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Abstract

Neurobehavioral disorders, except their most overt form, tend to lie beyond the reach of clinicians. Presently, the use of molecular
data in the decision-making processes is limited. However, as details of the mechanisms of neurotoxic action of aluminium become
clearer, a more complete picture of possible molecular targets of aluminium can be anticipated, which promises better prediction of
the neurotoxicological potential of aluminium exposure. In practical terms, a critical analysis of current data on the effects of aluminium
on neurotransmission can be of great benefit due to the rapidly expanding knowledge of the neurotoxicological potential of aluminium.
This review concludes that impairment of neurotransmission is a strong predictor of outcome in neurobehavioral disorders. Key ques-
tions and challenges for future research into aluminium neurotoxicity are also identified.
� 2007 Elsevier Inc. All rights reserved.
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1. Backward-looking to neurotoxicity

Alum has been used as an astringent and as a mordant
in dyeing since the ancient Egyptian, Greek and Roman
times. The isolation of pure aluminium, the 13th element
of the periodic table, in 1827 is generally attributed to
Wohler. The potential neurotoxic action of parenterally
administered aluminium salts was, however, noted earlier
by Orfila (1814) and Siem (1885) [1,2]. The blood clotting
properties of alum led to the discovery of its neurotoxic
effects on man in 1886 [3]. Soon after, in 1897, Döllken
[1] found that the injection of aluminium tartrate into the
brain of a rabbit produced degeneration. Since the begin-
ning of the XX century, the neurotoxicity of aluminium
has been questioned. The first clinical report on human
poisoning by aluminium appeared in the Lancet in 1921,
which mentioned overt neurological symptoms [4]. The
works of Seibert and Wells, Kopeloff and Klatzo are
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among the pioneering studies of the deleterious effects of
aluminium compounds on the Central Nervous System,
namely structural changes in response to systemic adminis-
tration [5], epileptogenic action of alumina cream [6] and
neurofibrillary degeneration in rabbit brain [7].

Nowadays, aluminium is extensively used and its alloys
and compounds are crucial in many industrial fields.
Among them, aluminium oxide and sulfate are the com-
pounds of greatest importance in technological terms.
Curiously, aluminium phosphide (used as a rodenticide,
insecticide and cereal grain fumigant [8]), aluminium fumes
and dust, fibrous forms of aluminium oxide and aluminium
sulfate are substances that appear on lists of toxic chemi-
cals published by agencies devoted to define the relative
toxicity risk of materials. There are only a few existing reg-
ulations and international guidelines for aluminium,
including the ‘‘Drinking water quality guidelines for
aluminium, WHO 2004’’ and the ‘‘Carcinogenicity classifi-
cation for aluminium production, IARC 1987’’. The Envi-
ronmental Health Criteria 194, produced within the
framework of the Inter-Organization Programme for the
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Sound Management of Chemicals, is dedicated to alumin-
ium and was published in 1997, under the joint sponsorship
of the United Nations Environment Programme, the Inter-
national Labour Organisation and the World Health Orga-
nization. The most recent toxicological profile for
aluminium (appeared September 2006) was disseminated
for public comment by the Agency for Toxic Substances
and Disease Registry. According to this study, there is an
adequate basis to conclude that neurotoxicity/neurodevel-
opmental toxicity is the critical effect of oral aluminium
exposure in animals. However, the appropriateness of
extrapolating health effects of aluminium in animals to
humans could not be conclusively determined due to limi-
tations of the human database.

By chronological order, the following pioneering studies
on the human neurological effects of aluminium exposure
have appeared: (1) the incidence of neurological symptoms
and subclinical neurotoxic effects among miners treated
with the prophylactic McIntyre powder and welding, pot-
room, smeltery and foundry workers chronically exposed
to aluminium since 1962 [9]; (2) the aluminium connection
to dialysis encephalopathy since 1972 [10,11]; (3) the possi-
ble role of aluminium in the aetiology of neurodegenerative
diseases, like Alzheimer’s dementia since 1973 [12]; (4) the
onset of neurological symptoms following accidental inges-
tion of aluminium compounds since 1986 [13]; and (5) the
occurrence of aluminium related endemic neurodegenera-
tive diseases, namely the amyotrophic lateral sclerosis
and parkinsonian syndromes of Guam [14], Avyu and
Japoi people of West New Guinea [15] and Kii Peninsula
of Honshu Island in Japan [16]. These pioneering human
studies, as well as some animal neurotoxicity studies, are
depicted in Fig. 1.

One of the most prominent signs of amyotrophic lateral
sclerosis is the accumulation of neurofibrillary tangles.
Therefore, a number of studies to probe whether exposure
to aluminium is associated with neurofibrillar abnormali-
ties have appeared. Garruto et al. [17] showed neurofibril-
lary changes in cynomolgus monkeys fed on a high
aluminium, low calcium diet, simulating conditions associ-
ated with endemic neurodegenerative diseases. Neurofibril-
lary degeneration in rabbit brain was shown to occur after
subcutaneous administration of soluble aluminium salts
[18]. In many other studies, for instance the location of alu-
minium deposits in tangle-bearing neurons by laser micro-
probe mass analysis [19], the simultaneous occurrence of
neurofibrillary tangle formation and accumulation of alu-
minium in the brain have been reported. Recently, new
results on the effect of aluminium on Ab42 permeation at
the striatum and thalamus and sequestration by brain
endothelial cells [20], as well as on the formation of b-
sheets of Ab42 [21] have questioned whether aluminium
participated in the neurotoxic action of amyloid beta-pep-
tide [22]. There is sufficient evidence that aluminium is pres-
ent in the brain and should be considered as a bridging step
to neurotoxicity, since when at the target site, the neuro-
toxic potency of aluminium is fairly high [23].
There is conclusive evidence that aluminium compounds
can reach systemic circulation via different routes, given
that ingestion [24,25], dermal absorption [26] and intra-
muscular injection [27] can raise blood aluminium concen-
trations. Of particular interest is the inhalation-related
intranasal absorption via the olfactory system, because it
is the only portion of the central nervous system that has
direct exposure to the external environment. Intranasal
exposure results in aluminium distribution along olfactory
pathways and uptake into the brain via axonal transport
[28,29]. Excess accumulation of aluminium has been docu-
mented in the olfactory bulb, cortex, hippocampus, entorh-
inal area, and white matter [29]. One study found high
levels of aluminium (ranging from 15 to 250 lg g�1) in
the rat olfactory bulb [30].

The normal level of aluminium in the human brain is
below 2 lg g�1 (w/w) [31], and aluminium concentrations
may increase up to 23 lg g�1 (w/w) in the case of dialysis
encephalopathy [11]. Notably, in addition to oral aluminium
administration induced subacute encephalopathy in non-
dialysed uraemic children [32], overt signs of aluminium
neurotoxicity have been seen in recent times. Reusche et al.
[33] reported a subacute, iatrogenic aluminium-induced
encephalopathy after reconstructive otoneurosurgery, and
the onset of a severe cerebral congophilic angiopathy was
linked to previous exposure to extremely high concentra-
tions of aluminium in drinking water (100–600 mg L�1)
[34]. In both cases, post-mortem determinations of alumin-
ium content in brain samples showed aluminium concentra-
tion ranging from 0.75 lg g�1 (frontal white matter) to
49 lg g�1 (choroid plexus). It is known that aluminium can
cross the blood–brain barrier [35,36] and accumulates in
nerve [37–44] and glial cells [39–43,45], reaching up to micro-
molar concentrations within the cells.

Recently, Aremu and Meshitsuka [46] summarized the
main effects of aluminium on astrocyte function; these
are particularly relevant in the context of the tripartite syn-
apse, a junction of presynaptic terminal and postsynaptic
membrane enveloped by an astrocytic process [47]. This
review will focus on the analysis of the effects of aluminium
on the main steps of neurotransmission, namely synthesis
and storage of neurotransmitters, triggered release from
presynaptic terminal, interaction with receptors on the
postsynaptic cell and inactivation of neurotransmitters.
Neurotransmission is among the most specialized functions
of nervous system, and neurotoxicity may be the most
obvious form of aluminium toxicity. The brain contains
low levels of aluminium burden when compared to other
organs [48,49], and since 1981 we know that the aluminium
content of human brain increases with aging [50].
2. Putative mechanisms of neurotoxicity

The importance of neurotoxic effects when considering
intoxication by the third most abundant element in the
earth’s crust has been highlighted in previous excellent



Fig. 1. The discovery of aluminium neurotoxicity – pioneer human and animal studies. Start points to the discovery of aluminium neurotoxicity are shown in chronological order with human studies at
the top and animal studies below. See above-mentioned references for further information.
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reviews on aluminium toxicity [46,51–63]. Neurobehavioral
alterations and neurodegenerative pathological changes
following exposure to aluminium were considered as
important. As no single unifying mechanism of aluminium
neurotoxicity has been identified, some interconnected
hypotheses were advanced, underscoring different events
as a rationale for the initiation of aluminium toxic insult
to the brain.

Modification of structure and function of cytoskeletal
proteins, which is intimate with accumulation of hyper-
phosphorylated tau protein, misshapen intracellular locali-
zation of neurofibrillary tangles and neurodegeneration,
also leads to breakage of the slow axonal and dendritic
transport systems ([52,56] and cited references). This
hypothesis along with deflagration of an inflammatory
response by up-regulating inflammatory cascades ([64]
and cited references) and induction of apoptotic cell death
by injuring endoplasmic reticulum and mitochondria fol-
lowed by activation of caspase cascade, which carry out
the degradation of the cell ([65] and cited references), are
perhaps, the most documented cases, due to the similarity
with the putative mechanisms of Alzheimer disease.

The early hypothesis of an interaction with multiple
molecules leading to the formation of more stable com-
plexes than those produced with the typical physiological
ligands ([66–68] and cited references) resulted in later mod-
els including: electrostatic crosslinking of methionine con-
taining histone proteins (i.e. chromatin) and DNA ([51]
and cited references); the imbalance of protein phosphory-
lation, energy metabolism and induction of neuronal
excitotoxicity due to formation of chemical stable com-
plexes with ATP ([57,69] and cited references); neuronal
death upon accumulation of ammonia due to aluminium
complexation with aspartic and glutamic acids ([70] and
cited references); selective binding to phosphatidylserine
[71]; binding to phenylalanine and tyrosine hydroxylases,
that are involved in catecholamine synthesis; binding to
transferrin and ferritin, that affects iron metabolism; and
binding to calmodulin, that couples the intracellular Ca2+

signal to many essential cellular processes ([72,73] and cited
references). As aluminium induces conformational changes
in various disease-related cytoskeleton, acidic nuclear and
other proteins, conformational changes in those proteins
could be a primary result of aluminium toxicity, since
diverse human disorders are known to arise from misfold-
ing and aggregation of several proteins (see [63] and cited
references).

Among the most accepted hypotheses is a model involv-
ing exacerbation of oxidative stress by enhancing superox-
ide- and iron-driven oxidation, interfering with iron
transport and storage, decreasing the activity of antioxida-
tive enzymes and facilitating the propagation of lipid per-
oxidation ([62,74] and cited references).

The disruption of calcium homeostasis, leading to eleva-
tion of intracellular concentrations and subsequent deregu-
lation of calcium signalling, with multiple manifestations
associated with proteolysis by calpains and with modula-
tion of cellular activities by Ca2+–calmodulin complex,
protein kinases and phosphatases, has been also suggest
as a putative mechanism of aluminium toxicity ([75] and
cited references).

Several investigators claim that aluminium impairs
intracellular signal transduction pathways, due to binding
to G proteins and alteration of the GTPase activity (G-pro-
tein-mediated second messenger systems), modification of
the adenylate cyclase and phosphodiesterase activities (cyc-
lic AMP second messenger system) and competitive inhibi-
tion of phosphatidylinositol 4,5-bisphosphate (PIP2)
hydrolysis by PIP2-specific phospholipase C (phosphoino-
sitide second messenger-producing system) ([76–78] and
cited references).

Specific stress-related gene expression pattern, including
down- and up-regulation of genes that generate RNA mes-
sages encoding transcription factors, synaptic signaling/
cytoskeletal/neurotrophic elements and proteins involved
in pro-inflammatory/pro-apoptotic signalling ([79] and
cited references), as well as the distress of the blood–brain
barrier permeability, counting the modification of flux of
small peptides (i.e. delta sleep-inducing peptide; b-endor-
phin and enkephalins) and ions into and out of the brain
([80–82] and cited references) have been quoted as the first
deleterious effect of aluminium.

Finally, the above mentioned mechanisms of aluminium
neurotoxicity would certainly impact neurotransmission
and neurotransmission related processes. In point of fact,
this possibility has been frequently considered in many
review articles devoted to the deleterious effects of alumin-
ium [54,57,69,83,84]. Next, the hypotheses that emphasize
neurotransmission related processes as trigger events in
aluminium neurotoxicity will be depicted.

The impairment of glutamate-induced cell death,
through the glutamate/nitric oxide/cyclic GMP and the
glutamate/calpain/microtubule-associated protein-2 path-
ways (Table 1) as a deleterious effect of aluminium was sug-
gested in 2001 [85]. Glutamate is a neurotransmitter and an
excitotoxin. Under physiological conditions, the gluta-
mate/nitric oxide/cyclic GMP pathway plays an important
role in the modulation of intracellular events and of inter-
cellular communication, including long-term potentiation,
a process considered to be the basis for some forms of
learning. The microtubule-associated protein-2 is a key
cytoskeletal phosphoprotein involved in determining neu-
ronal architecture and in mediating cell differentiation.
Under pathophysiological conditions, glutamate, through
the same pathways (the glutamate/nitric oxide/cyclic
GMP and the glutamate/calpain/microtubule-associated
protein-2 pathways), can induce cell death. Briefly, it has
been observed that aluminium can induce a strong and
long-lasting impairment of neuronal signal transduction
pathways associated with glutamate (NMDA) receptors,
including the decline of glutamate-induced (1) activation
of the nitric-oxide synthase and nitric oxide-induced activa-
tion of guanylate cyclase, (2) formation of cyclic GMP, (3)
proteolysis of the microtubule-associated protein-2, (4)



Table 1
Impairment of glutamate-induced cell death through the glutamate/nitric oxide/cyclic GMP pathway and the glutamate/calpain/ microtubule-associated protein-2 pathway

Parameter Effect Exposure protocol Dose/
Concentration

Aluminium
compound

Experimental model Reference

Animal Preparation

Glutamate-induced neuronal death fl (CC50 = 60 vs.
1000 lM)

Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

Glutamate-induced formation of cGMP fl (81%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[276]

fl (77%) Long-term exposure
(8–14 days)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

fl (20%) Short-term exposure
(4 h)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

NMDA-induced formation of cGMP fl (50%) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

In vivo microdialysed
cerebellum

[277]

no effect (›?) Acute exposure (4 h) 5–10 lg*mL�1 AlCl3 Wistar rat
(#; 260–350 g)

In vivo microdialysed
cerebellum

[277]

Glutamate-induced increase in [Ca2+]i no effect Long-term exposure
(8–14 days)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

no effect Short-term exposure
(4 h)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

Calmodulin activity no effect (?) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

Cerebellum homogenate [277]

Calmodulin content fl (33%) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

Cerebellum homogenate [278]

› (61%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

(continued on next page)
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Table 1 (continued)

Parameter Effect Exposure protocol Dose/
Concentration

Aluminium
compound

Experimental model Reference

Animal Preparation

› (107%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Cerebellum homogenate [275]

Glutamate-induced NOS activation fl (85%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

fl (38%) Long-term exposure
(8–14 days)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

no effect Short-term exposure
(4 h)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

NOS content fl (62%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Cerebellum homogenate [275]

fl (52%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

fl (15%) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

Cerebellum homogenate [277]

SNAP-induced formation of cGMP fl (33%) Long-term exposure
(8–14 days)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

fl (33%) Short-term exposure
(4 h)

5*10�5 M AlCl3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

no effect Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(8-day-old)

Primary cultures of
cerebellar neurons

[276]

› (240%) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

In vivo microdialysed
cerebellum

[277]

SNAP-induced activation of
guanylate cyclase activity

› (106%) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

Cerebellum homogenate [277]

Guanylate cyclase activity fl (66%) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

Cerebellum homogenate [277]

Guanylate cyclase content fl (60%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Cerebellum homogenate [275]

fl (33%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

[cGMP]o fl (51%) Chronic exposure
(3–5 weeks)

25 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(#; 260–350 g)

In vivo microdialysed
cerebellum

[277]

Glutamate-induced proteolysis of

MAP-2

fl (completely
abolished)

Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

MAP kinase content no effect Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

no effect Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Cerebellum homogenate [275]

Glutamate-induced disaggregation of

microtubules

fl (completely
abolished)

Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

Number of cells per cerebellum fl (57%) Prenatal exposure
(a.p.p.)

58 mg
(a.d.i.d.w.)

Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

a.p.p., all period of pregnancy; a.d.i.d.w., average daily intake in drinking water; CC50, concentration of glutamate required to induce death of 50% of the neurons; MAP-2, microtubule-associated
protein-2; NMDA, N-methyl-D-aspartic acid; NOS, nitric-oxide synthase; SNAP, S-nitroso-N-acetylpenicillamine (nitric oxide donor).
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disaggregation of microtubules and (5) neuronal death.
The comparative analysis of the results, obtained in differ-
ent cerebellum preparations (in vivo microdialysis, primary
cultures of neurons, tissue homogenates) following in vivo

and in vitro protocols of exposure to aluminium, seems to
suggest that aluminium interferes with several later steps
of the signal transduction pathway coupled to the NMDA
receptor, given that no alteration of the rise in intracellular
Ca2+ concentrations, associated with activation of the
ionotropic NMDA receptor, was observed. The cellular
target of aluminium was not identified in these studies,
since none of the analysed parameters showed the same
response when challenged using different exposure proto-
cols. Conversely, impairment of the intracellular signalling
cascade associated with the glutamate (NMDA) receptor
was clearly demonstrated, which does not seem to involve
the action of aluminium on molecular components of the
neurotransmission machinery, namely the NMDA receptor
and the nitric-oxide synthase.

The so called cholinergic hypothesis ([86] and cited ref-
erences) is mainly based on the assumption that cholinergic
neurons are particularly vulnerable to aluminium insult
because they utilize acetyl-CoA not only for energy pro-
duction but also for acetylcholine synthesis. Thus, intense
cholinergic activity should cause an energy deficit and an
acetyl-CoA deficit should depress cholinergic activity more
than other neurotransmitter systems. Whether both pro-
cesses are triggered independently early on and are inte-
grated at a later stage during exposure to aluminium
remains an open question.

The disturbance of monoamine neurotransmitter metab-
olism in the brain, as a result of inhibition of dihydropter-
idine reductase by aluminium, has been also suggested to
be a putative source of clinical signs of intoxication by alu-
minium [87–90]. Dihydropteridine reductase is the enzyme
responsible for the regeneration of tetrahydrobiopterin,
which is required for the synthesis of tyrosine, L-dihydroxy-
phenylalanine and 5-hydroxytryptophan. Inhibition of
dihydropteridine reductase activity causes phenylalanine
accumulation, which in turn, produces seizures, progressive
cerebral and basal ganglia dysfunction resulting in rigidity,
chorea, spasms and muscle hypotonia. As far as we know
the effect of aluminium on brain dihydropteridine reduc-
tase was not experimentally demonstrated. Meanwhile, an
inverse relationship was found between the erythrocyte
dihydropteridine reductase activity and plasma aluminium
levels in patients with clinical evidence of dialysis encepha-
lopathy [87]. In point of fact, when human erythrocyte
enzyme extracts were incubated with 100 lM AlCl3, 50%
enzyme inhibition was observed [90].

In Fig. 2 are shown the first studies emphasizing the
interference of aluminium with synaptic activities close
linked to neurotransmission and with the main steps of
neurotransmission. The foremost evidences of aluminium
effects on synaptic activities close linked to intercellular
communication mediated by neurotransmitters are
described in the next sections.



1298 P.P. Gonçalves, V.S. Silva / Journal of Inorganic Biochemistry 101 (2007) 1291–1338
3. Neurotransmitter synthesis and storage

The chemical structures of all known neurotransmitters
are well established. There are four broad categories of
neurotransmitters. (1) Neuropeptides, like other secretory
proteins, are synthesized in the cell body as large protein
precursors, after which post-translational processing of just
one precursor molecule can result in a whole spectrum of
different, but related, neurotransmitters that are stored in
vesicles within the presynaptic nerve terminal. (2) Gaseous
neurotransmitters, such as nitric oxide and carbon monox-
ide, are synthesized by specific enzymes, namely nitric-
oxide synthase and heme oxygenase enzyme system, and
are not stored in the presynaptic nerve terminal, because
they are freely diffusing molecules. The remaining two
groups of neurotransmitters are constituted by generally
small, water-soluble molecules, containing amine and car-
boxyl groups, which are synthesized locally within the pre-
synaptic nerve terminal. (3) Some neurotransmitters, like
catecholamines, require a number of synthesizing enzymes,
whereas (4) others (i.e. ATP and glutamate) are regular cel-
lular constituents and have no need of further transforma-
tion. Small molecule neurotransmitters are mostly stored in
acidic vesicles by specific vesicular transporters which are
driven by the protonmotive force arising from vacuolar-
type H+-pumping ATPase.

Sweeney et al. [91] studied six patients with chronic renal
failure who had been treated by repeated haemodialysis.
The mean gamma-aminobutyric acid (GABA) content
was significantly reduced by 49%, 43%, 40%, 36%, 30%
and 22% in occipital cortex, frontal cortex, medial-dorsal
thalamus, caudate nucleus, cerebellar cortex and dentate
nucleus, respectively, in five fatal cases with dialysis
encephalopathy. The aluminium content in frontal gray
matter ranged from 11.0 to 28.7 ng mg�1 dry weight,
whereas the mean value was 6.7 ± 1.8 ng mg�1 dry weight
in 10 control subjects of similar age at death. In the afore-
said study, a clear brain GABA deficiency was demon-
strated in dialysis encephalopathy, which was even more
pronounced than the cholinergic deficit, as evaluated by
measuring the choline O-acetyltransferase (EC 2.3.1.6;
ChAT) activity in frontal, temporal and occipital cortex.
Identical conclusions were attained by Perry et al. [92],
who performed neurochemical analysis in brains of renal
failure patients treated by repeated haemodialysis, regard-
less of whether or not the patient died with unequivocal
dialysis encephalopathy. In addition to GABA depletion
and modest diminished (25%) choline O-acetyltransferase
activity, no significant alterations on the contents of gluta-
mate acid, taurine and monoamine metabolites were
detected. Such an unequivocal depletion of GABA has
never been observed in animal models of aluminium intox-
ication (Table 2).

Neurotransmission is a very dynamic process sustained
by a permanent cycling of neurotransmitter pools. The
overall status of these pools can be evaluated by determin-
ing the neurotransmitter content of nerve cells. Aluminium
effects on neurotransmitter and neuromodulator content
have been evaluated in different preparations (Table 2).
In 1989, Beal et al. [93] examined the content of 12 neuro-
transmitters in 10 different brain regions of rabbits with
aluminium-induced neurofibrillary degeneration. The
regions that were relatively free of neurofibrillary degener-
ation showed unaltered neurotransmitter content. The
most notorious alterations were the substantial reductions
in the concentrations of (1) 5-hydroxytryptamine by 73%,
50% and 43% in the posterior-parietal cortex, entorhinal
cortex and frontal pole, respectively, (2) substance P
(69%), noradrenaline (29%) and cholecystokinin (15%) in
the entorhinal cortex, and (3) taurine and glutamate by,
respectively, 35% and 34% in the posterior-parietal cortex
and by 33% and 20% in the fronto-parietal cortex. Marked
changes in overall catecholamine turnover in the hypothal-
amus were also reported following prolonged exposure to
aluminium in drinking water and dietary intake [94–96].
Accordingly, it was shown that, in response to a single sub-
cutaneous injection of AlCl3 (200 lL of a 3% solution),
mice display profound alteration in the contents of inter-
leukins and prolactin in brain, serum, thymus and liver 8
days after administration [97]. This is relevant, since inter-
leukins and prolactin are small secreted proteins that also
participate in intercellular communication but between leu-
kocytes and in the neuroendocrine system, respectively.
Remarkably, prolactin levels in brain and in serum were
reduced by 85% and 74%, correspondingly, which clearly
showed a profound depletion of this peptide hormone.

It is most likely that none of the neurotransmitter pro-
ducing and degrading enzymes are fully activated under
normal physiological conditions, and any alteration in met-
abolic pathway leads to an alteration of neurotransmitter
homeostasis in such way that an inverse relationship
between the activities of neurotransmitter producing and
degrading enzymes is observed (Table 3). This is particu-
larly evident in the case of enzymes involved in the metab-
olism of glutamate and GABA, which are the major
excitatory and inhibitory neurotransmitters in the central
nervous system, respectively. The alterations in the activi-
ties of glutamate decarboxylase (EC 4.1.1.15; GAD), which
is the sole enzyme responsible for decarboxylation of gluta-
mate to produce GABA, and 4-aminobutyrate transami-
nase (EC 2.6.1.19; GABA-T), which is the major GABA
degrading enzyme and also contributes to the synthesis of
glutamate, seem to be inversely related in most cases. Nev-
ertheless, in the midbrain-hippocampal region both, 4-ami-
nobutyrate transaminase and glutamate decarboxylase,
activities were stimulated by dietetic aluminium intake
[98,99]. It is quite difficult to predict the impact of alumin-
ium-induced alterations on glutamate and GABA produc-
ing and degrading enzymes in neurotransmission, since
glutamate is a ubiquitous metabolite and GABA, if not
used as neurotransmitter, is also easily incorporated into
the citric acid cycle through the GABA shunt.

The metabolism of neurotransmitters, as indicated by
neurotransmitter content and activities of specific enzymes



Table 2
Aluminium effect on the neurotransmitter content of the brain

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

Ach fl (78%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptic vesicles from
corpus striatum

[125]

fl (49%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptic vesicles from
hippocampus

[125]

fl (26%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptic vesicles from
cerebral cortex

[125]

fl (11%)
(3.52 ng
Al*mg�1 Ts)

Chronic exposure
(30–90 days)

0.25–1 g*Kg�1 Bw;
1.73–3.52 ng*mg�1 Ts
(daily; in drinking water)

KAl(SO4)2 Æ 12
H2O

NIH mouse
(#; 22.5 ± 1.5 g)

TCA extract of the
brain

[214]

no effect [145,282]
Alanine no effect [93]
Aspartate no effect [93,236]
Cholecystokinin fl (15%) Single-dose exposure 108 ll of 1% solution

(I.C.V. application)
AlCl3 New Zealand rabbit

(2–3 Kg)
Entorhinal cortex [93]

Dopamine fl (40%) Subchronic exposure
(2 weeks+7 week
recovery)

40 mg*Kg�1 Bw
(daily; I.G.
application)

AlCl3 Wistar rat
(#; 8-day-old)

Striatum [217]

no effect [208]
GABA › (43%)

(maximal effect)
Single-dose exposure Subpial injection into the left pre- and

postcentral gyrus
Aluminium
hydroxide gel

Epileptic monkey
over
2 years (#; 4–6 Kg)

Homogenate of
cortica
sample

[159]

› (36%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 94 vs. 53 ng*mg�1

Ts (daily; I.P. injection)
AlCl3 Æ 6H2O Wistar rat

(#; 80–100 g)
Thalamic area
homogenate

[99]

no effect [93,98,208,227]
fl Single-dose exposure Subpial injection into the left pre- and

postcentral gyrus
Aluminium
hydroxide gel

Epileptic monkey
over
2 years (#; 4–6 Kg)

Cerebrospinal fluid
sample

[159]

fl (15%) Chronic exposure
(35 days)

10.6 mg*Kg�1 Bw; 2.043 vs.
0.178 ppm Ts (daily; gavage)

Al2(SO4)3 Æ 18H2O Albino rat
(#; 120–150 g)

Brain [283]

fl (33%) Chronic exposure
(35 days)

21.2 mg*Kg�1 Bw; 2.371 vs.
0.178 ppm Ts (daily; gavage)

Al2(SO4)3 Æ 18H2O Albino rat
(#; 120–150 g)

Brain [283]

Glutamate › (63%) Chronic exposure
(35 days)

21.2 mg*Kg�1 Bw; 2.371 vs.
0.178 ppm Ts (daily; gavage)

Al2(SO4)3 Æ 18H2O Albino rat
(#; 120–150 g)

Brain [283]

› (46%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 85 vs. 42 ng*mg�1

Ts (daily; I.P. injection)
AlCl3 Æ 6H2O Wistar rat

(#; 80–100 g)
Midbrain-
hippocampal
region homogenate

[99]

› (45%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 90 vs. 45 ng*mg�1

Ts (daily; I.P. injection)
AlCl3 Æ 6H2O Wistar rat

(#; 100–120 g)
Midbrain-
hippocampal
region homogenate

[98]

› (34%) Chronic exposure
(35 days)

10.6 mg*Kg�1 Bw; 2.043 vs.
0.178 ppm Ts (daily; gavage)

Al2(SO4)3 Æ 18H2O Albino rat
(#; 120–150 g)

Brain [283]

› (34%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 38 vs. 25 ng*mg�1

Ts (daily; I.P. injection)
AlCl3 Æ 6H2O Wistar rat

(#; 100–120 g)
Cerebellum
homogenate

[98]

› (34%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 40 vs. 28 ng*mg�1

Ts (daily; I.P. injection)
AlCl3 Æ 6H2O Wistar rat

(#; 80–100 g)
Cerebrum
homogenate

[99]

› (34%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 42 vs. 28 ng*mg�1

Ts (daily; I.P. injection)
AlCl3 Æ 6H2O Wistar rat

(#; 80–100 g)
Cerebellum
homogenate

[99]

(continued on next page)
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Table 2 (continued)

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

› (33%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 82 vs. 49 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Thalamic area
homogenate

[98]

› (29%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 94 vs. 53 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Thalamic area
homogenate

[99]

› (23%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 41 vs. 27 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebrum homogenate [98]

› (23%) Chronic exposure (35 days) 5.3 mg*Kg�1 Bw; 1.728 vs. 0.178 ppm Ts
(daily; gavage)

Al2(SO4)3 Æ
18H2O

Albino rat
(#; 120–150 g)

Brain [283]

no effect [236]
fl (20%) Single-dose exposure 104 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit

(2–3 Kg)
Fronto-parietal cortex [93]

fl (34%) Single-dose exposure 106 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit
(2–3 Kg)

Posterior-parietal
cortex

[93]

Glycine no effect [227]
5-HT fl (73%) Single-dose exposure 106 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit

(2–3 Kg)
Posterior-parietal
cortex

[93]

fl (50%) Single-dose exposure 108 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit
(2–3 Kg)

Entorhinal cortex [93]

fl (43%) Single-dose exposure 105 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit
(2–3 Kg)

Frontal pole [93]

fl(day 4) ›?(day 14)
›(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Olfactory lobe
homogenate

[284]

fl(day 4) ›(day 14)
fl(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Cerebellum
homogenate

[284]

›(day 4) fl?(day 14)
fl?(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Pons homogenate [284]

›(day 4) fl?(day 14)
fl?(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Medulla oblongata
homogenate

[284]

›(day 4) ›?(day 14)
fl?(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Spinal cord
homogenate

[284]

fl(day 4) ›(day 14)
›(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Hypothalamus
homogenate

[284]

›(day 4) fl(day 14)
fl(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Hippocampus
homogenate

[284]

›?(day 4) ›(day 14)
fl? (day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Striatum homogenate [284]

›(day 4) fl(day 14)
fl(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Midbrain homogenate [284]

fl?(day 4) fl?(day 14)
fl(day 60)

Chronic exposure (up to 60 days) 320 mg*Kg�1 Bw (daily; gavage) AlCl3 Æ 6H2O Wistar rat
(#; 3-month-old)

Cortex homogenate [284]
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fl (20%) Subchronic exposure
(2 weeks+7 week recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat (#; 8-day-old) Brain cortex [217]

fl (20%) Subchronic exposure
(2 weeks+7 week recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat (#; 8-day-old) Hippocampus [217]

fl (20%) Subchronic exposure
(2 weeks+7 week recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Septum [217]

fl (20%) Subchronic exposure
(2 weeks+7 week recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Striatum [217]

fl (40%) Subchronic exposure
(2 weeks+7 week recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Brainstem [217]

Neuropeptide
Y

no effect [93]

Noradrenaline fl (60%) Subchronic exposure
(2 weeks+7 week recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Striatum [217]

fl (25%) Subchronic exposure
(2 weeks+7 week recovery)

42 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Septum [217]

fl (25%) Subchronic exposure
(2 weeks+7 week recovery)

44 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Brainstem [217]

fl (29%) Single-dose exposure 108 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit
(2–3 Kg)

Entorhinal cortex [93]

fl (27%)
(at TDmax)

Single-dose exposure
(evaluated after 7 days)

0.025–2.5 lmol per lateral ventricle
(I.C.V. injection)

AlCl3 Sprague-Dawley rat
(225–250 g)

Hippocampus [285]

fl (25%) Subchronic exposure
(2 weeks+7 week recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Brain cortex [217]

Somatostatin no effect [93]
Substance P fl (69%) Single-dose exposure 108 ll of 1% solution

(I.C.V. application)
AlCl3 New Zealand rabbit

(2–3 Kg)
Entorhinal cortex [93]

Taurine fl (35%) Single-dose exposure 106 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit
(2–3 Kg)

Posterior-parietal cortex [93]

fl (33%) Single-dose exposure 104 ll of 1% solution (I.C.V. application) AlCl3 New Zealand rabbit
(2–3 Kg)

Fronto-parietal cortex [93]

VIP no effect [93]

Ach, acetylcholine; Bw, body weight; GABA, c-aminobutyric acid; 5-HT, 5-hydroxytryptamine; I.C.V., intracerebroventricular; I.G., intragastric; I.P., intraperitoneal; TCA, trichloroacetic acid;
TDmax, maximal tolerated dose; Ts, tissue; VIP, vasoactive intestinal polypeptide.
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Table 3
Aluminium effect on the activity of neurotransmitter synthesizing enzymes

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

ACh

Choline
O-acetyltransferase
(EC 2.3.1.6)

fl (73%) (50
ppm Al in Ts)

Reaction medium 0–50 ppm AlCl3 Pure enzyme prepared from human
placenta

[124]

fl (58%) Chronic exposure
(90 days)

100 mg*Kg�1 Bw (daily; oral administration) AlCl3 Long-Evans rat
(2-month-old)

Partial purified
enzyme from brain

[124]

fl (58%) Chronic exposure
(90 days)

100 mg*Kg�1 Bw; 22.2 vs. 6.6 ppm in Ts
(daily; oral administration)

AlCl3 (in 1%
CMC)

Long-Evans rat
(2-month-old)

Acetone extract of the
brain

[127]

fl (58%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptosomes from
hippocampus

[125]

fl (40%) Single-dose
exposure

108 ll of 1% solution (I.C.V. application) AlCl3 New Zealand
rabbit (2–3 Kg)

Hippocampus [93]

fl (38%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptosomes from
cerebral cortex

[125]

fl (33%)
(maximal effect)

Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.91–2.21 vs. 1.96 ng*mg�1

Dw (5 day a week; I.P. injection)
AlCl3 Wistar rat

($; 100 g)
Striatum [120]

fl (30%)
(maximal effect)

Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 2.03–3.10 vs. 1.96 ng*mg�1

Dw (5 day a week; I.P. injection)
Aluminium
gluconate

Wistar rat
($; 100 g)

Striatum [120]

fl (29%) Preincubation
(1 day)

10�3 M AlCl3 Differentiated SN56.B5.G4 cells [112]

fl (29%) Preincubation
(3 days)

10�3 M AlCl3 Differentiated SN56.B5.G4 cells [111,113]

fl (27%) Single-dose
exposure

108 ll of 1% solution (I.C.V. application) AlCl3 New Zealand
rabbit (2–3 Kg)

Entorhinal cortex [93]

fl (27%)
(maximal effect)

Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.16–1.92 vs. 0.87 ng*mg�1

Dw (5 day a week; I.P. injection)
AlCl3 Wistar rat

($; 100 g)
Hippocampus [120]

fl (25%)
(maximal effect)

Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.45–1.80 vs. 0.87 ng*mg�1

Dw (5 day a week; I.P. injection)
Aluminium
gluconate

Wistar rat
($; 100 g)

Hippocampus [120]

fl (25%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptosomes from
corpus striatum

[125]

fl (23%)
(maximal effect)

Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.22–2.15 vs. 1.19 ng*mg�1

Dw (5 day a week; I.P. injection)
AlCl3 Wistar rat

($; 100 g)
Parietal cortex [120]

fl (23%) Chronic exposure
(90 days)

30 mg*Kg�1 Bw; 16.1 vs. 6.6 ppm in Ts
(daily; oral administration)

AlCl3
(in 1% CMC)

Long-Evans rat
(2-month-old)

Acetone extract of the
brain

[127]

fl (23%) Chronic exposure
(90 days)

30 mg*Kg�1 Bw; 16.1 vs. 6.6 ppm in Ts
(daily; oral administration)

AlCl3 Long-Evans rat
(2-month-old)

Partial purified
enzyme from brain

[124]

no effect [115,117,145,282]
› (37%); ›
Vmax (48%)

Culture medium
(4 days)

1–2*10�3 M Aluminium
lactate

NG108–15 hybrid (neuroblastoma
· glioma) cells in culture

[158]
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GABA

Glutamate
decarboxylase
(EC 4.1.1.15)

› (108%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 40 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Cerebrum homogenate [98]

› (43%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 41 vs. 27 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Cerebrum homogenate [99]

› (40%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 94 vs. 53 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Thalamic area homogenate [98]

› (36%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 42 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Cerebellum homogenate [98]

› (36%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 90 vs. 45 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Midbrain-hippocampal region
homogenate

[99]

› (33%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 85 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Midbrain-hippocampal region
homogenate

[98]

› (22%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 38 vs. 25 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Cerebellum homogenate [99]

› (18%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 82 vs. 49 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Thalamic area homogenate [99]

› (5%) Chronic exposure
(49 days)

150 mg elemental Al*Kg�1 Bw
(daily; S.C. injection)

Al(OH)3 Wistar rat (young adult) Frontal cortex [208]

fl (60%)
(maximal effect)

Single-dose
exposure

Subpial injection into the left pre- and
postcentral gyrus

Aluminium
hydroxide gel

Epileptic monkey over 2 years
(#; 4–6 Kg)

Homogenate of cortical
sample

[159]

fl (60%)
(maximal effect)

Culture medium
(4 days)

1–4*10�3 M Aluminium
lactate

NG108-15 hybrid (neuroblastoma · glioma)
cells in culture

[158]

Glutamate

4-
Aminobutyrate

transaminase
(EC 2.6.1.19)

› (74%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 90 vs. 45 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Midbrain-hippocampal region
homogenate

[99]

› (35%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 85 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Midbrain-hippocampal region
homogenate

[98]

fl (27%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 41 vs. 27 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Cerebrum homogenate [99]

fl (27%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 40 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Cerebrum homogenate [98]

fl (41%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 94 vs. 53 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Thalamic area homogenate [98]

fl (41%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 42 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 80–100 g) Cerebellum homogenate [98]

fl (42%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 38 vs. 25 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Cerebellum homogenate [99]

fl (51%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 82 vs. 49 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Thalamic area homogenate [99]

Aspartate
transaminase
(EC 2.6.1.1)

fl (12%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 93 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Midbrain-hippocampal region
homogenate

[104]

fl (10%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 90 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Thalamic area homogenate [104]

no effect (fl?) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 49 vs. 29 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Cerebrum homogenate [104]

› (2%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 48 vs. 31 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat (#; 100–120 g) Cerebellum homogenate [104]

(continued on next page)
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Table 3 (continued)

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

Alanine
transaminase
(EC 2.6.1.2)

› (25%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 48 vs. 31 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebellum homogenate [104]

› (25%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 49 vs. 29 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebrum homogenate [104]

› (51%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 90 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Thalamic area homogenate [104]

Nitric oxide

Nitric-oxide
synthase
protein
content

fl (62%) Prenatal exposure
(a.p.p.)

58 mg (a.v.d.i.d.w.) Al2(SO4)3 Wistar rat
(7-day-old)

Cerebellum homogenate [275]

fl (52%) Prenatal exposure
(a.p.p.)

59 mg (a.v.d.i.d.w.) Al2(SO4)3 Wistar rat
(7-day-old)

Primary cultures of
cerebellar neurons

[275]

fl (15%) Chronic exposure
(3–5 weeks)

25 mg (a.v.d.i.d.w.) Al2(SO4)3 Wistar rat
(#; 260–350 g)

Cerebellum homogenate [277]

fl (6 months to
Emax)

Chronic exposure
(0.5–12 months)

33 mg (a.v.d.i.d.w.) Al2(SO4)3 Wistar rat (200 g) Brain cortical sections
(in vivo fixation; 25 lm
thick)

[127]

Nitric-oxide
synthase
(EC 1.14.13.39)

› (65%) Chronic exposure
(21 days)

3 mg aluminium (every third day; I.P.
injection)

Aluminium
gluconate

Sprague-Dawley rat
(125–150 g)

Cerebellum homogenate [105]

› (62%) Short-term exposure
(3 days)

54 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Sprague-Dawley rat
(125–150 g)

Cerebellum homogenate [105]

AMT insensitive
nitric-oxide
synthase

› (65%) Chronic exposure
(21 days)

3 mg aluminium (every third day; I.P.
injection)

Aluminium
gluconate

Sprague-Dawley rat
(125–150 g)

Cerebellum homogenate [105]

› (62%) Short-term exposure
(3 days)

54 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Sprague-Dawley rat
(125–150 g)

Cerebellum homogenate [105]

ACh, acetylcholine; AMT, 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine hydrochloride (inhibitor of the neuronal nitric-oxide synthase); a.p.p., all period of pregnancy; a.v.d.i.d.w., average daily
intake in drinking water; Bw, body weight; CMC, carboxyl-methyl cellulose; Dw, dry weight; Emax, maximal effect; GABA, c-aminobutyric acid; I.C.V., intracerebroventricular; I.P., intraperitoneal;
S.C., subcutaneous.; Ts, tissue; Vmax, maximal velocity.
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responsible for their synthesis and degradation (see Section
6), is altered in response to aluminium exposure. These
alterations seem to be brain region specific and dependent
on manoeuvring homeostasis of ion and energy conduction
and on protein expression. Thus, the observed alterations
could be attributed to direct or indirect effects of alumin-
ium on protein synthesis and breakdown and interaction
with neurotransmitter synthesis and degradation, through
a series of reactions that depends on many enzymatic path-
ways and regulatory mechanisms. In point of fact, neuro-
transmitter balance is a multifaceted process that may
involve contributions from other cells rather than from
presynaptic cells alone. For instance, GABA, glutamine
and glutamate share some common metabolic routes
involving astrocytes that may alter the availability of these
neurotransmitters in the presynaptic nerve terminal, since it
has been demonstrated that aluminium interferes with the
integrated neuronal/glial pathway of glutamate–glutamine
interconversion, known as the glutamate–glutamine cycle
[100,101]. Moreover, Zatta et al. [102] demonstrated that
in vitro incubation of rat brain homogenates with micro-
molar aluminium produces profound alterations in the
activity of Krebs cycle enzymes and glutamate dehydroge-
nase (EC 1.4.1.3) [102]. The complexity of compartmenta-
tion of glutamate metabolism within nerve terminals is not
fully understood [103]. Yet, it is plausible to assume that
the reported inhibition by aluminium of glutamate dehy-
drogenase [102] and aspartate transaminase (EC 2.6.1.1)
[104] could cause the compromise the synaptic function.

In nitroxidergic neurons, nitric oxide is synthesized by
neuronal nitric-oxide synthase (EC 1.14.13.39; nNOS). In
this reaction, the guanidino nitrogen of L-arginine under-
goes a five-electron oxidation via an N-x-hydroxy-L-argi-
nine intermediate to yield nitric oxide and L-citrulline, in
the presence of O2 and the cofactors nicotinamide adenine
dinucleotide phosphate, flavin adenine dinucleotide, flavin
mononucleotide, heme and tetrahydrobiopterin, as well
as a Ca2+–calmodulin complex. Acute and chronic expo-
sure to aluminium stimulates nitric-oxide synthase in cere-
bellum, mostly due to the augmentation of the activity of
the enzyme present in glial cells, whose contribution to
the total cerebellar activity is �70% under resting condi-
tions [105]. Amstrong et al. [106] observed that administra-
tion of aluminium in drinking water significantly reduces
total brain biopterins and tetrahydrobiopterin synthesis.
Tetrahydrobiopterin is not only a cofactor for nitric-oxide
synthase, but also for three pteridine-requiring monooxy-
genases that hydroxylate aromatic L-amino acids, namely
tyrosine, tryptophan and phenylalanine hydroxylases.
Thus, the intracellular concentration of tetrahydrobiop-
terin may regulate the synthesis of catecholamines from
tyrosine and of 5-hydroxytryptamine and melatonin from
tryptophan. Actually, imbalance in brain biopterins may
cause a deficit of various neurotransmitters, including
dopamine, noradrenaline, adrenaline, 5-hydroxytrypta-
mine and nitric oxide [107]. On the other hand, it was also
shown that aluminium can act as a mixed inhibitor of
dopamine b-monooxygenase (EC 1.14.17.1), which is
responsible for the synthesis of noradrenaline [108]. More-
over, Nishida [109] suggested that Al3+ can interact with
the catalytic center of tyrosine hydroxylase.

Acetylcholine synthesis is a process that only occurs in
presynaptic nerve terminals of cholinergic neurons. Acetyl-
choline is synthesized from choline and acetyl-CoA by the
enzyme choline O-acetyltransferase to form acetylcholine,
which is stored in synaptic vesicles. It has been demon-
strated that aluminium interferes with the metabolism of
acetyl-CoA, leading to a decrease in mitochondrial
acetyl-CoA content [110]. As elevated cholinergic activity
stimulates acetyl-CoA synthesis in order to supply it for
synthesis of acetylcholine, the deleterious effects of alumin-
ium on this metabolic pathway are more prominent in cho-
linergic nerve terminals [111–113]. The choline used for the
synthesis of acetylcholine is either transported from the
synaptic cleft (see Section 6) to the presynaptic nerve termi-
nal or is derived from phosphatidylcholine. Choline is then
covalently linked with an activated acetyl unit from acetyl-
CoA to form acetylcholine by choline O-acetyltransferase.
In spite of some authors reporting no effects of aluminium
on this enzyme activity [114–117], a decline of choline O-
acetyltransferase activity following in vivo exposure to alu-
minium has been consistently observed [93,118–127], which
can be, in part, warranted by cyclooxygenase-2 induced
reduction of choline O-acetyltransferase protein expression
[128]. In fact, gene up- and down-regulation of cyclooxy-
genase-2 and choline O-acetyltransferase, respectively,
have been detected in aluminium-treated cells in culture
[79]. However, aluminium also produces a huge inhibition
of the purified enzyme in a concentration-dependent way
[124]. Conversely, in focal lumbar aluminium myelopathy,
a model of aluminium-induced neurofibrillary degenera-
tion, a significant decrease of choline O-acetyltransferase
activity in the sciatic nerve seems to be compensated by
increasing the rate of enzyme delivery [118].

Intriguingly, no remarkable changes in acetylcholine
content in different regions of the brain following distinct
protocols of exposure were observed by the majority of
investigators, with the exception of Julka et al. [125]. These
researchers performed a detailed investigation into the
effects of aluminium exposure on the presynaptic choliner-
gic system of the rat, which included the analysis of
enzymatic activities responsible for the synthesis and
degradation of acetylcholine, choline uptake, quantifica-
tion of acetylcholine receptors and the synaptic vesicle con-
tent in acetylcholine. All neurochemical parameters
showed lower values, including the vesicular content of
acetylcholine that was reduced up to 78% in corpus
striatum.

Information regarding the neurotransmitter vesicular
pool is scarce. Most of the neurotransmitter transport pro-
cesses across the membranes of synaptic vesicles are driven
by the electrochemical gradient of protons generated by a
V-type H+-ATPase. In the presence of aluminium the lyso-
somal V-type H+-ATPase is reduced, compromising acidic
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vesicle functionality [129]. However, this does not seem to
be the case for the proton pump of synaptic vesicles pre-
sented in presynaptic terminals of mammalian brain
(unpublished observation).

Another important outcome of the presence of alumin-
ium at the synapse could be the reduction of effective con-
centrations of neurotransmitters with biological activity,
due to binding of aluminium to neurotransmitter mole-
cules. It has been shown that Al3+ binds at two metal-bind-
ing sites of enkephalin, involving the Tyr1CO and
Leu5COO� groups of the neuropeptide in dimethyl sulph-
oxide solution [130]. Moreover, [D-Pen2,D-Pen5]enkephalin,
when intraventricularly injected, transiently reduces the
aluminium content of striatum and parietal cortex in
chronically exposed rats to AlCl3 [131]. Rao et al. [132]
showed that neuropeptide Y complexes with aluminium,
altering its biological activity. Accordingly, the neuropep-
tide Y pattern was found to be altered in rat cerebral cortex
following exposure to aluminium [127]. It is plausible that
aluminium may interfere with purinergic, catecholaminer-
gic, 5-hydroxytryptaminergic and glutamatergic neuro-
transmissions given that, at least in water, aluminium
also forms stable complexes with adenosine 5 0-phosphates
[133,134], catecholamines, 5-hydroxytryptamine [135–
137], aspartate and glutamate [138–140]. Finally, alumin-
ium, in the form of aluminium phosphide, interacts with
the mitochondrial redox chain components leading to the
impairment of electron transfer along the respiratory chain
and ATP depletion [141]. Moreover, phosphine, generated
from aluminium phosphide, induces oxidative damage in
various tissues, including the brain [142].

4. Triggered release of neurotransmitters

At presynaptic nerve terminals, neurotransmitter release
occurs at both, low and high frequency rates, to be exact,
transmitter molecules are released at a low level spontane-
ously and at higher levels upon stimulation. In general,
neuronal signalling is further associated with regulated syn-
aptic release, as in the case of the neurotransmitter efflux
triggered by the arrival of an action potential (or nerve
impulse). In addition to the release in restricted regions
of the presynaptic plasma membrane, called active zones,
efflux of some neurotransmitters, like catecholamines and
amino acids, from the cytoplasmic compartment also
occurs through the reversal of the respective plasma mem-
brane transporters. At the active zones, a series of mem-
brane fusion and trafficking events, underlying regulated
exocytosis, are thought to organize quantal discharge of
the vesicular neurotransmitter pool and recycling and refill-
ing of secretory vesicles. Alternatively, quantal release
could also arise from the cytoplasm through a membrane
mediatophore, at least in the case of acetylcholine. Neuro-
transmitter release at active zones is a highly coupled event,
where transient Ca2+ spikes and many other processes sup-
port the full panoply of exocytotic patterns, including fluc-
tuations in quantal size and release rate. Most neuronal
populations release more than one neurotransmitter in
response to stimulation. The simultaneous release of sev-
eral neurotransmitters at different rates enhances the spa-
tial and temporal control of synaptic transmission and
increases the plasticity of neurotransmission.

There is hardly any information regarding the effect of
aluminium on neurotransmitter release by presynaptic
nerve cells (Table 4).

In the presence of extracellular Ca2+, depolarizing con-
centrations of K+ trigger quantal release of neurotransmit-
ters, the so called Ca2+-dependent, K+ depolarization
induced release. In cholinergic nerve terminals, aluminium
leads to severe impairment of the quantal transmitter pool
[143–145]. However, the mechanism of action is not com-
pletely understood. The inhibitory effect of aluminium is
likely to be tightly linked to the availability of acetyl-
CoA and choline for the synthesis of acetylcholine during
intensive firing. In matter of fact, aluminium partially
reverses the suppressive effects of verapamil on acetyl-
CoA content and acetylcholine release [144]. On the other
hand, aluminium effects match those of ouabain and seem
to be proportional to the degree of (Na+/K+)ATPase inhi-
bition, that holds down-regulation of choline uptake and
acetylcholine release in rat brain synaptosomes [146]. Fol-
lowing intracerebroventricular injection of aluminium lac-
tate, attenuation of baseline and K+ depolarization
induced acetylcholine release was also observed during
in vivo microdialysis, which allows the collection of acetyl-
choline from brain extracellular fluid [147,148]. Interest-
ingly, prolonged exposure of isolated cutaneous pectoris
neuromuscular junction of the frog to aluminium contain-
ing solutions initially increase spontaneous and stimula-
tion-induced release of acetylcholine but ultimately cause
irreversible discontinuation of releasing activity under
stimulation [54,149].

It is widely accepted that depolarization of presynaptic
nerve terminals triggers GABA and glutamate release by
two distinct mechanisms, reversal of the high-affinity
uptake system (Ca2+-independent component) and exocy-
tosis (Ca2+-dependent component). Neurotransmitter
transporter reversal has long been recognized to occur dur-
ing certain pathological conditions, but new data demon-
strate that some transporters can also reverse in response
to physiological changes in substrate gradients and mem-
brane potential [150]. Aluminium seems to interfere with
both components of the release of these amino acid neuro-
transmitters [151,152]. It has been suggested that alumin-
ium may reduce the Ca2+-dependent component of
glutamate release by blocking depolarization induced
Ca2+ influx [151]. The GABA transport system, operating
either in forward or backward directions, requires phos-
phorylation of internally localized calcineurin-sensitive
sites to achieve maximal net translocation velocity. Thus,
the stimulatory action of aluminium on the Ca2+-indepen-
dent component of GABA release has been interpreted as
relieve by aluminium of the Ca2+ modulatory action on
the GABA transporter [152]. In fact, aluminium completely



Table 4
Aluminium effect on neurotransmitter release

Parameter Effect Exposure protocol Dose/
Concentration

Aluminium
compound

Experimental model Reference

Animal Preparation

ACh

4-Aminopyridine induced release no effect (fl?) Preincubation (15 min) 5*10�4 M AlCl3 Æ 6H2O Wistar rat (#) Crude synaptosomal (P2)
fraction from cerebral cortex

[231]

Ca2+-dependent, K+ depolarization
induced release

fl (completely
abolish)

Preincubation (3 days) 10�4 M AlCl3 Non-differentiated SN56.B5.G4 cells [145]

fl (completely
abolish)

Preincubation (30 min) 2.5*10�4 M AlCl3 Non-differentiated SN56.B5.G4 cells [145]

fl (completely
abolish)

Preincubation (3 days) 10�4 M AlCl3 Differentiated SN56.B5.G4 cells [145]

fl (completely
abolish)

Preincubation (30 min) 2.5*10�4 M AlCl3 Differentiated SN56.B5.G4 cells [145]

fl (80%) Preincubation (15 min;
extracellular solution)

3*10�4 M AlCl3 Wistar rat
(#; adult)

Whole brain (minus
cerebellum) synaptosomes

[146]

fl (65%) Bath application
(extracellular solution)

2.5*10�4 M AlCl3 Wistar rat
(#; 100–200 g)

Brain synaptosomes [143]

fl (21% at
250 lM)

Bath application
(extracellular solution)

5*10�5 –
2.5*10�4 M

AlCl3 Wistar rat
(#; 200–250 g)

Forebrain synaptosomes [144]

Verapamil sensitive, Ca2+-dependent,
K+ depolarization induced release

fl Bath application
(extracellular solution)

1.2–2.5*10�4 M AlCl3 Wistar rat
(#; 200–250 g)

Forebrain synaptosomes [144]

SNP stimulated, Ca2+-dependent,
K+ depolarization induced release

no effect [143]

GABA

Ca2+-independent, K+ depolarization
induced release in the presence of Ca2+

› Bath incubation
(extracellular solution)

3*10�4 M AlCl3 Sheep Synaptic plasma membrane
vesicles from brain cortex

[152]

Ca2+-independent, K+ depolarization
induced release in the absence of Ca2+

no effect [152]

Glutamate

Ca2+-dependent, K+ depolarization
induced release

fl (�60%) Bath incubation
(extracellular solution)

10�6 � 10�3 M AlCl3 Sprague-Dawley
rat (250–300 g)

Hippocampal slices
(transverse; 400 lm)

[151]

fl (50% at
40 lM)

Bath incubation
(extracellular solution)

3*10�7 � 10�3

M
AlCl3 Sprague-Dawley

rat (250–300 g)
Hippocampal slices
(transverse; 400 lm)

[151]

no effect [230]

ACh, acetylcholine; GABA, c-aminobutyric acid; SNP, sodium nitroprusside (nitric oxide generator).
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abolished Ca2+ downregulation of the GABA transporter
and inhibited Ca2+–calmodulin complex-dependent calci-
neurin activity in a concentration-dependent manner [152].

There are also several reports on in vitro effects of alu-
minium fluoride (AlF�4 ) on neurotransmitter release and
receptor-coupled intracellular signalling pathways (Section
5), they will not be analysed here. AlF�4 is regularly used as
a direct activator of GTP-binding proteins (see [153,154]
and cited references). However, its effects are controversial,
given that other aluminium salts usually fail to reproduce
the same effects and often other fluorides produce the same
actions in the absence of added aluminium (see for example
[155,156]).

5. Neurotransmitter interaction with receptors

All neurotransmitter systems that have been extensively
studied until now have been found to own more than one
type of receptor, even in the case of the freely diffusing neu-
rotransmitter nitric oxide. The short lived, low amplitude
nitric oxide signals are detected by guanylyl cyclase-cou-
pled NO receptors, leading to the synthesis of cyclic
GMP that seems to function as the principal secondary
messenger in these synapses [157]. The existence of multiple
receptor subtypes for a given neurotransmitter, with both
presynaptic and postsynaptic localization, in addition to
the fact that more than one neurotransmitter is usually
released during a single excitation-secretion event, has
important repercussions for the neurotransmission process.
A variety of signal transduction mechanisms are available
by which receptors can influence neuron response, ranging
from ionotropic (ligand-gated ion channels) receptors, act-
ing to depolarize or hyperpolarize the plasma membrane in
few milliseconds, to metabotropic (G-protein linked) recep-
tors that, through distinct secondary messenger-producing
systems, cause ion channels pores along plasma membrane
to open and more long-lasting alterations of the membrane
potential take place. Thus, the unique composition and
architecture of each synapse allows for the development
of an unrestrained number of synaptic processes. Most
likely, this is the neurotransmission step that confers the
most sophisticated degree of spatial and temporal integra-
tion and changeability on synaptic outputs.

The phosphatidylinositol secondary messenger system,
one of the key and ubiquitous signal transduction path-
ways, has been reported to be altered in aluminium intox-
icated animals (Table 5). In neurons, neurotransmitter
receptor stimulation of the plasma membrane phosphoino-
sitide cycle is activated following ligand binding with
metabotropic receptors that use guanine nucleotide-bind-
ing proteins of class Gq as their signalling mechanism.
Ligand binding to Gq-protein coupled receptors stimulates
phospholipase C-mediated hydrolysis of phosphatidylino-
sitol 4,5-bisphosphate to 1,2-diacylglycerol and inositol
1,4,5-trisphosphate. In turn, these secondary messengers
initiate separate cascades of cellular events. 1,2-Diacylglyc-
erol activates protein kinase C and inositol 1,4,5-trisphos-
phate mobilizes intracellular calcium. These events are
shown to mediate not only neurotransmission but also
multiple downstream cellular effects.

In vivo administration of aluminium interferes with the
receptor binding characteristics of Gq-protein coupled
receptors, namely acetylcholine (muscarinic) receptors,
adrenoceptors and metabotropic glutamate receptors.
Based on the specificity of the agonists and antagonists
used, it was possible to conclude that aluminium preferen-
tially affects acetylcholine (muscarinic) M1 receptors
[117,120,125,158–160], a1-adrenoceptors [159] and metabo-
tropic glutamate receptors group I [161]. The binding of
scopolamine, an antagonist of M1–M5 receptors, to differ-
entiated human neuroblastoma cell line IMR-32 was
decreased by aluminium, whereas it remained unchanged
in non-differentiated cells [162]. Receptor binding experi-
ments with pirenzepine, a selective M1 receptor antagonist,
revealed that prolonged exposure (5 weeks) to intraperito-
neally injected aluminium chloride decreased the number
of maximal binding sites, without affecting the dissociation
constant values, in frontal and parietal cortex, hippocam-
pus and striatum [160]. This receptor subtype, which is
one of predominant acetylcholine (muscarinic) receptors
in the central nervous system, was found to mediate
slow excitatory postsynaptic potentials through enhance-
ment of methyl-D-aspartate (NMDA) receptor-mediated
responses [163]. Conversely, aluminium increased the num-
ber of maximal binding sites, without affecting the dissoci-
ation constant values, of cerebromicrovascular muscarinic
receptors, as assessed by quinuclidinyl benzilate binding,
a non-selective antagonist of M1 receptors [164]. Acetyl-
choline (muscarinic) receptors belong to the class of metab-
otropic receptors that use G-proteins as their signalling
mechanism. However, while M1, M3 and M5 act via Gq

proteins, M2 and M4 are linked to Gi proteins leading to
a decrease in cyclic AMP concentrations. Thus, aluminium
seems to reduce and to increase the number of binding sites
of muscarinic receptors in a subtype specific way. Brus
et al. [165] showed that rats exposed for 4.5 months to alu-
minium in drinking water had reduced sensitivity to pilo-
carpine, which acts as an agonist of M3 subtype of
muscarinic receptor. In the same study, a reduction of 5-
HT2C receptors was also observed. Interestingly, the 5-
hydroxytryptamine receptors class 2 couple preferentially
to Gq/G11 to increase the hydrolysis of inositol phosphates
and elevate cytosolic Ca2+ concentrations. Chronic sys-
temic in vivo, as well as in vitro, effects of aluminium on opi-
oid receptor binding characteristics were also studied [131].
Neither the specific agonist binding to d nor to l opioid
receptors was modified. In addition to the impact of alu-
minium on the dynamic relationship between the concen-
tration of receptors and that of ligands in relationship to
total receptor population, several possible sites of action
of aluminium can be suggested considering the reports on
aluminium interference with neurotransmitter triggered
activation of secondary messenger systems. For instance,
in rat cerebral cortical slices, aluminium increases cyclic



Table 5
Aluminium effect on neurotransmitter triggered activation of the phosphoinositide second messenger system

Parameter Effect Exposure
protocol

Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

a1-Adrenoceptors

Ligand binding

Antagonist (WB-4101) binding fl (40%)
(Emax)

Single-dose
exposure

Subpial injection into the left pre-
and postcentral gyrus

Aluminium
hydroxide gel

Epileptic monkey over 2
years (#; 4–6 Kg)

Frozen homogenates of brain
cortical tissue sample

[159]

Hydrolysis of inositol phospholipids

Noradrenaline-stimulated inositol
phospholipid hydrolysis

no effect [117]

Accumulation of inositol phosphates

Noradrenaline-stimulated inositol
phosphate accumulation

fl
(�15%)

Bath
incubation
(30 min)

5*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Cortical slices
(transverse; 350 lm)

[161]

fl (�5%) Bath
incubation
(30 min)

5*10�4 M AlCl3 Long-Evans rat
(#; adult)

Cortical slices
(transverse; 350 lm)

[161]

Metabotropic glutamate receptor group I

Accumulation of inositol phosphates

Agonist (quisqualate)-stimulated
inositol phosphate accumulation

fl
(�10%)

Bath
incubation
(30 min)

5*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Cortical slices
(transverse; 350 lm)

[161]

fl
(�20%)

Bath
incubation
(30 min)

5*10�4 M AlCl3 Long-Evans rat
(#; adult)

Cortical slices
(transverse; 350 lm)

[161]

(continued on next page)
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Table 5 (continued)

Parameter Effect Exposure
protocol

Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

ACh (muscarinic) receptors

Ligand binding

Antagonist (QNB)
binding

fl (62%) (Emax) Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.47–2.35 vs.

1.36 ng*mg�1 Dw (5 day a week; I.P.
injection)

Aluminium
gluconate

Wistar rat ($; 100 g) Frontal cortex [120]

fl (55%) (Emax) Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.16–1.92 vs.

0.87 ng*mg�1 Dw (5 day a week; I.P.
injection)

AlCl3 Wistar rat ($; 100 g) Hippocampus [120]

fl (46%) (Emax) Single-dose
exposure

Subpial injection into the left pre- and
postcentral gyrus

Aluminium
hydroxide gel

Epileptic monkey over
2 years (#; 4–6 Kg)

Freshly prepared homogenates of
brain cortical tissue sample

[159]

fl [flBmax

(45%); flKD

(3%)]

Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptic plasma membranes
from hippocampus

[125]

fl [flBmax

(32%); flKD

(14%)]

Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptic plasma membranes
from corpus striatum

[125]

fl [flBmax

(30%); flKD

(8%)]

Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptic plasma membranes
from cerebral cortex

[125]

fl (21%) Culture medium
(4 days)

1–2*10�3 M Aluminium
lactate

NG108-15 hybrid (neuroblastoma · glioma) cells in culture [158]

fl (Emax at 10
lM)

Preincubation
(30 min)

10�6 � 10�4 M Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptic plasma membranes
from cerebral cortex

[125]

› (9%)
(›Bmax)

Chronic exposure
(1 month)

�2 mmoles of aluminium (daily; 3.7% in
drinking water)

Al2 (SO4)3 Æ
18H2O

Sprague-Dawley rat
(#; 120–130 g)

Hippocampus homogenate [117]

fl [flBmax

(25%)]
Chronic exposure
(5 weeks)

10 mg*ml�1
*Kg�1 Bw (5 day a week;

I.P. injection)
AlCl3 Sprague-Dawley rat

(#; 120–140 g)
Synaptic plasma membranes
from striatum

[160]

Antagonist
(scopolamine)
binding

› [›Bmax

(88%); KD (›?)]
Culture medium 10�6 � 6*10�2 M AlCl3 IMR-32 (human, tumour-derived neuronal-like cells)

differentiated cells in culture
[162]

Antagonist
(pirenzepine)
binding

fl [flBmax

(49%); KD (fl?)]
Chronic exposure
(5 weeks)

10 mg*ml�1
*Kg�1 Bw (5 day a week;

I.P. injection)
AlCl3 Sprague-Dawley rat

(#; 120–140 g)
Synaptic plasma membranes
from frontal cortex

[160]

fl [flBmax

(42%); KD (fl?)]
Chronic exposure
(5 weeks)

10 mg*ml�1
*Kg�1 Bw (5 day a week;

I.P. injection)
AlCl3 Sprague-Dawley rat

(#; 120–140 g)
Synaptic plasma membranes
from hippocampus

[160]

fl [flBmax

(31%); KD (fl?)]
Chronic exposure
(5 weeks)

10 mg*ml�1
*Kg�1 Bw (5 day a week;

I.P. injection)
AlCl3 Sprague-Dawley rat

(#; 120–140 g)
Synaptic plasma membranes
from parietal cortex

[160]

fl [flBmax

(25%); KD (fl?)]
Chronic exposure
(5 weeks)

10 mg*ml�1
*Kg�1 Bw (5 day a week;

I.P. injection)
AlCl3 Sprague-Dawley rat

(#; 120–140 g)
Synaptic plasma membranes
from striatum

[160]

no effect [117]
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Hydrolysis of phosphoinositides

Agonist (carbachol)-stimulated
phosphoinositide hydrolysis

fl (IC50 = 100 lM) Bath incubation
(extracellular solution)

10�5 � 5*10�4 M AlCl3 Long-Evans rat
(#; 250–300 g)

Frontal cortex homogenates [169]

fl (71%) (Emax) Bath incubation
(extracellular solution)

10�4 � 10�3 M AlCl3 Sprague-Dawley
rat (#)

Brain cortical slices (300 lm) [286]

fl (33%) Bath incubation
(extracellular solution)

5*10�4 M AlCl3 Long-Evans rat
(#; 250–300 g)

Frontal cortex synaptosomes [169]

no effect [117]
Accumulation of inositol

phosphates

Agonist (carbachol)-stimulated
inositol phosphate
accumulation

fl (�25%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Cerebellar slices (transverse; 350 lm) [161]

fl (�25%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(#; adult)

Cerebellar slices (transverse; 350 lm) [161]

fl (�15%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Striatal slices (transverse; 350 lm) [161]

fl (�25%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(#; adult)

Striatal slices (transverse; 350 lm) [161]

fl (�25%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Hippocampal slices (transverse; 350
lm)

[161]

fl (�15%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(#; adult)

Hippocampal slices (transverse; 350
lm)

[161]

fl (�20%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Cortical slices (transverse; 350 lm) [161]

fl (�20%) Bath incubation (30 min) 5*10�4 M AlCl3 Long-Evans rat
(#; adult)

Cortical slices (transverse; 350 lm) [161]

fl Preincubation (30 min; extracellular
medium)

5*10�4 M AlCl3 Long-Evans rat
(#; 250–300 g)

Frontal cortex slices (transverse;
350 · 350 lm)

[169]

Mobilization of intracellular Ca2+

Agonist-stimulated intracellular
Ca2+ release

fl (completely
abolished)

Pipette application (intracellular solution) 10�5 � 10�3 M AlCl3 Mouse Pancreatic acinar cells [173]

ACh-stimulated, atropine
sensitive,

Ca2+-dependent Cl� current

fl (completely
abolished)

Pipette application (intracellular solution) 10�5 � 10�3 M AlCl3 Mouse Pancreatic acinar cells [173]

Caffeine-evoked Ca2+-dependent
Cl� current

fl (completely
abolished)

Pipette application (intracellular solution) 10�5 � 10�3 M AlCl3 Mouse Pancreatic acinar cells [173]

ACh, acetylcholine; Bmax, maximal binding; Bw, body weight; Dw, dry weight; Emax, maximal effect; IC50, concentration giving 50% of maximal inhibition; I.P., intraperitoneal; KD, dissociation
constant; QNB, quinuclidinyl benzilate.
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AMP production as triggered by 2-chloroadenosine and by
isoprenaline [166]. 2-Chloroadenosine is a full agonist of
A1, A2A and A2B adenosine (P1) receptors, whereas iso-
prenaline is, in turn, a full agonist of b1, b2 and b3 adreno-
ceptors, suggesting aluminium treatment induced
downstream alteration of receptor transduction mecha-
nisms. It has been also observed that a single dose of alu-
minium hydroxide, supplied by subpial injection in the
left pre- and postcentral gyrus, reduces the binding of an
antagonist of b adrenoceptors, dihydroalprenolol, to brain
cortical homogenates of epileptic monkeys [159]. It was
also suggested that aluminium may contribute to the neu-
romelanin-mediated oxidative damage in dopaminergic
neurons, but the mechanism is poorly understood [167].
Conversely, it is well known that aluminium can impair
the phosphatidylinositol secondary messenger system at
multiple steps.

Aluminium chloride has been shown to inhibit (1) carba-
chol, noradrenaline and quisqualate-stimulated inositol
phosphate accumulation in brain slices via concentration-
dependent inhibition of phospholipase C [161,168,169];
(2) carbachol-induced 1,4,5-triphosphate production and
calcium mobilization in SH-SY5Y (neuroblastoma, third
generation) cells at the level of 4,5-biphosphate hydrolysis
[170]; (3) bradykinin-triggered inositol triphoshate release
and change in intracellular Ca2+ concentrations in neuro-
blastoma cells also through the protein G/phospholipase
C system [171,172]; (4) acetylcholine-stimulated, atropine
sensitive Ca2+-dependent Cl� current in mouse pancreatic
acinar cells by blocking caffeine-sensitive Ca2+-induced
Ca2+ mobilization from intracellular pools [173] and (5)
phenylephrine-induced repetitive free Ca2+ transients in
rat hepatocytes [174].

The interaction of aluminium with G-proteins has been
challenged in many aluminium intoxication models. In
addition to the effects of aluminium fluoride (see Section
5) mentioned previously, AlCl3, in the absence of added
fluoride salts, also seems to be able to inhibit transducin
GTPase activity up to 80% when present in micromolar
concentrations [175]. It has been proposed that nanomolar
Al3+ inhibits GDP/GTP nucleotide exchange, which is the
first and rate-determining step in the amplification of the
signal from receptor to effectors mediated by G-proteins,
at least in isolated rod outer segment membranes [176].
Moreover, picomolar levels of Al3+ can effectively compete
with micromolar concentrations of Mg2+ for the metal bid-
ing site on ras p21, a monomeric G-protein [177].

Remarkably, aluminium effects on phospholipase C
activity were also observed even bypassing receptor
induced activation of protein G [169,178]. The comparative
analysis of in vitro effects of aluminium on phospholipase C
activity in different brain regions revealed that the degree of
enzyme inhibition was similar in cortex, hippocampus and
cerebellum, whereas the activity of the striatal enzyme was
less sensitive to the effects of aluminium [179].

It has been reported that aluminium binding to calmod-
ulin [180–182] induces conformational changes [183–185]
and reduces the capacity of calmodulin to; interact with
melittin [184]; and to modulate the activity of Ca2+–cal-
modulin complex-dependent phosphodiesterase [181], pro-
tein phosphatase 2B (calcineurin) [152] and Ca2+-ATPase
[186]. In animal models of aluminium-induced encephalop-
athy, the activity of calmodulin declined as the disease pro-
gressed [115]. However, other authors found no evidence
for significant interaction between calmodulin and alumin-
ium [187]. Richardt et al. [188] indicated that the inhibition
of Ca2+–calmodulin complex-dependent phosphodiester-
ase by aluminium could be due to direct interaction with
the phosphodiesterase itself. Imbalance in protein phos-
phorylation/dephosphorylation has also been documented
experimentally. For instance, brain protein phosphatases
2A and 2B are inhibited by micromolar AlCl3 [152,189],
which prevents the activity of protein kinase C in an extract
from mouse and rat brain [190,191]. Outstandingly,
chronic, oral administration of aluminium sulfate
decreased the activity of protein kinase C in rat, but the
cyclic AMP-dependent protein kinase and the tyrosine
kinase activities remained unchanged [192]. Recently, Kaur
et al. [193] observed that cyclic AMP-dependent and Ca2+–
calmodulin complex-dependent protein kinases, as well as
phosphoprotein phosphatase activity, are modified in a dif-
ferent way by intragastric exposure to aluminium lactate.
Aluminium treatment resulted in a marked enhancement
of Ca2+–calmodulin complex-dependent protein kinase
activity as compared to cyclic AMP-dependent protein
kinase, and levels of phosphoprotein phosphatase were
found to be significantly reduced only in the cerebral
cortex.

A large number of studies have pointed out that alumin-
ium alters intracellular Ca2+ homeostasis via distinct mech-
anisms. Briefly, the elevation of intracellular Ca2+

concentrations has been explained by coincident inhibition
of the plasma membrane Ca2+-ATPase that extrudes Ca2+

[75,194–196] and enhancement of Ca2+ influx through volt-
age-operated calcium channels [196]. However, it seems
most likely that aluminium acts as an inhibitor of Ca2+

influx through channels (see Section 7). On the other hand,
AlCl3 increases the synaptosomal Ca2+-ATPase activity
with an EC50 value of 833 lM [197]. Additionally, alumin-
ium also interferes with Ca2+ uptake and release by endo-
plasmatic reticulum and mitochondria when assayed in
isolated subcellular fractions [195,197,198]. Several trans-
mitter-gated ion channel (ionotropic) receptors can exhibit
Ca2+ permeability, including nicotinic acetylcholine recep-
tors, N-methyl-D-aspartic acid (NMDA) receptors and
P2X purinoceptors. Interestingly, gene down-regulation
of P2X purinoceptor 3 (ATP receptor P2X3) was detected
in aluminium-treated cells in culture [79]. Ca2+ influx
through P2X purinoceptor causes plasma membrane depo-
larization in milliseconds and induces long lasting effects at
an intracellular level [199]. Platt et al. [200] analysed
the effect of aluminium on the glutamate-activated cur-
rent in isolated hippocampal neurons and estimated
that the threshold concentration of aluminium to reduce

Suzanne
Highlight
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NMDA-activated currents is <0.27 lg mL�1. However,
MK-801 sensitive, glutamate-induced Ca2+ influx and sub-
sequent increase in intracellular free Ca2+ levels were sig-
nificantly enhanced by aluminium when challenged in
primary cultures of cerebellar granule cells [201], suggesting
the involvement of NMDA receptors. Nicotine binding in
several brain regions seems to be drastically reduced fol-
lowing repetitive intraperitoneal injection of aluminium
chloride and gluconate to rats [120] and micromolar
Al(OH)3 completely abolishes MK-801 binding to rinsed
membranes prepared from cortical grey matter of human
temporal/parietal lobes [202]. It is also plausible to assume
that low micromolar concentrations of aluminium pro-
vokes exitotoxic events via interaction with NMDA recep-
tors, given that MK-801 prevented aluminium-induced
early enhancement of neuronal metabolism in rat embry-
onic midbrain mixed primary neuronal cultures [203].
Moreover, the interference of aluminium with glutamate-
induced cell death has been demonstrated (Table 1). The
effects of aluminium on transmitter-gated ion channel
(ionotropic) receptors are presented in Table 6.

Aluminium exerts a selective, biphasic modulation of
GABAA receptors [204]. In primary cultures of olfactory
bulb neurons, aluminium, in the 10–100 lM concentration
range, enhances GABA evoked current, while at concen-
trations higher than 300 lM causes blockage. Both inward
currents at �30 mV and outward currents at +30 mV were
modified in the presence of aluminium, as well as the peak
amplitude and desensitized steady-state component of the
GABA-evoked current in a voltage-independent manner.
Moreover, no alteration of the reversal potential of the
GABA-evoked current was observed, and the membrane
currents evoked by glutamate (NMDA, kainate) and gly-
cine, the macroscopic voltage-gated currents and evoked
action potential remained unchanged under the experimen-
tal conditions used in the above mentioned study (see also
Table 12). Consequently, Paul Trombley suggested that the
selective modulation of GABAA receptors by aluminium
requires the existence of two binding sites, a high-affinity
potentiating site and a low-affinity inhibiting site. The
GABAA receptor is an ionotropic receptor, commonly a
hetero-pentamer that belongs to the Cys-loop superfamily
of receptor-coupled ion channels. The Cys-loop signature
(a 13 residue characteristic loop formed by a disulphide
bond between to cysteines) mediates the chemical-to-elec-
trical transduction. Other members of this superfamily
are acetylcholine-, 5-hydroxytryptamine- and glycine-iono-
tropic receptors. The five protein subunits of the GABAA

receptor are arranged in a circle to form a pore that
remains closed until the GABA molecules bind to the rec-
ognition sites [205]. Opening the pore allows for the influx
of chloride ions and the initiation of an inhibitory input at
the postsynaptic neuron. Each of the receptor varieties con-
trast in binding affinity, channel activity, and the degree to
which GABA binding is affected by different endogenous
modulators, such as the negative modulators, pregneno-
lone and diazepam binding inhibitor peptide, and the
positive modulators, alllopregnanolone and benzodiaze-
pines. Moreover, in the middle of the large intracellular
loop of each protein subunit there are sites where phos-
phorylation occurs, namely at serine residues (by protein
kinase C), which decrease receptor activity, and at tyrosine
residues (by protein tyrosine kinase), which increase recep-
tor activity.

6. Inactivation of neurotransmitters

In addition to ligand-induced desensitization of recep-
tors and fast diffusion away from synaptic space into the
neighbouring medium, neurotransmitter recycling also
occurs within the synapse, in order to interrupt synaptic fir-
ing and to enable successive neurotransmission events. Pre-
vention of uncontrolled spreading of the signal from the
synapse is mainly achieved by active uptake of neurotrans-
mitters from the synaptic cleft, which also contributes to
replenishment of releasing stores of neurotransmitters or
their precursors. Uptake of several neurotransmitters, such
as amino acids and monoamines, in presynaptic nerve ter-
minals and glial cells is mediated by specific plasma mem-
brane transporters, which differ in specificity, affinity,
capacity, coupling to the energy-dependent transport of
Na+ and sensitivity to modulators. These properties allow
transporter-mediated translocation of neurotransmitters
across plasma membranes either in forward (uptake) or
backward (release) directions, which represents a very
powerful way to shape neurotransmitter tone. In the intra-
cellular space, neurotransmitter molecules are either re-
packaged into releasing pools or enzymatically degraded.
Conversely, acetylcholine is inactivated directly in the syn-
aptic cleft by a specific enzyme, acetylcholinesterase. Cho-
line, a product of acetylcholine hydrolysis and a precursor
of acetylcholine synthesis, is taken back into the presynap-
tic cell by plasma membrane transporters, which share
properties with neurotransmitter transporters. This feature
renders cholinergic synapses unusual in terms of the neuro-
transmitter inactivation step. Similar characteristics are
also present in purinergic synapses.

Acetylcholinesterase (EC 3.1.1.7; AChE) is the neuro-
chemical parameter that has received most attention in
studies of aluminium neurotoxicity (Table 7). The effect
of aluminium on acetylcholinesterase has been studied
either in vivo or in vitro (i.e. [114,116,120,123,125,145,
158,206–223]), and both, stimulatory and inhibitory, effects
have been reported.

Acetylcholinesterase proteins are found as soluble
monomers, amphipatic dimers, or tetramers of six different
protein subunits and become associated with synaptic
membranes by specialized anchoring molecules or members
of other heteromeric structural components. Among other
fascinating properties, this enzyme can hydrolyse more
than 104 substrate molecules per second and is involved
in multiple non-enzymatic neuromodulatory functions at
cholinergic and non-cholinergic synapses [224]. The cata-
lytic domain of acetylcholinesterase, located at the bottom



Table 6
Aluminium effect on neurotransmitter-gated ion channel (ionotropic) receptors

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

GABAA receptors

Ligand binding

Na+-independent GABA
binding

fl (55%)
(Emax)

Single-dose
exposure

Subpial injection into the
left pre- and postcentral
gyrus

Aluminium
hydroxide gel

Epileptic monkey over 2
years
(#; 4–6 Kg)

Sonicated synaptic membranes
from cortical sample

[159]

Receptor current

GABA-evoked current › (400%) Bath application
(extracellular
solution)

10�5 � 10�4 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

no effect (fl) Bath application
(extracellular
solution)

3*10�4 � 10�3 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

Reversal potential of the
GABA-evoked current

no effect Bath application
(extracellular
solution)

10�5 � 10�3 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

GABA-evoked inward
current at
hyperpolarizing
potentials

› Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

fl Bath application
(extracellular
solution)

3*10�4 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

GABA-evoked outward
current at depolarizing
potentials

› Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

fl Bath application
(extracellular
solution)

3*10�4 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

Peak amplitude of the
GABA-evoked current

› (18%) Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

Desensitized steady-state
component of the
GABA-evoked current

› (241%) Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic day
18 to postnatal day 3)

Primary cultures of olfactory
bulb neurons

[204]

Ionotropic glutamate receptors

Ligand binding

Antagonist (MK-801)
binding

fl
(IC50 = 30
lM;
nH = 1)

Bath application 10�4 � 10�1 M
([Al(OH)3])

AlCl3 (in NTA/
EDTA and HEPES,
pH 7.4)

Human
(#; 18-year-old)

Rinsed membranes of cortical
grey matter from temporal/
parietal lobes

[202]

no effect
(fl?)

Bath application 2*10�11 � 4*10�10 M
([Al3+]free)

AlCl3 (in NTA/
EDTA and HEPES,
pH 7.4)

Human
(#; 18-year-old)

Rinsed membranes of cortical
grey matter from temporal/
parietal lobes

[202]
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Antagonist (MK-801)
binding in the
presence of
glycine

fl (IC50 =
19.5 lM;
nH = 1.2)

Bath application 10�4 � 10�1 M ([Al(OH)3]) AlCl3 (in NTA/
EDTA and HEPES,
pH 7.4)

Human
(#; 18-year-old)

Rinsed membranes of cortical
grey matter from temporal/
parietal lobes

[202]

no effect
(fl?)

Bath application 2*10�11 � 4*10�10 M ([Al3+]free) AlCl3 (in NTA/
EDTA and HEPES,
pH 7.4)

Human
(#; 18-year-old)

Rinsed membranes of cortical
grey matter from temporal/
parietal lobes

[202]

Receptor current

NMDA/glycine-evoked
current

fl (100%) Bath application
(extracellular
solution)

10�5 � 10�4 M Al in HCl (a.a.s.
solution)

Wistar rat
(2–3 week-old)

Hippocampal (CA1) pyramidal
neurones

[200]

Glutamate-evoked
currents

fl (50–60%) Bath application
(extracellular
solution)

5*10�5 M Al in HCl (a.a.s.
solution)

Wistar rat
(2–3 week-old)

Hippocampal (CA1) pyramidal
neurones

[200]

AMPA-evoked current fl (50–60%) Bath application
(extracellular
solution)

5*10�5 M Al in HCl (a.a.s.
solution)

Wistar rat
(2–3 week-old)

Hippocampal (CA1) pyramidal
neurones

[200]

Kainate-evoked current no effect Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic
day 18 to postnatal
day 3)

Primary cultures of olfactory
bulb neurons

[204]

NMDA-evoked current no effect Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic
day 18 to postnatal
day 3)

Primary cultures of olfactory
bulb neurons

[204]

Glycine-evoked current no effect Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic
day 18 to postnatal
day 3)

Primary cultures of olfactory
bulb neurons

[204]

Spontaneous glutamate-
evoked excitatory
synaptic activity

no effect Bath application
(extracellular
solution)

10�4 M KAlSO4-based Rat (embryonic
day 18 to postnatal
day 3)

Primary cultures of olfactory
bulb neurons

[204]

Ion fluxes

MK-801 sensitive,
glutamate-induced
Ca2+ influx

› (43%) Preincubation
(60 min;
extracellular
solution)

3*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Primary cultures of cerebellar
granule cells

[201]

Intracellular ion

concentration

Glutamate-induced
increase in [Ca2+]i

› (70%) Preincubation
(60 min;
extracellular
solution)

3*10�4 M AlCl3 Long-Evans rat
(7-day-old)

Primary cultures of cerebellar
granule cells

[201]

no effect [276]

Nicotinic ACh receptors

Ligand binding

Agonist (nicotine)
binding

fl (65%)
(Emax)

Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.45–1.80

vs. 0.87 ng*mg�1 Dw (5 day a
week; I.P. injection)

Aluminium
gluconate

Wistar rat ($; 100 g) Hippocampus [120]

fl (64%)
(Emax)

Chronic exposure
(1, 3, 5 weeks)

10 mg*ml�1
*Kg�1 Bw; 1.10–1.89

vs. 1.19 ng*mg�1 Dw (5 day a
week; I.P. injection)

Aluminium
gluconate

Wistar rat ($; 100 g) Parietal cortex [120]

(continued on next page)

P
.P

.
G

o
n

ça
lves,

V
.S

.
S

ilva
/

J
o

u
rn

a
l

o
f

In
o

rg
a

n
ic

B
io

ch
em

istry
1

0
1

(
2

0
0

7
)

1
2

9
1

–
1

3
3

8
1315



T
a
b
le

6
(c

o
n
ti

n
u

ed
)

P
ar

am
et

er
E

ff
ec

t
E

xp
o

su
re

p
ro

to
co

l
D

o
se

/C
o

n
ce

n
tr

at
io

n
A

lu
m

in
iu

m
co

m
p

o
u

n
d

E
xp

er
im

en
ta

l
m

o
d

el
R

ef
er

en
ce

A
n

im
al

P
re

p
ar

at
io

n

fl
(6

1%
)

(E
m

a
x
)

C
h

ro
n

ic
ex

p
o

su
re

(1
,

3,
5

w
ee

k
s)

10
m

g *
m

l�
1
*K

g�
1

B
w

;
1.

47
–2

.3
5

vs
.

1.
36

n
g *

m
g�

1
D

w
(5

d
ay

a
w

ee
k

;
I.

P
.

in
je

ct
io

n
)

A
lu

m
in

iu
m

gl
u

co
n

at
e

W
is

ta
r

ra
t

($
;

10
0

g)
F

ro
n

ta
l

co
rt

ex
[1

20
]

fl
(5

8%
)

(E
m

a
x
)

C
h

ro
n

ic
ex

p
o

su
re

(1
,

3,
5

w
ee

k
s)

10
m

g *
m

l�
1
*K

g�
1

B
w

;
1.

16
–1

.9
2

vs
.

0.
87

n
g *

m
g�

1
D

w
(5

d
ay

a
w

ee
k

;
I.

P
.

in
je

ct
io

n
)

A
lC

l 3
W

is
ta

r
ra

t
($

;
10

0
g)

H
ip

p
o

ca
m

p
u

s
[1

20
]

fl
(5

6%
)

(E
m

a
x
)

C
h

ro
n

ic
ex

p
o

su
re

(1
,

3,
5

w
ee

k
s)

10
m

g *
m

l�
1
*K

g�
1

B
w

;
2.

03
–3

.1
0

vs
.

1.
96

n
g *

m
g�

1
D

w
(5

d
ay

a
w

ee
k

;
I.

P
.

in
je

ct
io

n
)

A
lu

m
in

iu
m

gl
u

co
n

at
e

W
is

ta
r

ra
t

($
;

10
0

g)
S

tr
ia

tu
m

[1
20

]

fl
(5

4%
)

(E
m

a
x
)

C
h

ro
n

ic
ex

p
o

su
re

(1
,

3,
5

w
ee

k
s)

10
m

g *
m

l�
1
*K

g�
1

B
w

;
1.

32
–2

.6
5

vs
.

1.
36

n
g *

m
g�

1
D

w
(5

d
ay

a
w

ee
k

;
I.

P
.

in
je

ct
io

n
)

A
lC

l 3
W

is
ta

r
ra

t
($

;
10

0
g)

F
ro

n
ta

l
co

rt
ex

[1
20

]

fl
(4

2%
)

(E
m

a
x
)

C
h

ro
n

ic
ex

p
o

su
re

(1
,

3,
5

w
ee

k
s)

10
m

g *
m

l�
1
*K

g�
1

B
w

;
1.

91
–2

.2
1

vs
.

1.
96

n
g *

m
g�

1
D

w
(5

d
ay

a
w

ee
k

;
I.

P
.

in
je

ct
io

n
)

A
lC

l 3
W

is
ta

r
ra

t
($

;
10

0
g)

S
tr

ia
tu

m
[1

20
]

fl
(3

5%
)

(E
m

a
x
)

C
h

ro
n

ic
ex

p
o

su
re

(1
,

3,
5

w
ee

k
s)

10
m

g *
m

l�
1
*K

g�
1

B
w

;
1.

22
–2

.1
5

vs
.

1.
19

n
g *

m
g�

1
D

w
(5

d
ay

a
w

ee
k

;
I.

P
.

in
je

ct
io

n
)

A
lC

l 3
W

is
ta

r
ra

t
($

;
10

0
g)

P
ar

ie
ta

l
co

rt
ex

[1
20

]

n
o

eff
ec

t
[1

15
]

A
C

h
,

ac
et

yl
ch

o
li

n
e;

a.
a.

s.
,

at
o

m
ic

ab
so

rp
ti

o
n

st
an

d
ar

d
;

B
w

,
b

o
d

y
w

ei
gh

t;
D

w
,

d
ry

w
ei

gh
t;

E
m

a
x
,

m
ax

im
al

eff
ec

t;
G

A
B

A
,
c-

am
in

o
b

u
ty

ri
c

ac
id

;
IC

5
0
,

co
n

ce
n

tr
at

io
n

gi
vi

n
g

50
%

o
f

m
ax

im
al

in
h

ib
it

io
n

;
I.

C
.V

.,
in

tr
ac

er
eb

ro
ve

n
tr

ic
u

la
r;

I.
P

.,
in

tr
ap

er
it

o
n

ea
l;

M
K

-8
01

,
(+

)-
5-

m
et

h
yl

-1
0,

11
-d

ih
yd

ro
-5

H
-d

ib
en

zo
[a

,d
]c

yc
lo

h
ep

te
n

-5
,1

0-
im

in
e

m
al

ea
te

(a
n

ta
go

n
is

t
o

f
N

M
D

A
re

ce
p

to
rs

);
n

H
,

H
il

l
co

effi
ci

en
t.
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of a 20-Å-long gorge that penetrates halfway into the pro-
tein from its surface, is composed of a serine–histidine-glu-
tamate triad and flanked by 14 aromatic residues located at
the loops between different b-sheets. A peripheral anionic
site composed of five residues is clustered at the entrance
of the gorge and is in turn surrounded by ten acidic resi-
dues. Bilkei-Gorzó [124] demonstrated that aluminium
chloride inhibits the activity of the enzyme purified from
the rat brain very efficiently, and Marquis and Lerrick
[225] suggested that Al3+ interacts with a class of peripheral
anionic sites on the protein distinct from those that bind
Ca2+ and decamethonium. We can speculate that the
assortment of aluminium effects on acetylcholinesterase
result from interactions with the catalytic domain, which
seem to inhibit the enzyme, and from other side effects,
due to the complex variety of isoforms, which localization
is modified under various conditions. This assumption is
also supported by the biphasic effects of aluminium on
enzyme activity [206,213], ionic strength dependence of
the inhibitory effect [226] and dissimilarity of IC50 values
found (i.e. [211,220]), when different exposure protocols
and biological preparations were used.

After acetylcholine hydrolysis, choline is taken up by
presynaptic nerve terminals. As already mentioned, the
properties of the high-affinity transport system of choline
closely resemble those of other neurotransmitter uptake
systems, since they carry out high-affinity, secondary active
transport driven by the sodiummotive force arising from
the Na+/K+-ATPase pump. The effects of aluminium on
the uptake of choline, dopamine, GABA, glutamate, gly-
cine, 5-hydroxytryptamine and noradrenaline are presented
in Table 8.

In the presence of aluminium, the uptake of neurotrans-
mitters was found to be below control levels, with some
exceptions [152,227–231]. It is interesting to note that alu-
minium-induced stimulatory effects were only observed
when uptake of neurotransmitters was analysed in brain
slices [229] or in synaptic plasma membrane vesicles
[152]. In actual fact, the aluminium inhibitory effect, which
seems to follow the same pattern for all neurotransmitters
studied, was mainly observed in synaptosomal prepara-
tions. All transport systems are very sensitive to small
changes in aluminium chloride concentrations in the hun-
dreds of micromolar range, and millimolar Ca2+ displaces
IC50 towards lower values. The mechanism of action of
aluminium has been partially elucidated. It was hypothes-
ised that (Na+/K+)-ATPase inhibition by aluminium could
account for the reduced accumulation of neurotransmit-
ters, by compromising the magnitude of the Na+ gradient
and of the membrane polarization state to which neuro-
transmitter transport is dependent [146,152,232]. It was
observed that submillimolar AlCl3 inhibits the (Na+/K+)-
ATPase of synaptosomes isolated from rat brain [233],
and it is significantly more potent in reducing choline
uptake by rat brain synaptosomes than by synaptosomes
isolated from cuttlefish optic lobe and torpedo electric
organ. In fact, the cuttlefish and torpedo synaptosomal



Table 7
Aluminium effect on enzymatic degradation of neurotransmitters

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

ACh

Acetylcholinesterase
(EC 3.1.1.7)

› [flKm (82%)] Reaction medium 10�5 � 6.5*10�4 M Aluminium
lactate

CD mouse Brain homogenate [218]

› [flKm (76%)] Reaction medium 10�5 � 6.5*10�4 M AlCl3 CD mouse Brain homogenate [218]
› [flKm (60%)] Chronic exposure

(3 months)
10 mg of Al3+ (daily; oral
administration)

Aluminium
lactate

CD mouse Brain homogenate [218]

› [flKm (54%)] Chronic exposure
(3 months)

10 mg of Al3+ (daily; oral
administration)

AlCl3 CD mouse Brain homogenate [218]

› (83%) Chronic exposure
(90 days)

100 mg*Kg�1 Bw; 22.2 vs.
6.6 ppm in Ts (daily; oral
administration)

AlCl3 (in 1%
CMC)

Long-Evans rat
(2-month-old)

Acetone extract of the brain [210]

› (�55%) Chronic exposure
(12 weeks)

0.10 mmo*Kg�1 Bw
(60 doses; gavage)

Aluminium in
citrate
solution

Swiss albino mouse (#;
7–8-week-old; 30–45 g)

Striatum homogenate [221]

› (�50%) Chronic exposure
(12 weeks)

0.10 mmo*Kg�1 Bw
(60 doses; gavage)

Aluminium in
citrate
solution

Swiss albino mouse (#;
7–8-week-old; 30–45 g)

Brain cortex homogenate [221]

› (33%) Chronic exposure
(90 days)

30 mg*Kg�1 Bw; 16.1 vs. 6.6 ppm
in Ts (daily; oral administration)

AlCl3 (in 1%
CMC)

Long-Evans rat
(2-month-old)

Acetone extract of the brain [210]

› (�25%) Chronic exposure
(12 weeks)

0.10 mmol*Kg�1 Bw
(60 doses; gavage)

Aluminium in
ultrapure
water

Swiss albino mouse (#;
7–8-week-old; 30–45 g)

Striatum homogenate [221]

› (�20%) Chronic exposure
(12 weeks)

0.10 mmol*Kg�1 Bw
(60 doses; gavage)

Aluminium in
citrate
solution

Swiss albino mouse (#;
7–8-week-old; 30–45 g)

Hypothalamus homogenate [221]

› (16%) Chronic exposure
(90 days)

300 mg*Kg�1 Bw; 11.0 vs.
6.6 ppm in Ts (daily; oral
administration)

Al(OH)3

(in 1% CMC)
Long-Evans rat
(2-month-old)

Acetone extract of the brain [210]

› (�15%) Chronic exposure
(12 weeks)

0.10 mmol*Kg�1 Bw
(60 doses; gavage)

Aluminium in
citrate
solution

Swiss albino mouse (#;
7–8-week-old; 30–45 g)

Hippocampus homogenate [221]

no effect [120,145,158,208]
biphasic effect [›(at
days 4, 14) fl(at day
60)]

Chronic exposure
(4, 14, 60 days)

320 mg*Kg�1 Bw
(daily; oral administration)

AlCl3 Wistar rat
(#; 200 ± 5 g)

Olfactory bulb, striatum
and hypothalamus
homogenates

[213]

fl Chronic exposure
(30 days)

260 mg*Kg�1 Bw (gavage) AlCl3 Wistar rat (50-day-old;
60–70 g)

Clear supernatant from
cerebrum

[216]

fl Chronic exposure
(30 days)

260 mg*Kg�1 Bw (gavage) AlCl3 Wistar rat (50-day-old;
60–70 g)

Clear supernatant from
cerebellum

[216]

fl Subchronic exposure
(2 weeks+7 week
recovery)

40 mg*Kg�1 Bw
(daily; I.G. application)

AlCl3 Wistar rat
(#; 8-day-old)

Hippocampus [217]

fl Subchronic exposure (2
weeks+7 week
recovery)

40 mg*Kg�1 Bw
(daily; I.G. application)

AlCl3 Wistar rat
(#; 8-day-old)

Septum [217]

(continued on next page)
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Table 7 (continued)

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

fl Subchronic exposure
(2 weeks+7 week
recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Brainstem [217]

fl Subchronic exposure
(2 weeks+7 week
recovery)

40 mg*Kg�1 Bw (daily; I.G. application) AlCl3 Wistar rat
(#; 8-day-old)

Striatum [217]

fl (�20%) Chronic exposure
(12 weeks)

0.10 mmol*Kg�1 Bw (60 doses; gavage) Aluminium in
ultrapure water

Swiss albino mouse
(#; 7–8-week-old;
30–45 g)

Hypothalamus
homogenate

[221]

fl (23%) Subchronic exposure
(52 weeks)

25 mg Al3+
*Kg�1 Bw; 11.53 vs.

3.50 ng*mg�1 Ts (every alternate day;
gavage)

Aluminium lactate Rhesus monkey
(#; 3–4 Kg)

Corpus striatum [212]

fl (28%)
(3.52 ng Al/mg Ts)

Chronic exposure
(30–90 days)

0.25–1 g*Kg�1 Bw; 1.73–3.52 ng*mg�1 Ts
(daily; in drinking water)

KAl(SO4)2 Æ 12H2O NIH mouse
(#; 22.5 ± 1.5 g)

Brain homogenate [214]

fl (31%) Subchronic exposure
(52 weeks)

25 mg Al3+
*Kg�1 Bw; 4.29 vs.

2.23 ng*mg�1 Ts (every alternate day;
gavage)

Aluminium lactate Rhesus monkey
(#; 3–4 Kg)

Cerebral cortex [212]

fl (�47%) Chronic exposure
(30 days)

34 mg*Kg�1 Bw (every alternate day; oral
administration)

AlCl3 Sprague-Dawley rat
(#; 130–150 g)

Supernatant (10,000xg,
20 min) from whole brain

[219]

fl (50%) Subchronic exposure
(52 weeks)

25 mg Al3+
*Kg�1 Bw; 12.59 vs.

3.20 ng*mg�1 Ts (every alternate day;
gavage)

Aluminium lactate Rhesus monkey
(#; 3–4 Kg)

Hippocampus [212]

fl (53%) Chronic exposure
(12 weeks)

10 mg*Kg�1 Bw (daily; I.G. application) Aluminium lactate Wistar rat
(#; 140–160 g)

Whole brain [222]

fl (�60%) Chronic exposure
(4 weeks)

12 mg*Kg�1 Bw (daily; I.P. injection) Aluminium lactate Wistar rat
(#; 100–130 g)

Synaptic plasma
membranes from corpus
striatum

[125]

fl (�60%) Chronic exposure
(6 weeks)

100 mg*Kg�1 Bw (daily; gavage) AlCl3 Sprague-Dawley rat
($; 140–160 g)

Crude synaptosomal (P2)
fraction of cerebellum

[223]

fl (�65%) Chronic exposure
(4 weeks)

11 mg*Kg�1 Bw (daily; I.P. injection) Aluminium lactate Wistar rat
(#; 100–130 g)

Synaptic plasma
membranes from
hippocampus

[125]

fl (�70%) Chronic exposure
(6 weeks)

100 mg*Kg�1 Bw (daily; gavage) AlCl3 Sprague-Dawley rat
($; 140–160 g)

Crude synaptosomal (P2)
fraction of cerebrum

[223]

fl (�75%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw (daily; I.P. injection) Aluminium lactate Wistar rat
(#; 100–130 g)

Synaptic plasma
membranes from cerebral
cortex

[125]

fl (completely
abolish)
(EC50 = 15.56 mM)

Peincubation
(1 h; incubation
medium)

10�4 � 10�1 M Aluminium lactate Hsd:WI (Wistar) rat
(8-week-old)

Cerebral synaptosomes [220]

fl (IC50 = 4.1 pM) Reaction medium 3.8*10�13 � 1.1*10�12 M ([Al3+]free) Aluminium chloride/
citric acid solution

Partially purified enzyme from caudate
nucleus of bovine brain

[211]

› Subchronic exposure
(1 month + 2 months)

500 mg*Kg�1 Bw; 1.6 g*L�1 (daily; I.G.+in
drinking water, in drinking water)

AlCl3 Wistar rat (#; 8–12
weeks; 200–250 g)

Hippocampus [254]

Aspartate

Aspartate
transaminase
(EC 2.6.1.1)

fl (12%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 93 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Midbrain-hippocampal
region homogenate

[104]

fl (10%) Chronic exposure
(4 weeks)

4.2 mg*Kg�1 Bw; 90 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Thalamic area homogenate [104]
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no effect (fl?) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 49 vs. 29 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebrum homogenate [104]

› (2%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 48 vs. 31 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebellum homogenate [104]

ATP

Apyrase, ecto-
ATPDase
(EC 3.6.1.5)

fl
(IC50 = 5 mM)

Reaction medium 10�5 � 10�2 M AlCl3 Wistar rat
(#; 170–250 g)

Whole brain synaptosomes [241]

Catecholamines

Amine oxidase
(flavin-containing)
(EC 1.4.3.4)

fl (› Km) Reaction medium 2.25*10�4 M (Aluminium) Aluminium
lactate

Wistar rat
(#; 4-week-old)

Brain homogenate [239]

Amine oxidase
(flavin-containing)
(EC 1.4.3.4) –
MAO-A

› (�43%) Culture medium (7 months) 1.3*10�6 M (nominal [Al(lac3)]); 0.1 lg
Al*mg�1 protein

Aluminium
lactate

Murine neuroblastoma cells C1300
(clone Neuro-2A) in culture

[238]

› (�7%) Culture medium (48 h) 1.3*10�6 M (nominal [Al(lac3)]); 0.1 lg
Al*mg�1 protein

Aluminium
lactate

Murine neuroblastoma cells C1300
(clone Neuro-2A) in culture

[238]

Amine oxidase
(flavin-containing)
(EC 1.4.3.4) –
MAO-B

› (�86%) Culture medium (7 months) 1.3*10�6 M (nominal [Al(lac3)]); 0.1 lg
Al*mg�1 protein

Aluminium
lactate

Murine neuroblastoma cells C1300
(clone Neuro-2A) in culture

[238]

› (�43%) Culture medium (48 h) 1.3*10�6 M (nominal [Al(lac3)]); 0.1 lg
Al*mg�1 protein

Aluminium
lactate

Murine neuroblastoma cells C1300
(clone Neuro-2A) in culture

[238]

GABA

4-Aminobutyrate
transaminase
(EC 2.6.1.19)

› (74%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 90 vs. 45 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Midbrain-hippocampal
region homogenate

[99]

› (35%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 85 vs. 42 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Midbrain-hippocampal
region homogenate

[98]

fl (27%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 41 vs. 27 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebrum homogenate [99]

fl (27%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 40 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Cerebrum homogenate [98]

fl (41%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 94 vs. 53 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Thalamic area homogenate [98]

fl (41%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 42 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Cerebellum homogenate [98]

fl (42%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 38 vs. 25 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebellum homogenate [99]

fl (51%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 82 vs. 49 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Thalamic area homogenate [99]

Glutamate

Glutamate-ammonia
ligase
(EC 6.3.1.2)

fl Single-dose exposure
(evaluation after 7 days)

0.267 lg (9.9 lmol) of aluminium (I.C.V.
injection)

Aluminium
lactate

Sprague-Dawley rat
(#; 120–155 g)

Frontal cortex homogenate [234]

no effect (fl?) Single-dose exposure
(evaluation after 7 days)

0.267 lg (9.9 lmol) of aluminium (I.C.V.
injection)

Aluminium
lactate

Sprague-Dawley rat
(#; 120–155 g)

Hippocampus and striatum
homogenates

[234]

Glutamate
decarboxylase
(EC 4.1.1.15)

› (108%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 40 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Cerebrum homogenate [98]

› (43%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 41 vs. 27 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 100–120 g)

Cerebrum homogenate [99]

› (40%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 94 vs. 53 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Thalamic area homogenate [98]

› (36%) Chronic exposure (4 weeks) 4.2 mg*Kg�1 Bw; 42 vs. 28 ng*mg�1 Ts
(daily; I.P. injection)

AlCl3 Æ 6H2O Wistar rat
(#; 80–100 g)

Cerebellum homogenate [98]

(continued on next page)

P
.P

.
G

o
n

ça
lves,

V
.S

.
S

ilva
/

J
o

u
rn

a
l

o
f

In
o

rg
a

n
ic

B
io

ch
em

istry
1

0
1

(
2

0
0

7
)

1
2

9
1

–
1

3
3

8
1319



T
a
b
le

7
(c

o
n
ti

n
u

ed
)

P
ar

am
et

er
E

ff
ec

t
E

xp
o

su
re

p
ro

to
co

l
D

o
se

/C
o

n
ce

n
tr

at
io

n
A

lu
m

in
iu

m
co

m
p

o
u

n
d

E
xp

er
im

en
ta

l
m

o
d

el
R

ef
er

en
ce

A
n

im
al

P
re

p
ar

at
io

n

›
(3

6%
)

C
h

ro
n

ic
ex

p
o

su
re

(4
w

ee
k

s)
4.

2
m

g *
K

g�
1

B
w

;
90

vs
.

45
n

g *
m

g�
1

T
s

(d
ai

ly
;

I.
P

.
in

je
ct

io
n

)
A

lC
l 3

Æ6
H

2
O

W
is

ta
r

ra
t

(#
;

10
0–

12
0

g)
M

id
b

ra
in

-h
ip

p
o

ca
m

p
al

re
gi

o
n

h
o

m
o

ge
n

at
e

[9
9]

›
(3

3%
)

C
h

ro
n

ic
ex

p
o

su
re

(4
w

ee
k

s)
4.

2
m

g *
K

g�
1

B
w

;
85

vs
.

42
n

g *
m

g�
1

T
s

(d
ai

ly
;

I.
P

.
in

je
ct

io
n

)
A

lC
l 3

Æ6
H

2
O

W
is

ta
r

ra
t

(#
;

80
–1

00
g)

M
id

b
ra

in
-h

ip
p

o
ca

m
p

al
re

gi
o

n
h

o
m

o
ge

n
at

e
[9

8]

›
(2

2%
)

C
h

ro
n

ic
ex

p
o

su
re

(4
w

ee
k

s)
4.

2
m

g *
K

g�
1

B
w

;
38

vs
.

25
n

g *
m

g�
1

T
s

(d
ai

ly
;

I.
P

.
in

je
ct

io
n

)
A

lC
l 3

Æ6
H

2
O

W
is

ta
r

ra
t

(#
;

10
0–

12
0

g)
C

er
eb

el
lu

m
h

o
m

o
ge

n
at

e
[9

9]

›
(1

8%
)

C
h

ro
n

ic
ex

p
o

su
re

(4
w

ee
k

s)
4.

2
m

g *
K

g�
1

B
w

;
82

vs
.

49
n

g *
m

g�
1

T
s

(d
ai

ly
;

I.
P

.
in

je
ct

io
n

)
A

lC
l 3

Æ6
H

2
O

W
is

ta
r

ra
t

(#
;

10
0–

12
0

g)
T

h
al

am
ic

ar
ea

h
o

m
o

ge
n

at
e

[9
9]

›
(5

%
)

C
h

ro
n

ic
ex

p
o

su
re

(4
9

d
ay

s)
15

0
m

g
el

em
en

ta
l

A
l *

K
g�

1
B

w
(d

ai
ly

;
S

.C
.

in
je

ct
io

n
)

A
l(

O
H

) 3
W

is
ta

r
ra

t
(y

o
u

n
g

ad
u

lt
)

F
ro

n
ta

l
co

rt
ex

[2
08

]

fl
(6

0%
)

(E
m

a
x
)

S
in

gl
e-

d
o

se
ex

p
o

su
re

S
u

b
p

ia
l

in
je

ct
io

n
in

to
th

e
le

ft
p

re
-

an
d

p
o

st
ce

n
tr

al
gy

ru
s

A
lu

m
in

iu
m

h
yd

ro
xi

d
e

ge
l

E
p

il
ep

ti
c

m
o

n
k

ey
o

ve
r

2
ye

ar
s

(#
;

4–
6

K
g)

H
o

m
o

ge
n

at
e

o
f

co
rt

ic
al

sa
m

p
le

[1
59

]

fl
(6

0%
)

(E
m

a
x
)

C
u

lt
u

re
m

ed
iu

m
(4

d
ay

s)
1
�

4 *
10
�

3
M

A
lu

m
in

iu
m

la
ct

at
e

N
G

10
8-

15
h

yb
ri

d
(n

eu
ro

b
la

st
o

m
a

·
gl

io
m

a)
ce

ll
s

in
cu

lt
u

re
[1

58
]

G
lu

ta
m

at
e

d
eh

yd
ro

ge
n

as
e

(E
C

1.
4.

1.
3)

fl
[›

K
m

(3
fo

ld
)]

R
ea

ct
io

n
m

ed
iu

m
0–

10
�

4
M

A
l3

+
(l

ac
ta

te
so

lu
ti

o
n

)
P

u
ri

fi
ed

p
re

p
ar

at
io

n
o

f
th

e
en

zy
m

e
[1

02
]

A
C

h
,

ac
et

yl
ch

o
li

n
e;

B
w

,b
o

d
y

w
ei

gh
t;

C
M

C
,c

ar
b

o
xy

l-
m

et
h

yl
ce

ll
u

lo
se

;E
C

5
0
,

h
al

f-
m

ax
im

al
eff

ec
ti

ve
co

n
ce

n
tr

at
io

n
;E

m
a
x
,

m
ax

im
al

eff
ec

t;
G

A
B

A
,c

-a
m

in
o

b
u

ty
ri

c
ac

id
;I

C
5
0
,

co
n

ce
n

tr
at

io
n

gi
vi

n
g

50
%

o
f

m
ax

im
al

in
h

ib
it

io
n

;
I.

C
.V

.,
in

tr
ac

er
eb

ro
ve

n
tr

ic
u

la
r;

I.
G

.,
in

tr
ag

as
tr

ic
;

I.
P

.,
in

tr
ap

er
it

o
n

ea
l;

K
m

,
M

ic
h

ae
li

s-
M

en
te

n
co

n
st

an
t;

S
.C

.,
su

b
cu

ta
n

eo
u

s;
T

s,
ti

ss
u

e.
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(Na+/K+)-ATPase is insensitive to submillimolar concen-
trations of AlCl3 [146]. On the other hand, aluminium does
not inhibit GABA uptake by synaptic plasma membrane
vesicles that hold an artificially imposed transmembrane
Na+ gradient [152]. It was also suggested that aluminium
relieves the modulatory action of Ca2+ on GABA trans-
porter, operating either in forward (uptake) or backward
(release) directions via Ca2+–calmodulin complex/calcineu-
rin signal (see Section 4).

Meanwhile, it is impossible to evaluate the impact of
aluminium effect on presynaptic neurotransmitter uptake
systems in vivo, since these putative mechanisms of action
have not been challenged in more intact experimental
models.

With respect to aluminium effects on the enzymes
responsible for degradation of neurotransmitters other than
acetylcholine, there is little information in the literature
(Table 7). The action of aluminium on glutamate decarbox-
ylase and 4-aminobutyrate transaminase has already been
discussed (see Section 3). Additionally, glutamate-ammonia
ligase (EC 6.3.1.2, glutamine synthetase), which converts
glutamate into glutamine and is critical for detoxification
of extracellular glutamate, and glutamate dehydrogenase
(EC 1.4.1.3, GDH) have reduced activities upon exposure
to aluminium [102,234]. In fact it has been shown that alu-
minium inactivates glutamate dehydrogenase by a pH
dependent, pseudo-first-order reaction at micromolar con-
centrations, probably due to aluminium binding to carboxyl
or hydroxyl groups of the backbone amino acid chain of the
soluble recombinant human enzyme, purified from Esche-
richia coli after overexpression of a human GDH-encoding
synthetic gene [235]. In brain regions showing high alumin-
ium levels, a large perturbation of the integrated neuronal/
glial glutamate–glutamine pathway, characterized by a sig-
nificant increase in glutamine concentration possibly
accompanied by an increased glutamate disappearance
from the synaptic cleft due to activation of astrocytic
uptake system and glutamine synthetase activity, has been
suggested by Struys-Ponsar et al. [236].

5-Hydroxytryptamine and catecholamines are catabo-
lized to inactive compounds through the actions of cate-
chol O-methyltransferase (EC 2.1.1.6; COMT) and amine
oxidase (flavin-containing) (EC 1.4.3.4; MAO), via oxida-
tive deamination of these neurotransmitters. The two
highly conserved isoenzymes, MAO A and MAO B, exhibit
distinct substrate selectivities. MAO A preferentially dea-
minates 5-hydroxytryptamine and noradrenaline, and also
non-selectively dopamine, whereas MAO B metabolises
dopamine. However, the specific role of each amine oxidase
isoform appears to differ significantly depending on the
specific brain area and on the animal species under study
[237]. A more pronounced activation of MAO B either in
acute or long-term exposure to aluminium of murine neu-
roblastoma cells was reported [238]. Conversely, incuba-
tion of rat brain homogenates with 225 lM aluminium
lactate produced a significant reduction of this enzyme
activity [239].



Table 8
Aluminium effect on neurotransmitter uptake

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

Choline

High-affinity choline
uptake

fl (completely abolish at
1 mM)

Bath incubation
(extracellular
solution)

10�4 � 10�3 M AlCl3 Sprague-Dawley
rat (#)

Crude synaptosomal (P2)
fraction from hippocampus
and cerebral cortex

[286]

fl (58%) (at TDmax) Single-dose exposure
(evaluated after 7
days)

0.025–2.5 lmol per lateral
ventricle (I.C.V. injection)

AlCl3 Sprague-Dawley
rat (225–250 g)

Crude synaptosomal fraction
from hippocampus

[285]

fl (48%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptosomes from
hippocampus

[125]

fl (45%) Chronic exposure
(4 weeks)

11 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptosomes from corpus
striatum

fl (39%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Synaptosomes from cerebral
cortex

[125]

fl (31%) (Emax) Preincubation
(15 min;
extracellular
solution)

3*10�5 � 3*10�4 M AlCl3 Wistar rat
(adult #)

Whole brain (minus
cerebellum) synaptosomes

[146]

no effect [231,282]
High-affinity choline

uptake in the presence
of Ca2+

fl (IC50 = 123 lM) Preincubation
(3 min; extracellular
solution)

10�5 � 10�3 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [232]

High-affinity choline
uptake in the absence
of added Ca2+

fl (IC50 = 224 lM) Preincubation
(3 min; extracellular
solution)

10�5 � 10�3 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [232]

Dopamine

Dopamine uptake › (�12%) Single-dose exposure
(evaluation after
24 h)

66.5 mg*Kg�1 Bw; 48.3 vs.
4.3 mg*g�1 brain Dw
(I.V. injection)

AlCl3 Wistar rat
(#; 200–250 g)

Hippocampal slices
(transverse; 250 lm)

[229]

› (�22%) Preincubation
(150 min;
extracellular
solution)

10�4 M Aluminium
glutamate

Wistar rat
(#; 200–250 g)

Hippocampal slices
(transverse; 250 lm)

[229]

Dopamine uptake in the
presence of Ca2+

fl (completely abolish)
(IC50 = 240 lM)

Preincubation
(3 min; extracellular
solution)

5*10�6 � 5*10�3 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [287]

biphasic effect [› (max.
at 250 lM);
fl(IC50 = 400 lM)]

Preincubation
(3 min; extracellular
solution)

5*10�6 � 5*10�3 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Striatal synaptosomes [287]

Dopamine uptake in the
absence of added Ca2+

fl (completely abolish)
(IC50 = 400 lM)

Preincubation
(3 min; extracellular
solution)

5*10�6 � 5*10�3 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [287]

biphasic effect [› (max.
at 100 lM);
fl(IC50 = 400 lM)]

Preincubation
(3 min; extracellular
solution)

5*10�6 � 5*10�3 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Striatal synaptosomes [287]

(continued on next page)
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Table 8 (continued)

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

GABA

GABA accumulation rate
in the presence of Ca2+

fl (completely abolish)
(IC50 = 149 lM)

Preincubation
(4 min; extracellular
solution)

10�5 � 10�3 M AlCl3 Wistar rat
(#; 40–45-day-old;
150–180 g)

Forebrain synaptosomes [288]

GABA accumulation rate
in the absence of added
Ca2+

fl (completely abolish)
(IC50 = 316 lM)

Preincubation
(4 min; extracellular
solution)

10�5 � 10�3 M AlCl3 Wistar rat
(#; 40–45-day-old;
150–180 g)

Forebrain synaptosomes [288]

Na+-dependent GABA
binding

fl (71%) (Emax) Single-dose exposure Subpial injection into the
left pre- and postcentral
gyrus

Aluminium
hydroxide gel

Epileptic monkey
over 2 years
(#; 4–6 Kg)

Freshly prepared synaptic
membranes from cortical
sample

[159]

High-affinity GABA
uptake

fl (>60%) Bath incubation
(extracellular
solution)

10�6 � 10�3 M AlCl3 New Zealand
rabbit (15-day-old)

Crude synaptosomal fraction
from spinal cord

[227]

fl (57–69%) Single-dose exposure
(evaluation after 45
days)

50 lL of 1% solution
(injection into cisterna
magna)

AlCl3 New Zealand
rabbit (15-day-old)

Crude synaptosomal fraction
from spinal cord

[227]

fl (53%) Single-dose exposure
(evaluation after 10
days)

50 lL of 1% solution
(injection into cisterna
magna)

AlCl3 New Zealand
rabbit (15-day-old)

Crude synaptosomal fraction
from hippocampus

[227]

fl (49–63%) Single-dose exposure
(evaluation after 45
days)

50 lL of 1% solution
(injection into cisterna
magna)

AlCl3 New Zealand
rabbit (15-day-old)

Crude synaptosomal fraction
from hippocampus

[227]

fl (42%) Single-dose exposure
(evaluation after 10
days)

50 lL of 1% solution
(injection into cisterna
magna)

AlCl3 New Zealand
rabbit (15-day-old)

Crude synaptosomal fraction
from spinal cord

[227]

fl (40%) Preincubation
(2 min; extracellular
solution)

3*10�4 M AlCl3 Wistar rat (#) Brain cortex synaptosomes [152]

High-affinity GABA
uptake in the absence
of added Ca2+

no effect Bath incubation
(extracellular
solution)

3*10�4 M AlCl3 Sheep Synaptic plasma membrane
vesicles from brain cortex

[152]

High-affinity GABA
uptake in the presence
of Ca2+

› Bath incubation
(extracellular
solution)

3*10�4 M AlCl3 Sheep Synaptic plasma membrane
vesicles from brain cortex

[152]
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Glutamate

Glutamate uptake no effect Bath incubation
(extracellular
solution)

10�4 � 10�3 M AlCl3 Long-Evans rat
(#; 300–400 g)

Hippocampal slices
(transverse; 400 lm)

[230]

Glutamate accumulation
rate in the presence of
Ca2+

fl (completely abolish)
(IC50 = 224 lM)

Preincubation
(4 min; extracellular
solution)

10�5 � 10�3 M AlCl3 Wistar rat
(#; 40–45-day-old;
150–180 g)

Forebrain synaptosomes [288]

Glutamate accumulation
rate in the absence of
added Ca2+

fl (completely abolish)
(IC50 = 299 lM)

Preincubation
(4 min; extracellular
solution)

10�5 � 10�3 M AlCl3 Wistar rat
(#; 40–45-day-old;
150–180 g)

Forebrain synaptosomes [288]

Glycine

High-affinity glycine
uptake

fl (80%) Single-dose exposure
(evaluation after 45
days)

50 lL of 1% solution
(injection into cisterna
magna)

AlCl3 New Zealand
rabbit (15-day-old)

Crude synaptosomal fraction
from spinal cord

[227]

no effect (fl?) Single-dose exposure
(evaluation after 10
days)

50 lL of 1% solution
(injection into cisterna
magna)

AlCl3 New Zealand
rabbit (15-day-old)

Crude synaptosomal fraction
from spinal cord

[227]

5-HT

5-HT uptake in the
presence of Ca2+

fl (completely abolish)
(IC50 = 290 lM)

Preincubation
(3 min; extracellular
solution)

10�5 � 5*10�4 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [289]

5-HT uptake in the
absence of added Ca2+

fl (completely abolish)
(IC50 = 370 lM)

Preincubation
(3 min; extracellular
solution)

10�5 � 5*10�4 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [289]

Noradrenaline

Noradrenaline uptake in
the presence of Ca2+

biphasic effect [› (max.
at 250 lM);
fl(IC50 = 330 lM)]

Preincubation
(3 min; extracellular
solution)

5*10�6–5*10�5 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [289]

Noradrenaline uptake in
the absence of added
Ca2+

biphasic effect [› (max.
at 100 lM);
fl(IC50 = 430 lM)]

Preincubation
(3 min; extracellular
solution)

5*10�6 � 5*10�5 M AlCl3 Wistar rat
(#; 40–55-day-old;
150–180 g)

Forebrain synaptosomes [289]

Bw, body weight; Dw, dry weight; Emax, maximal effect; GABA, c-aminobutyric acid; 5-HT, 5-hydroxytryptamine; IC50, concentration giving 50% of maximal inhibition; I.C.V., intracerebroventricular;
I.P., intraperitoneal; I.V., intravenous; TDmax, maximal tolerated dose.
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Finally, like acetylcholine, released ATP is also inacti-
vated enzymatically in the synaptic cleft by ectonucleotid-
ases. Purinergic signalling is mainly finalized by
sequential hydrolysis of ATP to adenosine by ecto-ATPase,
ecto-ATPDase and ecto-5 0-nucleotidase. These ecto-ATP-
ases belongs to the E-type ATPase family and are distin-
guished from membrane-bound ATPases by their
extracellular active site, activation by Ca2+ and Mg2+,
and ability to hydrolyze a wide range of purine and pyrim-
idine nucleoside tri- and diphosphates [240]. A competitive
inhibition between aluminium and Ca2+ was suggested as
the primary mechanism responsible for the inhibitory effect
of aluminium on apyrase (EC 3.6.1.5; ecto-ATPDase)
activity. Schetinger et al. [241] observed that AlCl3 inhibits
both the ATPase and ADPase activities of synaptosomes
isolated from rat cerebral cortex, with an estimated IC50

value of 5.0 mM in the presence of 1.5 mM CaCl2. Here
the enzyme activity remained below basal levels in the
absence of Ca2+.

7. Synaptic strength

Early clinical signs of aluminium toxicity include selec-
tive disturbance of learning and memory [4,242], which
suggests that synaptic strength may be affected by alumin-
ium. Learning and memory are believed to arise from long-
term changes in synaptic strength, in which repeated or
continuous synaptic activation takes place, causing the
alteration of the structure of the synapse itself. The mech-
anism underlying this process is known as synaptic plastic-
ity, which includes the alteration of synaptic function at
presynaptic (i.e. quantal size) and postsynaptic (i.e. excit-
ability and response effectiveness) levels, the establishment
of new synapses and discontinuation of existent synaptic
contacts [243–245].

Selective lost of cholinergic [86], GABAergic [246] and
nitroxidergic [247] neurons in response to exposure to alu-
minium has been reported. Furthermore, alteration of
nerve cell morphology is a common feature of aluminium
neurotoxicity. In addition to the detection of neurofilamen-
tous accumulation in the soma and dendrites, the reduction
of dendritic branches [248] axonal spheroids and cord-like
neuritic thickenings [249] are common findings in alumin-
ium intoxicated animals.

In recent studies, aluminium-induced degradation in the
ability to learn and memorize was linked to the configura-
tional changes in synapse [250,251]. The observed abnor-
mal synaptic ultrastructure was characterized by a
reduction in the thickness of postsynaptic density, enlarge-
ment of synaptic cleft and attenuation of synaptic curva-
ture (Table 9). Moreover, a clear shift from convex to
concave synapses, a diminution of perforated synapses
and an increase of flat type synapses were also observed
in the hippocampus and frontal cortex. The alterations in
synaptic interfacial structural parameters were more prom-
inent in the hippocampus than in the frontal cortex, where
a tiny increase in aluminium concentration (900 ng g�1 dry
weight) produces a much larger modification in the relative
amount of each type of synaptic interfacial structure. The
potential functional implications of morphological changes
of synapses are not completely understood [252,253]. How-
ever, it is plausible to assume that the depicted aluminium-
induced abnormal synaptic ultrastructure will cause pro-
found alterations in the synchronization and probability
of neurotransmitter release and attenuate capacity for plas-
ticity. In actual fact, the number of perforated synapses,
which are known to occur transiently after the induction
of long-term potentiation, decreased to a greater extent in
the hippocampus. Accordingly, aluminium brings some
loss of cell extensions and intercellular connections to dif-
ferentiated SN56 cholinergic cells in culture [112].

Long-term potentiation and its opposing process, long-
term depression, are believed to be the most important cel-
lular bases of learning and memory. Learning and memory
deficit induced by aluminium in animal models has been
extensively demonstrated by applying batteries of behav-
ioural tests (see [254] for a recent study). Electrophysiolog-
ical recording techniques have been also applied to gain
insight into the mechanisms underlying the deleterious
action of aluminium on these advanced processing func-
tions of the brain (Table 10). Aluminium exposure reduces
the range of synaptic plasticity, since it depresses paired-
pulse facilitation, low-frequency electrical evoked long-
term depression and high-frequency electrical and tetrae-
thylammonium evoked long-term potentiation. Paired-
pulse facilitation, facilitation of a second response when a
synapse is stimulated twice with a short interstimulus inter-
val, is partially attributed to an increase in the amount of
neurotransmitter released in response to the second stimu-
lus, whereas long-term potentiation, a persistent increase in
synaptic effectiveness in response to a brief period of high-
frequency stimulation, and long-term depression, a long-
lasting decrease of synaptic effectiveness by applying low-
frequency stimuli, are thought to result from changes in
the postsynaptic cell, although modifications in the presyn-
aptic nerve terminal also play a role. Aluminium exposure
throughout life seems to impair synaptic plasticity seri-
ously. The most prominent progressive electrophysio-
logical alterations accompanying aluminium-induced
encephalopathy are a decrement in long-term potentiation
and the disconnection between population excitatory post-
synaptic potentials and the population spikes. Both these
progressive changes could be partially reversed by increas-
ing the extracellular concentration of calcium [115]. Only
Gilbert and Shafer [230] were unable to detect impairment
of long-term potentiation in hippocampal slices during
in vitro incubation (up to 12 h) with micromolar aluminium
chloride. Although, aluminium interaction with synaptic
plasticity occurs before any obvious morphological
changes [255], the mechanisms underlying the reported
effects are conflicting. Blockage of voltage-operated cal-
cium channels [256] and interactions with the intracellular
calcium signalling [115,257], L-arginine-nitric oxide path-
way [258] and opioid receptors [259] are the suggested



Table 9
Aluminium effect on the synaptic ultrastructure

Parameter Effect Exposure protocol Dose/Concentration Aluminium compound Experimental model Reference

Animal Preparation

Synaptic interfacial structural parameters

Curvature fl (41%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

fl (32%) 500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

Length of active
zone

no effect
(›?)

Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

no effect
(›?)

(3 months) 500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

Width of synaptic
cleft

› (18%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

› (5%) (3 months) 500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

Thickness of
postsynaptic
density

fl (42%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

fl (7%) (3 months) 500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

Type of synaptic interfacial structure

Flat type › (126%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

› (59%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

Positive curvature fl (82%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

fl (71%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

Negative curvature › (400%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

› (314%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

Perforated synapse fl (54%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 5.32 vs. 2.1 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Hippocampal fixed
ultrathin sections

[251]

fl (35%) Chronic exposure
(3 months)

500 mg*Kg�1 Bw; 3.87 vs. 2.9 lg*g�1 Dw
(daily; 1.5 ml perfused through the stomach)

Aluminium citrate
(water soluble)

Rat
(#; 120–150 g)

Cortical fixed
ultrathin sections

[251]

fl (23%) Chronic exposure
(14 + 100 days)

50 + 178 mg*Kg�1 Bw; 14.4 vs. 6.9 ng*g�1 Dw
(a.d.i.d.w.)

Aluminium nitrate/
citrate (water soluble)

Rat
(#; 18-month-old)

Hippocampal fixed
ultrathin sections

[250]

fl (8%) Chronic exposure
(14 + 100 days)

50 + 178 mg*Kg�1 Bw; 14.4 vs. 6.9 ng*g�1 Dw
(a.d.i.d.w.)

Rat
(#; 21-day-old)

Hippocampal fixed
ultrathin sections

[250]

a.d.i.d.w., average daily intake in drinking water; Bw, body weight; Dw, dry weight.
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Table 10
Aluminium effect on synaptic plasticity

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

Long-term potentiation (LTP)

LTP evoked by electrical stimulation

Decay of HSF-induced
potentiation up to
3 h

› Acute exposure (evaluated
after 30 min)

0.68–2.7 lg*mL�1

(single I.C.V. injection)
Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 300–
400 g)

Granule cell layer of dentate gyrus
(freely moving animal with implanted
electrodes)

[267]

Decay of HSF-induced
potentiation up to
1 h

› Bath application (extracellular
solution)

0.68–5.4 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 120–
150 g)

Hippocampal (CA1) slices (transverse;
450 lm)

[267]

no effect [218,257,260]
Decay of HSF-induced

potentiation up to
40 min

› (50%) Acute exposure (extracellular
solution)

5*10�1 M (1 lL; slow
microinjection)

AlCl3 Sprague-
Dawley rat
(200–250 g)

Hippocampus (CA3) (anaesthetised
animal with implanted electrodes)

[258]

HSF-induced increase
in population spike
amplitude

fl
(completely
abolished)

Short-term exposure
(5 days + 5 days recovery)

0.68 lg*mL�1

(daily; I.C.V. injection)
Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 300–
400 g)

Granule cell layer of dentate gyrus
(freely moving animal with implanted
electrodes)

[267]

fl
(completely
abolished)

Bath application (extracellular
solution)

0.68–5.4 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 120–
150 g)

Hippocampal (CA1) slices (transverse;
450 lm)

[267]

fl
(completely
abolished)

Acute exposure (extracellular
solution)

5*10�1 M (1 lL; slow
microinjection)

AlCl3 Sprague-
Dawley rat
(200–250 g)

Hippocampus (CA3) (anaesthetised
animal with implanted electrodes)

[258]

fl (58%) Chronic exposure (22 days
mother’s milk + 68–98 days
recovery)

7.50 vs. 4.74 lg*g�1 in
hippocampus (0.3% in drinking
water of the mothers)

AlCl3 Wistar rat
(90–120-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[290]

fl (54%) Chronic exposure (3 months) 600 mg*Kg�1; 13.22 vs. 4.53
lg*g�1 in hippocampus (daily;
gavage)

AlCl3 Sprague-
Dawley rat
(350–400 g)

Hippocampal (CA1) slices (transverse;
400 lm)

[259]

fl (47%) Chronic exposure (22 days
mother’s milk + 58–78 days
drinking water)

8.74 vs. 3.87 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[260]

fl (44%) Chronic exposure (22 days
mother’s milk + 38–68 days
drinking water)

7.50 vs. 4.74 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(60–90-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[257]

fl (44%) Chronic exposure (22 days
mother’s milk + 58–78 days
drinking water)

7.44 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[257]

fl (36%) Chronic exposure (58–78 days) 6.40 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[257]

fl (35%) Chronic exposure (22 days
mother’s milk + 58–78 days
recovery)

6.96 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water of the mother’s)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[257]

fl (12%) Prenatal exposure (a.p.p.) 6.81 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water of the mothers)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[257]

no effect [230,267]
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HSF-induced increase
in fEPSP

fl (20%) Chronic exposure (22 days mother’s
milk + 68–98 days recovery)

7.50 vs 4.74 lg*g�1 in hippocampus
(0.3% in drinking water of the
mothers)

AlCl3 Wistar rat
(90–120-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[290]

fl (15%) Chronic exposure (22 days mother’s
milk + 58–78 days drinking water)

8.74 vs. 3.87 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[260]

fl (15%) Chronic exposure (22 days mother’s
milk + 58–78 days drinking water)

7.44 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

fl (13%) Chronic exposure (22 days mother’s
milk + 38–68 days drinking water)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(60–90-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[258]

fl (5%) Chronic exposure (22 days mother’s
milk + 58–78 days recovery)

6.96 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water of the
mother’s)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

fl (4%) Chronic exposure (58–78 days) 6.40 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

no effect Prenatal exposure (a.p.p.) 6.81 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water of the
mothers)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

LTP evoked by TEA

TEA-induced increase
in population spike
amplitude

fl (95% at
60 min)

Bath application (extracellular
solution)

0.68–2.7 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 7–8
week-old)

Hippocampal (CA1) slices (400 lm) [256]

TEA-induced increase
in fEPSP

fl (84% at
60 min)

Bath application (extracellular
solution)

0.68–2.7 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 7–8
week-old)

Hippocampal (CA1) slices (400 lm) [256]

Subsequent HSF-
induced
potentiation

› Bath application (extracellular
solution)

2.7 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 7–8
week-old)

Hippocampal (CA1) slices (400 lm) [256]

Long-term depression (LTD)

LSF-induced decrease
in population spike
amplitude

fl
(completely
abolished)

Chronic exposure (22 days daily
mother’s milk + 38–68 days
drinking water)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(60–90-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[257]

fl
(completely
abolished)

Chronic exposure (22 days daily
mother’s milk; 68–98 days recovery)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water of the
mothers)

AlCl3 Wistar rat
(90–120-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[290]

fl
(completely
abolished)

Chronic exposure (22 days daily
mother’s milk + 58–78 days
drinking water)

8.74 vs. 3.87 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[260]

fl
(completely
abolished)

Chronic exposure (22 days daily
mother’s milk + 58–78 days
drinking water)

7.44 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

fl Chronic exposure (22 days daily
mother’s milk + 58–78 days
recovery)

6.96 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water of the
mother’s)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

(continued on next page)
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Table 10 (continued)

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

LSF-induced
decrease in
fEPSP

fl
(completely
abolished)

Chronic exposure (22 days daily
mother’s milk + 38–68 days
drinking water)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(60–90-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[257]

fl (at 5–
6 min)

Chronic exposure (22 days daily
mother’s milk + 58–78 days
drinking water)

8.74 vs. 3.87 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[260]

fl (at 5–
6 min)

Chronic exposure (22 days daily
mother’s milk + 68–98 days
recovery)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water of the
mothers)

AlCl3 Wistar rat
(90–120-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[290]

fl Chronic exposure (22 days daily
mother’s milk + 58–78 days
drinking water)

7.44 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

fl Chronic exposure (22 days daily
mother’s milk + 58–78 days
recovery)

6.96 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water of the
mother’s)

AlCl3 Wistar rat
(80–100-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

fl Prenatal exposure (a.p.p.) 6.81 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water of the
mothers)

AlCl3 Wistar rat
(80–100-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

fl Chronic exposure (58–78 days) 6.40 vs. 3.63 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(80–100-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[291]

Paired-pulse facilitation (PPF)

2nd pulse-induced
increase in
population spike
amplitude

fl (60% at
�125 ms)

Chronic exposure (22 days daily
mother’s milk + 38–68 days
drinking water)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water)

AlCl3 Wistar rat
(60–90-day-
old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[257]

fl (94% at
80 ms)

Chronic exposure (22 days daily
mother’s milk + 68–98 days
recovery)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water of the
mothers)

AlCl3 Wistar rat
(90–120-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[290]

2nd pulse-induced
alteration
in fEPSP

no effect Chronic exposure (22 days daily
mother’s milk + 68–98 days
recovery)

7.50 vs. 4.74 lg*g�1 in hippocampus
(0.3% in drinking water of the
mothers)

AlCl3 Wistar rat
(90–120-
day-old)

Granule cell population of dentate gyrus
(anaesthetised animal with implanted
electrodes)

[290]

a.a.s., atomic absorption standard; a.p.p., all period of pregnancy; fEPSP, initial slope of the rising phase of the average field excitatory postsynaptic potential; HSF, high-frequency stimulation; I.C.V.,
intracerebroventricular; LSF, low-frequency stimulation; TEA, tetraethylammonium.
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Table 11
Aluminium effect on electrical excitability

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

Input/output function

Population spike
threshold at
2.4 mM CaCl2

› (92%) (Emax) Single-dose exposure
(evaluation after 15–20 days)

10 lmol aluminium
(I.C.V. injection)

Aluminium
lactate

New Zealand
rabbit
(4-week-old)

Hippocampal (dorsal) slices
(transverse; 500 lm)

[115]

Population spike
threshold at
4.8 mM CaCl2

no effect (›?) Single-dose exposure
(evaluation after 15–20 days)

10 lmol aluminium
(I.C.V. injection)

Aluminium
lactate

New Zealand
rabbit
(4-week-old)

Hippocampal (dorsal) slices
(transverse; 500 lm)

[115]

Population spike
amplitude

fl (completely
abolished)

Short-term exposure (5
days + 5 days recovery)

0.68 lg*mL�1

(daily; I.C.V. injection)
Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 120–
150 g)

Granule cell layer of dentate gyrus
(freely moving animal with implanted
electrodes)

[267]

fl (completely
abolished
within 20 min)

Bath application (extracellular
solution)

0.68–5.4 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 120–
150 g)

Hippocampal (CA1) slices
(transverse; 450 lm)

[267]

fl (12% at
15 min)

Bath application (extracellular
solution)

0.68–2.7 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 7–8
weeks-old)

Hippocampal (CA1) slices (400 lm) [256]

no effect (?) (fl
at low currents)

Chronic exposure (22 days daily
mother’s milk + 58–78 days
drinking water)

8.74 vs. 3.87 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[260]

no effect [230,257,267,291]
› Chronic exposure (22 days daily

mother’s milk + 68–98 days
recovery)

7.50 vs. 4.74 lg*g�1 in
hippocampus (0.3% in drinking
water of the mothers)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[290]

› Chronic exposure (22 days daily
mother’s milk + 58–78 days
recovery)

6.96 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water of the mother’s)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[291]

(anaesthetised animal with implanted
electrodes)

Population spike
amplitude at
2.4 mM CaCl2

fl (72%) (Emax) Single-dose exposure
(evaluation after 15–20 days)

10 lmol aluminium
(I.C.V. injection)

Aluminium
lactate

New Zealand
rabbit
(4-week-old)

Hippocampal (dorsal) slices
(transverse; 500 lm)

[115]

Population spike
amplitude at
4.8 mM CaCl2

no effect (fl?) Single-dose exposure
(evaluation after 15–20 days)

10 lmol aluminium
(I.C.V. injection)

Aluminium
lactate

New Zealand
rabbit
(4-week-old)

Hippocampal (dorsal) slices
(transverse; 500 lm)

[115]

fEPSP fl (8% at
15 min)

Bath application (extracellular
solution)

0.68–2.7 lg*mL�1 Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(#; 7–8
weeks-old)

Hippocampal (CA1) slices (400 lm) [256]

fl Chronic exposure (22 days daily
mother’s milk + 68–98 days
recovery)

7.50 vs. 4.74 lg*g�1 in
hippocampus (0.3% in drinking
water of the mothers)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[290]

fl Chronic exposure (22 days daily
mother’s milk + 38–68 days
drinking water)

7.50 vs. 4.74 lg*g�1 in
hippocampus (0.3% in drinking
water of the mothers)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[257]

fl Chronic exposure (22 days daily
mother’s milk + 58–78 days
drinking water)

8.74 vs. 3.87 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(80–100-day-
old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[260]

(continued on next page)
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Table 11 (continued)

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

fl Prenatal exposure (a.p.p.) 6.81 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water of the mothers)

AlCl3 Wistar rat
(80–100-day-old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[291]

fl Chronic exposure (22 days daily
mother’s milk + 58–78 days
drinking water)

7.44 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(80–100-day-old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[291]

fl Chronic exposure (58–78 days) 6.40 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water)

AlCl3 Wistar rat
(80–100-day-old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[291]

fl Chronic exposure (22 days daily
mother’s milk + 58–78 days
recovery)

6.96 vs. 3.63 lg*g�1 in
hippocampus (0.3% in drinking
water of the mother’s)

AlCl3 Wistar rat
(80–100-day-old)

Granule cell population of dentate
gyrus (anaesthetised animal with
implanted electrodes)

[291]

Depolarizing

current evoked

action potential

›
(during
30 min)

Bath application (extracellular
solution)

10�4 M Al(lactate)3

(saline buffer,
pH 3)

Great pond snail Right parietal dorsal 1neuron [266]

›
(during
5 min)

Bath application (extracellular
solution)

10�4 M AlCl3 Æ 6H2O
(saline buffer,
pH 3)

Great pond snail Right parietal dorsal 1neuron [266]

›
(during
5 min)

Bath application (extracellular
solution)

10�4 M Al(maltol)3(saline
buffer, pH 3)

Great pond snail Right parietal dorsal 1neuron [266]

no
effect

Flow-pipe application
(intracellular solution)

10�4 M KAlSO4-based Rat (embryonic
day 18 to
postnatal day 3)

Primary cultures of olfactory bulb
neurons

[204]

fl Bath application (extracellular
solution)

10�5 M AlCl3 Lobster Axon L-62–65 [265]

Action-potential
duration

› Bath application (extracellular
solution)

10�4 M Al(lactate)3

(saline buffer,
pH 3)

Great pond snail Right parietal dorsal 1neuron [266]

› (�2-
fold)

Bath application (extracellular
solution)

10�4 M AlCl3 Æ 6H2O
(saline buffer,
pH 3)

Great pond snail Right parietal dorsal 1neuron [266]

no
effect

[204]
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Action-potential amplitude fl (�20%) Bath application
(extracellular solution)

10�4 M AlCl3 Æ 6H2O (saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

fl (�10%) Bath application
(extracellular solution)

10�4 M Al(lactate)3(saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

no effect [204]
After hypolarization

duration
fl (�70%) Bath application

(extracellular solution)
10�4 M AlCl3 Æ 6H2O (saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

fl (�40%) Bath application
(extracellular solution)

10�4 M Al(lactate)3(saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

fl (�40%) Bath application
(extracellular solution)

10�4 M AlCl3 Æ 6H2O (saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

Spontaneous firing activity › (during 30 min) Bath application
(extracellular solution)

10�4 M Al(lactate)3 (saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

› (during 5 min) Bath application
(extracellular solution)

10�4 M AlCl3 Æ 6H2O (saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

› (during 5 min) Bath application
(extracellular solution)

10�4 M Al(maltol)3(saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

Membrane potential fl (�30%) Bath application
(extracellular solution)

10�4 M AlCl3 Æ 6H2O (saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron [266]

fl (�30%) Bath application
(extracellular solution)

10�4 M Al(lactate)3 (saline buffer, pH 3) Great pond snail Right parietal dorsal 1neuron

no effect [200,204,260]

a.p.p., all period of pregnancy; Emax, maximal effect; fEPSP, initial slope of the rising phase of the average field excitatory postsynaptic potential; I.C.V., intracerebroventricular.
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Table 12
Aluminium effect on voltage-operated ion channels

Parameter Effect Exposure protocol Dose/Concentration Aluminium
compound

Experimental model Reference

Animal Preparation

Voltage-operated (TTX-sensitive) sodium current

Sodium current fl (�10%) Bath application
(extracellular
solution)

2*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat (2-4-
day-old)

Primary cultures of dorsal
root ganglion neurones

[293]

fl Flow-pipe
application
(intracellular
solution)

10�4 M AlCl3 Rat/Rabbit
(embryonic day
20/2–3 day-old)

Primary cultures of
hippocampal neurons (inside-
out membrane patches)

[294]

no effect [200,204,292]
Sodium current amplitude fl Flow-pipe

application
(intracellular
solution)

10�4 M AlCl3 Rat/Rabbit
(embryonic day
20/2–3 day-old)

Primary cultures of
hippocampal neurons (inside-
out membrane patches)

[294]

Single sodium channel
conductance

no effect [294]

Voltage-operated potassium currents

A-type (4-AP sensitive)
potassium current

no effect (fl <15%) Bath application
(extracellular
solution)

2*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(2–4-day-old)

Primary cultures of dorsal
root ganglion neurones

[292]

no effect [204]
Delayed rectifier (TEA

sensitive) potassium
current

fl (<20%) Bath application
(extracellular
solution)

2*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(2–4-day-old)

Primary cultures of dorsal
root ganglion neurones

[293]

no effect [204]

Voltage operated calcium channels (VOCCs)

Voltage activated T-, L- and
N-type calcium(barium)
currents

Voltage activated calcium
(barium) current peak

[Al]threshold = 20 lM,
IC50 = 83 lM at pH 7.2

Bath application
(extracellular
solution)

5*10�6 � 2.5*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(2–4-day-old)

Primary cultures of dorsal
root ganglion neurones

[292]

fl(94%, at pH 7.3) Bath application
(extracellular
solution)

5*10�6 � 2.5*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Rat (2–4-day-old) Primary cultures of dorsal
root ganglion neurones

[295]

[Al]threshold = 20 lM, at
pH 7.3

Bath application
(extracellular
solution)

5*10�6 � 2.5*10�4 M Rat (2–4-day-old) Primary cultures of dorsal
root ganglion neurones

[293]

fl(50%) Patch pipette
application
(intracellular
solution)

10�4 M Al in 1 wt%
HCl

Rat (2–4-day-old) Primary cultures of dorsal
root ganglion neurones

[296]

Voltage shift of activated
calcium (barium) peak
current

Toward positive values
(depolarizing direction)

Bath application
(extracellular
solution)

1–2*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(2–4-day-old)

Primary cultures of dorsal
root ganglion neurones

[293]

Reversibility of the blockage
of calcium(barium)
current

Irreversible (recovery
6 20%)

Bath application
(extracellular
solution)

5*10�6 � 2.5*10�4 M Al in 1 wt%
HCl (2–4-day-
old)

Rat Primary cultures of dorsal
root ganglion neurones

[296]
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Potassium depolarization-
induced calcium influx

fl (82%) Subchronic
exposure
(52 weeks)

25 mg/Kg Bw (every
alternate day; I.G.
application)

Aluminium
lactate

Rhesus monkey
(#; 3–4 Kg)

Hippocampus homogenate [194]

fl (55%) Subchronic
exposure
(52 weeks)

25 mg/Kg Bw (every
alternate day; I.G.
application)

Aluminium
lactate

Rhesus monkey
(#; 3–4 Kg)

Cerebral cortex homogenate [194]

fl (32%) Subchronic
exposure
(52 weeks)

25 mg/Kg Bw (every
alternate day; I.G.
application)

Aluminium
lactate

Rhesus monkey
(#; 3–4 Kg)

Corpus striatum
homogenate

[194]

fl (Ki = 640 lM) Bath incubation
(extracellular
solution)

10�5 � 10�3 M AlCl3 Sprague-Dawley
rat (#; 170–200 g)

Forebrain synaptosomes [297]

fl (IC50 = 50 lM) Bath incubation
(extracellular
solution)

10�5 � 10�3 M Aluminium
lactate

Wistar rat
(#; 100–130 g)

Brain synaptosomes [75]

fl (85%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Corpus striatum
synaptosomes

[75]

fl (54%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Cerebral cortex
synaptosomes

[75]

fl (46%) Chronic exposure
(4 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Hippocampus synaptosomes [75]

no effect (›?) Chronic exposure
(12 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Hippocampus synaptosomes [196]

no effect (›?) Chronic exposure
(12 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Cerebral cortex
synaptosomes

[196]

› (36%) Chronic exposure
(12 weeks)

10 mg*Kg�1 Bw
(daily; I.P. injection)

Aluminium
lactate

Wistar rat
(#; 100–130 g)

Corpus striatum
synaptosomes

[196]

(pH-dependent) blockage of
calcium (barium) current
peak

IC50 (lM) = 111 (pH
7.7), 82 (pH 7.3), 20
(pH 6.7); nH = 2.8 (pH
7.7), 2.2 (pH 7.3), 1.4
(pH 6.7)

Bath application
(extracellular
solution)

5*10�6 � 2.5*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Rat (2–4-day-old) Primary cultures of dorsal
root ganglion neurones

[295]

IC50 (lM) = 111 (pH
7.7), 82 (pH 7.3), 20
(pH 6.7); nH = 2.8 (pH
7.7), 2.2 (pH 7.3), 1.4
(pH 6.7)

Bath application
(extracellular
solution)

5*10�6 � 2.5*10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Rat (2–4-day-old) Primary cultures of dorsal
root ganglion neurones

[296]

(Cation interaction on)
blockage of calcium(barium)
current peak

› Bath application
(extracellular
solution)

7.5*10�5 � 10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(2–4-day-old)

Primary cultures of dorsal
root ganglion neurones

[297]

(Zinc interaction on)
blockage of calcium(barium)
current peak

› (�50% vs 60%) Bath application
(extracellular
solution)

7.5*10�5 � 10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(2–4-day-old)

Primary cultures of dorsal
root ganglion neurones

[297]

(Plumbum interaction on)
blockage of calcium(barium)
current peak

› (�50% vs 75%) Bath application
(extracellular
solution)

7.5*10�5 � 10�4 M Al in 1 wt%
HCl (a.a.s.
solution)

Wistar rat
(2–4-day-old)

Primary cultures of dorsal
root ganglion neurones

[297]

a.a.s., atomic absorption standard; 4-AP, 4-aminopyridine; Bw, body weight; IC50, concentration giving 50% of maximal inhibition; I.G., intragastric; I.P., intraperitoneal; Ki, inhibition constant;
nH, Hill coefficient;TEA, tetraethylammonium; TTX, tetrodotoxin.
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hypotheses. Interestingly, in vivo administration of vitamin
E, the major lipid soluble antioxidant in neurons, could not
reverse aluminium-induced impairment of synaptic plastic-
ity [260], suggesting that lipid peroxidation has little effect
on the prediction of synaptic plasticity produced by
aluminium.

Aluminium hydroxide gel/alumina cream is used to pro-
duce animal models of epilepsy, which corresponds to an
abnormal synchronization of electrical neuronal activity
that can be manifested as an alteration in mental state,
tonic or clonic movements, convulsions, and various other
psychic symptoms. These temporary abnormal electro-
physiological phenomena are also signs of intoxication by
aluminium and reflect an imbalance between excitatory
and inhibitory brain circuits [261]. Using this model, it
has been shown that aluminium provokes a widespread,
severe specific reduction of GABA [159], the major inhibi-
tory neurotransmitter in adult mammalian brain, and loss
of GABAergic neurons in the absence of significant cyto-
skeleton alterations [262–264].

The normal functional development of brain networks
requires archetypal neurotransmission, since it is an essen-
tial regulator of electrical phenotype. On the other hand,
the electrical properties of nerve cells dictate their signal-
ling characteristics within the network. The effects of alu-
minium on electrical responsiveness and properties are
presented in Table 11. In 1968, Blaustein and Goldman
[265] observed that aluminium significantly reduces the
action potential evoked by a depolarizing current in the
giant axon of the lobster. A significant effect of Al3+ was
obtained when this ion was added to normal seawater at
concentrations as low as 0.03 mEq L�1. Here, excitability
exhibited a marked reduction in early transient current
accompanied by a reduction in the steady-state current.
This early finding was the first evidence for impairment
of neurotransmission by aluminium, since action potentials
are used extensively by the nervous system for communica-
tion between neurons. Significant effects of aluminium on
electrical properties of neurons (including membrane depo-
larization, increased firing activity and abnormal firing pat-
terns) were clearly shown in the freshwater great pond snail
[266]. In mammalian brain neurons aluminium exposure
also seems to alter baseline synaptic transmission, and pro-
longed in vivo exposure drastically compromises synaptic
excitability [267].

The unique profile of electrical activity recorded from
each neuron is the result of the distribution of ions across
the cell membrane and the permeability of the membrane
to these ions at every instant. In the context of neurotrans-
mission, the most relevant ionic currents across the plasma
membrane of nerve cells are the neurotransmitter-
gated and voltage-operated ionic currents. The effects of
aluminium on the first class of ion channels have been ana-
lysed in Section 5 and information regarding aluminium
effects on macroscopic voltage-gated currents and on
voltage-operated calcium channels is summarised in
Table 12.
Aluminium effects on voltage-operated calcium channels
are particularly significant in neurotransmission, since the
influx of calcium ions through these channels triggers a ser-
ies of events, which ultimately results in the release of neu-
rotransmitters into the synaptic cleft. It has been suggested
that aluminium acts as a mixed type inhibitor of Ca2+

influx through channels mediating the fast phase of Ca2+

uptake by presynaptic nerve terminals [268]. In fact, alu-
minium reduces the maximal velocity of Ca2+ influx rate
and shifts the extracellular Ca2+ concentrations required
to achieve maximal Ca2+ uptake toward higher values.
This was confirmed by the observation that aluminium
decreases the voltage activated current peak and shifts
the voltage of activated peak current toward positive val-
ues, due to a putative interaction with protonable alumin-
ium-sensitive binding sites of the calcium channel and/or
by screening of fixed charges on the membrane surface
[269]. The low effective concentration, the use dependence,
and the specificity and irreversibility of aluminium effect on
voltage-operated channels is shared among N-, L- and T-
calcium currents, whereas other voltage-operated ion cur-
rents do not seem to be sensitive to aluminium at least over
the same range of concentrations. Moreover, in acutely iso-
lated hippocampal CA1 pyramidal neurons, the Ca2+ cur-
rent activated by high voltage stimulation appears to be
irreversibly blocked by low aluminium concentrations,
and increased, via activation of the cyclic AMP/protein
kinase A pathway, by high aluminium concentrations
[270]. Notably, in vivo intraperitoneal injection of alumin-
ium lactate to rats for a period of 4 weeks also produces
a significant decrease in Ca2+ uptake via voltage-operated
calcium channels [75], whereas intragastric administration
of the same aluminium salt to rats seems to give the oppo-
site effect [196].

It is not clear whether abnormal synaptic ultrastructure
and membrane electrical properties reflect neurotransmis-
sion impairment by exposure to aluminium or by condi-
tioning synaptic transmission. In both cases, the efficiency
of communication between neurons, which is crucial to
the normal functioning of the central and peripheral ner-
vous systems, is compromised by aluminium.

8. Conclusion and future perspectives

In conclusion, although the gap between adverse health
effects of aluminium and its mechanisms of action is closing
a huge challenge still lies ahead. Knowledge of the multiple
deleterious effects of aluminium on the central nervous sys-
tem is on the one hand vast and on the other insufficient to
explain how disturbances in learning and memory are
caused and how altered motor control, increased muscle
tone, myoclonic jerks, seizures, convulsions and death fol-
low. It is unquestionable that neurotransmission impair-
ment occurs during intoxication by aluminium, but
whether aluminium primarily interferes with the metabo-
lism of neurotransmitter precursors, the transduction cas-
cades and modulatory mechanisms of neurotransmission
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or by targeting specific molecular components of the neu-
rotransmission machinery is unknown. The precise
sequence of events at the cellular and subcellular levels that
follow exposure to a toxic dose remain to be elucidated.
The human nervous system is one of the most complex
organs in terms of both structure and function. It is com-
posed of more than 1011 neurons of different types, a typi-
cal neuron may have 103–104 synapses to other cells, more
than 102 different substances are used as neurotransmitters
and the synapses are plastic, which means that they change
their function and structure in response to previous
experiences. In fact, few synapses have been studied under
aluminium insult until now. Thus substantially more
research is needed to identify the mechanisms of aluminium
neurotoxicity, with the goal of a biochemical test for use in
the early detection of aluminium toxicity.
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[1] V. Döllken, Naunyn-Schmiedebergs Arch. Exp. Path. Pharmak. 40
(1897) 98–120.

[2] P. Altmann, in: C. Exley (Ed.), Aluminum and Alzheimer’s Disease.
The Science that Describes the Link, Elsevier Science, Amsterdam,
2001, pp. 1–36.

[3] E.T. Jansson, J. Alzheimers Dis. 3 (2001) 541–549.
[4] J. Spofforth, Lancet 1 (1921) 1301.
[5] F.B. Seibert, H.G. Wells, Arch. Pathol. 8 (1929) 230–262.
[6] N. Kopeloff, J.R. Whittier, B.L. Pacella, L.M. Kopeloff, Electroen-

cephalogr. Clin. Neurophysiol. 2 (1950) 163–168.
[7] I. Klatzo, H. Wisniewski, E. Streicher, J. Neuropathol. Exp. Neurol.

24 (1965) 187–199.
[8] V.F. Garry, P.F. Good, J.C. Manivel, D.P. Perl, J. Lab. Clin. Med.

122 (1993) 739–747.
[9] A.I. McLaughlin, G. Kazantzis, E. King, Teared, R.J. Porter, R.

Owen, Brit. J. Ind. Med. 19 (1962) 253–263.
[10] A.C. Alfrey, J.M. Mishell, J. Burks, S.R. Contiguglia, H. Rudolph,

E. Lewin, J.H. Holmes, Trans. Am. Soc. Artif. Intern. Organs 18
(1972) 257–261.

[11] A.C. Alfrey, G.R. LeGendre, W.D. Kaehny, N. Engl. J. Med. 294
(1976) 184–188.

[12] D.R. Crapper, S.S. Krishnan, A.J. Dalton, Trans. Am. Neurol.
Assoc. 98 (1973) 17–20.

[13] J.S. Chopra, O.P. Kalra, V.S. Malik, R. Sharma, A. Chandna,
Postgrad. Med. J. 62 (1986) 1113–1116.

[14] D.P. Perl, D.C. Gajdusek, R.M. Garruto, R.T. Yanagihara, C.J.
Gibbs, Science 217 (1982) 1053–1055.

[15] C.D. Gadjusek, A.M. Salazar, Neurology 32 (1982) 107–
126.

[16] M. Yasui, Y. Yase, K. Ota, R.M. Garruto, Neurotoxicology 12
(1991) 615–620.

[17] R.M. Garruto, S.K. Shankar, R. Yanagihara, A.M. Salazar, H.L.
Amyx, D.C. Gajdusek, Acta Neuropathol. 78 (1989) 210–219.

[18] U.D. Boni, A. Otvos, J.W. Scott, D.R. Crapper, Acta Neuropathol.
(Berl.) 35 (1976) 285–294.

[19] P.F. Good, D.P. Perl, L.M. Bierer, J. Schmeidler, Ann. Neurol. 31
(1992) 286–292.
[20] D. Drago, M. Folin, S. Baiguera, G. Tognon, F. Ricchelli, P. Zatta,
J. Alzheimers Dis. 11 (2007) 33–44.

[21] F. Richelli, D. Drago, B. Filippi, G. Tognon, P. Zatta, Cell Mol.
Life Sci. 62 (2005) 1–10.

[22] C. Exley, J. Alzheimers Dis. 10 (2006) 173–177.
[23] L. Simonsen, H. Johnsen, S.P. Lund, E. Matikainen, U. Midtgard,

A. Wennberg, Scand. J. Work Environ. Health 20 (1994) 1–12.
[24] J. Walton, C. Tuniz, D. Fink, G. Jacobsen, D. Wilcox, Neurotox-

icology 16 (1995) 187–190.
[25] R.A. Yokel, S.S. Rhineheimer, R.D. Brauer, P. Sharma, D. Elmore,

P.J. McNamara, Toxicology 161 (2001) 93–101.
[26] R. Flarend, T. Bin, D. Elmore, S.L. Hem, Food Chem. Toxicol. 39

(2001) 163–168.
[27] R.E. Flarend, S.L. Hem, J.L. White, D. Elmore, M.A. Suckow, A.C.

Rudy, E.A. Dandashli, Vaccine 15 (1997) 1314–1317.
[28] D.P. Perl, P.F. Good, Lancet 1 (1987) 1028.
[29] P. Zatta, M. Favarato, M. Nicolini, NeuroReport 4 (1993) 1119–

1122.
[30] J.L. Domingo, J. Llorens, D.J. Sanchez, M. Gomez, J.M. Llobet, J.

Corbella, Life Sci. 58 (1996) 1387–1395.
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1336 P.P. Gonçalves, V.S. Silva / Journal of Inorganic Biochemistry 101 (2007) 1291–1338
[55] T.P. Flaten, A.C. Alfrey, J.D. Birchall, J. Savory, R.A. Yokel, J.
Toxicol. Environ. Health 48 (1996) 527–541.

[56] M.J. Strong, R.M. Garruto, J.G. Joshi, W.R. Mundy, T.J. Shafer, J.
Toxicol. Environ. Health 48 (1996) 599–613.

[57] R.A. Yokel, Neurotoxicology 21 (2000) 813–828.
[58] C. Exley, O. Korchazhinka, in: C. Exley (Ed.), Aluminium and

Alzheimer’s Disease. The Science that Describes the Link, Elsevier
Science, Amsterdam, 2001, pp. 412–433, Chapter 22.

[59] J. Savory, O. Ghribi, M.S. Forbes, M.M. Herman, J. Inorg.
Biochem. 87 (2001) 15–19.

[60] A. Becaria, A. Campbell, S.C. Bondy, Toxicol. Ind. Health 18 (2002)
309–320.

[61] P. Nayak, Environ. Res. 89 (2002) 101–115.
[62] P. Zatta, T. Kiss, M. Suwalsky, G. Berthon, Coord. Chem. Rev. 228

(2002) 271–284.
[63] M. Kawahara, J. Alzheimers Dis. 8 (2005) 171–182.
[64] A. Campbell, J. Alzheimers Dis. 10 (2006) 165–172.
[65] J. Savory, M.M. Herman, O. Ghribi, J. Inorg. Biochem. 97 (2003)

151–154.
[66] N. Siegel, Am. J. Kidney Dis. 6 (1985) 353–357.
[67] R.B. Martin, Clin. Chem. 32 (1986) 1797–1806.
[68] G.A. Trapp, Kidney Int. Suppl. 18 (1986) S12–S16.
[69] C. Exley, J. Inorg. Biochem. 76 (1999) 133–140.
[70] R. Deloncle, O. Guillard, Neurochem. Res. 15 (1990) 1239–1245.
[71] M. Deleers, Res. Commun. Chem. Pathol. Pharmacol. 49 (1985)

277–294.
[72] J.G. Joshi, Comp. Biochem. Physiol. C 100 (1991) 103–105.
[73] Y. Nishida, Z. Naturforsch. [C] 58 (2003) 752–758.
[74] C. Exley, Free Radic. Biol. Med. 36 (2004) 380–387.
[75] D. Julka, K.D. Gill, Biochim. Biophys. Acta 1315 (1996) 47–54.
[76] R.P. Ebstein, G. Oppenheim, B.S. Ebstein, Z. Amiri, J. Stessman,

Prog. Neuropsychopharmacol. Biol. Psychiatr. 10 (1986) 323–353.
[77] A. Haug, B. Shi, V. Vitorello, Arch. Toxicol. 68 (1994) 1–7.
[78] T.J. Shafer, W.R. Mundy, Gen. Pharmacol. 26 (1995) 889–895.
[79] W.J. Lukiw, M.E. Percy, T.P. Kruck, J. Inorg. Biochem. 99 (2005)

1895–1898.
[80] W.A. Banks, A.J. Kastin, Neurosci. Biobehav. Rev. 13 (1989) 47–53.
[81] W. Zheng, J. Toxicol. Clin. Toxicol. 39 (2001) 711–719.
[82] R.A. Yokel, J. Alzheimers Dis. 10 (2006) 223–253.
[83] R.J. Boegman, L.A. Bates, Can. J. Physiol. Pharmacol. 62 (1984)

1010–1014.
[84] P. Nayak, A.K. Chatterjee, J. Environ. Biol. 20 (1999) 77–84.
[85] J.J. Canales, R. Corbalan, C. Montoliu, M. Llansola, P. Monfort, S.

Erceg, M. Hernandez-Viadel, V. Felipo, J. Inorg. Biochem. 87 (2001)
63–69.

[86] A. Szutowicz, J. Neurosci. Res. 66 (2001) 1009–1018.
[87] P. Altmann, F. Al-Salihi, K. Butter, P. Cutler, J. Blair, R. Leeming,

J. Cunningham, F. Marsh, N. Engl. J. Med. 317 (1987) 80–84.
[88] P. Cutler, J.A. Blair, Arch. Toxicol. Suppl. 11 (1987) 227–230.
[89] P. Altmann, U. Dhanesha, C. Hamon, J. Cunningham, J. Blair, F.

Marsh, Lancet 2 (1989) 7–12.
[90] Z.Z. Altindag, T. Baydar, A.B. Engin, G. Sahin, Toxicol. In Vitro 17

(2003) 533–537.
[91] V.P. Sweeney, T.L. Perry, J.D. Price, C.E. Reeve, W.J. Godolphin,

S.J. Kish, Neurology 35 (1985) 180–184.
[92] T.L. Perry, V.W. Yong, S.J. Kish, M. Ito, J.G. Foulks, W.J.

Godolphin, V.P. Sweeney, J. Neurochem. 45 (1985) 1043–1048.
[93] M.F. Beal, M.F. Mazurek, D.W. Ellison, N.W. Kowall, P.R.

Solomon, W.W. Pendlebury, Neuroscience 29 (1989) 339–346.
[94] G.L. Wenk, K.L. Stemmer, Neurotoxicology 2 (1981) 347–353.
[95] S.J. Flora, M. Dhawan, S.K. Tandon, Hum. Exp. Toxicol. 10 (1991)

45–48.
[96] M. Tsunoda, R.P. Sharma, J. Trace Elem. Med. Biol. 13 (1999) 224–

231.
[97] A.A. Galoyan, V.A. Shakhlamov, M.I. Aghajanov, H.G. Vahrad-

yan, Neurochem. Res. 29 (2004) 1349–1357.
[98] P. Nayak, A.K. Chatterjee, Food Chem. Toxicol. 39 (2001) 1285–

1289.
[99] P. Nayak, A.K. Chatterjee, BMC Neurosci. 4 (2003) 4–11.
[100] J.B. Sass, L.C. Ang, B.H. Juurlink, Brain Res. 621 (1993) 207–214.
[101] H.R. Zielke, M.J. Jackson, J.T. Tildon, S.R. Max, Mol. Chem.

Neuropathol. 19 (1993) 219–233.
[102] P. Zatta, E. Lain, C. Cagnolini, Eur. J. Biochem. 267 (2000) 3049–

3055.
[103] M.C. McKenna, J.H. Stevenson, X. Huang, I.B. Hopkins, Neuro-

chem. Int. 37 (2000) 229–241.
[104] P. Nayak, A.K. Chatterjee, BMC Neurosci. 3 (2002) 12–18.
[105] S.C. Bondy, D. Liu, S. Guo-Ross, Neurochem. Int. 33 (1998) 51–54.
[106] R.A. Amstrong, J. Anderson, J.D. Cowburn, J. Cox, J.A. Blair,

Biol. Chem. Hoppe Seyler. 373 (1992) 1075–1078.
[107] T. Nagatsu, H. Ichinose, Mol. Neurobiol. 19 (1999) 79–96.
[108] M. Milanese, M.I. Lkhayat, P. Zatta, J. Trace Elem. Med. Biol. 15

(2001) 139–141.
[109] Y. Nishida, Z. Naturforsch. [C] 56 (2001) 865–871.
[110] A. Szutowicz, H. Bielarczyk, Y. Kisielevski, A. Jankowska, B.

Madziar, M. Tomaszewicz, J. Neurochem. 71 (1998) 2447–2453.
[111] A. Szutowicz, M. Tomaszewicz, A. Jankowska, B. Madziar, H.

Bielarczyk, Metab. Brain Dis. 15 (2000) 29–44.
[112] H. Bielarczyk, A. Jankowska, B. Madziar, A. Matecki, A. Michno,

A. Szutowicz, Neurochem. Int. 42 (2003) 323–331.
[113] A. Szutowicz, H. Bielarczyk, S. Gul, A. Ronowska, T. Pawelczyk, A.

Jankowska-Kulawy, Metab. Brain Dis. 21 (2006) 149–161.
[114] B. Hetnarski, H.M. Wisniewski, K. Iqbal, J.D. Dziedzic, A. Lajtha,

Ann. Neurol. 7 (1980) 489–490.
[115] B.J. Farnell, D.R. Crapper McLachlan, K. Baimbridge, U. De Boni,

L. Wong, P.L. Wood, Exp. Neurol. 88 (1985) 68–83.
[116] J. Simpson, C.M. Yates, D.K. Whyler, H. Wilson, A.J. Dewar, A.

Gordon, Neurochem. Res. 10 (1985) 229–238.
[117] D.J. Connor, R.S. Jope, L.E. Harrell, Pharmacol. Biochem. Behav.

31 (1988) 467–474.
[118] K.S. Kosik, W.G. Bradley, P.F. Good, C.G. Rasool, D.J. Selkoe, J.

Neuropathol. Exp. Neurol. 42 (1983) 365–375.
[119] J.R. Hofstetter, I. Vincent, O. Bugiani, B. Ghetti, J.A. Richter,

Neurochem. Pathol. 6 (1987) 177–193.
[120] K. Gulya, Z. Rakonczay, P. Kasa, J. Neurochem. 54 (1990) 1020–

1026.
[121] G. Cherroret, V. Bernuzzi, D. Desor, M.F. Hutin, D. Burnel, P.R.

Lehr, Neurotoxicol. Teratol. 14 (1992) 259–264.
[122] R.M. Clayton, S.K. Sedowofia, J.M. Rankin, A. Manning, Life Sci.

51 (1992) 1921–1928.
[123] J.H. Peng, Z.C. Xu, Z.X. Xu, J.C. Parker Jr., E.R. Friedlander, J.P.

Tang, S. Melethil, Mol. Chem. Neuropathol. 17 (1992) 79–89.
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