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DENTAL FLUOROSIS: CHEMISTRY AND BIOLOGY
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Boulevard, 8000 Aarhus C, Denmark; *corresponding author, pathology-ndu@tokyo.ndu.ac.jp

ABSTRACT: This review aims at discussing the pathogenesis of enamel fluorosis in relation to a putative linkage among
ameloblastic activities, secreted enamel matrix proteins and multiple proteases, growing enamel crystals, and fluid composition,
including calcium and fluoride ions. Fluoride is the most important caries-preventive agent in dentistry. In the last two decades,
increasing fluoride exposure in various forms and vehicles is most likely the explanation for an increase in the prevalence of
mild-to-moderate forms of dental fluorosis in many communities, not the least in those in which controlled water fluoridation
has been established. The effects of fluoride on enamel formation causing dental fluorosis in man are cumulative, rather than
requiring a specific threshold dose, depending on the total fluoride intake from all sources and the duration of fluoride expo-
sure. Enamel mineralization is highly sensitive to free fluoride ions, which uniquely promote the hydrolysis of acidic precursors
such as octacalcium phosphate and precipitation of fluoridated apatite crystals. Once fluoride is incorporated into enamel crys-
tals, the ion likely affects the subsequent mineralization process by reducing the solubility of the mineral and thereby modulat-
ing the ionic composition in the fluid surrounding the mineral. In the light of evidence obtained in human and animal studies,
it is now most likely that enamel hypomineralization in fluorotic teeth is due predominantly to the aberrant effects of excess fluo-
ride on the rates at which matrix proteins break down and/or the rates at which the by-products from this degradation are with-
drawn from the maturing enamel. Any interference with enamel matrix removal could yield retarding effects on the accompa-
nying crystal growth through the maturation stages, resulting in different magnitudes of enamel porosity at the time of tooth
eruption. Currently, there is no direct proof that fluoride at micromolar levels affects proliferation and differentiation of enamel
organ cells. Fluoride does not seem to affect the production and secretion of enamel matrix proteins and proteases within the
dose range causing dental fluorosis in man. Most likely, the fluoride uptake interferes, indirectly, with the protease activities by
decreasing free Ca?* concentration in the mineralizing milieu. The Ca?*-mediated regulation of protease activities is consistent
with the in situ observations that (a) enzymatic cleavages of the amelogenins take place only at slow rates through the secretory
phase with the limited calcium transport and that, (b) under normal amelogenesis, the amelogenin degradation appears to be
accelerated during the transitional and early maturation stages with the increased calcium transport. Since the predominant car-
iostatic effect of fluoride is not due to its uptake by the enamel during tooth development, it is possible to obtain extensive caries
reduction without a concomitant risk of dental fluorosis. Further efforts and research are needed to settle the currently uncertain
issues, e.g., the incidence, prevalence, and causes of dental or skeletal fluorosis in relation to all sources of fluoride and the appro-
priate dose levels and timing of fluoride exposure for prevention and control of dental fluorosis and caries.

Key words. Fluorosis, fluoride, enamel, matrix proteins, proteases, mineralization, caries prevention.

(1) Introduction

tal fluorosis as merely a cosmetic problem.
Much of what is perpetuated world-wide in caries-preven-

luoride plays a key role in the prevention and control of den-

tal caries. Ever since the excellent work of Dean and his col-
laborators (Dean 1934, 1942; Dean and Elvovo, 1935), in which
the association between fluoride in drinking water and the
occurrence of disturbances of tooth formation (mottling of
enamel or dental fluorosis), as well as a concomitant reduction in
caries experience, was demonstrated, dental fluorosis has been a
central issue in all programs seeking to harness the unique prop-
erty of fluorides to control and prevent caries. In the middle of
the previous century, the paradigm was that, to exert its maxi-
mum cariostatic effect, fluoride had to become incorporated into
dental enamel during development, and hence it was inevitable
to have a certain prevalence and severity of fluorosis in a popu-
lation to minimize the prevalence and severity of caries among
children. Dental fluorosis was then regarded as an unfortunate
side-effect of fluoride's caries-protective benefits, and attempts
to "play down" the possible toxic effect of fluoride on develop-
ing dental enamel often led the dental profession to present den-

tive programs today is derived from the beliefs and paradigms
concerning fluorides generated in the 1950s and '60s, but now
we are at a time in science where "evidence-based medicine" is
becoming a central issue for evaluating the scientific achieve-
ments during the last decades concerning our understanding of
how fluoride affects mineralizing and mineralized dental hard
tissues. The last 25 years have presented major breakthroughs
in basic research on how fluoride affects the mineralization of
teeth and how fluoride exerts its cariostatic effect (for reviews,
see Fejerskov et al., 1981; Ten Cate and Featherstone, 1996). It is
remarkable, however, that the dramatic decline in dental caries
which we have witnessed in many different parts of the world
(for reviews, see Glass, 1982; Fejerskov and Baelum, 1998) has
occurred without the dental profession being fully able to
explain the relative role of fluoride in this intriguing process. It
is a common belief that the wide distribution of fluoride from
toothpastes may be a major explanation (Bratthall ef al., 1996),
but serious attempts to assess the role of fluoridated toothpastes
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Figure 1. Schemdtic illustration of the events relevant to early enamel
mineralization. The ameloblasts regulate mass transport (e.g., ions and
organic matter) from blood circulation to the extracellular space and vice
versa. The mineralizing environment is comprised of the secrefed matrix
proteins and proteases, and varieties of ions and soluble moieties. Post-
secrefory processing of the matrix proteins yields soluble moieties prior
to removal from the forming enamel. Tissue organization is guided by
the molecular architecture o? the matrix proteins, while the driving force
for precipitation is determined by activities of common ions in the enam-
el fluid. The resulting crystal formation is characterized by the initial pre-
cipitation of acidic precursors, thin ribbons in morphology, and the con-
secutive epitaxial overgrowth of carbonato-apatite.

have been able to attribute, at best, about 40-50% of the caries
reduction to these fluoride products (Marthaler, 1990; Scheie,
1992). This is not surprising, if one takes into account the fact
that dental caries is not the result of fluoride deficiency. Because
of its unique electrochemical behavior, fluoride is the most
potent agent which influences de- and remineralizing processes
within a certain pH interval. It is possible to achieve a degree of
undersaturation with respect to biological carbonated apatites
which then dissolve, while the presence of fluoride at the very
interface between solid and liquid may result in a relative
degree of supersaturation with respect to fluoridated apatite
(Larsen, 1975). So the net outcome under these conditions
would be the dissolution of carbonated apatite with concomi-
tant precipitation of a fluoridated hydroxyapatite in the surface
zone, generating a classic subsurface type of lesion. This also
explains why fluoride is accumulated in the surface zone of
caries lesions in vivo (Hallsworth and Weatherell, 1969).

By 1981, it was therefore possible to propose a paradigm
shift concerning the cariostatic mechanisms of fluorides

(Fejerskov et al., 1981), in which it was argued that the pre-
dominant, if not the entire, explanation for how fluoride con-
trols caries lesion development lies in its topical effect on de-
and remineralization processes taking place at the interface
between the tooth surface and the oral fluids. This concept has
gained wide acceptance (Ten Cate and Duijsters, 1983; Ten Cate
and Featherstone, 1991).

During the same period, it also became evident that the way
dental fluorosis had been perceived was not in accordance with
the histopathological changes in fluorosed human teeth. First, it
became apparent that dental fluorosis was the result of a grad-
ual increase in hypomineralization of teeth (Fejerskov et al.,
1974), and, based on ultrastructural studies of human dental
fluorosis, it was remarkable how similar the subsurface
hypomineralization was in certain stages in normal human
enamel maturation (Fejerskov et al., 1975, 1977). Moreover, the
pits occurring in more severe cases of human dental fluorosis
had hitherto been considered as hypoplasias resulting from a
direct effect of fluoride on secreting ameloblasts, but studies
clearly indicated that the pits were post-eruptive and reflected
damage to the severely porous and hypomineralized outer
enamel (Thylstrup and Fejerskov, 1979). The half-a-century-long
debate about difficulties in recording early stages of dental fluo-
rosis in man were resolved in an excellent review by Myers
(1983), and, based on a histological understanding of the features
of dental fluorosis, Thylstrup and Fejerskov (1979) suggested a
valid and sensitive clinical diagnostic system which expanded
on the excellent work of Dean. Finally, in re-assessments of what
was known in the literature concerning the relationship between
fluoride dose and the development of dental fluorosis, it was
possible to estimate more precisely the actual dose of fluoride
needed to cause increasing severity of fluorosis in a population
(Fejerskov et al., 1994). These estimates, which were later shown
very precisely, were able to predict the risk of developing dental
fluorosis from different fluoride tablet regimes used in the US
and Scandinavia at the time (Fejerskov et al., 1996).

During the last 10-15 years, there has been a revolution in
our understanding of the biological processes leading to tooth
development and the mineralization of the dental hard tissues.
Much of this development is not widely known and appreciat-
ed within the dental profession, and the aim of this review is to
provide an up-to-date re-assessment of the available literature
on the effect of fluoride on the biomineralization processes in
the dental hard tissues. We will demonstrate in the review that
a better understanding of the effects of fluoride on these
processes in dental enamel can be gained through very basic
studies on the molecular events occurring during enamel for-
mation. At the end of this review, we will therefore try to sug-
gest future avenues for important research projects which ulti-
mately would lead to data necessary for the further develop-
ment of efficient and cost-effective public health measures
which can control dental caries. Despite the decline in caries
incidence in child populations in recent years, it should be
noted that dental caries is still the predominant cause of tooth
loss in any population world-wide.

(2) Structural Matrix Proteins
and Proteases as Essential Constituents
of Developing Enamel
Enamel formation is a complex process involving cellular prolif-
eration and differentiation through the sequential epithelial-mes-
enchymal interactions, secretion of the tissue-specific matrix pro-
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teins, transport of the ions including calcium
and fluoride, and precipitation and alignment
of enamel crystals through the multiple interac-  _ ___ - __ -
tions between organic and inorganic molecules

(Fig. 1). These processes progress over long =

periods in the fluid microenvironment segre-
gated from the circulating blood (Aoba and =
Moreno, 1987; Moreno and Aoba, 1987). In the
last decade, great advances have been made
regarding the identification and cloning of a
family of structural matrix proteins and enamel
resident proteases. The matrix proteins identi-
fied so far are amelogenins, ameloblastin (also
called amelin/sheathlin), tuftelin, sulphated
high-molecular-weight proteins, and enamelin
(for reviews, see: Simmer and Fincham, 1995;
Fincham et al., 1999). Amelogenins are the major
ameloblast-specific gene products, comprising
more than 90% of the proteins secreted by the
ameloblasts. The importance of amelogenin
proteins in enamel integrity has been verified in
several families with different mutations in the
X-chromosomal amelogenin gene (for review,
see Wright, 1997). The current literature sug-
gests that extracellular enamel proteins are
degraded by a variety of proteases present
within the enamel at specific times in development (for reviews,
see: Zeichner-David et al., 1995; Bartlett and Simmer, 1999). The
enamel resident proteases and their activities are generally iden-
tified in the soluble fraction isolated from the forming enamel
(Shimizu and Fukae, 1983), so the enzyme-substrate reaction
most likely takes place at solid (aggregated or crystal-associated
proteins)-fluid interfaces or in the fluid containing soluble protein
molecules (Fig. 2). In recent years, two groups of enamel proteas-
es have been cloned: a matrix metalloproteinase named enam-
elysin, or MMP-20 (Bartlett et al., 1996, 1998), and a serine pro-
teinase named enamel matrix serine proteinase-1, or EMSP1
(Simmer ef al., 1998). Immunohistochemical studies have demon-
strated that enamelysin is secreted by the secretory ameloblasts
developing Tomes' process and that the physical location of
enamelysin within the secretory enamel overlaps with the loca-
tion of the secreted amelogenins and other matrix proteins (Fukae
et al., 1998). In studies combining recombinant porcine amelo-
genin with recombinant porcine enamelysin (Ryu et al., 1999), it
was proven that the recombinant enzyme produces a pattern of
amelogenin cleavages virtually identical to those observed in vivo.
This enzyme exhibits its optimal activity at neutral pH (around
7.2) and high calcium ion concentration (Fukae et al., 1998). In
contrast to enamelysin, the EMSP1 message level and enzymatic
activity are low or absent during the early stages of enamel devel-
opment and are up-regulated during the later stages (Hu et al.,
2000). These results suggest that EMSP1 plays a role in the degra-
dation of enamel matrix proteins during the transition to matura-
tion stages of amelogenesis. In addition, more exo- and endopep-
tidases and proteinase inhibitors are believed to participate in
enamel maturation (Smid et al.,, 1990, Toyosawa et al., 1996),
although their roles and functional significance remain to be elu-
cidated. Currently, there is no unequivocal evidence that enamel
proteases and their activities are critical to enamel formation or
development of enamel fluorosis, because no proteinase genes
have been linked to inherited diseases of enamel formation such
as amelogenesis imperfecta. The construction of knockout or
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Figure 2. Schematic illustration of ion transport through the enamel organ layer and asso-
ciated extracellular events taking place in the forming enamel. lons transported through the
cell layer are incorporated into the lattice positions. The precipitation rate is determined by
ersaturation, fluid volume, crystal surface areas, protein coating, and the
itors (e.g., carbonate and Mg?*) and promoter, i.e., fluoride. As a result,
the Ca?* concentration in the fluid ([Ca],) surrounding tﬁ

principle by the balance between the rates of Ca?* supply (R,) and consumption for crys-
tal precipitation (R¢). Proteolytic processing of the cxme|p

bly in a form of nanosphere aggregates, may depend on the [Ca], levels.

e forming crystals is determined in

ogenins and other proteins, possi-

transgenic models is certainly a useful approach to delineate the
roles of proteases in tooth morphogenesis, but no targeted knock-
outs of proteinase genes are yet known to result in enamel mal-
formations resembling fluorotic enamel.

(3) Post-secretory Enzymatic Processing
of Enamel Matrix Proteins

The most distinctive feature of mammalian amelogenesis, in
contrast to dentinogenesis and osteogenesis, is that the secreted
matrix proteins are degraded in situ and removed almost com-
pletely from the tissue during the secretory through maturation
stages. The enzymatic degradation of the amelogenins
(Shimizu and Fukae, 1983), as well as other classes of enamel
matrix proteins (Smith, 1998), occurs shortly after their secre-
tion, so the full-length proteins are concentrated only in the
narrow region of the secretory enamel adjacent to the
ameloblasts. The resulting heterogenous population of prote-
olytic cleavage products remains relatively stable during the
formation of full-thickness enamel (Aoba et al., 1987b; Brookes
et al., 1995). After cessation of the secretion of the matrix pro-
teins, their cleavage products are further degraded. This allows
the enamel layer to attain its high degree of mineralization
prior to tooth eruption. These temporally regulated processing
of enamel proteins appears to be carried out by the separate
classes of proteases, e.g., enamelysin and EMSP1, with some
overlap of function.

The post-secretory processings of amelogenins have been
the most often investigated, so the scheme of the protein-pro-
tease interaction is becoming clear. The full-length amelogenins
in mammals are known to have the conserved primary struc-
tures, particularly the hydrophobic and hydrophilic segments
at the N- and C-termini, respectively (Aoba et al., 1992ab;
Brookes et al., 1994). The hydrophilic segment at the C-terminus
has been shown to be exposed to the external liquid phase (Lau
et al., 1987; Aoba et al., 1990a), and it was consistently shown
that the initial cleavage of the amelogenin molecule by proteas-
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es occurs in this hydrophilic module (Aoba et al., 1991,
1992a,b). The degraded amelogenin products lacking the C-ter-
minal hydrophilic segment are still sparingly soluble, being
stable in the secretory extracellular space (Aoba et al., 1987b).
One of the crucial steps for the removal of amelogenins is the
cleavage of the N-terminal hydrophobic segment, which caus-
es the dramatic change in solubilities of the amelogenin prod-
ucts. Indeed, the amelogenin fragments of lower molecular
masses, lacking both N- and C-terminal segments, were found
to accumulate in the enamel fluid separated from pig secretory
enamel (Aoba et al., 1987¢c). Thus, the accessibility of proteases
to the N-terminal cleavage sites is likely a rate-limiting step in
the processing and removal of amelogenins.

In connection with the presumed sequential degradation
steps of the amelogenins, enamelysin and serine proteases of
76- and 78-kDa molecular weights (Tanabe et al., 1992), both of
which were concentrated in the outer (youngest) secretory
enamel adjacent to the ameloblasts, can specifically cleave the
C-terminal segment of the secreted porcine amelogenins as
expected, and, more interestingly, these enzymes are not found
in the inner (older) secretory enamel, in which EMSP1 (possi-
bly other proteases of 30- to 35-kDa molecular weights) that
can cleave the N-terminal segment of the amelogenins exists in
place of the high-molecular-weight proteases.

Collectively, an intriguing hypothesis remains to be tested:
ie., that the secreted enamel proteases themselves are
processed during amelogenesis, and that their post-secretory
degradation, as well as that of the amelogenins and other
matrix proteins, might be delayed in fluorotic enamel.

(4) Fluoride Uptake into Developing Enamel:
Fluoride Pools in Stable
and Labile Forms

Tooth mineral (both enamel and dentin) provides a permanent
record of fluoride exposure during the forming stages, because
fluoride can be stabilized in the tissue after its incorporation into
the lattice sites of apatite crystals (Elliott, 1994). Studies on human
fluorotic enamel (Richards et al., 1989) further suggest that the
fluoride content of erupted fluorotic enamel represents fluoride
acquired during tooth formation, and that once tooth formation
is completed, further uptake of fluoride prior to eruption may be
negligible. The ingested fluoride is absorbed from the gastro-
intestinal tract and then transported via the circulating blood in
undissociated or dissociated forms of HF or F. The maximum
fluoride content of the enamel tissue, on a weight basis, is
attained in the early forming stages (Weatherell et al., 1975).
Studies using enamel organ culture (Bawden et al., 1982, 1987;
Bawden and Crenshaw, 1984) further demonstrated that fluoride
uptake is independent of calcium uptake and is not under direct
control by the ameloblasts. Free fluoride concentrations in enam-
el fluid isolated from pig secretory enamel (Aoba and Moreno,
1987) are in the range of 10° mol/L. This analytical result sup-
ports the concept that the fluoride levels in developing enamel
are directly related to plasma fluoride levels (Speirs, 1986). To
date, there has been no solid evidence for the binding of fluoride
with proteins, at least in the extracellular space (Lussi et al., 1988).

Most of the fluoride transported in ionic forms can be
readily incorporated into growing enamel crystals, if the pre-
cipitation reaction is not down-regulated by inhibitors, such as
abundant protein moieties existing during the enamel secre-
tion. However, analytical data of the forming enamel in pigs
and rats (Aoba et al., 1989a, 1990b) showed that a substantial

fraction of the fluoride ions remain in a labile form, which are
free in the fluid or associated with organic matter. This labile
pool of fluoride corresponds to 25-30% of the total fluoride in
the secretory enamel, while the corresponding pool becomes
marginal (less than a few % of the total fluoride) in the mature
enamel, where most of the matrix proteins have been removed,
so that the mineral surface most likely becomes available for
reactions with fluoride ions. Under high fluoride exposure,
such as in rats after the administration of 100 ppm fluoride in
the drinking water for 4 wks (Aoba et al., 1990b), it was further
confirmed that the total fluoride content of rat enamel increas-
es, and that only a marginal fraction of the total fluoride, even
in the secretory enamel, is present in the labile form. This facil-
itated incorporation of excess fluoride in the stable form is
explained by the fluoride-induced acceleration of precipitation
kinetics as described below, which may compete well with the
inhibitory function of matrix proteins. Currently, the under-
standing of the kinetics of fluoride uptake into developing
enamel has improved substantially, but there is still a lack of
knowledge about free fluoride concentrations at the mineraliz-
ing sites under various fluoride regimens.

(5) Are the Roles of Fluoride Ions
in Developmental Enamel Mineralization
Obligatory or Voluntary?

Fluoride is well-known to have unique properties among the
varieties of regulators involved in the proliferation and growth
of calcium phosphate salts in vivo (Aoba, 1997). This ion sub-
stitutes for a column hydroxyl in the apatite structure (fluori-
dation of the lattice), giving rise to a reduction of crystal vol-
ume (Elliott, 1994) and a concomitant increase in the structural
and chemical stability (or decreasing the thermodynamic solu-
bility) of the resulting apatite crystals (Moreno et al., 1974). An
important conclusion drawn from crystal growth studies of
apatites in vitro is that the precipitation kinetics is determined
primarily by the degree of supersaturation in solution with
respect to the forming crystals (Margolis and Moreno, 1990;
Johnsson and Nancollas, 1992). For each calcium phosphate
phase, the degree of saturation (DS) can be expressed as the
ratio of the ionic activity product (IP) of the ionic lattice con-
stituents (reflecting a given stoichiometry) in solution to the
solubility product (Ksp) of the solid, i.e., DS = IP/Ksp. Thus,
the well-documented effect of fluoride as an accelerator of
apatite precipitation is explained by the lowering effect of Ksp
values, depending on the incorporation of fluoride into the pre-
cipitating apatite crystals (Varughese and Moreno, 1981).
Under the physiological condition as found in the enamel
fluid, hydroxyapatite (or carbonated hydroxyapatite) as a pro-
totype for biomineral is thermodynamically more stable than
acidic calcium phosphate salts, such as octacalcium phosphate
(OCP), while the precipitation of acidic precursors is kinetical-
ly more favorable than apatite precipitation. Accordingly,
Brown et al. (1987) proposed the theory that apatitic biominer-
al in enamel (also in hard tissues of mesenchymal origin) is
formed through a precursor mechanism in which OCP precip-
itates first and then hydrolyzes irreversibly in situ to a transi-
tion product, "OCP hydrolyzate". The unique morphology (i.e.,
long plates) of formed enamel crystallites provides compelling
evidence for the participation of OCP in enamel mineraliza-
tion. The rapid, dramatic changes in chemical composition tak-
ing place in the vicinity of secretory ameloblasts also support
OCP as an initially formed mineral during amelogenesis (Aoba
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et al., 1998). Collectively, the enamel biosystem achieves the for-
mation of elongated enamel crystals in a well-aligned manner
by executing consecutively the two-dimensional growth of an
OCP-like precursor and the subsequent epitaxial growth of
apatite units on the template (lijima et al., 1992a; Miake et al.,
1993), concomitant with hydrolysis of the templates themselves
(lijima et al., 1992b). This entire enamel mineralization is char-
acterized by gradual growth of thin ribbons, especially their
thickening, rather than by proliferation in the number of crys-
tals (see Fig. 1). In this process of enamel crystal formation,
fluoride at low concentrations, as determined in the enamel
fluid, appears to play a pivotal role in accelerating OCP-apatite
conversion and producing ultimately elongated “plate-like”
apatite crystals. In previous experiments conducted in media
resembling the enamel fluid (in terms of supersaturation level,
pH, ionic strength, and temperature), it was verified that,
whereas OCP thin ribbons remain stable for considerable peri-
ods in the absence of fluoride, the precipitated OCP ribbons are
readily hydrolyzed through solid-state transformation (i.e.,
generating the apatitic lattice structure without alterations in
their original morphologies) at levels of 0.05 through 0.4 ppm
fluoride (Mura-Galelli et al., 1992). In this circumstance, the
involvement of fluoride at low concentrations seems to be
obligatory in enamel mineralization. It is of paramount interest
to know whether normal enamel crystal formation is achiev-
able in the complete absence of fluoride in the mineralizing
milieu. But the ubiquitous inclusion of fluoride in foods, soil,
and other natural products (Whitford, 1991) would make it
very difficult for such experiments to be designed and execut-
ed with the use of any conventional animal model.

Another known action of fluoride is to induce the nucle-
ation and growth of apatite crystals, devoid of the participation
of acidic precursors, at neutral conditions and physiological
temperature; this situation was evident at fluoride levels of 0.5
ppm or higher in the media resembling the enamel fluid (Mura-
Galelli et al., 1992). Such concentrations are hardly achieved in
tissue fluids in wvivo. However, ultrastructural studies
(Yanagisawa et al., 1989) have demonstrated apparently de novo
proliferation of apatite nuclei in the outermost surface regions
of very severe cases of human fluorotic enamel, showing that
the increasing fluoride uptake may locally enhance the driving
force sufficiently to ensure precipitation of fluoridated apatite
crystals.

(6) Epidemiology and Pathognomonic Features
of Human Enamel Fluorosis

Fluoride has been assigned as the single factor most common-
ly responsible for causing enamel mottling (Pindborg, 1982).
However, either intrinsic and/or extrinsic factors may also
cause enamel mottling, although such factors have not been
identified in man. In rats, chronic acidosis and hypoxia, inde-
pendent of the level of fluoride exposure, cause enamel opaci-
ties that are histologically similar to enamel fluorosis (Angmar-
Maénsson and Whitford, 1990; Whitford, 1997). Thus, the differ-
ential diagnosis of enamel fluorosis from non-fluorotic enamel
defects is critical for accurate assessment of the prevalence of
dental fluorosis and its epidemiology (Russell, 1963; Fejerskov
et al., 1988, 1996; Cutress and Suckling, 1990; Pendrys, 1999).
The clinical appearance of milder forms of enamel fluorosis is
characterized by narrow white lines following the perikymata,
cuspal snowcapping, and a snowflaking appearance that lacks
a clear border with unaffected enamel (Dean, 1934; Fejerskov et

al., 1977, 1988). The corresponding enamel lesion is featured
histopathologically as a subsurface hypomineralized lesion
covered by a well-mineralized outer enamel surface (Fejerskov
et al., 1974; Thylstrup and Fejerskov, 1978). Electron microscopy
further confirmed that the structural arrangement of the crys-
tals appears normal, but that fluoride affects the forming enam-
el by causing porosity, e.g., widening gaps between the enamel
rods and enlarging intercrystalline spaces in parts of the rod
(Fejerskov et al., 1975, 1994). With increasing severity, the sub-
surface enamel all along the tooth becomes increasingly
porous, the lesion extends toward the inner enamel, and the
fluoride content increases. After eruption, the opaque areas
may become stained yellow to dark brown, and the more
severe forms are subject to extensive mechanical breakdown of
the surface (Baelum et al., 1986; Fejerskov et al., 1991; Richards
et al., 1992). It is now widely accepted that pitting and larger
surface destructions of enamel are post-eruptive features, not
true hypoplasia of the teeth, while attrition and abrasion of the
hypomineralized enamel or maybe limited mineral uptake may
diminish the intensity of the milder forms of fluorosis
(Fejerskov et al., 1977, 1990, 1996; Horowitz et al., 1984; Cutress
and Suckling, 1990).

In relation to the pathogenesis of fluorotic enamel, Eastoe
and Fejerskov (1984) first reported that fluorosed human enam-
el with a Thylstrup-Fejerskov (TF) score of 4-6, while having a
total protein content similar to that of normal enamel in quan-
tity, had a relatively high proportion of immature matrix pro-
teins. In contrast, a recent report (Wright et al., 1996) of a study
of 9 "moderately fluorosed" human teeth (developed in 3.2-
ppm-F drinking water area), demonstrated that the protein
content of fluorosed enamel was greater than that of normal
enamel (mean fluorosed, 0.27%; mean control, 0.11%), whereas
the amino acid profiles were similar for fluorosed and normal
enamel, and there was no evidence of retention of immature
matrix proteins in the sample. The apparent discrepancy
between the two reports may be explained by the samples'
being stored and handled differently. Moreover, Eastoe and
Fejerskov (1984) removed the surface layers to avoid the possi-
bility that the post-eruptive adsorption of exogenous proteins,
e.g., from saliva, into the hypomineralized areas could influ-
ence the analyses. The fluorosed apatite crystals have stronger
adsorption affinities for salivary proteins or other moieties
(Moreno et al., 1978). Post-eruptive challenges could modify the
composition of residual proteins in the porous enamel tissue by
"smearing out" the amino acid profiles of endogenous residual
matrix components, as well as the appearance and clinical fea-
tures of the hypomineralized fluorotic enamel, as described
above. Currently, quantitative information about proteins left
in normal and fluorotic enamel is still limited.

Concerning the risks of fluoride ingestion during enamel
formation, it was established that a linear relationship exists
between fluoride dose and enamel fluorosis in human popula-
tions (Fejerskov et al., 1994). This indicates that no threshold
value exists below which the effect of fluoride on dental enam-
el will not be manifest. The severity of the enamel lesion
depends on the total fluoride intake, regardless of fluoride
source, e.g., ingestion from drinking water or supplements.
Thus, for every increase of the dose of 0.01 mg F/kg b.w., an
increase in the dental fluorosis community index (Fci) of 0.2, as
defined by Dean, can be predicted (Fejerskov et al., 1996). In
recent years, attention has been given to the individual variation
in fluorosis for the same water fluoride intake between and
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within populations (Rozier, 1999). Therefore, it is an important
task to identify putative factors which, alone or in combination,
can make individuals more or less susceptible to the aberrant
effect of fluoride. Contributory factors may include composi-
tion of diet, bioavailability of fluoride, environmental fluoride,
climate, and individual physiological and metabolic factors.
Fluoride metabolism has been extensively studied in man
(Ekstrand, 1996) and in rodents (Whitford, 1989). Following
fluoride ingestion, fluoride is rapidly absorbed into the blood
plasma, predominantly in the stomach. The amount and com-
position of stomach content will therefore significantly influ-
ence the degree of fluoride absorption. A variety of variables
will influence distribution and elimination of fluoride in the
body, including renal function, urinary pH, the fluoride pool in
bone, and the rate of bone turnover. These variables can be
expected to have a significant influence on fluoride susceptibil-
ity within individuals. However, in free-living populations, it is
remarkable how little variation in dental fluorosis prevalence
and severity exists if these populations have been living under
a long-term stable fluoride ingestion level (Manji et al., 1986a,b).
This is particularly evident in populations in developing coun-
tries where the predominant source of fluoride comes from
drinking water, whereas in contemporary populations, in, for
example, North America and Europe, the extensive use of a
variety of topical fluorides, as well as often-unknown contami-
nation of food items with fluoride, will substantially influence
the relative amounts of fluoride ingested by individuals.
Therefore, it is to be expected that a substantial variation
between and among individuals in terms of severity of fluoro-
sis may be observed in such populations at present. Although
Cutress and Suckling (1990) have claimed that some uncertain-
ty in clinical diagnosis may make it difficult to establish a cause-
and-effect relationship, it seems evident, from these authors'
studies as well as from all other studies in which appropriate
indices for measuring dental fluorosis have been applied, that,
so far, fluoride is the only agent known to cause a gradual
increase in enamel porosity with increased dose ingested over a
prolonged period of time during tooth development.

(7) Experimental Dental Fluorosis
in Animal Models

Our current understanding of the biological mechanisms
involved in fluoride-induced lesions of enamel and dentin is
based mostly on the results obtained in animal experiments. It has
long been argued, however, that the oral doses administered daily
to the animals are much higher than the doses encountered in
man, or that fluoride-induced changes in the teeth of animals may
not be relevant to the human situation, because high fluoride
doses, in animals, produce true hypoplastic lesions in addition to
hypomineralization, entirely different from human dental fluoro-
sis (Creath et al., 1989; Smith et al., 1993). In carefully designed
experiments involving pigs (Richards et al., 1986) and sheep
(Suckling et al., 1988), however, it was proven that the characteris-
tic subsurface hypomineralization in enamel without hypoplasia,
as seen in human enamel fluorosis, can be produced after chronic
ingestion of fluoride. Furthermore, the previous experiments with
rats (Angmar-Méansson and Whitford, 1982, 1984) and pigs
(Richards et al., 1985) showed that the plasma fluoride concentra-
tions associated with fluorotic dental lesions in the animals are of
the same order of magnitude as those which may occur in man.
For many years, it was believed that the secretory
ameloblast was particularly sensitive to fluoride. This assump-

tion was derived from the claim that the fluorotic pits were true
hypoplasias, and results in rodents exposed to high fluoride
doses seemed to support this assumption (Schour and Smith,
1934; Kruger, 1967; Walton and Eisenmann, 1974). A great con-
ceptual inversion occurred after the observation that enamel
fluorosis can be produced by the giving of fluoride to pigs after
matrix secretion has ceased (Richards et al., 1986). This led to a
new concept that any alterations in protein synthesis during
secretion are not absolutely necessary for the development of
fluorosis. Similar approaches targeting wild roe deer and red
deer (Kierdorf et al., 1996) also proved that the maturation
stage rather than the secretory stage is affected. The important
conclusions derived from the previous animal studies are that:
(i) systemic effects of fluoride, e.g., disorders in calcium homeo-
stasis, are not necessarily involved in enamel fluorosis
(Angmar-Mansson and Whitford, 1984; Andersen et al., 1986);
and (ii) the increase in severity of dental fluorosis directly
reflects an increase in fluoride concentration in the enamel
(Richards et al., 1985; Speirs, 1986, Angmar-Mansson and
Whitford, 1990).

(8) Critical Timing and Steps at which Fluoride
Affects the Tooth Organ to Result
in Enamel Fluorosis

Knowledge about the ages at which fluoride most affects the
unerupted and erupted enamel is of extreme importance for
the minimization of risks for the development of fluorosis and
the promotion of more judicious use of fluoride in caries pre-
vention (Banting, 1999). Many epidemiologic studies of human
dental fluorosis (Ishii and Suckling, 1986; Pendrys and Katz,
1989; Evans and Stamm, 1991a,b; Jackson et al., 1999) consis-
tently demonstrated that the permanent anterior teeth, which
are of the most important aesthetic concern, are at greatest risk
for fluorosis during a two-year period extending through the
second and third years of post-natal life. A recent study (Burt et
al., 2000) provided further evidence that, while an 11-month
cessation of water fluoridation had little effect on caries, dental
fluorosis is sensitive to even small changes in fluoride exposure
from drinking water, and this sensitivity is greater at 1 to 3
years of age than at 4 or 5 years. This is in good agreement with
the findings obtained from animal studies showing that the
post-secretory stages of enamel formation are most critical for
the pathogenesis of fluorotic alterations in the mature enamel.
It should be emphasized, however, that the severity of fluoro-
sis apparently increases with prolonged exposure to low doses
of fluoride prior to, as well as during, the maturation phase
(Larsen et al., 1986; Suckling et al., 1988; Richards, 1990). This
"cumulative action of fluoride" is explained, in part, by the fact
that protein degradation already starts in the secretory stage;
this early degradation appears to be a common event for most
of the matrix proteins identified so far in forming enamel
(Aoba et al., 1987b; Brookes et al., 1995; Smith, 1998). In this
sense, it is reasonable to consider that the entire period of
amelogenesis may be vulnerable to the fluoride effect, so the
risk of fluorosis is best related to the total cumulative fluoride
exposure to the developing dentition, rather than to "the most
critical" specific periods (Larsen et al., 1985; Bardsen, 1999;
DenBesten, 1999). It is less apparent whether an effect of fluo-
ride on the stage of enamel matrix secretion, alone, is able to
produce changes in enamel similar to those described as dental
fluorosis in man (Fejerskov et al., 1994).
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(9) How Does Exposure to Excess Fluoride
Provide Aberrant Effects on Enamel Formation?

As mentioned above, it is established that the hypomineralized
alterations of fluorotic enamel are not due to general effects of
fluoride on calcium metabolism, or to poisoning effects that
depress whole-body metabolism, but are primarily due to in situ
effects of the ingested fluoride in the local environment. The
observations that the fluorosed enamel retains a relatively high
proportion of immature matrix proteins, characterized by high
proline contents (DenBesten and Crenshaw, 1984; Eastoe and
Fejerskov, 1984), support the notion of an incomplete removal of
amelogenin proteins under excessive fluoride ingestion during
development. Whitford (1997) recently stated that "although sev-
eral other fluoride-induced effects might be involved in the aeti-
ology of fluorosis, it now appears that inhibition of enzymatic
degradation of amelogenins, which may delay their removal
from the developing enamel and impair crystal growth, may be
of critical importance”. In the past, several explanations or
hypotheses have been proposed for the fluoride-induced reten-
tion of amelogenin-derived fragments (as well as the degraded
products of other matrix proteins) in the matured enamel. The
postulated fluoride effects are categorized into two groups (Table
1): (i) on intracellular events, including gene expression, synthe-
sis, trafficking and secretion of proteins, resorption and degrada-
tion of the once-secreted products; and (ii) on extracellular events
constituting multivarious interactions between and among
matrix proteins, proteases, crystals, and other fluid constituents,
particularly fluoride and calcium ions. On the basis of the cur-
rently available data, each of the fluoride effects and possible
mechanisms is overviewed concisely in the following para-

graphs.

(9.1) DOSE-DEPENDENT FLUORIDE EFFECTS
ON INTRACELLULAR EVENTS

(9.1.1) Might low chronic fluoride exposure cause aberrant
effects on cellular proliferation/differentiation and signal
transduction pathways?

Fluoride at millimolar levels in aqueous media has been known
to affect multiple enzyme activities in the cytoplasm of diverse
cell types, e.g., inhibiting lactate dehydrogenase or activating
adenylate cyclase (Hodge and Smith, 1965). However, the rele-
vance of these findings to the effects of low chronic doses of
fluoride is questionable, since it is unlikely that adequate cellu-
lar levels of fluoride necessary to alter the enzyme activities
would be attainable in vivo (Kaminsky et al., 1990). At present,
there is little solid information about the dose-dependent effects
of fluoride on the proliferation and differentiation of enamel
organ epithelial cells or the fluoride-triggered signal transduc-
tion pathway in tooth-forming cells. This is due, in part, to a lack
of culture models suitable for the investigation of ameloblastic
cell lines. In the research field of bone cell biology, fluoride is
regarded as an effective anabolic agent in promoting an increase
in bone formation, stimulating bone cell proliferation and activ-
ities in vitro and in vivo (Farley et al., 1983; Kleerekoper and
Mendlovic, 1993). The molecular mechanisms of the osteogenic
action of fluoride have been reported to involve the mitogen-
activated protein kinase (MAPK) mitogenic signal transduction
pathway. Of interest, the reported mitogenic activity of fluoride
is biphasic, mitogenic to bone cells at micromolar doses but
inhibiting bone cell proliferation at millimolar levels.

TABLE 1

Postulated Mechanisms by Which Excess
Fluoride Uptake May Cause the Dela

of Degradation cmdyor Removal of
Proteins in Forming Enamel

atrix

Influence on intracellular events:
* Cell proliferation/differentiation/metabolic activities
* Genetic and/or epigenetic regulation of the composition and
properties of matrix proteins
e Cytoplasmic transport and secretion of matrix proteins and
proteases
® Cyclic RA/SA modulation and the resorption activities by
ameloblasts
Influence on extracellular events:
* Conformation and aggregation of matrix proteins
¢ Binding of fluoride ion with matrix proteins or proteases
® Protein-crystal inferactions
* Processing or lifetime of proteases in situ
e Alterations of Ca?*-sensitive proteolytic activities

Furthermore, two possible models have been proposed as to
how fluoride affects the signaling pathway: One model implies
the inhibition of a unique fluoride-sensitive phosphotyrosine
phosphatase in osteoblasts, resulting in a sustained increase in
the tyrosine phosphorylation level of the key signaling proteins
of the MAPK mitogenic signal transduction pathway (Lau and
Baylink, 1998); the other model postulates that fluoride acts in
coordination with aluminum to form fluoro-aluminate, AlF,’,
which activates a pertussis-toxin-sensitive G-protein on bone
cell membrane, leading to activation of cytoplasmic protein
tyrosine kineses (e.g., Src, Pyk2, and Fak), which in turn stimu-
lates the tyrosine phosphorylation of signaling proteins
involved in the MAPK pathway (Caverzasio et al., 1998; Susa,
1999). The former mechanism may be specific for bone cells,
while the latter may operate universally for various cell types.
In fact, a recent report involving rat secretory ameloblasts
(Matsuo et al., 1998) showed that pertussis-toxin-sensitive G-
proteins bound to the rER and Golgi membranes were
decreased by NaF treatment, suggesting that fluoro-aluminate
may block the protein trafficking from the rER to Golgi appara-
tus and between the Golgi compartments. In accord with this
finding, it was demonstrated that the ingestion of excess fluo-
ride causes alterations in the ultrastructure of rat secretory
ameloblasts, e.g., disorganization of Golgi stack and accumula-
tion of transport vesicles, indicative of a disturbance in the intra-
cellular trafficking of the cells. As a cautionary note, these
results were usually obtained by the administration of high con-
centrations of fluoride (chronic ingestion of water including 100
ppm F or a single injection of 2% NaF solution) in the animals.
Thus, the current consensus is that the ultrastructure and func-
tions of ameloblastic epithelial cells appear to be affected by the
administration of higher fluoride concentrations, such as in mil-
limolar ranges, but it is not certain whether low fluoride levels,
relevant to the physiological levels of fluoride found in human
serum, really do cause aberrant effects.

(9.1.2) May the expression and secretion of matrix proteins
and proteases be altered under the fluoride regime?
Similar to the above discussion regarding the effects of fluoride

on the signal transduction pathway in the ameloblastic epithelial
cells, there is currently little evidence indicating that fluoride at 1
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ppm or lower levels in the extracellular fluid acts directly as a
modulator of gene expression responsible for the production of
enamel matrix proteins and/or enamel resident proteases.
Biochemical analyses of the secreted profiles of enamel matrix
proteins in fluoride-ingested rats showed no marked changes in
the electrophoretic profiles, protein quantities, or amino acid
composition of secretory matrix proteins (DenBesten, 1986;
DenBesten and Heffernan, 1989a; Aoba et al., 1990b). The fluo-
ride-induced alterations in the quantity of secreted enamel pro-
teases (or their activities assessed on zymography or by various
enzyme assays) are also controversial. DenBesten and Heffernan
(1989b) previously reported the reduced activity of low-molecu-
lar-weight proteases (28 and 33 kDa) in fluorotic rat enamel at
the maturation stage, although there is no obvious difference in
the activity of other proteases having greater molecular weights
between rat fluorosed and control enamel samples. In contrast, a
recent report (Gerlach et al., 2000) showed that the addition of
NaF even at final concentrations of 5 mM and 10 mM did not
result in inhibition of the enzymatic activity of the crude matrix
extract or the activity of individual enamel enzymes.

(9.1.3) High doses of fluoride affect cyclic modulation
of ameloblast morphologies and functions responsible
for the removal of degraded enamel proteins

Based on studies of human fluorosed enamel (Fejerskov et al.,
1974, 1975) and rat enamel (Shinoda, 1975), it was suggested
that dental fluorosis could in fact be a result of an impairment
of the maturation processes taking place during enamel forma-
tion. Fejerskov et al. (1977) demonstrated that the extent and dis-
tribution of porous areas in fluorosed human enamel demon-
strate a strong similarity to those seen at certain stages of enam-
el maturation during normal human enamel formation. At that
time, the authors suggested that this could be a result of a direct
effect of fluoride on the complicated cellular processes respon-
sible for the removal of water and protein and the concomitant
increasing mineral uptake during maturation. The prominent
feature of amelogenesis during the maturation stage is the
cyclic modulation of ameloblast morphologies between ruffle-
ended (RA) and smooth-ended (SA) types (Josephsen and
Fejerskov, 1977). This morphologic modulation certainly accom-
panies functional alternations, giving rise to changes in the
extracellular environment adjacent to the cells. For instance, the
previous study with pH indicators (Sasaki et al., 1991) revealed
that the SA-covered zones along the maturation-stage enamel
display a pH approximating 7.2, while the RA-covered zones
have a pH of about 6.2. Since the solubility of amelogenins or
the optimal activities of proteases are known to be pH-depen-
dent (Shimizu and Fukae, 1983; Bartlett and Simmer, 1999), it is
likely that the pH cyclings may be directly related to the control
of the kinetics of protein removal from the maturing enamel
(Smith et al., 1996). On the basis of these unique cyclic patterns,
Bawden et al. (1995) proposed the concept of zone refinement
and further suggested that possible alterations in the role of
zone refinement in the enamel maturation zone may serve as
the biologic mechanisms responsible for fluorosis. According to
their definition, cyclic changes in the physical-chemical envi-
ronment would favor the repeated partial dissolution and
reprecipitation of enamel crystals, resulting in a reduction of
impurities from the maturing enamel mineral. Apparently, each
cycling yields only marginal alterations in magnitude, so
numerous cyclings continuously taking place over a long peri-
od are required to accomplish enamel maturation.

Information regarding ameloblast modulation has been
obtained mainly with the use of rat incisor enamel, because the
continuously erupting tooth model is suitable for an analysis of
a full spectrum of cell differentiation and cyclic patterns in a sin-
gle tooth surface (Josephsen and Fejerskov, 1977; Smith et al.,
1987, 1996). In studies involving this tooth model, it was docu-
mented that the frequencies of modulation between ruffle-
ended/smooth-ended ameloblasts (RA/SA) decrease in a dose-
dependent manner with increasing levels of chronic fluoride
exposure (DenBesten et al., 1985), and that this perturbation is
reversible. The RA/SA zones return to the normal pattern after
the discontinuation of fluoride ingestion (DenBesten and
Crenshaw, 1984). More detailed morphometric analysis of fluo-
rotic enamel of rat incisors (Smith et al., 1993) proved that: (a)
ameloblasts associated with maturing enamel remain ruffle-
ended for as much as 30% longer than normal per cycle, indi-
cating that fewer total modulation cycles are completed per unit
time by these ameloblasts; and (b) enamel proteins are lost from
the maturing enamel layer at a rate that is about 40% slower
than normal. At present, however, little is known about the cor-
responding properties of RA-SA modulation in larger animal
models and man, so it is not possible to predict the relationship
between the number of cell cyclings and the resulting "cumula-
tive" effects on enamel maturation. Moreover, there is no solid
answer as to how and why ruffle-ended ameloblasts become
smooth-ended periodically (Smith, 1998). It is an intriguing
hypothesis that ameloblasts can monitor the progress or delay
of the extracellular breakdown and/or loss of enamel proteins
and respond to extracellular messages by altering intervals of
RA/SA transition. In connection with the fluoride-induced
delay of ameloblast modulation cycles, fluoride ions by them-
selves could act to modify the signaling pathway, or messages
responsible for the ameloblast modulation might be delivered
by other extracellular molecules, such as matrix-derived prod-
ucts or labile Ca ions. The quantities of labile Ca ions appear to
be particularly tightly coupled with changes in fluoride concen-
tration in the extracellular space, as discussed below.

(9.2) FLUORIDE-INDUCED MODULATION

OF THE KINETICS OF ENZYMATIC DEGRADATION

OF THE MATRIX PROTEINS IN THE EXTRACELLULAR

ENVIRONMENT
If the production and secretion of amelogenins and other pro-
teins may not be affected substantially by low chronic exposure
to fluoride, it is conceivable that fluoride ingestion, or pools of
the ion transported through the ameloblastic epithelial cells,
may affect protease activation or the kinetics of hydrolytic reac-
tions taking place within the extracellular enamel matrix. To
date, there is no solid evidence for a direct binding of fluoride
ions with either proteases or substrate enamel proteins that
would down-regulate protease activities. Alternatively, fluoride
action may lead to delays in the rates of protein degradation
and removal by two possible mechanisms as discussed below.

(9.2.1) Enhancement of amelogenin adsorption onto
fluoridated enamel crystals, which in turn impedes
protein-protease accessibility

Amelogenins are known to possess unique solubility properties
in solution that give rise to rapid transitions in a reversible man-
ner between monomeric and oligomeric states, depending on
the conditions (e.g., temperatures, pHs, and ionic strength)
(Nikiforuk and Simmons, 1965; Shimizu and Fukae, 1983).
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Technological advances such as atomic force microscopy now
allow us to visualize the "nanosphere" supramolecular struc-
tures in situ, which the full-length amelogenins and/or their
partially degraded products construct in aqueous media
(Fincham et al., 1994, 1995). As discussed earlier, the drastic
changes in amelogenin solubility in the physiological media
occur after cleavage of the N-terminal hydrophobic segment,
but the corresponding cleavage sites are likely buried inside the
molecular aggregates and gain protection from the access of
proteases existing in the fluid phase. In such a situation, the sol-
ubility of substrate proteins, or equilibrium between protein
molecules in monomeric and aggregated forms, is considered as
a rate-limiting step in determination of the kinetics of the enzy-
matic degradation of amelogenins. Additional protection of the
putative cleavage sites against proteases may occur by possible
changes in molecular conformation of substrate proteins upon
protein-crystal associations (Aoba et al., 1989b). In fact, the
majority of the secreted enamel proteins, including the intact
amelogenins, have adsorption affinity for apatite crystals (Aoba
et al., 1987a), and, experimentally, the proteins residing on
apatite crystals were proven to be more resistant to enzymatic
cleavages, as compared with the hydrolytic rates of protein
degradation in the absence of crystals (Aoba, 1994; Moradian-
Oldak et al., 1998; Yamazaki et al., 2000). Importantly, increasing
fluoride uptake by enamel tissue promotes fluoridation of
enamel crystals (i.e., fluoride incorporation into the stable pool),
which in turn may enhance the protein-crystal association,
resulting in retarding effects on the subsequent crystal growth
and removal of protein molecules residing on crystal surfaces.
In support of the roles provided by the stable pool of fluoride in
situ, previous work (Tanabe et al., 1988) showed that the adsorp-
tion of enamel proteins onto apatitic surfaces increases substan-
tially as a function of the degree of fluoride substitution in the
crystalline lattice; the appreciable increasing effects were
obtained above X = 0.1 in terms of Ca;(PO,),(OH), , F,. Based on
the fluoride profiles of human fluorotic enamel (Richards et al.,
1989), the fluoride content in the surface-subsurface regions of
severe fluorotic enamel appears to be X > 0.1. Notably, crystal
growth studies conducted in media simulating enamel fluid
(Mura-Galelli et al., 1992) also demonstrated that fluoridation of
apatite crystals increases steeply, up to 0.25 or higher in terms of
the stoichiometric parameter X, in concentration ranges of fluo-
ride lower than 1 ppm.

(9.2.2) Fluoride-dependent modulation of Ca
concentrations in the mineralizing milieu, which
in turn affects Ca-dependent protease activities
responsible for the degradation of enamel proteins

The first clue that Ca-dependent proteases are involved in
amelogenesis was provided by the finding that the metal chela-
tor EDTA significantly inhibited the proteolytic activity of
extracted enamel proteins (Moe and Birkedal-Hansen, 1979).
Previous studies involving an in vitro assay (Crenshaw and
Bawden, 1984) further proved that enamel protease activities
on synthetic substrates are sensitive to Ca*" concentrations at
millimolar levels; a half-maximum rate of hydrolysis was
attained at 0.09 mM Ca?* ions. The reported effective Ca?* lev-
els are consistent with its free concentration range found in the
enamel fluid (Aoba and Moreno, 1987). If the activation cas-
cade, ie., serine amelogeninase, is activated by metallopro-
teinases (MMPs), which need Ca?* for their own activation
(Overall and Limeback, 1988), and operates in situ, it is possible

TABLE 2

Total Contents and Surface Pools of Calcium and
Magnesium in Pig and Human Enamel

Sample Total Content (% wt)  Surface Pools®
Ca Mg Qic, Qiy
Pig forming enamelP
secretory stage 253 0.28 4.7(4.8) 39.3(0.79)
early-maturing stage  31.4  0.33 2.2(2.9) 52.3(1.21)
lote-maturing stage  36.7 0.18 0.7 (6.9) 6.7 (0.52)
Human mature enamel® 376  0.22 0.2(3.4) 4.4(0.60)

@ The data are expressed in terms of % fraction of the total ion in enamel.

The values in parentheses are expressed in terms of pmol/m?2.

Pig enamel samples were obtained from embedded permanent incisors

of six-month-old animals.

¢ Human enamel was obtained from erupted molars which were extracted
for orthodontic reasons.

that the overloaded fluoride interferes, indirectly, with their
protease activities by decreasing free Ca?* concentration in the
mineralizing milieu. The evidence supporting fluoride-induced
fluctuations of Ca concentration in the mineralizing milieu was
obtained in animal experiments with rat incisors. These exper-
iments showed that high acute doses of fluoride produce cal-
cio-traumatic responses in the form of, first, hypermineraliza-
tion and, subsequently, hypomineralization in the affected
enamel and dentin (Eisenmann and Yaeger, 1969; Larsen et al.,
1977; Suga et al., 1987). These coupled responses are explained
by the sequential events whereby fluoride uptake induces a
momentary rapid growth (i.e., hypermineralization reaction),
but an accelerated consumption of the common ions for hyper-
mineralization brings about a decrease in the supersaturation
level in local extracellular fluids, thereby leading to temporary
inhibition or kinetic retardation of subsequent mineralization
until the fluid composition (or the supersaturation level) is
retrieved by the cell-dependent transport of ions into the extra-
cellular fluid (Fejerskov et al., 1996). The results of autoradi-
ographic analysis with ©Ca lead to the following important
conclusions: (i) Ca ions can be transported rapidly (within a
few minutes) from blood capillaries, through the enamel organ
epithelia, to the extracellular space (Reith et al., 1984); and, (ii)
the quantities of the transported Ca ion are limited by the secre-
tory ameloblasts, while more Ca ions are transported through
the maturation ameloblasts (Takano et al., 1982; Eisenmann et
al., 1984; Kawamoto and Shimizu, 1997). As to the mechanism
by which the secretory ameloblasts can restrict Ca transport
into the extracellular enamel, it was demonstrated that rat
secretory ameloblasts are among the richest cells with respect
to the quantities of Ca-binding proteins. These proteins likely
play roles in the tight regulation of cytoplasmic concentration
and vectorial transport of Ca ions (Hubbard, 1996). The analyt-
ical results of the enamel fluid isolated from pig secretory
enamel also substantiated the view that the Ca supply is a rate-
limiting step in early enamel mineralization, because the free
concentration of calcium in the fluid is lower by one order of
magnitude than that found in circulating blood (Aoba and
Moreno, 1987), and, as a result, the fluid composition is main-
tained close to the saturation level of enamel crystals (Aoba and
Moreno, 1992).
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Figure 3. Schematic illustration of experimental set-up utilizing a dif-
fusion chamber, which was developed to assimilate the in situ situa-
tion as depicted in Fig. 2. The reaction chamber was divided into two
(exterior and interior) compartments (each 1.5 mL in volume) by an
ultrafiltration membrane (Spectra/por 3, M.W. cut-off 3500).
Hydroxyapatite seed crystals, with or without protein coating, were
pr;ced in the interior (lower) compartment, which was separated from
the exterior compartment by an ultrafiltration membrane. The con-
centrations of the total PO, (3 mM) and NaCl (160 mM) as a back-
ground electrolyte were the same between the exterior and intferior
solutions. The pH value of both solutions was adjusted at 7.3 + 0.2.
Fluoride was added to the solution to yield concentrations of 0.05 to
1.0 ppm, as well as O ppm by no adJi,tion of NaF. The supersaturat-
ed solution contained T mM CaCl, and was delivered at constant
rates in the exterior compartment. No calcium was added initially to
the experimental solution placed in the interior compartment. In this
set-up, Ca2* ions were allowed to diffuse through the membrane into
the interior compartment according to the concentration gradient.

In addition to cellular regulation as mentioned above, the
regulatory mechanism of Ca?* concentrations within the extra-
cellular mineralizing sites also appears to depend on multiple
kinetic and thermodynamic factors involved in enamel miner-
alization, such as the rate of Ca supply through the cell layers,
the rate of Ca consumption for crystal growth, and the solubili-
ty of the precipitated solid (Fig. 2). Utilizing a simple crystal
growth model as illustrated in Fig. 3, we tested the hypothesis
that certain steady-state Ca levels are achieved when Ca supply
through the cells (or an artificial dialysis membrane in vitro) is
the rate-limiting step in the mineralizing system, and that fluo-
ride yields substantial effects on the corresponding Ca level in
its concentration-dependent manner (Aoba et al., 1995). Key
considerations in the experimental design are: (a) the use of a
supersaturated solution as predicted in the in situ fluid phase;
(b) the inclusion of hydroxyapatite seeds with or without pre-
coating by enamel proteins; and (c) the placement of a dialysis
membrane to limit Ca flux from the external circulation into the
reaction chamber. In practice, changes in the solution composi-
tion in the interior chamber, where seed crystals are placed,
were monitored analytically as a function of time when the
supersaturated solution was fed through the external chamber,
which was separated by the membrane. The results obtained
showed that: (i) in the absence of seed crystals, the Ca concen-
trations in either compartment became equal within reasonable
equilibration time; but (ii) in the presence of seed crystals, the
time course of concentration changes was almost similar, while

the plateau levels of Ca concentration in the mineralizing solu-
tion stayed lower, in comparison with the level attained in the
absence of seed crystals (Fig. 4). Furthermore, fluoride caused
decreasing effects on the plateau levels of Ca concentration,
depending on the fluoride concentrations added (Fig. 5). The
resulting plateau level corresponds to the steady-state condi-
tion, which was determined by the difference between the rates
of Ca supply and its consumption for precipitation. Since the
rate of Ca supply (depending on the Ca concentration gradient
between the exterior and interior chambers and the membrane
properties) was initially maintained constant in all systems in
vitro, it is pertinent to conclude that the steady-state levels of Ca
concentration were determined primarily by the rate of Ca con-
sumption for precipitation. Notably, the addition of fluoride at
low concentrations induced reducing effects on the Ca level in
the mineralizing milieu. Obviously, the observed reduction in
the plateau level of Ca ion (10* molar range) cannot be
explained by the formation of ion pairs between Ca?* and F-.
The most reasonable interpretation for the fluoride-dependent
decrease in the steady-state Ca levels is that the rates of Ca con-
sumption for precipitation are highly sensitive to the increase in
fluoride concentration in the range of 1 ppm or lower, and that
the precipitation of fluoridated apatite crystals, which have
lower solubilities (Moreno et al., 1974), allows the Ca?* concen-
tration in the medium in contact with the precipitated crystals
to be retained at lower levels. These experimental results also
support the concept that the Ca level in local mineralizing sites
can be modulated without the disturbance in Ca concentration
in the exterior circulation system, as has been proven for fluo-
rotic enamel formation in animals and man. Also, it explains the
elegant in vitro studies of the effect of fluoride on mineralization
of tooth germs (Bronckers ef al., 1984).

(10) Assessment of the Exchangeable Calcium
Pool Located on the Forming Crystal Surface

From the above consideration, it is evident that one of the key
factors in both normal and fluorotic enamel formation is the
quantities of free or labile Ca ions in the extracellular space. The
previous studies with the use of a Ca-chelator, GBHA (glyoxal
bis 2-hydroxyanil), demonstrated the appearance of periodic
bands on the surface of maturation-stage enamel, indicative of
cyclic variations in the amount of Ca ions in labile or loosely
bound forms in the developing enamel (Smith et al., 1987;
Takano et al., 1988). The reason why certain fractions of the
transported Ca ions can stay in labile or loosely bound forms
within the extracellular space is ascribed to the blocking effects
of the growth sites by abundant matrix proteins which retard
the incorporation of Ca?* (and other ionic constituents) into the
lattice positions. To date, however, analytical approaches
(McKee et al., 1989) failed to provide quantitative information
about the corresponding calcium pool or compositional
changes associated with the cyclic zones during maturation
enamel. Also, the use of radioisotope gives the uptake pattern
of #Ca but does not allow us to differentiate the labile Ca pool
from total Ca uptake, due to precipitation or isotopic exchange
onto the existing crystals. For assessment of the Ca pool located
on crystal surfaces (surface pool, Q,), an alternative approach
is the use of the competitive adsorption model between Ca®*
and Mg?* in solution for the same adsorption sites (Aoba et al.,
1992a). For instance, our studies on the adsorption of Ca?* and
Mg?* onto forming pig enamel and mature human enamel
showed that the values of Q,, which is expressed as a % frac-
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tion of the total Ca, vary significantly with the
nature of the enamel mineral, from a 4.7% max-
imum for the secretory enamel to 0.24% for the
late-mature enamel (Aoba et al., 1999). The
apparent decrease in Q., as a function of
enamel development cannot be simply
explained by the growth of crystals, or by a
reduction in the specific surface area. Indeed, a
comparison on the basis of the densities of cal-
cium per unit surface area (rmol/m?) shows
stage-specific fluctuations, e.g., the highest Q,
at the late-maturation stage. Regarding the
state of Mg ions, the values of Q,,, were found
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removal of matrix proteins during the transi- Fi?ure 4. Changes in Ca concentration ([Ca], ) in the solution surrounding the seed crys-
tional stage (Kirkham et al., 1988), while the Ca  fals as a function of time after delivery of the supersaturated solution. Following the Ca

transport, at accelerated rates, continues
throughout the maturation stage. In the litera-
ture, much attention has been paid to a simul-
taneous increase in the levels of both magne-
sium and fluoride in the fluorotic enamel
(Robinson et al., 1995), despite the fact that the Mg ion is a strong
inhibitor of apatite precipitation, in contrast to fluoride, which is
a strong promoter. One may presume that this is due to the for-
mation of magnesium phosphate/fluoride complexes
(Robinson, 1997), but a more plausible explanation is that, if
excess fluoride causes a reduction in the steady-state Ca con-
centration in the mineralizing milieu, adsorption of Mg ions for
the competitive adsorption sites becomes more favorable,
resulting in the increase of Mg content.

(11) Maximizing Benefits and Avoiding Risks
in the Use of Fluoride for Public Health

Ever since the discovery of fluoride's potential as a caries-pre-
ventive measure, it has been an ultimate goal in public health
dentistry to use fluoride to obtain a maximum caries-preventive
effect while at the same time minimizing the risk for the devel-
opment of dental fluorosis. Water fluoridation is by far the most
cost-effective public health measure in caries prevention. It is
particularly important to appreciate that, in populations world-
wide, access to fluoride-containing toothpaste may be an eco-
nomic burden of substantial magnitude. As long as it was
believed that fluoride exerted its anti-cariogenic effect predomi-
nantly by becoming incorporated into the developing crystals of
the dental hard tissues, it was obvious that fluoride had to be
ingested during tooth formation, because it was believed that the
incorporation of fluoride into the forming enamel would signifi-
cantly reduce enamel solubility during an acid attack. Based on
this paradigm, public health dentists argued that fluoride should
be ingested during tooth formation. Therefore, early signs of
dental fluorosis, which soon became considered as an undesir-
able side-effect of the beneficial use of fluoride in water, was
regarded as merely a cosmetic problem. With today's knowledge
about the mechanisms of fluoride action (Larsen, 1975; Fejerskov
et al., 1981; Ten Cate and Featherstone, 1996), it is important to
appreciate that, as fluoride exerts its predominant effect on the
cyclic de- and remineralization processes which take place at the
tooth/oral fluid interface, it is possible for maximum caries pro-
tection to be obtained without the ingestion of fluorides to any

transport along the concentration gradient between the exterior and interior compart-
ments ([Ca],, >[Ca], ), a plateau o?

The plateau levels, [(f‘(]]s, are markedly lowered by the presence of seed crystals and the
addition of fluoride.

the [Cal,, was attained after 12 hrs of equilibration.

significant extent. Thereby, prevalence and severity of dental
fluorosis as a result of caries-preventive programs can certainly
be kept at very low levels in all populations today (Clarkson et
al., 1996). Dental caries is still a major problem worldwide
(Fejerskov and Baelum, 1998), although caries prevalence and
severity have dramatically decreased in child populations
throughout the world, as already discussed in many reviews
(Glass, 1982; von der Fehr and Schwarz, 1994). However, it
should be noted that dental caries is not a disease of childhood
only, but is a lifelong disease process, and as such, caries inci-
dence remains fairly stable in any population with increasing age
(Luan et al., 2000). Moreover, in recent years, it has become
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Figure 5. Plots of the steady-state Ca concentration ([Cal,), which was
determined analytically oﬁ,er 30 hrs of equilibration in systems with
various fluoride concentrations ([F]_ ). The [Ca], decreased almost lin-
early when [F]_ was increased in Both systems with and without pro-
tein coatings of the seed crystals. In botg systems, increasing the flu-
oride concentration resulted in the refention of [Cal], at lower levels.
The data with deviation bars were obtained from triplicate experi-
ments, while the data without the bars were obtained from duplicate
experiments. Note that enamel proteins substantially modified the
[Cal,, by reducing the Ca consumption for precipitation.
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apparent that dental caries is still the predominant cause of tooth
loss in all populations, and in a modern concept on dental caries
(Fejerskov, 1997), it can be fully understood why fluoride, there-
fore, has to be made available in slightly elevated concentrations
in the oral fluids lifelong, to exert its maximum effect on caries
lesion development. Fluoride does not, in a true sense, prevent
dental caries but rather controls the rate of lesion progression.
This has been convincingly demonstrated in studies where the
caries-preventive effect of school-based programs with fluoride
mouthrinsing or toothbrushing has been studied long after ces-
sation of the programs (Haugejorden et al., 1990). These obser-
vations are very important, since they highlight the necessity for
substantial improvement in our understanding and knowledge
about how caries control can be optimized by means of fluo-
rides. There is thus a strong need for sophisticated studies on the
association between water fluoride levels and caries experience
in large populations of contemporary children. Moreover,
detailed studies of the effect of fluoride on carious dissolution in
vivo under controlled conditions are needed. For example,
recently published studies on the effects of fluoridated tooth-
paste and plaque removal on the development of root-surface
caries have showed effects on mineral distribution within
exposed root surfaces which cannot be immediately understood
(Nyvad et al., 1997). Fluoride is still the only agent which has a
strong effect on dental caries, and therefore, research efforts
should be maximized for a better understanding of how fluoride
affects biomineralization processes, both in the oral environment
and specially in mineralizing tissues during development.

(12) Concluding Remarks

Enamel fluorosis is caused by the long-term ingestion of fluoride
during tooth development. Even low fluoride intake (about 0.03
ug/kg bw) will result in a certain, although low, level of fluorosis
in a population. The dose-response relationship is clearly linear,
and there is no critical threshold for fluoride intake below which
the effect on dental enamel will not be manifest. It is now estab-
lished that the pathogenic effects of fluoride are not likely due to
effects on cellular metabolism and/or systemic metabolism, but
rather are due to local effects on the mineralizing environment. In
both epidemiological studies of human dentition and experimen-
tal studies with animal models, fluoride has been shown to affect
predominantly the maturation stage of enamel formation, but
analysis of the experimental data also indicates that the severity of
enamel fluorosis is related to the dose and the duration of expo-
sure to fluoride. So continuous intake of excess fluoride during
and after the secretory stage increases the risks. There is currently
no direct proof that fluoride at micromolar levels affects the pro-
liferation and differentiation of enamel organ cells. Importantly,
the effects of fluoride on the extracellular events during enamel
formation, as well as the cariostatic functions of fluoride, are most-
ly interpretable on the basis of physico-chemical principles, i.e.,
increasing the driving force for precipitation of calcium apatites in
a free ionic form in fluid phase, stabilizing apatite crystals when
the ion is incorporated, and enhancing adsorption affinity of pro-
teins (e.g., enamel matrix proteins or salivary proteins) on the
resulting fluoridated enamel crystals. It is likely that fluoride
exerts its pathogenic role through alteration of Ca?* activities and
thereby activities of Ca-dependent proteases in the fluid sur-
rounding protein-crystal conglomerates in extracellular space,
resulting in a delay or arrest of protein degradation and removal
from maturing enamel. Certainly, more molecules, currently
remaining unidentified, participate in normal enamel formation

and in the pathogenesis of enamel fluorosis. Fluoride also affects
dentin mineralization throughout life. A recent report (Milan et al.,
2001) showed that fluoride in the concentration range of 10 to 10-
8 M affects casein kinase II and alkaline phosphatase in relation to
the decreased phosphorylation observed in dentin phosphopro-
tein from fluorotic dentin, but much still remains to be elucidated
about fluoride's effects on dentin and cementum mineralization.
Therefore, an increased understanding of how fluoride affects
dental tissues and the biology and chemistry of odontogenesis
and cariogenesis is greatly needed before improved guidelines for
more cost-effective disease control can be formulated.

Acknowledgments

This work was supported in part by Grants-in-Aid for Scientific Research
(#07457434, #10470385, #13307052) from the Ministry of Education,
Science and Culture of Japan. We greatly thank all colleagues for their con-
tributions to the work cited in this review. The authors also thank Dr. Kaori
Sato for her valuable help in preparing the manuscript.

REFERENCES

Andersen L, Richards A, Care AD, Kerzel-Andersen HM,
Kragstrup J, Fejerskov O (1986). Parathyroid glands, calcium,
and vitamin D in experimental fluorosis in pigs. Calcif Tissue Int
38:222-226.

Angmar-Mansson B, Whitford GM (1982). Plasma fluoride levels
and enamel fluorosis in the rat. Caries Res 16:334-339.

Angmar-Mansson B, Whitford GM (1984). Enamel fluorosis related
to plasma F levels in the rat. Caries Res 18:25-32.

Aoba T (1994). Strategies for improving the assessment of dental
fluorosis: focus on chemical and biochemical aspects. Adv Dent
Res 8:66-74.

Aoba T (1996). Recent observations on enamel crystal formation
during mammalian amelogenesis. Anat Rec 245:208-218.

Aoba T (1997). The effect of fluoride on apatite structure and
growth. Crit Rev Oral Biol Med 8:136-153.

Aoba T, Moreno EC (1987). The enamel fluid in the early secretory
stage of porcine amelogenesis. Chemical composition and satu-
ration with respect to enamel mineral. Calcif Tissue Int 41:86-94.

Aoba T, Moreno EC (1992). Changes in the solubility of enamel
mineral at various stages of porcine amelogenesis. Calcif Tissue
Int 50:266-272.

Aoba T, Fukae M, Tanabe T, Shimizu M, Moreno EC (1987a).
Selective adsorption of porcine amelogenins onto hydroxy-
apatite and their inhibitory activity on seeded crystal growth of
hydroxyapatite. Calcif Tissue Int 41:281-289.

Aoba T, Tanabe T, Moreno EC (1987b). Function of amelogenins in
porcine enamel mineralization during the secretory stage of
amelogenesis. Adv Dent Res 1:252-260.

Aoba T, Tanabe T, Moreno EC (1987c¢). Proteins in the enamel fluid
of immature porcine teeth. | Dent Res 66:1721-1726.

Aoba T, Collins J, Moreno EC (1989a). Possible function of matrix
proteins in fluoride incorporation into enamel mineral during
porcine amelogenesis. | Dent Res 68:1162-1168.

Aoba T, Moreno EC, Kresak M, Tanabe T (1989b). Possible roles of
partial sequences at N- and C-termini of amelogenin in protein-
enamel mineral interaction. | Dent Res 68:1331-1336.

Aoba T, Kawano K, Moreno EC (1990a). Molecular conformation of
porcine amelogenins and its significance in protein-mineral inter-
action: 1H-NMR photo-CIDNP study. ] Biol Buccale 18:189-194.

Aoba T, Moreno EC, Tanabe T, Fukae M (1990b). Effects of fluoride
on matrix proteins and their properties in rat secretory enamel.
J Dent Res 69:1248-1255.

Aoba T, Shimoda S, Akita H, Holmberg C, Taubman MA (1991).

166 Crit Rev Oral Biol Med

13(2):155-170 (2002)

Downloaded from cro.sagepub.com by guest on May 8, 2014 For personal use only. No other uses without permission.

International and American Associations for Dental Research


http://cro.sagepub.com/

Anti-peptide antibodies reactive with epitopic domains of
porcine amelogenins at the C-terminus. Arch Oral Biol 37:249-255.

Aoba T, Moreno EC, Shimoda S (1992a). Competitive adsorption of
magnesium and calcium ions onto synthetic and biological
apatites. Calcif Tissue Int 51:143-150.

Aoba T, Shimoda S, Shimokawa H, Inage T (1992b). Common epi-
topes of mammalian amelogenins at the C-terminus and possi-
ble functional roles of the corresponding domain in enamel
mineralization. Calcif Tissue Int 51:85-91.

Aoba T, Taya Y, Sato A, Shimada T, Mura-Galelli MJ (1995).
Mechanistic understanding of enamel mineralization under
fluoride regime. Connect Tissue Res 33:145-149.

Aoba T, Komatsu H, Shimazu Y, Yagishita H, Taya Y (1998). Enamel
mineralization and an initial crystalline phase. Connect Tissue
Res 38:129-137.

Aoba T, Ohkubo S, Sato K, Yagishita H (1999). Two discrete envi-
ronments of calcium on the surface of enamel and synthetic
apatites. Jpn | Oral Biol 41:53-60.

Baelum V, Manji F, Fejerskov O (1986). Posteruptive tooth age and
severity of dental fluorosis in Kenya. Scand | Dent Res 94:405-410.

Banting DW (1999). International fluoride supplement recommen-
dations. Community Dent Oral Epidemiol 27:57-61.

Bardsen A (1999). "Risk periods" associated with the development
of dental fluorosis in maxillary permanent central incisors: a
meta-analysis. Acta Odontol Scand 57:247-256.

Bartlett JD, Simmer JP (1999). Proteinases in developing dental
enamel. Crit Rev Oral Biol Med 10:425-441.

Bartlett JD, Simmer JP, Xue J, Margolis HC, Moreno EC (1996).
Molecular cloning and mRNA tissue distribution of a novel
matrix metalloproteinase isolated from porcine enamel organ.
Gene 183:123-128.

Bartlett JD, Ryu OH, Xue ], Simmer JP, Margolis HC (1998).
Enamelysin mRNA displays a developmentally defined pattern
of expression and encodes a protein which degrades amelo-
genin. Connect Tissue Res 39:101-109.

Bawden JW, Crenshaw MA (1984). Effect of inhibition of net calci-
um uptake on net fluoride uptake in developing rat molars. |
Dent Res 63:642-645.

Bawden JW, Deaton TG, Crenshaw MA (1982). Role of the enamel
organ in limiting fluoride uptake during the maturation phase
of enamel development. | Dent Res 61:506-509.

Bawden JW, Deaton TG, Crenshaw MA (1987). Diffusion of fluoride
through the rat enamel organ in vitro. ] Dent Res 66:1360-1363.

Bawden JW, Crenshaw MA, Wright JT, LeGeros RZ (1995).
Consideration of possible biologic mechanisms of fluorosis. |
Dent Res 74:1349-1352.

Bratthall D, Petersson H, Sundberg H (1996). Reasons for the caries
decline: what do the experts believe? Eur | Oral Sci 104:416-422.

Bronckers ALJ], Jansen LL, Woéltgens JHM (1984). Long-term (8
days) effects of exposure to low concentrations of fluoride on
enamel formation in hamster tooth-germs in organ culture in
vitro. Arch Oral Biol 29:811-819.

Brookes SJ, Bonass WA, Kirkham J, Robinson C (1994). The human
amelogenin C-terminal sequence is completely homologous to
the C-terminal sequence of amelogenin in all species so far
studied. | Dent Res 73:716-717.

Brookes SJ, Robinson C, Kirkham J, Bonass WA (1995).
Biochemistry and molecular biology of amelogenin proteins of
developing dental enamel. Arch Oral Biol 40:1-14.

Brown WE, Eidelman N, Tomzaic BB (1987). Octacalcium phos-
phate as a precursor in biomineral formation. Adv Dent Res
1:306-313.

Burt BA, Keels MA, Heller KE (2000). The effects of a break in water
fluoridation on the development of dental caries and fluorosis.
J Dent Res 79:761-769.

Caverzasio J, Palmer G, Bonjour JP (1998). Fluoride: mode of action.
Bone 22:585-589.

Clarkson BH, Fejerskov O, Ekstrand ], Burt BA (1996). Rational
use of fluorides in caries control. In: Fluoride in dentistry.
Fejerskov O, Ekstrand ], Burt BA, editors. Copenhagen:
Munksgaard, pp. 347-357.

Creath CJ, Eick JD, Hicks EP (1989). Effects of systemic fluoride on
rat molar morphology. Stereophotogrammetric analysis. Caries
Res 23:26-31.

Crenshaw MA, Bawden JW (1984). Proteolytic activity in embryon-
ic secretory enamel. In: Proceedings, tooth enamel IV. May 24-
27, 1984, Odawara, Japan. Fearnhead RW, Suga S, editors.
Amsterdam: Elsevier, pp. 109-113.

Cutress TW, Suckling GW (1990). Differential diagnosis of dental
fluorosis. | Dent Res 69(Spec Iss):714-720.

Dean HT (1934). Classification of mottled enamel diagnosis. ] Am
Dent Assoc 21:1421-1426.

Dean HT (1942). The investigation of physiological effects by the
epidemiologic methods. In: Fluorine and dental health.
Moulton FR, editor. Washington: American Association for the
Advancement of Science, pp. 23-31.

Dean HT, Elvovo E (1935). Studies on the minimal threshold of the
dental signs of chronic endemic fluorosis (mottled enamel). Pub
Health Rep 50:1719-1729.

DenBesten PK (1986). Effects of fluoride on protein secretion and
removal during enamel development in the rat. | Dent Res
65:1272-1277.

DenBesten PK (1999). Biological mechanisms of dental fluorosis rel-
evant to the use of fluoride supplements. Community Dent Oral
Epidemiol 27:41-47.

DenBesten PK, Crenshaw MA (1984). The effects of chronic high
fluoride levels on forming enamel in the rat. Arch Oral Biol
29:675-679.

DenBesten PK, Heffernan LM (1989a). Separation by polyacry-
lamide gel electrophoresis of multiple proteases in rat and
bovine enamel. Arch Oral Biol 34:399-404.

DenBesten PK, Heffernan LM (1989b). Enamel proteases in secreto-
ry and maturation enamel of rats ingesting 0 and 100 ppm fluo-
ride in drinking water. Adv Dent Res 3:199-202.

DenBesten PK, Crenshaw MA, Wilson MH (1985). Changes in the
fluoride-induced modulation of maturation stage ameloblasts
of rats. | Dent Res 64:1365-1370.

Eastoe JE, Fejerskov O (1984). Composition of mature enamel pro-
teins from fluorosed teeth. In: Proceedings, tooth enamel IV.
May 24-27, 1984, Odawara, Japan. Fearnhead RW, Suga S, edi-
tors. Amsterdam: Elsevier, pp. 326-330.

Eisenmann DR, Yaeger JA (1972). In vitro mineralization of
hypomineralized dentin induced by strontium and fluoride.
Arch Oral Biol 17:987-999.

Eisenmann DR, Ashrafi S, Zaki AE (1984). Calcium distribution in
freeze-dried enamel organ tissue during normal and altered
enamel mineralization. Calcif Tissue Int 36:596-603.

Ekstrand ] (1996). Fluoride metabolism. In: Fluoride in dentistry.
Fejerskov O, Ekstrand ], Burt BA, editors. Copenhagen:
Munksgaard, pp. 55-68.

Elliott JC (1994). Structure and chemistry of the apatites and other
calcium orthophosphates. In: Studies in inorganic chemistry.
Vol. 18. Amsterdam: Elsevier.

Evans RW, Stamm JW (1991a). Dental fluorosis following down-
ward adjustment of fluoride in drinking water. | Public Health
Dent 51:91-98.

Evans RW, Stamm JW (1991b). An epidemiologic estimate of the
critical period during which human maxillary central incisors
are most susceptible to fluorosis. | Public Health Dent 51:251-259.

Farley JR, Wergedal JE, Baylink DJ (1983). Fluoride directly stimu-

13(2):155-170 (2002)

Crit Rev Oral Biol Med 167

Downloaded from cro.sagepub.com by guest on May 8, 2014 For personal use only. No other uses without permission.

International and American Associations for Dental Research


http://cro.sagepub.com/

lates proliferation and ALP activity of bone forming cells.
Science 222:330-332.

Fejerskov O (1997). Concepts of dental caries and their conse-
quences for understanding the disease. Community Dent Oral
Epidemiol 25:5-12.

Fejerskov O, Baelum V (1998). Changes in prevalence and inci-
dence of the major oral diseases. In: Oral biology at the turn of
the century. Truth, misconcepts and challenges. Guggenheim B,
Shapiro H, editors. Ziirich: Karger, pp. 1-9.

Fejerskov O, Johnson NW, Silverstone LM (1974). The ultrastructure
of fluorosed human dental enamel. Scand | Dent Res 82:357-372.

Fejerskov O, Silverstone LM , Melsen B, Mollar IJ (1975). The his-
tological features of fluorosed human dental enamel. Caries Res
9:190-209.

Fejerskov O, Thylstrup A, Larsen MJ (1977). Clinical and structur-
al features and possible pathogenic mechanisms of dental fluo-
rosis. Scand | Dent Res 85:510-534.

Fejerskov O, Thylstrup A, Larsen MJ (1981). Rational use of fluo-
rides in caries prevention. Acta Odontol Scand 39:241-249.

Fejerskov O, Manji F, Baelum V, Moller IJ (1988). Dental fluorosis.
A handbook for health workers. Copenhagen: Munksgaard.

Fejerskov O, Maniji F, Baelum V (1990). The nature and mechanism
of dental fluorosis in man. | Dent Res 69:692-700.

Fejerskov O, Yanagisawa T, Tohda H, Larsen M], Josephsen KA]J,
Mosha H (1991). Posteruptive changes in human dental fluoro-
sis—a histological and ultrastructural study. Proc Finn Dent Soc
87:607-619.

Fejerskov O, Larsen MJ, Richards A, Baelum V (1994). Dental tissue
effects of fluoride. Adv Dent Res 8:15-31.

Fejerskov O, Richards A, DenBesten PK (1996). The effect of fluo-
ride on tooth mineralization. In: Fluoride in dentistry. 2nd ed.
Fejerskov O, Ekstrand ], Burt BA, editors. Copenhagen:
Munksgaard, pp. 112-152.

Fincham AG, Moradian-Oldak J, Simmer JP, Sarte P, Lau EC,
Diekwisch T, et al. (1994). Self-assembly of a recombinant
amelogenin protein generates supramolecular structures. |
Struct Biol 112:103-109.

Fincham AG, Moradian-Oldak ], Diekwisch TGH, Lyaruu DM,
Wright JT, Bringas P Jr (1995). Evidence for amelogenin "nano-
spheres" as functional components of secretory-stage enamel
matrix. | Struct Biol 115:50-59.

Fincham AG, Moradian-Oldak J, Simmer JP (1999). The structural
biology of the developing dental enamel matrix. | Struct Biol
126:270-299.

Fukae M, Tanabe T, Uchida T, Lee SK, Ryu OH, Murakami C, et al.
(1998). Enamelysin (matrix metalloproteinase-20): localization
in the developing tooth and effects of pH and calcium on
amelogenin hydrolysis. | Dent Res 77:1580-1588.

Gerlach RF, Souza AP, Cury JA, Line SRP (2000). Fluoride
effect on the activity of enamel matrix proteinases in vitro.
Eur | Oral Sci 108:48-53.

Glass RL (1982). Secular changes in caries prevalence in two
Massachusetts towns. | Dent Res 61(Spec Iss):1352-1355.

Hallsworth AS, Weatherell JA (1969). The micro-distribution, uptake
and loss of fluoride in human enamel. Caries Res 3:109-118.

Haugejorden O, Lervik T, Birkeland JM, Jorkjend L (1990). An 11-
year follow-up study of dental caries after discontinuation of
school-based fluoride programs. Acta Odontol Scand 48:257-263.

Hodge HC, Smith FA (1965). Fluoride chemistry. Chapter 4. Simons
JH, editor. Orlando, FL: Academic Press.

Horowitz HS, Driscoll WS, Meyers R], Heifetz SB, Kingman A (1984).
A new method for assessing the prevalence of dental fluorosis—
the tooth surface index of fluorosis. | Am Dent Assoc 109:37-41.

Hu JCC, Ryu OH, Chen J], Uchida T, Wakida K, Murakami C, ef al.
(2000). Localization of EMSP1 expression during tooth forma-

tion and cloning of mouse cDNA. | Dent Res 79:70-76.

Hubbard MJ (1996). Abundant calcium homeostasis machinery in
rat dental enamel cells—up-regulation of calcium store proteins
during enamel mineralization implicates the endoplasmic retic-
ulum in calcium transcytosis. Eur | Biochem 239:611-623.

lijima M, Tohda H, Moriwaki Y (1992a). Growth and structure of
lamellar mixed crystals of octacalcium phosphate and apatite in
a model system of enamel formation. | Cryst Growth 116:319-326.

lijima M, Tohda H, Suzuki H, Yanagisawa T, Moriwaki Y (1992b).
Effects of F- on apatite-octacalcium phosphate intergrowth and
crystal morphology in a model system of tooth enamel forma-
tion. Calcif Tissue Int 50:357-361.

Ishii T, Suckling G (1986). The appearance of tooth enamel in chil-
dren ingesting water with a high fluoride content for a limited
period during early tooth development. ] Dent Res 65:947-977.

Jackson RD, Kelly SA, Katz B, Brizendine E, Stookey GK (1999).
Dental fluorosis in children residing in communities with dif-
ferent water fluoride levels: 33-month follow-up. Pediatric Dent
21:248-254.

Johnsson MSA, Nancollas GH (1992). The role of brushite and octa-
calcium phosphate in apatite formation. Crit Rev Oral Biol Med
3:61-82.

Josephsen K, Fejerskov O (1977). Ameloblast modulation in the
maturation zone of the rat incisor enamel organ. A light and
electron microscopy study. | Anat (Lond) 124:45-70.

Kaminsky LS, Mahoney MC, Leach ], Melius ], Miller MJ (1990).
Fluoride: benefits and risks of exposure. Crit Rev Oral Biol Med
1:261-281.

Kawamoto T, Shimizu M (1997). Pathway and speed of calcium
movement from blood to mineralizing enamel. | Histochem
Cytochem 45:213-230.

Kierdorf U, Kierdorf H, Sedlacek F, Fejerskov O (1996). Structural
changes in fluorosed dental enamel of red deer (Cervus elaphus L)
from a region with severe environmental pollution by fluorides.
J Anat 188:183-195.

Kirkham J, Robinson C, Weatherell JA, Richards A, Fejerskov O,
Josephsen K (1988). Maturation in developing permanent
porcine enamel. ] Dent Res 67:1156-1160.

Kleerekoper M, Mendlovic DB (1993). Sodium fluoride therapy of
postmenopausal osteoporosis. Endocrine Rev 14:312-323.

Kruger BJ (1967). Histological effects of fluoride and molybdenum
on developing dental tissues. Aust Dent | 12:54-60.

Larsen MJ (1975). Enamel solubility caries and erosions (thesis).
Aarhus: Royal Dental College.

Larsen MJ, Fejerskov O, Josephsen K, Hammarstréom L (1977). The
action of acute doses of fluoride on serum calcium level in rela-
tion to dental hard tissue formation in rats. Calcif Tissue Res
22:454-457.

Larsen MJ, Richards A, Fejerskov O (1985). Development of dental
fluorosis according to age at start of fluoride administration.
Caries Res 19:519-527.

Larsen M]J, Kirkegaard E, Poulsen S, Fejerskov O (1986). Enamel
fluoride, dental fluorosis and dental caries among immigrants
to and permanent residents of five Danish fluoride areas. Caries
Res 20:349-355.

Lau EC, Bessem CC, Slavkin HC, Zeichner-David M, Snead ML
(1987). Amelogenin antigenic domain defined by clonal epitope
selection. Calcif Tissue Int 40:231-237.

Lau WKH, Baylink DJ (1998). Molecular mechanism of action of
fluoride on bone cells. ] Bone Miner Res 13:1660-1667.

Luan W-M, Baelum V, Fejerskov O, Chen X (2000). Ten-year incidence
of dental caries in adult and elderly Chinese. Caries Res 34:205-213.

Lussi A, Fridell RA, Crenshaw MA, Bawden JW (1988). Absence of
in vitro fluoride-binding by the organic matrix of developing
bovine enamel. Arch Oral Biol 33:531-533.

168 Crit Rev Oral Biol Med

13(2):155-170 (2002)

Downloaded from cro.sagepub.com by guest on May 8, 2014 For personal use only. No other uses without permission.

International and American Associations for Dental Research


http://cro.sagepub.com/

Manji F, Baelum V, Fejerskov O (1986a). Dental fluorosis in an area
of Kenya with 2 ppm fluoride in the drinking water. | Dent Res
65:659-662.

Manji F, Baelum V, Fejerskov O, Gemert W (1986b). Enamel changes
in two low-fluoride areas of Kenya. Caries Res 20:371-380.

Margolis HC, Moreno EC (1990). Physicochemical perspectives on
the cariostatic mechanisms of systemic and topical fluorides. |
Dent Res 69(Spec Iss):606-613.

Marthaler TH (1990). Caries status in Europe and predictions of
fluoride trends. Caries Res 24:387-396.

Matsuo S, Kiyomiya K, Kurebe M (1998). Mechanism of toxic action
of fluoride in dental fluorosis: whether trimeric G proteins par-
ticipate in the disturbance of intracellular transport of secretory
ameloblast exposed to fluoride. Arch Toxicol 72:798-806.

McKee MD, Martin JR, Landis W] (1989). Biophysical analyses of
sequential bands of enamel related to ruffle-ended and smooth-
ended maturation ameloblasts. | Dent Res 68:101-106.

Miake Y, Shimoda S, Fukae M, Aoba T (1993). Epitaxial overgrowth
of apatite crystals on the thin-ribbon precursor at early stages of
porcine enamel mineralization. Calcif Tissue Int 53:257-261.

Milan AM, Waddington RJ, Embery G (2001). Fluoride alters casein
kinase II and alkaline phosphatase activity in vitro with potential
implications for dentine mineralization. Arch Oral Biol 46:343-351.

Moe D, Birkedal-Hansen H (1979). Proteolytic activity in develop-
ing bovine enamel. | Dent Res 58(Spec Iss B):1012-1013.

Moradian-Oldak J, Leung W, Tan J, Fincham AG (1998). Effect of
apatite crystals on the activity of amelogenin degrading
enzymes in vitro. Calcif Tissue Int 39:131-140.

Moreno EC, Aoba T (1987). Calcium binding in enamel fluid and
driving force for enamel mineralization in the secretory stage of
amelogenesis. Adv Dent Res 1:245-251.

Moreno EC, Kresak M, Zahradnik RT (1974). Fluoridated hydroxy-
apatite solubility and caries formation. Nature 247:64-65.

Moreno EC, Kresak M, Hay DI (1978). Adsorption of two human
parotid salivary macromolecules on hydroxy-, fluorhydroxy-
and fluorapatites. Arch Oral Biol 23:523-533.

Mura-Galelli MJ, Narusawa H, Shimada T, lijima M, Aoba T (1992).
Effects of fluoride on precipitation and hydrolysis of octacalci-
um phosphate in an experimental model simulating enamel
mineralization during amelogenesis. Cells Mater 2:221-230.

Myers HM (1983). Dose-response relationship between water fluo-
ride levels and the category of questionable dental fluorosis.
Community Dent Oral Epidemiol 11:109-112.

Nikiforuk G, Simmons NS (1965). Purification and properties of
enamel protein. | Dent Res 44:229-248.

Nyvad B, Ten Cate JM, Fejerskov O (1997). Arrest of root surface
caries in situ. | Dent Res 76:1845-1853.

Overall CM, Limeback H (1988). Identification and characterization
of enamel proteinases isolated from porcine developing enam-
el: amelogeninolytic serine proteinases are associated with
enamel maturation. Biochem | 256:965-972.

Pendrys D (1999). The differential diagnosis of fluorosis. | Public
Health Dent 59:235-238.

Pendrys DG, Katz RV (1989). Risk of enamel fluorosis associated
with fluoride supplementation, infant formula and fluoride
dentifrice use. Am | Epidemiol 130:1199-1208.

Pindborg JJ (1982). Aetiology of developmental enamel defects not
related to fluorosis. Int Dent | 32:123-134.

Reith EJ, Schmid MI, Boyde A (1984). Rapid uptake of calcium in
maturing enamel of the rat incisor. Histochemistry 80:409-410.

Richards A (1990). Nature and mechanisms of dental fluorosis in
animals. ] Dent Res 69:701-705.

Richards A, Kragstrup J, Nelsen-Kudsk F (1985). Pharmacokinetics of
chronic fluoride ingestion in growing pigs. | Dent Res 64:425-430.

Richards A, Kragstrup J, Josephsen K, Fejerskov O (1986). Dental

fluorosis developed in post-secretory enamel. | Dent Res
65:1406-1409.

Richards A, Fejerskov O, Baelum V (1989). Enamel fluoride in relation
to severity of human dental fluorosis. Adv Dent Res 3:147-153.
Richards A, Likimani S, Baelum V, Fejerskov O (1992). Fluoride
concentrations in unerupted fluorotic human enamel. Caries Res

26:328-332.

Robinson C (1997). Discussion for enamel fluorosis. Ciba
Foundation Symp 205. Chichester: Wiley, p. 244.

Robinson C, Kirkham J, Brookes SJ, Bonass WA, Shore RC (1995).
The chemistry of enamel development. Int | Dev Biol 39:145-152.

Rozier RG (1999). The prevalence and severity of enamel fluorosis
in North American children. | Public Health Dent 59:239-246.

Russell AL (1963). The differential diagnosis of fluoride and non-
fluoride opacities. | Public Health Dent 21:143-146.

Ryu OH, Fincham AG, Hu CC, Zhang C, Qian Q, Bartlett JD, et al.
(1999). Characterization of recombinant enamelysin activity
and cleavage of recombinant pig and mouse amelogenin. | Dent
Res 78:743-750.

Sasaki S, Takagi T, Suzuki M (1991). Cyclical changes in pH in
bovine developing enamel as sequential bands. Arch Oral Biol
36:227-231.

Scheie AAa (1992). Dentifrices in the control of dental caries. In:
Clinical and biological aspects of dentifrices. Embery G, Rella
G, editors. Oxford: Oxford University Press, pp. 29-40.

Schour I, Smith MC (1934). The histologic changes in the enamel
and dentin of the rat incisor in acute and chronic experimental
fluorosis. Univ AZ Tech Bull 52:6291.

Shimizu M, Fukae M (1983). Enamel proteins. In: Mechanisms of
tooth enamel formation. Suga S, editor. Tokyo (Japan):
Quintessence Publ., pp. 125-141.

Shinoda H (1975). Effects of long-term administration of fluoride
on physico-chemical properties of the rat incisor enamel. Calcif
Tissue Res 18:91-100.

Simmer JP, Fincham AG (1995). Molecular mechanisms of dental
enamel formation. Crit Rev Oral Biol Med 6:84-108.

Simmer JP, Fukae M, Tanabe T, Yamakoshi Y, Uchida T, Xhu J, et al.
(1998). Purification, characterization and cloning of enamel
matrix serine proteinase 1. | Dent Res 77:377-386.

Smid JR, Monsour PA, Harbrow DJ, Young WG (1990). A histo-
chemical study of the effects of high doses of sodium fluoride
on dipeptidyl peptidase II activity in the rat incisor ameloblast.
Arch Oral Biol 35:671-675.

Smith CE (1998). Cellular and chemical events during enamel mat-
uration. Crit Rev Oral Biol Med 9:128-161.

Smith CE, McKee MD, Nanci A (1987). Cyclic induction and rapid
movement of sequential waves of new smooth-ended
ameloblast modulation bands in rat incisors as visualized by
polychrome fluorescent labeling and GBHA-staining of matur-
ing enamel. Adv Dent Res 1:162-175.

Smith CE, Nanci A, DenBesten PK (1993). Effects of chronic fluoride
exposure on morphometric parameters defining the stages of
amelogenesis and ameloblast modulation in rat incisors. Anat
Rec 237:243-258.

Smith CE, Issid M, Margolis HC, Moreno EC (1996). Developmen-
tal changes in the pH of enamel fluid and its effects on matrix-
resident proteinases. Adv Dent Res 10:159-169.

Speirs RL (1986). The relationship between fluoride concentrations
in serum and in mineralized tissues in the rat. Arch Oral Biol
31:373-381.

Suckling GW, Thurley DC, Nelson DGA (1988). The macroscopic
and scanning electron-microscopic appearance and microhard-
ness of the enamel, and the related histological changes in the
enamel organ of erupting sheep incisors resulting from a pro-
longed low daily dose of fluoride. Arch Oral Biol 33:361-373.

13(2):155-170 (2002)

Crit Rev Oral Biol Med 169

Downloaded from cro.sagepub.com by guest on May 8, 2014 For personal use only. No other uses without permission.

International and American Associations for Dental Research


http://cro.sagepub.com/

Suga S, Aoki H, Yamashita Y, Tsuno M, Ogawa M (1987). A com-
parative study of disturbed mineralization of rat incisor enam-
el induced by strontium and fluoride administration. Adv Dent
Res 1:339-355.

Susa M (1999). Heterotrimeric G proteins as fluoride targets in
bone. Int | Mol Med 3:115-126.

Takano Y, Crenshaw MA, Reith EJ (1982). Correlation of *Ca incor-
poration with maturation ameloblast morphology in the rat
incisor. Calcif Tissue Int 34:211-213.

Takano Y, Matsuo S, Wakita S, Ichikawa H, Nishikawa S, Akai M
(1988). Cyclic changes in the properties of maturing enamel in
the bovine permanent incisor as revealed by glyoxal bis(2-
hydroxyanil) staining. Arch Oral Biol 33:231-236.

Tanabe T, Aoba T, Moreno EC, Fukae M (1988). Effect of fluoride in
the apatitic lattice on adsorption of enamel proteins onto calci-
um apatites. | Dent Res 67:536-542.

Tanabe T, Fukae M, Uchida T, Shimizu M (1992). The localization
and characterization of proteinases for the initial cleavage of
porcine amelogenin. Calcif Tissue Int 51:213-217.

Ten Cate JM, Duijsters PPE (1983). Influence of fluoride in solution on
tooth demineralization. I. Chemical data. Caries Res 17:513-519.

Ten Cate JM, Featherstone JDB (1991). Mechanistic aspects of the
interactions between fluoride and dental enamel. Crit Rev Oral
Biol Med 2:283-296.

Ten Cate JM, Featherstone JDB (1996). Physicochemical aspects of
fluoride-enamel interactions. In: Fluoride in dentistry.
Fejerskov O, Ekstrand ], Burt BA, editors. Copenhagen:
Munksgaard, pp. 252-272.

Thylstrup A, Fejerskov O (1978). Clinical appearance of dental
fluorosis in permanent teeth in relation to histologic changes.
Community Dent Oral Epidemiol 6:315-328.

Thylstrup A, Fejerskov O (1979). A scanning electron microscopic
and microradiographic study of pits in fluorosed human enam-
el. Scand | Dent Res 87:105-114.

Toyosawa S, Ogawa Y, Inagaki T, Ijuhin N (1996). Immuno-
histochemical localization of carbonic anhydrase isozyme II in

rat incisor epithelial cells at various stages of amelogenesis. Cell
Tissue Res 285:217-225.

Varughese K, Moreno EC (1981). Crystal growth of calcium apatites
in dilute solutions containing fluoride. Calcif Tissue Int 33:431-439.

von der Fehr F, Schwarz E (1994). Recording dental caries and
health statistics in Europe. In: Textbook of clinical cariology.
Thylstrup A, Fejerskov O, editors. Copenhagen: Munksgaard,
pp- 193-208.

Walton RE, Eisenmann DR (1974). Ultrastructural examination of
various stages of amelogenesis in the rat following peripheral
fluoride administration. Arch Oral Biol 19:171-182.

Weatherell JA, Deutsch D, Robinson C, Hallsworth AS (1975). Fluoride
concentrations in developing enamel. Nature 256:230-232.

Whitford GM (1989). The metabolism and toxicity of fluoride.
Basel, Switzerland: Karger.

Whitford GM (1991). Fluoride, calcium and phosphorus metabo-
lism in the rat: comparison of "natural ingredient" with semi-
purified diets. Arch Oral Biol 36:291-297.

Whitford GM (1997). Determinants and mechanisms of enamel fluo-
rosis. Ciba Foundation Symp 205. Chichester: Wiley, pp. 226-241.

Wright JT (1997). The protein composition of normal and develop-
mentally defective enamel. Ciba Foundation Symp 205.
Chichester: Wiley, pp. 85-99.

Wright JT, Chen SC, Hall KI, Yamauchi M, Bawden JW (1996).
Protein characterization of fluorosed human enamel. ] Dent Res
75:1936-1941.

Yamazaki M, Sato K, Aoba T (2000). Mechanistic understanding of
the maturation of developing enamel: plausible interactions
among crystals, matrix proteins and proteases. Jpn | Oral Biol
43:60-71, 2001.

Yanagisawa T, Takuma S, Tohda H, Fejerskov O, Fearnhead RW
(1989). High resolution electron microscopy of enamel crystals
in cases of human dental fluorosis. | Electr Microsc 38:441-448.

Zeichner-David M, Diekwisch TGH, Fincham AG, Lau EC,
MacDougall M, Moradian-Oldak ], et al. (1995). Control of
ameloblast differentiation. Int | Dev Biol 39:69-72.

170 Crit Rev Oral Biol Med

13(2):155-170 (2002)

Downloaded from cro.sagepub.com by guest on May 8, 2014 For personal use only. No other uses without permission.

International and American Associations for Dental Research


http://cro.sagepub.com/

