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Abstract

This study investigated the effects of chronic aluminum exposure on apoptosis of hippocampal neurons, and synaptic plasticity in
the hippocampus in rats. Rats were divided into the control, low-dose (L-Al), mid-dose (M-Al), and high-dose (H-Al) groups.
After chronic exposure of aluminum, the Morris water maze (MWM) and open-field (OF) tests were performed to assess the
behavioral performance. Electrophysiological measurements were conducted. Flow cytometry was used to assess the apoptotic
processes. Quantitative real-time PCR and ELISA were performed to measure mRNA and protein expression levels of caspases.
After 90 days of aluminum exposure, the aluminum contents in the brain of the rats were increased, with the increasing exposure
dose. The MWM and OF tests showed that chronic exposure of aluminum significantly impaired the neurobehavior of rats.
Moreover, after high-frequency stimulation (HFS), the average amplitudes of field excitatory postsynaptic potentials (fEPSPs) for
the M-Al and H-Al groups were lower than the control group at 10, 20, 30, 40, 50, and 60 min. Furthermore, the apoptotic rates in
the M-Al and H-Al groups were significantly higher than the control group. The qRT-PCR and ELISA showed that, compared
with the control group, the mRNA and protein expression levels of caspases-3, -8, and -9 were significantly increased in the
aluminum-treated groups compared with the control group. Long-term exposure to aluminum could induce the apoptosis of
hippocampal neurons, damage the synaptic plasticity, and impair the learning and memory functions in rats. There might be a
close relationship between the neuronal apoptosis and synaptic plasticity damage.
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Introduction

Aluminum is one of the most abundant elements in the Earth’s
crust, ranking the third only after oxygen and silicon. The
reserves of aluminum deposits account for more than 8% of
the crustal constituents by mass [1]. At present, the production
and consumption of aluminum are second only to the steel,
which has become the second largest metal in application.
Aluminum is characterized by high melting and boiling
points, low density, and corrosion resistance, and therefore,
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it has been widely used in the aerospace, automobile, and
some construction industries. Moreover, various compounds
of aluminum have been commonly used to produce the
cooking utensils, cosmetics, drinking containers, food addi-
tives, and pharmaceutical products [2, 3]. However, it has
been shown that excessive intake of aluminum would cause
a series of adverse reactions, impairing the normal physiology
of the nervous [4-6], skeletal [7-9], immune [6, 10], and
reproductive [11] systems. In recent years, the neurotoxicity
of aluminum has attracted more and more attention in research
field.

After entering into the human body, aluminum can interfere
with the metabolism of many trace elements. Higher plasma
aluminum concentrations may interfere with both the zinc
(Zn) and selenium (Se) homeostasis, which would conse-
quently lead to low plasma Zn and Se contents and high ox-
idative stress in patients with the long-term dialysis [12].
Studies have shown that AI** can substitute Ca®* in the hy-
droxyapatite crystals in patients with exostosis [13], and alu-
minum deposition in the bone could decrease the Ca, Mg, and
P levels, inhibiting the bone mineralization process [14]. On
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the other hand, aluminum would alter the function of the
blood-brain barrier, and therefore accumulate in the cortex,
cingulate bundles, corpus callosum, and hippocampus, to ex-
ert neurotoxic effects [5, 15]. Studies have shown that alumi-
num would act as an important risk factor for the neurodegen-
erative diseases with learning and memory impairment, in-
cluding Alzheimer’s disease (AD) [4], amyotrophic lateral
sclerosis (ALS) [16, 17], and Parkinson’s syndrome (PD)
[18]. Moreover, epidemiological studies have also shown that
the long-term exposure to aluminum might lead to neurolog-
ical dysfunctions, such as the learning/memory and cognitive
impairments [19, 20]. Nevertheless, although a large quantity
of data have been documented concerning the relationship
between the aluminum exposure and neurodegenerative ef-
fects, the underlying mechanisms of the disease development
have not yet been fully elucidated [21]. At present, the re-
searches of aluminum neurotoxicity mainly focus on its ef-
fects on lipid peroxidation, neuronal apoptosis, A3 deposi-
tion, and Tau protein phosphorylation.

Learning and memory function results from the interac-
tion and coordination between numerous neurons in the
brain, involving the synaptic plasticity (electrophysiologi-
cally expressed as long-term potentiation (LTP)) [22].
Caspases, as a family of conserved cysteine proteases, play
essential roles in cellular apoptosis. Mammalian caspases
could be divided into the initiator (caspases 2, 8, 9, and 10)
and executioner (caspases 3, 6, and 7) caspases. The initi-
ator caspases initiate the apoptotic signals, while the exe-
cutioner caspases carry out the mass proteolysis, leading to
apoptosis [23]. In this study, the effects of sub-chronic
aluminum exposure on the learning and memory functions
in rats were investigated. Moreover, the neuronal apopto-
sis, caspase activity, and synaptic plasticity in the hippo-
campus, as well as the aluminum content in the cerebral
cortex were also analyzed.

Materials and Methods
Study Animals and Grouping

Male Sprague-Dawley (SD) rats (6—7 weeks old),
weighing 160-170 g, were purchased from the
Experiment Animal Center of Academy of Military
Medical Science (Beijing, China). These animals were
housed in cages in a temperature-controlled room, with
a 12-h light/dark cycle. The rats were fed with standard
commercial rodent diet (Beijing Keao Xieli Feed Co,
Ltd., Beijing, China) and drinking water ad libitum.
These rats were randomly divided into the following four
groups (n = 10/group): (1) the control (control) group, in
which the rats received no treatment; (2) the low-dose
(L-Al) group, in which the rats were treated with
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aluminum lactate at 10 mg/kg body weight once a day
for 90 days; (3) the mid-dose (M-Al) group, in which the
rats were treated with aluminum lactate at 30 mg/kg
body weight once a day for 90 days; and (4) the high-
dose (H-Al) group, in which the rats were treated with
aluminum lactate at 90 mg/kg body weight once a day
for 90 days.

Aluminum lactate (CoH;5A109; CAS: 18917-91-4)
was purchased from Sigma-Aldrich (St. Louis, MO,
USA), which was dissolved in distilled water. Rats in
the aluminum groups were exposed to aluminum lactate
by gavage for a period of 90 days, at indicated concen-
trations [24]. The animal weight was weighed once a
week, and the drug dosage was adjusted accordingly.
Rats in the control group received an equivalent amount
of distilled water. At 24 h after the last dosing, behav-
ioral test was carried out. Thereafter, five rats in each
group were subjected to the electrophysiological detec-
tion. On the other hand, the remaining five rats were
sacrificed by exsanguination from the abdominal aorta
after being anesthetized with pentobarbital sodium
(50 mg/kg body weight). The brains were removed and
rinsed with ice-cold saline.

Behavioral Tests

Cognitive abilities of rats were assessed by the Morris
water maze (MWM) test and the open-field (OF) test. In
the MWM test, a circular tank (120 cm in diameter and
50 cm in height) was filled with water (22+1 °C) to the
depth of 25 cm. An escape platform (12 cm in diameter)
was placed at the center of one quadrant of the tank, with
the top 1.5 cm beneath the water surface. The test was
performed for five consecutive days (four sessions per
day, with interval of at least 1 h). Each rat was released
into the water facing the wall at one of the four standard
starting locations (N, S, W or E). When the rat succeeded
in locating the platform, it was allowed to remain on the
platform for 10 s. If the rat failed to find the platform
within 2 min, it would be placed on the platform and
allowed to remain on the platform for 2 min. On the day
after this task, the 1-min probe trial was carried out, with-
out the platform, and the starting point was the quadrant
opposite the target one. Rat performance was monitored
with the SMART video-tracking system 3.0 (Panlab).

Animal behavior was assessed in the OF apparatus to eval-
uate the locomotor and exploratory activities. Rats were indi-
vidually placed in an open-field apparatus (L x W x H of
90 cm x 90 cm x 45 cm). The animal was allowed to explore
freely for 10 min, and the movement was recorded by a video
camera (Sony). Time spent in the center and periphery was
recorded. Data were collected and analyzed using the SMART
v3.0 software (Panlab).
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Electrophysiological Measurement

Surgical procedure was applied as previously described, with
minor modifications [25, 26]. Briefly, five rats from each
group were anesthetized and fixed in a stereotaxic device
(Narishige, Japan). Two small holes were drilled on the right
side of the skull. Then, the bipolar stimulating electrode (FHC,
Bowdoin, ME, USA) was inserted into the Schaffer collateral-
commissural pathway (4.2 mm posterior to bregma, 3.8 mm
lateral to the midline), and the monopolar recording electrode
(FHC) was positioned in the stratum radiatum of area CA1
(3.8 mm posterior to bregma, 2.9 mm lateral to the midline).
Stimulating and recording electrodes were inserted into the
hippocampus by a micro-propulsion unit (Narishige, Japan).
The electrodes were slowly lowered into the CA1 region of
the hippocampus until the field excitatory postsynaptic poten-
tials (fEPSPs) appeared. Baseline fEPSPs were elicited by the
test stimuli at an interval of 30 s (with an intensity eliciting
50% of the maximal response), which were monitored for
30 min. LTP was induced by a train of high-frequency stimu-
lation (HFS) consisting of 20 pulses at 200 Hz. After measur-
ing HFS, the test stimuli were applied again for 60 min, and
the changes in the fEPSP amplitudes were detected.

Flow Cytometry

After trypsinization, cells were harvested from the hippocam-
pal tissue. To detect the apoptosis, these cells were subjected
to the double staining of Annexin V-FITC and propidium
iodide (PI) (KeyGEN BioTECH, Nanjing, China), according
to the manufacturer’s instructions. Then, the cells were
washed with ice-cold D-Hanks and centrifuged at 4 °C at
500xg for 5 min. The supernatant was discarded and the pel-
lets were re-suspended. The cells were stained with 5 pl
Annexin-V and 5 pl PI. After gentle mixing, the suspension
was incubated in the dark for 15 min, and then the fluores-
cence was detected with a flow cytometer (Beckman Coulter,
Miami, FL, USA). Under the excitation of 488-nm excitation
light, the emission light waves of FITC and PI were 525 nm
and 630 nm, which would be received by the FL1 and FL3
channels, respectively. For the gating strategy, through the
FSC and SSC Scatter plot, the gate was set to exclude cell
debris or sticky cells, and the FLL1 and FL3 channel scatter
plots were used to set the cross gate position. Percentage sta-
tistics of cells in each quadrant were analyzed and compared.
No less than 1 x 10* cells were collected, and the data were
analyzed with the EXP032 software. The early apoptotic cells
were positive for Annexin V staining and negative for PI
staining, while the late apoptotic cells were positive for
Annexin V staining and positive for PI staining. The total
apoptotic rates included both the early apoptotic cells and late
apoptotic cells.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA in hippocampus was extracted with the RNA pure
Tissue & Cell Kit (DNase I) (Beijing CoWin Biotech, Beijing,
China), according to the manufacturer’s instructions.
Complementary DNA synthesis of mRNA was performed
using the Prime Script™ RT Master Mix (Takara Bio,
Dalian, Liaoning, China). The qRT-PCR was performed with
the SYBR® Premix Ex Tap™ (Takara Bio). Primer sequences
were as follows: caspase-3, forward 5'-GAGA
CAGACAGTGGAACTGACGATG-3' and reverse 5'-
GGCGCAAAGTGACTGGATGA-3'; caspase-8, forward 5'-
TGGTATATCCAGTCACTTTGCCAGA-3' and reverse 5'-
CTCACATCATAGTTCACGCCAGTC-3'; caspase-9, for-
ward 5-CTGAGCCAGATGCTGTCCCATA-3" and reverse
5'-GACACCATCCAAGGTCTCGATGTA-3"; and GAPDH,
forward 5'-GGCACAGTCAAGGCTGAGAATG-3' and re-
verse 5'-ATGGTGGTGAAGACGCCAGTC-3". The PCR
conditions were set as follows: 95 °C for 30 s; 95 °C for 5 s,
and 60 °C for 45 s, for totally 40 cycles. The expression levels
of target genes were calculated using the 27" method.
GAPDH was used as internal reference.

Enzyme-Linked Immunosorbent Assay

Rat hippocampus (50 mg) was homogenized in 500 ul ice-
cold Tissue Protein Extraction Kit (Beijing CoWin Biotech).
The homogenates were centrifuged at 10,000xg at 4 °C for
20 min. Total protein concentration was determined using the
BCA Kit (Beijing CoWin Biotech). The concentrations of
caspases-3, -8, and -9 were determined using the ELISA
Kits for caspase 3 (No. SEA626Ra), caspase 8 (No.
SEA853Ra), and caspase 9 (No. SEA627Ra) (Uscn Life
Science Inc., Wuhan, Hubei, China), respectively. In these
kits, the microtiter plate was pre-coated with the antibody
specific to caspase-3, -8, or -9. Standards or samples were then
added to the wells with a biotin-conjugated polyclonal. The
standard curve was obtained, and the target protein concentra-
tion was calculated accordingly.

Aluminum Detection

Concentrations of aluminum in the brain tissues were determined
with the iCE™ 3500 AAS Atomic Absorption Spectrometer
(Thermo Fisher Scientific, Somerset, NJ, USA). The instrument
was adjusted to a wavelength of 309.3 nm, with a slit of 0.5 nm,
and used a hollow cathode lamp. Rat cortex (50 mg) was
digested in 5 ml nitric acid with the Microwave Accelerated
Reaction System (CEM Corp), which was then diluted with the
Mili-Q water. Briefly, the prefrontal cortex samples were re-
moved and collected from the five rats in each group. Totally,
50 mg (wet weight) cortical sample was put into the microwave
digestion tube, and 5 ml nitric acid was added, followed by the
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Fig. 1 Effects of aluminum lactate exposure on neurobehavior. After the
treatments, the behavior performance of the rats from the control
(control), low-dose aluminum (L-Al), mid-dose aluminum (M-Al), and
high-dose aluminum (H-Al) groups was assessed with the MWM and OF

microwave digestion. The heating program was as follows:
6 min to 120 °C, 120 °C for 3 min, 6 min to 150 °C, 150 °C
for 6 min, 6 min to 180 °C, 180 °C for 20 min. The solution was
filtered with a 0.22-mm micropore filter into a 10-ml centrifuging
tube. The volume was adjusted to 5 ml with nitric acid and
diluted with ultrapure water. Detection was performed with the
graphite furnace atomic absorption spectrometer. The aluminum
content was calculated based on the following formulation: alu-
minum content (pLg/mg) = (A — Ag) X V x X/m, where A (ug/L)
was the mass concentration of aluminum in the digestive solu-
tion, A, was the mass concentration of aluminum in the blank
solution, V (L) was the total volume of sample digestive solution,
X was the sample dilution factor, and m (mg) was the sample
mass. For quality control, the blank sample (Mili-Q water) and
the aluminum standard solution (10 pg/L) were measured in each
assay with the same method and instrument condition as the
measurement of aluminum content in rat brain tissue.
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tests. a—¢ Analysis of escape latencies (a), number of crossing the
platform (b), and residence time in the target quadrant (c¢) in the MWM
test. d, e Analysis of central residence time (d) and number of rearing (e)
in the OF test. Compared with the control group, *P < 0.05, **P < 0.01

Statistical Analysis

Data were expressed as mean + SD. Statistical analysis were
performed using the SPSS 25.0 package software. One-way
ANOVA was used for group comparison, followed by the
Dunnett 7 test. P <0.05 was considered statistically significant.

Results

Effects of Aluminum Lactate Exposure
on Neurobehavior

To investigate the effects of aluminum lactate on the behav-
ioral performance of these animals, behavioral tests were per-
formed. Our results from the MWM test showed that, with the
increase of training days, the escape latency of each group was
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Fig. 2 Effects of aluminum lactate exposure on the electrophysiological
properties of hippocampal neurons. After the treatments, the
electrophysiological properties of hippocampal neurons from the
control (control), low-dose aluminum (L-Al), mid-dose aluminum (M-
Al), and high-dose aluminum (H-Al) groups, were assessed. a Calibrated
fEPSPs amplitudes at different time points before and after high-
frequency stimulation. b Comparison of the amplitude of fEPSP in rats
exposed to aluminum lactate. Compared with the control group,
*P<0.05, **P<0.01

gradually shortened. Compared with the control group, the
escape latencies in the M-Al and H-Al groups were signifi-
cantly prolonged (P < 0.05) (Fig. 1a). On the sixth day of the
test, in the M-Al and H-Al groups, the number of rats crossing
the platform were significantly reduced (P <0.05) (Fig. 1b),
and the residence time in the target quadrant was significantly
shortened (P <0.05) (Fig. lc), compared with the control
group. On the other hand, our results from the OF test showed
that, compared with the control group, the central residence
time was significantly longer for the M-Al and H-Al groups
(P<0.05) (Fig. 1d). However, there was no significant differ-
ence in the number of rearing between the Al-exposed and
control groups (P> 0.05 (Fig. 1e). These results suggest that
the cognitive function of rats in the M-Al and H-Al groups are
impaired versus the control group.

Effects of Aluminum Lactate Exposure
on Electrophysiological Properties of Hippocampal
Neurons

Animal behavior is controlled by the hippocampal zone of the
brain. Therefore, the electrophysiological changes in the

hippocampal CA1 region of these rats were detected. As
shown in Fig. 2, after HFS at 10, 20, 30, 40, 50, and 60 min,
the average amplitudes of fEPSPs for the M-Al and H-Al
groups were lower than the control group (P <0.05). These
results suggest that the synaptic plasticity of rats in the M-Al
and H-Al groups are also changed.

Effects of Aluminum Lactate Exposure on Neuronal
Apoptosis

To detect the effects of aluminum lactate exposure on the
neuronal apoptosis, flow cytometry was performed. Our re-
sults showed that, the total apoptotic rate of hippocampal neu-
rons in rats exposed to Al was dose-dependent. Moreover, the
apoptotic rates in the M-Al and H-Al groups were significant-
ly higher than the control group (P <0.05) (Fig. 3). These
results suggest that the neuronal apoptotic rate is increased
in the M-Al and H-Al groups.

Effects of Aluminum Lactate Exposure on Caspases-3,
-8, and -9 Gene Expression

To investigate the effects of aluminum lactate exposure on the
expression levels of caspases-3, -8, and -9, these caspases
were detected with qRT-PCR and ELISA, respectively. Our
results from the qRT-PCR showed that, compared with the
control group, the mRNA expression levels of all caspases-
3, -8, and -9 were significantly increased in the M-Al and H-
Al groups (P <0.05) (Fig. 4a). Caspase-8 mRNA was also
increased in the L-Al group compared with the control group
(P<0.05) (Fig. 4). Moreover, similar results were observed
for ELISA. As shown in Fig. 4b, our results showed that,
compared with the control group, the concentrations of
caspases-8 and -9 were significantly elevated in all Al-
treated groups (P < 0.05), while the caspase-3 concentration
was significantly increased in M-Al and H-Al groups
(P <0.05) (Fig. 4b). Taken together, these results suggest that
the mRNA and protein expression levels of caspases-3, -8,
and -9 in rats exposed to aluminum are significantly increased,
especially for the M-Al and H-Al groups.

Contents of Al in Brain

After 90 days of Al exposure, the Al contents in the brain of
rats were detected. Our results showed that the Al contents in
the brain of the rats from the experimental groups were in-
creased with the increasing exposure dose. Moreover, the Al
contents in the brain of rats from the M-Al and the H-Al
groups were significantly higher than the control group
(P <0.05) (Fig. 5).
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Discussion

In the present study, our results showed that chronic exposure
to aluminum lactate could lead to the aluminum accumulation
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Fig. 4 Effects of aluminum lactate exposure on caspases-3, 8, and 9
expression. a, b After the treatments, the expression levels of caspases-
3, 8, and 9 from the control (control), low-dose aluminum (L-Al), mid-
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in the brain and alter the cognitive function of rats. General
population is primarily exposed to aluminum through the food
consumption, taking antacids, drinking water, and ambient air
inhalation [27]. The increased biological availability of
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dose aluminum (M-Al), and high-dose aluminum (H-Al) groups, were
assessed with the quantitative real-time PCR (a) and ELISA (b),
respectively. Compared with the control group, *P < 0.05, **P <0.01
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aluminum has been linked to various acute and chronic dis-
eases in humans [28]. After entering the brain, aluminum
could accumulate in the medial striatum, corpus callosum,
and cingulate bundle, causing learning/memory impairments
[29]. Our results showed that, after 90 days of exposure, there
was obvious aluminum accumulation in the brain in the M-Al
and H-Al groups. Rats exposed to aluminum, especially in the
M-Al and H-Al groups, had a slower learning curve and per-
formed poorly in the MWM and OF tests, in a dose-dependent
manner, in line with our previous findings [25, 26].
Apoptosis plays important roles in various biological
processes, including the cell turnover, immune system de-
velopment and function, hormone-dependent atrophy, em-
bryonic development, and chemical-induced cell death.
However, inappropriate apoptosis (either too little or too
much) has been observed in many conditions in human
beings, including the neurodegenerative diseases, ischemic
damages, autoimmune disorders, and cancers [30]. In the
present study, the total apoptotic rates (early and late apo-
ptotic rates) of hippocampal neurons in the M-Al and H-Al
groups were significantly higher than the control group, in
a dose-dependent manner. In response to death-inducing
signals, pro-caspases, a pre-existing group of pro-enzymes,
would be activated to caspases within the cells [31]. As the
executors of apoptosis, caspases are responsible for the
cleavage of cellular substrates, leading to morphological
changes [32]. Based on the action mechanisms in apopto-
sis, caspases could be classified into either initiators
(caspases-8 and -9) or executors (caspases-3, -6, and -7)
[23]. Therefore, the apoptotic pathways can be distin-
guished by the adapter and initiator caspases involved,
falling into either the extrinsic or intrinsic category.
Caspases-8 and -9 are key initiators in both the extrinsic
and intrinsic pathways. In this study, our results showed
that the mRNA and protein expression levels of caspases-
3, -8, and -9 in rats exposed to aluminum were significant-
ly increased, especially for the M-Al and H-Al groups.
These findings suggest that the long-term aluminum

M-Al H-Al

exposure, especially at high concentrations, can cause neu-
ronal apoptosis through both the extrinsic and intrinsic
pathways.

LTP is a well-characterized form of synaptic plasticity.
There is a strong body of evidence demonstrating the under-
lying molecular mechanisms in LTP and memory [33]. It has
been well recognized that the synaptic plasticity, which can be
assessed by LTP, is the essential condition for the learning and
memory functions [34]. In this study, our results showed that
the aluminum lactate suppressed the fEPSP amplitude of LTP,
in a dose-dependent manner. Moreover, after the administra-
tion of aluminum lactate for 90 days, the rats exhibited signif-
icant impairments in the LTP of the hippocampal CAl area,
and in the learning and memory function, in line with our
previous reports [26, 35]. Signals between neurons are trans-
duced primarily by the receptors, second messengers, and ki-
nase cascades, which are located in the pre- and post-synaptic
terminals. Many signaling pathways have been shown to be
able to affect the survival of neurons by promoting or
preventing apoptosis, including the cAMP-PKA-CREB, L-ar-
ginine-NO, and Akt/GSK-3b pathways [26, 36-38]. In addi-
tion, the non-apoptotic roles of caspases in the neuronal de-
velopment, plasticity, and disease development have attracted
more and more attention in recent years [39].

In conclusion, our results showed that long-term exposure
to aluminum induced apoptosis of hippocampal neurons,
damaged the synaptic plasticity, and impaired the learning
and memory functions in rats. There might be a close relation-
ship between the neuronal apoptosis and synaptic plasticity
damage. The advantage of this study is that we parallelly
measured aluminum-induced behavior changes, brain alumi-
num contents, apoptotic rates of neuronal cells, apoptosis es-
sential caspases, and LTP in rats, and found a strong positive
relationship between them. The deficiency of this study is that
we have not observed the aluminum-induced effects under the
condition of blocking caspases. Of course, the underlying
mechanisms of aluminum-induced synaptic plasticity impair-
ment still need to be elucidated in the future, especially
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concerning the roles of the caspase family which we will study
by blocking the caspases and to compare the results between
blocking them and without blocking them.
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