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A B S T R A C T

Daily exposure to fluoride (F) depends mainly on the intake of this element with drinking water. When ad-
ministered during gestation and lactation, F has been associated with cognitive deficits in the offspring.
However, the mechanisms underlying the neurotoxicity of F remain obscure. In the current study, we in-
vestigated the effects of oral exposure to low levels of F during the gestational and lactation periods, on the
memory of adult female rat offspring. We also considered a possible underlying neurotoxic mechanism. Our
results showed that this exposure reduced step-down latency in the inhibitory avoidance task, and decreased
both mRNA expression of the α7 nicotinic receptor (nAChR) and catalase activity in hippocampus.

Our data indicates that low F concentrations administrated during gestation and lactation decrease the
memory of 90-day-old female offspring. This suggests that the mechanism might be connected with an α7 nAChR
deficit in the hippocampus, induced by oxidative stress.

1. Introduction

The most important factor contributing to fluoride (F) exposure is its
content in drinking water [1,2]. In the World Health Organization
(WHO) guideline [3] the permissible limit of F in drinking water is
1.5 mg/l. Beneficial effects of F are achieved with low concentrations
(0.8–1.2 mg/l) in drinking water and by mixing it with dental paste
(1000 ppm and above) [1,4]. However, among the 25 countries that
have naturally occurring high F concentrations (> 1.5 mg/l) in
groundwater, such as China, India, México and Argentina [5], more
than 200 million people suffer from endemic fluorosis [6]. In Argentina,
in particular in some areas of the Chaco-Pampean plain, shallow
groundwater with very high F concentrations (11.5mg/l) has been
found, which may lead to a potential risk of fluorosis [5].

F exists in drinking water in an ionic form and, following ingestion,
rapidly passes through the intestinal mucosa where it interferes with
metabolic pathways of living systems [7]. F is a cumulative poison [2].

On average, only 50% of the F ingested by our body each day is ex-
creted through the kidneys while the remaining accumulates in tissues
[8,9]. In the organisms of infants and children, about 80–90 % of the
absorbed F is accumulated [2]. F is biologically active even at very low
concentrations (equal to the 1 ppm in fluoridated drinking water) [10].
F can cross the placenta barrier and diffuse into cord blood [11]. In
addition, the significant high F in breast milk indicates the accessibility
of fluoride for infants [12,13]. Young individuals are less resistant to
the toxic influence of F due to the fact that their defensive mechanisms
are not fully developed and the permeability of their blood-brain bar-
rier is higher than among adults [14]. In recent years, scientists have
focused on the toxic influence of this element on the nervous system
[15]. Epidemiological studies have found that the levels of mental work
capacity and the Intelligence Quotient (IQ) are lower for children in the
areas with endemic fluorosis as compared to reference areas [16–19]. F
accumulation over a period of time has been shown to cause significant
neurological damage and neuro-degenerative disorders in animals
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[20,21]. Supported by numerous animal experimental studies, the
hippocampus has been postulated to be one of the neurotoxic target
sites [22–24]. Prolonged exposure to F in the prenatal and postnatal
stages of development has a toxic influence on the metabolism of
neurons and glia which results in disorders in memory and in learning
processes [25–27]. However, the exact mechanisms by which F de-
creases cognitive and learning abilities and causes memory loss are not
clear.

Neuronal nicotinic receptors (nAChRs) are a class of neuro-
transmitter-gated ion channels present throughout the central nervous
system (CNS). nAChRs are involved in cognitive functions, such as
learning, memory and attention and executive function, both in humans
and in animals [28–31]. Neuronal nAChRs can be homomeric, com-
posed of an α-type subunit, such as α7, or heteromeric, which includes
α and non-α subunits. To date, nine different α (α2-α10) and three β
(β2-β4) subunits have been cloned in CNS. α7, α4β2, and α3β4 nAChRs
are present in the hippocampus [32]. The α7 nAChR has received
considerable attention as a consequence of its high expression in the
hippocampus and in the neocortex, its ability to form homo-oligomeric
receptors, its involvement in several types of learning and memory-
related behavior, and its neuroprotective effect [30,33,34]. The key role
of the hippocampus in the formation of many forms of memory, in-
cluding inhibitory avoidance and maze tasks, has been well-docu-
mented [35]. Importantly, the α7 nAChR deficit might be connected
with functional disorders of the brain and the decreased IQ influenced
by fluorosis [36]. Therefore, it is interesting to understand the me-
chanisms by which the fluorosis produced a decrease in this nAChR.

Oxidative stress is caused by a disturbance in the balance between
the synthesis of reactive oxygen species and the activity of anti-oxida-
tive enzymes [37]. The products and inescapable by-products of oxi-
dative metabolism can damage macromolecules like nucleic acids,
proteins, and lipids [12]. The CNS is especially sensitive to free radical
oxidative damage as it contains high levels of iron, easily oxidisable
fatty acids, low antioxidant defense system, and it uses large amounts of
oxygen [38]. Moreover the heterogeneity of the developing nervous
system, with different cell types and function, makes it more vulnerable
to environmental contaminants than the adult nervous system [39]. A
certain amount of oxidative damage takes place even under normal
conditions; however, the rate of this damage increases during fluorosis,
as the efficiency of antioxidative and repair mechanisms decreases
leading to oxidative stress in neurons and glia [25,37]. Several previous
studies revealed that F induces excessive production of oxygen free
radicals and caused a decrease in biological activities of some anti-
oxidant enzymes like catalase (CAT) and glutathione peroxidase (GPx).
It also produces lipid peroxidation. As an indicator of the level of lipid
peroxidation products malondialdehyde (MDA) is assay as thiobarbi-
turic acid-reactive substance (TBARS) [12,13,20,40–44].

Literature is limited regarding the effects of the exposure to low F
doses during gestation and lactation on the CNS of the offspring. It is
hypothesized that F exposure during gestation and lactation could lead
to structural alterations in the neuronal circuit which may later man-
ifest as functional deficits. Since it has been shown previously that fe-
male offspring have a greater sensitivity to F effects, compared to male
offspring, in neuroconductural studies [45], only the female offspring,
of mothers exposed to low F concentrations during the gestation and
lactation, were studied. Thus, the purpose of the present work was to
study the effect on memory and the underlying effects of the exposure
to low levels of F during gestation and lactation of adult female rat
offspring. To this end, Wistar rats were exposed to low F concentrations
(5 and 10mg/l) during gestation and lactation. Short-term memory
(STM) and long-term memory (LTM) were evaluated by step-down in-
hibitory avoidance test; the expression level of α7 nAChR mRNA in the
hippocampus was determined by real-time PCR; and the antioxidant
enzyme activities and lipid peroxidation levels were measured both in
the whole brain and in the hippocampus of female adult offspring. To
evaluate damage inflicted by oxidative stress, antioxidant enzymes,

such as CAT and GPx, along with lipid peroxidation products, such as
MDA, were studied as potential biomarkers.

2. Materials and methods

2.1. Materials

Sodium fluoride (NaF) was purchased from Anedra (San Fernando,
Argentina).

2.2. Animals

Male and nulliparous female Wistar rats (90–120 days old) were
obtained from colonies maintained under specific pathogen-free con-
ditions from our breeding center of the Universidad Nacional del Sur,
Bahía Blanca, Argentina. They were maintained under constant tem-
perature (22°± 1 °C) and under humidity (50–60%) conditions in a
12L:12D cycle (lights on at 7:00 a.m.) and with standard rodent pellet
diet and filtered tap water ad libitum. In the evening of the proestrus
day, they were housed overnight with the male rats. The presence of
spermatozoa in the vaginal smears was registered as an index of preg-
nancy and it was referred to as gestational day 0 (GD 0). Pregnant fe-
males were housed individually in cages and were randomly assigned to
one of the three following groups: control group (n=10; filtered tap
water), F treated group with 5mg/l in filtered tap water (n=10) and F
treated group with 10mg/l in filtered tap water (n=10), equivalent to
doses of 0.6 and 1.2mg/kg, respectively. Drinking water was changed
daily. Dams received the treatment from GD 0 to weaning on postnatal
day (PND) 21. Maternal weight gain, food intake and drink consump-
tion were recorded as described before [45]. All pups were weighed and
gestation length, litter size and body weight of pups on different PNDs
were analyzed as described in Bartos et al., [45]. On PND 21 the female
pups of each dam were weaned and housed together according to
treatment until PND 90. One female from each litter was randomly
selected for the behavioral test, other female from each litter for the α7-
AChR expression and another two for the rest of neurochemical de-
terminations in whole brain and in the hippocampus. For memory test
we used n= 9–10 per group, and for neurochemical measures we used
n=5 per group. The female offspring that were not utilized in these
tests and the full litter of male offspring, were either used for other
experiments of our laboratory or were euthanized by using a CO2

chamber by qualified personnel of our breeding center of Universidad
Nacional del Sur.

2.3. Step-down inhibitory avoidance task

Adult female offspring were trained in a step-down inhibitory
avoidance paradigm during which stepping-down from a platform
presented in a given context was associated with a foot shock, resulting
in an increase in the step-down latency. The inhibitory avoidance ap-
paratus was a box with a floor consisting of parallel nonrusting steel
bars. A 2.5 cm high platform was placed on the left end of the box.
Latency of the rats to step down placing the four paws on the grid was
measured. Twenty-four hours prior to training, we conducted a habi-
tuation of rats to the new environment, which consisted of placing the
rat on the platform and leaving freely explore for 180 s. In the training
session, the animals were gently placed on the platform and they re-
ceived a 0.6mA, 2 s scrambled foot shock immediately after they
stepped down placing their four paws on the grid. Test sessions were
carried out 90min (STM) and 24 h (LTM) after training. They were
exactly like the training session, except that the foot shock was omitted.
A 180 s ceiling was imposed on test session latency measurements. In
the test sessions, step-down latency was used as measure of memory
retention [46].
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2.4. Reverse transcription and real time PCR (RT-qPCR) analysis

Total RNA in hippocampal tissue was isolated by TRIZOL reagents
(Sigma, Argentina). For each sample 1.5 μg of total RNA was converted
into cDNA with Moloney Murine Leukaemia virus reverse transcriptase
(MLV-RT; Promega, USA) and random primers (Promega, USA). The
gene-specific primer sequences sets and the respective qPCR product
sizes are listed in Table 1. Relative quantification of mRNA by qPCR
was performed using a Rotor-Gene 6000 (Corbett Reasearch, Australia).
The comparative CT method was used to determine the relative gene
expression [47]. The α7 nAChR transcript levels were estimated by
using the formula 2−ΔCt where ΔCt represents the difference in Ct va-
lues between α7 and GAPDH, the endogenous control gene [48].

2.5. Preparation of brain homogenates

90-day-old female offspring were sacrificed by decapitation. The
heads were dissected and brains removed, rinsed briefly in ice cold
isotonic saline and were immediately separated into hippocampus [49]
or preserved as a complete brain. The whole brain or the hippocampus
were homogenized and centrifuged. The supernatant was kept cold
further determination of enzymes activities and lipid peroxidation
level.

2.5.1. Lipid peroxidation assay
As a level indicator of lipid peroxidation products presented in the

whole brain, malondialdehyde (MDA) was assayed as thiobarbituric
acid-reactive substance (TBARS) [50]. Finally, the level of MDA was
quantitated by a spectrophotometer at wavelength of 532 nm. MDA
concentration was expressed as nmol/mg protein.

2.5.2. Catalase (CAT) assay
CAT activity of both the whole brain and the hippocampus was

assayed following the procedure of Aebi [51] with slight modifications.
The catalase activity was measured by calculating the rate of H2O2

degradation, the substrate of the enzyme. The enzyme activity was
expressed as the rate constant of a first-order reaction (k) related to the
protein content.

2.5.3. Glutathione peroxidasa (GPx) assay
GPx activity of both the whole brain and the hippocampus was

measured by the method used by Lawrence and Burk [52]. The absor-
bance was recorded at 340 nm. The enzyme activity was expressed as
μmoles of NADPH oxidized per min per mg protein.

2.5.4. Protein assay
Protein content was determined by the micromethod of Bradford

[53] with bovine serum albumin (BSA) as the standard protein.

2.6. Statistics

Step-down latencies were presented as mean values ± SEM and
their statistical significance was evaluated using the non-parametric
followed by Mann-Whitney U test

Data of oxidative stress and α7 nAChR mRNA levels were analyzed
by one-way ANOVA and the differences between groups were assessed
using LSD post hoc test. Probability values lower than 0.05 were con-
sidered to be significant. All statistical analyses were carried out using
software SPSS 21.0 for Windows.

2.7. Ethics

Animal care and handling were in accordance with the inter-
nationally accepted standard Guide for the Care and Use of Laboratory
Animals [54] as adopted and promulgated by the National Institute of
Health. Experimental designs were also approved by the local standard
for protecting animal’s welfare, Institutional Committee for the Care
and Use of Experimental Animals of Universidad Nacional del Sur,
Argentina. Number of animal protocols 020/2014 and 021/2014.

3. Results

3.1. Data about the dams and their litters

There were no statistical differences in body weight between the
groups of dams on GD0, in maternal weight gain, food intake and drink
consumption during the different periods registered, and in gestational
length or litter size (Fig. 1 and Table 2), as observed in our previous
study [45]. Also, F treatment during gestation and lactation did not
affect the body weight of pups at PND 1, 4, 7, 10, 13, 16, 19, 21 and 90
(Table 2). No external malformations were recorded in any of the
groups tested.

3.2. Step-down inhibitory avoidance test

To determine the consequences of the exposure to 5 or 10mg/l F on
STM and LTM retention, we examined the performance of female 90-
day-old offspring exposed to F, during gestation and lactation.

Latency of the female offspring exposed to 5mg/l F did not differ
from that of control at the 90min retention test, although it was sig-
nificantly shorter at the 24 h retention test (p < 0.05) (Fig. 2). How-
ever, latency of rats exposed to 10mg/l F during gestation and lactation
were significantly shorter in both short- and long-term memory reten-
tion (p < 0.05).

Thus, 5 mg/l F blocked long-term memory while leaving short-term
memory intact. The offspring exposed to 10mg/l F did not learn to
avoid the electric shock, thus demonstrating that the highest F con-
centration tested affected the two types of memory.

3.3. Expression of α7 AChR subunit mRNA level in hippocampus

To investigate the expression levels of α7 nAChR mRNA in hippo-
campus of female 90-day-old offspring exposed during gestation and
lactation to 5 or 10mg/l F we performed RT-qPCR.

Fig. 3 shows the relative expression levels of α7 nAChR mRNA in
hippocampus. When compared to the control, no changes were ob-
served at the lowest F concentration studied (5mg/l). However, off-
spring exposed during gestation and lactation to 10mg/l F showed
statistically significant decreased levels of the α7 nAChR subunit mRNA
in hippocampus (p < 0.05).

3.4. Oxidative stress in brain of female adult offspring

We next determined the anti-oxidative enzyme activity and lipid
peroxidation in complete brain and hippocampus of female adult off-
spring exposed to low F concentrations.

Fig. 4 illustrates the activities of enzymatic antioxidants, namely
CAT and GPx, as well as the MDA content in the complete brain of the
control and experimental groups of adult female offspring exposed to 5
and 10mg/l F during gestation and lactation. Non statistical

Table 1
Gene-specific primer sets and q-PCR parameters.

Gene name Primer
secuences

Product (bp)

α7 nAChR Sense 5´-GCTGTACAAGGAGCTGGTCA- 3´ 116
Antisense 5´-TGGATGTGGATGAGAAGAAC- 3´

GADPH Sense 5´-TTCACCACCATGGAGAAGGC-3´ 221
Antisense 5´-AGTGATGGCATGGACTGTGGTC-

3´
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significance was detected in the experimental groups compared with
the controls (Fig. 4A–C), both in the CAT and GPx activity as in the
MDA content in the complete brain.

We subsequently continued the analysis of oxidative stress in the
hippocampus. Here, we only analyzed CAT and GPx activities since they
showed a slight, although non-statistically significant, reduction in the
whole brain homogenate (Fig. 4A and B). As shown in Fig. 5A, when
offspring were exposed to 5 and 10mg/l F during the gestation and
lactation we observed a decreased CAT activity in hippocampus
(p < 0.001) compared to the respective control. One-way ANOVA re-
vealed significant differences in groups, F(2,14)= 30.72, p < 0.001.
Non-statistically significant changes were observed in the GPx activity
in this brain area when offspring were exposed to either F

Fig. 1. Food intake and drink consumption of dams exposed to 5 and 10mg/l F during gestation and lactation period. Food intake of dams was recorded every 3 day
whereas drink consumption was recorded daily. All results are expressed as Mean ± SEM of 10 animals per group.

Table 2
Data of dams and their litters.

Control group 5mg/l F 10mg/l F
n= 10 n=10 n=10

Body weight of dams (g)
GD 0 280.0 ± 13.2 275.4 ± 12.6 281.0 ± 12.9

Body weight gain of dams (g)
GD 0-3 13.2 ± 1.5 15.0 ± 1.0 15.5 ± 0.9
GD 3-6 8.0 ± 1.7 7.3 ± 0.7 7.5 ± 0.5
GD 6-9 11.3 ± 1.5 13.2 ± 1.4 9.8 ± 1.3
GD 9-12 16.9 ± 1.5 13.7 ± 2.2 16.5 ± 2.0
GD 12-15 16.8 ± 1.3 18.6 ± 2.4 14.8 ± 2.5
GD 15-18 31.5 ± 3.0 35.0 ± 2.9 34.0 ± 3.4
GD 18-20 29.2 ± 3.2 28.5 ± 2.5 30.5 ± 5.2
GD 0-20 122.0 ± 4.5 115.6 ± 5.4 131.5 ± 7.2
Length of gestation (days) 22 ± 0 22 ± 0 22 ± 0

Litter size
Female 5.3 ± 0.9 6.4 ± 0.9 5.9 ± 0.9
Male 5.0 ± 0.6 7.2 ± 0.6 6.0 ± 0.9
Total 10.5 ± 1.0 12.8 ± 2.2 11.3 ± 2.1

Body weight gain of offspring
PND1 6.5 ± 0.3 6.0 ± 0.2 6.3 ± 0.5
PND4 9.0 ± 0.5 10.4 ± 0.2 9.4 ± 0.3
PND7 12.0 ± 0.7 13.1 ± 0.5 14.0 ± 0.4
PND10 18.0 ± 0.6 17.5 ± 0.2 18.5 ± 0.8
PND13 22.3 ± 1.2 23.3 ± 1.0 21.0 ± 0.8
PND16 28.0 ± 2.2 28.9 ± 1.5 29.2 ± 1.4
PND19 32.0 ± 2.5 33.4 ± 1.5 35.0 ± 1.6
PND21 40.2 ± 2.5 39.5 ± 1.3 38.6 ± 3.1

Body Weight PND90 (g)
Female 193 ± 7.0 196 ± 9.5 197 ± 7.5

Values are mean ± SEM. GD (gestational day) PND (postnatal day).

Fig. 2. Latencies measured in the step-down inhibitory avoidance test during
the training session (0min) and the test sessions for the evaluation of STM
(90min after training) and LTM (24 h after training) in the adult female off-
spring exposed to 5 and 10mg/l F. Data represent the mean ± SEM latency in
seconds of 9–10 animals per group. *p < 0.05, compared to control group.
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concentrations during gestation and lactation (Fig. 5B).

4. Discussion

Fluoride toxicity in humans has been an area of intense research in
the past 2–3 decades [55,56]. With the availability of ample data de-
monstrating its effect on the CNS [1,2,8,22], it is increasingly important
to understand the molecular events leading to nervous system altera-
tions. The exposure begins with F passing through the placenta to the
fetus [14] and it continues during infancy through F-containing milk
and drinking water. Moreover, the immaturity of excretory or enzy-
matic systems in developing animals may favor F accumulation
[12,57]. The CNS during development is highly sensitive to the influ-
ence of F due to its weak protective mechanisms. In the childhood
period, exposure to this element may therefore cause permanent da-
mage to the function of all brain structures [39,58]. As previously re-
ported [45], we demonstrated that early exposure to low F concentra-
tions during gestation and lactation does not affects neither maternal
weight gain during pregnancy nor gestational length, litter size, or body
weight of rat pups on different PNDs as shown in Fig. 1 and Table 2.

However, our findings revealed that the exposure during gestation
and lactation to 5 and 10mg/l F reduced step-down latency in the in-
hibitory avoidance task in female adult offspring. This impairment in
the performance of the step-down inhibitory avoidance task is an effect
on memory that might be related to the cognitive and memory altera-
tions in people exposed to F in drinking water. The memory impairment
is probably a consequence of the accumulation of F in different parts of
brain, especially in hippocampus [12,59,60]. Emotionally arousing
experiences create long-term memories that are initially labile, but over
time become insensitive to disruption through a process known as
consolidation. One-trial fear-motivated learning tasks, such as step-

down inhibitory avoidance, have largely contributed to the knowledge
of consolidation process [61]. It is known that the differential sensi-
tivity to F neurotoxicity in different brain regions is due to preferential
F accumulation and also to alteration of biochemical or cellular pro-
cesses that are uniquely associated with each particular region [12]. It
has been shown that NaF causes neurotoxicity in vitro, principally at
hippocampal neurons [24]. Histopathological examination of the brain,
has confirmed that the hippocampus is the region most affected by F
intoxication [59]. Accumulation of F in the nervous system affects the
synthesis of neurotransmitters, enzyme activities, receptor expression
and neuronal plasticity [21]. The hippocampus is involved in learning
and memory. The inhibitory avoidance task is a behavioral test broadly
used to evaluate the effects of drug treatment on aversive-memory [46].
Step-down inhibitory (passive) avoidance learning in the rat triggers
biochemical events in the hippocampus that are necessary for the re-
tention of this task [46]. It involves learning how to not step down from
a platform in order to avoid a mild foot shock. A single learning ex-
perience starts a cascade of events, which can lead to different forms of
memory: short-term memory that lasts minutes to hours and long-term
memory that lasts days, weeks, and even a lifetime [62]. Memory is not
a unitary function, it depends on the integrated activity of various brain
structures and neurotransmitter systems and it involves multiple re-
ceptors, postsynaptic mechanisms, and signal transduction pathways
[63]. Among the many neurotransmitter systems, ACh (Acetylcholine)
mediates its effects impinging on a variety of nAChR and muscarinic
(mAChR) receptors present in the hippocampus, which suggests their
involvement in the mechanisms of learning and memory [64].

We found a significantly decreased expression of α7 subunit mRNA
in the hippocampus of 90-day-old female offspring exposed to 10mg/l
F. Previous research carried out on rats exposed chronically to
30–100 ppm of F for 7 months showed a significant reduction in
nAChRs [65], suggesting that a decrease in the number of nAChRs may
play an important role in the mechanism by which F causes dysfunction
of CNS. Alterations of nAChRs in association with fluorosis may result
from the changes at different steps in receptor synthesis (e.g., tran-
scription, translation and/or post-translational modifications) and in
receptor turnover (including membrane insertion). In the present study
we showed that the transcription process is affected, which would result
in lower levels of α7 receptors at the membrane surface.

The basal forebrain cholinergic complex comprising medial septum,
horizontal and vertical diagonal band of Broca, and nucleus basalis of
Meynert provides the mayor cholinergic projections to the cerebral
cortex and hippocampus. The cholinergic neurons of this complex have
been described to undergo moderate degenerative changes during aging
and in neurodegenerative diseases, resulting in cholinergic hypofunc-
tion that has been related to the progressing memory deficits [66,67]. It
appears that hippocampal ACh may not only modulate specific com-
putational function of the hippocampus but it also contributes to the
functional coordination of multiple memory systems in a task-depen-
dent manner [66]. In a similar way, pharmacological studies con-
clusively demonstrate that blockade or stimuli of cholinergic receptors

Fig. 3. Expression of nAChR α7 subunit at mRNA level in hippocampus from
90-day-old female offspring exposed during gestation and lactation to 5 and
10mg/l F. Quantitative real-time PCR was performed to determine mRNA level.
The values are shown as the means ± SD of 5 rats. *p < 0.05, compared to
control group.

Fig. 4. Activities of CAT (A) and GPx (B), and MDA content (C) in the complete brain homogenates of adult female offspring exposed to 5 and 10mg/l F during the
gestation and lactation. The values are shown as the means ± SD of 5 rats per group.
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by drugs impairs or enhance the encoding of memory [68]. Therefore,
the decrease of the α7 nAChR expression in hippocampus could be
involved, at least in part, in the loss of memory.

Recently, it has been determined that histaminergic neuro-
transmission in hippocampus appears critical to provide the brain with
the plasticity necessary for LTM but not STM of step-down inhibitory
avoidance test and the cyclic adenosine monophosphate (cAMP) sig-
naling pathway is a key step in memory consolidation processing
[61,69]. Considering that long-term memory was affected in female
adult offspring exposed to both F concentrations, it would be interesting
to investigate whether or not this parallel system is affected in offspring
after being exposed to low F concentration during gestation and lac-
tation.

Numerous analyses carried out on cell cultures [2] and animal
models [15,65,70] confirmed that F accumulation in the brain leads to
the increase of the concentration of reactive oxygen species, the de-
crease of the activity of antioxidative enzymes and the increase of the
intensity of lipid peroxidation [37]. A marked increase in oxidative
stress, lipid peroxidation and a decrease in the activity of antioxidant
enzyme were found in brain regions of rats chronically exposed to
100mg/l F through drinking water [71]. Furthermore, chronic F ex-
posure (100–200mg/l) has been found to increase neuronal lipid per-
oxidation and to decrease the activity of antioxidant enzymes in 3
generations [72]. Starting from conception, the time and magnitude of
oxidative stress and the pre and post-natal environment (antioxidant or
pro-oxidant) will influence the degree and magnitude of neuronal de-
velopmental deficits [12]. About this, previous research has indicated
that exposure to high F concentration (500mg/l) in mice during ge-
station and lactation can induce to functional changes, metabolic dis-
orders, and histopathological alterations of some organs, and that these
changes are due to F-induced oxidative stress of both mothers and their
pups [73]. Here we showed that exposure to low levels of F during
gestation and lactation produces a decreased of the CAT activity in the
hippocampus compared to the respective control. Previous studies in-
volving PC12 cells treated with different concentrations of F
(0.1–100 ppm) for 48 h, and in rats exposed to high doses of fluoride
(30 and 100 ppm) in their drinking water for 7 months, have shown a
decrease in the expression of different nAChRs subunits (α3 and α7)
[25]. The F toxicity was mostly prevented by a pretreatment with an-
tioxidant. It is suggested that the F-induced oxidative stress may be
involved in deficit of nAChRs in the brain [25]. Other studies with SH-
SY5Y cells exposed to F (0.05–5 μM) have also confirmed this hypoth-
esis [15]. Therefore, it is plausible that oxidative stress induced by low
F concentration during the gestation and lactation plays an important
role in the mechanism of down-regulation of expression of α7 nAChR
mRNA and in memory impairment in exposed offspring.

5. Conclusions

Taken together, our findings lead us to conclude that exposure to
the two F concentrations tested during gestation and lactation can ad-
versely affect the offspring. F exposure during gestation and lactation,
even at low concentrations, alters parameters of the central nervous
system functionality, in particular the formation of memory. The per-
sistent decrements in intelligence documented in children, adolescents,
and young adults exposed during early life to F may presage the de-
velopment of neurodegenerative disease later in life. Among the me-
chanisms postulated to mediate these effects, increased oxidative stress
would produce changes in diverse macromolecules that affect the
nAChRs expression in the hippocampus of the female adult offspring.
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