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Aluminum (Al) is a known neurotoxicant and circumstantial evidence has linked this metal with several
neurodegenerative disorders like Alzheimer's disease, but no causal relationship has yet been proved. Al-
induced behavioral alterations as well as cognitive decits and rodent brain neurotransmitter level, are
well known in adults but the exact mechanism in the offspring of perinatally Al exposed dams is not yet
understood properly and needs more attention. In the present study, the perinatal oral exposure of the
dams to 300 and 600 mg/kg/day Al (aluminum chloride) resulted in signicant and deleterious effects in
the offspring inicting a dose-dependent reduction in postnatal body weight gain, delays in opening of the
eyes and appearance of body hair fuzz, and decits in the sensory motor reexes of the mice pups during
weaning period (from the day of birth to postnatal day 21). During adolescent ages of the male offspring, a
signicant and dose-dependent decit was also observed in their locomotor activity at postnatal day 22
(PD 22), learning capability (at PD 25), and cognitive behavior (at PD 30–36). Furthermore, a signicant
and dose-dependent disturbance in the levels of neurotransmitters like dopamine (DA) and serotonin (5-HT)
was also observed in the forebrain region of the offspring at PD 7, PD 14, PD 21, PD 30, and PD 36. Thus, peri-
natal Al exposure, particularly during pregnancy and lactation period, can affect the in utero developing
fetus and postnatal developing sucklings, raising the concerns that during a critical perinatal period of
brain development, Al exposure has potential and long lasting neurotoxic hazards and might modify the
properties of the dopaminergic system and thus can change the threshold of that system or other related
systems at later ages. A reduced use of Al during pregnancy is of crucial importance in preventing Al-induced
delayed neurotoxicity in the offspring.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Orally ingested Al consumed through foods, water, freshly-prepared
natural sources (mainly fresh fruit, vegetables and meat), and as addi-
tive in commercially-processed foods and beverages (Greger, 1993;
Walton, 2007), currently comprises the main form of aluminum expo-
sure for the general public (WHO, 2006). Also, Al gets an easy access
to our body through use of cooking utensils, deodorants, antacids, etc.
(Yokel, 2000).

Al is a known adult neurotoxicant (Golub and Germann, 2001) as
well as its neurotoxicity has been reported during developmental
stages also (Domingo, 1995; Golub and Domingo, 1996). Al has
been linked with the etiology of several neurodegenerative disorders
like Parkinson's disease (Yasui et al., 1992), dementia (Forbes et al.,

1995), and Alzheimer's disease (Kawahara, 2005), however, over-
whelming medical and scientic opinions are that the ndings out-
lined above do not convincingly demonstrate a causal relationship
between Al and neurodegenerative diseases (Massey and Taylor,
1989; Exley, 2001). It is possible that not the increased exposure to
Al alone but the elevated level of Al may be the factor in initiating
and aggravating the pathogenesis of neurodegenerative diseases
(Sethi et al., 2008), but still it is not generally accepted that Al is a
contributory factor in the etiology of such neurodegenerative diseases
because the precise mechanism of Alzheimer's disease pathogenesis
remains unknown, and still this issue is controversial (Kawahara and
Kato-Negishi, 2011). Al administration has been reported to induce
oxidative stress by inicting damage to membrane lipid, proteins and
antioxidative enzyme defense system (Jyoti et al., 2007). Long-term
effects of developmental exposure has not yet been studied in this
regard in human populations, although a recent study detected a
delay in neuromaturation in preterm infants exposed to high levels of
Al through parenteral uids (Bishop et al., 1997). Long-term behavioral
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effects of developmental exposure have been examined to some extent
using laboratory rodents (Colomina et al., 1999; Gonda and Lehotzky,
1996; Gonda et al., 1997; Santucci et al., 1994). Many of these studies
used Al injection during early pregnancy; however, it would be valuable
to know if Al effects are seen with oral administration which is more
readily common in human populations. Bearing inmind that the gener-
al and maternal toxicities to Al are important to consider for variables
like pregnancy completion, pregnancy duration, litter size, neonatal
and postnatal mortality and maternal body weights during pregnancy
and lactation, these maternal data are not included in the present
study and the Al toxicity has been evaluated in the offspring only. How-
ever, it may be worth mentioning here that Al consumption by the
dams had no signicant deleterious effects in the dams itself, such as
their normal activity, body weight or general health.

Maternal stress during pregnancy can have serious negative ef-
fects on the learning abilities of the offspring (Nishio et al., 2001;
Sternberg and Ridgway, 2003). Furthermore, exposure to Al during
pregnancy along with maternal stress can further have serious inter-
actions and result into learning defects in the offspring (Colomina et
al., 2005; Roig et al., 2006). Al has been demonstrated to be capable
not only of crossing the blood–brain barrier (BBB), but also of increas-
ing its permeability (for references, see Zatta et al., 2002). It is well
established that Al is toxic to the growth and development of fetuses
and suckling in experimental animals (Domingo, 1995; Sharma and
Mishra, 2006). Moreover, it has been shown that gestational and lac-
tational exposure to doses of Al that do not produce maternal toxicity
can result in persistent neurobehavioral decits in the offspring of
some mammals (Colomina et al., 2005). However, it may be noted
here that many experimental studies on animals and on isolated
cells have shown that Al has toxic effects on the nervous system,
but in almost all cases the doses of Al used were much higher than
those occurring naturally in tissues (Gitelman, 1988). The doses
used in the present study are also of fairly higher magnitude and
have been selected on the basis of our pilot studies and also in con-
junction with a reported study (Colomina et al., 1999). Thus the Al
doses used herein may not correspond to the level of exposure in
humans, but its toxic effects reported in animal studies have a signif-
icant relevance to Al exposure in humans.

Although Al induced behavioral alterations as well as cognitive def-
icits have been reported in literature, the effects in the offspring of peri-
natally Al exposed dams are not yet understood properly and need
more attention in order to gain information on the longer lasting effects
of Al transfer from dams to offspring. Furthermore, Al induced changes
in the rodent brain neurotransmitter studies are scanty (Kumar, 2002).
In the present study, the effect of perinatal oral Al-administration to
pregnant mice was assessed in the offspring at neurobehavioral, cogni-
tive and biochemical levels (brain neurotransmitters) to investigate the
possible long term physiological mechanism associated with Al toxicity
in the offspring. The data on maternal effects itself, has been excluded
and shall form a part in a separate communication.

2. Materials and methods

2.1. Animals

Male and female Swiss–Webster strain mice (10–12 weeks old)
were housed in opaque plastic cages (three females to one male in
each cage) measuring 301211 cm, in the animal facility of the
Zoology Department, King Saud University, Riyadh, Saudi Arabia.
Animals were kept under reversed lighting conditions with white
lights on from 22.30 to 10.30 h local time. The ambient temperature
was regulated between 18 and 22 °C. After pregnancy (appearance
of vaginal plug was considered as day one (PD 1) of pregnancy), the
males were removed from the cages and the females were subjected
to experimental treatments. Food (Pilsbury's Diet) and water were
available ad libitum, unless otherwise indicated.

2.2. Experimental design and aluminum treatments

All pregnantmicewere divided into 3 groups. The rst group served
as the control group and received plain tap water only. Whereas the
second and third groups were exposed to 300 and 600 mg/kg alumi-
num chloride (Al) per day respectively, dissolved in plain tap water,
through oral administration. Our pilot studies have shown that the nor-
mal and/or pregnant mice on an average consume 30ml water per day
and thus theAl doseswere prepared accordingly. TheseAl doses formed
the sole drinking uid source for the experimental group of pregnant
mice during the required period of the experiment. It is likely that the
present high concentrations of Al used in the drinking water might
have affected total uid intake due to its astringent property, but no
efforts were made to assess any such differences in total uid intake
specically. Fresh Al doses were replaced in the drinking bottle every
day. The factor for the possibility of presence of Al traces in food and
tap water was not taken into account for calculating the daily Al intake.
However, this factor was minimized by giving the same source of
food and tap water to all experimental groups including the controls.
All pregnant mice were housed individually. Treatment started from
day 1 of pregnancy (PD 1) and was continued until postnatal day 15
(PD 15) and thereafter the mothers were switched to plain tap water.
The pups of each experimental group were culled to only eight per
dam on PD 0 and were left with their mothers until PD 22. During this-
weaning period, three male pups of each litter were color marked from
the others, and were subjected to various behavioral tests (described
below) under dim lighting (ca 8 lux). In all, 21 pups belonging to seven
litters from each treatment category were considered. All observations
were recorded on PD 1 and repeated every other day until PD 21 in
the same cohort of three color marked male pups of each litter. These
observations were used to measure the early development of sensory
motor coordination reexes together with morphological development
in the pups. For statistical analysis, the mean of all three cohorts (color
marked pups) per litter was considered as a single score. Thus, seven
replicates from each treatment category were considered for the follow-
ing observations.

2.3. Physical assessment during weaning period

Physical developmental landmarks like body weight, opening of the
eyes and appearance of body hair fuzz, were evaluated in the develop-
ing offspring starting from day 1 after birth (PD 1) through the entire
weaning period until PD 21.

2.3.1. Body weight
Weight is a useful indicator of development. Thus, the pups were

weighed every alternate day from PD 1 until PD 21.

2.3.2. Eye opening and hair appearance
The day at which the body hair fuzz appeared, and the eyes

opened was also recorded. These two parameters are also useful
morphological indicators of development.

2.4. Neuromotor maturation assessment during weaning period

2.4.1. Righting reex
The time taken by a pup placed on its back to turn over and place

all four paws on the substrate was recorded. An upper limit of 2 min
was set for this test.

2.4.2. Cliff avoidance
Pups were placed on the edge of a table top with the forepaws and

face over the edge. The time taken by the pup to back away and turn
from the “cliff” was recorded. Again an upper limit of 2 min was cho-
sen. A latency of 2 min was attributed when the animal fell from the
“cliff”.
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2.4.3. Rotating reex
The surface used to measure the rotating reex was the same as

that used for righting reex, except that it was inclined at an angle
of 30°. The pups were placed on this surface with their heads pointed
downward. The time elapsed until the pup rotated its body through
180° geonegatively and faced its head upward, was recorded as the
rotating time. The upper limit of this test was also set at 2 min.

2.5. Behavioral assessment during post-weaning period

The following tests were evaluated in the same cohort of male off-
spring (bearing in mind to include representatives of each litter) in all
the behavioral tests.

2.5.1. Locomotory activity test
After weaning at PD 22, 10 male offspring from each treated groups

were subjected to ‘Locomotor Activity’ tests in an experimental wooden
arena of square shaped measuring 808030 cm and the oor was
divided into 64 squares of equal size and various elements of behavior
like numbers of squares crossed,wall rears, rears andwashes, and dura-
tions of locomotion and immobility were observed (Ajarem, 1987;
Ajarem and Ahmad, 1998). The visual observations in the arena lasted
300 s for each animal.

2.5.2. Active avoidance responses
The active avoidance responses were measured in the animals at

PD 25, using an automatic reex conditioner “shuttle box” (Ugo
Basile, Comerio, Varese, Italy). The rectangular shaped shuttle-box
was divided into two chambers of equal size by a stainless steel par-
tition with a gate providing access to the adjacent compartment.
Before starting the trial sessions, each animal was allowed to adapt
and acquaint itself with the shuttle box for 2 min without any stimu-
lus. A 6 s duration light (21 W) and buzzer (670 Hz and 70 dB) were
switched on consecutively and used as a conditioned stimulus (CS).
The CS preceded the onset of the unconditioned stimulus (US) by
5 s. The US was an electric scrambler shock (1 mA for 4 s) applied to
the grid oor. If the animal avoided the US by running into the other
compartment within 5 s after the onset of the CS, the microprocessor
recorder unit of the shuttle box recorded an avoidance response and
this was considered as conditioned avoidance response to avoid the
electric shock. Each animal was given 50 trials with a xed intertrial
interval of 15 s. During the 50 trial session of the individual animal,
the total number of avoidance was measured. The total time taken
until the animal entered the other compartment to avoid the shock
treatment (latency of avoidance response or escape latency in seconds)
was also measured for each animal and the results were expressed for
each group of animals. The spontaneous migration of the mouse to
the other compartment between trials was also assessed by measuring
the number of crossings between the chambers when no shock was
present during UCS and CS (inter-trial crossing). The recorder unit of
the automated shuttle box continuously recorded these parameters
during the whole experimental period (50 trials) of each animal.

2.5.3. Morris water-maze test
The test has been extensively used to assess cognitive functions in

rat (Rutten et al., 2002; Tariq et al., 2008) and mice (Lamberty and
Gower, 1991a, 1991b) models. Starting at the age of PD 30, the mice
offspring were tested for visual–spatial memory using a water-maze
(Morris, 1984). The water-maze consisted of a galvanized white cir-
cular water tank (90 cm diameter, 50 cm height) lled with clear
tap water (22±1 °C) to a depth of 15 cm. A 66 cm size, stainless
steel, adjustable, white, escape platform was placed 1 cm below the
water level and 13 cm from the rim. The water was made opaque
by addition of 1 l of milk, which prevented visualization of the plat-
form. Four points on the rim of the tank were designated north (N),

south (S), east (E) and west (W), thus dividing the pool into four
quadrants (NW, NE, SE and SW).

On the rst day, each offspring (P 30) was allowed to swim freely
in the pool for 60 s without the platform present in the pool. This free
swim enabled the mice to become habituated to the training
environment. On days 2–5, offspring (P 31 to P 35, respectively)
were trained for 24 trials (six trials a day, with an inter-trial interval
of 30 s) to locate and escape onto the submerged platform. At the
start of each trial, the mouse was held facing the perimeter of the
water tank and dropped into the pool to ensure immersion. The latency
from immersion into the pool to escape onto the hidden platform (max-
imum duration of trial 120 s) was recorded. If the mouse did not nd
the platform in 120 s, it was manually guided with the help of a glass
rod to mount on the platform and a score of 120 s was recorded for
eachof such experimenter-terminated trials. The number of such unsuc-
cessful trials was counted and expressed as a percentage of failures on
each testing day. On mounting the platform, each mouse was given a
30 s inter-trial interval for rest and for learning and memorizing the
spatial cues to reach the platform for escape. To minimize handling, at
the end of the trials, the animals were allowed to climb onto a wire
mesh grid and transferred to their cage without further handling.

On day 6, P 36 mice were subjected to a 120 s probe trial in which
the platform was removed from the pool. The time spent in each quad-
rant (within 120 s probe test time) was recorded on an electronic time
recorder. In this part of probe trials in water-maze test, normal animals
typically spendmore time in the quadrantwhere the platformhad been
previously located than in the other quadrants.

The testing procedures used during the four days of locating the
hidden platform provide a measure of hippocampal-dependent spa-
tial reference memory, while the probe trial is a measure of the
strength of spatial learning, the closest parallel to episodic memory
in humans (Jeltsch et al., 2001; Spiers et al., 2001).

2.6. Biochemical studies

For biochemical studies, a sub-set of developing offspring (n=8/
group) were sacriced at different ages (PD 7, 14, 21, 30 and 36)
and the level of neurotransmitters 5-hydroxytryptamine or serotonin
(5-HT) and dopamine (DA) was estimated in their fore-brain. The
animals were killed by decapitation and the brains were dissected
on ice. The fore-brain was isolated (including the cerebral areas
with hippocampus and striatum) and frozen in liquid nitrogen and
stored at 70 °C for determination of neurotransmitters.

2.6.1. Determination of monoamines
The monoamines dopamine (DA) and serotonin or 5-hydroxy-

tryptamine (5-HT) were estimated using the modied method of
Patrick et al. (1991). A 10% homogenate of the fore-brain was pre-
pared by homogenizing the tissues for 10 s in 0.1 M HClO4 containing
0.05% EDTA, centrifuged at 17,000 rpm at 4 °C for 5 min. The superna-
tants were ltered using 0.45 m pore lters and analyzed by high
performance liquid chromatography (HPLC). The mobile phase con-
sisted of 32 mM citric acid monohydrate, 12.5 mM disodium hydro-
gen orthophosphate, 7% methanol, 1 mM octane sulfonic acid and
0.05 mM EDTA. The mobile phase was ltered through 0.22 m lter
and degassed under vacuum before use. Bondpak C18 column was
used at a ow rate of 1.2 ml/min and the injection volume of the sam-
ple was 20 l. The levels of DA and 5-HT were calculated using a cal-
ibration curve and results were expressed as ng/mg tissue weight.

2.7. Statistical analysis

All data were analyzed by using the Student–Newman–Keuls
multiple comparison test of ANOVA by the INSTAT computer program.
Signicant effects in locomotory test were further evaluated using
Dunn's multiple comparison tests.
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3. Results

3.1. Physical assessment during weaning period

Although the body weights of pups born to Al-treated mice lagged
behind the control group on PD 1, the difference was statistically insig-
nicant. However, the Al exposed offspring at both doses, showed a sig-
nicant decline (pb0.05) in their body weight gain as compared to the
controls, from PD 3 onward. From PD 5 up to the weaning period
(PD 21), the Al exposed offspring remained lagging behind the controls
in body weight very signicantly (pb0.001) in a dose-dependent man-
ner (Fig. 1).

Other morphological developments such as the opening of the
eyes and appearance of body hair fuzz were also signicantly
(pb0.001) delayed in the Al exposed offspring in a dose-dependent
manner (Fig. 2).

3.2. Behavioral studies

3.2.1. Neuromotor maturation
The neuromaturation of reexes during the weaning period of the

developing pups was assessed from the day of birth PD 1 until PD 21.
The righting, rotating, and cliff avoidance reexes in the Al-exposed
offspring were found to be signicantly and dose-dependently
suppressed throughout the weaning period (Fig. 3).

3.2.2. Locomotory test
The locomotor activity test (Table 1) showed that perinatal

Al-exposure had a signicant and dose-dependent suppressive effect
on the numbers of squares crossed, wall rears and rears, and on the
locomotion duration in the weaned animals (PD 22). On the other
hand, the number of wash and duration of immobility was signicantly
and dose-dependently increased as compared to the controls.
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Fig. 1. Effect of perinatal aluminum dose (300 and 600 mg/kg body weight) exposure on
the body weight gain of mouse pups during the weaning (lactation) period. *, ** and ***
represent statistical signicance (pb0.05, pb0.01 and pb0.001 respectively) from the
control group; see text.
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Fig. 2. Effect of perinatal aluminum dose (300 and 600 mg/kg body weight) exposure on
the body hair appearance and eye opening in the mouse pups. *** represents statistical
signicance (pb0.001) from the control group; see text.
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Fig. 3. A–C. Effect of perinatal aluminumdose (300 and 600 mg/kg bodyweight) exposure
on the righting reex (A), rotating reex (B) and cliff avoidance (C) ofmouse pups during
the weaning (lactation) period. *, ** and *** represent statistical signicance (pb0.05,
pb0.01 and pb0.001 respectively) from the control group; see text.
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3.2.3. Active avoidance test
In the shuttle-box active avoidance test, the Al-exposed offspring

(PD 25), showed a statistically signicant and dose-dependent decrease
in the number of avoidances during the trial period as compared to the
control group (Fig. 4A). The spontaneous migration of the mouse to the
other compartment between trials measuring the number of crossings
between the chambers when no shock was present (UCS and CS inter-
trial crossings) showed a signicant and dose-dependent decrease in
the number of inter-trial crossings as compared to the controls
(Fig. 4B). The total time taken during the entire trials by the animals
to enter the other compartment to avoid the shock treatment (latency
of avoidance or escape latency response in seconds) was alsomeasured
for each animal. The results showed that the animals exposed toAlwere
poor learners in a dose-dependent manner and took a signicant time
in avoiding the shock treatment as compared to the controls (Fig. 4C).

3.2.4. Morris water-maze task
Mice offspring with Al treatment, exhibited longer escape latencies

to reach the platform as compared with the control group (pb0.01;
Fig. 5A), however, all groups displayed a gradual improvement in per-
formance over the 4 days of testing (training) period. The number of
unsuccessful trials (failures) to reach the platformwas also signicantly
higher in Al treated offspring as compared to the control group on all
testing days (pb0.001; Fig. 5B). The probe trial studies showed that
Al exposed offspring spent more time in the other three quadrants
than the target (platform) quadrant as compared to the control group
(pb0.001; Fig. 5C), in search of the platform.

3.3. Biochemical studies

3.3.1. Concentration of monoamines in forebrain
There was a signicant (pb0.001) and dose-dependent inhibition of

DA level in the forebrain ofmice offspring treatedwith Al as compared to
the control group at ages PD 7, PD 14, PD 21, PD 30 and PD 36 (Fig. 6A).
On the contrary, the level of 5-HT was signicantly (pb0.001) depleted
in the offspring at all developing ages, exposed only to higher dose
of Al, whereas, the lower dose had no effect at any developing ages
(Fig. 6B).

4. Discussion

The present results demonstrate that female mice exposed to Al
during pregnancy and lactation, produce pups that markedly differ
from their controls in the rate of physical maturation, motor develop-
ment, locomotory behavior, cognitive and active avoidance responses
and in the levels of neurotransmitters in their forebrain region. More-
over, the postnatal suppression of body weight gain and the delay in
opening of eyes and the appearance of body hair fuzz in the Al exposed
pups, might indicate a lasting effect of the perinatal Al exposure on
general growth retardation in mice offspring. Such gestational and lac-
tational exposure to Al has been reported for resulting into Al accumu-
lation in the cerebellum and cerebrum of rats (Yumoto et al., 2001,

2003). Furthermore, Al during fetal development has been shown to
impair the ability of nursing mouse pups to retain absorbed iron (Fe)
and (Mn) (Golub and Domingo, 1996). Thus, it is more than likely that
both consequences (i.e., Al accumulation and/or imbalance in essential
elements) induce neurobehavioral alterations in the offspring as sug-
gested earlier (Golub et al., 1989; Golub and Domingo, 1996). Perinatal
Al administration has also affected the preweaning reexes in the
mice pups. All reexes including righting, rotating and avoidance of
the cliff by the developing pups were signicantly suppressed as com-
pared to the controls. This clearly suggests for a direct Al intervention
with the developing pups in utero as well as during lactation period,
because Al has been shown to be transferred to offspring through pla-
centa and/or milk. A major portion of brain cells (70%) of the closely re-
lated rats are known to be formed after birth (Patel, 1983). Furthermore,
a recent study using radio isotopic Al showed that considerable amounts
of Al administered to pregnant and/or lactating rats, crossed the BBB and
were deposited into the brain of fetuses and sucklings through the
transplacental passage and/ormaternalmilk which remained persistent
throughout their lifetime (Yumoto et al., 2000, 2001). Thus, Al exposure
during fetal and suckling life does retard motor development and phys-
ical maturation, as have been suggested for other drugs (Brain et al.,
1994) and compounds (Ajarem and Ahmad, 1991, 1998). Signicant
suppression of all reexes including righting, rotating and avoidance
of the cliff, in the weaning pups during the postnatal weaning period,
clearly suggests for a direct Al interaction with the developing pups in
utero (prenatal exposure) as well as after birth through their mother's
milk (postnatal exposure). Thus, the continuous exposure to Al doses
during prenatal (fetal development period in utero) as well as postnatal
(early developmental period of the pups after birth) periods, has a
cumulative exposure in the developing brain tissue, inicting a longer
lasting and delayed effect on the offspring's decits in their neurobehav-
ior and cognitive functions at adolescent and/or adult stages as evi-
denced in the present study. However, further studies are warranted
in support of these longer lasting effects of perinatal Al exposure in
the offspring. Besides maternal exposure to Al during such periods, a
concomitant exertion of the dams to stress has a serious interaction
and can ultimately result into persistent neurobehavioral and postnatal
developmental decits in the rat offspring (Colomina et al., 2005; Roig
et al., 2006). Furthermore, studies in rodents have also demonstrated
that during pregnancy, exposure to Al causes long-lasting effects on
emotionality and learning capabilities (Kumar et al., 2009; Shaw and
Petrik, 2009). Al exposure in animals and humans results in behavioral
changes and intellectual impairment and it is possible that the behav-
ioral changes could be the result of subtle changes in the serotonin
level of the brain regions following Al exposure (Kumar, 2002).

The results of this study showed that the levels of DA were reduced
signicantly and dose-dependently whereas 5-HTwas inhibited only at
the higher dose of Al in the forebrain (cerebral part containing hippo-
campus and striatum) tissue of the Al-exposed mice offspring at all
ages. There is evidence of an inhibitory role of DA mediated receptor
(D2 type) in depressing the hyperexcitability of hippocampal and stria-
tal neurons (Freitas et al., 2004; Nascimento et al., 2005). A number of

Table 1

Effect of perinatal aluminum exposure on the locomotor activity of male offspring at adolescent age (post natal day 22).

Treatment
group

Median number (with ranges) of acts and postures

Number of squares crossed Wall rears Rears Wash Locomotion duration (s) Immobility duration (s)

Control 385 38 19 7 190.6 110.5
(357–425) (30–44) (13–24) (2–11) (146.5–250.5) (55.2–162.1)

300 mg/kg 285 24 10 10 104.4 198.1

(240–350) (14–29) (1–15) (9–22) (81.2–150.4) (150.6–220)
600 mg/kg 245 20 9 12 96 204

(200–330) (10–33) (2–20) (6–17) (70.3–120.1) (180–230.1)

 Signicantly different (pb0.05) from the control by Dunn's multiple comparison test.
 Signicantly different (pb0.01) from the control by Dunn's multiple comparison test.
 Signicantly different (pb0.001) from the control by Dunn's multiple comparison test.
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5-HT receptor subtypes have been reported for having different roles in
the functions of serotonergic neurotransmission, including the func-
tions connected with learning and memory processes (Petkov et al.,
1995). The mice offspring exposed to Al tended to perform badly in
water maze parameters and also resulted in decreased number of
avoidances (escapes) in the automatic reex conditioner as compared
to the control offspring. This suggests for a tendency toward decreasing
of the memory effect of Al under conditions of reduced functional

capacity of serotonergic neurotransmission. Recently, a growing body
of research has focused on the participation of serotonin (5-HT) in the
neurochemical mechanisms of cognition and especially of learning
and memory. Potential toxic mechanisms of action for Al may include
disruption in serotonergic neurotransmission through disturbed levels
of neurotransmitters in the brain hippocampus (Richter-Levin and
Segal, 1991). Other reported mechanisms of action of Al toxicity may
include enhancement of inammation (i.e., microgliosis) and the
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Fig. 4. A–C. Effect of perinatal aluminum dose (300 and 600 mg/kg body weight) expo-
sure on the mean performance value of the mice offspring at the age of 25 days postna-
tal in the active avoidance task. Mice were given a 50 trial session and the total number
of times they avoided the shock by moving to the other compartment of the shuttle
box (A), the number of inter-trial crossings between the chambers in the absence of
current shock (B) and the total time taken by the animals (latency) to avoid the shock
or the escape latency (C) were measured. *** represents statistical signicance
(pb0.001) from the control group; see text.
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Fig. 5. A–C. Performance in Morris water-maze of mice offspring at the age of 30 days
postnatal whose mothers were exposed perinatally with aluminum doses of 300 and
600 mg/kg body weight. A — the mean latency to reach the hidden platform (y-axis)
on each testing day (x-axis). Animals subjected to aluminum exposure were slower
in nding the platform than the controls on all testing days. B — the number of failures
or unsuccessful trials (y-axis) on each testing day (x-axis). Aluminum exposed off-
spring showed maximum number of failures in nding the platform as compared to
controls. C — probe test performance. The aluminum exposed offspring spent less
time in the target quadrant than the control group. R-target denotes quadrant on the
right side of the target quadrant, L-target denotes the quadrant on the left side of the
target quadrant and O-target represents the quadrant opposite the target quadrant.
*, ** and *** represent statistical signicance (pb0.05, pb0.01 and pb0.001 respectively)
from the control group; see text.
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interference with cholinergic projections (Platt et al., 2001), reduced
glucose utilization (Joshi, 1990), defective phosphorylation–dephos-
phorylation reactions (Cordeiro et al., 2003), altered rate of transmem-
brane diffusion and selective changes in saturable transport systems in
the blood brain barrier (BBB) (Kaya et al., 2003), oxidative damage in
brain cells (Rui and Yongjian, 2010) and inictingdamage tomembrane
lipid, proteins and antioxidative enzyme defense system (Jyoti et al.,
2007). Al has been reported for not only crossing the BBB (Banks and
Kastin, 1985; Yumoto et al., 2001) but also it increases its permeability
(Favarato et al., 1992; Banks et al., 1996; Exley, 2001) and gets deposit-
ed in various regions of the cerebrum and cerebellum (Platt et al., 2001;
Yumoto et al., 2001, 2003) including the hippocampus (Struys-Ponsar
et al., 1997; Fattoretti et al., 2004; Shi-Lei et al., 2005). As an important
target organof neurotoxicity, thehippocampus (located in the forebrain
cerebral region of rodents) is a crucial element of the neurotoxicity basis
of higher cognitive function (Savage et al., 2004; Tariq et al., 2008).
Based upon the earlier reports for the persistence of considerable
amounts of Al administered to pregnant and/or lactating rats into the
brain of fetuses and sucklings throughout their lifetime (Yumoto et al.,
2001), it is evidently suggested in the present study that the brain
may be the most susceptible target organ for Al toxicity during early
perinatal period since such toxicity may be expressed later also at ado-
lescent/adult stages in a delayedmanner in the formof alteredneurobe-
havior and cognitive functions.

5. Conclusions

From the present results it can be concluded that Al exposure dur-
ing pregnancy can affect the fetus, raising the concerns that during a
critical prenatal period of brain development in utero through placen-
ta and also during postnatal development through milk, Al exposure
might modify the properties of the dopaminergic system and thus
change the threshold of that system or other related systems. This
might further be supported by the present ndings in the offspring
both at neonatal and adolescent stages providing evidence that Al
exposure during pregnancy has potential neurotoxic hazards to the
in utero developing fetus brain and also through milk during postna-
tal developing pup brain. Reduced use of Al during perinatal period is
of crucial importance in preventing a delayed and longer lasting
Al-induced neurotoxicity in the offspring at later adolescent/adult
stages. In addition, further studies in context to perinatal Al exposure
in offspring may play a crucial role and may be an important area for
future research.

Acknowledgments

This work was gratefully supported by the Center of Excellence for
Biodiversity in Research, College of Science, King Saud University, and
by the King Abdulaziz City for Science and Technology, Riyadh, Saudi
Arabia.

References

Ajarem JS. Studies on the effect of alcohol on locomotor activity and immobility in male
mice. Proc Saudi Biol Soc 1987;10:97–104.

Ajarem JS, Ahmad M. Behavioral and biochemical consequences of perinatal exposure
of mice to instant coffee: a correlative evaluation. Pharmacol Biochem Behav
1991;40:847–52.

Ajarem JS, Ahmad M. Prenatal nicotine exposure modies behavior of mice through
early development. Pharmacol Biochem Behav 1998;59:313–8.

Banks WA, Kastin AJ. The aluminum-induced increase in the blood–brain barrier per-
meability to delta-sleep-inducing peptide occurring through the brain is indepen-
dent of phosphorus and acetylcholinesterase levels. Psychopharmacology (Berl)
1985;86:84–9.

Banks WA, Maness LM, Banks MF, Kastin AJ. Aluminum-sensitive degradation of amy-
loid beta-protein 1–40 by murine and human intracellular enzymes. Neurotoxicol
Teratol 1996;18:671–7.

Bishop NJ, Morley R, Chir B, Day JP, Lukas A. Aluminum neurotoxicity in preterm infants
receiving intravenous feeding solutions. N Engl J Med 1997;336:1557–61.

Brain PF, Kurishingal H, Whiting K, Restall CJ. An ethopharmacological approach to be-
havioral teratology. In: Cooper SJ, Hendrie CA, editors. Ethology and psychophar-
macology. New York: John Wiley & Sons Ltd.; 1994. p. 224–39.

Colomina MT, Sanchez DJ, Domino JL, Sanchez-Turet M. Exposure of pregnant mice to
aluminum and restraint stress: effects on postnatal development and behavior of
the offspring. Psychobiology 1999;27:521–9.

Colomina MT, Roig JL, Torrente M, Vicens P, Domingo JL. Concurrent exposure to alumi-
num and stress during pregnancy in rats: effects on postnatal development and
behavior of the offspring. Neurotoxicol Teratol 2005;27:565–74.

Cordeiro JM, Silva VS, Oliveira CR, Goncalves PP. Aluminium-induced impairment
of Ca2+ modulatory action on GABA transport in brain cortex nerve terminals.
J Inorg Biochem 2003;97:132–42.

Domingo JL. Reproductive and developmental toxicity of aluminum: a review. Neuro-
toxicol Teratol 1995;17:515–21.

Exley C. Aluminum and Alzheimer's disease. J Alzheimers Dis 2001;3:551–2.
Fattoretti P, Bertoni-Freddari C, Balietti M, Georgetti B, Solazzi M, Zatta P. Chronic alu-

minum administration to old rats results in increased levels of brain metal ions and
enlarged hippocampal mossy bers. Ann N Y Acad Sci 2004;1019:44–7.

Favarato M, Zatta P, Perazzolo M, Fontana L, Nicolini M. Aluminum (III) inuences the
permeability of the blood–brain barrier to 14C-sucrose in rats. Brain Res 1992;569:
330–5.

Forbes WF, Gentleman JF, Maxwell CJ. Concerning the role of aluminum in causing
dementia. Exp Gerentol 1995;30:23–32.

Freitas RM, Vasconcelos SMM, Souza FCF, Viana GSB, Fonteles MMF. Monoamine levels
after pilocarpine-induced status epilepticus in hippocampus and frontal cortex of
Wistar rats. Neurosci Lett 2004;370:196–200.

Gitelman HJ, editor. Aluminium and health, a critical review. London: CRC Press; 1988.
Golub MS, Domingo JL. What we know and what we need to know about developmen-

tal aluminum toxicity. J Toxicol Environ Health 1996;48:585–97.
Golub MS, Germann SL. Long-term consequences of developmental exposure to alumi-

num in a suboptimal diet for growth and behavior of Swiss Webster mice. Neurol
Toxicol 2001;23:365–72.

Golub MS, Donald LM, Gershwin ME, Keen CL. Effects of aluminum ingestion on spon-
taneous motor activity of mice. Neurotoxicol Teratol 1989;11:231–5.

7.0 14.0 21.0 30.0 36.0
0

10

20

30

40

50

60

70 Control

300 mg / kg
600 mg / kg**

***

***
***

**
***

*
***

***
***

A
D

op
am

in
e 

ac
tiv

ity
 e

xp
re

ss
ed

 a
s

ng
 / 

m
g 

tis
su

e 
w

ei
gh

t 
 S

EM
   

 

7.0 14.0 21.0 30.0 36.0
0.0

1.5

3.0

4.5

6.0

Age of developing pups  ( in days )

* *

* *

5-
H

T 
ac

iti
vi

ty
 e

xp
re

ss
ed

 a
s

ng
 / 

m
g 

tis
su

e 
w

ei
gh

t 
 S

EM

*

B

Fig. 6. A and B. Effect of perinatal aluminum dose (300 and 600 mg/kg body weight)
exposure on the mean levels of dopamine (A) and 5-HT (5-hydroxy-tryptamine or se-
rotonin) (B), in the forebrain (including the cerebral areas with hippocampus and stri-
atum) of the offspring at various postnatal developing ages (x-axis). *, ** and ***
represent statistical signicance (pb0.05, pb0.01 and pb0.001 respectively) from the
control group; see text.

55G.M. Abu-Taweel et al. / Pharmacology, Biochemistry and Behavior 101 (2012) 49–56



Gonda Z, Lehotzky K. Effect of prenatal aluminium lactate exposure on conditioned
taste aversion and passive avoidance task in the rat. J Appl Toxicol 1996;16:
529–32.

Gonda Z, Miklosi A, Lehotzky K. The effect of social learning on a conditioned avoidance
response of rats treated prenatally with aluminum lactate. Neurotoxicol Teratol
1997;19:59–63.

Greger JL. Aluminum metabolism. Annu Rev Nutr 1993;13:43–63.
Jeltsch H, Bertrand F, Lazarus C, Cassel JC. Cognitive performances and locomotor activ-

ity following dentate granule cell damage in rats: role of lesion extent and type of
memory tested. Neurobiol Learn Mem 2001;76:81–105.

Joshi JG. Aluminum, a neurotoxin which affects diverse metabolic reactions. Biofactors
1990;2:163–9.

Jyoti A, Sethi P, Sharma D. Bacopa moniera prevents from aluminium neurotoxicity in
the cerebral cortex of rat brain. J Ethnopharmacol 2007;111:56–62.

Kawahara M. Effects of aluminum on the nervous system and its possible link with
neurodegenerative diseases. J Alzheimers Dis 2005;8:171–82.

Kawahara M, Kato-Negishi M. Link between aluminium and the pathogenesis of
Alzheimer's disease: the integration of the aluminium and amyloid cascade hypothe-
ses. Int J Alzheimers Dis 2011;276393:1–17. doi:10.4061/2011/276393.

Kaya M, Kalayci R, Arican N, Kucuk M, Elmas I. Effect of aluminum on the blood–brain
barrier permeability during nitric oxide-blockade-induced chronic hypertension in
rats. Biol Trace Elem Res 2003;92:221–30.

Kumar S. Aluminium-induced changes in the rat brain serotonin system. Food Chem
Toxicol 2002;40:1875–80.

Kumar A, Dogra S, Prakash A. Protective effect of curcumin (Curcuma longa), against
aluminium toxicity: possible behavioral and biochemical alterations in rats.
Behav Brain Res 2009;205:384–90.

Lamberty Y, Gower AJ. Simplifying environmental cues in a Morris-type water maze
improves place learning in old NMRI mice. Behav Neurol Biol 1991a;56:89–100.

Lamberty Y, Gower AJ. Cholinergic modulation of spatial learning in mice in a Morris-
type water maze. Arch Int Pharmacodyn Ther 1991b;309:5–19.

Massey RC, Taylor D. Aluminium in food and the environment. London: Royal Society
of Chemistry Netter P, Kessler M, Gaucher A, Bannwarth B. 'Does aluminium
have a pathogenic role in dialysis associated arthropathy?'. Ann Rheum Dis
1989;49:573–5.

Morris RGM. Developments of a water-maze procedure for studying spatial learning in
the rats. J Neurosci Methods 1984;11:47–60.

Nascimento VS, Oliveira AA, Freitas RM, Sousa FC, Vasconcelos SMM, Viana GSB, et al.
Pilocarpine-induced status epilepticus: monoamine level, muscarinic and dopami-
nergic receptors alterations in striatum of young rats. Neurosci Lett 2005;383:
165–70.

Nishio H, Kasunga S, Ushijima M, Harada Y. Prenatal stress and postnatal development
of neonatal rats — sex-dependent effects on emotional behavior and learning
ability of neonatal rats. Int J Dev Neurosci 2001;19:37–45.

Patel AJ. Undernutrition and brain development. Trends Nat Sci 1983;6:151–4.
Patrick OE, Hirohisa M, Masahira K, Koreaki M. Central nervous system bioaminergic

responses to mechanic trauma. Surg Neurol 1991;35:273–9.
Petkov VD, Belcheva S, Konstantinova E, Kehayov R. Participation of different 5-HT

receptors in the memory process in rats and its modulation by the serotonin
depleter p-chlorophenylalanine. Acta Neurobiol Exp (Wars) 1995;55:243–52.

Platt B, Fiddler G, Riedel G, Henderson Z. Aluminium toxicity in the rat brain: histo-
chemical and immunocytochemical evidence. Brain Res Bull 2001;55:257–67.

Richter-Levin G, Segal M. The effects of serotonin depletion and raphe grafts on hippo-
campal electrophysiology and behavior. J Neurosci 1991;11:1585–96.

Roig JL, Fuentes S, Colomina MT, Vicens P, Domingo JL. Aluminum, restraint stress and
aging: behavioral effects in rats after 1 and 2 years of aluminum exposure. Toxicology
2006;218:112–24.

Rui D, Yongjian Y. Aluminum chloride induced oxidative damage on cells derived from
hippocampus and cortex of ICR mice. Brain Res 2010;1324:96–102.

Rutten A, van Albada M, Silveira DC, Cha BH, Liu X, Hu YN, et al. Memory impairment
following status epilepticus in immature rats: time-course and environmental
effects. Eur J Neurosci 2002;16:501–13.

Santucci D, Rankin J, Laviola G, Aloe L, Alleva E. Early exposure to aluminium affects
eight-arm maze performance and hippocampal nerve growth factor levels in
adult mice. Neurosci Lett 1994;166:89–92.

Savage LM, Buzzetti RA, Ramirez DR. The effects of hippocampal lesions on learning,
memory, and reward expectancies. Neurobiol Learn Mem 2004;82:109–19.

Sethi P, Jyoti A, Singh R, Hussain E, Sharma D. Aluminium-induced electrophysiological,
biochemical and cognitive modications in the hippocampus of aging rats. Neuro-
toxicology 2008;29:1069–79.

Sharma P, Mishra KP. Aluminum-induced maternal and developmental toxicity and
oxidative stress in rat brain: response to combined administration of Tiron and
glutathione. Reprod Toxicol 2006;21:313–21.

Shaw CA, Petrik MS. Aluminum hydroxide injections lead to motor decits and motor
neuron degeneration. J Inorg Biochem 2009;103:1555–62.

Shi-Lei S, Guang-Yu MA, Bachelor LH, Bachelor ZY, Hong-Mei D, Xiao-Hu XU. Effect of
naloxone on aluminium-induced learning and memory impairment in rats. Neurol
India 2005;53:79–82.

Spiers HJ, Burgess N, Hartley T, Vargha-Khadem F, O'Keefe J. Bilateral hippocampal
pathology impairs topographical band episodic memory but not visual pattern
matching. Hippocampus 2001;11:715–25.

Sternberg WF, Ridgway CG. Effects of gestational stress and neonatal handling on pain,
analgesia, and stress behavior of adult mice. Physiol Behav 2003;78:375–83.

Struys-Ponsar C, Kerkhofs A, Gauthier A, Sofe M, van den Bosch AP. Effects of alumi-
num exposure on behavioral parameters in the rats. Pharmacol Biochem Behav
1997;56:643–8.

TariqM, AhmadM,Moutaery KA, Deeb SA. Pentoxifylline ameliorates lithium-pilocarpine
induced status epilepticus in young rats. Epilepsy Behav 2008;12:354–65.

Walton JR. A longitudinal study of rats chronically exposed to aluminum at human
dietary levels. Neurosci Lett 2007;412:29–33.

World Health Organization. Aluminum. 657, Aluminum (WHO Food Additives Series 24);
2006. online, http://www.inchem.org/documents/jecfa/jeemono/v024je07.htm.

YasuiM,Kihira T, Ota K. Calcium,magnesiumandaluminumconcentrations in Parkinson's
disease. Neurotoxicology 1992;13:593–600.

Yokel RA. The toxicology of aluminum in the brain: a review. Neurotoxicology
2000;21:813–28.

Yumoto S, Nagai H,Matsuzaki H, Kobayashi T, TadaW, Ohki Y, et al. Transplacental passage
of 26Al from pregnant rats to fetuses and 26Al transfer through maternal milk to suck-
ling rats. Nucl Instrum Methods Phys Res B 2000;172:925–9.

Yumoto S, Nagai H, Matsuzaki H, Matsumura H, TadaW, Nagatsuma E, et al. Aluminium
incorporation into the brain of rat fetuses and sucklings. Brain Res Bull 2001;55:
229–34.

Yumoto S, Nagai H, Kobayashi K, Tamate A, Kakimi S, Matsuzaki H. 26Al incorporation
into the brain of suckling rats through maternal milk. J Inorg Biochem 2003;97:
155–60.

Zatta P, Ibn-Lkhayat-IdrissiM, Zambenedetti P, KilyenM, Kiss T. In vivo and in vitro effects
of aluminum on the activity of mouse brain acetylcholinesterase. Brain Res Bull
2002;59:41–5.

56 G.M. Abu-Taweel et al. / Pharmacology, Biochemistry and Behavior 101 (2012) 49–56


