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Abstract Recent industrialization has increased human expo-
sure to bio-available aluminum (Al). If more Al enters the
brain than leaves, Al concentration will rise in the brain lead-
ing to neurodegenerative disorders. The aim of the present
study was to determine Al concentration, neurodegeneration,
and nicotinic acetylcholine receptor (nAChR) gene expression
in the cortex and amygdala after oral ingestion of Al salt. The
effect of Al on cortex- and amygdala-dependent learning and
memory functions was also assessed. Mice were given AlCl3
(250 mg/kg) in drinking water for 42 days. nAChR gene ex-
pression was determined in the cortex and amygdala. The
mice were subjected to behavior tests (fear conditioning, fear
extinction, and open field), to assess memory deficits. The
acquisition of fear memory in the fear conditioning test
remained unaffected due to the Al administration. However,
fear extinction (which is a new learning) was severely im-
paired. The behavioral analysis in the open field test showed
greater anxiety and less adaptability to the new environment in
Al-treated animals. High Al concentration and severe neuro-
degeneration in the cortex were observed following Al treat-
ment while a slight, non-significant elevation in Al concentra-
tion was observed in the amygdala of Al-treated animals. The
analysis of nAChR gene expression via RT-PCR showed a
significant reduction in expression of α7, α4, and β2
nAChR genes in the cortex of Al-treated animals, while in
the amygdala, the level of the α4 nAChR gene remained un-
altered. Oral Al ingestion causes neuropathological changes

and suppresses expression of nAChR genes that lead to defi-
cits in learning and higher anxiety in Al-treated animals.
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Introduction

Neurotoxicity is caused by certain chemicals, called neuro-
toxins, that cause degeneration of neuronal cells [1]. Certain
trace elements and few metals, e.g., aluminum (Al), mercury,
copper, lead, arsenic, and manganese, can also act as neuro-
toxins when exposed to high concentrations [2]. Al is abun-
dantly present in the earth’s crust [3], but no physiological role
is known for this metal in the human body [4]. Al is released
into the environment by soil erosion and anthropogenic activ-
ities [5]. Human exposure to Al may occur via oral ingestion
and drinking water as Al salts are added to a variety of com-
mercially prepared foods and beverages [6]. Although food is
an important contributor for Al exposure to humans, Al pres-
ent in drinking water is more bio-available [5], due to the
reason that Al in drinking water is in uncomplexed form and
can be absorbed from the gastrointestinal tract. On the other
hand, Al present in food is complexed with other elements and
is present in the form of phytates and polyphenols that greatly
reduce its absorption [7]. Al salts are added for clarification of
drinking water and are used as coagulant to reduce turbidity,
microorganisms, and organic matter from drinking water [5].
Though this treatment is useful, it may cause an increase in Al
concentration at the final point of consumption [5]. Moreover,
high residual concentrations may cause Al to deposit in the
distribution system which on disturbance may cause an in-
crease in Al concentration in tap water [8]. Many
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epidemiological studies, toxicological studies on laboratory
animals, and information on biochemical change in the brain
after high Al exposure suggest that Al is a powerful
neurotoxicant [4, 9]. Dietary intake of Al may exacerbate the
underlying events associated with neurodegeneration [10] and
may lead to the development of neurodegenerative disorders
like amyotrophic lateral sclerosis, Alzheimer’s disease, Guam
Parkinson’s dementia, etc. [11].

Al is known to target many voltage-gated and ligand-gated
ion channels [11] and is well known for its toxic effects on the
cholinergic system [12, 13]. The cholinergic system, which
comprises muscarinic and nicotinic acetylcholine receptors
(nAChRs), plays an important role in cognition, learning,
and memory [14]. Although the effect of Al on muscarinic
acetylcholine receptor expression is extensively studied
[15–17], its effect on nAChRs, specifically in the cortex and
amygdala, is less well known. The neuronal nAChRs play a
major role in many physiological functions including learn-
ing, memory, and attention [11]. α7 and α4β2 are the most
abundant types of nAChRs in the central nervous system [18]
and are abundantly expressed in the brain [19]. Keeping in
view the importance of nAChRs in cognition and memory
processes, and the unexplored effects of Al on these receptors
in the cortex and amygdala, the present study was designed to
determine the effects of Al on learning, memory, and nAChR
gene expression in the cortex and amygdala. Moreover, neu-
rodegeneration, caused by Al exposure, was also investigated.

Materials and Methods

Chemicals

Aluminum chloride hexahydrate AlCl3·6H2O (AL0770),
paraformaldehyde (PA0095100), and Cresyl Violet stain
(229630250) were purchased from Scharlau, Spain. AlCl3·
6H2O had ≤0.005% total impurities of heavy metals such as
Pb. The product was kept in an air-tight container in a well-
ventilated area. Taq polymerase, 10 mM deoxynucleotide
(dNTP), and RT enzyme were obtained from Fermentas®
and TRI Reagent from Invitrogen®. Chemical solutions were
made fresh every day.

Animals

All experiments complied with the rulings of the Institute
of Laboratory Animal Research, Division on Earth and
Life Sciences, National Institute of Health, USA (Guide
for the Care and Use of Laboratory Animals). The re-
search protocol was approved by the Internal Review
Board (IRB), Atta-ur-Rahman School of Applied
Biosciences, National University of Sciences and
Technology. Male BALB/c mice (3–4 months of age,

weight ranging from 30 to 45 g) were purchased from
the National Institutes of Health (NIH), Islamabad. Mice
were housed in the animal house of ASAB, NUST, under
controlled environmental conditions. The temperature was
maintained at a constant temperature of 25 ± 2 °C, and a
natural light and dark cycle (14 h light and 10 h dark) was
followed. Animals were given water and standard diet ad
libitum consisting of 30% crude protein, 9% crude fat, 4%
crude fiber, and 10% moisture.

In Vivo AlCl3 Administration

Animals were divided into two groups designated as the con-
trol group (received distilled water) and the Al-treated group
(received AlCl3 250 mg/kg/day in drinking water for 42 days).
The dose of 250 mg/kg used in our study means that for every
kilogram (kg) weight of the animal, the amount of Al should
be 250 mg. For a mouse of 40 g weight, the amount of Al
should be 10 mg to be ingested by the mouse. Before the start
of this study, we calculated water intake for animals and it was
found that a mouse of 40 g weight normally drinks 10 ml of
water daily. Therefore, in order to administer the required dose
(250 mg/kg per day), 10 mg of Al salt was dissolved in 10 ml
of water and this water was given to mice.

Behavior Tests

Behavioral tests were performed from 10 a.m. to 5 p.m. on the
42nd day of Al treatment. Animals were transferred to the
testing room 30 min prior to beginning of behavior test. The
behavior test was recorded with a video camera in the absence
of the experimenter and analyzed later on.

Fear Conditioning

The testing procedure was the same as described previously
[20] with some modifications. An animal enclosure chamber
(17 cm × 17 cm × 25 cm) was used for fear conditioning. The
inside of the box was cleaned with 70% ethanol before and
after the experiment to prevent bias based on olfactory cues.

The testing procedure started with habituation of the sub-
ject animal in the empty chamber for 5 min to avoid any
freezing response due to anxiety of the new space during the
experimental procedure. The test session consisted of five
tones (80 db) for 30 sec, called as conditioned stimulus
(CS), each paired with a 1-s 0.5-mA foot shock (US: given
at the end of tone/CS) with an inter-tone interval (ITI) of
2 min. The response to the CS was measured as Bfreezing.^
Freezing is a commonly used index of fear and is defined as
the complete absence of any bodymovements except for those
associated with respiration [21].

Freezing time was measured during CS delivery by ANY-
maze software. The freezing response was expressed as
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percentage freezing for each CS trial according to the following
formula.

%Freezing ¼ Time of freezing sð Þ
30 s

� 100

Fear Extinction

The testing procedure was the same as described earlier [20]
with somemodifications. The test was performed in a context,
entirely different from that used in fear conditioning. The
walls and the floors of the chamber were replaced so that the
animal could only associate and recall memory formed with
the CS. In order to avoid bias in behavior based on the new
environment, the subject was given a habituation time of
7 min in this new context. The test phase consisted of 20 CS
trials 80 dB each of 30 sec, and the ITI was also kept for
30 sec. No US was given to the animal during fear extinction.
The freezing time was recorded by ANY-maze, and freezing
time was plotted as percent freezing. Percent freezing was
calculated from the same formula as described for fear condi-
tioning. Upon experiment completion, the box was cleaned
with 70% ethanol to avoid any olfactory cues for the next
mouse.

Open Field Test

The test is performed to check anxiety, locomotor activity, and
exploratory behavior. The testing procedure was the same as
described previously [22] with slight modifications. The
mouse was placed in the center of a square opaque iron alloy
box with dimensions of 40 × 40 × 40 cm. The box was divided
into central and peripheral areas. The demarcation for the pe-
ripheral area was up to 2 cm away from the walls of the box.
The box was placed in a homogenously illuminated area. Each
mouse was placed in the box for 30 min. The whole test was
recorded with a video camera and was later assessed for the
following parameters.

1. Time spent in central and peripheral regions during the
whole test duration

2. Number of rearings as a measure of exploratory behavior.
Rearing was defined as the posture when the animal was
standing in vertical position on its hind limbs.

3. Time spent in relaxed and anxious grooming

The latter two parameters measured in the initial 5 min of
the test were separately compared to these activities in the last
5 min of the 30-min test duration to determine how aluminum
administration affects the adaptation to a new environment.
After completion of the test, the box was cleaned properly
with 70% ethanol.

Determination of Al Concentration in Brain

Al concentration was determined in the cortex and amygdala
via inductively coupled plasma atomic emission spectrometry
(ICP-AES) as described by [23] for blood with some modifi-
cations. All propylene glassware was rinsed with distilled wa-
ter and was then soaked in 10% (v/v) nitric acid for 48 h and
was then thoroughly washed with de-ionized water.
Accurately 1 g of wet tissue was weighed and was digested
by a conventional wet digestion method by adding 3 ml of a
freshly prepared HNO3-H2O2 mixture (2:1 v/v). The samples
were then digested at 70 °C for 2 h, after which the samples
were treated with 2 ml of HNO3 and a few drops of H2O2, and
heating was continued at 80 °C until a clear digested mixture
was obtained. The excess acid was evaporated to obtain a
semi-dry mass to which de-ionized water was added up to
3 ml, after which the concentration of aluminum was mea-
sured using ICP-AES at an analytical wavelength of 396.15 λ.

Histological Examination

Mice were anesthetized using ketamine (300 μl/50 g) i.p.
After the animal was completely anesthetized and pedal reflex
was abolished, the mouse brain was fixed via transcardial
perfusion, with 4% paraformaldehyde, according to the meth-
od previously described [24]. The brain tissue was fixed in the
same fixative for 24–48 h at 4 °C. Then, the brain tissue was
processed for paraffin embedding and cut into 3-μm coronal
sections.

Cresyl Violet Staining

Paraffin sections were stained with cresyl violet for neuronal
Nissl bodies and to determine neurodegeneration. Sections
were de-waxed by giving two washes in xylene each for
5 min and then rehydrated with descending concentrations
of isopropanol for 5 min each. Then, the sections were stained
with Cresyl Violet for 4 min. After rinsing with distilled water,
the sections were de-stained with 70% acid alcohol (2 ml gla-
cial acetic acid in 200 ml of 70% ethanol) for 2 min. Slides
were mounted with Canada balsam and were observed under a
light microscope.

Quantitative Analysis of Neurodegeneration

Quantitative analysis of the cell number was carried out in
layers 1, 2–4, 5, and 6 of the motor cortex, sensory motor
cortex (hind limb and forelimb regions), and sensory motor
cortex (dysgranular zone and barrel field area). The analysis
was performed in an area of 10,000 μm2 from three randomly
selected sites in each layer of each region. Later, the average of
values from all three sites were taken and plotted.
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Gene Expression Studies

On the 43rd day of treatment, animals were sacrificed and the
cortex and amygdala were harvested from the brain for gene
expression studies. Gene expression studies were carried out
according to the method as described earlier [25]. Briefly,
RNA was extracted from the cortex and amygdala using
TRIzol with standard TRI reagent protocol. The integrity of
RNA samples was checked qualitatively (on 2% agarose gel)
and quant i t a t ive ly (wi th a spec t rophotomete r ) .
Complementary DNA (cDNA) (40 μl) was made by RT-
PCR using 1 μg of extracted RNA from each sample. The
cDNAwas then processed for PCR, and the reaction mixture
recipe was as follows: 10 μM primer, 25 mMMgCl2, 10 mM
dNTP, and 0.625 units of 25 μl Taq polymerase (Thermo
Scientific). Primers specific for the genes (sequence
mentioned in Table 1) were used for PCR with initial denatur-
ation of 95 °C for 5 min, followed by denaturation at 94 °C for
30 s, annealing at respective primer temperatures (Table 1) for
30 s, and extension at 72 °C for 30 s. The reaction was termi-
nated with a final extension at 72 °C for 10 min. The reaction
was repeated for 35 cycles. Actin was used as the housekeep-
ing gene and to normalize respective genes. PCR products
were run on 2% agarose gel, visualized by ethidium bromide
(adding 10 μl of 10 mg/ml solution for every 100 ml of gel)
staining. Each PCR product band was quantified for densi-
tometry using NIH software BImage J.^

Statistical Analysis:

Data is expressed as mean ± standard error of mean (SEM;
n = number of animals). Results were analyzed statistically
using BGraphPad Prism^ V5.0 for windows (GraphPad soft-
ware, San Diego, CA). A two-tailed t test was applied to

analyze the significance of the results. Results were taken
significant only if the Bp^ value was less than 0.05.

Results

Effect of Aluminum on Fear Memory

The amygdala-dependent delay fear conditioning test results
showed that Al administration has no effect on fear memory
acquisition as control and Al-treated animals showed similar
learning of fear memory (similar freezing response in both
groups) across five cue foot shock pairing trials (Fig. 1a).

During fear extinction learning, the control group showed a
progressive decline in the freezing response (Fig. 1b) and
reduced freezing was observed during the last five CS trials
(3.52 ± 1.38 s; Fig. 1c). While Al-treated animals showed
impaired fear extinction learning demonstrated by high freez-
ing response (27.39 ± 6.26 s, p < 0.01, Fig. 1c) even during the
last five CS trials of fear extinction.

Open Field Test

High anxiety level was observed in Al-treated animals in the
open field test, as these animals preferred to stay in the periph-
ery of the test box (22.19 ± 0.5 s) as compared to the control
group (16.71 ± 0.4 s, p < 0.001) and the control group spent
significantly greater time in the center (8.03 ± 0.41 s,
p < 0.001) as compared to the Al-treated group
(2.95 ± 0.57 s; Fig. 2a). Greater exploratory activity in the
new environment was observed in control animals as revealed
by higher rearing number (45 ± 3.06), as compared to Al-
treated animals (22.57 ± 2.68, p < 0.001) during the initial
5 min of the 30-min test duration. Whereas control animals

Table 1 List of primers used in
the study along with conditions S. No Gene Primer sequence (5′ to 3′) AT No. of cycles

1 Actin

(F)

(R)

GCCTTCCTTCTTGGGTATGG

CAGCTCAGTAACAGTCCGC

55 °C 35

2 α7 nAChR

(F)

(R)

TGCAAAGAGCCATACCCAGA

TGATCCTGGTCCACTTAGGC

54 °C 35

3 α4 nAChR

(F)

(R)

GTCTAGAGCCCGTTCTGTGA

TAGTCATGCCACTCCTGCTT

54 °C 35

4 β2 nAChR

(F)

(R)

GATGACCAGAGTGTGAGGGA

CCCCCACCGTTAACACTACT

55 °C 35

AT annealing temperature
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showed greater adaptation to the new environment as depicted
by decreased rearings (7.5 ± 1.47) compared to Al-treated
animals (21.28 ± 1.94, p > 0.05; Fig. 2b) during the last
5 min of test duration. During the initial 5 min of test, animals
did not show relaxed grooming. Relaxed grooming increased
in the control group (41.93 ± 7.21 s) as compared to the Al-
treated group (4.38 ± 1.07 s, p < 0.001) in the last 5 min of the
test (Fig. 2c), revealing a greater adaptation to the novel envi-
ronment. The Al-treated group showed high anxious
grooming (45.28 ± 5.18 s) during the initial 5 min of the test
as compared to the control group (11.79 ± 1.89 s, p < 0.001).
During the last 5 min, the control group showed almost neg-
ligible anxious grooming (2.8 ± 0.31 s), while the Al-treated
animals were unable to adapt to the new environment and
showed high anxious grooming during the last 5 min
(21.54 ± 2.42 s, p < 0.001; Fig. 2d).

Aluminum Concentration in Brain

The evaluation of Al concentration in the cortex and amygdala
showed that the Al-treated group had significantly high con-
centration of Al in the cortex (462.57 ± 121.08 μg/g) as com-
pared to the control animals (98.85 ± 6.71 μg/g, p < 0.05).
Whereas Al did not accumulate much in the amygdala, as a
slight, non-significant increase in the amygdala of the Al-
treated group (870.83 ± 251.90 μg/g) was observed as com-
pared to the control group (488 ± 73.23 μg/g, p > 0.05; Fig. 3).

The basal levels of Al in the amygdala were higher than in the
cortex of control animals.

Histological Examination

The Cresyl Violet staining in the motor cortex of Al-treated
animals revealed that there was a significant reduction in cell
number in layers 2–4 (28.5 ± 1.91), layer 5 (26.5 ± 0.99), and
layer 6 (29.66 ± 1.53) as compared to layers 2–4 (34.8 ± 0.76,
p < 0.01), layer 5 (32.86 ± 1.13, p < 0.01), and layer 6
(35.13 ± 1.09, p < 0.05) of control animals. The cell number
in layer 1 of the motor cortex in Al-treated animals
(9.77 ± 0.26) remained unaltered as compared to control ani-
mals (11.13 ± 0.79, p > 0.05; Fig. 4a). No difference in cell
number in any of the layer in the somatosensory cortex (hind
limb and forelimb regions) was observed between control and
Al-treated animals (Fig. 4b). In the dysgranular zone and bar-
rel field area of the somatosensory cortex, there was a signif-
icant reduction in layers 2–4 (24.83 ± 1.3) and layer 5
(20 ± 1.25) of Al-treated animals as compared to layers 2–4
(32.73 ± 1, p < 0.001) and layer 5 (24.73 ± 1.56, p < 0.05) of
control animals.While the cell number in layer 1 (5.52 ± 0.61)
and layer 6 (27.72 ± 0.89) of the somatosensory cortex
(dysgranular zone, barrel field area) in Al-treated animals
remained unaffected as compared to layer 1 (7 ± 0.9,
p > 0.05) and layer 6 (30.33 ± 1.96, p > 0.05; Fig. 4c) of

Fig. 1 Effect of Al on fear memory. a Graph showing percent freezing
response in control and Al-treated animals across five cue foot shock
pairing trials of amygdala-dependent delay fear conditioning test. b
Graph showing percent freezing response in control and Al-treated

animals across 20 tone (CS) trials of fear extinction test. c The graph
showing average freezing response in control and Al-treated animals
during the last five tones (CS) of fear extinction. **P < 0.01; n = sample
size
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control animals. Representative slides from various brain
areas are shown (Fig. 5).

Effect of Al on Nicotinic Acetylcholine Receptor Gene
Expression

There was a significant reduction in the gene expression ofα7
(0.81 ± 0.08), α4 (0.19 ± 0.02), and β2 (0.91 ± 0.14) nAChRs
in the cortex of the Al-treated group as compared to the α7
(2.35 ± 0.61, p < 0.05), α4 (0.88 ± 0.0.15, p < 0.05), and β2
(2.06 ± 0.52, p < 0.05; Fig. 6a) nAChRs in the cortex of
control animals. In the case of amygdala, only the expression

of α7 (0.57 ± 0.16) and β2 (1.06 ± 0.12) nAChRs was re-
duced in Al-treated animals as compared to the α7
(1.74 ± 0.18, p < 0.001) and β2 (1.6 ± 0.12, p < 0.05)
nAChRs of the control animals, while the level of the α4
nAChR remained unaltered after Al treatment (Fig. 6b).

Discussion

Al is abundantly present in the earth’s crust [26]. Al is used in
many industries, e.g., in the automotive electric and construc-
tion industries. Moreover, it is also used in the production of

Fig. 2 Effect of Al on anxiety behavior in the open field test. a Graph
showing time spent (s) by control and Al-treated animals in the center and
periphery of the open field test box. b Graph showing comparison of
number of rearings in control and Al-treated animals during the initial
and last 5 min of the open field test. c The graph showing time spent (s)

by control and Al-treated animals in relaxed grooming during the initial
and last 5 min of the test. d The graph showing time spent (s) by control
and Al-treated animals in anxious grooming during the initial and last
5 min of the test. **P < 0.01, ***P < 0.001; n = sample size

Fig. 3 The graph shows the
comparison of Al accumulation in
the cortex and amygdala of
control and Al-treated animals.
*P < 0.05; n = sample size
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metal alloys and food packaging and cooking utensils [8]. Due
to the industrial revolution, the distribution and availability of
Al have greatly increased to biological systems [26]. There is
considerable evidence that Al causes neurotoxicity and plays a
role in the pathogenesis and etiology of Alzheimer’s disease
[9].

In the present study, the focus was to determine Al neuro-
toxicity at high end of human exposure. Certain individuals
who consume antacids or buffered aspirin, chronically, are
exposed to very high amounts of Al [1]. It has been reported
previously that 260 mg/kg Al administered for 5 weeks cor-
responds to the estimated maximal human intake [27–29].
Therefore, a high dose of Al was selected in this study and
Al toxicity was induced by administration of 250 mg/kg AlCl3
for a period of 6 weeks in drinking water.

Behavior is the net output of motor, sensory, and cognitive
functions of the nervous system. Therefore, behavioral alter-
ations are potentially a sensitive indicator of xenobiotic-
induced neurotoxicity [30]. In order to determine how Al af-
fected the cortex- and amygdala-dependent behavioral func-
tions, behavior tests, such as open field test (cortex-
dependent) and fear memory tests (amygdala-dependent),
were performed. In order to study the neuronal substrates of
learning and memory, classical fear conditioning is a powerful

tool [31]. It is identified that the amygdala is critically in-
volved in the acquisition and storage of fear memory [32].
Although we observed a reduction in the gene expression of
α4 and α7 nAChRs in the amygdala, our results revealed that
Al administration had no effect on fear conditioning.
Previously, it is reported that in the dorsal hippocampus, trace
fear conditioning, a hippocampus-dependent behavior, is reg-
ulated by cholinergic transmission, but delay fear condition-
ing, an amygdala-dependent fear conditioning paradigm used
in our experiments, is not dependent on cholinergic transmis-
sion [33]. Moreover, another study on the hippocampus re-
ported that nicotine administration enhances trace fear condi-
tioning but has no effect on delay fear conditioning [34]. In
view of this previous literature, it is stated that the deficit in
nAChR gene expression in the amygdala does not influence
delay fear conditioning as both groups show similar learning
during this testing paradigm, but this needs to be further in-
vestigated. Our results show that fear extinction is greatly
impaired in Al-treated animals as these animals are unable to
develop new memories related to fear extinction. As the cho-
linergic system is known to play a very important role in fear
extinction [35], therefore, the lack of fear extinction observed
in our experiments might be due to the nAChR gene expres-
sion deficit in the amygdala reported in our data.

Fig. 4 The graph showing the cell number in different areas of the cortex
in control and Al-treated mice groups. a Graph showing cell count in
different layers of the motor cortex in control and Al-treated animals. b
Graph showing cell count in different layers of the hind limb and fore
limb sensory motor cortex in control and Al-treated animals. c Graph

showing cell count in different layers of the dysgranular zone and barrel
field area sensory motor cortex in control and Al-treated animals.
Reduced cell number represents neurodegeneration after Al treatment.
*P < 0.05, **P < 0.01, ***P < 0.001; n = sample size
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In the open field test grooming activity, exploration and
anxiety were measured. Grooming is evolutionarily an impor-
tant behavior in all animals, but in addition to being a normal
behavior, this is also displayed by animals in anxiety because
grooming helps in stress reduction [36]. In our study, the
grooming behavior, in the open field was evaluated according
to the criteria defined by Smolinsky et al. [37], which states
that grooming in mouse follows cephalocaudal direction and
any grooming activity that does not follow this pattern is due
to anxiety [37]. Based on this criterion, the relaxed and anx-
ious grooming was scored in our experiments. Our results
indicate that the Al-treated animals showed more anxious
grooming during the first and last 5 min of the open field test
as compared to the control animals. This high anxious
grooming, even during the last 5 min of the test period, man-
ifests high anxiety and lesser adaptability to the novel envi-
ronment as a result of Al administration. Moreover, elevated
level of relaxed grooming observed in control animals during
the last 5 min of the test duration also manifest that control
animals are better able to adapt to a new environment as com-
pared to Al-treated animals. Higher anxiety in Al-treated ani-
mals was further validated by the observation that the Al-
treated animals spent more time in the periphery of the test

box. Our results are in accordance to the previously reported
high anxiety in the open field after Al treatment [38].
Intriguingly, although a higher level of anxiety was observed
in Al-treated animals, this high anxiety does not seem to in-
fluence exploratory activity in Al-treated animals, as the Al-
treated animals maintained high rearing during the entire test
duration. An increase in rearing is in accordance to previously
reported results after Al exposure [39]. Rearing is a measure of
the exploratory behavior in rodents [40], but with increasing
familiarity of the environment, the animals show a reduction
in rearing as was observed in control animals in our experi-
ment. High rearings observed in our experiments are contra-
dictory to those observed by Platt et al., who reported no
change in rearing after Al administration [41]. This difference
might be due to the lack of Al accumulation in the cortex in
experiments of Platt et al. [41]. In the histological examina-
tion, we observed neurodegeneration in layer 4 of the barrel
field cortex. The specific neuronal arrangement in the form of
barrels in the barrel cortex is associated with whiskers [42],
which plays an important role during exploratory activity [43].
Therefore, in spite of the damage caused by Al in the barrel
field cortex, the preservation of high exploration is quite in-
triguing and needs further investigations. This preservation of

Fig. 6 Expression of nicotinic acetylcholine receptor genes. Graph
showing comparison of α7, α4, and β2 nAChR gene expression a in
the cortex and b the amygdala of control and Al-treated animals.
*P < 0.05, ***P < 0.001; n = sample size

Fig. 5 The graph shows representative slides of cortex histology (Nissl
staining) sections at ×40 magnification. a Motor cortex of control
animals. b Motor cortex of Al-treated animals. c Hind limb and fore
limb sensory motor cortex of control animals. d Hind limb and fore
limb sensory motor cortex of Al-treated animals. e Dysgranular zone
and barrel field area sensory motor cortex of control animals. f
Dysgranular zone and barrel field area sensory motor cortex of Al-
treated animals
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rearing in Al-treated animals might be due to decreased ex-
pression of α4 nAChR in the cortex after Al treatment. As α4
nAChRs are required to activate some inhibitory neural cir-
cuits, those which inhibit some behavioral patterns, absence of
these receptors can therefore result in the elevation of some
behavior topographies [44] and rearing might be one of them.
Moreover, the possibility that locomotor hypo-activity may be
associated with higher anxiety could be ruled out from our
histological examination results of the sensory motor cortex
of the hind limb and forelimb regions. There was no signifi-
cant difference between the cell number in control and Al-
treated animals in all these cortical areas that are associated
with locomotion.

After Al ingestion, the entry of Al in the brain through the
blood-brain barrier had been established a long time ago [45].
Our results also support this notion as we observed a high Al
concentration in the cortex of Al-treated animals. Previously,
high Al content has been reported in the whole brain after oral
ingestion of Al [46]. Similar high accumulation of Al in the
cortex of rats was observed that was orally administered with
Al [47], but our results are in contradiction to those observed
by Doming et al. [48]. The difference in our results from that
of Doming et al. might be due to the reason that Doming et al.
had studied Al accumulation in the brain of aged rats (8- and
16-month-old rats) while the mice used in our experiments
were 3 months old. In old-age rats, there might be a decline
in the retention of Al [49] as it is reported previously that high
Al accumulation occurs in the brain of 3-month-old rats while
8- and 16-month-old rats do not show much Al accumulation
in the brain [50]. Although the difference in Al accumulation
in the amygdala of control and Al-treated animals was non-
significant, the amygdala showed higher Al accumulation as
compared to the cortex. This might be due to the reason that
Al exposure results in glutamate overproduction [51]; in turn,
Al binds to glutamic acid and forms a stable glutamic acid salt
which gets deposited in the brain [52]. Since, amygdala is rich
in glutamatergic neurons [52], therefore, Al is likely to accu-
mulate more in the amygdala. Moreover, Al is known to cause
depression in animals, as revealed by our open field results,
and depression leads to an increase in the number of
neurovascular cells in the amygdala resulting in impaired
blood-brain barrier functioning [53]. Therefore, it is postulat-
ed that in addition to increased accumulation of Al and im-
paired clearance from the amygdala, it can result in high con-
centration in the amygdala.

The histological examination in the cortex showed that
there was a severe neurodegeneration in the motor cortex
which is in agreement with the previously observed motor
neuron degeneration by Al administration [54]. However,
the results obtained in our study are contradictory to those
obtained by Platt et al. who have reported no histological
changes in cortical tissue following Al administration [41].
Platt et al. have not observed histological effects of Al on

specific cortex areas; moreover, in their study, Platt et al. had
administered Al via intracerebroventricular injection while in
our study Al was administered via drinking water which is
more close to the natural route of Al intoxication in humans.
Moreover, Platt et al. had observed Al accumulation in the
brain areas which were in immediate vicinity of the injection
site which might be the reason that they were unable to ob-
serve degenerative changes caused by Al in the cortex.

The exact mechanism by which Al causes neurodegenera-
tion is not known, but it is well documented that Al interacts
with the cholinergic system, causing suppression of choliner-
gic receptor expression and disruption of calcium regulation
[55]. Effects of Al on nAChR gene expression in the cortex
and amygdala were not investigated earlier than this. Among
several different possible combinations of the nAChRs, theα7
and α4β2 receptor subtype combinations are most abundant
in the mammalian and rodent brain [56]. Therefore, these two
receptor combinations were the focus of interest in this study.
The nicotinic receptors are cation-permeable channels, and
especially, the flow of Ca+2 ions is particularly important.
The Ca+2-regulated acetylcholine release is of vital impor-
tance in the process of cognition and memory [57]. Our results
demonstrate that oral Al administration results in reduced ex-
pression of nAChR genes in both cortex and amygdala. It can
be concluded that the reduced gene expression will lead to
reduced expression of the nAChRs in neurons. Similar obser-
vations were made by Gulya et al., who reported a reduced
nicotine binding in Al-treated animals [12]. The reduced ex-
pression of nAChRs may result in reduced excitation of these
receptors which may affect not only the postsynaptic depolar-
ization but also the presynaptic Ca+2-dependent intracellular
signaling cascades and neurotransmitter release [10]. As a
result, all these factors will affect cognition and memory in
Al-treated animals which may lead to neurobehavioral chang-
es, similar to those observed in patients with AD [30].

Conclusion

Our results demonstrate that oral exposure to high Al content
causes high Al accumulation in the brain which leads to neu-
rodegeneration, reduction of nAChR gene expression, and
deficits in learning andmemory. To the best of our knowledge,
this is the first study that reports the effect of Al on cortex- and
amygdala-dependent functions like grooming and fear mem-
ory. Moreover, the effect of Al on the nAChR gene in the
cortex and amygdala has also not been reported earlier. In
view of the results obtained in our study, it is suggested that
human exposure to Al should be limited, which, in addition to
avoiding head trauma, will be the only change in lifestyle that
may reduce the risk of developing neurodegenerative disor-
ders like Alzheimer’s disease.
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