the mechanisms are poorly understood. Organ culture experi-
ments suggest that many of the fluoride effects on amelogenesis
can be explained by a state of hypocalcemia in the enamel fluid
presentbetween the ameloblast and the mineralization front caused
by F-stimulated hydroxy-apatite formation on the crystal lattices of
the pre-existing enamel crystals. Most fluoride-induced effects can
be reversed selectively by adding calcium but not phosphate to the
medium. Only the hypermineralization of enamel crystals induced
by fluoride treatment remains irreversible.
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