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Abstract Excessive exposure to fluoride results in struc-
tural and functional damages to the central nervous sys-
tem (CNS), and neurotoxicity of fluoride may be associ-
ated with neurodegenerative changes. Chronic microglial
activation appears to cause neuronal damage through
producing proinflammatory cytokines and is involved in
many neurodegenerative disorders. It is not known about
effects on microglia of fluoride. In the present study,
healthy adult Wistar rats were exposed to 60 and
120 ppm fluoride in drinking water for 10 weeks, and
control rats received deionized water. After 10 weeks,
rats were sacrificed under anesthesia then apoptosis in
neuron and inflammatory factors secreted by microglia
were determined. We found that apoptosis of neurons
in fluoride-treated rat brain increased and terminal
deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL)-positive immunofluorescence increased
with increasing fluoride concentrations. Bax protein ex-
pression increased and Bcl-2 protein expression de-
creased in fluoride-treated rat brain compared with that
of the control rat brain. The microglia in the hippocam-
pus and cortex of fluoride-treated rats were activated by
immunostaining with OX-42, a marker of activated

microglia, and OX-42-positive microglia cells were more
abundant in the hippocampus than in the cortex. The
levels of IL-1β and IL-6 protein expression in OX-42-
labeled microglial cells were significantly increased in
the cortex and hippocampus of rats exposed to fluoride,
and TNF-α immunoreactivity in microglial cells of the
hippocampus was significantly higher in the 120 ppm
fluoride-treated group than that in the control group.
Our results indicate that fluoride induced neuron apopto-
sis and expressions of inflammatory factors by activating
microglia in rat brain.
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Introduction

Excessive fluoride may cross the blood–brain barrier and ac-
cumulate in the brain, causing dysfunction of the central ner-
vous system (CNS). Epidemiological investigations have re-
vealed that the intelligence quotient (IQ) of children living in
high fluoride areas was lower than that of children living in
low fluoride areas [1–3]. A meta-analysis showed that chil-
dren who live in a fluorosis area have five times higher odds of
developing low IQ than those who live in a nonfluorosis area
or a slight fluorosis area [4]. Psychiatric symptoms such as
lethargy, memory and concentration impairment, and thinking
difficulties appeared after chronic exposure to industrial fluo-
ride in workers [5]. In the animal experiments, fluoride de-
creased the number of avoidance responses in the active
avoidance task in rats and had potentially deleterious effects
on learning and memory [6]. The learning abilities and mem-
ory of high-fluoride exposure mice were significantly lower
than those of the control group [7]. The neuropathological
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examinations in rat exposure to fluoride appeared thickening
and disappearance of dendrites, swelling of mitochondria, di-
lation of the endoplasmic reticulum in neurons [8, 9], and
impaired hippocampus synaptic interface structure [10]. These
data indicate that excessive exposure to fluoride results in
structural and functional damages of the CNS and is associat-
ed with CNS dysfunction.

The mechanism of brain dysfunction due to chronic fluo-
rosis has been thought by oxidative stress-mediated damage of
brain tissues. Fluoride can induce oxidative damage and apo-
ptosis in neurons, which might be regulated by antiapoptotic
genes and death receptor-mediated pathway [11–13]. Fluoride
affects the brain by inhibiting some enzymes associated with
energy production and transfer, membrane transport, and syn-
aptic transmission [14]. Chronic or subchronic fluoride expo-
sure may lead to reduction of acetylcholinesterase activity and
nicotinic acetylcholine receptor level, as well as alteration in
the neurotransmitter level [15, 16]. The developmental neuro-
toxicity of fluoride may be closely associated with low glu-
cose utilization and neurodegenerative changes [17]. The hip-
pocampus is the key region for learning and memory in the
brain and has been postulated to be one of the neurotoxic
target sites attacked by fluoride [18]. Beta amyloid plaques
were formed in the brain of fluoride-treated rats [19], which
was similar to that occurring in patients with Alzheimer’s
disease (AD). AD is characterized by an abnormal increase
of variety of inflammatory cytokines and chemokines in the
brain which is associated with an immunological response of
activated microglial cells [20]. Fluoride treatment could lead
to degeneration of glial cells, and glial cells were as targets of
fluoride toxicity and involved in dysfunction of the brain in-
duced by fluoride [21, 22]. In addition, glial activation and
inflammatory response were seen and a close link between
oxidative stress neuroinflammation and degeneration in
aluminum-fluoride toxicity rats was observed.Microglial cells
were activated during fluoride- and aluminum-induced neuro-
nal damage [23].

Microglia serve as the resident immune cells of the CNS
and comprise about 10–15% of the total cell population of the
brain. Under physiologic conditions in the intact, healthy
CNS, microglial cells exhibit a ramified morphology with a
small, round soma, and various branching processes. Microg-
lia change their morphology and function in response to a
given stimulus and present amoeboid form with characteristic
macrophage functions [24]. Microglia are the first line of de-
fense that respond rapidly to any type of brain injury [25]. But,
chronic microglial activation appears to cause neuronal dam-
age through producing potentially neurotoxic substances such
as proinflammatory cytokines, reactive oxygen intermediates,
proteinases, and complement proteins [26]. These cytokines
can act on astrocytes to induce a secondary inflammatory or
growth factor repair response [27]. Numerous studies suggest
that chronic microglial activation is harmful for neuronal

survival. High interleukin-1β (IL-1β) concentrations in the
hippocampus are associated with impaired memory [28]. For
many neurodegenerative disorders, activated microglia are the
hallmark of neuroinflammation [29].

In our previous studies in vitro [30], it was found that
fluoride treatment enhanced ROS levels and the release of
inflammatory cytokines by inducing the activities of BV-2
microglia. To demonstrate these findings, this study examined
the microglia phenotype and pro-inflammatory cytokine ex-
pressions in the hippocampus and cortex of fluoride-treated
rats in vivo. Here, we provide evidence that chronic microglia
activation and release of proinflammatory cytokines is consis-
tent in the hippocampus and cortex of fluoride-treated rats.
Importantly, these data suggest that chronic activation of mi-
croglia in fluoride-treated rat brain could play a part in the
dysfunction of CNS.

Material and Methods

Chemicals

Sodium fluoride (NaF) was procured from Sigma Chemical
(St. Louis, MO, USA). Anti-Bax, anti-Bcl-2, anti-IL-1β, anti-
IL-6, and anti-tumor necrosis factor-a (TNF-α) antibodies
were obtained from Sangon Biotech Co., Ltd. (Shanghai, Chi-
na), and anti-OX-42 antibody was purchased from Cell Sig-
naling Technology (Beverly, MA, USA). All other reagents
used were of analytical grade, and deionized water was used
throughout the study. Stock solutions of NaF (120 g/l) were
prepared and stored in the dark at 4 °C. Diluted standard
solutions for study were prepared fresh daily.

Animals and Treatment

Thirty male and 30 female healthy adult Wistar rats were
obtained at 5 weeks of age from Experimental Animal Center
of China Medical University (China). The animals were
acclaimed for a week before the start of the experiment and
fed common basal pellet diet and water ad libitum. Rats were
assigned randomly to three groups containing 20 rats per
group by body weight stratification. NaF-treated rats received
60 and 120 parts per million (ppm, milligrams per liter) of
fluoride ion (F−) in drinking water for 10 weeks. Control rats
received deionized water (no added NaF) for 10 weeks. Dur-
ing the course of treatment, rats were observed daily for any
clinical signs and daily water consumption, body weight gain,
and feed consumption were recorded periodically. The actual
intake of the fluoride was calculated from water consumption
data. All of the rats were kept in ventilated cages at 23–27 °C,
with 55–60 % humidity and 12/12 h light/dark cycles. After
10 weeks, exposure was stopped and rats were sacrificed un-
der anesthesia of 10 % chloral hydrate, 0.3 ml/100 g body
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weight via intraperitoneal injection. Blood samples were
drawn via the abdominal aorta for the separation of serum
from 10 rats of each group, the brains of 8 rats were resected
and weighed, and the relative weight of brain (%) was calcu-
lated as grams per 100 g body weight. The whole hippocam-
pus and cerebral cortex were dissected from the brain for
Western blot analysis and F− determine. The brains of other
two rats were fixed in 2.5 % glutaraldehyde for pathological
examination by transmission electronmicroscopy (TEM). An-
other 10 rats of each group were perfused through the heart
with 100 ml of normal saline containing 0.02 % heparin,
followed by 200–400 ml of 4 % paraformaldehyde in 0.1 M
potassium phosphate buffer (pH=7.4). After perfusion, the
brain was removed quickly and post-fixed in the same fixing
solution at room temperature for overnight. The fixed brains
were cut coronally and routinely embedded in paraffin for
immunofluorescence analysis and terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) text.
All samples were stored at −80 °C until analysis. The exper-
imental procedure used in this study met the guidelines of the
Animal Care and Use Committee of the China Medical
University.

Determination of Fluoride

The fluoride ion (F−) level in serum (10 rats each group) was
measured potentiometrically directly after dilution with equal
volumes of total ionic strength adjustment buffer using a fluo-
ride ion-specific electrode, and results were expressed as mi-
crograms per milliliter. The concentration of F− in the brain (8
rats each group) was determined according to the method of
enzyme standard instrument-fluorine reagent colorimetric
method [31]. Briefly, about 50 mg of brain tissue digested
with lipase and protease was dissolved in an acid mixture
(nitric acid and argent nitrate) in a closed compartment. The
cover of the compartment was overlaid with saturation sodium
hydroxide. After neutralization for 24 h, fluorine reagent was
added into the mixture, and the values were calculated from a
standard curve. The amount of fluoride was expressed in mi-
crogram of fluoride per gram of dry tissue.

Transmission Electron Microscopy Analysis

Brain tissues fixed with 2.5 % glutaraldehyde were post-fixed
in 1 % osmium tetroxide, dehydrated through graded ethanol
series, and embedded in Spurr’s resin. Resin sections of 50 nm
were cut on resin microtome, and ultrathin sections were
stained with uranyl acetate and lead citrate then observed ul-
trastructural changes of brain cells and photographed using
JEM-1200EX (Hitachi Ltd., Tokyo, Japan) transmission elec-
tron microscope (TEM).

TUNEL Assay

To determine apoptosis, brain sections were stained with the
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) reagents, which measures the nuclear
DNA fragmentation, an important indicator of apoptosis. The
TUNEL assay was performed according to the manufacture
guidance of One Step TUNEL Apoptosis Assay Kit
(Beyotime, Jiangsu, China). Briefly, the brains embedded in
paraffin were sectioned into 6-μm thick coronal sections. The
tissue sections were deparaffinized in xylene for 10 min and
hydrated through a graded ethanol series. Then, the tissue
sections were treated with proteinase K solution and incubated
in TUNEL reaction mixture for 1 h at 37 °C in a humidified
chamber. After washing with phosphate buffer solution (PBS),
randomly chosen fields were examined under fluorescence
microscopy (LEICA DMILLED, Germany). TUNEL-
positive cells were deemed to be undergoing apoptosis and
appeared red in the nucleus and with an irregular shape. The
immunoreactive area was measured using a computer-assisted
image analysis program (Image-pro plus 6.0). The area of
highlighted immunoreactivity was calculated as average sig-
nal intensity of the selected field. The sections were micro-
scopically obtained at a magnification of ×200 (objective ×20
and ocular ×10).

Western Blot Analysis

The hippocampus and cerebral cortex samples were lysed in
ice-cold lysis buffer by supersound and then centrifuged at 12,
000g for 25 min at 4 °C. Protein quantification of the super-
natant was performed using the protein assay kit. Lysates with
30 μg protein each were subjected to electrophoresis on 10 %
SDS-polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore,
Bedford, USA) at 100 V for 1 h. After the membranes were
blocked in 5 % fat-free dry milk in Tween 20 Tris-buffered
saline (TBST) for 1 h, the membranes were incubated with
primary antibodies at a dilution of 1:500 anti-Bcl-2 and anti-
Bax and 1:3000 polyclonal antibodies to β-actin, overnight at
4 °C. After washed with TBST, the membranes were incubat-
ed in horseradish peroxidase-conjugated secondary antibody
(1:5000) for 1 h and washed with TBST three times. Protein
bands were detected by enhanced chemiluminescence reagent
and then densitometric analysis was performed with an LI-
COR Odyssey Infrared Imaging system.

Double Immunofluorescence

The brains embedded in paraffin were sectioned into 6-μm
thick coronal sections. The brains were sectioned in a serial
manner when intact structure of the hippocampus was ob-
served in the slices. Every fifth/sixth slices were collected

Mol Neurobiol (2016) 53:4449–4460 4451



per animal on gelatin-coated microscope slides. Three sec-
tions were selected randomly from each rat brain. Microglial
cells were identified by specific labeling with CD11b (OX-
42), a constitutive marker of microglia and is frequently pres-
ent on activated microglia. After being deparaffinized in xy-
lene for 10 min followed by 100 % ethanol, the slices were
washed three times in phosphate buffered saline (PBS). After
preincubation in 10% normal goat serum at room temperature
for 30 min, the sections were incubated with mouse anti-OX-
42 monoclonal antibody (1:100 dilution) along with rabbit
anti-IL-6 or with rabbit anti-TNF-α or with rabbit anti-IL-1β
polyclonal antibody (1:50 dilution) overnight at 4 °C. Tissue
sections were then washed three times in PBS. The sections
were incubated with a second antibody conjugated to the fluo-
rescent markers FITC and TRITC (1:50; Boster Biotech Co.,
Ltd. Wuhan, China) at room temperature for 2 h. Then, the
slices were washed three times in PBS. At last, the slices were
mounted with glycerin gelatin for histological examination.
Photo images were captured from the hippocampus and cortex
by fluorescence microscope (LEICA DMILLED, Germany).
The immunoreactive area was measured using a computer-
assisted image analysis program (Image-Pro Plus 6.0). The
area of highlighted immunoreactivity was calculated as aver-
age signal intensity of the selected field. The sections were
microscopically obtained at a magnification of ×200 (objec-
tive ×20 and ocular ×10).

Statistical Analysis

SPSS 13.0 (SPSS Inc., Chicago, IL, USA) was used for the
analysis. One-way analysis of variance (ANOVA) was used to
evaluate the difference among groups. Experimental results
were expressed as the mean±SD, and a p<0.05 was consid-
ered significant in all tests.

Results

General Observations

No significant toxic symptom was observed except for dental
fluorosis in the 60 and 120 ppm fluoride-treated rats as ex-
pected. Water consumption of the fluoride-treated rat groups
decreased slightly compared with the control group (data not
shown). Analysis of body weight throughout the experiment
showed that there was no difference between 60 ppm fluoride-
treated group and control rats. But body weight of 120 ppm
fluoride-treated rats decreased from the seventh week of ex-
posure to NaF, see Fig. 1. The fluoride intake was calculated
according to water consumption amount and increased pro-
portionally to water fluoride concentration.

The Concentrations of Fluoride in the Serum and Brain
Tissues

Dose-dependent increases of concentrations of fluoride in the
serum (r=0.813, p<0.01) and brain tissues (r=0.787, p<0.01)
were observed in rats exposed to NaF. Table 1 showed that
fluoride concentrations in the serum and brain tissues of 60
and 120 ppm fluoride-treated rats were significantly higher
than that of control rats (p<0.01).

Ultrastructure Observation of the Brain

Transmission electron microscope (TEM) analysis of the ul-
trastructure of the brain in rats was showed in Fig. 2. In the
control group, the brain exhibited normal integral structures,
and the brain cells showed one or more oval nuclei with vis-
ible clear nucleoli and double nuclear membranes, abundant
mitochondria, endoplasmic reticulum, and ribosomes in the
cytoplasm of the brain cells (Fig. 2a). In 60 ppm fluoride-
treated rats, brain cells appeared cytomorphotic, with
intranuclear heterochromatin margination condensation, mito-
chondrial outer membrane: part vague, rough endoplasmic
reticulum: gently expanding, cellular membrane: part
swollen. In the rats treated with 120 ppm fluoride, brain
cells appeared obviously intranuclear heterochromatin
margination aggregated, cellular membrane dissolved,
with shrinkage of nuclear and cell volume, organelle
dissolved, and apoptosis presented.

Apoptosis of Neurons in the Rat Brain

The apoptotic cells appeared red under immunofluorescence.
The density of immunofluorescence in the cortex and hippo-
campus was significantly different between fluoride-treated
rats and the control rats. Figure 3 showed higher TUNEL-
positive immunofluorescence in the cortex and hippocampus
in 60 and 120 ppm fluoride-treated rats compared with the
control groups. TUNEL-positive staining increased with in-
creasing fluoride concentrations. The intensities of
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Fig. 1 Effects of fluoride on the bodyweight of rats. Data were displayed
as the means of 20 replicates
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fluorescence in the cortex and hippocampus in fluoride-
treated rats increased in a dose-dependent manner (r=0.635,
p=0.000 and r=0.928, p=0.000, respectively).

Bax and Bcl-2 Expressions in the Brain of Rats

Expressions of Bax and Bcl-2 in the brain were measured by
Western blot analysis, as shown in Fig. 4. The protein expres-
sions of Bax in the hippocampus dramatically increased in
120 ppm fluoride-treated rats compared with the control group
rats, and there was a dose-dependent correlation between ex-
pression of Bax and fluoride concentration (r=0.550, p=
0.018). Bcl-2 expression level in the cortex decreased in
120 ppm fluoride-treated rats when compared to the control
group rats (p<0.05). A negative correlation was found
between Bcl-2 expression and fluoride concentration in
the cortex (r=−0.504, p=0.033). In addition, expres-
sions of Bax in the cortex increased and Bcl-2 expres-
sions in hippocampus decreased, but there were no sig-
nificant differences between fluoride-treated rats and
control rats. We calculated the index of Bcl-2/Bax to evaluate
proliferation and apoptosis of brain cells. It was shown that
indexes of Bcl-2/Bax in the hippocampus decreased with
fluoride concentration (r=−0.681, p=0.002), and indexes
of Bcl-2/Bax in the hippocampus of 60 and 120 ppm
fluoride-treated groups were significantly lower than those
of the control group, which meant fluoride promoting apopto-
sis in rat brain.

Effects of Fluoride on the Inflammatory Factor
Expressions in the Hippocampus and Cortex Region
in OX-42-Labeled Microglial Cells

Microglial activation was assessed in rats by analyzing brain
tissue sections immunostained with OX-42, a marker of acti-
vatedmicroglia in rats. The activation ofmicroglial cells in the
hippocampus and cortex of fluoride-treated rats is confirmed
in this study using anti-OX-42 antibody. OX-42 immunoreac-
tivity in the hippocampus and cortex of 60 and 120 ppm
fluoride-treated rats dramatically increased compared with
that of the control rats (p<0.05), shown in Fig. 5. In the hip-
pocampus of fluoride-treated rats, OX-42-positive microglia
cells were more abundant than in the cortex. The level of IL-
1β protein expression in OX-42-labeled microglial cells was
significantly increased in the cortex of rats exposed to 60 ppm
fluoride and the hippocampus of rats exposed to 120 ppm
fluoride (Fig. 6), but no statistical changes were observed in
the cortex of rats exposed to 120 ppm fluoride. The expres-
sions of IL-6 in OX-42-labeled microglial cells were greatly
increased in the cortex and hippocampus of rats exposed to 60
and 120 ppm fluoride when compared to control rats, and
there was a positive dose-dependent correlation in the cortex
and hippocampus (r=0.916, p<0.01 and r=0.833, p<0.01,
respectively), seen Fig. 7. The TNF-α immunoreactivity in
the hippocampus was significantly higher in the 120 ppm
fluoride-treated group than in the control group (p<0.05).
We observed no significant differences for TNF-α immuno-
reactivity in the cortex among groups, see Fig. 8.

Table 1 The concentrations of F− in the serum and brain tissues of NaF-treated rats

Groups Serum (μg/ml) brain tissues (μg/g)
n

�� ±SD
n

�� ±SD

Control 10 0.077±0.057 8 0.266±0.136

60 ppm 10 0.148±0.044* 8 0.655±0.202**

120 ppm 10 0.394±0.135**,## 8 0.997±0.359**,#

*p<0.05 compared with the control group; **p<0.01 compared with the control group; # p<0.05 compared with 60 ppm fluoride-treated group;
## p<0.01 compared with 60 ppm fluoride-treated group

Fig. 2 The ultrastructure of the
brain cells in rats. a The brain of
control rat; b the brain of rat
exposed to 60 mg/l fluoride; c the
brain of rat exposed to 120 mg/l
fluoride. Nu nucleolus, NM
nuclear membrane, CC chromatin
condensation, MS mitochondria
swelling, MD membrane
dissolving. Magnification, ×6000
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Discussion

A number of studies reported neuropathological lesions in
chronic and high dose of fluoride treated brain, such as chro-
matolysis of Purkinje neurons, damage to the neurons and
neuroglial cells, and neurodegenerative changes in rat brain
[17]. However, the molecular mechanism underlying the path-
ogenesis of CNS damage induced by chronic fluorosis re-
mains elusive. Many studies linked fluoride-induced brain
changes through oxidative stress [11, 32]. It is well known
that oxygen-derived free radicals are a major source for
DNA damage, which can cause strand breaks and base alter-
ation in the DNA and elicits apoptosis [33]. Apoptosis is a
genetically controlled mechanism of cell death involved in
regulation of tissue homeostasis. Bcl-2 blocks apoptosis by
stabilizing the mitochondrial membrane, whereas Bax induces
apoptosis by increasing the mitochondrial membrane perme-
ability [34]. TUNEL text can detect DNA fragments in situ by
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling and provide accurate detection of apoptotic cells.
In this study, apoptosis in the hippocampus and cortex of
fluoride-treated rats were found by TUNEL text and apoptotic
rate of excessive fluoride exposed hippocampus and cortex
was showed in a dose-dependent manner, similar to the report
of Liu [35]. Moreover, we also found that Bax protein expres-
sions in the hippocampus dramatically increased and Bcl-2
expressions in the cortex decreased in 120 ppm fluoride-
treated rats compared with the control group rats, and indexes
of Bcl-2/Bax in the hippocampus and cortex decreased with
fluoride concentration increase. The proteins involved in pro-
liferation and death appeared promoting apoptosis in fluoride-

exposed rat brain.We also observed here ongoing intranuclear
heterochromatin margination aggregation, cellular membrane
dissolution, shrinkage of nuclear and cell volume, organelle
dissolution, and apoptosis presented in the hippocampus and
cortex of high-fluoride-exposed rats by electron microscopy.
Generally, these changes were thought related with oxidative
stress and pro-inflammatory factors, which might make a con-
tribution to the related brain injury.

Recently, it is reported that increases of microglia activation
and inflammatory response were seen in aluminum, fluoride,
and a combination of aluminum–fluoride-treated rat brain [23].
Microglia are the resident immune cell population of the CNS
and are highly sensitive to physiological and pathological
changes. Microglia are implicated in the regulation of neural
homeostasis and the response to injury and repair and express
low levels of cytokines and chemokines in the healthy brain
[36, 37]. Microglia are activated as given stimulus through
changing their morphology and function. Awell-knownmarker
of activated microglia is CD11b (OX-42) expression.
Microglial activation in this study was evidenced by the in-
creased amount of OX-42-positive cells in fluoride-treated rat
brain. Activated microglia cells produce several inflammatory
cytokines such as TNF-α, IL-1β, and IL-6, which are critical in
regulating the physiological immune responses in the CNS [38,
39]. However, under pathological conditions, activated microg-
lia can secrete excessive pro-inflammatory cytokines, which
were involved in tissue damage and neuronal dysfunction
[40]. Microglial activation is considered to be a hallmark of
neuroinflammation in the brain. In addition, chronic activation
of microglia excessively prolongs the inflammatory response
and causes neuronal damage, which triggers the development

0

1

2

3

4

5

6

7

8

9

Cortex Hippocampus

Le
ve

ls
 o

f O
X

-4
2

 p
ro

te
in

 in
 c

or
te

x 
an

d

hi
pp

oc
am

pu
s

Control

60 ppm

120 ppm

* **

**

**

Control 60 ppm 120 ppm 

Cortex 

Hippocampus 

Fig. 5 OX-42 immunoreactivity
of microglia in the cortex and
hippocampus. The representative
microglia immunolabeled using
OX-42 (red) was showed in the
upper pictures. The panel below
was a graphical representation of
the relative intensity of the
selected field. Bars were
presented as mean±SD. *p<0.05
compared to control group,
**p<0.01 compared to control
group. Magnification, ×200

Mol Neurobiol (2016) 53:4449–4460 4455



of neurodegenerative diseases [39]. In this model, there is per-
sistent microglial activation in rat brain of subchronic exposure
to fluoride as compared to the control rats. We observed that
pro-inflammatory cytokines IL-1β, IL-6, and TNF-α immuno-
staining co-localized with the microglia marker OX-42. The

expressions of IL-1β, IL-6, and TNF-α in microglia were in-
creased in a dose-dependent manner, in line with a previous
study in vitro [30]. Our results suggested that fluoride may
affect immune responses within the CNS and can potentiate
inflammatory responses of microglia to fluoride stimulation.
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In the present study, the number of microglia was markedly
increased in the hippocampus compared with the cortex. The
hippocampus has a higher density of microglia than other
brain regions [41]. Learning and memory has been associated
with hippocampal activity [42]. It has been reported that

impaired spatial memory performance might be due to fluo-
ride accumulation in brain areas especially in the hippocam-
pus [43]. The IL-1β is induced within the hippocampus in
response to normal learning, and physiological level of IL-
1β is critical for maintaining long-term potentiation (LTP)
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[44]. Microglia are the primary source of IL-1β within the
hippocampus during normal learning [45]. However, a high
level of IL-1β can profoundly impair memory and is associ-
ated with neurodegenerative disorders [46, 47]. The develop-
mental neurotoxicity of fluoride may be closely associated
with neurodegenerative changes [17]. The suppression of the

inflammatory activation of microglia might play a part in ame-
liorated cognitive deficits [48]. Microglia activation is a key
causative factor in neurodegeneration [49]. NaF-treated rat
displayed neurodegenerative changes [17]. Neurodegenera-
tion initiated by microglia can be driven through TNF-α sig-
naling [50]. TNF-α can activate receptor-mediated
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was a graphical representation of
the relative intensity of the
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proapoptotic pathways within the neuron [51]. TNF-α is pre-
dominantly produced by microglia after many forms of injury
[52]. Increased levels of TNF-α have been associated with the
pathological effects of a variety of infectious, neurological,
neurodegenerative, and neurotoxic conditions [53]. Our re-
sults showed that TNF-α expression significantly increased
in fluoride-treated rat hippocampus.

Taken together, these results indicate that fluoride induced
neuron apoptosis and expressions of inflammatory factors by
activating microglia in rat brain. To our knowledge, this is the
first time that changes of pro-inflammatory cytokine expres-
sions in activated microglia were described in subchronic ex-
posure to fluoride rats.
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