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Abstract: Recently, aluminium (Al) has been proposed to be one of the environmental factors
responsible for cause Alzheimer’s disease (AD). However, the relationship between Al and AD is
controversial. To investigate the effects of subchronic Aluminium-maltolate (Al (mal)3) exposure on
the behavioral, electrophysiological functions. Forty Sprague-Dawley (SD) rats were randomly dis-
tributed into five groups. Over two months, rats in the saline group received daily intraperitoneal
(i.p.) injections 0.9% saline, rats in the maltolate group received 7.56 mg/kg maltolate, and rats in
the 0.27, 0.54, 1.08 mg/kg Al (mal); groups received i.p. administrations of these three doses, respec-
tively. Neural behavior was assessed in Morris water maze. Long-term potentiation (LTP) in hippo-
campus was recorded. Al content in the neocortex was determined using a graphite furnace atomic
absorption spectrophotometer. Our studies indicate that subchronic Al (mal); exposure significantly
impaired spatial learning and memory abilities, suppressed the LTP in the CA1 hippocampal area,
and elevated Al levels in cerebral cortex in a dose-dependent fashion. In conclusion, low doses of
Al (mal)3 can still lead to dramatic Al accumulation in the brain, severely impair learning and
memory capacities, and hippocampal LTP.
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Introduction

Aluminium (Al) is the most abundant metal and the
third most common chemical element in the earth’s
crust' ™. This metal is widely used in our everyday life,
and in the course of industrial production, it has easy ac-
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cess to our body through cooking utensils, foods, antacids,
drinking water, Al-containing dust and fumes®. Some
studies have reported the potential toxicity of Al in experi-
mental animal models and in humans® 7. Regardless of the
host, the route of administration, and the chemical specia-
tion, Al has been found to be a potent neurotoxicant®. Al
has also been proposed to be one of the critical environ-
mental factors related to several serious neurodegenerative
diseases, such as Alzheimer’s disease (AD)> 2.

AD is the most common form of dementia, and with in-
creasing life expectancy across the world, AD is a rapidly
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growing socioeconomic and medical problem'®. AD is
clinically characterised by progressive learning impair-
ment and memory loss followed by cognitive decline. This
disease is pathologically characterised by severe neuronal
loss, the formation of neurofibrillary tangles (NFTs) and
senile plaques (SPs)> '¥). SPs are an early toxic event that
are formed by a gradual accumulation of B-amyloid pro-
tein (AP). Crapper et al. first showed the increased level
of Al in the brains of AD patients'”. Sakae Yumoto e al.
demonstrated that Al was colocalized with Af in amyloid
fibers in the cores of SPs'®). Other studies have also shown
that Al increased the level of AP, promoted A aggregation,
and increased AP neurotoxicity'® . Walton verified that
Al played an important role in the formation of SPs and
NFTs in patients with AD'®. Some epidemiologic and ex-
perimental studies have revealed that high Al consumption
from drinking water may be a risk factor for AD'*2". Nev-
ertheless, the role of Al in AD remains controversial, and
there is little direct evidence correlating Al with AD'#17:22),
Furthermore, understanding the molecular mechanism of
Al neurotoxicity is hampered due to intrinsic difficulties
in discerning the role of chemical speciation in biological
systems™ 2> *>). In vitro and in vivo studies have demon-
strated that the physiological activity and the biological
availability of Al depend strongly on the chemical form of
the metal ion** 2. Differences in the chemical form of Al
are important factors affecting Al transfer into the brain®®.
The specific ligands for Al can differentially modulate its
uptake and toxicity, and can also impact the apparent rate
of Al accumulation in neurons in vivo". Hence, studying
the appropriate Al compound is very important to under-
standing Al toxicity??.

Aluminium-maltolate (Al (mal)3) is a suitable compound
for toxicology and neuropathology with relevance to AD.
It is highly soluble and stable between pHs of 3.0 and
10.0, possesses hydrolytic stability at pH 7.0?% 232729,
However, most other Al salts (e.g., Aluminium chloride
(AIC13)) produce insoluble complexes at a neutral pH>.
Al (mal); was reported to have strong toxicityl’ 2 and
maltolate is a common component of the human diet.
Maltolate is found in coffee, soybeans, baked cereals,
caramelised, and browned foods™ >”
be a strong enhancer of Al accumulation in the brain
Given the extremely high affinity of maltolate for Al, there

, and was reported to
23)

is a potential for Al (mal); to form in the gastrointestinal
tract’> 28, We therefore selected Al (mal); as a source of
Al in this study.

The hippocampus is a crucial element of the neurobiol-
ogy basis of higher cognitive function®". Many experi-
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ments have demonstrated that behavioral performance was
followed by and correlated with an increase or depression
in synaptic efficiency in the hippocampus™> 3. Long-term
potentiation (LTP) is an activity-dependent and persistent
functional increase in synaptic efficacy. Hippocampal LTP
has been accepted as a well-known electrophysiological
model for the cellular basis of learning and memory®®.
Chronic, low Al exposure may alter fundamental mecha-
nisms involved in learning and memory®”. Recently, stud-
ies have reported that Al impairs hippocampal LTP**3.
However, the relationship between LTP and learning is far
from conclusive®®.

In the present study, the effect of subchronic intraperito-
neal (i.p.) injections Al (mal); was assessed at behavioral
and electrophysiological levels to investigate the possible
pathophysiology associated with Al toxicity and to suggest
a link between high level Al and AD progression. AD is
characterised by impairment in the understanding of time
and place. If Al accumulation in the brain induces spatial
memory impairment, it is conceivable that Al is one of the
important factors impairing brain function and a potential
contributing factor in the etiology and/or pathology of
AD?). However, the exact mechanism of Al neurotoxic-
ity in AD has not yet been reported®®. Measurements
of LTP may provide a sensitive index of the integrity of
cognitive processes affected by Al exposure. However,
there has been very little study on the effects of Al (mal)3
exposure on LTP. The aim of this study was to investigate
the behavioral effects following Al (mal); exposure and to
clarify the in vivo effects of Al on hippocampal LTP that
are induced by Al (mal)s.

Materials and Methods

Material

Aluminium chloride hexahydrate (AlCI3-6H,0), malto-
late, and urethane were purchased from Sigma-Aldrich
Chemical Co. A standard Al solution (1,000 mg/1) was
obtained from Tianjin Aoran Fine Chemical Institute. All
chemicals used were of analytical grade unless otherwise
indicated. Ultrapure water (18 MQ) was obtained by
ultrafiltration of distilled water using a Heal Force ultra-
pure water system. The Morris water maze was purchased
from the Institute of Materia Medica of the Chinese Acad-
emy of sciences. The stereotaxic apparatus was purchased
from Narishige, Japan. A pair of parallel stimulating/
recording electrodes was obtained from Sequim, WA,
USA. An electronic stimulator (SEN-3301) and a coupled
isolator (ss-102 J) were created in Kohden, Japan. The
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multichannel biological signal acquisition/processing sys-
tem was the product of Chengdu Instruments Ltd, China.
The graphite atomic absorption spectrometer (AA240Z)
was ordered from Varian, USA.

Al (mal); preparation

Al (mal); was prepared according to the procedure
described in a previous publication37). AlCIl3-6H,O was
dissolved in distilled water until the final concentration
was 80 mM. Maltolate was dissolved in phosphate buff-
ered saline (PBS) to a final concentration of 240 mM. The
solutions were mixed in equal volumes, and the pH was
adjusted to 7.4 with NaOH 1 M. The resulting Al (mal);
was freshly prepared for each experiment. All solutions
were filter sterilised using 0.22 pm syringe filters immedi-
ately following preparation.

Animal and treatment

Male Sprague-Dawley (SD) rats were purchased from
the Experimental Animal Centre. Prior to experimentation,
rats were group-housed in standard laboratory cages for
one week of habituation in an environment of 22-24°C,
65% humidity, a 12:12 h light-dark cycle and access to
food and water ad libitum. Behavioral screenings were
conducted using the Morris water maze test. Forty rats
(200-220 g body weight) were selected for the present
study. These rats were randomly assigned to five groups
according to body weight. Groups receiving 0.27, 0.54,
or 1.08 mg/kg Al (mal); were given intraperitoneal ad-
ministrations of these concentrations for two months. The
maltolate group received daily i.p. injections of maltolate
at 7.56 mg/kg, and the saline group received daily injec-
tions of an equal volume of normal saline solution. All
injections were performed at the same time.

Behavioral assessment

The Morris water maze test was performed to assess the
spatial memory and learning abilities of the rats. The test
was performed following the method described by Mor-

%) with the minor modifications described below. The

ris
water maze consisted of a black, painted circular water
pool (180 cm in diameter, 80 cm in high), which was di-
vided into four quadrants. The tank was filled with water,
which was maintained at 25°C + 1.0°C. A circular escape
platform (10 cm in diameter) was submerged approxi-
mately 1.0 cm below the surface of the water and placed
at the midpoint of the target quadrant such that the rat
could escape swimming. White curtains containing vari-

ous prominent visual cues surrounded the pool. The water
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maze had 4 starting positions: north, south, east, and west.
The Morris water maze training was recorded by a video
camera mounted overhead, and data were analysed by a
behavior software system. The Morris water maze test was
conducted in two phases, the hidden platform test and the
probe trial. For the hidden platform test, a trial was initi-
ated each day by placing each rat in the water in one of the
four quadrants such that the rat was facing the pool wall.
For each trial, rats were required to search for the platform
for a maximum of 120 s. If a rat failed to find the platform
within 120 s, it was guided to reach the platform by the
experimenter, allowed to remain on the platform for 30 s,
and the time recorded for the trial was 120 s. Four trials
per rat per day were performed, and there was an inter-
trial interval of 2 min. Each rat was exposed to the task
between 8:00 AM to 12:00 AM for five consecutive days.
The daily escape latency for each rat was calculated as the
average of the four trials. The probe trial was performed
on the 6th day. The hidden platform was removed from the
pool, and the animals were given 60 s to swim in the pool
to measure the spatial bias of the rats. The swimming time
in the quadrant of platform and the number of crossings
over the previous platform location were recorded. All be-
havioral tests were conducted in a quiet environment with
subdued lighting.

Electrophysiological recordings

Following the behavioral investigations, electrophysi-
ological tests were performed. The rats were anaesthetised
with urethane (1.5 g/kg, i.p.), and the heads were fixed in
a stereotaxic device for surgeries and recordings. Body
temperature was monitored throughout the experiment,
and a heating pad was used to maintain the temperature of
the animals at 37°C £ 0.5°C. The skull was exposed, and
a pair of parallel stimulating/recording electrodes were
inserted into the hippocampus of rats, with the bipolar
stimulating electrode at the Schaffer collateral/commis-
sural pathway (3.4 mm posterior to bregma, 2.5 mm lateral
to the midline) to induce LTP. The mono-polar recording
electrode was positioned at the stratum radiatum of area
CA1 of the hippocampus (4.2 mm posterior to bregma,
3.8 mm lateral to the midline) to record the field excitatory
postsynaptic potential (fEPSP). The correct placement of
electrodes in the CAl region was confirmed primarily by
electrophysiological criteria. The amplitude of baseline
fEPSP was chosen as 50% of the maximum fEPSP ampli-
tude by adjusting the stimulation pulse intensity. LTP was
induced by a high-frequency stimulus (HFS) protocol con-
sisting of 20 pulses at 200 Hz. Baseline fEPSP recording
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(response to test stimulation prior to HFS) was monitored
for a minimum of 30 min to ensure the steady state of
synaptic responses. Test stimuli were applied again after
following for 1 h to monitor the changes in fEPSP ampli-
tude. The average value of the fEPSP amplitude over the
30 min of baseline recording was defined as 100%, and all
recoded fEPSPs were normalised to this baseline value.

The general natural situation

Because of rat’s body weight was correlated with its Al
intake, data of body weight could be used to control the
confounding factors in the present study. Under subchron-
ic exposure of Al (mal)s, the body weight of rats were
measured weekly. The growth and development situation,
the health appearance, and behavior of rats were observed
every day. After the electrophysiological test, rats were
weighted and were sacrificed immediately to get brain
weights. The ratio of brain to body weight of each rat was
calculated and compared.

Al content in rat cerebral cortex

Approximately 200 mg (wet weight) of fresh neocorti-
cal tissue from the right hemisphere of the brain was
immediately dissolved in a solution consisting of 1.6 ml
of concentrated nitric acid and 0.4 ml of perchlorate acid.
This solution was heated at 120-150°C for four hours,
after which the digested tissue was diluted to 2 ml with
Al-free water. The concentration of Al in the brain was
determined by graphite furnace atomic absorption spec-
trometry using a wavelength of 396.2 nm, slit width of
0.5 nm, lamp current of 10.0 mA, and an injection volume
of 10 pl.

All experimental protocols used in the present work
were approved by the Ethics Committee for Animal Stud-
ies of Shanxi Medical University. All efforts were made to
minimise the number of animals used and their suffering.

Statistical analysis

All of the data are displayed as the mean + SD. All sta-
tistic analyses were performed with the software Statistical
Package for the Social Sciences 13.0. Repeated measures
analysis of variance (ANOVA) and one-way ANOVA were
used to analyse behavioral, electrophysiological and Al
content data. The statistical significance level was defined
as p<0.05.

Results

The general natural situation

Rats in control groups had fine growth and develop-
ment, keep their fur lustrous and glowing, and were lively
and active. Rats in Al (mal); groups remain health. Al-
though subchronic exposure to Al (mal); resulted in slight
loss of total body weight and of brain weight, such effect
was not statistically significant. However, the ratios of
brain to body weight were significantly reduced in 0.54 mg/
kg, 1.08 mg/kg Al (mal); groups compared to the control
groups (p<0.05)(data not shown). Furthermore, rats of
Al (mal); groups appeared fur lustrous poorly, fur loss,
unresponsive of different degrees along with the increase
of Al (mal); dose. None of rats died unexpectedly during
the experimental period.

Al (mal)s treatment impaired learning and memory
behavior

Figure 1, the impairment of Al on spatial learning
and memory was investigated by the Morris water maze
test in rats. The ability to acquire spatial information
was assessed by a hidden platform test. (A) depicts the
mean escape latencies in the learning acquisition test in
different groups. As expected, the average latencies in
searching for the hidden underwater platform decreased
progressively with the increase in training days (p<0.05).
However, when performances on the same training day
were analysed, escape latencies of the Al (mal); groups
were prolonged but no significant differences were found
when compared to those of the saline and maltolate groups
(»>0.05). (B, C) In the probe trail, the swimming time in
the quadrant of platform was significantly decreased in the
Al (mal); groups compared to those of saline and malto-
late groups (p<0.05), at the same time, the Al (mal)3 effect
was detected on the average number of crossings of the
platform site within 60 s, which was significantly reduced
in the Al (mal); groups compared to those of saline and
maltolate groups (p<0.05).

Al (mal)s treatment significantly suppressed LTP in the
CA1 hippocampal area

To investigate the effects of Al (mal); on hippocampal
LTP in vivo, we successfully induced LTP in the CA1 hip-
pocampal area of SD rats by applying HFS to the synaptic
Schaffer collateral/commissural pathway (Fig. 2). (A)
When compared with the saline and maltolate groups, a
significant suppression of LTP by Al (mal); treatment was
observed. The strength of the LTP gradually decayed in
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Fig. 1.
sessed by the Morris water maze. (A) The hidden platform test shows

Al (mal); impaired learning and memory behavior as as-

the average escape latencies required for searching for the hidden
underwater platform. Each point represents the mean + SD. (B, C)
The probe trials indicate the swimming time in the quadrant of plat-
form and the average number of crossings of the platform site within
60 s. Each column represents the mean + SD. For this and all other
figures, different superscripts (* and #) indicate significant differ-
ences (p <0.05) as compared to saline or maltolate groups.
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Fig. 2. Al (mal); suppressed hippocampal LTP in the CA1 region.
(A) The suppressive effect of Al (mal); on LTP in the hippocampal
CALl region. Each point represents the mean + SD. (B) Histograms
showing the average standardised fEPSP amplitudes in five sub-
groups at different time points prior to and following HFS. Each
column represents the mean + SD of the fEPSP amplitude.

the Al (mal)s-treated groups during 1 h of recording. (B)
At 10 min, 20 min, 30 min, 40 min, 50 min and 60 min
following HFS, the average standardised fEPSP amplitude
in all Al (mal)s groups, except the 0.27 mg/kg Al (mal);
group at 10 min following HFS, were significantly de-
creased when compared to those of the saline and malto-
late groups (p<0.05). These results indicate that Al (mal);
induced LTP impairment in the CA1 hippocampal area of
rats.
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Mean cerebral cortex Al content (pg/g) in each group.

(mal); group were significantly increased over levels of the saline and
maltolate groups (p < 0.05).

Differences in the Al content in rat cerebral cortex tissue
in control and experimental groups

Because the observed memory impairment effects were
related to Al in the central nervous system, the levels of
Al in the brains of rats administered saline, maltolate or Al
(mal); were compared. Fig. 3 Al levels in the brain in the
saline and maltolate groups were 19.50 + 4.12 pg/g and
21.63 + 4.05 pg/g, respectively, and were not significantly
different from one another. However, Al content in the
cerebral cortex of Al (mal)s-exposed groups increased
with increasing Al (mal); dosage. The observed levels
were 43.16 + 1.54 pg/g, 58.38 + 3.85 pg/g, and 89.20 +
14.45 pg/g for the 0.27, 0.54, and 1.08 mg/kg Al (mal)3
groups, respectively, and were all significantly higher than
values from the saline and maltolate groups (p<0.05).

Discussion

AD is a progressive form of dementia in the elderly and is
the most prevalent neurodegenerative disease in the world').
It is well established that exposure to Al represents a risk
for the development of AD?”. However, the relationship
between Al and AD is still controversial®"* 2> 3. The major
problem in understanding Al toxicity is the complexity
of Al chemistry speciation in biological systems®?. It is
thought that the biochemical and toxicological behaviors
of Al depend on the chemical form of Al. Furthermore, it
has been shown that Al absorption, tissue retention and
deposition, and excretion depend on the properties of

the AI*" complexes formed with biological ligand525 ). Al
(mal); has been suggested to be able to cross the blood-
brain-barrier, thereby increasing Al-induced neurotoxicity”>
28,400 Moreover, when cells were treated with Al (mal)s,
Al was incorporated into cells*”. It was reported that
Al (mal); had the largest toxicity effect on both neurons
and glia when compared to aluminium lactate, AICI3 and
aluminium fluoride". Langui D has demonstrated that the
percentage of tangle-bearing neurons in culture can be in-
creased up to approximately 20% following treatment with
Al (mal);*”. Furthermore, Tsubouchi R et al. reported that
Al (mal)s induced apoptosis in PC12D cells by enhancing
the generation of reactive oxygen species”. In contrast to
the well-documented Al-induced cellular neurotoxicity,
neurobehavioral studies of Al have generally not produced
robust or consistent results*® ). Therefore, the potential
toxicity of Al (mal); requires further investigation. To con-
tribute to the available literature, the present study evalu-
ated the effects of subchronic i.p. injections of Al (mal)z
on spatial learning and memory and on LTP in the CA1
hippocampal area and on Al content in rat cerebral cortical
tissue were examined for the first time.

It has been suggested that, in some cases, behavioral
changes may be more sensitive than neurochemical altera-
tions as indicators of neurotoxicity and may be observed
during early exposure to Al*". In recent decades, Al
neurotoxicity and its possible role in cognitive function
impairment have been extensively studied> ”. However,
results with respect to these questions are still divergent and
unclear. In the present study, longer escape latencies, fewer
swimming time in the quadrant of platform, and fewer
crossings of the platform site in the Morris water maze task
were observed in the rats exposed to Al (mal);, indicating
a possible Al (mal)s;-induced impairment on spatial learn-
ing and long-term memory. These results are in agreement
with both published data and our previous findings relating
learning and memory with Al-toxicity” ?*. Taken together,
our results indicate that Al (mal); treatment induced spatial
learning and memory deficit in rats.

Advances in neurobiology have produced significant
and relevant physiological discoveries since synaptic
plasticity was first proposed to explain behavioral perfor-
mance. It has been widely accepted that memory forma-
tion is dependent on changes in synaptic efficiency’>.
LTP is an activity-dependent increase in synaptic efficacy
and is widely used as a model to investigate the cellular
mechanisms underlying some forms of vertebrate learning
and memory”> ** *- LTP in the hippocampus Schaffer
collateral-CA1 pathway is considered to be important for
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learning and memory*, and factors that impair learning
and memory have been demonstrated to decrease the
strength of LTP*Y. In the present study, LTP magnitude
decreased in Al (mal); groups, confirming results from
other laboratories, which found that Al impairs hippocam-
pal LTP in rats in vitro and in vivo®* 334647 Although Al
is very poorly absorbed in the gastrointestinal tract, Al-
exposed rats exhibited a significant impairment of spatial
memory ability and the inhibition of population spike (PS)
amplitudes in the CA1 area when they were fed up with
drinking water containing AlCls in different concentrations
for three months®> 4", Moreover, microinjection of Al into
CA3 was shown to block LTP induction in vivo*®. The
present data demonstrate that subchronic exposure to Al
(mal)s has negative effects on hippocampal functioning.
Because there is general agreement that the hippocampus
plays an important role in learning and memory, the
observed deficiency in LTP may be responsible, at least
in part, for the learning and memory deficits in Al (mal)3-
exposed rats.

The possibility remains that elevated levels of Al may
initiate or accentuate the pathogenesis of neurological de-
terioration. Al accumulation in the brain was demonstrated
to induce neuropathy, thereby resulting in the initial
symptom of AD?®. High Al serum levels in aged humans
and Al-exposed experimental animal were found to be
associated with deficient long-term memory*”*”). In the
present study, rats treated with Al (mal); had significantly
higher Al levels in brain tissue than those in the saline
or maltolate groups. These results show that subchronic
Al exposure caused considerable Al accumulation in the
brain, despite the fact that rats are considered to be less
susceptible to Al exposure. Our previous study indicated
that Al levels in the brains of rats following i.p. adminis-
tration of Al (mal); were significantly greater”. The results
of the present study are in agreement with many other
investigations in different experimental animals®® *! 47,

In conclusion, maltolate could strengthen Al-induced
neurotoxicity. Low doses of Al (mal)s can still lead to
dramatic Al accumulation in the brain and severely impair
learning and memory capacities, and hippocampal LTP.
The relationship between plasticity deficiencies and de-
clines in cognitive ability clearly requires further study.

Acknowledgements
We thank all the participants for their cooperation in this

study. The study was supported by Natural Science Foun-
dation of China (30972512), Graduate Innovation Fund

R LIANG et al.

from Academic Degree Committee Office of the People’s
Government of Shanxi Province (20093014), and College
Students Innovation Fund from Shanxi Medical University
(2010-25).

References

1) Lévesque L, Mizzen CA, McLachlan DR, Fraser PE (2000)
Ligand specific effects on aluminum incorporation and
toxicity in neurons and astrocytes. Brain Res 877, 191-202.

2) Tsubouchi R, Htay HH, Murakami K, Haneda M, Yoshino
M (2001) Aluminum-induced apoptosis in PC12D cells.
Biometals 14, 181-5.

3) Ferreira PC, Piai Kde A, Takayanagui AM, Segura-Muiloz
SI(2008) Aluminum as a risk factor for Alzheimer’s
disease. Rev Lat Am Enfermagem 16, 151-7.

4) Satoh E, Yasuda I, Yamada T, Suzuki Y, Ohyashiki T (2007)
Involvement of NO generation in aluminum-induced cell
death. Biol Pharm Bull 30, 1390-4.

5) Chen TJ, Cheng HM, Wang DC, Hung HS (2011) Nonlethal
aluminum maltolate can reduce brain-derived neurotrophic
factor-induced Arc expression through interrupting the
ERK signaling in SH-SY5Y neuroblastoma cells. Toxicol
Lett 200, 67-76.

6) Nayak P (2002) Aluminum: impacts and disease. Environ
Res 89, 101-15.

7) Shuchang H, Qiao N, Piye N, Mingwei H, Xiaoshu S, Feng
S, Sheng W, Opler M (2008) Protective effects of gastrodia
elata on aluminium-chloride-induced learning impairments
and alterations of amino acid neurotransmitter release in
adult rats. Restor Neurol Neurosci 26, 467-73.

8) Flaten TP (2001) Aluminium as a risk factor in Alzheimer’s
disease, with emphasis on drinking water. Brain Res Bull
55, 187-96.

9) Kawahara M (2005) Effects of aluminum on the nervous
system and its possible link with neurodegenerative
diseases. J Alzheimers Dis 8, 171-82.

10) Drago D, Folin M, Baiguera S, Tognon G, Ricchelli F, Zatta
P (2007) Comparative effects of Abeta(1-42)-Al complex
from rat and human amyloid on rat endothelial cell cultures.
J Alzheimers Dis 11, 33-44.

11) Satoh E, Okada M, Takadera T, Ohyashiki T (2005)
Glutathione depletion promotes aluminum-mediated cell
death of PC12 cells. Biol Pharm Bull 28, 941-6.

12) Chen TJ, Hung HS, Wang DC, Chen SS (2010) The
protective effect of Rho-associated kinase inhibitor on
aluminum-induced neurotoxicity in rat cortical neurons.
Toxicol Sci 116, 264-72.

13) Bermejo-Pareja F, Antequera D, Vargas T, Molina JA, Carro
E (2010) Saliva levels of Abetal-42 as potential biomarker
of Alzheimer’s disease: a pilot study. BMC Neurol 10, 108.

14) Kawahara M, Kato-Negishi M (2011) Link between
aluminum and the pathogenesis of Alzheimer’s disease:
the Integration of the aluminum and amyloid cascade

Industrial Health 2012, 50, 428—436



ALUMINIUM AFFECT COGNITIVE COMPETENCE AND LTP

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

hypotheses. Int J Alzheimers Dis 2011, 1-17.

Crapper DR, Krishnan SS, Dalton AJ (1973) Brain
aluminum distribution in Alzheimer’s disease and
experimental neurofibrillary degeneration. Science 180,
S511-3.

Yumoto S, Kakimi S, Ohsaki A, Ishikawa A (2009)
Demonstration of aluminum in amyloid fibers in the cores
of senile plaques in the brains of patients with Alzheimer’s
disease. J Inorg Biochem 103, 1579-84.

Ricchelli F, Drago D, Filippi B, Tognon G, Zatta P
(2005) Aluminum-triggered structural modifications
and aggregation of beta-amyloids. Cell Mol Life Sci 62,
1724-33.

Walton JR (2007) An aluminum-based rat model
for Alzheimer’s disease exhibits oxidative damage,
inhibition of PP2A activity, hyperphosphorylated tau,
and granulovacuolar degeneration. J Inorg Biochem 101,
1275-84.

Gauthier E, Fortier I, Courchesne F, Pepin P, Mortimer J,
Gauvreau D (2000) Aluminum forms in drinking water and
risk of Alzheimer’s disease. Environ Res 84, 234-46.
Ferreira PC, Tonani KA, Julido FC, Cupo P, Domingo
JL, Segura-Muiloz SI (2009) Aluminum concentrations
in water of elderly people’s houses and retirement homes
and its relation with elderly health. Bull Environ Contam
Toxicol 83, 565-9.

Rondeau V, Jacqmin-Gadda H, Commenges D, Helmer C,
Dartigues JF (2009) Aluminum and silica in drinking water
and the risk of Alzheimer’s disease or cognitive decline:
findings from 15-year follow-up of the PAQUID cohort.
Am J Epidemiol 169, 489-96.

Bharathi, Vasudevaraju P, Govindaraju M, Palanisamy
AP, Sambamurti K, Rao KS (2008) Molecular toxicity of
aluminium in relation to neurodegeneration. Indian J Med
Res 128, 545-56.

Kaneko N, Takada J, Yasui H, Sakurai H (2006) Memory
deficit in mice administered aluminum-maltolate complex.
Biometals 19, 83-9.

Dornyei A, Kilyén M, Kiss T, Gyurcsik B, Laczko I,
Pécsvaradi A, Simon LM, Kotorman M (2003) The effects
of AI(III) speciation on the activity of trypsin. J Inorg
Biochem 97, 118-23.

Zhou Y, Yokel RA (2005) The chemical species of
aluminum influences its paracellular flux across and uptake
into Caco-2 cells, a model of gastrointestinal absorption.
Toxicol Sci 87, 15-26.

Kaneko N, Yasui H, Takada J, Suzuki K, Sakurai H
(2004) Orally administrated aluminum-maltolate complex
enhances oxidative stress in the organs of mice. J Inorg
Biochem 98, 2022-31.

Savory J, Herman MM, Hundley JC, Seward RL, Griggs
CM, Katsetos CD, Wills MR (1993) Quantitative studies
on aluminum deposition and its effects on neurofilament
protein expression and phosphorylation, following the
intraventricular administration of aluminum maltolate to

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

435

adult rabbits. Neurotoxicology 14, 9—12.

Johnson VJ, Kim SH, Sharma RP (2005) Aluminum-
maltolate induces apoptosis and necrosis in neuro-2a cells:
potential role for p53 signaling. Toxicol Sci 83, 329-39.
Savory J, Herman MM, Ghribi O (2006) Mechanisms
of aluminum-induced neurodegeneration in animals:
Implications for Alzheimer’s disease. J Alzheimers Dis 10,
135-44.

Zhou Y, Harris WR, Yokel RA (2008) The influence of
citrate, maltolate and fluoride on the gastrointestinal
absorption of aluminum at a drinking water-relevant
concentration: A 2°Al and *C study. J Inorg Biochem 102,
798-808.

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

Farnell BJ, Crapper McLachlan DR, Baimbridge K, De
Boni U, Wong L, Wood PL (1985) Calcium metabolism in
aluminum encephalopathy. Exp Neurol 88, 68—-83.

Wang M, Chen JT, Ruan DY, Xu YZ (2002) The influence
of developmental period of aluminum exposure on
synaptic plasticity in the adult rat dentate gyrus in vivo.
Neuroscience 113, 411-9.

Platt B, Carpenter DO, Biisselberg D, Reymann KG,
Riedel G (1995) Aluminum impairs hippocampal long-term
potentiation in rats in vitro and in vivo. Exp Neurol 134,
73-86.

Wang B, Xing W, Zhao Y, Deng X (2010) Effects of
chronic aluminum exposure on memory through multiple
signal transduction pathways. Environ Toxicol Pharmacol
29, 308-13.

Sethi P, Jyoti A, Singh R, Hussain E, Sharma D (2008)
Aluminium-induced electrophysiological, biochemical and
cognitive modifications in the hippocampus of aging rats.
Neurotoxicology 29, 1069-79.

Langui D, Probst A, Anderton B, Brion JP, Ulrich J (1990)
Aluminium-induced tangles in cultured rat neurones.
Enhanced effect of aluminium by addition of maltol. Acta
Neuropathol 80, 649-55.

Morris R (1984) Developments of a water-maze procedure
for studying spatial learning in the rat. J Neurosci Methods
11, 47-60.

Mizoroki T, Meshitsuka S, Maeda S, Murayama M, Sahara
N, Takashima A (2007) Aluminum induces tau aggregation
in vitro but not in vivo. J Alzheimers Dis 11, 419-27.
Finnegan MM, Lutz TG, Nelson WO, Smith A, Orvig C
(1987) Neutral water-soluble post-transition-metal chelate
complexes of medical interest: aluminum and gallium
tris(3-hydroxy-4-pyronates). Inorg Chem 26, 2171-6.
Baydar T, Papp A, Aydin A, Nagymajtenyi L, Schulz H,
Isimer A, Sahin G (2003) Accumulation of aluminum in rat
brain: does it lead to behavioral and electrophysiological
changes? Biol Trace Elem Res 92, 231-44.

Roman FS, Truchet B, Marchetti E, Chaillan FA, Soumireu-
Mourat B (1999) Correlations between electrophysiological



436

43)

44)

45)

46)

observations of synaptic plasticity modifications and
behavioral performance in mammals. Prog Neurobiol 58,
61-87.

Gilbert ME, Lasley SM (2007) Developmental lead (Pb)
exposure reduces the ability of the NMDA antagonist MK-
801 to suppress long-term potentiation (LTP) in the rat
dentate gyrus, in vivo. Neurotoxicol Teratol 29, 385-93.
Miyamoto E (2006) Molecular mechanism of neuronal
plasticity: induction and maintenance of long-term
potentiation in the hippocampus. J Pharmacol Sci 100,
433-42.

Silva AJ, Paylor R, Wehner JM, Tonegawa S (1992)
Impaired spatial learning in alpha-calcium-calmodulin
kinase II mutant mice. Science 257, 206—11.

Wang M, Chen JT, Ruan DY, Xu YZ (2001) Vasopressin

47)

48)

49)

R LIANG et al.

reverses aluminum-induced impairment of synaptic
plasticity in the rat dentate gyrus in vivo. Brain Res 899,
193-200.

Shi-Lei S, Guang-Yu MA, Bachelor LH, Bachelor ZY,
Dong HM, Xu XH (2005) Effect of naloxone on aluminum-
induced learning and memory impairment in rats. Neurol
India 53, 79-82.

Zou B, Zhang Z, Xiao H, Li A (1998) Effect of aluminum
on long-term potentiation and its relation to L-arg-NO-
pathway in hippocampal CA3 area of rats. J Tongji Med
Univ 18, 193-6.

Bowdler NC, Beasley DS, Fritze EC, Goulette AM, Hatton
JD, Hession J, Ostman DL, Rugg DJ, Schmittdiel CJ (1979)
Behavioral effects of aluminum ingestion on animal and
human subjects. Pharmacol Biochem Behav 10, 505-12.

Industrial Health 2012, 50, 428—436



