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ABSTRACT The response of ameloblasts to long-term (6 weeks) expo-
sure to 100 ppm fluoride was examined in continuously erupting mandib-
ular incisors of female Sprague-Dawley rats as compared to control rats
receiving a similar diet (Teklad L-356) but no sodium fluoride in their drink-
ing water. After treatment, animals from both groups were perfused intra-
vascularly with glutaraldehyde, and the incisors were removed and pro-
cessed for light microscope morphometric analyses directly from 1 μm
thick Epon sections. Other animals were injected intravenously with cal-
cein (green fluorescence) followed 4 hours later by xylenol orange (red
fluorescence) in order to reveal smooth-ended ameloblast modulation
bands and thereby allow quantification of parameters related to the cre-
ation and movement of modulation waves within the maturation zone of
these teeth. The results indicated that rat incisors expressed four major
changes in normal amelogenesis which could be attributed to the chronic
fluoride treatment. First, ameloblasts produced a thinner than normal
enamel layer by the time they completed the secretory stage and entered
the maturation stage of amelogenesis. Second, enamel organ cells within
the maturation zone, especially those from the papillary layer, were shorter
in height than normal. Third, ameloblasts related to maturing enamel in
areas where it was partially soluble and/or fully soluble in EDTA modu-
lated at a rate that was much slower than normal. In some locations amelo-
blasts remained ruffle-ended for as much as 30% longer than normal per
cycle. This upset the usual pattern such that fewer total modulation cycles
were completed per unit time by these ameloblasts. Fourth, enamel pro-
teins were lost from the maturing enamel layer at a rate that was about 40%
slower than normal. The data suggested that ameloblasts detected the de-
lay in the extracellular breakdown and/or loss of enamel proteins and they
responded by remaining ruffle-ended for longer intervals than usual (pos-
itive feedback). © 1993 Wiley-Liss, Inc.
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Prolonged exposure of animals to low levels of fluo-
ride appears to induce few dramatic changes in the
normal appositional growth and initial mineralization
of enamel created during the secretory stage of amelo-
genesis (reviewed and/or reported in Dajean and
Menanteau, 1989; Aoba et al., 1990; Richards, 1990;
Robinson and Kirkham, 1990; Burt, 1992; DenBesten
and Thariani, 1992; Milhaud et al., 1992). This is not
always the case, however, for older enamel undergoing
maturation where visible alterations in the normal
pattern of development following chronic fluoride
exposure can include 1) partial, or complete loss of

pigmentation from enamel in erupted portions of ro-
dent incisors (DenBesten and Crenshaw, 1984), 2) a
decrease in the rate at which extracellular proteins
are lost from the maturing enamel (Shinoda, 1983;
DenBesten and Crenshaw, 1984; Eastoe and Fejerskov,
1984; DenBesten, 1986), 3) a decrease in the total num-
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ber of smooth-ended ameloblast modulation bands seen
during the maturation stage of amelogenesis (Fejer-
skov et al., 1980; DenBesten et al., 1985), and 4) hy-
pomineralization of the "mature" enamel (reviewed in
DenBesten and Crenshaw, 1984; DenBesten et al.,
1985; Richards, 1990; Robinson and Kirkham, 1990).
Although the cause-and-effect relationships between
these factors remain poorly understood at present,
some investigators suspect that fluoride may alter, in a
dose dependent manner, the quantity or activity of ex-
tracellular proteinases (Suga, 1970; Crenshaw and
Bawden, 1984; DenBesten and Heffernan, 1989a)
needed to degrade enamel proteins (amelogenins) dur-
ing the maturation stage of amelogenesis (reviewed
and reported in Overall and Limeback, 1988; Carter et
al., 1989; DenBesten and Heffernan, 1989b; Smith et
al., 1989a). Other workers suspect that enamel pro-
teins produced in the presence of fluoride may be chem-
ically or structurally altered, and/or more tightly
bound to fluorapatite, thereby making them less acces-
sible to degradation by the enamel proteinases (Tanabe
et al., 1988; Dajean and Menanteau, 1989; Aoba et al.,
1990; Robinson and Kirkham, 1990). It is possible that
fluoride may also upset the local balance for ionic cal-
cium such that the enamel crystals grow improperly
and alternate cations such as magnesium become en-
riched in fluorosed enamel (Aoba et al., 1990; Robinson
and Kirkham, 1990).

Of particular interest to us are the effects that
fluoride exerts on ameloblast modulation since the
reduction in the total number of smooth-ended
ameloblast modulation bands (waves) typically seen
on incisors of rats chronically exposed to fluoride
(Fejerskov et al., 1980; DenBesten et al., 1985) implies
there may be fewer modulation cycles completed by
ameloblasts along the enamel surfaces of these teeth
compared to normal animals. Fewer ameloblast modu-
lation cycles ultimately could lead to less protein loss
and/or less mineral deposition irrespective of whether
each cycle plays a direct, or indirect, role in enamel
maturation. One of the goals of this study was to
determine whether the rate at which new modulation
waves are created, and the speed at which these waves
move across the enamel surfaces of rat incisors (Smith
et al., 1987), are any different in animals drinking
deionized water versus those given water containing
100 ppm fluoride for 6 weeks. This amount of fluoride
(100 ppm) results in serum concentrations for rats that
are about equal to serum levels reached by humans
who are intaking from 5–10 ppm fluoride daily in
their drinking water (Guy and Taves, 1973; Paez and
Dapas, 1982; Singer and Ophaug, 1982). Concerning
possible toxic effects, it should be noted that a person
weighing 150 lbs (68 kg) would have to drink 3.4 L of
the 100 ppm fluoride stock solution at one time to be
within range of a putative "probable toxic dose" for
humans (5 mg/kg fluoride; Whitford, 1990). Rats
weighing from 50–250 g (growth range for animals
used) would have to drink from 46-230 ml of the 100
ppm fluoride stock at one time to be within range of
the known LD50 for rats (86–98 mg/kg fluoride;
reviewed in Whitford, 1990). As will be shown herein,
rats from the fluoride-exposed group drank no more
than 35 ml per day (average 24 ml/day) over the 6
week period of this investigation.

MATERIALS AND METHODS
Animals

Weanling Sprague-Dawley rats at ~50 g body
weight (female to maintain consistency with past ex-
periments by DenBesten) were housed individually or
in pairs for 6 weeks in cages having plastic bottles
filled with either deionized water (control group) or
deionized water supplemented with 100 ppm fluoride
(experimental group; 221 mg/L sodium fluoride or
99.98 mg/L fluoride). All animals were given the Tek-
lad L-356 rat chow diet to eat ad libitum (Harlan Tek-
lad, Madison WI; contains less than 0.02 ppm fluoride).
The amount of liquid consumed by rats in each cage
was measured every 2–3 days (Table 1, Fig. 1) and body
weights of some rats were recorded at weekly intervals
throughout the experiment (Fig. 1). The amount of food
consumed by animals in each group was not deter-
mined.

Morphometry

Twenty of the control rats at 250 ± 19 g body weight
and twenty of the experimental rats at 242 ± 24 g body
weight were anesthetized with chloral hydrate (400
mg/kg body weight) and perfused through the left ven-
tricle with lactated Ringers solution for 30 seconds fol-
lowed by 2.5% glutaraldehyde in 0.08 M sodium ca-
codylate buffer (pH 7.3) for 20 minutes. In some cases,
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TABLE 1: Amount of water consumed (normalized as
percentage of maximum consumed per experiment)1

1n, number of separate determinations (cages). Experiment 1 had one
animal per cage for a measurement period of 37 days. Experiment 2
had two animals per cage for a measurement period of 42 days.
**P < .01 for all tests (parametric and nonparametric).

blood samples were taken from the external jugular
vein prior to perfusion in order to determine serum
fluoride concentrations by direct measurements with
an electrode (Table 2). Following perfusion, the hemi-
mandibles were removed from each animal and im-
mersed in the same fixative for 3–5 hours at 4°C. The
hemimandibles were decalcified for about 1 month at
4°C in 4.13% EDTA (Warshawsky and Moore, 1967)
and then washed in several changes of 0.1 M sodium
cacodylate buffer containing 7% sucrose. The incisors
were cut into 4–5 large segments and the incisor seg-
ments were split in half and processed for flat embed-
ding in Epon (Smith, 1974). One micrometer thick sec-
tions were cut, mounted on glass slides, and stained
with toluidine blue. Measurements of the apical/incisal
(sagittal) length of the various zones and regions of
amelogenesis (summarized in Fig. 2) and enamel sag-
ittal length and thickness at three reference points rel-
ative to maturing enamel (Figs. 2 and 3) were made
directly from the stained sections as described previ-
ously (Nanci et al., 1987) using a light microscope fit-
ted with a drawing tube and a Zeiss MOP-3 manual
image analyzer. In addition, profile heights of amelo-
blasts and papillary layer cells (combined stratum in-
termedium, stellate reticulum and outer dental epithe-
lium where visible) were measured at sequential 1 mm
intervals from the apical loop to the gingival margin in
each tooth (Fig. 4). Measurements were done along a
hypothetical straight line drawn as a perpendicular
from the inner boundary of the enamel organ where
ameloblasts abutted dentin or enamel to the outer
boundary of the enamel organ where papillary layer
cells touched labial connective tissue. Some sections
were cut, mounted on glass slides, stained with heavy
metals, and examined by backscattered electron imag-
ing using a JEOL JSM 6300F scanning electron micro-
scope (Fig. 4) as described previously (Nanci et al.,
1990).

Double Fluorochrome Injections

Seventeen control rats at 207 ± 13 g body weight and
fifteen experimental rats at 198 ± 15 g body weight
were anesthetized with chloral hydrate and injected
intravenously with 15 mg/kg of calcein (Sigma Chem-
ical Co., St. Louis MO) followed 4 hours later by 90
mg/kg of xylenol orange (Sigma Chemical Co., St.
Louis, MO) as described previously (Smith et al., 1987).
The animals were decapitated 30—60 seconds after in-
jection of the xylenol orange and the hemimandibles
were removed. The bone covering the labial side of each
incisor was broken away to expose the enamel organ

which was wiped from the tooth with cotton gauze
moistened in ice-cold normal saline. The teeth were
air-dried and the linear distances between sequential
calcein-calcein and xylenol orange-xylenol orange
bands (as reconstructed in Fig. 6) were measured at x 4
enlargement under ultraviolet light using a Meiji
EMZ5 stereoscopic light microscope fitted with a linear
eyepiece micrometer calibrated from a stage microme-
ter (resolution limit = 25 μm at x4 magnification).
The measurements were always taken from the apical
aspect of one band to the apical aspect of the next band,
and the measurements were done parallel to the long
axis of the incisor with the graticule aligned slightly
mesial to the midline of the labial surface. Measure-
ments of the incisal displacement between adjacent cal-
cein and xylenol orange bands were also made by the
same procedure (see Fig. 6). Parameters, such as sag-
ittal band length and interband length (see Figs. 9, 10),
rate of movement of the modulation wave corrected for
eruptive movement of the incisor, total ameloblast
modulation time and portions spent in the smooth-
ended and ruffle-ended phases (see Fig. 11), and num-
ber of modulations completed per mm of tooth length
(see Fig. 12), were computed as described previously
(see Smith et al., 1987 for details).

Eruption Studies

Twelve control rats and twelve experimental rats
were lightly anesthetized with CO2, weighed, and
deeply anesthetized with 90 mg/kg ketamine HC1 and
10 mg/kg xylazine injected intramuscularly. The right
hemimandible was exposed and a small hole was made
into the labial connective tissue space to produce an
enamel defect (McKee and Warshawsky, 1984) using a
0.5 mm round bur in a high-speed dental handpiece.
The hole was dried using medium-sized endodontic pa-
per points and covered with a paste mixture of Gel-Gro
(ICN Biochemicals, Cleveland, OH) to prevent granu-
lation tissue from occluding the defect over the remain-
ing duration of the experiment (Eisenmann et al.,
1989). The skin incision was closed with 4-0 silk su-
tures, and the rats were caged in pairs and maintained
on their low fluoride diet and assigned water regimes.
Twenty-seven days following the surgery the rats were
killed by CO2 inhalation and the hemimandibles were
removed. A 0.5 mm round bur was inserted into the
patent alveolar defect and the bur was guided beyond
the connective tissue space into the enamel to produce
a second lesion that delineated the position of the orig-
inal bony defect. The curvilinear distance between the
first and second enamel lesions was then estimated us-
ing a piece of string placed between the two defects.
The rate of incisor eruption was computed by dividing
this measured distance by the time that had elapsed
since the initial surgery (27 days).

Statistics

All statistical analyses were done using microcom-
puter programs available in STATISTICA, Version 3.1
for DOS and Version 4.0 for Windows (StatSoft, Tulsa,
OK). Data were routinely checked for extreme outlyers
and for marked deviation of variables from normal dis-
tributions. The effects of fluoride were explored using a
repertoire of univariate tests including the Student's
t-test for independent samples (parametric), and the

Controls Fluoride-Exposed

Experiment 1 74.3 ± 14.9 58.4 ± 9.2**
(n = 23) (n = 30)

Experiment 2 88.4 ± 7.1 73.2 ± 6.0**
(n = 8) (n = 8)
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Fig. 1. Scatter plots (solid circles) with regression lines (solid) and
95% confidence intervals (short dashed lines) showing average daily
water consumption over 6 weeks for control and fluoride-exposed rats
plotted against final body achieved (A). Individual body weights of
control and fluoride-exposed rats are also plotted against time (B).
Data in each panel (A, B) are from different experiments. There is a
partial correlation of body weight to daily water consumption in con-
trol rats (A, CONTROL) not seen in fluoride-exposed rats which all

Mann-Whitney U test and Kolmogorov-Smirnov two-
sample test (nonparametric). Other tests of the effects
of fluoride were carried out using multivariate analy-
sis of variance (MANOVA). For these tests, data were
grouped by tooth (right vs. left), treatment category (no
fluoride versus 100 ppm fluoride in the drinking water
for 6 weeks), time of day the animals were killed
(morning versus afternoon), and location along the
sagittal axis of the incisor where measurements were
made (expressed as distance in Figs. 2, 4–6, 8–12).
Because some morphometric parameters measured
within the sagittal axis of rat incisors change over time
(see Smith and Warshawsky, 1977), body weight was
declared as a covariate in MANOVA procedures for
dependent variables related to tooth length. For all sta-
tistical tests, p values less than .05 but greater than .01
were considered marginally significant (*) while P val-
ues less than .01 were considered highly significant
(**).

RESULTS

Rats from the experimental group drank signifi-
cantly less water (Table 1, Fig. 1A) but showed serum
fluoride levels that were much greater than controls
(Table 2). Mean final body weight achieved by the flu-
oride-exposed rats tended to be lower than, although it
was not significantly different from, controls (Fig. 1B;
see also data on body weights given in Morphometry
and Double Fluorochrome Injections of the Materials
and Methods). A distinct visual difference between
treatment groups was a white, rather than deep yel-
low-brown, appearance to the erupted portions of inci-
sors from rats given fluoride in the drinking water.

Effect of Chronic Fluoride Exposure on
Morphometric Parameters Defining the Zones

and Regions of Amelogenesis

Data from histological measurements indicated that
the mean sagittal lengths of the embedded portions of

tend to drink similar amounts of water per day (A, FLUORIDE).
Overall growth in body weight for a 6 week interval is similar, al-
though slightly slower (n.s.), in the fluoride-exposed group (B, CON-
TROL vs. FLUORIDE). The oval line indicates three rats with the
lowest body weight from the fluoride-exposed group that showed mot-
tled enamel (M) on the incisors. Note in A that some rats with low
body weight tended to consume above average amounts of fluoridated
water which could explain this mottling effect.

Controls Fluoride-exposed

0.007 ± 0.002 0.159 ± 0.032**
(n = 6)1 (n = 7)
1n, number of animals.
**P < .01 for all tests (parametric and nonparamet-
ric).

the mandibular incisors (Fig. 2, AL to GM), and the
mean sagittal lengths of each of the three main zones of
amelogenesis (Fig. 2, PS, SEC, and MAT), were similar
in control rats (Fig. 2, top) vs. those given 100 ppm
fluoride for 6 weeks (Fig. 2, bottom). One regional com-
partment each from the presecretory and secretory
zones of amelogenesis, however, showed slightly
greater mean sagittal lengths in the fluoride group
(Fig. 2, Ad and Ao, P < .05).

Analysis of variance indicated that one main effect of
fluoride was expressed relative to three regional com-
partments demarcating visual changes in the appear-
ance of enamel rods (Figs. 2, 3A, RV, EPS, ES; see
Nanci et al., 1987 for definitions of these compart-
ments). In particular, the mean sagittal lengths for re-
gional compartments where enamel rods were visible
and where they were partially soluble in EDTA were
consistently greater on the incisors of fluoride-exposed
rats [Figs. 2, 3A, RV to EPS (P < .002) and EPS to ES
(P < .001)]. As a result, the average locations for
boundary points between these compartments, and for
the point marking the location where enamel was fully
soluble in EDTA (Fig. 2, ES), were progressively dis-
placed more incisally on the incisors of fluoride-ex-
posed rats compared to control rats (Fig. 2, boundaries
relative to start of MAT at NTP: RV 1,700 ± 290 μm
vs. 1,641 ± 213 μm [n.s.]; EPS = 3,480 ± 462 μm vs.
3,112 ± 339 μm [P < .01]; ES = 5,592 ± 487 μm vs.
4,607 ± 453 μm [P < .001]). Histological measure-

TABLE 2: Serum fluoride levels (ppm)
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Average Locations and Lengths of Reference Compartments

Within Sagittal Axes of Mandibular Rat Incisors (mm)

0 2 4 6 8 10 12 14 16 18 20 22

Fig. 2. Schematic representations of the total average curvilinear
lengths along the labial surfaces of the embedded portions of incisors
(long rectangles) from apical loop (AL) to gingival margin (GM) in
control rats (top) and rats given 100 ppm fluoride for 6 weeks (bot-
tom). The presecretory (PS), secretory (SEC), and maturation (MAT)
zones of amelogenesis are partitioned into their various regional com-
partments based on pooled means of length measurements taken from
histological sections. Morphological reference points relative to
enamel development are indicated including the sites where a) a layer
of enamel matrix begins to accumulate (EM; boundary between PS
and SEC), b) Tomes' processes no longer project into the enamel layer

ments also suggested that the enamel was thinner on
the incisors of fluoride-exposed rats near the boundary
between secretory and maturation zones of amelogen-
esis (Fig. 3B, NTP, 105 ± 11 μm vs. 115 ± 9 µm [P <
.002]). The mean thickness of enamel was consistently
smaller on the incisors of fluoride-exposed rats at more
incisal (older, more mature) locations within the mat-
uration zone, but these differences were not statisti-
cally significant for the pool of teeth used in these mea-
surements (Fig. 3B).

(NTP; boundary between SEC and MAT), and c) enamel rods become
visible (RV), partially soluble (EPS) and fully soluble (ES) in EDTA.
In fluoride-exposed rats, the three zones of amelogenesis (PS, SEC,
and MAT) are normal in sagittal length but there are dramatic dif-
ferences (double stars) in the total number and average location of
smooth-ended ameloblast modulation bands in the incisal half of the
maturation zone (SE3–SE6). The locations for reference points mark-
ing the sites where enamel rods are partially soluble (EPS) and dis-
solved completely (ES) in EDTA are also displaced incisally in the
fluoride-exposed rats.

Statistical tests further suggested that another main
effect of fluoride was expressed by cells of the enamel
organ which were consistently shorter in mean vertical
height across the maturation zone of amelogenesis
compared to controls (Fig. 4A). The effect was evident
in both modulating ameloblasts (Fig. 4B) and underly-
ing papillary layer cells especially in regions located
4–10 mm incisal to the start of the maturation zone
(Fig. 4C; see Fig. 2 for maturation zone ruler). In ad-
dition, between treatment group tests showed clearly
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Fig. 3. Multiple box plots showing mean (solid square and circle),
standard error (coarse hatched rectangle), and standard deviation
(open rectangle) for sagittal length (A) and thickness (B) of enamel at
three reference locations within the maturation zone (see Fig. 2) of
control and fluoride-exposed rats (right and left side of each panel).
The number of measurements in each category are indicated by the
numbers below the box plots. The mean values for control rats (sym-

that the smooth-ended ameloblast modulation bands
within the maturation zone of amelogenesis were dif-
ferent in fluoride-exposed rats compared to controls
[Fig. 2, SE1 to SE8 (controls, top) vs. SE1 to SE6 (fluo-
ride-exposed, bottom)]. In broad terms, the mandibular
incisors of fluoride-exposed rats showed an average of
two fewer smooth-ended ameloblast modulation bands
per tooth in histological sections compared to control
rats [see Figs 2, 5, 7; fluoride mean = 4.5 ± 0.9 bands
(range 3–6) vs. control mean = 6.4 ± 0.8 bands (range
5–8); P < .001]. The bands were generally greater in
mean sagittal length in the fluoride-exposed group (see
Figs. 2, 5, 8A), especially in regions located 6–11 mm
incisal to the start of the maturation zone (Figs. 5, 8A;
see ruler in Fig. 2). The bands on the incisors of fluo-
ride-exposed rats were also spread out from one an-
other so as to occupy more tooth length between suc-
cessive bands across the maturation zone (Figs. 2, 5;
expressed as interband length in Fig. 8B). This effect
appeared to be cumulative such that the differential in
incisal displacement for the average location, for ex-
ample, of the fourth modulation band (SE4) was con-
siderably greater than for the average location of the
first modulation band (SE1) when comparing locations
of successive bands in fluoride-exposed rats to control
rats [Fig. 2 from start of MAT at NTP; SE1 = 1,774 ±
816 μm in fluoride group versus 1,569 ± 677 μm in
control group (n.s.); SE4 = 9,507 ± 632 μm in fluoride
group vs. 8,874 ± 598 µm in control group (P < .027);
see also Fig. 5]. These increases in interband lengths
for the more incisally positioned smooth-ended amelo-
blast modulation bands resulted in larger mean sagit-
tal lengths and greater incisal displacements for corre-
sponding ruffle-ended ameloblast regions partitioned
by the smooth-ended cells (Fig. 2). In more incisal re-
gions of the maturation zone, ameloblasts of fluoride-
exposed rats that were in the process of recreating the
ruffle-end morphology after having been smooth-ended

bols) are superimposed on corresponding box plots for fluoride-ex-
posed rats and vice-versa. Fluoride alters markedly the length of
tooth (time) over which proteins are lost from maturing enamel (A,
RV—» EPS and EPS—» ES). Fluoride also appears to reduced the final
thickness of enamel produced by ameloblasts which are completing
the secretory stage and entering the maturation stage of amelogene-
sis (B, at reference point NTP).

showed an absence of frothy vacuolation that was typ-
ical of ameloblasts in control rats (Fig. 4D–G).

Effect of Chronic Fluoride Exposure on Fluorochrome
Labeling Within the Maturation Zone

The mandibular incisors of rats injected with calcein
(green color) followed 4 hours later by xylenol orange
(red color) showed multiple, distinct fluorescent bands
distributed in clusters across the maturation zone on
each tooth (Fig. 6, controls and fluoride-exposed). The
xylenol orange bands were paired with calcein bands in
most areas except 1) near the start of the maturation
zone (Fig. 6, PST) where the incisors of some animals
showed isolated xylenol orange bands (e.g., Fig. 6, rat 3

Fig. 4. A–C: line and symbol plots showing the mean profile height
for the enamel organ (A) and portions contributed by ameloblasts (B)
and papillary layer cells (C) as seen in sagittal sections at sequential
1 mm intervals along the length of incisors from control rats (solid
squares, solid lines) versus those given 100 ppm fluoride in the drink-
ing water (open circles, dashed lines). Results from MANOVA tests
are shown in boxed areas (degrees of freedom, number of observations,
F value, and probability) for regions indicated by the horizontal lines
near the abscissa. Standard deviations for measurements are illus-
trated by the two vertical lines in A. A reproduction of various re-
gional compartments in control rats is shown in the inset below A.
Note that both ameloblast and papillary layer cells appear shorter in
height across most of the maturation zone in fluoride-exposed rats
especially in regions where enamel is partially or fully soluble in
EDTA (positions 9-12 on abscissa). D–G: SEM micrographs of the
enamel organ showing ameloblasts (AM) and associated papillary
layer cells (PL) from a region positioned toward the incisal aspect of
the maturation zone (approximate location indicated by shaded region
in inset above micrographs) where ameloblasts are in transition from
smooth-ended (SE) to ruffle-ended (RE) morphologies. The modula-
tion wave is moving in the direction indicated by the arrow in F.
Modulating ameloblasts (AM) of control rats in this region typically
show a foamy vacuolation (D, E) when they reform the ruffle-ended
surface after having been smooth-ended. This vacuolation is absent in
ameloblasts of rats treated with fluoride (F, G). Bars, 10 μm.
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