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Aluminum (Al) exposure has been reported to be a risk factor for Alzheimer’s disease (senile dementia of
Alzheimer type), although the role of Al in the etiology of Alzheimer’s disease remains controversial. We
examined the presence of Al in the Alzheimer’s brain using energy-dispersive X-ray spectroscopy com-
bined with transmission electron microscopy (TEM-EDX). TEM-EDX analysis allows simultaneous imag-
ing of subcellular structures with high spatial resolution and analysis of small quantities of elements
contained in the same subcellular structures. We identified senile plaques by observation using TEM
and detected Al in amyloid fibers in the cores of senile plaques located in the hippocampus and the tem-
poral lobe by EDX. Phosphorus and calcium were also present in the amyloid fibers. No Al could be
detected in the extracellular space in senile plaques or in the cytoplasm of nerve cells. In this study,
we demonstrated colocalization of Al and beta-amyloid (Abeta) peptides in amyloid fibers in the cores
of senile plaques. The results support the following possibilities in the brains of patients with Alzheimer’s
disease: Al could be involved in the aggregation of Abeta peptides to form toxic fibrils; Al might induce
Abeta peptides into the beta-sheet structure; and Al might facilitate iron-mediated oxidative reactions,
which cause severe damage to brain tissues.

� 2009 Published by Elsevier Inc.
1. Introduction

Aluminum (Al) is a highly neurotoxic element that can cause
nerve cell degeneration in the brains of humans and experimental
animals [1,2]. Al exposure has been proposed as a risk factor for
Alzheimer’s disease (senile dementia of Alzheimer type; AD),
although the role of Al in the pathogenesis of AD remains contro-
versial [3–7]. The accumulation of Al in the nuclei of nerve cells
and in neurofibrillary tangles has been demonstrated in the AD
brain by histochemical staining [8–10], laser microprobe mass
analysis [11], secondary ion mass spectrometry [12] and particle-
induced X-ray emission (PIXE) analysis [13].

However, the accumulation of Al in senile plaques in the AD
brain has long been disputed. It is to be noted that senile plaques
are one of the pathological hallmarks of AD [14] and the core of
the senile plaque mainly consists of aggregates of beta-amyloid
(Abeta) peptides [15–17].

In 1986, Edwardson et al. measured high concentrations of Al
(4–19%) and silicon (Si; 6–24%) in the isolated cores of senile pla-
ques using energy-dispersive X-ray spectroscopy (EDX) combined
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with scanning electron microscopy (SEM-EDX) [18,19], whereas Ja-
cobs et al. and Tokutake et al. failed to detect Al in senile plaques in
the AD brain by SEM-EDX [20,21]. Landsberg et al. also failed to
demonstrate the presence of Al in senile plaque cores by micro-
probe PIXE analysis [22]. They concluded that the Al previously de-
tected in isolated senile plaque cores [18,19] was the result of
contamination by Al silicates, which were the main components
of the dust in the air. On the other hand, Beauchemin and Kisilev-
sky detected Al in isolated senile plaques cores from the AD brain
using inductively coupled plasma mass spectrometry [23]. Re-
cently, Collingwood et al. isolated fragments of senile plaque cores
(approximately 1–2 lm in diameter, round or oval in shape) from
frozen cortical brain tissues of AD patients and demonstrated Al in
half of these isolated plaque core fragments by EDX combined with
transmission electron microscopy (TEM-EDX) analysis [24]. In con-
trast, Walton detected no Al in the cores of senile plaques using a
novel histochemical method that clearly stained Al in the nuclei of
nerve cells and neurofibrillary tangles in the AD brain [10].

In this study, we evaluated the presence of Al in the brains
(hippocampus and temporal lobe) of patients with AD using
TEM-EDX. TEM-EDX analysis allows simultaneous imaging of
subcellular structures with high spatial resolution and analysis
of small quantities of elements contained in the same subcellular
structures.
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2. Materials and methods

2.1. Chemicals

Potassium dichromate, ammonium molybdate, HEPES, ethanol,
and propylene oxide were purchased from Wako Pure Chemicals
Industries, Ltd., Osaka, Japan. Epon, 25% glutaraldehyde, and 20%
formaldehyde, carbon rods, Formvar, and nylon mesh were ob-
tained from Nisshin EM Co. Ltd., Tokyo, Japan. Al di-stearate was
purchased from Soekawa Chemical Co., Ltd., Tokyo, Japan. All buf-
fers, fixatives, and staining solutions were prepared with Milli-Q
water (Milli-Q Plus System, Millipore, Mississauga, Canada).

2.2. PIXE analysis of chemicals

In order to ensure the accurate measurements of Al in the sam-
ples by TEM-EDX, it is important to exclude contamination by
exogenous Al and to rule out the presence of elements that have
energy levels resulting in characteristic X-rays similar to that of
Al Ka. PIXE analysis simultaneously detects Al with high sensitivity
and demonstrates the presence of elements with energy levels
resulting in characteristic X-ray similar to that of Al Ka [25]. All
chemicals used for TEM-EDX analysis, including carbon rods,
Formvar films, and small blocks of Epon were examined by PIXE
analysis. Saturated potassium dichromate solution, saturated
ammonium molybdate solution, and saturated HEPES solution (to-
tal 0.1 ml each) were mounted on Formvar films, and dried in a
vacuum evaporator for PIXE analysis. Ethanol, propylene oxide,
25% glutaraldehyde, and 20% formaldehyde were placed in a small,
concave Teflon dish (total 1.0 ml each) and were dried for PIXE
analysis. The PIXE spectra of these samples were measured at the
accelerating voltage of 3 MeV using a tandem accelerator at Micro
Analysis Laboratory of Tokyo University.

2.3. Standard samples for analytical electron microscopy

2.3.1. Formvar films
Formvar films were mounted on nylon mesh and coated with

evaporated carbon.

2.3.2. Epon and Al-Epon mixtures
Al di-stearate was mixed with Epon to homogeneity and used to

make Al standards that contain 100 ppm Al, 50 ppm Al, 25 ppm Al,
and 12.5 ppm Al. Because Al di-stearate is a highly hydrophobic
compound, homogeneous Al-Epon mixtures can be prepared easily.
Epon and Al-Epon mixtures were hardened in an oven maintained
at 60 �C. Thin sections (0.1-lm thick) of these Epon and Al-Epon
mixtures were cut using an LKB Ultrotome microtome equipped
with a diamond knife, mounted on nylon mesh, and coated with
evaporated carbon. Glass knives were not used for sample section-
ing, because glass contains considerable amounts of Al and Si.

2.4. Preparation of brain samples for TEM-EDX analysis

Brain tissues (hippocampus and temporal lobe) were removed
at autopsy from five patients (76–85 years old) with AD using a
clean stainless steel knife. After the brain tissues were transferred
to a clean room, the cutting surface at autopsy was cut off using a
sharp, clean stainless steel knife and the arachnoid membrane was
removed. Autopsy instruments were rinsed in 70% ethanol over-
night, washed with ethanol, rinsed in Milli-Q water, dried, and kept
in a clean box before use. Instruments were changed between each
autopsy.

Samples from hippocampal region CA1 and the temporopolar
area of the superior temporal gyrus (Brodmann area 38) were col-
lected from each patient for this study. The tissue samples were
cut into small blocks, fixed with 3% glutaraldehyde and 2.5% parafor-
maldehyde in 0.1 M HEPES buffer (pH 7.2) for 12 h, washed with 10%
sucrose in the same buffer for 1 h, and post-fixed with 3% glutaralde-
hyde and 2.5% potassium dichromate in 0.1 M HEPES buffer (pH 7.6)
for 3 h. Samples were dehydrated with an ascending series of etha-
nol, substituted with propylene oxide, embedded into Epon using a
clean plastic capsule with a cap, and hardened at 60 �C. From the
brain of each patient, 40–60 Epon blocks were prepared. Thick sec-
tions (approximately 1-lm thick) were cut using an LKB Ultrotome
microtome equipped with a diamond knife. Thick sections were
stained with 5% toluidine blue to examine the presence of senile pla-
ques in the sections by light microscopy. When senile plaques could
not be observed in the sections, thick sections were further cut from
the same block to locate senile plaques for the preparation of thin
sections. Thin sections (0.1-lm thick) were cut using an LKB Ultro-
tome microtome equipped with a diamond knife, mounted on nylon
mesh, stained with 2% ammonium molybdate, and coated with
evaporated carbon. In each patient, approximately 80–120 thin sec-
tions were prepared from the hippocampus and from the temporal
lobe, respectively. These thin sections were stored in a clean desicca-
tor, and used as samples for TEM-EDX analysis.

Osmium (Os) tetroxide is the standard fixative used to prepare
biological samples for electron microscopy. However, the energy
levels of characteristic X-ray of Al Ka (Ka-1, 1.48670 keV and Ka-
2, 1.48627 keV) and those of Os Mn (Mn-1, 1.4919 keV and Mn-2,
1.4831 keV) are so close that they cannot be distinguished between
each other by EDX analysis [26]. It is to be noted that the energy res-
olution of EDX was approximately 77.1 eV at 1.486 keV. Therefore,
we used potassium dichromate instead of Os tetroxide as a fixative
to enhance electron density of the samples.

Epon was used in this study, because Epon is highly resistant to
electron beams and thin sections of Epon can be easily cut with a
diamond knife. The brain samples were fixed in Teflon bottles
and dehydrated in Teflon beakers to avoid Al contamination from
laboratory glasswares. Additionally, all solutions including fixa-
tives, buffers, and staining solutions were stored in Teflon bottles.
All the procedures for the preparation of samples for TEM-EDX
analysis were carried out in a clean room.

2.5. TEM-EDX analysis

EDX spectra of samples and standards were measured using a TN
5502 X-ray microanalyser (Noran Instruments Inc., Middleton, USA)
combined with a JEM 2000EX transmission electron microscope
(JEOL Ltd., Tokyo, Japan). Analyses were made on standard samples
and brain samples from the patients with AD. Senile plaques in the
brain samples were identified by TEM and electron beams were irra-
diated to a small spot (approximately 0.2 lm in diameter) in these
samples at an accelerating voltage of 100 keV and the emitted X-rays
were analysed with the X-ray microanalyser.
3. Results

3.1. PIXE analysis of chemicals used for the sample preparation

PIXE analysis of the chemicals used for the preparation of sam-
ples revealed no Al or other elements with energy levels resulting
in characteristic X-ray close to that of Al Ka.

3.2. Standard samples

No Al was detected in Formvar films or thin sections of Epon by
TEM-EDX analysis (Figs. 1 and 2). High peaks for Si, Fe, and Cu were
detected in Formvar films and in Epon sections (Figs. 1 and 2). It is



Fig. 1. EDX spectrograph of a Formvar film. No Al (arrow) could be detected in the
Formvar film by TEM-EDX analysis. High peaks of Si, Fe, and Cu were demonstrated.
It is noteworthy that Si, Fe, or Cu could not be de demonstrated in Formvar films by
PIXE analysis.

Fig. 2. EDX spectrograph of an Epon section. No Al (arrow) could be detected in the
thin section (0.1-lm thick) of Epon. High peaks of Si, Fe, Cu, and Cl were observed.
The Cl peak seems to be derived from the Epon itself. The peaks of Fe and Cu could
have originated from the components of the electron microscope. The Si peak could
have resulted from contamination from oil vapor evaporated from the vacuum
pump oil.

Fig. 3. Electron micrograph of a core of a senile plaque observed in the hippocam-
pus. A large number of amyloid fibers ran radially from the center of the core
toward the periphery. The amyloid fibers were about 0.2 lm in diameter, and
longitudinal striations were occasionally observed on the amyloid fibers (arrow).
The AD brain was fixed with potassium dichromate and stained with ammonium
molybdate.
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noteworthy that peaks corresponding to Si, Fe, or Cu could not be
demonstrated in Formvar films or in Epon by PIXE analysis. PIXE
analysis has a higher sensitivity than TEM-EDX analysis in the
detection of elements including Al, Si, Fe, and Cu [25]; however,
when a certain element is present in the pathway of electron
beams in TEM-EDX analysis, large amount of characteristic X-ray
of this element will be produced by the irradiation of electron
beams. Therefore, it is possible that the high peaks of Fe and Cu
observed in Formvar films and in Epon sections measured by
TEM-EDX may have originated from the Fe and Cu used in the com-
ponents of the electron microscope. Since the vacuum oil provided
for the electron microscope contained large amounts of Si, the Si
peak observed in the analysis of Formvar films and Epon may have
resulted from contamination from oil vapor evaporated from the
vacuum pump oil.

In addition to the peaks for Si, Fe, and Cu, a chlorine (Cl) peak
was detected from Epon sections by TEM-EDX analysis (Fig. 2).
Kametani detected Cl in thin sections of Epon by EDX analysis
[27]. The Cl peak measured in the Epon sections seems to be de-
rived from the Epon itself. The peaks of Si, Cl, Fe, and Cu in the Epon
sections were so high that TEM-EDX could not be applied to the
analysis of these elements in brain samples.

An Al Ka peak was detected in Al-Epon sections containing
12.5 ppm of Al. When the Al concentration in the Al-Epon mixture
was elevated from 12.5 ppm to 25 ppm, 50 ppm, or 100 ppm, the
heights of Al Ka peaks increased almost proportionally to the in-
crease in Al concentration.

3.3. Senile plaques

Senile plaques in thick sections were clearly stained with tolu-
idine blue by light microscopy. Although only limited regions of
the brain were examined, there was a trend toward a greater
number of senile plaques in the hippocampus (region CA1) in com-
parison to the temporal lobe (temporopolar area of the superior
temporal gyrus); additionally, the number of senile plaques
increased with age. These findings seem to be consistent with pre-
viously reported results [28]. A senile plaque usually contained
about 3–8 small-sized cells with a round nucleus, resembling
microglial cells. No nerve cells were detected in the proximity of
senile plaques.

Senile plaques with cores were identified in thin sections of
brain samples using TEM. Fig. 3 shows an electron micrograph of
a core of a senile plaque in the hippocampus fixed with potassium
dichromate. A large number of electron-dense amyloid fibers ran
radially from the center of the core toward the periphery. The amy-
loid fibers were about 0.2 lm in diameter, and longitudinal stria-
tions were occasionally observed on the amyloid fibers. These
morphological features of cores fixed with potassium dichromate
observed in this study were identical to those of cores fixed with
Os tetroxide [29]. The cores of senile plaques in the hippocampus
and in the temporal lobe were structurally similar by TEM.

When the amyloid fibers in the cores of senile plaques (Fig. 4A,
arrow) were examined by EDX, an Al Ka peak was clearly demon-
strated (Fig. 4B). Peaks of phosphorus (P) and calcium (Ca) were
also detected in the amyloid fibers in the hippocampus and in
the temporal lobe. Al peaks were detected both in the central re-
gion of the core and in amyloid fibers situated in the intermediate
and peripheral regions of the core.

In the brain samples of each patient, at least five cores in the
hippocampus and five in the temporal lobe were examined by
TEM-EDX. It is to be noted that Al was demonstrated in all the
cores that were analysed. The concentrations of Al in amyloid fi-
bers in senile plaques located in both the hippocampus and in
the temporal lobe ranged from approximately 35–50 ppm (Table
1). No age-related differences in Al concentrations in amyloid fi-
bers were observed. In contrast, no Al was detected in the extracel-
lular space in the senile plaques (Fig. 5A and B) or in the cytoplasm
of nerve cells by TEM-EDX.



Fig. 4. Electron micrograph (4A) and EDX spectrograph (4B) of an amyloid fiber in the core of senile plaque in the temporal lobe. The amyloid fiber (A, arrow) was examined
by EDX. An Al Ka peak was clearly demonstrated (B) in the amyloid fiber. Peaks of P and Ca were also detected in the amyloid fiber. The brain was fixed with potassium
dichromate and stained with ammonium molybdate.

Table 1
Al concentrations in amyloid fibers in senile plaque cores.

Patients Age Hippocampus (ppm) Temporal lobe (ppm)

Mean ± SD n Mean ± SD n

Case 1 76 41.8 ± 3.3 5 40.4 ± 2.8 5
Case 2 79 44.3 ± 4.1 5 45.1 ± 4.5 5
Case 3 81 42.5 ± 3.8 5 40.1 ± 3.2 5
Case 4 82 43.8 ± 4.1 5 42.3 ± 3.6 5
Case 5 85 42.0 ± 3.7 5 43.9 ± 3.9 5

Al concentrations (ppm) in amyloid fibers in the cores of senile plaques located in
the hippocampus and in the temporal lobe are expressed as mean ± standard
deviation (SD). n: The number of amyloid fibers analysed in this study.
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Microglial cells were often observed close to the cores of senile
plaques located in the hippocampus and in the temporal lobe.
These microglial cells possessed a number of lysosomes with an
electron-dense substance filling their cytoplasm. Peaks of Al, P,
and Ca were also observed in the lysosomes (Fig. 6A, arrow) of
microglial cells by EDX (Fig. 6B). The patterns of the peaks of Al,
P, and Ca in the lysosomes were similar to those analysed in amy-
loid fibers in the cores. It has been reported that these microglial
cells phagocytose amyloid fibers in the core into their lysosomes
[30–32]. Therefore, it is likely that the Al detected in the lysosomes
originated from the Al in amyloid fibers of the core.
Fig. 5. Electron micrograph (5A) and EDX spectrograph (5B) of the extracellular space a
arrow) close to the core of senile plaque was examined by EDX (B). No Al was detected
4. Discussion

The results from this study demonstrated the presence of Al in
amyloid fibers in the cores of senile plaques located both in the
hippocampus and in the temporal lobe by TEM-EDX analysis. It is
to be noted that no Al was detected in the extracellular space in se-
nile plaques (Fig. 5), or in the cytoplasm of nerve cells by TEM-EDX.
Contamination by dust (mainly Al silicates) can be excluded by the
observation of samples using TEM, as most of the dust in the air
has a diameter of 0.4–4 lm [22] whilst the spatial resolution of
the transmission electron microscope used in this study was about
0.2 nm. In addition, since Al was not detected by PIXE analysis in
the chemicals used for the sample preparation in TEM-EDX analy-
sis, it is reasonable to rule out exogenous Al contamination of the
brain samples in this study. PIXE analysis also demonstrated that
the chemicals used for the sample preparation did not contain ele-
ments that show energy levels of characteristic X-rays close to
those of Al Ka.

Collingwood et al. demonstrated Al in isolated plaque core frag-
ments (approximately 1–2 lm in diameter) by TEM-EDX analysis
[24]. These authors reported the presence of a circular specialized
structure (approximately 0.4–1 lm in diameter) in the center of
the core fragments by TEM and by electron tomography. Colling-
wood et al. did not describe the original location of the isolated
plaque core fragments in the core of senile plaques, which were re-
ported to be approximately 10–20 lm in diameter [29]. Since both
djacent to a core of a senile plaque in the hippocampus. The extracellular space (A,
in the extracellular space.



Fig. 6. Electron micrograph (6A) and EDX spectrograph (6B) of a microglial cell near the core of senile plaque in the temporal lobe. The microglial cell possesses a large
number of lysosomes with an electron-dense substance in the cytoplasm. The lysosome (A, arrow) was examined using EDX analysis (B). Peaks of Al, P, and Ca were also
demonstrated in the lysosome. The patterns of the peaks of Al, P, and Ca in the lysosome in the microglial cell were similar to those analysed in the amyloid fibers in the cores.
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the peripheral region and intermediate region of senile plaque
cores exclusively consist of amyloid fibers about 0.2 lm in diame-
ter, these amyloid fibers have no room to contain the circular
structure 0.4–1 lm in diameter (Fig. 3). Therefore, we speculate
that the isolated plaque core fragments reported by Collingwood
et al. may have originated from the central region of senile plaque
cores. Collingwood et al. reported that Al was detected in approx-
imately 50% of isolated plaque core fragments, which may have
originated from the central region of senile plaque cores. In con-
trast, we demonstrated Al in 100% of all regions of the senile pla-
que cores examined, including the central region, intermediate
region, and peripheral region of the senile plaque cores.

Although both the number of senile plaques and Al concentra-
tions in the brain increase with aging [33–35], no age-related cor-
relations of Al concentrations in amyloid fibers in the cores were
observed (Table 1). In addition, the number of senile plaques in
the hippocampus is larger than that in the temporal lobe [28].
However, Al concentrations of amyloid fibers located in the hippo-
campus and those present in the temporal lobe showed approxi-
mately similar values. The reason amyloid fibers in the cores
showed similar Al concentration values despite age differences or
different areas in the AD brain could not be clarified in this study.
However, it is interesting to note that microglial cells phagocytose
amyloid fibers in the core into their lysosomes [30–32] and that Al
was also demonstrated in the lysosomes in this study. Therefore, it
is likely that senile plaques may not be the ‘‘trash box” to store
toxic waste materials or inert residual bodies, but senile plaques
may have the function to actively disintegrate toxic materials in
the AD brain. DeWitt et al. reported that astrocytes regulate
microglial phagocytosis of senile plaque cores of the AD brain [36].

Several authors have reported that formalin fixation has the po-
tential to leach elements including Al from tissues after prolonged
durations ranging from 1 week to several years [37–39]. However,
we fixed brain tissues with 2.5% glutaraldehyde and 2% formalde-
hyde at a neutral pH for only 15 h. Gellein et al. concluded that the
degree of leaching of elements from tissues was strongly time-
dependent. However, Meldrum reported that an increase in Al con-
centration in formalin solution could be detected immediately
after mixing formalin and tissues. Although it is to be noted that
these authors did not use a radioisotope of Al [37–39]. Therefore,
it is difficult to determine whether the increased Al concentration
in formalin solution originated from the Al contained in tissues or
from contamination by exogenous Al.

In contrast, it is noteworthy that the solubility of Al is very low,
especially at neutral pH. Additionally, Al binds firmly to phosphate,
carboxylate, and catecholate groups of proteins, nucleic acids,
membranes, cytoskeletons, and chromatin. The ligand exchange
rate of Al is the smallest among metals present in tissues [40].
Therefore, we consider it unlikely for the Al in tissues to become
solubilized into formalin solution after a short-term formalin fixa-
tion especially at neutral pH.

The presence of Al in the cores of senile plaques has been con-
troversial for a long time [18–23]. One of the reasons may be that
Al in amyloid fibers in the core could not be stained histochemi-
cally [10], while Al in the neurofibrillary tangles and nuclei of
nerve cells in the AD brain is stained clearly by histochemistry
[8–10]. It seems probable that Al in the core may be embedded
deeply in the interior of amyloid fibers. Accordingly, the dyes used
in histochemistry could not access the Al within amyloid fibers. It
seems likely that Al does not attach to the surface of amyloid fibers
in the core after the aggregation of Abeta peptides, but that Al
binds with Abeta peptides during the course of aggregation of Abe-
ta peptides, or just before the aggregation.

It is widely recognized that monomers of Abeta peptides aggre-
gate into toxic fibrils (or toxic oligomers) that kill neurons and con-
sequently play a key role in the etiology of AD [41,42]. Amyloid
fibers in the core have been reported to consist mainly of the
aggregates of Abeta peptides that have a beta-sheet structure
[17,43]. In this study, Al was demonstrated to be colocalized with
Abeta peptides by TEM-EDX analysis. We hypothesize that colocal-
ization of Al and Abeta peptides in amyloid fibers in the core indi-
cates that Al–Abeta peptide complexes are also present in the
extracellular space outside senile plaques before their deposition
in the core. Therefore, the results of this study may support the fol-
lowing three possibilities regarding the role of Al in the develop-
ment of AD.

The first possibility is that Al is involved in the aggregation of
Abeta peptides in vivo in the AD brains. Since Al (Al3+) is a trivalent
cation, Al can interact with acidic groups of the peptides, and bind
these peptides with one another [40,44,45]. It has been reported
that Al ions promote aggregation of physiological concentrations
of Abeta peptides in vitro [46]. House et al. and Khan et al. also re-
ported that Al ions accelerate the formation of amyloid fibrils
in vitro [47,48].

The second possibility is that Al causes the conformational
change of Abeta peptides into the beta-sheet structure in vivo. Ric-
chelli et al. reported that Al induces the structural modification of
Abeta peptides enriched in beta-sheet conformations in vitro [49].
Exley pointed out that only Al and Fe, but not Cu or zinc, are in-
volved in the formation of beta-sheet structure of Abeta peptides
[50]. It has also been proposed that Abeta peptides containing
beta-sheet structure are directly incorporated into membranes,
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forming Ca-permeable ion channels, and causing elevation of intra-
cellular Ca levels and death of nerve cells [51–53].

The third possibility is that Al promotes oxidative injury to
brain tissues by facilitating Fe-mediated oxidation reaction in the
Alzheimer’s brain. Fe is involved in the formation of free hydroxyl
radicals via Fenton chemistry, which cause deleterious effects in
brain tissues [54,55]. It has been reported that Fe accumulates in
the cores of senile plaques [24,56,57] and that deposition of Abeta
peptides facilitates the generation of reactive oxygen species in the
presence of Fe in vitro [58–60]. Xie et al. reported that Al can facil-
itate Fe-mediated oxidative injury in cultured neurons [61]. In
addition, Khan et al. reported that Al potentiates the Fe(II)/Fe(III)
redox cycle in favor of Fe(II) in vitro [62]. These authors suggested
that oxidative damage in the vicinity of senile plaques may be the
result of Fenton reactions catalysed by the codeposition of Abeta
peptides with Fe and Al.

In conclusion, we demonstrated the colocalization of Al and
Abeta peptides in amyloid fibers in the cores of senile plaques
using TEM-EDX. P and Ca were also detected in amyloid fibers in
the core. The results of this study support the possibility that Al,
in cooperation with Abeta peptides, may play an important role
in the pathogenesis of AD.

5. Abbreviations

Abeta beta-amyloid

AD
 Alzheimer’s disease

EDX
 energy-dispersive X-ray spectroscopy

PIXE
 particle-induced X-ray emission

SEM
 scanning electron microscopy

TEM
 transmission electron microscopy
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