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INTRODUCTION

ABSTRACT

The widely existence of aluminum and fluoride in the
environment makes the exposure to these pollutants unavoidable.
Few studies reported the toxic impact of these pollutants
“separately” on the neurotransmitters involved in the cognitive
behavior of rodent offspring. The present study aimed to evaluate
the potential impact of these pollutants “together” on the amino
acid neurotransmitters of different brain regions (cerebral cortex,
hypothalamus and hippocampus) and the learning ability of male
rat offspring. The rat offspring were exposed to deionized water
containing 0.5 g AICIs/L, 0.15 g NaF/L, or their combination
throughout the prenatal period of brain growth in the uterus
(via the placenta) and the postnatal period until 70 days old
(via lactation and drinking water). The results indicated that the
levels of most excitatory and inhibitory amino acid
neurotransmitters were significantly affected in the three brain
regions of exposed male offspring to AICIl; and/or NaF, as
compared with the control male offspring. In addition, the
learning ability was more affected in the male offspring exposed
to AICI; plus NaF, a finding that indicates a synergistic effect.
The alteration in the learning ability of rat offspring exposed to
AICl3 plus NaF was concomitant with the increase in the cerebral
cortical glycine, hypothalamic and hippocampal y-aminobutyric
acid, and hippocampal glutamate. In conclusion, administration
of the AICI3 plus NaF was more neurotoxic than each salt alone.

drinking water’?). Some researchers found

The exposure to aluminum during the early
stage of life results in behavioral and
biochemical alterations in brain, which are
manifested during the maturation period!.
The wide existence of aluminum in the
environment and its broad use make the
exposure to aluminum unavoidable, and
consequently, increase its levels in the

that the aluminum concentrations in the bulk
brain samples, neurofibrillary tangles, and
amyloid plaques were higher in Alzheimer’s
disease subjects). It is also believed that the
infants might be at particular risk of
aluminum toxicity because of the immaturity
of their blood-brain barrier and the
sensitivity of their digestive and renal
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systems®. In addition, aluminum is able to
cross the placenta and deposit in all tissues,
especially the brain, and hence induces
profoundly deleterious effects in animals’
offspring!. Aluminum forms a stable
complex with glutamic acids; therefore,
glutamic acid is consequently unable to
detoxify ammonia from neurons to produce
glutamine®®.. Accumulation of ammonia is
responsible for the neuronal death, as well as
affecting the neurotransmitter system®,
Glutamate (Glu), as a neurotransmitter, has
a great majority in the excitatory synapses of
mammalian central nervous system and
plays an important role in the spatial
learning and  memory  processes®.
Aluminum caused an alteration in Glu levels
and glutamate a-decarboxylase activities of
rat’s brain”. Its administration caused
behavioral deficits including incoordination
with a memorial deficit, neuroinflammation,
and cell loss of spinal cord and motor cortex
of treated animals®’!. Also, a relationship
between aluminum toxicity and brain aging
was previously reported™.

Fluoride is found in rock phosphate,
cryolite, apatite and volcanic emissions, but
drinking water is the primary source

of fluoride exposure™ ™. 1t caused
neurotoxicity and impairment in the
physiological functions of rats’ brain,

possibly through enhancing the oxidative
stressi*3In addition, exposure to high
levels of fluoride increased the risk
of lowering the children intelligence
scorest** ™). Also, rats exposed to fluoride
in combination with arsenic showed
perturbation and  disorder in  the
neurobehavioral balancest*®*"),

Few studies reported the toxic impact
of aluminum and fluoride “separately”
on neurotransmitters involved in the
cognitive behavior of rodent offspring™®%,
In addition, our previous studies reported the
synergistic toxicity of these pollutants on
brain antioxidant defense system and
sensorimotor aspects of rat offspring™*?!,
Neverthless, no reports were found in the
literature, to the best of my knoweledge,
regarding the impact of these polutants

“together” on amino acids neurotransmitters
involved in the learning ability of rodent
offspring. Therefore, the present study aimed
to evaluate the disturbances in the
learning ability and the levels of amino
acid neurotransmitters of different brain
regions (cerebral cortex, hypothalamus and
hippocampus) of male rat offspring exposed
to these pollutants “separately or together”
during the prenatal and postnatal periods.
The current study focused only on the maze
learning test in addition to the inhibitory
amino acid neurotransmitters (IAAs) such
as glycine (Gly) and y-aminobutyric acid
(GABA), as well as the excitatory amino
acid neurotransmitters (EAAS) such as Glu
and aspartate (Asp).

MATERIAL AND METHODS
Experimental animals

Adult female rats weighing 180 * 15 g were
obtained from the animal house of the
Faculty of Science, Taif University, and
housed individually in plastic cages at 20°C
and 12 hours light/12 hours dark cycle. The
mother rats were fed bread and milk during
the prenatal and weaning periods. After
weaning, the male offspring were given
ad libitum access to deionized water and
a commercial, balanced pelleted diet for
rodents. The food debris and faces were
removed daily, to Kkeep sawdust dry
throughout the course of experiments. The
handling of the animals was strictly in
agreement with the Taif  University
regulations and guidelines for using animals
in the research.

Chemicals

AICI; and NaF with 99% purity, and all
chemicals used for the estimation of the
amino acids by reversed-phase high
performance liquid chromatography (RP-
HPLC) were purchased from Sigma-Aldrich,
via agency at Saudi Arabia.

Experimental design

Forty female rats were mated with male rats
(1 male/5 female) of the same strain in order
to obtain the male rat offspring for the
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present study. The vaginal smears were
examined to detect the period of positive
estrus, according to the method of Harkness
and Wagner??. After 6 days of gestation,
forty pregnant females were randomly
divided into four groups (A, B, C, and D),
each with ten females. Throughout the
prenatal period, the pregnant females of
group A received pure drinking deionized
water, whereas those of the groups B to D
exposed to 0.15 g NaF/L'*®!, 0.5 g AICI4/LP*,
and 0.15 g NaF + 0.5 g AICI; dissolved in
1.0 L of deionized water, respectively. After
parturition, the mother rats of groups A-D
were transferred to the pups through the
breastfeeding period and treated as explained

above. However, the male offspring were
left for the natural maternal care until the
weaning period. After the weaning stage, the
male offspring in groups I, 1V, and VI were
exposed to the same levels of aluminum and
fluoride salts dissolved in deionized water
until 70 days old (postnatal period), i.e. these
groups were exposed to these pollutants
during the prenatal, lactation and post-
weaning periods until 70 days old
(Table 1). Male offspring of groups Ill, V,
and VII were given pure deionized water
only until 70 days old, i.e. these groups
were exposed to these pollutants during
the prenatal and lactation periods only
(Table 1).

Table 1: Experimental design to evaluate the toxicity of aluminum and/or fluoride on male rat
offspring throughout the prenatal and postnatal stage until age 70 days old.

Experimental groups

Group I Group Il

Group I

Group IV GroupV Group VI  Group VII

Deionized water
Prenatal + - -
Lactation + - -
Post-weaning

NaF (g/L)

Prenatal -
Lactation -
Post-weaning -

AICl; (g/L)

Prenatal - - -
Lactation - - -
Post-weaning - - -

Samples size

0.15g/L  0.15g/L
015g/L 0.15g/L
0.15 g/L -

0.15¢/L  0.15g/L
0.15g/L  0.15g/L
0.15 g/L -

05¢g/L 05¢g/L
05g/L 05¢g/L
0.5¢9/L -

0.5¢0/L
0.5g/L
0.5g/L

0.5¢g/L
0.5¢g/L

nl 15 male rat offspring/each group
n2 5 male rat offspring/each group

Sampling

70 days post-parturition

NaF or AICI; were dissolved in deionized water.

nl: sample size of male offspring used in the behavioral experiment; n2: sample size of male
offspring used in the neurotransmitters experiment.

Group I: control male offspring given deionized H,O during the prenatal, lactation and post-
weaning periods until 70 days old; group Il: male offspring given NaF during the prenatal,
lactation and post-weaning periods until 70 days old; group Ill: male offspring given NaF
during the prenatal and lactation periods only; group IV: male offspring given AICls during
the prenatal, lactation and post-weaning periods until 70 days old; group V: male offspring
given AICI; during the prenatal and lactation periods only; group VI: male offspring given
NaF + AIClI; during prenatal, lactation and post-weaning periods until 70 days old; group VII:
male offspring given NaF + AICI; during the prenatal and lactation periods only.
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Sampling

At the end of the experimental period,
twenty male offspring were withdrawn from
each of the 7 groups for the behavioral and
amino acid neurotransmitters assays. The
sample size required for the behavioral assay
was 15 male offspring (n1=15), whereas the
sample size needed for the estimation of
amino acid neurotransmitters were five,
n2=5 (Table 1).

Maze learning test

Male offspring were deprived of food for
23 hours before the initiation of this test.
Then, they were given one trial per day for
five consecutive days. The daily amount of
food was provided for rats as a reward at
the end of the maze. The following
measurements were recorded according to
the method of Staddon[®: (a) the elapsed
time to reach the food, (b) the number of
errors (passage in the blind alleys).
Estimation of amino acid
transmitters

Male offspring were killed at the end of the
experimental period and the brains were
rapidly dissected in ice-cold Petri-dishes to
isolate the cerebral cortex, hippocampus
and hypothalamus. The brain tissues were
homogenized in 75% HPLC grade methanol.
After centrifuging the homogenates, the
supernatants were used to estimate the
concentrations of IAAs and EAAs as
previously described'®®. This method was
based on the quantitative derivatization of
amino acids with phenylisothiocyanate. For
separation and quantitation of the resulting
phenylthiocarbamyl amino acid derivatives
by RP-HPLC, the Agilent 1100 Series
HPLC Value System with octadecylsilyl
reverse-phase column (Agilent Technologies,
Waldbronn, Germany) was used. In order
to evaluate the resulted amino acid
derivatives, the effluent stream was
monitored continuously at 254 nm.

neuro-

Statistical analysis

Kolmogorov-Smirnov test indicated that the
data were normally distributed, and therefore
the parametric statistical analyses were

performed. One-way analysis of variance
(ANOVA) was applied to analyze the effect
of treatments on the studied parameters of
male offspring, then followed by Duncan’s
test of homogeneity to compare between all
variables at a significant level 0=0.05
(P<0.05). Statistical analyses were computed
by the aid of the IBM Statistical Package for
the Social Sciences (SPSS) version 24.

RESULTS

Effects of AICI; and NaF on brain
neurotransmitters of rat offspring
One-way ANOVA affirmed that the
concentrations of EAAs and IAAs in
the cerebral cortex, hypothalamus and
hippocampus of male rat offspring were
significantly affected (P<0.001-0.0001) by
the treatments with AICl;, NaF, and their
combination throughout the prenatal and
postnatal periods until 70 days old (Tables
2-4). Duncan’s test of homogeneity affirmed
that the concentrations of 1AAs in the three
studied brain regions of groups Il (NaF
alone), IV (AICI; alone), and VI (NaF +
AICI3) increased significantly compared
with the group I that received only deionized
H,O throughout the prenatal and postnatal
periods (Tables 2-4). The levels of IAAS in
the hypothalamus reached the highest
concentration in rats exposed to AICl3 in
combination with NaF (group VI), followed
by rats exposed to AICI; alone (group 1V)
and NaF alone (group IlI) as shown in
Table “3”.

The concentrations of the EAAs
decreased in the rat offspring as a response
to the exposure to NaF alone (group II) and
became statistically lower, in most cases,
than rat offspring drinking only deionized
water throughout the prenatal and postnatal
periods (groups I) as shown in Tables “2-4”.
On the other hand, the levels of cerebral
cortical and hippocampal EAAs were
markedly elevated as a response to the
exposure to AICI; alone (group 1V) and in
combination with NaF (group VI), and
became significantly greater than their levels
in groups | and Il (Tables 2 and 4). The
concentrations of EAAs in the hippocampus
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of rats in the group VI were > their levels in
rats of the group IV > their levels in rats of
the groups Il (Table 4). The cerebral cortical
Glu content of group V (received AICI;
during the prenatal and lactation periods
only) was significantly greater than that of
group Il (received NaF during the prenatal
and lactation periods only), whereas the

levels of Asp among groups I, V, and
VIl (received NaF + AICI; during the
prenatal and lactation periods only)
didn’t statistically change (Table 2). The
concentrations of EAAs in the hippocampus
of group VII were > their concentrations in
the group V > their concentrations in the
group I11 (Table 4).

Table 2: Effects of aluminum and fluoride, given separately or in combination, on the levels
(ng/g brain tissue) of excitatory (EAAS) and inhibitory (IAAs) amino acid neurotransmitters

in the cerebral cortex of male rat offspring.

IAAS EAAS

Glycine GABA Glutamate Aspartate
Group | 4.2+0.06° 3.4+0.05° 6.2+0.36° 5.1+0.40°
Group I 5.3+0.24° 4.4+0.11° 4.1+0.18° 3.1+0.11°
Group 111 3.7+0.24° 3.5+0.20° 5.9+0.38° 5.2+0.52"
Group IV 6.4+0.27° 6.0+0.09" 9.2+0.89° 7.5+0.20°
Group V 4.2+0.37° 4.7+0.19° 7.7+0.61° 4.9+0.18"
Group VI 7.1+0.27° 5.2+0.18° 10.0+0.59° 6.7+0.03°
Group VII 3.8+0.20° 3.2+0.05° 7.2+0.30° 5.0+0.05"
One-way Fe.26=948 Fe26=946 Fe26=2096 Fe5=521
ANOVA P<0.001 P<0.001 P<0.001 P<0.001

Data are presented as means + standard errors (n1 =5). In each column, values marked with
the same superscript letter are similar (insignificant, P>0.05).

Table 3: Effects of aluminum and fluoride, given separately or in combination, on the levels
(ng/g brain tissue) of excitatory (EAAS) and inhibitory (IAAs) amino acid neurotransmitters

in the hypothalamus of male rat offspring.

IAAs EAAs

Glycine GABA Glutamate Aspartate
Group | 2.8+0.11° 1.740.14% 3.8+0.10" 3.8+0.20°
Group Il 4.3+0.12° 2.5+0.21° 2.7+0.15 3.6+0.07"
Group 111 3.9+0.17" 2.4+0.09" 3.4%0.15° 3.9+0.18"
Group IV 4.8+0.23" 2.5+0.14 2.5+0.10° 3.4+0.04
Group V 4.3+0.18° 2.4+0.14° 2.8+0.11° 3.740.11°
Group VI 4.9+0.20° 3.2+0.12° 2.1+0.14° 3.0+0.14°
Group VII 4.3+0.28° 2.6+0.15" 2.5+0.07" 3.6+0.14
One-way F6,25=268 F6.28=256 Fe,26=67 Fe,26=160
ANOVA P<0.0001 P<0.0001 P<0.0001 P<0.0001

Data are presented as means + standard errors (n1 =5). In each column, values marked with
the same superscript letter are similar (insignificant, P>0.05).
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Table 4: Effects of aluminum and fluoride, given separately or in combination, on the levels
(ng/g brain tissue) of excitatory (EAA) and inhibitory (IAAs) amino acid neurotransmitters in

the hippocampus of male rat offspring.

IAAS EAAs

Glycine GABA Glutamate Aspartate
Group | 3.7+0.08° 2.5+0.09% 3.8+0.10" 3.0+0.14°
Group I 7.00.22° 3.840.16° 1.8+0.06° 2.2+0.13°
Group 111 3.3+0.11° 3.1+0.38° 2.1+0.08° 2.6+0.11°
Group IV 6.4+0.53° 5.3+0.22° 4.9+0.34° 3.7+0.11¢
Group V 6.1+0.45° 3.5+0.06° 4.0+0.19" 3.4+0.04°
Group VI 6.2+0.29° 5.9+0.22° 6.8+0.55" 3.8+0.20°
Group VII 5.6+0.09" 3.1+0.04° 4.8+0.43° 3.6+0.14¢
One-way Fe26=339 Fe25=331 Fe26=1460 Fe25=386
ANOVA P<0.001 P<0.001 P<0.001 P<0.001

Data are presented as means + standard errors (n1 =5). In each column, values marked with
the same superscript letter are similar (insignificant, P>0.05).

Effects of AICI; and NaF on learning
behavior of rat offspring

According to the one-way ANOVA, the
number of errors and elapsed time in the
maze learning test of rat offspring were
significantly affected (P<0.0001) by the
exposure to AlICI3; and NaF (Tables 5 and 6).
Where, the number of errors and elapsed
time in the maze learning test of group Il
(NaF alone) were statistically higher than
that of group Il (received NaF during the
prenatal and lactation periods only)
throughout the five consecutive days of
observation. In addition, the number of
errors and elapsed time in the maze learning
test of group IV (AICl; alone) was
significantly higher than that of group V
(received AICI; during the prenatal and
lactation periods only) on almost all days.
Moreover, group VI (NaF + AlCl3) exhibited
a significant increase in the number of errors
and elapsed time of the maze learning test as
compared with the group VII (received
NaF + AICIl; during the prenatal and
lactation periods only) throughout the five
consecutive days. At days 1, 3, and 4 only,
the number of errors in the maze learning
test of group VI was significantly higher
than that of groups Il and IV (Tables 5
and 6).

DISCUSSION

Under normal physiological conditions,
brain EAAs and IAAs are in a dynamic
equilibrium that has an important role in
satisfyin% the performance of the nervous
system!?!. Overproduction of EAAs induced
continuous hyperactivity, through their
specific receptors, leading to excitotoxic
damage to neurons that affected learning
behavior®?7]. The present study indicated
that the chronic exposure to AICl; plus NaF,
during the pregnancy (prenatal), lactation
and post-weaning until 70 days old, greatly
affected the learning ability of male rat
offspring more than those exposed to AICI;
alone or NaF alone. The detrimental effect
of AICI; and NaF combination on the
learning ability of male rat offspring was due
to the increase in the cerebral cortical and
hippocampal EAAs by aluminum mainly,
since fluoride caused a decrease in EAASs of
these two brain regions.

Other researchers also found that the
neurotoxicity induced by aluminum was
correlated with the alteration induced in the
brain Glu-GABA system!?®. In addition, the
Ca’* levels in the chicken neurons increased
significantly after exposure to aluminum!?®,
Taking into account that the release of EAAS
is Ca®*-dependent!*®, the significant increase
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Table 5: Effects of aluminum and fluoride, given separately or in combination, on the
number of errors through maze learning test of male rat offspring.

Number of errors in maze

1 day 2 days 3 days 4 days 5 days
Group | 4.7+0.36° 4.0+0.28° 3.1+0.35° 2.4+0.30° 1.7+0.18°
Group I 6.9+0.35° 4.9+0.21° 4.8+0.20° 3.9+0.26" 3.4+0.25°
Group Il 5.8+0.30" 4.0+0.35 3.9+0.30" 2.6+0.30° 2.4+0.25"
Group IV 6.0+0.24" 5.5+0.24° 5.2+0.22° 3.3+0.33" 3.7+0.30°
Group V 5.7+0.23" 4.4%0.16 4.0+0.24° 2.7+0.28° 2.7+0.23°
Group VI 7.3+0.35" 5.7+0.25° 5.5+0.27¢ 4.3+0.27° 3.8+0.33°
Group VII 5.7+0.21° 5.040.24° 4.8+0.24° 2.1+0.24 2.9+0.21°
One-way Fe.06=26.2 Fe0s=32.8 Fe05=63.8 Fe0s=51.8 Fe0s=49.3
ANOVA P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001

Data are presented as means + standard errors (n2 =15). In each column, values marked with
the same superscript letter are similar (insignificant, P>0.05).

Table 6: Effects of aluminum and fluoride, given separately or in combination, on the
elapsed time through maze learning test of male rat offspring.

Elapsed time through maze (minutes)

1 day 2 days 3 days 4 days 5 days
Group | 2.7+0.25% 2.7+0.25° 1.3+0.26° 0.8+0.17° 0.5+0.13°
Group I 4.3+0.27° 3.1+0.26° 2.3+0.15° 1.5+0.16" 1.240.15°
Group Il 2.9+0.16 2.6+0.21° 1.740.27° 0.9+0.19° 0.7+0.18°
Group IV 3.7+0.36° 3.3+0.29° 2.3+0.18° 2.1+0.15° 1.6+0.13°
Group V 3.2+0.20° 2.3+0.21° 1.740.21° 1.1+0.19° 0.9+0.18°
Group VI 4.1+0.19° 3.7+0.19° 2.8+0.20° 2.5+0.13° 1.6+0.19°
Group VII 3.5+0.27° 2.9+0.18° 2.1+0.27° 1.740.21° 0.9+0.18°
One-way Fe2s=22.4  Fg25=16.3 Fe26=18.1 Fe26=15.6 Fe5=18.6
ANOVA P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001

Data are presented as means * standard errors (n2 =15). In each column, values marked with
the same superscript letter are similar (insignificant, P>0.05).

of hippocampal EAAs in the current study
may be attributed to the excessive liberation
of Ca?* as a direct response to aluminum
exposure. On the other hand, the release of
Glu after the exposure to aluminum
enhanced the postsynaptic membrane
receptors to increase Ca®* influx.
Accumulation of Ca?* in the mitochondria of
nerve cells enhanced the liberation of the
reactive oxygen species gROS) causing
oxidative damage of neuron®=Y. However,

GABA and Gly could decrease the liberation
of Glu from presynaptic membrane to the
synaptic cleft to lower the accumulation of
Ca?*, and hence inhibiting and/or blocking
EAAs-induced excitotoxicity™?. Aluminum
neurotoxicity may also be related to its
ability to enhance inflammation (through
augmenting the oxidative stress), decrease
glucose utilization, affect the process of
phosphorylation-dephosphorylation, disturb
the rate of transmembrane diffusion, and
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selectively affect the saturable transport
systems in the blood-brain barrier=".

On the other hand, few studies reported
the adverse effects of fluoride on the
hippocampal glu and the memory-associated
monoamines in rat offspring and adult rats,
respectively™ !, Fluoride was able to
penetrate the placenta and the incomplete
blood-brain barrier during the prenatal
period and accumulate in the brain tissues of
rat offspring % The decrease shown in the
current study in the EAAs of rat offspring
exposed to fluoride only may be explained
through its neurodegenerative activity.
Where, it caused oxidative damage of brain
tissues of rat offspring by: (a) increasing
the lipid peroxidation, (b) enhancing the
production of superoxide anion and nitric
oxide (NOx, a gaseous free radical) to

form  peroxynitrite  that irreversibly
prevent mitochondrial respiration, and
hence augmented mitochondrial ROS

production, (c) decreasing the levels of
ascorbic acid (an antioxidant vitamin), the
synthesis of reduced glutathione (a non-
enzymic antioxidant) and the activity
of superoxide dismutase (an enzymic
antioxidants) in different brain areas
including the cerebral cortex, hippocampus
and hypothalamus'®!.

The data of the present study indicated
a significant disturbance in the learning
ability of male rat offspring exposed to
AICl;, NaF, and their combination, since
the number of errors and elapsed time in
the maze learning test were significantly

higher than the corresponding normal values.

Other studies reported that fluoride
decreased the learning ability and memory
of maze performance of rat offspring
through modulating the activity of Glu
metabolism-related enzymes, including Asp
aminotransferase, alanine aminotransferase
and glutamic acid decarboxylase, in the
hippocampus!*®*8. Moreover, exposure to
NaF during brain development induced
cognitive deficits and anxiety-depression-
like behavior in miceP®. The operant
conditioning, the learning acquisition, and
the activity of rat offspring were also

decreased b prenatal  exposure to
aluminum™*In addition, aluminum was
able to impair the long-term potentiation in
rat hippocampus by impairing the Glu-
NOx/cyclic  guanosine  monophosphate
pathway involved in some aspects of
memory and learningt*#+3l.

In the current study, the deficits in the
learning behavior of rats exposed to NaF +
AICI; were accompanied by the increase in
IAAs in all tested brain area. Also, Gardiner
and Belleroche™ found that fluoride
alone increased the GABA level of the
rat cerebral cortex. In addition, Shuchang
et al.®! reported that rats exposed to AICI;
showed deficits in learning and memory,
as well as an increase in the GABA
level of the neocortex. This effect was
probably attributed to the inhibition of
GABA re-uptake by the presynaptic cells
and/or inhibition of GABA transaminase
enzyme, which catalyzed the removal of
amino group from GABA to produce the
semialdehyde.

In conclusion, chronic exposure to AIClI;
and NaF combination induced an obvious
retardation in the learning ability of rat
offspring, possibly through agitating the
brain EAAs, especially in the cerebral cortex
and hippocampus.
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