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Fluoride ingestion has been linked to changes in behavior in mice and rats, related to dose, sex of
the animal, and the timing of exposure. Previous studies have shown the behavior of female rats to
be most affected by postnatal fluoride exposure, and in this study we determined the effects of
postnatal fluoride exposure on anxiety related behavior and serotonin. Mice given 50 ppm fluoride
in drinking water had increased entries in the open arms of the elevated plus maze, suggesting
reduced anxiety. Both peripheral and central serotonin was increased in the fluoride treated mice.
In a cohort of children drinking water containing 2.5 ppm fluoride, serum serotonin was also
increased as compared to controls. The mechanisms by which fluoride results in an increase
peripheral and central serotonin are not well understood, but warrant further study, as these effects
may also be relevant to prenatal fluoride related changes in behavior in both mice and humans.

Introduction

Fluoride is a highly electronegative anion, known for its ability to increase the rate of
hydroxyapatite formation and remineralization of carious lesions in teeth (1). This property
of fluoride has led to its highly effective use in the prevention of dental caries. However,
fluoride is reported to have other effects in cells and tissues that are evidenced by changes in
behavior in animals (2-4), and 1Q in humans (5-7).

The effects of fluoride are influenced by experimental animal strain, dose, timing and sex
(2,8,9). Mullinex et al. showed that the behavior of male Sprague Dawley rats was more
affected by prenatal fluoride exposure (0.13 mg/kg), whereas female rat behavior was more
affected by postnatal fluoride exposure (100 mg/l in drinking water) (2). At low
concentrations of fluoride in water (10 mg/l,) Bartos et al. showed that female Wistar rats
exposed to fluoride during gestation and lactation, had reduced anxiety related behavior
beginning at postnatal day 45, whereas similar reductions in anxiety in male rats were not
evident before postnatal day 90 (4). McPherson showed no anxiety related behaviors in
Long-Evans hooded male rats given 10 or 20 mg/l fluoride in drinking water beginning at
gestation through postnatal day 60 (10). However, it is not known whether prolonged
fluoride exposure beyond day 60 could have resulted in anxiety related changes in the male
Long-Evans rats similar to that found in Bartos’ study (4).

Human epidemiological studies also indicate that fluoride can have neurotoxic effects
(5,7,11). However, the mechanisms for the cellular and behavioral effects of fluoride remain
poorly understood. High levels of fluoride can increase ER stress and oxidative stress (12)
possibly related to reduced oxidative stress response (13,14). Male Wistar rats given 100
mg/L fluoride in drinking water for 30 days have increased serotonin in the hippocampus
and cortex (15). Bartos et. al showed reduced synthesis of NAChR in brains of female Wistar
rats exposed to from 10 mg/L to 30 mg/L fluoride in drinking water through pregnancy,
lactation and continuing postnatally for 90 days (13). Similarly, Reddy et al. reported that
male Wistar rats given 0.18, 20, 60 and 100 mg/L fluoride in drinking water for 90 days
showed dose-dependent increases in the levels of epinephrine, histamine, serotonin and
glutamate and a corresponding decrease in the levels of norepinephrine, acetylcholine and
dopamine in brain tissues (14).
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These studies suggest the possibility that the effects of fluoride on behavior are related to
alterations in neurochemicals. In this study, we used female C57BL/6J mice to determine the
effect of postnatal fluoride in drinking water on anxiety related behaviors, and serotonin in
serum and brain. We used C57BL/6J mice, because this strain is well characterized and does
not have known behavioral alterations, and used females, because previous studies in rats
show that females are most sensitive to the postnatal neurotoxic effects of fluoride (2).

The fluoride treated mice were given a single fluoride dose, 50mg/L in drinking water ad
libitum. This dose is high enough to result in obvious dental fluorosis without overt signs of
acute toxicity. To determine the relevance of our finding that serum serotonin concentrations
were increased in fluoride treated mice, we measured serum serotonin levels in a cohort of
children who drank water containing an average of 2.5 mg/L fluoride, as compared to
children drinking the same water supplemented with fluoride free bottled water. Similar to
mice, increased fluoride exposure correlated to increased levels of serum serotonin in
children.

Materials and Methods

Animals

Three-week-old C57BL/6J female mice were purchased from The Jackson Laboratory (Bar
Harbor, ME) and were randomly assigned to either experimental (treatment) or control
groups and housed 5 mice per cage. All animals were maintained in the UCSF animal care
facility, with a light cycle of 12 hrs. (light (7am-7pm) and 12 hrs. dark (7pm-next day 7am))
and were fed a standard rodent diet. The animal care facility is a barrier facility, accredited
by Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
All procedures are conducted under the approval of UCSF Animal Care and Use Committee,
and animals are checked daily for signs of distress and discomfort, with necessary care
administered by a veterinarian.

Water was given via plastic water bottles to avoid a loss of fluoride through absorption onto
glass surfaces. Control mice were given deionized water and treatment groups were given
deionized drinking water supplemented with 50 mg/L sodium fluoride (50ppmF, Sigma-
Aldrich, St. Louis, MO) beginning at 21 days of age, and continuing for up to 42 weeks. The
volume of water consumed was measured once per week.

One group of 30 mice (group 1), including 15 control and 15 fluoride treated mice were
maintained for 7 weeks and then tested for anxiety related behaviors using the open field and
elevated plus maze. A second group of 40 mice (20 control and 20 fluoride treated), were
also tested in the open field and elevated plus maze after 7 weeks, retested at 23 weeks, and
maintained for up to 42 weeks. At 12 week and 42 weeks brain fluoride was measured in
fluoride treated and control mice. Serum serotonin was measured at 12, 20, and 42 weeks,
and brain serotonin was compared by immunohistochemistry at after 42 weeks.

Behavioral testing

All behavior tests were done at the Neurobehavioral Core for Rehabilitation Research at the
University of California, San Francisco (UCSF). One day prior to the behavior tests the
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cages were transferred to the test room, to allow the mice to adapt to the testing facility
environment.

Open Field (OF)—The behavior of control and fluoride exposed mice was compared in
the groups 1 (15 mice per treatment) and 2 (20 mice per treatment) in the open field test after
7 weeks. Each mouse was placed in the center of a square arena made of plastic (40 cm X 40
cm, Kinder Scientific Company, Poway, CA) and was allowed to explore the arena freely for
10 mins under lighted conditions. The mouse’s behavior was recorded using MMKS Motor
Monitor tracking system (Kinder Scientific Company, Poway, CA). The distance covered
during the test session was analyzed as a parameter for general activity levels, and the time
spent in the center of the open field (a rectangle 20 cm from sidewalls) was determined to
assess anxiety levels. Increases in center time with concomitant decreases in periphery time
are considered an index of reductions in anxiety.

Elevated Plus Maze (EPM)—Following the open field test, control and fluoride exposed
mice were tested in the EPM (PM2000, Kinder scientific company, Poway, CA). The EPM is
a plus-shaped maze constructed of black Plexiglas with two opposing open arms and two
closed arms (Mouse arena dimensions: Each arm is 5 cm wide and 40 cm long, intersection
is 5 cm by 5 cm, closed wall is 15 cm high). The maze was set at an elevation of 80 cm
above the floor. In lighted conditions, the mouse was placed at the central platform and
allowed to explore the maze for 10 mins. Time spent, distance traveled, and number entries
into the open arm were recorded. All data were recorded using MMKS Motor Monitor
Verl.0 tracking system (Kinder scientific company, Poway, CA), with the assumption that a
more anxious mouse would spend less time in the open arms of the arena. After 23 weeks,
10 control and 10 fluoride treated mice from group 2 were retested in the EPM.

Social behaviors—As part of our normal colony management, we checked for wounds,
missing fur, whisker status, etc. in all mice. Group 2 mice were photographed after 25 weeks
of treatment to document increased wounding and hair loss in the control as compared to the
fluoride treated mice. The wounding and hair loss of these mice was monitored daily by a
veterinarian, who tested for parasites, fugus and bacteria. Pathogens were not identified, and
wounded areas were treated first with 0.2% Nolvasan solution, followed by BNP triple
antibiotics ointment (ointment containing acitracin, neomycin, and polymyxin B).

Brain fluoride concentrations.

Whole brains were isolated from 3 control and 3 fluoride treated mice after 12 weeks
treatment and from 5 control and 5 fluoride treated mice after 42 weeks of treatment.
Following sacrifice, the brain tissue was immediately removed, sectioned in half, weighed,
and homogenized in 500ul deionized water. Fluoride concentrations in serum and mouse
brain homogenates were determined following acid microdiffusion, based on the method
previously described by Taves (16). Briefly, 2 mls of hexamethyldisiloxane presaturated 6 N
HCI was placed in a plastic petri dish with a test tube cap glued on it. The test tube cap was
filled with 100 pl of 1.65 M NaOH. The petri dish was sealed with a lid with a small hole.
Serum or homogenized brain tissue was added to the HCI through the hole, which was then
rapidly sealed with Vaseline and paraffin. Fluoride was allowed to diffuse from the acidified
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samples as form of HF and then trap into NaOH for 22 hrs. The NaOH and trapped fluoride
was dried in 65°C oven, and then was reconstituted to neutral pH with 500 pl of 0.66 M
acetic acid. A fluoride ion-specific electrode (Mettler Toledo, Columbus, OH) was used to
measure the fluoride concentration of the buffered solution, based on the measurements of
known standards.

Serum serotonin

Mice: Blood was collected from control and fluoride treated mice after 12, 20, and 42 wks
of treatment. Mice were anesthetized with 240 mg/kg tribromoethanol (Sigma-Aldrich, St.
Louis, MO). Blood was collected by cardiac puncture and transferred to serum separator
tube (BD microtainer Cat#365967). After 15 mins on ice, the samples were centrifuged for 5
mins at 12000 rpm speed and the serum was stored at —80°C until assayed for serotonin.

Human: Following IRB approval by the ethics committee of Trakya University and
Marmara University, consent was obtained and serum was collected from 31 children ages
7-13 year of age. Twenty nine children lived in the village of Hanliyenice, Turkey, and
drank well water containing 2.5 mg/L fluoride. Twenty six children exclusively drank well
water containing, and 3 children substituted their drinking water with fluoride free bottled
water. Serum was obtained from an additional 2 children who drank from a low fluoride
water source (<0.5 ppm fluoride) in the town where all of the children attended school. All
samples were collected in the morning, and following collection, the serum was separated
from whole blood, and stored at —80° until assayed for serotonin

Serum serotonin concentrations were measured using a serotonin ELISA Kit (ab133053,
Abcam, CA, USA) according to the manufacturer’s instructions.

Serotonin immunostaining of mouse brain

After 42 wks treatment the remaining Group 2 mice were anesthetized with 240 mg/kg
tribromoethanol, and perfuse-fixed with PBS and 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO). Brains were dissected and post-fixed in 4% paraformaldehyde for 24 hrs,
followed by dehydration in 30% sucrose for 3 days. Dehydrated brains were embedded in
O.C.T Compound (Sakura Finetek USA, Ins, Torrance, CA) and then stored at —80°C.
Embedded and frozen brains were sectioned coronally at a thickness at 16 um with Leica
CM3050 cryostat microtome (Leica Microsystems Inc, Buffalo Grove, IL) at —14°C.

To compare the gross brain morphology, cryosections were defrosted and air-dried at room
temperature for 2 hrs. After rehydration with 100%, 95% and 70 % ethanol for 3 mins
individually, the sections were equilibrated with PBS and stained with 0.2% cresyl violet/
sodium acetate solution for 3 mins. Afterward, the sections were rinsed twice with water for
3 mins and dehydrated with 70%, 95% and 100% ethanol. After hyalinization with Xylene
and mounting, the sections were photographed with a Nikon Eclipse 300 microscope
(Compix Inc, Sewickley, PA).

Cryosections from 2 control and 2 fluoride treated mice (6 sections from each animal) were
immunostained for serotonin by first blocking with 3% BSA for 2 hrs, followed by overnight
incubation at 4°C with rat monoclonal anti-serotonin antibody (Abcam, Cambridge, MA).
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The following day, after one wash with 1.6% NaCl/0.04% Tween/PBS, and then three
washes with 0.2% Tween/PBS, sections were incubated with AlexaFluor 595 goat anti-rat
antibody (Santa Cruz Biotechnology). Nuclei were stained with Hoechst (Life technologies,
Grand Island, NY) for 5 mins and sections mounted with ProLong Diamond Antifade
Mounting medium (Life technologies, Grand Island, NY). The sections were photographed
with Leica TCS SP5 Spectral Confocal Microscope (Leica Microsystems Inc, Buffalo
Grove, IL).

Statistical Analysis: Weight and water consumption, fluoride concentrations in the brain
tissues, and serum serotonin levels in control and fluoride treated mice were compared by
ANOVA followed by Bonferroni post-tests. Individual behaviors were compared by
Student’s t test.

Prolonged fluoride treatment resulted in reduced weight gain over time.

Mice exposed to 50 mg/L fluoride in drinking water weighed significantly less beginning at
16 weeks (wks) of age (13 wks of fluoride exposure) (Fig 1) A reduction in the rate of
weight gain of the fluoride-exposed mice continued up until the end of the study when the
animals were 45 wks of age.

Water consumption of control and fluoride groups was monitored in a subset of mice. In wk
1, the fluoride treated mice drank significantly less water, with no significant differences in
subsequent weeks.

Activity of mice in the open field test was unchanged at 7 weeks post fluoride treatment.

Open field testing was done after 7 wks in both groups. It is interesting to note that though
the total distance traveled in both groups was the same, mice in group 1 spent more time in
the center than group 2 mice. However in both groups, there were no significant differences
between control and fluoride treated mice (Fig 2).

Fluoride treated mice spent more time in the open arms of the EPM.

After 7 wks of treatment, fluoride exposed mice in both group 1 and group 2 spent
significantly more time in the open arms, traveled a greater distance in the open arms, and
entered the open arms at higher frequency as compared to closed arms (see Fig 3). There
were no differences in the time spent at intersection in both the treatment groups at both time
points, suggesting that decision making ability was not altered by fluoride treatment. When
group 2 mice were retested after an additional 16 weeks fluoride exposure (total of 23
weeks, the results were similar with significantly more time and distance spent in the open
arms by the fluoride treated as compared to control mice.

Control mice had increased hair loss, and wounds, as compared to fluoride treated mice

Hair loss and increased evidence of wounding was observed in the control mice, generally
beginning after 10 weeks of fluoride exposure (see Fig 4).
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Brain fluoride concentrations increased with time of exposure.

Fluoride concentrations in brain were significantly higher in the fluoride exposed animals as
compared to 12 wk controls (see Fig 5). After treatment, brain fluoride levels in the treated
mice (0.18 £ 0.02 ng/g wet weight) were 2-fold that of controls (0.08 + 0.003 ng/g wet
weight), and after 42 wks, fluoride levels in the treated group (0.57 £+ 0.09 ng/g wet weight)
increased to 4-fold as compared to controls (0.13 £ 0.02 ng/g wet weight).

Serotonin was increased significantly with higher levels of fluoride exposure.

Serum serotonin levels in fluoride treated mice were significantly increased as compared to
controls after 12, 20 and 42 wks of treatment. In controls, serum serotonin also increased
significantly at 20 and 42 wks, as compared to 12 wks (see Fig 6). The greatest difference in
serum serotonin levels in fluoride treated as compared to control mice, was in the youngest
group of animal measured, after 12 weeks fluoride treatment.

Serum serotonin levels in children drinking fluoride containing water were significantly
higher than that of children who substituted their drinking water with low fluoride
containing bottled water.

Serum serotonin levels from the 26 children who drank only well water averaged 267 + 45
ng/ml (mean £ SD), with no statistically significant difference in boys as compared to girls.
The 3 children who substituted their drinking water with fluoride-free bottled water had
significantly reduced serum serotonin levels of 187 + 9 ng/ml (p<0.01), as compared to the
children who drank only well water. The average serum serotonin levels for the 2 children
outside the village, drinking non fluoridated water, was even lower at 84 ng/ml (see Fig 7).

Serotonin immunostaining was increased in brains of fluoride exposed as compared to
control mice

When we compared 6 serial immunostained sections from 2 brains from each group (control
and fluoride exposed, we observed no obvious changes in brain morphology in the fluoride
treated as compared to control mice (data not shown). Though there was no systematic
quantification of the relative intensity of immunostaining, the differences in staining
intensity between sections from control and fluoride treated brains showed that consistent
with an increase in serum serotonin in fluoride treated mice, there was increased serotonin
immunostaining in the brain, in particular in the area of the paraventricular nucleus (see
boxed area in Fig 8B, and enlarged in 8D). There was no positive staining when consecutive
sections were stained without primary antibodies.

Discussion:

The open field test measures spontaneous motor activity and exploratory behavior as
measures of hyperactivity in animals (17). We found no differences in the behavior of the
control and fluoride exposed female mice after 7 weeks (49 days) in the open field test,
These results are similar to those of Pereira et al, who found no differences in locomotion in
the open field test in adult male Wistar rats given 100 ppm postnatal fluoride for 30 days
(15), and McPherson et al, who found that male Long Evans rats exposed to either 20 or 10
mg/L fluoride beginning in gestation, showed no differences in locomotor activity as
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compared to controls when tested at 40 days of age (10). However, with a longer duration of
fluoride exposure, Bartos et al., found that both male and female Wistar rats given a lower
fluoride concentration of 5 and 10 mg/L in drinking water beginning during gestation and
continuing through lactation, had significantly decreased locomotion in the open field test at
90 days of age, as compared to control rats (4). Taken together, these studies suggest that the
effects of fluoride on locomotor activity as measured in the open field test, may be
dependent on the age or length of time of exposure fluoride exposure.

In the elevated plus maze (EPM), in which anxiety is assessed by the willingness of animals
to enter and explore the open arms, we found that fluoride treated mice showed less anxiety
in exploring the open arms after 7 weeks (49 days), and after 23 weeks (161 days) fluoride
exposure. These findings are similar to those of Bartos et al., who found that female Wistar
rats exposed to 10mg/L fluoride beginning during gestation spent significantly more time in
the open arms as compared to controls after 45 days of age and male rats who spent
significantly more time in the open arms of the EPM after 90 days of age (4). Consistent
with Bartos’ studies, which found changes in male rats only after 90 days of age, McPherson
et al, found that male Long-Evans rats exposed to 10 or 20 mg/L fluoride during gestation,
also did not show change in behavior the EPM at 40 days of age (10). Taken together, these
findings show that fluoride exposure can result in decreased anxiety related behaviors, and
that females may be affected after less time of exposure as compared to males.

When group 2 mice were retested at 23 weeks, fluoride exposed mice spent a significantly
greater amount of time in the open arms and traveled a greater distance in the open arms as
compared to controls given 0 ppm fluoride in drinking water, though unlike after 7 weeks,
there was no difference between the group in the number of entries into the open arms.
Serotonin levels increased in 23 wk mice exposed to fluoride as compared to control mice. It
is noteworthy that serotonin serum concentrations increased in control mice at 23 wks as
compared to 7 wks. It is not clear whether increased serotonin levels in 23 week old control
mice could have influenced these differences.

In one of the few reports of the effects of fluoride on behavior in mice, Liu and co-workers
found that though there was no effect of 10mg/L fluoride in drinking water in postnatal
BalB/C male mice for 4 weeks (28 days) on locomotor activity in the open field test, but that
male BalB/C mice spent significantly reduced time in the open arms. These findings are
opposite to our findings of increased time spent in open arms of the EPM in C57BL/6J
female mice exposed to 50 mg/L fluoride for 7 weeks. The differences between our findings
and those of Liu et al, may be related to the strain of mice used. BALB/c is an inbred stress-
sensitive mouse strain exhibiting low brain serotonin content due to a loss-of-function single
nucleotide polymorphism (SNP; C1473G) in 7phZ2, with an approximate 50% reduction in
tryptophan hydroxylase (Tph2), the enzyme that converts tryptophan into serotonin (5-HT)
(18-20). This suggests the possibility that stress related differences in the effects of fluoride
on mouse behavior in different strains may be related to serotonin levels.

Serotonin is a monoaminergic neurotransmitter produced by several cell types including
serotonergic neurons, enterochromatin cells and renal proximal tubule cells. In the periphery,
a large amount of serotonin is stored in platelets, and it is thought that peripheral serotonin
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cannot pass the blood brain barrier. Therefore, there are two independent systems of
organization for serotonin: one in the central nervous system and the other in the periphery
(21,22). The action of serotonin on pre- and post-serotoninergic receptors is limited by the
recapture of serotonin, mediated by phosphorylation by the plasma membrane serotonin
transporter (23,24), whose activity depends on ionic membrane gradients of Na+,K+, and Cl
(25). The second mechanism is the degradation of serotonin by monoamine oxidase (MOA)
(26), a process that has been shown to result in the increase in ROS in cardiomyoctes (27).

To investigate the possibility that serotonin also increased in the brain in fluoride treated
female mice, we immunostained for serotonin in fixed brain sections. We found increased
immunostaining for serotonin, in particular, in the area of paraventricular thalamic nucleus
(PVN). The PVN is heavily innervated by neuropeptides, including serotonin, and is the
only thalamic nucleus connected to the group of structures comprising the amygdala, bed
nucleus of the stria terminalis, nucleus accumbens and infralimbic/subgenual anterior
cingulate cortex (28). These neurotransmitter systems and structures are involved in
regulating motivation and mood, The PVT is involved in fear processing in the amygdala
(29), and therefore it is possible that fluoride related effects in decreasing anxiety related
behaviors are initiated in the PVN.

We found that serum serotonin levels in fluoride treated mice were significantly increased as
compared to control mice at all three time points (20, 20 and 42 weeks of fluoride exposure).
Similar to McPherson et. al, we also found that brain fluoride concentrations increased with
time of fluoride exposure (10), suggesting that fluoride increases serotonin both peripherally
and centrally. It is interesting to note that serum serotonin did not continue to increase in
either control or fluoride exposed mice at 42 week as compared to 20 weeks. This effect
may be related to relatively decreasing serotonin levels with age, or alternatively may
represent a change in the regulation of serotonin uptake into platelets (30,31).

Fluoride has been shown to decrease expression of the nicotinic acetyl choline receptor
nAChR (13). Activation of nAChRs, has been shown to increase activity of the serotonin
transporter (SERT) in the prefrontal cortex (32), and therefore downregulation of nAChR
would decrease cellular uptake of serotonin. This possibility is consistent with our findings
of increased extracellular serotonin in the presence of fluoride. Serotonin can also be
removed through degradation by MOA. This process results increased production of reactive
oxygen species in cardiomycytes and hepatocytes. Increased ROS has been correlated with
increased anxiety related behaviors (33), and aggressiveness (34). It is therefore possible the
effects of fluoride in reducing anxiety could be related to a relative reduction in the
production of ROS (13,14). However, mechanisms by how fluoride influences serotonin
concentrations remain to be investigated.

To determine the potential relevance of these studies to humans, we identified a well-
controlled cohort of children exposed drinking water containing 2.5 mg/I fluoride. The 26
children who exclusively drank well water containing 2.5 ppm fluoride had significantly
increased serum serotonin as compare to the 3 children who substituted their drinking water
with fluoride free bottled water. Serum serotonin levels in children who went to the same
school, but were not exposed to fluoride in food or water, had even lower serum serotonin
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levels. These findings of a correlation between water fluoridation and serum serotonin in a
well-controlled cohort of children, may be important when considering the effects of
fluoride on the developing brain. Lack of serotonin reuptake during brain development has
been linked to changes in the prefrontal cortex and behavioral outcomes (35)

In summary, our findings show an inverse relation between fluoride ingestion and anxiety
related behavior, and increased extracellular serotonin. We are the first to show that similar
effects in humans. Our findings underlie the need for additional studies, including those
focused on the mechanism of action by which fluoride modulates neurotransmitters such as
serotonin, and how sex and the timing of exposure contribute to these effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Fluoride added to drinking water postnatally, resulted in reduced anxiety in
mice

Increased fluoride was associated with significantly increased serum
serotonin in mice and in children

Fluoride concentrations in brain increased with increased time of exposure

Serotonin immunolocalization was increased in long term fluoride exposed
brain
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Fig 1.

After 12 weeks, fluoride treated mice weighed significantly less than the control mice.
Value=Mean + SD; n=10 per group P values determined by two-way ANOVA.
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Fig 2.

The open field test shows no differences between control and fluoride treated mice after 7
wks treatment in duplicate tests for A) in the total distance traveled; B) the distance traveled
in the center; and C) the % time spent in the center. n=15 for group 1; n=20 for group 2
mice; Value= Mean + SEM; Student’s t-test showed no significant differences between
groups.
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Fig 3.

In the elevated plus maze (EPM) both groups of fluoride treated mice spent significantly
more time in the open arms (A,E) and traveled a greater distance in the open arms (B,F).
After 7 wks fluoride exposure, fluoride treated mice had more open arm entries (C, G);
while mice retested after 23 wks fluoride exposure did not show differences in the percent
time spend in the intersection of the open arms). Groups 1 (n=15); Group 2 (n=20) at 7 wks;
Group 2 (n=10) at 23 wks; Value=Mean+ SEM; comparisons done using Student’s t-test.
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Fig 4.

Photos of 5 mice from one cage each of Group 2 control (A,C) and fluoride treated (B,D)
mice after 25 weeks of treatment. Note signs of localized wounding and hair loss in control
mice as compared to fluoride treated mice
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Fig 5.

Fluoride exposure increased the fluoride concentration in brain tissues. Fluoride levels of the
treatment group were significantly higher than controls after both 12 and 42 weeks. Value=
Mean £ SD, n=6 per group; two-way ANOVA
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Fig 6.

Serum serotonin concentrations were significantly increased as compare to controls at 12,
20, and 42 weeks. However there was not a significant increase in serum serotonin at 42
weeks as compared to 20 weeks. Value=Mean * SD; n=6 per group; two-way ANOVA
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Serum serotonin levels in children from Hanliyenice, Turkey who exclusively drank water
containing 2.5 ppm fluoride had significantly increased serum serotonin as compared to
controls who supplemented with fluoride free bottled water; Value= Mean £ SD; One-way
ANOVA
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Fig.8.

Serotonin immunostaining in brain of fluoride treated mice for 42 wks, showed increased
serotonin immunostaining, in particular, in the region of the paraventricular thalamic nucleus
(PVN). A) control mice, with a magnified view of the region of the PVT shown in C. B)

fluoride treated mice with magnified view of the PVT shown D.
Scale bars A,B = 100 uM; C,D =50 uM

Physiol Behav. Author manuscript; available in PMC 2020 July 01.



	Abstract
	Introduction
	Materials and Methods
	Animals
	Behavioral testing
	Open Field (OF)
	Elevated Plus Maze (EPM)
	Social behaviors

	Brain fluoride concentrations.
	Serum serotonin
	Mice:
	Human:

	Serotonin immunostaining of mouse brain
	Statistical Analysis:


	Results:
	Prolonged fluoride treatment resulted in reduced weight gain over time.
	Activity of mice in the open field test was unchanged at 7 weeks post fluoride treatment.
	Fluoride treated mice spent more time in the open arms of the EPM.
	Control mice had increased hair loss, and wounds, as compared to fluoride treated mice
	Brain fluoride concentrations increased with time of exposure.
	Serotonin was increased significantly with higher levels of fluoride exposure.
	Serum serotonin levels in children drinking fluoride containing water were significantly higher than that of children who substituted their drinking water with low fluoride containing bottled water.
	Serotonin immunostaining was increased in brains of fluoride exposed as compared to control mice

	Discussion:
	References
	Fig 1.
	Fig 2.
	Fig 3.
	Fig 4.
	Fig 5.
	Fig 6.
	Fig 7.
	Fig.8

