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Abstract. This study examines hippocampal CA1 cells from brains of aged humans, with and without Alzheimer’s disease, for
hyperphosphorylated tau and aluminum during early neurofibrillary tangle (NFT) formation and growth. A very small proportion
of hippocampal pyramidal cells contain cytoplasmic pools within their soma that either appear homogeneous or contain short
filaments (i.e., early NFTs). The cytoplasmic pools are aggregates of an aluminum/hyperphosphorylated tau complex similar to
that found in mature NFTs. The photographic evidence presented combines with existing evidence to support a role for aluminum
in the formation and growth of NFTs in neurons of humans with Alzheimer’s disease.
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Alzheimer’s disease (AD) is a neurodegenerative
condition identified approximately 100 years ago [1].
AD now affects more than 21 million people world-
wide [2], particularly those living in industrialized
countries [3]. Identical twin epidemiological studies
demonstrate AD causality is partly genetic and partly
environmental (e.g. [4]). Severe dementia is the prima-
ry clinical feature of AD, and amyloid plaques and neu-
rofibrillary tangles (NFTs) are its most prominent neu-
ropathological hallmarks. Fewer NFTs occur in brain
tissue of younger old (∼75 years) non-demented hu-
mans but NFTs gradually increase, approaching equiv-
alence in brains of non-demented and demented hu-
mans around age 95 [5].

∗Correspondence to: Associate Professor J.R. Walton, Research
and Education Centre, 4–10 South St, Kogarah (Sydney) NSW 2217,
Australia. Fax: +61 2 9113 3967; E-mail: j.walton@unsw.edu.au.

Alzheimer used Bielschowsky staining and de-
scribed NFTs at early, mature, and extracellular stages
in AD pyramidal cells [6]. Development of antibody
immunostaining techniques has since enabled identi-
fication of a pre-tangle stage [7,8], marked by cells
containing cytoplasmic granules that immunostain for
hyperphosphorylated tau. Under transitional condi-
tions yet to be defined, the hyperphosphorylated tau
of these granules eventually assembles into a protease-
resistant linear polymer of truncated tau protein that
constitutes the main structural unit of AD NFT filament
cores [9,10]. Once formed, intracellular NFTs continue
to grow [11], becoming sufficiently large in some cases
to enucleate their host cell [12].

Aluminum (Al) has been demonstrated in AD NFTs
by histological and spectroscopic techniques [12–16].
The present communication provides photographic
evidence of pre-tangle and early NFT stages char-
acterized by one or more cytoplasmic pools of an
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Table 1
Demographics of cases included in this study

Case Age Gender Ethnicity PMI Diagnosis Yrs since diagnosisBrain wt

1 74 Male Caucasian 24 AD unknown 1265
2 81 Male Caucasian 21 AD 8 1480
3 84 Female Caucasian 24 AD 12 883
4 86 Male Caucasian 48 AD 3 1425
5 88 Male Caucasian 72 AD unknown 1180
6 90 Female Caucasian 3 Con – 1200
7 70 Male Caucasian 14.5 Con – 1370
8 81 Male Caucasian 24 Con – 1240
9 82 Male Caucasian 36 Con – 1300

10 82 Male Caucasian 23.5 Con – 1320

Al/hyperphosphorylated tau complex within the soma.
The findings support a role for Al in NFT formation.

This study was based on 10µm paraffin sections of
corticolimbic tissue from five humans with AD and five
non-demented controls, autopsy-confirmed with CER-
AD criteria [17] and anonymized for ethical reasons
(Table 1). Tissue sections were provided by the NSW
Tissue Resource Centre under human research ethics
approval.

Sections from each case were histologically stained
for Al or immunostained with anti-PHF-1 antibody,
using an antigen retrieval avidin-biotin procedure de-
scribed elsewhere [18], to examine for a possible rela-
tionship between Al and hyperphosphorylated tau pro-
tein in AD hippocampal pyramidal cells at early stages
of NFT formation. The Walton method for identify-
ing endogenous Al in biological tissues was previously
validated by tests for sensitivity and specificity [19].
Phloxine B binds to Al in biological tissue, staining it
pink, magenta, or purple, depending on Al concentra-
tion and binding substrate. Al-stained NFTs are posi-
tively identified using a 100x oil immersion objective.
The counterstains provide a context for Al, coloring
nuclear membranes gray, cytoplasm blue, and endothe-
lium green. The modified Walton method [20,21] uti-
lizes a different nuclear counterstain from the hema-
toxylins (which contain Al salts) originally used. This
modification increases its similarity to Lapham’s stain
for myelin [22]. Al’s high affinity for myelin [23–26]
may explain why the Lapham method effectively stains
myelin.

Al-stained hippocampal CA1 fields were carefully
studied and cells of interest photographed,using vernier
scale readings for the x- and y-axes of the microscope
stage to record their locations. Some of these sections
were de-stained and subsequently immunostained for
hyperphosphorylated tau. The slides were put into xy-
lene for several days to remove the coverslip, followed
by 70% ethanol for one hour to remove dyes. The

previously photographed cells were located in the im-
munostained sections using vernier readings and mor-
phological features to enable re-photography. This de-
staining/re-staining process is unidirectional because
the antigen retrieval step of the immunohistochemical
procedure chelates and removes Al.

Sections from 9/10 aged cases confirmed the pres-
ence of pre-tangle cells in the hippocampal CA1 field.
Case 3 (the exception) exhibited extensive CA1 cell
loss. Pre-tangle cells contain small cytoplasmic gran-
ules, diffusely-distributed throughout their soma, that
immunostain for hyperphosphorylated tau (Fig. 1A) [7,
8]. The cytoplasmic granules lack membranes, unlike
those in granulovacuolar degeneration (GVD). GVD
granules also stain for hyperphosphorylatedtau, and for
Al if sufficiently large [12]. The cytoplasmic granules
shown in Fig. 1B are larger and partially aggregated.
They appear intermediate between the stages shown in
Figs 1A and 2B.

One Al-stained CA1 pyramidal cell from Case 9
(control) and four from Case 2 (AD) were observed
to contain distinctive purple cytoplasmic pools within
their soma. One Case 2 cell had a purple cytoplasmic
pool with a slightly grainy texture that otherwise ap-
peared homogeneous (Fig. 2A). After de-staining and
immunostaining for hyperphosphorylated tau, the cy-
toplasmic pool was dark brown, retaining its homoge-
neous appearance (Fig. 2B). The darkest brown regions
of this cytoplasmic pool are super-imposable over the
purple Al-stained cytoplasmic pool up to its boundary.
Cells with the characteristics shown in Figs 1B and 2
are seldom observed.

Four cells (that from case 9 and the remaining three
from case 2) exhibited early (stage 1) NFTs, having
just discernable filamentous structure within their cyto-
plasmic pools when stained for Al (Fig. 3A) and hyper-
phosphorylated tau (Fig. 3B). The filament color un-
der stain resembles that of the cytoplasmic pools from
which they precipitate.
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Fig. 1. Pre-tangle pyramidal cells (stage 0) immunostainedfor hyperphosphorylated tau. Al-stained images of these pre-tangle cells are unavailable
since their positive identification requires immunostaining for hyperphosphorylated tau and the de-staining/re-staining procedure is unidirectional
(Al stain to immunostain). A) Early pre-tangle phase cell (Case 6) is identifiable by small cytoplasmic granules that immunostain brown (arrow)
for hyperphosphorylated tau and surround the membrane-bound nucleus that contains a blue (hematoxylin-counterstained) nucleolus. Such cells
are common in aged neocortex and hippocampus, both in demented and non-demented humans. B) In this pre-tangle cell (Case5), the cytoplasmic
granules of hyperphosphorylated tau stain orange (arrow),are larger, and aggregated. Magnification bar (MB)= 2.5µm.

Fig. 2. A late pre-tangle stage CA1 cell (Case 2) stained for Al and then de-stained and re-stained for hyperphosphorylated tau. This
seldom-observed stage is characterized by its grainy-textured cytoplasmic pools that are otherwise featureless. A) This cell stains purple for Al
in its cytoplasmic pools and magenta for Al in its nucleolus.The arrow denotes a margin of the cytoplasmic pool that lacksstain for Al. B) Upon
de-staining this cell and re-staining it for hyperphosphorylated tau, the cytoplasmic pool stains dark brown where it formerly stained purple. Less
strongly immunostained margins (i.e., arrow) probably represent thinner or less dense edges of the cytoplasmic pool. Taken together, the results
suggest that the concentration of Al has to exceed a threshold level in order to stain. MB= 2.5µm.

Fig. 3. A CA1 cell containing an early (stage 1) NFT. This cell(Case 2) was (A) stained for Al and then (B) immunostained forhyperphosphorylated
tau. In (A), an arrow indicates just visible filament structure in a cytoplasmic pool. In (B), the immunostain reveals filaments (arrowed) that are
slightly more pronounced. Early (stage 1) NFTs are infrequently seen. MB= 2.5µm.
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Fig. 4. Mature (stage 2) NFTs. A,B) This cell (Case 2) has a large NFT and its nucleus has been displaced to the cell periphery. A) Al-stained
image. B) Same cell immunostained for hyperphosphorylatedtau. The NFTs are superimposable. C) Another Al-stained cell (Case 1) has a
large NFT that appears to have fewer and relatively thick purple fibrils, indicating filament aggregation. The absence ofthe cytoplasmic pool
substance between fibrils (i.e., arrow) suggests it was consumed during filament growth. CA1 cells with mature (stage 2) NFTs are frequently
seen in AD and in fewer numbers in aged controls. MB= 2.5µm.

Fig. 5. Extracellular (stage 3) NFTs. One tangle (Case 2) is (A) stained for Al and (B) immunostained for hyperphosphorylated tau. These NFT
images are superimposable. C,D) Other extracellular NFTs appear more degraded. C) This Al-stained extracellular NFT (Case 3) has fibrils that
stain non-uniformly. D) An immunostained example (Case 8) shows patchy immunostaining for hyperphosphorylated tau. Aglial cell appears
to the left of this extracellular NFT. Stage 3 NFTs are commonly seen in AD cases, less so in controls. MB= 2.5µm.

Mature (stage 2) NFTs were prominent in all AD
cases plus 3/5 controls, comprising densely-packed fil-
aments that stain for Al (Fig. 4A) and hyperphospho-
rylated tau (Fig. 4B). The cytoplasmic pool substance
is no longer visible between the fibrils (Fig. 4C) of
some cells with very large NFTs. Extracellular (stage
3) NFTs also stain for both Al (Figs 5A and C) and hy-
perphosphorylated tau (Figs 5B and D). Glial cells are
commonly associated with extracellular NFTs and are
believed to modify their structural and immunostaining

characteristics (Fig. 5D).
Humans are routinely exposed to Al from dietary

and other sources [reviews [27,28]]. Such exposure
gradually increases brain Al levels, with rising age,
in humans with normal cognition [29–31] and more
so with dementia [reviews [32–34]]. Al particularly
accumulates in pyramidal cells (of Al-exposed dialysis
patients, rats and rabbits) in the same brain regions that
are susceptible to damage in AD [12–14,20,35–38],
altering their tau structure and function [13,21,37].
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Normal tau function depends on phosphate addition
by kinases and phosphate removal by protein phos-
phatase 2A (PP2A), the main phosphatase in mam-
malian brain responsible for tau dephosphorylation at
serine and threonine residues [39–41]. AD cortex and
hippocampus exhibit low PP2A activity and expres-
sion [39,42,43], depletion of normal tau, and elevated
levels of hyperphosphorylated tau [44] with the addi-
tional phosphates accumulating on serine and threonine
residues [45]. Al inhibits PP2A activity, disrupting the
tau kinase/phosphatase balance and inducing tau hy-
perphosphorylationin vivo and in vitro [18,46]. For
example, low PP2A activity and hyperphosphorylated
tau occur in brain tissue of an aging rat model for AD
that exhibits cognitive deterioration after chronically
ingesting Al throughoutmost of the lifespan in amounts
equivalent to Al additive ingestion by many humans
living in contemporary urban society [18,20,47].

Al can induce the Alz-50 epitope [48,49], an early
event in AD tau change [50], and activate caspasein vi-
voandin vitro [51–54]. Caspase activation leads to the
truncation of hyperphosphorylated tau at its Glu-391
residue [55]. Truncated hyperphosphorylated tau is al-
ready evident in granules of early pre-tangle neurons in
sporadic AD cases and aged controls [10,56]. Analo-
gous changes in tau truncation, and in levels of normal
and hyperphosphorylated tau, occur in brains of long-
term dialysis patients at an earlier age, their magnitudes
correlating with brain Al accumulation [37].

Findings from the present study indicate that in AD
the pre-tangle stage has an early phase of long dura-
tion and a brief late phase marked by aggregation of
cytoplasmic granules and formation of grainy-textured
cytoplasmic pools. Advancement to the late pre-tangle
phase may relate to intraneuronal Al and truncated hy-
perphosphorylated tau levels and dementia progress.
NFT formation within cytoplasmic pools is consis-
tent with Alzheimer’s illustrations of early stage NFTs
where filaments are confined to the soma [1,6]. Oth-
er authors have depicted early stage NFTs as further
advanced with fibrils already extending well into the
apical dendrite [[7] Figs 1A, 2B].

Absence of Al staining in early pre-tangle granules,
along some edges of Al-stained cytoplasmic pools, in
small GVD granules, and in some sectioned NFTs,
could either indicate Al absence or Al presence at con-
centrations below the staining threshold. If, as is the
case, the centrally-located nucleolus is the only Al-
positive component in many aged Al-stained pyrami-
dal cells then, logically, some Al must be or have been
present in the cytoplasm and nucleoplasm at sub-visible
levels.

Experimental studies show that Al binds to phos-
phoproteins and changes their conformation [57,58].
Formation of stable cross-links between Al and phos-
phate groups on hyperphosphorylatedtau isolated from
AD brain tissue and neurofilament protein from ani-
mal brain results in their aggregation [13,46,59–65],
which could reasonably account for the formation of
pre-tangle granules and cytoplasmic pools. The super-
imposability of the stained images of Al and hyper-
phosphorylated tau in Figs 2–5 demonstrates their co-
localization in an AD-vulnerable region of the human
brain, at least by the late pre-tangle stage and at early,
mature and extracellular NFT stages. Furthermore, co-
injection of rat brains with Al and hyperphosphorylated
tau dramatically increases that protein’s resistance toin
vivo proteolysis [59]. As the Al/hyperphosphorylated
tau complex is the major constituent of NFTs, the co-
injection finding could explain why NFTs can outlast
the cells in which they grow.

The growing NFT may protect cell viability for a
time [66,67] by binding and sequestering Al in the cy-
toplasm, thereby slowing Al accumulation in the nu-
cleus, nuclear oxidative reactions, and cross-linkage of
nuclear proteins and nucleic acids [68–70].

Present and previously-published data are consistent
with the following sequence:

– Al induces hyperphosphorylationof tau by inhibit-
ing PP2A activity in pyramidal cells.

– Hyperphosphorylatedtau levels greatly increase in
these cells.

– Al activates caspase which truncates hyperphos-
phorylated tau.

– Al binds to the truncated hyperphosphorylatedtau,
aggregating it into granules. When confluent, the
aggregates appear as cytoplasmic pools. Conflu-
ence, associated with high local concentrations of
Al/truncated hyperphosphorylated tau, may pro-
vide the trigger for polymerization.

– NFT filaments polymerize within the Al/truncated
hyperphosphorylated tau complex of the cytoplas-
mic pools. NFT formation pre-dates AD clinical
symptoms that become more severe as NFT num-
bers increase.

– Some NFTs become extracellular after growing
sufficiently large to enucleate, and kill, their host
cell.
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[6] Alzheimer A (1911) Über eigenartige Krankheitsfälle des
sp̈ateren Alters.Z Neurol Psychiatr4, 356-385.

[7] Bancher C, Brunner C, Lassmann H, Budka H, Jellinger K,
Seitelberger F, Grundke-Iqbal I, Iqbal K, Wisniewski HM
(1989) Accumulation of abnormally phosphorylated tau pre-
cedes the formation of neurofibrillary tangles in Alzheimer’s
disease.Brain Res477, 90-99.

[8] Bancher C, Grundke-Iqbal I, Iqbal K, Fried VA, Smith HT,
Wisniewski HM (1991) Abnormal phosphorylation of tau pre-
cedes ubiquitination in neurofibrillary pathology of Alzheimer
disease.Brain Res539, 11-18.

[9] Wischik CM, Novak M, Edwards PC, Klug A, Tichelaar W,
Crowther RA (1988) Structural characterization of the coreof
the paired helical filament of Alzheimer’s disease.Proc Natl
Acad Sci U S A85, 4506-4510.

[10] Wischik CM, Crowther RA, Stewart M, Roth M (1985) Sub-
unit structure of paired helical filaments in Alzheimer’s dis-
ease.J Cell Biol100, 1905-1912.

[11] Miyasaka T, Watanabe A, Saito Y, Murayama S, Mann DM,
Yamazaki M, Ravid R, Morishima-Kawashima M, Nagashima
K, Ihara Y (2005) Visualization of newly deposited tau in
neurofibrillary tangles and neuropil threads.J Neuropathol
Exp Neurol64, 665-674.

[12] Walton JR (2006) Aluminum accumulation in hippocampal
neurons from Alzheimer cases and aged controls.Neurotoxi-
cology27, 385-394.

[13] Murayama H, Shin R-W, Higuchi J, Shibuya S, Muramoto
T, Kitamoto T (1999) Interaction of aluminum with PHFτ

in Alzheimer’s disease neurofibrillary degeneration evidenced
by desferrioxamine-assisted chelating autoclave method.Am
J Pathol155, 877-885.

[14] Solomon B (2001) Calmodulin, aluminium and Alzheimer’s
disease. InAluminium and Alzheimer’s Disease: The Science
that Describes the Link, Exley C, ed. Elsevier Science BV,
Amsterdam, pp. 393–409.

[15] Perl DP, Brody AR (1980) Alzheimer’s disease: X-ray spec-
trometric evidence of aluminum accumulation in neurofibril-
lary tangle-bearing neurons.Science208, 297-299.

[16] Good PF, Perl DP, Bierer LM, Schmeidler J (1992) Selective
accumulation of aluminum and iron in the neurofibrillary tan-
gles of Alzheimer’s disease: a laser microprobe (LAMMA)
study.Ann Neurol31, 286-292.

[17] Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ, Brown-
lee LM, Vogel FS, Hughes JP, van Belle G, Berg L (1991)
The Consortium to Establish a Registry for Alzheimer’s Dis-
ease (CERAD). Part II. Standardization of the neuropathologic
assessment of Alzheimer’s disease.Neurology41, 479-486.

[18] Walton JR (2007) An aluminum-based rat model for
Alzheimer’s disease exhibits oxidative damage, inhibition of
PP2A activity, hyperphosphorylated tau, and granulovacuolar
degeneration.J Inorg Biochem101, 1275-1284.

[19] Walton JR (2004) A bright field/fluorescent stain for alu-
minum: its specificity, validation, and staining characteristics.
Biotech Histochem79, 169-176.

[20] Walton JR (2009) Functional impairment in aged rats chroni-
cally exposed to human range dietary aluminum equivalents.
Neurotoxicology30, 182-193.

[21] Walton JR (2009) Brain lesions comprised of aluminum-rich
cells that lack microtubules may be associated with the cogni-
tive deficit of Alzheimer’s disease.Neurotoxicology30, 1059-
1069.

[22] Lapham LW, Johnstone MA, Brundjar KH (1964) A new paraf-
fin method for the combined staining of myelin and glial fibers.
J Neuropathol Exp Neurol23, 156-160.

[23] Verstraeten SV, Golub MS, Keen CL, Oteiza PI (1997) Myelin
is a preferential target of aluminum-mediated oxidative dam-
age.Arch Biochem Biophys344, 289-294.

[24] Itoh M, Suzuki Y, Sugai K, Ozuka N, Ohsawa M, Otsuki T,
Goto Y (2008) Progressive leukoencephalopathy associated
with aluminum deposits in myelin sheath.J Child Neurol23,
938-943.

[25] Golub MS, Tarara RP (1999) Morphometric studies of myeli-
nation in the spinal cord of mice exposed developmentally to
aluminum.Neurotoxicology20, 953-959.

[26] Deloncle R, Huguet F, Fernandez B, Quellard N, Babin P,
Guillard O (2001) Ultrastructural study of rat hippocampus
after chronic administration of aluminum L-glutamate: an
acceleration of the aging process.Exp Gerontol36, 231-244.

[27] Greger JL, Sutherland JE (1997) Aluminum exposure and
metabolism.Crit Rev Clin Lab Sci34, 439-474.

[28] Yokel RA (2000) The toxicology of aluminum in the brain:a
review.Neurotoxicology21, 813-828.

[29] McDermott JR, Smith AI, Iqbal K, Wisniewski HM (1979)
Brain aluminum in aging and Alzheimer disease.Neurology
29, 809-814.

[30] Markesbery WR, Ehmann WD, Alauddin M, Goodin DT
(1984) Brain trace element concentrations in aging.Neurobiol
Aging5, 19-28.

[31] Shimizu H, Mori T, Koama M, Sekiya M, Ooami H (1994) A
correlative study of the aluminum content and aging changes



J.R. Walton / Aluminum in NFT Formation and Growth 71

of the brain in non-demented elderly subjects.Nippon Ronen
Igakkai Zasshi – Jap J Geriatr(Tokyo) 31, 950-960.

[32] Krishnan SS, McLachlan DR, Krishnan B, Fenton SSA, Har-
rison JE (1988) Aluminum toxicity to the brain.Sci Total En-
viron 71, 59-64.

[33] McLachlan DRC (1995) Aluminium and the risk for
Alzheimer’s disease.Environmetrics6, 233-275.

[34] Bondy SC (2010) The neurotoxicity of environmental alu-
minum is still an issue.Neurotoxicology31, 575-581.

[35] Edwardson JA, Candy JM, Ince PG, McArthur FK, Morris
CM, Oakley AE, Taylor GA, Bjertness E (1992) Alumini-
um accumulation,β-amyloid deposition and neurofibrillary
changes in the central nervous system. InAluminium in Biol-
ogy and Medicine. Wiley, Chichester.CIBA Found Symp169,
165-185.

[36] Morris CM, Candy JM, Oakley AE, Taylor GA, Mountfort
S, Bishop H, Ward MK, Bloxham CA, Edwardson JA (1989)
Comparison of the regional distribution of transferrin recep-
tors and aluminium in the forebrain of chronic renal dialysis
patients.J Neurol Sci94, 295-306.

[37] Harrington CR, Wischik CM, McArthur FK, Taylor GA,
Edwardson JA, Candy JM (1994) Alzheimer’s-disease-like
changes in tau protein processing: association with aluminium
accumulation in brains of renal dialysis patients.Lancet343,
993-997.

[38] Kowall NW, Pendlebury WW, Kessler JB, Perl DP, Beal MF
(1989) Aluminum-induced neurofibrillary degeneration af-
fects a subset of neurons in rabbit cerebral cortex, basal fore-
brain and upper brainstem.Neuroscience29, 329-337.

[39] Gong C-X, Shaikh S, Wang JZ, Zaidi T, Grundke-Iqbal I, Iqbal
K (1995) Phosphatase activity toward abnormally phosphory-
lated τ : decrease in Alzheimer disease brain.J Neurochem
65, 732-738.

[40] Goedert M, Jakes R, Qi Z, Wang JH, Cohen P (1995) Protein
phosphatase 2A is the major enzyme in brain that dephospho-
rylatesτ protein phosphorylated by proline-directed protein
kinases or cyclic AMP-dependent protein kinase.J Neurochem
65, 2804-2807.

[41] Gong C-X, Lidsky T, Wegiel J, Zuck L, Grundke-Iqbal I,
Iqbal K (2000) Phosphorylation of microtubule-associated
protein tau is regulated by protein phosphatase 2A in mam-
malian brain. Implications for neurofibrillary degeneration in
Alzheimer’s disease.J Biol Chem275, 5535-5544.

[42] Vogelsberg-Ragaglia V, Schuck T, Trojanowski JQ, Lee VM-Y
(2001) PP2A mRNA expression is quantitatively decreased in
Alzheimer’s disease hippocampus.Exp Neurol168, 402-412.

[43] Sontag E, Luangpirom A, Hladik C, Mudrak I, Ogris E, Spe-
ciale S, White CL 3rd (2004) Altered expression levels of
the protein phosphatase 2A ABalphaC enzyme are associated
with Alzheimer disease pathology.J Neuropathol Exp Neurol
63, 287-301.

[44] Shin R-W, Iwaki T, Kitamoto T, Sato Y, Tateishi J (1992)
Massive accumulation of modified tau and severe depletion of
normal tau characterize the cerebral cortex and white matter
of Alzheimer’s disease.Am J Pathol140, 937-945.

[45] Liu F, Liang Z, Gong CX (2006) Hyperphosphorylation of tau
and protein phosphatases in Alzheimer disease.Panminerva
Med48, 97-108.

[46] Yamamoto H, Saitoh Y, Yasugawa S, Miyamoto E (1990)
Dephosphorylation of tau factor by protein phosphatase 2A in
synaptosomal cytosol fractions, and inhibition by aluminum.
J Neurochem55, 683-690.

[47] Walton JR (2007) A longitudinal study of rats chronically

exposed to aluminum at human dietary levels.Neurosci Lett
412, 29-33.

[48] Jones KR, Oorschot DE (1998) Do aluminium and/or gluta-
mate induce Alz-50 reactivity? A light microscopic immuno-
histochemical study.J Neurocytol27, 57-57.

[49] Mesco ER, Kachen C, Timiras PS (1991) Effects of aluminum
on tau proteins in neuroblastoma cells.Mol Chem Neuropathol
14, 199-212.

[50] Guillozet-Bongaarts AL, Garcia-Sierra F, Reynolds MR,
Horowitz PM, Fu Y, Wang T, Cahill ME, Bigio EH, Berry
RW, Binder LI (2005) Tau truncation during neurofibrillary
tangle evolution in Alzheimer’s disease.Neurobiol Aging26,
1015-1022.

[51] Yang S-J, Lee JE, Lee KW, Huh J-W, Choi SY, Cho S-W
(2004) Opposed regulation of aluminum-induced apoptosis by
glial cell line-derived neurotrophic factor and brain-derived
neurotrophic factor in rat brains.Mol Brain Res127, 146-149.

[52] Ghribi O, Herman MM, Forbes MS, DeWitt DA, Savory J
(2001) GDNF protects against aluminum-induced apoptosis
in rabbits by upregulating Bcl-2 and Bcl-XL and inhibiting
mitochondrial Bax translocation.Neurobiol Dis8, 764-773.

[53] Savory J, Herman MM, Ghribi O (2003) Intracellular mecha-
nisms underlying aluminum-induced apoptosis in rabbit brain.
J Inorg Biochem97, 151-154.

[54] Johnson VJ, Sang-Hyun Kim S-H, Sharma RP (2005)
Aluminum-maltolate induces apoptosis and necrosis in Neuro-
2a Cells: Potential role for p53 signaling.Toxicol Sci83,
329-339.

[55] de Calignon A, Fox LM, Pitstick R, Carlson GA, Bacskai
BJ, Spires-Jones TL, Hyman BT (2010) Caspase activation
precedes and leads to tangles.Nature464, 1201-1203.

[56] Mena R, Edwards PC, Harrington CR, Mukaetova-Ladinska
EB, Wischik CM (1996) Staging the pathological assem-
bly of truncated tau protein into paired helical filaments in
Alzheimer’s disease.Acta Neuropathol91, 633-641.

[57] Birchall JD, Chappell JS (1988) Aluminium, chemical physi-
ology, and Alzheimer’s disease.Lancet332, 1008-1010.

[58] Haug A, Vitorello V (1996) Aluminum coordination to
calmodulin: thermodynamic and kinetic aspects.Coord Chem
Rev140, 113-124.

[59] Shin RW, Lee VM, Trojanowski JQ (1994) Aluminum modi-
fies the properties of Alzheimer’s disease PHF tau proteinsin
vivo andin vitro. J Neurosci14, 7221-7233.

[60] Madhav TR, Vatsala S, Ramakrishna T, Ramesh J, Easwaran
KRK (1996) Preservation of native conformation during
aluminium-induced aggregation of tau protein.NeuroReport
7, 1072-1076.

[61] Savory J, Huang Y, Wills MR, Herman MM (1998) Reversal
by desferrioxamine of tau protein aggregates following two
days of treatment in aluminum-induced neurofibrillary degen-
eration in rabbit: implications for clinical trials in Alzheimer’s
disease.Neurotoxicology19, 209-214.

[62] Nixon RA, Clarke JF, Logvinenko KB, Tan MK, Hoult M,
Grynspan F (1990) Aluminum inhibits calpain-mediated pro-
teolysis and induces human neurofilament proteins to form
protease-resistant high molecular weight complexes.J Neu-
rochem55, 1950-1959.

[63] Leterrier JF, Langui D, Probst A, Ulrich J (1992) A molecular
mechanism for the induction of neurofilament bundling by
aluminum ions.J Neurochem58, 2060-2070.

[64] Shea TB (1995) Calcium modulates aluminum neurotoxicity
and interaction with neurofilaments.Mol Chem Neuropathol
24, 151-163.



72 J.R. Walton / Aluminum in NFT Formation and Growth

[65] Strong MJ, Garruto RM (1991) Chronic aluminum-induced
motor neuron degeneration: clinical, neuropathological and
molecular biological aspects.Can J Neurol Sci18(Suppl 3),
428-431.

[66] Lee H-G, Perry G, Moreira PI, Garrett MR, Liu Q, Zhu X,
Takeda A, Nunomura A, Smith MA (2005) Tau phosphoryla-
tion in Alzheimer’s diseaes: pathogen or protector?Trends
Mol Med11, 164-169.

[67] Iqbal K, Alonso A del C, Grundke-Iqbal, I (2008) Cytoso-
lic abnormally hyperphosphorylated tau but not paired heli-

cal filaments sequester normal MAPs and inhibit microtubule
assembly.J Alzheimers Dis14, 365-370.

[68] Exley C (2004) The pro-oxidant activity of aluminum.Free
Radic Biol Med36, 380-387.

[69] Karlik SJ, Eichhorn GL, Lewis PN, Crapper DR (1980) In-
teraction of aluminum species with deoxyribonucleic acid.
Biochem19, 5991-5998.

[70] Crapper McLachlan DR, Lukiw WJ, Kruck TPA (1989) New
evidence for an active role of aluminum in Alzheimer’s dis-
ease.Can J Neurol Sci16, 490-497.


