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Abstract
Exposure to fluoride (F) during the development affects central nervous system of the offspring rats which results in the
impairment of cognitive functions. However, the exact mechanisms of F neurotoxicity are not clearly defined. To investigate the
effects of perinatal F exposure on memory ability of young rat offspring, dams were exposed to 5 and 10 mg/L F during gestation
and lactation. Additionally, we evaluated the possible underlying neurotoxic mechanisms implicated. The results showed that the
memory ability declined in 45-day-old offspring, together with a decrease of catalase and glutamate transaminases activity in
specific brain areas. The present study reveals that exposure to F in early stages of rat development leads to impairment of
memory in young offspring, highlighting the alterations of oxidative stress markers as well as the activity of enzymes involved in the
glutamatergic system as a possible mechanisms of neurotoxicity.
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Introduction

Fluoride (F) is a common element in nature and our daily life

given that it is present in drinking water, soil, and the atmo-

sphere.1,2 The main source of F for humans is the intake of

groundwater contaminated by geological sources.3 Though

groundwater contributes only 0.6% of the total water resources

on earth, it is the major and preferred source of drinking water

in rural as well as urban areas.4 It has been found that Argen-

tina,5 as well as several countries in the world, has areas with

shallow groundwater containing high F concentrations (up to

50 mg/L).6 Studies conducted in groundwater of the Chaco-

Pampean plain (Argentina) show that most of the aquifers have

average levels of 5 to 10 mg/L F.7 In addition to drinking water,

there are other sources of F like food contaminated with high

concentrations of this element, dental products (toothpaste,

mouth rinses), drugs, F dust, and fumes from industrial belt.2,8

Fluoride may be beneficial or detrimental depending on its

concentration and total amount ingested. Fluoride is favorable

especially for young children for calcification of dental

enamel9; according to the World Health Organization, water

supplementation with F for promoting dental health is usually

in the concentration range of 0.5 to 1.0 mg/L.10 It has been

found that repeated ingestion of F (>1.5 mg/L) over a pro-

longed period can result in toxic effects (fluorosis) in humans

and animals.11 The most recent controversial aspects of F are

related to toxicity of the developing brain12 and how it may

possibly result in the decrease of intelligence quotient (IQ)

and disturbances of learning and memory processes.13-16 It

could also be involved in the etiology of other neurological

disorders such as autism, behavioral fluctuations, fatigue, diz-

ziness, vertigo, loss of motor coordination, complex paralysis

of arms and legs,4,17 and neurodegenerative diseases such as

Alzheimer and Parkinson.2,18

As reported previously, approximately 99% of the total

body F is retained in bones and teeth, and the remainder can

cross the cell membrane and be distributed in various soft

tissues, such as the nervous system, liver, kidneys, reproductive

system, skin, and erythrocytes.19 Fluoride passes through the

1 Toxicology Lab. INBIOSUR, Departamento de Biologı́a, Bioquı́mica y

Farmacia, Universidad Nacional del Sur-CONICET, Buenos Aires, Argentina
2 IFEC, Departamento de Farmacologı́a, Universidad Nacional de
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placenta and its presence appear in low concentrations in sal-

iva, sweat, and milk.1,20,21 It has been shown that F can pene-

trate the blood–brain barrier and accumulate in different

regions of the brain,22,23 resulting in diverse lesions including

demyelination, decrease in number of Purkinje cells, damage to

the neurons and neuroglial cells, thickening and disappearance

of dendrites, swelling of Nissl substance, and pyknosis of indi-

vidual neurons.24 The neurotoxic effects of F (studies carried

out with concentrations of F ranging from 1 to 120 mg/L) in the

rat brain include oxidative stress, DNA damage, disturbance of

protein and neurotransmitter levels, and alteration in the activ-

ities of some enzymes.25,26 Oxidative stress, one of the

accepted mechanisms of F toxicity, is triggered by the imbal-

ance between production and elimination of free radicals.16

When the body antioxidant capacity can no longer protect the

cell from oxidative damage, free radicals such as reactive oxy-

gen species (ROS) exert detrimental effects that can ultimately

lead to changes in cell structure and function.27

Although F provides dental benefits when in drinking water

at concentration of 0.7 mg/L, epidemiological studies of popu-

lations exposed to greater than 1.5 mg/L have reported lower

child intelligence and impairments in cognitive and neurobe-

havioral function, including learning and memory.28-31 Fluor-

ide can alter the levels of some neurotransmitters and the

activity of neurotransmitter metabolism-related enzymes.32

However, evidence about the effects of F on the glutamate

(Glu) neurotransmitter system still remains scarce. Glutamate

is the main excitatory neurotransmitter in the mammalian cen-

tral nervous system (CNS) and it plays an important role

through ionotropic and metabotropic Glu receptors in learning

and memory processes.33,34 This amino acid is supplied to the

organism with the diet. However, only a small amount of Glu

passes through the blood–brain barrier. This is a protective

mechanism against excessive inflow of this neurotransmitter

to the brain which could cause the depolarization and dama-

ging of neurons.26 In addition, several mechanisms and enzy-

matic pathways are activated in order to maintain adequate

extracellular Glu levels once this neurotransmitter is released

into the synaptic cleft.35 With regard to the impact of F on

brain’s Glu metabolism, it has been reported that exposure of

rodents to F through drinking water causes decrease in Glu

level in cortex32 and hippocampus,26,32 impairment in the

activities of Glu metabolism–related enzymes (including glu-

tamic acid decarboxylase [GAD], glutamate oxaloacetate

[GOT], and glutamate pyruvate [GPT] transaminases) in hip-

pocampus,26 together with impairment of learning and mem-

ory ability.26,32,36,37

Toxic effects of any environmental pollutant depend on the

concentration and duration of its exposure as well as the sus-

ceptibility of the tissue to that particular toxicant. Maternal F

exposure threatens the development of fetus.38 The CNS during

development is highly sensitive to the influence of F due to its

weak protective mechanisms.1 Therefore, the present study was

designed to investigate the toxic effects of F on memory ability

and to detect alterations of the brain antioxidant status and Glu

transaminases activity in young rat offspring treated with F

during embryonic and suckling stages (from gestational day 1

[GD 1]) to postnatal day 21 [PND21]). To this end, Wistar rats

were exposed to F concentrations (5 and 10 mg/L) during

gestation and lactation. In 45-day-old offspring, short-term

memory (STM) and long-term memory (LTM) were evaluated

by step-down inhibitory avoidance test; antioxidant enzymes

such as catalase (CAT) and glutathione peroxidase (GPx),

along with lipid peroxidation products such as malondialde-

hyde (MDA), were studied as potential biomarkers of oxidative

stress; and transaminases (GOT and GPT) were assessed in

specific brain areas (prefrontal cortex, striatum, and hippocam-

pus), which are related to the neurobehavioral disorders

observed in previous studies.39

Materials and Methods

Materials

Sodium fluoride (NaF; CAS No. 7681-49-4) was purchased

from Anedra (San Fernando, Argentina). Transaminases kits

were kindly provided by Wiener Lab (Rosario, Argentina).

Animals and Experimental Design

Male and nulliparous female Wistar rats (90-120 days old)

were obtained from colonies maintained under specific

pathogen-free conditions from our breeding center of the Uni-

versidad Nacional del Sur, Bahı́a Blanca, Argentina. They were

maintained under constant temperature (22�C + 1�C) and

humidity (50%-60%) conditions in a 12 light:12 dark cycle

(lights on at 7:00 AM) and with standard rodent pellet diet and

filtered tap water ad libitum (the tap water contains less than

0.5 mg/L F). Female rats in proestrus stage were housed over-

night with the male ones. The presence of spermatozoa in the

vaginal smears was registered as an index of pregnancy and it

was referred to as GD 0. Pregnant females were housed indi-

vidually in cages and were randomly assigned to one of the

3 following groups: control group (n ¼ 10; filtered tap water),

F-treated group with 5 mg/L in filtered tap water (n ¼ 10), and

F-treated group with 10 mg/L in filtered tap water (n ¼ 10),

equivalent to doses of 0.6 and 1.2 mg/kg, respectively. Tap

water was filtered using a Rotoplas water filter (Tusta, Buenas

Aires, Argentina). This standard filter is responsible for retain-

ing 99% of the particles (with a size equal to or greater than 50

mm). Drinking water was changed daily. Dams received the

treatment from GD 0 to weaning on PND21 (see scheme in

Figure 1). Maternal weight gain, food intake, and drink con-

sumption were recorded as described before.39,40. Additionally,

all pups were weighed on different PNDs as described in Bartos

et al.39,40 After weaning (PND21), offspring were housed

according to sex and treatment, receiving filtered tap water and

food ad libitum until PND45. One female and one male from

each litter were randomly selected for the behavioral test and

another 2 (of both sexes) from each litter were selected to

perform neurochemical determinations in whole brain tissue

and the specific brain areas: the prefrontal cortex, the striatum,

2 International Journal of Toxicology XX(X)



and the hippocampus. Sample size used in memory test was n

¼ 9 to 10, whereas for neurochemical determinations, it was n

¼ 5.

Animal care and handling were in accordance with the inter-

nationally accepted standard Guide for the Care and Use of

Laboratory Animals41 as adopted and promulgated by the

National Institute of Health. Experimental design was

approved by Institutional Committee for the Care and Use of

Experimental Animals of Universidad Nacional del Sur,

Argentina. Number of animal protocol 021/2014.

Step-Down Inhibitory Avoidance Task

The PND45 offspring randomly selected for the behavioral test

were trained in the step-down inhibitory avoidance paradigm.

This is a trial that evaluates the hippocampal-dependent learn-

ing task in which stepping down from a platform presented in a

given context is associated with a foot shock resulting in an

increase in step-down latency.42 The inhibitory avoidance

apparatus was a box with a floor consisting of parallel nonrust-

ing 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

4 paws on the grid was measured. Twenty-four hours prior to

training, the rats were habituated to the new environment by

placing them on the platform and allowing them to explore

freely for 180 seconds. In the training session, the PND45 off-

spring were gently placed on the platform and received a

0.6 mA foot shock for 2 seconds after they stepped down the

platform and placed their 4 paws on the grid. Test sessions were

carried out for 1.5 hours (PND45) and 24 hours (PND46) after

training for STM and LTM evaluations, respectively.42-44

They were exactly like the training session, except that the foot

shock was omitted. A 180 second ceiling was imposed on test

session latency measurements. In the test sessions, step-down

latency was used as measure of retention of memory.45,46

Preparation of Brain Homogenates

Animals randomly selected for neurochemical determinations

were sacrificed by decapitation on PND45. Brains were imme-

diately removed from heads, rinsed in ice-cold phosphate-

buffered saline (PBS; pH 7.4), and preserved as a whole or

separated into prefrontal cortex, striatus, and hippocampus

using an acrylic coronal brain matrix (Stoelting Co, Illinois)

and the atlas of Paxinos and Watson47 as a guide for tissue

dissection. The whole brain was homogenized with a dounce

homogenizer, and the different sections were homogenized

with disposable homogenization pestles. Then the homoge-

nates were centrifuged and the supernatants were kept cold

until the determinations of enzymes activities and lipid perox-

idation level were made.

Thiobarbituric Acid Reactive Substance Determination

As an indicator of lipid peroxidation level present in the

whole brain, MDA was assayed as thiobarbituric acid reac-

tive substance.48 Briefly, 1 mL of whole brain supernatant of

PND45 offspring was mixed with 1 mL 20% trichloroacetic

acid (TCA), followed by 30-minute incubation on ice. After

centrifugation at 3,000 rpm for 10 minutes, 1 mL of the TCA

supernatant was incubated with 1 mL of a 0.8% thiobarbi-

turic acid solution for 30 minutes at 100�C. Samples were

allowed to cool at room temperature, and absorbance was

measured spectrophotometrically at 532 nm. Malondialde-

hyde concentrations were determined by using an acid

hydrolysis product of 1,1,3,3-tetraethoxypropane as a stan-

dard. Malondialdehyde concentration was expressed as nano-

mole per milligram protein.

Antioxidant Enzyme Activities

Activity of CAT and GPx was determined in 45-day-old off-

spring. The CAT activity of the whole brain and the different

sections was assayed following the procedure of Aebi49 with

slight modifications. Reaction was initiated by addition of 0.5

mL H2O2 (1/10 in PBS) to the reaction mixture containing 100

mL supernatant, 25 mL Triton-X 100 (1/10 in PBS), and 2.4 mL

PBS. The decrease in absorbance was recorded for 3 minutes at

240 nm. The enzyme activity was expressed as the rate constant

of a first-order reaction (k) per mg protein.

The GPx activity of the whole brain was measured by the

method used by Lawrence and Burk.50 Reaction medium con-

taining 100 mL Glutathione reduced (10 mM), 100 mL glu-

tathione reductase (0.24 U of enzyme activity), 10 mL of

sodium azide (100 mM), and 20 mL of supernatant was incu-

bated at 37�C for 10 minutes. Then 100 mL of Nicotinamide

adenine dinucleotide phosphate (NADPH) (3 mM) was added,

followed by the rapid addition of 100 mL of H2O2 (2 mM). The

Figure 1. Diagram of the experimental design.
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decrease in absorbance was recorded for 3 minutes at 340 nm.

The enzyme activity was expressed as micromoles de NADPH

oxidized per minute per mg protein.

Glutamate Transaminases

Activity of GOT and GPT transaminases was evaluated in

homogenates of brain areas of PND45 offspring exposed to

both F concentrations, by spectrophotometric methods using

the corresponding commercial kits of Wiener Lab and follow-

ing the manufacturers’ indications.

Protein Assay

Protein concentration of the supernatants was measured using

the micromethod of Bradford.51 Bovine serum albumin was

used as a standard.

Statistics

Since step-down latencies are data that do not follow a normal

distribution, they were statistically analyzed by the nonpara-

metric Kruskal-Wallis test followed by Mann-Whitney U test

to compare between groups. This analysis was carried out

considering data from separated sexes in each session of the

step-down inhibitory avoidance test (training, 90 minutes and

24 hours).

Data of enzyme activities and lipid peroxidation level from

the total brain homogenate and the different brain region homo-

genates were analyzed by 2-way analysis of variance

(ANOVA), considering dose groups (control, 5 mg/L F, and

10 mg/L F) and sexes as factors. Differences between groups

were assessed using least significant difference post hoc test.

Probability values lower than 0.05 were considered to be

significant. All statistical analyses were carried out using soft-

ware SPSS 21.0 for Windows.

Results

Data About the Dams and Their Litters

There were no statistical differences detected in body weight

and water and food intake among the groups of dams (data not

shown). Furthermore, F exposure during gestation and lactation

did not significantly affect the body weight of female and male

pups on different PNDs (1, 4, 7, 10, 13, 16, 19, 21, and 45; data

not shown). No visible teratogenic malformations were

observed in any of the groups tested. Similar results were

obtained and detailed previously by Bartos et al.39,40

Step-Down Inhibitory Avoidance Test

To evaluate the STM and LTM, we performed the inhibitory

avoidance test on PND45 offspring exposed during gestation

and lactation to 5 or 10 mg/L F. The data represented in Figure

2 show the results of the step-down inhibitory avoidance test.

In female 45-days-old offspring, the exposure to 5 and 10

mg/L F produced a significant impairment in the retention of

both STM and LTM. The latencies of these rats to step down on

the grid were lower than those of the control group 90 minutes

and 24 hours after training (H ¼ 9.89, P < 0.05 and H ¼ 6.52,

P< 0.05, respectively, for each time session; Figure 2). Latency

of male rats exposed to F during gestation and lactation was

statistically different in both STM and LTM retention (H ¼
6.34, P < 0.05 and H ¼ 6.11, P < 0.05, respectively; Figure

2). Post hoc comparisons showed that latencies of males exposed

to 5 mg/L F were shorter than the control group in both STM and

LTM. However, latency of male exposed to 10 mg/L F did not

differ from that of control at the 2 retention tests. The latencies

measured in the training session were similar for all groups.

Oxidative Stress in the Brains of PND45 Offspring

Alteration of biochemical markers of oxidative damage was

observed in whole brain and in the different brain section

Figure 2. Latencies measured in the step-down inhibitory avoidance test during the training session (0 minutes) and the test sessions for the
evaluation of STM (90 minutes after training) and LTM (24 hours after training) in the young female and male offspring exposed to 5 and 10 mg/L F.
Data represent the mean + SEM latency in seconds of 9 to 10 animals per group. *P < 0.05, compared to control group. SEM indicates standard
error of the mean; SRM, short-term memory; LTM, long-term memory.
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homogenates of PND45 offspring exposed to F during gesta-

tion and lactation. Figure 3 illustrates the activities of antiox-

idant enzymes, namely CAT and GPx, and levels of lipid

peroxidation as MDA content, in the whole brain of control

and experimental groups of young female and male offspring

exposed to 5 and 10 mg/L F during development.

Catalase activity results analyzed by 2-way ANOVA

showed significant differences between groups (F2,24 ¼ 6.14;

P < 0.05). Post hoc comparisons showed that female PND45

rats from 5 mg/L F-treated group exhibited a significant

decrease in this parameter compared to the corresponding con-

trol group (P < 0.05; Figure 3A). No significant differences

were observed in 2-way ANOVA in GPx activity or MDA

levels (Figure 3B and C).

We subsequently continued the analysis of oxidative stress

in the prefrontal cortex, the striatum, and the hippocampus.

Here, we only analyzed CAT activity since it showed a statis-

tically significant reduction in the whole brain homogenate

(Figure 3A). Two-way ANOVA revealed significant differ-

ences between groups in the activity of this enzyme in the

prefrontal cortex (F2,30 ¼ 28.03; P < 0.001; Figure 4A), the

striatum (F2,30 ¼ 11.12; P < 0.001; Figure 4B), and the hippo-

campus (F2,30 ¼ 12.77; P < 0.001; Figure 4C). Post hoc com-

parisons showed a significant decrease in females as well as

males from both F concentrations (5 and 10 mg/L F) tested in

the prefrontal cortex (P < 0.001 and P < 0.05 for females and

males, respectively; Figure 4A), in the striatum (P < 0.05 for

both sexes; Figure 4B), and in the hippocampus (P < 0.05

for all PND45 offspring; Figure 4C) compared to the respec-

tive controls.

Evaluation of the Glu Transaminase Activity

Glu transaminases GPT and GOT are known regulators of the

metabolism of the excitatory neurotransmitter Glu.35,52 In

order to investigate if F exposure during the gestational and

lactation periods affects Glu metabolism, the activity of GPT

and GOT was determined in specific brain areas of young

female and male offspring exposed to 5 and 10 mg/L F. As

show in Figure 5, transaminases activities in the prefrontal

cortex, the striatum, and the hippocampus of control and

treated groups were assessed.

Two-way ANOVA analysis resulted in significant differ-

ences between groups in each of the brain areas studied, both

for GPT (prefrontal cortex: F2,28 ¼ 21.79; P < 0.001; striatum:

F2,25 ¼ 14.37; P < 0.001; hippocampus: F2,26 ¼ 7.53; P <
0.05) and GOT (prefrontal cortex: F2,26 ¼ 60.92; P < 0.001;

striatum: F2,27 ¼ 60.73; P < 0.001; hippocampus: F2,27 ¼
38.55; P < 0.001).

Post hoc tests showed that in female PND45 offspring, the

activity of GPT was significantly decreased in prefrontal cortex

and hippocampus for both F concentration tested compared to

A B C

Figure 3. Activities of CAT (A) and GPx (B), and MDA content (C) in the whole brain homogenates of 45-day-old female and male offspring
exposed to 5 and 10 mg/L F during the gestation and lactation. The values are shown as the means + SEM of 5 rats per group. *P < 0.05,
compared to control group. CAT indicates catalase; GPx, glutathione peroxidase; MDA, malondialdehyde; SEM, standard error of the mean.

A B C

Figure 4. Activities of CAT in the prefrontal cortex (A), the striatum (B), and the hippocampus (C) of PND45 offspring exposed to 5 and
10 mg/L F. The values are shown as the means + SEM of 5 rats per group. *P < 0.05 and **P < 0.001, compared to control group. CAT
indicates catalase; PND, postnatal day; SEM, standard error of the mean.
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control groups (Figure 5A an C), with exception of striatum in

which GPT activity did not evidence any change (Figure 5B).

In young male rats, we observed a similar tendency to decrease

in all brain areas, but only for the lowest F concentration tested

(Figure 5A-C).

In the GOT activity, post hoc comparisons showed a signif-

icant decrease in female offspring from both F concentrations

(5 and 10 mg/L F) tested in the prefrontal cortex (Figure 5D),

the striatum (Figure 5E), and the hippocampus (Figure 5F)

compared to the respective controls. In male 45-day-old off-

spring, also both F concentration tested (5 and 10 mg/L F)

produced largest rate decrease in the GOT activity in all brain

sections (Figure 5D-F).

Discussion

Numerous studies on F metabolism confirmed that it can pene-

trate the placenta and it may adversely affect the development

of fetal nervous system.2 The exposure continues during lacta-

tion by the passage of F through maternal milk.53 Therefore,

the model of maternal F exposure during gestation and lacta-

tion (from GD0 to PND21) was established in this study to

investigate the neurotoxic effects of F on young pups.

We here demonstrated that early exposure to F impairs the

retention of memory in young offspring rats evaluated in the

step-down inhibitory avoidance task. Our results demonstrate

that 5 mg/L F significantly impaired memory of 90 minutes

(STM) and 24 hours (LTM) in both female and male PND45

offspring, whereas exposure to 10 mg/L F only affected STM

and LTM in female pups. Emotionally arousing experiences

create LTMs that are initially labile, but over time become

insensitive to disruption through a process known as

consolidation.54 In this respect, step-down inhibitory avoidance

test is a one-trial fear-motivated learning task, a hippocampal-

dependent associative learning,46 that has largely contributed

to the knowledge of consolidation process. The memory pro-

cess impairment observed in PND45 offspring exposed early to

F and evaluated by the step-down inhibitory avoidance task is

an effect that might be related to the cognitive and memory

alterations in people exposed to F in drinking water. Epide-

miological studies conducted in children exposed to F have

shown deficits in IQ and reduced mental ability. The IQ

scores declined with increasing F exposure.15 It has been

suggested that F cause harmful effects on the CNS by nega-

tively affecting both cognitive and psychomotor functions.11

Perinatal F exposure (25-100 mg/L) reduces the myelinated

nerve fibers and alter the DNA structure in the hippocampus

of mouse pups.55 Fluoride exposure (2-10 mg/L) through

drinking water caused cognitive impairment and led to anxi-

ety and depression-like behavior in adult mice.56

Studies on both human and animals chronically exposed to F

(60 and 120 mg/L) indicated vulnerability of all soft tissue

organs.57 Additionally, the CNS is much more susceptible to

toxic agents in the early stages of growth and development. The

embryonic period in humans and rodents is highly sensitive to

chemical toxicity.58 The brain and neural cells are highly sus-

ceptible to oxidative damage as they contain high amount of

polyunsaturated fatty acids, rich iron content, and low levels of

antioxidant enzymes.59 As a free radical inducer, F (600 mg/L)

produces excessive ROS and causes oxidative damage in the rat

brain which is a causative factor for the cognitive impair-

ment.60 Free radicals cause toxicity by attacking membrane

A B C

D E F

Figure 5. Transaminase activities (GPT and GOT) in the prefrontal cortex, the striatum, and the hippocampus of 45-days-old offspring. Data are
expressed as mean + SEM. n ¼ 5 per group. *P < 0.05; **P < 0.001 compared to the corresponding control group. GOT indicates glutamate
oxaloacetate; GPT, glutamate pyruvate; SEM, standard error of the mean.
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phospholipids, leading to membrane injury through lipid

peroxidation, depolarization of the mitochondrial membrane,

and apoptosis.3,12

In the present study, we analyzed the activities of the anti-

oxidant enzymes CAT and GPx, together with the determina-

tion of MDA content in the complete brain of control and

experimental groups of PND45 offspring. Since in whole brain

determinations we only detected statistical significance in the

activity of the enzyme CAT, we subsequently continued the

analysis of oxidative stress in the different brain areas only for

this antioxidant enzyme. As can be observed, the results of

CAT activity in the prefrontal cortex, the striatum, and the

hippocampus were more noticeable than those found in whole

brain homogenates. The explanation for this phenomenon

might be that when we are analyzing the activity of an enzyme

in the totality of the brain tissue, changes in a punctual area

could be masked by the nonchanges in the remaining areas. Our

results showed that maternal exposure to F during pregnancy

and lactation decreased the enzymatic activity of CAT in the

prefrontal cortex, the striatum, and the hippocampus. In this

respect, it is important to denote that both an increase and/or a

decrease in the expression or activity of antioxidant enzymes

are indicative of oxidative stress.61 These brain areas are crit-

ical in the regulation of locomotion, anxiety, and memory, and

their regulatory functions are usually overlapped. Thus, the

prefrontal cortex is implicated in the control of locomotor

activity, the regulation of emotional states, and cognitive pro-

cesses such as working memory.62 Locomotor activity is also

regulated by the striatum.63 In addition, this brain area has been

recently included to the anxiety network, integrated also by

hippocampus and prefrontal cortex.64 The hippocampus is well

known as a key region of the limbic system that is crucial for

intellectual function, cognitive ability, and anxiety.65,66 In a

previous work from our laboratory, we demonstrated that the

oral exposure of rats to F during gestation and lactation

decreased the anxiety levels in female 45-day-old offspring.39

As we observed that F exposure impairs the retention of

memory of PND45 offspring rats, and considering that the

excitatory neurotransmitter Glu plays an important role in

learning and memory processes,33,34 we decide to evaluate if

the glutamatergic system was altered by F treatment. For

achieving this purpose, we assessed the activities of transami-

nases GPT and GOT in prefrontal cortex, striatum, and hippo-

campus of young offspring exposed to F during gestation and

lactation. Our results showed that exposure to F in early stages

of rat development decreased the activity of both transaminases

in specific brain areas of 45-day-old offspring. Neuronal GOT

and GPT are active brain enzymes involved in Glu metabo-

lism,67 and the reduction of its activity might impact on the

levels of this neurotransmitter. These transaminases catalyze

the transfer of an amino group from aspartate (GOT) or from

alanine (GPT) to a-ketoglutarate, to produce Glu and oxaloa-

cetate (in the case of GOT) or Glu and pyruvate (in the case of

GTP).67 The opposite reaction (ie, oxidation of Glu) is also

possible, since for both enzymes the reaction is freely reversi-

ble.35,52,67 In this regard, Niu et al.26 reported that exposure of

rats to F (150 mg/L) during lactation and after weaning signif-

icantly decreases learning abilities in the pups. In addition, this

treatment caused increase in the activity of GAD and inhibition

of the activity of GOT and GPT, leading to the concomitant

decrease in the levels of Glu in the hippocampus of exposed

rats. These authors suggested that the disturbance in Glu meta-

bolism may be one of the mechanisms by which F influence

intelligence. Similarly, Jiang et al.32 reported that exposure of

rats to F (120 mg/L) caused declination of learning and mem-

ory ability, together with a decrease in Glu levels in hippocam-

pus and cortex of the exposed rats. On the other hand, Glu

excitotoxicity has also been proposed as a possible mechanism

of F neurotoxicity.68,69 The association between neurotoxicity

with oxidative stress and Glu excitotoxicity has been widely

reported.68,70,71 However, with the results obtained so far, it is

difficult to propound a precise mechanism for F neurotoxicity.

Other determinations, such as measurement of the levels of

Glu in specific brain areas, or the activity of other Glu

metabolism-related enzymes (besides GOT and GPT), would

be necessary in order to complement the obtained data and to

define if the glutamatergic system is involved.

It is important to highlight that in almost all the parameters

analyzed in the present study, in PND45 male offspring, we

could observe a trend of a greater response at 5 mg/L, whereas

for the higher dose (10 mg/L F), the response was lesser or

nonsignificant. We can speculate that there could be compen-

satory mechanisms that are triggered at a higher F concentra-

tion, which would avoid an impairment of memory in the

step-down inhibitory avoidance test, an increase of oxidative

stress, and a reduction in the transaminases activity. However,

the detailed mechanism of why the lowest concentration of F

in male offspring exerts more deleterious effects than the

higher concentration, of course, needs further investigation

to find out a possible mechanism of F toxicity.

In summary, our findings indicate that exposure of rats to F

through cord blood and breast milk resulted in the impairment

of memory in 45-day-old female and male offspring. Although

the levels of exposure in this study exceeded the concentrations

to which F supplementation is generally implemented to pro-

mote good dental health (0.5-1.0 mg/L10), F levels in naturally

occurring waters can include or exceed the exposure concen-

trations in this study. Among the possible mechanisms postu-

lated to mediate these effects, the most plausible would be the

induction of oxidative stress and the decreased activity of the

enzymes GOT and GPT (which in turn could affect the meta-

bolism of Glu) in specific brain areas of young offspring rats.
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