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Abstract Aluminum is associated with etiology of many neu-
rodegenerative diseases specially Alzheimer’s disease.
Chronic exposure to aluminum via drinking water results in
aluminum deposition in the brain that leads to cognitive def-
icits. The study aimed to determine the effects of aluminum on
cholinergic biomarkers, i.e., acetylcholine level, free choline
level, and choline acetyltransferase gene expression, and how
cholinergic deficit affects novel object recognition and socia-
bility in mice. Mice were treated with AlICl; (250 mg/kg).
Acetylcholine level, free choline level, and choline acetyl-
transferase gene expression were determined in cortex, hippo-
campus, and amygdala. The mice were subjected to behavior
tests (novel object recognition and social novelty preference)
to assess memory deficits. The acetylcholine level in cortex
and hippocampus was significantly reduced in aluminum-
treated animals, as compared to cortex and hippocampus of
control animals. Acetylcholine level in amygdala of
aluminum-treated animals remained unchanged. Free choline
level in all the three brain parts was found unaltered in
aluminum-treated mice. The novel object recognition memory
was severely impaired in aluminum-treated mice, as compared
to the control group. Similarly, animals treated with aluminum
showed reduced sociability compared to the control mice
group. Our study demonstrates that aluminum exposure via
drinking water causes reduced acetylcholine synthesis in spite
of normal free choline availability. This deficit is caused by
reduced recycling of acetylcholine due to lower choline ace-
tyltransferase level. This cholinergic hypofunction leads to
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cognitive and memory deficits. Moreover, hippocampus is
the most affected brain part after aluminum intoxication.
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Introduction

Neurotoxicity is a pathological condition that is caused by
exposure to certain chemicals that cause deleterious effects
on nervous system [1]. Neurotoxicity results from the expo-
sure to synthetic or environmental toxic substances, referred to
as neurotoxins, which can alter the nervous system’s normal
activity and cause neurodegeneration [2]. Aluminum is a
known neurotoxin for over a century [3] and has been impli-
cated in the pathogenesis of many neurodegenerative disor-
ders including Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis [4], and senile dementia of
Alzheimer’s type [5]. Aluminum is abundantly present in the
Earth’s crust with unknown biological functions [6]. Human
exposure to this metal is via drinking water, food, and certain
drugs such as antacids [4]. The aluminum solubility in drink-
ing water is negligible at neutral pH, but increased acidifica-
tion of water bodies due to pollution, industrial development,
and acid rain has considerably increased aluminum concentra-
tion in water bodies raising concerns about its toxicity [7].

Due to small size of aluminum, it rapidly crosses the blood
brain barrier and has ability to accumulate there [8]. In the
brain, aluminum may interfere with many biochemical func-
tions including acetylcholine synthesis [9]. Very little is
known about the effect of aluminum on the cholinergic sys-
tem, particularly the effect on acetylcholine (Ach) synthesis
and its recycling, and this needs to be elaborated.
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Aluminum-induced toxic effects on acetylcholine system
may be the cause of behavioral deficits observed in aluminum-
treated animals and the humans suffering from diseases, for
which aluminum is considered a contributing factor, such as
dialysis encephalopathy and Alzheimer’s disease.
Acetylcholine is a very important neurotransmitter because
of its wide distribution in the brain and its critical role in
arousal, sleep-wake cycle, modulation of cognitive perfor-
mance, and in learning and memory processes [10, 11].

Lack of sociability is commonly observed as cognitive def-
icit, observed in patients suffering from neurodegenerative
disorders, but this behavioral parameter is not well studied in
aluminum-induced neurotoxicity. Therefore, the aim of this
study was to investigate the underlying mechanism that how
aluminum can affect acetylcholine system and its implications
on behavioral parameters (using novel object recognition test
and social novelty preference test).

Materials and Methods
Chemicals

Aluminum chloride hexahydrate (AL0770) was obtained from
Scharlau, Spain. Taq polymerase, 10 mM dNTPs and reverse
transcriptase enzyme were obtained from Fermentas® while
Tri-reagent was obtained from Invitrogen™.

Animals

The behavior test 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 research
protocol was approved by the Internal Review Board (IRB),
Atta-ur-Rahman School of Applied Biosciences, National
University of Sciences and Technology. Animals of 3 months
of age weighing 28-35 g were used for behavior tests and
analysis. Mice were kept under controlled environmental con-
ditions at 25 £ 2 °C, and the natural light and dark cycle was
followed.

Aluminum Chloride Administration
Animals were divided into two groups designated as the con-
trol group (received distilled water) and AlCl;-treated group

(received AICl; 250 mg/kg in drinking water for 42 days).

Determination of Acetylcholine and Free Choline Level
in Brain

Measurement of acetylcholine and free choline level in the
brain was carried out in cortex, hippocampus, and amygdala
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using choline/acetylcholine assay kit ab65345 (Abcam,
USA). The assay was performed according to the instructions
provided with the kit.

Gene Expression Studies for Choline Acetyltransferase

Animals were sacrificed on the 43rd day of aluminum treat-
ment. Cortex, hippocampus, and amygdala were isolated from
brain according to the method described previously [12], and
RNA was extracted from these regions using Tri-reagent ac-
cording to manufacturer’s instructions. RNA samples were
checked quantitatively (spectrophotometrically) and qualita-
tively (on 2 % agarose gel). One microgram of extracted
RNA was processed for RT-PCR to make 40 pul cDNA which
was later used to carry out PCR for choline acetyltransferase
(ChAT) gene using forward primer 5-CTGGTGGAGAGAAT
AAACCG-3'" and reverse primer 5'-CTGGTGGAGAGAAT
AAACCG-3'. The housekeeping gene [3-actin was amplified
using forward primer 5'-GCCTTCCTTCTTGGGTATGG-3’
and reverse primer 5-CAGCTCAGTAACAGTCCGC-3'".
The ChAT amplicon size was 351 bp. PCR conditions were
initial denaturation for 5 min at 95 °C, followed by 35 cycles
of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s,
and extension at 72 °C for 30 s. The PCR cycle was terminated
by a final extension at 72 °C for 10 min. The PCR product was
run at 2 % agarose gel and visualized via ethidium bromide
staining. Each sample was normalized with housekeeping gene
Actin. Densitometric quantification of each band was done via
NIH software “Imagel.”

Behavior Tests

Behavior tests were performed from 10 a.m. to 5 p.m. on the
42nd day of aluminum treatment. Animals were transferred to
the behavioral testing room 30 min prior to beginning of be-
havior test. The behavior test was recorded with a video cam-
era, in the absence of experimenter and analyzed later on.

Novel Object Recognition Test

The test was conducted as described earlier [13]. Briefly,
animals were allowed to acclimatize with the box
(40 cm x 40 cm % 40 cm) for 5 min, followed by famil-
iarization session and test session (10 min each with 20-
min interval between sessions). In the familiarization ses-
sion, two objects were placed in two opposite corners of
the box, 5 cm away from the respective corners, and test
animal was allowed to explore box and interact with both
the objects. In the test session, one of the objects was
replaced by a novel object and the test animal was
allowed to interact and recognize the novel object. The
time when animal was physically touching and sniffing
the object was considered as exploration time. The
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recognition index was calculated for test session using the
following formula

Timespentwithnovelobject

R itionindex =
ccoghitionindex Timespentwithobjectl + novelobject

Social Novelty Preference Test

The test was conducted as previously described [14]. The test
consisted of two sessions, i.e., social interaction session and
social novelty preference session. Each session was of 10 min
with 20 min inter-session interval. At the start of experiment,
the animal was placed in the center of the square box
(40 x 40 x 40 cm) and was given 5 min to acclimatize with
this novel environment. After acclimatization time, social in-
teraction session started by the introduction of a small cage,
made of wire, carrying a mouse of same weight, age, and
strain (mouse 1), while another empty cage of same dimen-
sions was placed diagonal to first cage. After completion of
first session, the animal was returned to its home cage. In
social novelty preference session, a new mouse (mouse 2)
was introduced in the empty cage, while familiar mouse
(mouse 1) remained in the same cage as was in the previous
session. In both the sessions, the interaction time was recorded
as the time when test mouse touched the cage or physically
contacted the mouse 1 or mouse 2.

Statistical Analysis

Data are expressed as mean + standard error of mean (SEM).
Results were analyzed using Graph pad Prism V5.0 for
Windows (GraphPad software, San Diego, CA). Statistical
tool was one-way ANOVA followed by Bonferroni’s multiple
comparison test. Results were taken as significant only when
P value was less than 0.05.

Results

Effect of Oral Aluminum on Acetylcholine and Free
Choline Levels

Acetylcholine Levels

The acetylcholine level in cortex of aluminum-treated animals
was significantly lower (4.42 + 1.06), as compared to the
acetylcholine levels in the cortex of control animals
(22 £5.98, P <0.01). Similarly, there was a highly significant
difference between the acetylcholine levels in hippocampus of
aluminum-treated animals (3.71 £ 1.48), as compared to the
control animals (37.9 +£2.59, P < 0.001; Fig. 1a). The acetyl-
choline level remained unaltered in amygdala of aluminum-
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Fig. 1 Graph showing acetylcholine and free choline concentration. a
Comparison of acetylcholine level in cortex, hippocampus, and amygdala
of the control and aluminum-treated animals. b Comparison of free cho-
line level in cortex, hippocampus, and amygdala of control and
aluminum-treated animals. ***P < 0.001, **P < 0.01; n sample size

treated animals (9.6 + 1.11) and control animals (11.84 +£2.2,
P> 0.05; Fig. 1a).

Free Choline Levels

The results indicated that free choline level remained the same
in cortex, hippocampus, and amygdala of aluminum-treated
animals (11.6 £ 1.34, 16.82 + 3.9, and 13.59 + 3.26, respec-
tively), as compared to the free choline levels in cortex, hip-
pocampus, and amygdala of the control animals (21.39 £+ 5.89,
20.66 £ 5.07, and 21.25 £ 5.38, respectively, P > 0.05;
Fig. 1b).

Effect of Aluminum on the Choline Acetyltransferase
Gene Expression

The ChAT gene expression was significantly reduced in hip-
pocampus after aluminum treatment (0.87 + 0.13), as com-
pared to control animals (1.9 £ 0.39, P < 0.01). While the
ChAT expression remained same in cortex and amygdala of
aluminum-treated animals (0.4 +0.12, 0.43 £ 0.1, respective-
ly) and control animals (1 £ 0.19, 0.42 + 0.08, respectively,
P> 0.05; Fig. 2).
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Fig. 2 Graph showing comparison of choline acetyltransferase gene
expression in cortex, hippocampus, and amygdala of control and
aluminum-treated animals. **P < 0.01; n sample size

Effect of Aluminum on Behavior
Novel Object Recognition Test

The results revealed that control animals prefer to spend
significantly more time with novel object (82.20 + 9.45,
P < 0.05), as compared to aluminum-treated animals
(52.20 + 6.40; Fig. 3a, b) and object 1 (51 + 6.03,
P < 0.05). Aluminum-treated animals spent the same
time with novel object (52.20 + 6.40) and object 1
(42.8 = 5.18, P > 0.05) showing impaired recognition
for novel object after aluminum treatment. Comparison
of recognition index of control (0.63 + 0.031, P < 0.05)
and aluminum-treated animals (0.48 + 0.046) for known
and novel object (Fig. 3c) showed that control group
had higher recognition for novel object, as compared
to aluminum-treated group.

Effect of Aluminum on Social Novelty Preference Test

In social interaction session, the control animals spent
significantly more time with mouse 1 (114.22 £+ 17.41),
as compared to aluminum-treated animals (68.55 + 13.7,
P < 0.05) than empty cage (40.44 + 4.85, P < 0.001),
while aluminum-treated animals spent the same time
with mouse 1 (68.55 = 13.7) and empty cage
(41.55 £ 5.29, P > 0.05; Fig. 4a) showing impaired
social interaction.

In social novelty preference session, control animals
spent significantly more time with stranger mouse (mouse
2) (86.66 £ 11.66), as compared to aluminum-treated an-
imals (53.11 £ 8.91, P < 0.05) and mouse 1 (47.66 + 7.34,
P < 0.01; Fig. 4b) revealing the intact memory for mouse
1 in control animals and also demonstrating social prefer-
ence memory. The aluminum-treated animals spent simi-
lar time with stranger mouse (53.11 £+ 8.91) and mouse 1
(37 £ 7.53).

@ Springer

Farhat et al.
a Session 1
~ 1007
o @ Control (n=8)
£ 80 EH AICI; Treated (n=8)
(3]
£ e
= 00 : =
s i =:
£ 404 e e
g S i
E. 20- " :. W, __ =
> = o
w 0 s %.:
Object 1 Object 2
b Session2 4
~ 1001
3 EE Control (n=8)
< 80 g5 AlCI, Treated (n=8)
(4}
£
[_
c
2
©
k=]
o
>
i
Object 1 Novel Object
c *
0.8 EE Control (n=8)
> AlCl; Treated (n=8)
T 0.6
c i
S | R
b= 0.4
= .
9
g 0.24 :
m '
0.0~

Fig. 3 Novel object recognition test. a Comparison of exploration time
between control and aluminum-treated animals in first session (familiar-
ization session). Graph represents the time spent, by control and
aluminum-treated animals, in exploration of objects 1 and 2. b
Comparison of novel object preference by control and aluminum-
treated animals during second session (test session). ¢ Graph showing
the recognition index for novel object during test session by both the
groups. *P < 0.05; n sample size

Discussion

Aluminum is abundantly present in the Earth’s crust and its
exposure beyond adaptive capability may result in the devel-
opment of Alzheimer’s-like symptoms including dementia
[15]. Human exposure to aluminum occurs via different
routes. Aluminum is absorbed via gastrointestinal tract and
is excreted through urine. In normal renal function, aluminum
is eliminated almost completely from the body and very little
accumulation occurs. For this reason, it is important to under-
stand the neurotoxic effects of high aluminum consumption.
This study aimed to elucidate aluminum neurotoxicity at high
end of the human exposure resulting in high aluminum con-
tent in brain. Previously, it has been reported that 2000 ng Al/
g (260 mg Al/kg) for a period of 5 weeks is within the order of
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Fig. 4 Social novelty preference test. a Comparison of social interaction
in first session in the control and aluminum-treated animals. Graph show-
ing the interaction time by control and aluminum-treated animals with
empty cage and mouse 1. b Comparison of social novelty preference in
the control and aluminum-treated animals. Graph showing the time spent
by control and aluminum-treated animals interacting with mouse 1 and
mouse 2 (stranger mouse) in second session of the test. *P < 0.05; n
sample size

magnitude of estimated maximal human intake [16, 17].
Keeping in view these facts and aluminum-induced neurotox-
icity studies from our own laboratory [14, 18], we adminis-
tered 250 mg/kg aluminum for a period of 6 weeks.

Chronic exposure to high level of aluminum results in its
accumulation in brain, due to its ability to rapidly cross blood
brain barrier, and it affects cholinergic system [19, 20]. The
cholinergic system, which mainly depends on neurotransmit-
ter acetylcholine, plays important role in memory formation,
in memory retention, and in new learning processes [21, 22].
In the present study, the effects of aluminum on central cho-
linergic system, including its effects on gene expression of
biosynthetic enzyme choline acetyltransferase and its product
acetylcholine, were investigated. The results of our study
show that there was a decrease in acetylcholine level in hip-
pocampus and cortex, while in amygdala the acetylcholine
concentration remains unaltered. The results obtained, for cor-
tex and hippocampus, are in accordance to previously reported
observation [23] but in contrary to increase in acetylcholine
level observed by Yellamma et al. [8] after aluminum toxicity.
The difference in our results from Yellamma et al. [8] might be
due to the reason that they had provided 140 mg/kg of dose for
25 days. As aluminum is reported to accumulate slowly in
brain [24], therefore, during treatment time reported by

Yellamma et al., aluminum might not have accumulated in
enough amounts to cause damage to acetylcholine level.
While in our study, the dose of 250 mg/kg for a period of
42 days was designed to mimic the aluminum accumulation
conditions at advanced stages of aluminum intoxication.
Alzheimer’s disease, for which aluminum is considered an
etiopathogenic factor, is also characterized by a decrease in
the acetylcholine level [25].

Interestingly, in spite of the decrease in acetylcholine level,
the free choline level in the brain tissues remained unchanged
in aluminum-treated animals. This was surprising, as with
previous reports of a decrease in the activity of acetylcholin-
esterase enzyme after aluminum treatment [6, 7, 23], one
would expect a rise in the acetylcholine level and reduced
level of free choline. It might be anticipated that the lower
acetylcholine concentration, in spite of normal free choline
availability, is either because of lower reuptake of choline in
presynaptic terminal or, most probably, because of impaired
synthesis of acetylcholine. Therefore, expression of choline
acetyltransferase (ChAT) gene was measured. The effect of
aluminum on activity of ChAT enzyme has been reported by
various workers previously. Therefore, we wanted to deter-
mine whether the aluminum exposure has any effect on
ChAT gene expression or not, which is not previously report-
ed. There are controversial reports about the activity of ChAT
enzyme in aluminum-induced neurotoxicity. A few studies
report decrease in ChAT enzyme activity [5, 26], while others
report no alteration in ChAT enzyme activity after aluminum
treatment [27, 28]. Our results indicate that expression of
ChAT gene was significantly reduced after aluminum treat-
ment in hippocampus but remained unaltered in cortex and
amygdala. Previously, Gulya et al. [5] reported decrease in
ChAT activity in both cortex and hippocampus. These differ-
ences in the results in our study from that of Gulya et al. [5] is
due to the reason that they have measured the activity of ChAT
enzyme, while we have checked the expression of ChAT gene.
According to our data for aluminum accumulation in the cor-
tex and hippocampus (data not shown in this article), higher
aluminum was accumulated in the hippocampus, as compared
to cortex. Therefore, it is assumed that aluminum affects the
activity of enzymes even at lesser concentrations but at high
aluminum concentrations, the expression of genes is also af-
fected. Therefore, higher aluminum levels in hippocampus
have affected the ChAT gene expression along with its effects
on ChAT enzyme (as reported by Gulya et al. [5]), whereas in
the cortex, lower concentration of aluminum has not yet af-
fected the gene expression, though a decreasing trend in the
expression can be clearly seen in our study (Fig. 2).

It is evident from our results that hippocampus, which
plays very important role in learning and memory, is the most
affected brain region after aluminum treatment. This is sub-
stantiated by the fact that hippocampus receives maximum
cholinergic innervations from forebrain [29]. There are several
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studies that report the degeneration of basal forebrain cholin-
ergic neurons after aluminum treatment [20, 30, 31], but the
region-specific degeneration is not studied in basal forebrain
after aluminum treatment. Cortex and amygdala are innervat-
ed by cholinergic projections coming from horizontal limb of
diagonal band of basal forebrain, while hippocampus receives
its cholinergic innervations from vertical limb of diagonal
band [29]. Therefore, it can be speculated that damage caused
to the hippocampus, more than other brain parts, might be due
to the damage of selective basal forebrain structures but this
needs to be further investigated.

Intriguingly, the expression of ChAT gene reduced only in
hippocampus and was not significantly reduced in cortex of
aluminum-treated animals, but a very significant reduction in
levels of acetylcholine was observed in both cortex and hippo-
campus. The expression of ChAT gene in cortex was not sig-
nificantly reduced, but a very clear trend for the reduction of
ChAT gene expression can be seen. Moreover, the reduction in
the activity of acetyl CoA after aluminum exposure has already
been reported multiple times [32—34]; therefore, it is assumed
that after aluminum exposure, reduction in ChAT gene expres-
sion along with previously reported reduction of acetyl-CoA
activity results in a greater reduction in acetylcholine concen-
tration in different brain parts which leads to behavioral deficits.

Based on the degenerative effect of aluminum on key
players of cholinergic system, further studies were conducted
to determine the extent of damage in terms of impairment in
cognitive function. Behavioral functions are the result of net
output of motor, sensory, and cognitive functions of nervous
system. Therefore, the behavioral functions are a sensitive
measure for neurodegeneration caused by xenobiotics [23].
The novel object recognition test is a widely used test for the
measurement of memory alterations [35], and cholinergic sys-
tem is known to play a very important role in object recogni-
tion [36]. Therefore, novel object recognition test (NOR) was
done in our study to determine the memory impairment. The
results of NOR showed that control animals had significantly
higher recognition memory for the novel object, as compared
to aluminum-treated group. Presentation of a novel object is
further useful for the reason that recognition of novelty re-
quires the involvement of more cognitive skills from subject
than the exploration of a novel environment or a single object
[37]. Moreover, novel object preference also means that fa-
miliar object still remains in the animal memory [38]. The
NOR is dependent on both cortex and hippocampus, the most
affected brain parts in our experiments, as the lesions in these
two brain parts have impaired activity in NOR [39, 40]. Our
results demonstrated that the cholinergic system in cortex and
hippocampus was translated in neurobehavioral functions
which manifest memory impairment in aluminum-induced
neurotoxicity.

The results of the social novelty preference test showed that
aluminum treatment resulted in impaired social interaction as
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animals treated with aluminum preferred to spend more time
sitting in the corner of the test box and showed little interac-
tion with mouse 1 or empty cage during social interaction trial.
Similarly, in social novelty preference trial, the aluminum-
treated animals spent similar time with mouse 1 and mouse
2 (stranger mouse) which manifested that aluminum-
intoxicated animals could not discriminate between familiar
and strange mice. Our results are in agreement to the previ-
ously reported lack of sociability in mice administered with
AICl; intraperitoneally [13]. Similar low social activity has
been observed in patients suffering from Alzheimer’s disease
[41]. Therefore, aluminum has the ability to produce some of
the symptoms that are associated with Alzheimer’s disease,
and aluminum-intoxicated animals can be used as model for
studying cholinergic system impairment.

Conclusion

Our study demonstrates that chronic aluminum exposure in
drinking water results in decreased choline acetyltransferase
gene expression. Reduced ChAT expression leads to de-
creased acetylcholine synthesis in spite of normal free choline
availability. The cholinergic hypofunction results in neurobe-
havioral deficits in the form of reduced sociability and im-
paired recognition for novel object.
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