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To demonstrate that aluminum III (Al) interacts with
PHFt in neurofibrillary degeneration (NFD) of Alzhei-
mer’s disease (AD) brain, we developed a “chelating
autoclave method” that allows Al chelation by using
trivalent-cationic chelator desferrioxamine. Its appli-
cation to AD brain sections before Morin histochem-
istry for Al attenuated the positive fluorescence of
neurofibrillary tangles, indicating Al removal from
them. This method, applied for immunostaining with
phosphorylation-dependent anti-t antibodies, signif-
icantly enhanced the PHFt immunoreactivity of the
NFD. These results suggest that each of the phosphor-
ylated epitopes in PHFt are partially masked by Al
binding. Incubation of AD sections with AlCl3 before
Morin staining revealed Al accumulation with associ-
ation to neurofibrillary tangles. Such incubation
before immunostaining with the phosphorylation-
dependent anti-t antibodies abolished the immuno-
labeling of the NFD and this abolition was reversed by
the Al chelation. These findings indicate cumulative
Al binding to and thereby antigenic masking of the
phosphorylated epitopes of PHFt. Al binding was
further documented for electrophoretically-resolved
PHFt on immunoblots, indicating direct Al binding to
PHFt. In vitro aggregation by AlCl3 was observed for
PHFt but was lost on dephosphorylation of PHFt.
Taken together, phosphorylation-dependent and di-
rect PHFt-Al interaction occurs in the NFD of the AD
brain. (Am J Pathol 1999, 155:877–885)

Alzheimer’s disease (AD) is a heterogeneous group of
neurodegenerative disorders which clinically manifest
with progressive dementia. The major histopathological
abnormalities that characterize the brains affected with
AD include intracellular neurofibrillary degeneration
(NFD) and extracellular senile plaques (SPs). The NFD

includes neurofibrillary tangles (NFTs), dystrophic neu-
rites associated with SPs, and neuropil threads. Ultra-
structurally these lesions contain abnormal filamentous
structures called paired helical filaments (PHFs) and
straight filaments as well as amorphous nonfilamentous
aggregates. These structures are formed from hyper-
phosphorylated adult central nervous system (CNS) t
protein known as PHFt.1–3 This form of t protein gener-
ated in AD differs in several biochemical properties from
that of the normal adult brain. The most prominent feature
distinguishing t in normal adult brain from that in AD
brains derives from their phosphorylation state. In the
living normal adult brain, t is phosphorylated at many of
the same sites as PHFt, but the possession of phosphate
groups is given only to a small fraction of t (biopsy-
derived t). In the postmortem normal adult brain, how-
ever, t is subject to rapid dephosphorylation during the
postmortem period, yielding far less phosphorylated form
of t (autopsy-derived t).4 In contrast, PHFt remains
highly phosphorylated in the AD brain even after a long
postmortem interval. There are thus apparently quantita-
tive and dynamic differences in phosphorylation between
normal adult t and PHFt. In AD brain PHFt is accumu-
lated as nonfilamentous aggregates in a subpopulation of
neuronal cells at the initial pretangle stage,5–7 followed
by progressive accumulation as PHFs forming NFD.6,8–10

At the pretangle stage it appears that additional factors
should be implicated in the aggregation of freshly gen-
erated PHFt, because the mere phosphorylation of t
does not fully account for its aggregation.

Aluminum III (Al) has long been a target of research
concerning its role as an environmental risk factor in the
etiology of AD.11–13 Our previous study suggested the
role of Al as a cofactor in the formation of the NFD.14

Specifically, Al induces PHFt to aggregate in vitro and to
resist proteolysis in vivo. Recent in vivo study showed
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additional evidence supporting the aggregation of phos-
phorylated t by Al.15 These data explain the mechanism
whereby the hyperphosphorylated t undergoes aggrega-
tion and deposition and strengthen the idea that Al plays
a role in the pathogenesis of AD. In our continuing efforts
to elucidate the pathobiological involvement of Al in the
formation of the NFD, we herein provide evidence that
phosphorylation-dependent and direct interaction be-
tween PHFt and Al occurs in the NFD of the AD brain.

Materials and Methods

Search for a Desferrioxamine-Assisted
Procedure Aimed at Enhancing PHFt

Immunoreactivity of AD Brain Sections

Demonstration that Al interacts with PHFt, which consti-
tutes the NFD in the AD brain, was executed by testing
whether the immunoreactivity of PHFt in these lesions is
altered when Al is chelated from AD brain sections. To
develop a method to accomplish this purpose, we exam-
ined procedures which employ desferrioxamine mesylate
(DFO) (Sigma, St. Louis, MO), a chelator of trivalent cat-
ion, under the following conditions: i) incubation of brain
sections at 37°C with solution of 10 mmol/L DFO dis-
solved in deionized water, which resulted in pH 4.7 (10
mmol/L DFO, pH 4.7) or in 50 mmol/L Tris buffer which
was adjusted to pH 7.0 (10 mmol/L DFO, pH 7.0), and ii)
autoclaving of brain sections immersed into the solution
of 10 mmol/L DFO pH 4.7 or 10 mmol/L DFO pH 7.0. In
some experiments di- and trivalent cationic chelator eth-
ylenediaminetetraacetic acid (EDTA) was used instead of
DFO. Autoclaving was done at 121°C with a set time of 10
minutes. This procedure of autoclaving with a cationic
chelator is referred to here as the chelating autoclave
method. Experiments using these procedures were per-
formed in parallel with control experiments in which the
DFO solution was replaced by deionized water or 50
mmol/L Tris buffer, pH 7.0, in the incubation at 37°C or in
the autoclaving (namely, the hydrated autoclave meth-
od).10,16

Each of these procedures was applied to paraffin sec-
tions prepared from pathologically confirmed AD brains
(n 5 5) fixed with 10% neutral buffered-formalin or 70%
ethanol/0.15 mol/L NaCl, followed by immunohistochem-
ical analysis for PHFt using a panel of antibodies to t
listed in Table 1. The antibodies are classified into three
groups: phosphorylation-dependent antibodies AT8
(Innogenetics, Belgium),17,18 PHF1,19,20 and AP422;21

phosphorylation-independent antibody T14 and T46;22,23

and dephosphorylation-dependent antibody Tau1 (Ce-
dar Lane, Hornby, Ontario).24 For immunostaining with
Tau1, the sections were dephosphorylated with 12
units/ml of Escherichia coli alkaline phosphatase Type III
(Sigma) at 67°C25 for 3 hours to reveal the nonphospho-
rylated epitopes of this antibody. By comparison among
the immunohistochemical analyses combined with pre-
treatments by the procedures described above, we
searched for a procedure which enhances PHFt immu-
noreactivity of the NFD. As control experiments we ana-

lyzed other protein components constituting NFD and
SPs using antibodies to ubiquitin (Mab 1510, Chemicon,
Temecula, CA) at a dilution of 1:10,000, heparan sulfate
(10E4, Seikagaku, Japan) at 1:500, Ab (4G8, Senetek,
Maryland Heights, MO) at 1:10,000, and ApoE (Chemi-
con) at 1:1000 under the same conditions as used for the
anti-t antibodies. In addition we analyzed neurofilament
proteins in the AD and rat brains using phosphorylation-
dependent antibodies to the high molecular neurofila-
ment subunit (NF-H) (TA51 and RMO24)26 at 1:100 and
1:10, respectively, and dephosphorylation-dependent
antibody to NF-H (RMdO20)26 at 1:10. As the secondary
antibody was used the goat anti-mouse or anti-rabbit
immunoglobulins peroxidase-labeled dextran polymer
conjugate Envision (Dako, Glostrup, Denmark).

Morin Histochemical Stain for Al

Among the procedures described above, the chelating
autoclave method proved to effectively elicit immunore-
active enhancement of PHFt (see Results). To demon-
strate that the chelating autoclave method is indeed ca-
pable of chelating Al from the NFD of the AD brain
sections, we used fluorescent Morin stain for Al and
thereby monitored Al in the sections. Following pretreat-
ment by either the chelating or the hydrated autoclave
method, the sections were stained with Morin as report-
ed,27–29 and viewed under the fluorescence microscope
(Olympus AX70, Japan).

Assessment of Binding of Exogenous Al to
PHFt in NFD in Situ

To assess the ability of Al salts to bind to PHFt in the NFD,
AD brain sections were incubated in 0.1 mol/L Tris, pH
6.5, with and without 10 mmol/L AlCl3 as reported,14

followed by Morin histochemical or immunohistochemical
analysis. Before Al incubation for the Morin staining, AD
brain sections were subjected to Al removal and then

Table 1. Summary of Antibodies to t/PHFt

Antibody Specificity Type Dilution

AT8 phos Ser202, Thr205 M 1:500
PHF1 phos Ser396, Ser404 M 1:2000
AP422 phos Ser422 P 1:1000
T14 p-ind t 141–178 M 1:1000
T46 p-ind t 404–441 M 1:1000
Tau1 dephos Ser202 M 1:2000

AT8, PHF1 and AP422 are phosphorylation-dependent antibodies to
t that recognize PHFt, but not enzymatically dephosphorylated PHFt
as well as autopsy-derived adult human CNS t. T14 and T46 are
phosphorylation-independent antibodies to t that recognize adult
human CNS t as well as PHFt and its dephosphorylated preparation.
Tau1 is a dephosphorylation-dependent antibody to t that recognizes
normal CNS t, and it only binds to PHFt after enzymatic
dephosphorylation. The numbering system for the amino acid
sequences of the epitopes in t recognized by the anti-t antibodies
listed here is based on the largest human CNS t isoform.51

phos, phosphorylated; Ser, serine; Thr, threonine; p-ind,
phosphorylation-independent; dephos, dephosphorylated; M, mono-
clonal antibody; P, polyclonal antibody.
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were incubated with or without alkaline phosphatase as
described above. To determine whether the chelating
autoclave method is also useful to chelate exogenously
added Al, the sections were treated by the chelating
autoclave method with DFO or EDTA in concentrations
ranging from 10 to 50 mmol/L after the Al incubation and
then subjected to Morin or immunohistochemical analy-
sis. Effects of other metal salts including FeCl3, CaCl2,
and ZnSO4 on the PHFt immunoreactivity of the NFD
were examined under the same conditions as used for
AlCl3 in experiments consisting of t immunostaining. It
should be pointed out that the solution of AlCl3 contains
free Al31 at concentrations much lower than the indicated
concentration, because AlCl3 forms insoluble hydroxyl
complexes at pH 6.5.30 The same situation also held in all
of the following experiments in which AlCl3 was used.

Isolation of PHFt from AD Brain and That of t

from Autopsy Normal Adult Human Brain

The aqueous-soluble fraction of PHFt was prepared from
the postmortem brain affected with AD as reported,14

with modifications. The tangle-rich regions of the brain
tissue were glass-homogenized in 1:1 vol of ice-cold
reassembly buffer (0.1 mol/L MES, pH 6.8, 0.5 mmol/L
MgSO4, 1 mmol/L EGTA, 2 mmol/L dithiothreitol) contain-
ing 0.75 mol/L NaCl, 1 mmol/L phenylmethylsulfonyl flu-
oride, and a cocktail of protease inhibitors (Boehringer
Mannheim, Mannheim, Germany) and then sonicated
(Sonifier 250, Branson, Danbury, CT) at the lowest output
in the Eppendorf tube for 5 minutes before centrifugation
at 100,000 3 g for 30 minutes. The resulting supernatant
was boiled for 5 minutes and centrifuged at 100,000 3 g
for 30 minutes. The final 100,000 3 g supernatant con-
tained the aqueous-soluble fraction of PHFt (buffer-
PHFt) as well as normal adult human t. The procedure of
sonication used was efficient in enrichment of the aque-
ous-soluble fraction of PHFt. Aqueous-soluble samples
containing PHFt that was separated from normal adult
human t were prepared from the AD brain as described
previously,31–33 with modifications. The pellet obtained
from the AD brain homogenate as described above was
re-homogenized in 10 volumes (per gram starting brain
tissue) of extraction buffer (10 mmol/L Tris, pH 7.6, 10%
sucrose, 1 mmol/L EGTA, 0.75 mol/L NaCl) containing
protease inhibitors cocktail, and centrifuged at 12,000 3
g for 30 minutes. To the resulting supernatant was added
sodium N-lauroylsarcosinate (Sarkosyl) (Fluka, Switzer-
land) to yield 1% solution, which was incubated stirring at
room temperature for 1 hour, and centrifuged at
100,000 3 g for 30 minutes. The resultant pellet was
resuspended in the reassembly buffer by sonication for 5
minutes, and boiled for 5 minutes prior to centrifugation at
12,000 3 g for 5 minutes. The resulting supernatant was
sonicated again and centrifuged at 100,000 3 g for 30
minutes. The final supernatant contained 100,000 3 g
aqueous-soluble fraction of PHFt (Sarkosyl-PHFt) but not

normal adult t. Aliquots of this sample were dephospho-
rylated by reacting with alkaline phosphatase at 12 U/ml
at 67°C for 3 hours. After the reaction the sample was
boiled for 3 minutes and cleared by centrifugation at
100,000 3 g for 10 minutes to reduce the enzyme. Sam-
ples containing normal adult human t but not PHFt were
prepared from the postmortem normal adult human brain
by the same method used to isolate buffer-PHFt, except
that the procedure of sonication was omitted.

Assessment of Binding of Exogenous Al to
PHFt on Immunoblots

The protein samples containing each of PHFt, dephos-
phorylated PHFt, and autopsy-derived normal adult hu-
man t were resolved by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
were transferred to polyvinylidene difluoride (PVDF)
membranes (Amersham, Poole, UK). A series of the
membrane strips including each of the protein samples
were preincubated for 1 hour at room temperature in 0.1
mol/L Tris buffer, pH 6.5, with or without 10 mmol/L AlCl3.
After washing with TTBS, the membrane strips were
probed using the anti-t antibodies. The effect of Al on the
access of the primary antibodies to their antigens on the
immunoblots was visualized by alkaline phosphatase-
linked anti-mouse or anti-rabbit immunoglobulins and ni-
tro blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate
p-toluidine salt as a color development substrate (Pro-
mega, Madison, WI). To determine the effect by the che-
lating autoclave method on exogenous Al, which presum-
ably was bound to PHFt on immunoblots, the membrane
strips were treated by this method with concentrations of
DFO or EDTA ranging from 0 to 100 mmol/L after the
incubation with Al and then were subjected to immuno-
blot analysis using the anti-t antibodies.

Assessment of in Vitro Interaction between
PHFt and Al

The in vitro effect of AlCl3 on PHFt before and after
dephosphorylation was assayed as described,14 with
modifications. The protein sample including PHFt or de-
phosphorylated PHFt was incubated at 37°C for 1 hour
with various concentrations of AlCl3 ranging from 0 to 1
mmol/L and then centrifuged at 100,000 3 g for 30 min-
utes. The resulting supernatants and pellets were sub-
jected to 10% SDS-PAGE, followed by immunoblot anal-
ysis using PHF1 or Tau1. To determine the effect of DFO
on the observed Al-induced aggregation of PHFt, the
aqueous-soluble samples containing the buffer-PHFt

was mixed with 1 mmol/L AlCl3 plus various concentra-
tions of DFO ranging from 0.1 to 2 mmol/L and incubated
at 37°C for 1 hour. After centrifugation at 100,000 3 g for
30 minutes, the resulting supernatants and pellets were
analyzed by Western blot analysis with PHF1.
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Results

Chelating Autoclave Method Produces
Immunoreactive Enhancement in
Phosphorylated Epitopes of PHFt in NFD

We examined and compared AD brain sections which
were pretreated as described in Materials and Methods
and then immunostained with AT8 or PHF1. Incubation of
the sections at 37°C for 1 hour to overnight with 10
mmol/L DFO, pH 4.7, or 10 mmol/L DFO, pH 7.0, before
applying the antibodies failed to produce any immunore-
active alterations in PHFt of the NFD compared with
standard immunostaining without application of any pre-
treatments (not shown). After the hydrated autoclave pre-
treatment, immunostaining with AT8 or PHF1 induced
immunoreactive enhancement in PHFt of the NFD (Figure
1, A and C) compared with the standard immunostaining,
a finding known as the antigen retrieval. Employment of
10 mmol/L DFO, pH 4.7, or 10 mmol/L DFO, pH 7.0, for
the chelating autoclave method produced more intense
immunoreactivity of PHFt in the NFD (Figure 1, B and D)

than the hydrated autoclaving. The enhancement of the
PHFt immunoreactivity appeared especially prominent in
neuropil threads and degenerative neurites of SPs. There
was no appreciable difference in the immunoreactivity of
PHFt between the chelating autoclave method using 10
mmol/L DFO, pH 4.7, and that using 10 mmol/L DFO, pH
7.0. Pretreatment by the chelating autoclave method us-
ing 10 mmol/L EDTA, pH 4.7, or 10 mmol/L EDTA, pH 7.0,
markedly enhanced PHFt immunoreactivity of the NFD as
did that using 10 mmol/L DFO. Higher DFO concentra-
tions (up to 50 mmol/L) used for the chelating autoclave
method gave similar to only slightly increased enhance-
ment compared with 10 mmol/L DFO. We examined other
antibodies to t listed in Table 1 after pretreatment by the
chelating autoclave method with 10 mmol/L DFO, pH 4.7
(which was used as the standard chelating autoclave
method unless otherwise stated hereafter). AP422 pro-
duced marked enhancement as similarly as AT8 and
PHF1 (not shown), whereas T14, T46, and Tau1 did not
show appreciable immunoreactive enhancement (Figure
1, E and F). The chelating autoclave pretreatment for the
immunostaining with the phosphorylation-dependent an-
ti-t antibodies worked efficiently in both the formalin- and
ethanol-fixed brain sections. Immunostaining with the an-
tibodies to ubiquitin, heparan sulfate, Ab, or ApoE (see
Materials and Methods) for the sections pretreated with
the chelating autoclave method did not enhance the im-
munolabeling of the NFD and SPs compared with that
using the hydrated autoclave pretreatment or without
pretreatments. Immunostaining of AD and rat brain sec-
tions with TA51, RMO24, and RMdO20 revealed NF-H
distributed in the neuronal compartment as reported.26

The immunoreactive intensity of NF-H was altered only
negligibly between following the hydrated and chelating
autoclave pretreatments (not shown). Thus the immuno-
reactive enhancement following the chelating autoclave
method was selectively seen for PHFt, notably its phos-
phorylated epitopes such as Ser202, Thr205, Ser396,
Ser404, and Ser422, but not for other protein components
of the AD brain lesions or for phosphorylated and non-
phosphorylated NF-H in the AD and rat brains. These
findings might suggest that the phosphorylated epitopes
of PHFt studied here are partially masked by the asso-
ciation of trivalent cations to them and these masked
epitopes are exposed by the chelating autoclave pre-
treatment. In light of the high level of Al in the NFD, Al is
likely to be the candidate element that binds to and
masks the epitopes of PHFt in these lesions.

The Chelating Autoclave Method Chelates Al
from Neurofibrillary Tangles

The fluorescent Morin stain for Al was used to monitor the
removal of Al attainable by the chelating autoclave
method in the AD brains. In the Morin-stained sections
without pretreatments or pretreated with the hydrated
autoclaving, there were positively illuminating NFTs, indi-
cating that high level of Al exists in the NFTs. In the
adjacent sections pretreated with the chelating autoclave
method, fewer NFTs were only faintly stained, indicating

Figure 1. The immunoreactive enhancement in the phosphorylated epitope
of PHFt which constitutes neurofibrillary degeneration (NFD) of the AD
brain sections pretreated by the chelating autoclave method. Closely adjacent
sections of the hippocampus from the AD brain were pretreated by the
control hydrated autoclave method (HyA) (A, C, E) or by the chelating
autoclave method with 10 mmol/L DFO pH4.7 (ChA) (B, D, F), followed by
immunostaining with AT8 (A-D) or T14 (E and F). Note that, compared with
the hydrated autoclaving, the chelating autoclave method produced en-
hanced immunolabeling of the NFD as recognized by AT8. In contrast, no
appreciable immunoreactive alteration was noted for the immunolabeling of
the NFD revealed by T14. C and D are higher magnifications of A and B,
respectively. A and B are at the same magnification, as are panels C-F. Scale
bars, 100 mm (A and B) and 50 mm (C-F).
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the chelation of Al. To further confirm the Al removal from
NFTs, individual NFTs were analyzed for Morin-positive
staining by comparing the same sections before and
after the chelating autoclave method as follows: first,
sections were pretreated by the control hydrated auto-
claving and stained with Morin. Positively stained NFTs
were identified under the fluorescence microscope (Fig-
ure 2A). The sections were bleached with ethanol and
then deionized water to eliminate the Morin fluorescence
in the NFTs. Then the same sections were pretreated by
the chelating autoclave method and stained again with
Morin. In the same areas, those NFTs which had been
Morin-positive failed to reproduce their Morin fluores-
cence (Figure 2B), indicating Al chelation. In contrast,
control experiments, in which sections were pretreated
again by the hydrated autoclaving for the second pre-
treatment reproduced the Morin fluorescence, indicating
failure of Al chelation. Thus the pretreatment by the che-
lating autoclave method but not by the nonchelating au-
toclave method proved capable of chelating Al from the
NFTs. The Al chelation from other lesions, including the
neuropil threads and SP neurites, however, remained
unidentified due to the limited sensitivity of the Morin
staining. The Al chelation from NFTs and perhaps from
other neurofibrillary lesions could reasonably be related
to the immunoreactive enhancement of PHFt because
these two phenomena were induced at the same brain
sites by the same procedure. Thus, Al existing in the NFD
is highly likely to be in a condition to interact intimately
with PHFt in these lesions.

Binding of Exogenous Al to the Phosphorylated
Epitopes of PHFt in NFD

Results described above further indicate that each of the
phosphorylated epitopes of PHFt is partially masked by
Al and the rest of it, therefore, remains unassociated with
Al. To confirm that exogenous Al can bind specifically to
the phosphorylated epitopes in PHFt, we performed ex-
periments consisting of Al incubation as described in
Materials and Methods. Morin staining of the Al-treated

sections revealed Al accumulation with association to
NFTs (Figure 3, A and B), and this Morin-positive illumi-
nation was attenuated after subsequent treatment by the
chelating autoclave method (not shown). The ability of
exogenous Al to bind to NFTs was lost upon dephosphor-
ylation of the AD brain sections (not shown). Immuno-
staining with AT8, PHF1, and AP422 after the Al incuba-
tion showed total abolition of the immunolabeling of the
NFD (Figure 3, C and D). This immunoreactive abolition
was reversed by the chelating autoclave method (Figure
3F), but remained unchanged by the nonchelating auto-
clave method (Figure 3E) or by incubation at 37°C with
DFO overnight (not shown). The reversing effect by the
chelating autoclave method was dependent on DFO,
because the reversed immunoreactivity increased in in-
tensity with the concentration of DFO, reaching a maxi-
mum at 30 mmol/L of DFO. Similar reversing effects were
obtained using EDTA under the same conditions used for
DFO. In contrast, the immunolabeling of the NFD with
T14, T46, or Tau1 produced no discernable alterations
with or without preincubation with AlCl3 (not shown).
These results indicate that i) in each of the phosphory-

Figure 2. Chelation of Al from the AD brain section following the chelating
autoclave method. The section of the hippocampus from the AD brain was
pretreated by the control hydrated autoclaving and then stained with Morin.
An area including some illuminating NFTs was photomicrographed under the
fluorescence microscope (A). Following bleaching the Morin fluorescence,
the same section was then pretreated by the chelating autoclave method and
stained again with Morin. The same area was photomicrographed (B) for
comparison of the Morin fluorescence in those NFTs between before and
after the chelating autoclave method. Note that the Morin positive staining
that was observed in NFTs (arrowheads in A) was significantly attenuated
after the chelating autoclave method (B). Scale bar, 50 mm.

Figure 3. The Al accumulation with association to NFTs and the Al-induced
immunoreactive abolishment of the phosphorylated epitope in PHFt of the
NFD. Closely adjacent sections of the AD hippocampus were pretreated by
different sets of procedures before Morin staining (A and B) or immuno-
staining with AT8 (C-F). A and B: The sections were subjected to prior Al
removal by the chelating autoclave method to differentiate binding of exog-
enous Al. They were then incubated with control buffer without Al (A) or
with buffer containing 10 mmol/L AlCl3 pH 6.5 (B). C-F: The sections were
initially treated by the hydrated autoclave method as the routine antigen
retrieval. They were then incubated with control buffer without Al (C) or
with buffer containing 10 mmol/L AlCl3, pH 6.5 (D-F), followed by incuba-
tion in control buffer without DFO (C and D), by the hydrated autoclave
method (HyA) (E) or by the chelating autoclave method with 30 mmol/L
DFO, pH 4.7 (ChA) (F). Incubation with AlCl3 produced Al accumulation
with association to NFTs (B) and abolished the immunolabeling of the NFD
revealed by AT8 (D). This immunoreactive abolishment was retrieved by the
chelating autoclave method (F), but not by the hydrated autoclave method
(E). Arrowheads in B and C indicates the same blood vessel. All panels are
at the same magnification. Scale bar, 50 mm.
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lated epitopes of PHFt in the NFD, there is Al-free fraction
which retains an ability to bind with exogenous Al, and ii)
the Al binding is reflected by epitopic masking at the Al
binding sites of its ligand PHFt and, conversely, Al re-
moval unmasks the epitopes. No effect by the Al incuba-
tion was observed for the immunolabeling of the NFD and
SPs revealed by the antibodies to ubiquitin, heparan
sulfate, Ab, or ApoE. FeCl3, CaCl2, or ZnSO4 examined
under the same conditions as used for AlCl3 did not affect
significantly the immunolabeling of the NFD revealed by
the anti-t antibodies.

Binding of Exogenous Al to the Phosphorylated
Epitopes of PHFt on Immunoblots

Preincubation of the immunoblot membranes including
PHFt with AlCl3 abolished the immunoreactive bands
and smear corresponding to those of PHFt when probed
with AT8, PHF1 (Figure 4A), and AP422 but not with T14
(Figure 4B) or T46. In contrast, no immunoreactive alter-
ation was observed for dephosphorylated PHFt and au-
topsy-derived normal adult human t as recognized by
T14 (Figure 4B), T46, or Tau1 (Figure 4C). The Al-induced
immunoreactive abolishment was retrieved when the
membrane strips were treated by the chelating autoclave
method after the incubation with AlCl3 (Figure 4D), but
not by the hydrated autoclaving without DFO (Figure 4D,
lane 3) or by incubation at 37°C with DFO overnight (not
shown). The immunoreactive retrieval by the chelating
autoclave method was dependent on DFO because the
retrieved immunoreactive bands of PHFt increased in
intensity with the concentration of DFO.

In Vitro Al-Induced Aggregation of PHFt Is
Mediated by the Phosphorylation of PHFt and
Is Prevented by DFO

In our previous study14 we observed the in vitro effect of
AlCl3 to induce aggregation on PHFt but not on normal
adult human t. To demonstrate further that this effect of Al
depends entirely on the phosphorylation of PHFt, AlCl3
was reacted in vitro with PHFt before and after dephos-
phorylation. Following incubation of the protein sample
containing PHFt with increasing concentrations of AlCl3,
the solubility properties and electrophoretic mobility of
the PHFt were altered (Figure 5A) as previously shown,14

reflecting Al-induced aggregation of PHFt. In contrast, no
changes were noted for the dephosphorylated PHFt un-
der the same conditions (Figure 5B). The in vitro Al-
induced aggregation of PHFt was significantly inhibited
by DFO. Specifically, following co-incubation of PHFt and
Al with increasing concentrations of DFO, increasing
amounts of PHFt remained soluble in the supernatant.
Thus, DFO is an effective inhibitor of the formation of in
vitro Al-induced aggregates of PHFt by co-incubation
with DFO.

Discussion

A number of studies using various analytic techniques
have demonstrated increased level of Al in NFTs of the
AD brain,34–38 although there are other reports of studies
that failed to demonstrate this.12 Using the Morin fluo-
rescnece stain established as a histochemical detector
for Al, previous29,36 and present studies have also shown
that Al is present in association with NFTs. In the Morin
histochemical procedures no labeling of brain sections
occurred after removal of Al. When sections were incu-
bated with Al after Al removal, this metal was reassoci-
ated with NFTs. Thus, the Morin staining procedures

Figure 4. Immunoblot analysis of the Al binding to PHFt versus dephospho-
rylated PHFt and autopsy-derived normal adult human t as well as the effect
of the chelating autoclave method on the Al binding to PHFt. A-C: Aliquots
of each of PHFt (the Sarkosyl-PHFt) (lanes 1–4 in A and lanes 1 and 2 in
B), dephosphorylated PHFt (lanes 3 and 4 in B and lanes 1 and 3 in C), and
autopsy-derived normal adult human t (lanes 5 and 6 in B and lanes 2 and
4 in C) were subjected to 10% SDS-PAGE and transferred to PVDF mem-
branes. Each of the membrane strips was preincubated with control buffer
without Al (lanes 1 and 3 in A, lanes 1, 3, and 5 in B, and lanes 1 and 2 in
C) or buffer containing 10 mmol/L AlCl3 (lanes 2 and 4 in A, lanes 2, 4, and
6 in B, and lanes 3 and 4 in C) with shaking at room temperature for 1 hour,
followed by probing with AT8 (lanes 1 and 2 in A), PHF1 (lanes 3 and 4 in
A), T14 (lanes 1–6 in B), and Tau1 (lanes 1–4 in C). D: The immunoblot
membrane strips containing PHFt was preincubated with control buffer
without Al (lane 1) or buffer containing 10 mmol/L AlCl3 (lanes 2–6) with
shaking at room temperature for 1 hour. Following washing with TTBS after
the incubation with Al, the membrane strips were incubated with control
buffer without DFO (lanes 1 and 2), or treated by the autoclave procedure
using deionized water (lane 3) or using DFO concentrations of 10 (lane 4),
30 (lane 5), and 100 mmol/L (lane 6). Each pair of lanes, 1–2 and 3–4 in A,
1–2, 3–4, and 5–6 in B, and 1 and 3 and 2 and 4 in C, as well as all lanes
in D, are loaded with the same amount of the corresponding protein samples.
Note that the incubation with Al totally abolished the immunoreactive bands
and smear corresponding to those of PHFt when probed with AT8 and PHF1
but not with T14. In contrast, no immunoreactive alterations were observed
for dephosphorylated PHFt and autopsy-derived normal adult human t as
revealed by T14 and Tau1. The Al-induced abolition of the immunoreactive
bands of PHFt was reversed by the chelating autoclave method in a DFO-
concentration dependent manner. The position of Mr markers is indicated in
kilodaltons at the left of each panel.
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used here did not produce an artifact which might result
from Al contaminants in reagents used. The Morin-posi-
tive illumination of NFTs is therefore considered to reflect
the presence of endogenous Al in these lesions.

Al is known to bind avidly to phosphate groups in
proteins, and this binding can modify the conformation of
the proteins.39–41 Therefore, it is plausible to assume that
Al in the NFTs interacts with the hyperphosphorylated
PHFt. Lending support for this hypothesis is our previous
demonstration that interaction of Al with PHFt led to its
aggregation in vitro and retarded in vivo proteolysis.14

These data explored the possible role of Al as a cofactor
in the formation of the NFD.

The current study was aimed at demonstrating that Al
interacts with PHFt in the NFD of the AD brain. The newly
developed chelating autoclave method was the key tool
to accomplish this purpose. Application of this method to
AD brain sections induced the Al chelation from NFTs
and presumably other neurofibrillary lesions and also the
immunoreactive enhancement in the phosphorylated
epitopes such as Ser202, Thr205, Ser396, Ser404, and
Ser422 of PHFt in these lesions. The observation that
these two phenomena converged to occur concurrently
in the same brain sites, ie, the NFD where PHFt and Al
are colocalized, indicates intimate association of Al with
PHFt, especially at its phosphorylated epitopes. How-
ever, for a given phosphorylated epitope of PHFt, such
Al-association contributes to its partial fraction, and the
rest fraction of the epitope which is demonstrable without

the Al chelation remains unassociated with Al. The immu-
noreactive abolition after the Al incubation indicates the
presence of the Al-free fraction, which also retains an
ability to interact with Al. Thus, there appear to be Al-
associated and Al-free fractions in each of the phosphor-
ylated epitopes of PHFt in the NFD. The PHFt-Al interac-
tion was analyzed using the immunoblot system, in which
electrophoretically-resolved PHFt was also shown to
have an ability to bind with exogenous Al at its phosphor-
ylated sites. These findings indicate that Al can bind
directly to PHFt without relying on the conformation of
native PHFt adopted in the NFD or without mediation of
other factors which presumably might be associated with
PHFt in these lesions. Based on the following two obser-
vations, it appears that the interaction between PHFt and
Al is largely mediated by the phosphorylation of PHFt.
First, the phosphorylation-dependent but not phosphory-
lation-independent anti-t antibodies revealed immunore-
active alterations in PHFt of the NFD following the Al
chelation as well as the Al incubation. Second, dephos-
phorylation of PHFt eliminated its interaction to Al ob-
served on the sections and immunoblots, as well as its
aggregation inducible by Al in vitro. Taken together with
our previous study,14 the intracellular interaction of Al
with PHFt is likely to induce the aggregation of PHFt in
affected neurons. The aggregated PHFt-Al complexes
might accumulate and constitute the NFD during the
events leading to the neurodegeneration in AD brain.

DFO is an effective chelator for trivalent cations, in-
cluding Al, with no known satisfactory alternative.42 This
chelator was, however, ineffective to dissociate Al from
PHFt of the NFD as well as from electrophoretically re-
solved PHFt on the immunoblots when used for mere
incubation at 37°C of the AD brain sections. In combina-
tion with the autoclave method, DFO exhibited effective
chelation of Al from PHFt. The hydrated autoclave pre-
treatment for tissue sections16 is the first antigen retrieval
method, which is now widely used for the immunoreactive
enhancement of a wide variety of antigens in formalin-
fixed neuronal and non-neuronal tissues. Its potential
effect is believed to derive from high-temperature heating
of antigens, because subsequent reports using micro-
wave43 and even simple boiling water44 were shown to
elicit similar effects. The possible mechanisms of immu-
noreactive enhancement by the antigen heating could be
ascribed partly to enhanced rehydration of tissue sec-
tions, resulting in enhanced access of antibodies to their
antigens.45 Thus the Al chelation attainable by the che-
lating autoclave method might be based on enhanced
access of DFO to the Al-associated antigens in PHFt. The
chelating autoclave method must chelate not only Al but
also Fe (III) from tissue sections because DFO is a che-
lator of both of the metals. Indeed iron accumulation was
found with association to NFTs and SPs in the AD brain,
and this metal was removed by incubation with DFO at
room temperature.46 Incubation with FeCl3 was shown to
have negligible effect on the t immunolabeling of the
NFD, but this finding does not necessarily mean that Fe is
not involved in interaction with PHFt. Significantly, Fe and
Al share the same protein ligands and distribute intracel-
lularly by the same mechanisms.42,47 Possible involve-

Figure 5. Immunoblot analysis of the in vitro effects of Al on PHFt versus
dephosphorylated PHFt as well as the effect of DFO on the in vitro interac-
tion between PHFt and Al. A: Aliquots of each of the buffer-PHFt and
dephosphorylated PHFt were incubated with 0 mmol/L (lanes 1, 2, 9, and
10), 0.1 mmol/L (lanes 3 and 4), 0.3 mmol/L (lanes 5 and 6), and 1 mmol/L
(lanes 7, 8, 11, and 12) AlCl3 at 37°C for 1 hour, followed by centrifugation
at 100,000 3 g for 30 minutes. For each of these samples, the resulting
supernatants (lanes 1, 3, 5, 7, 9, and 11) and pellets (lanes 2, 4, 6, 8, 10,
and 12) were subjected to 10% SDS-PAGE. After transfer to PVDF membrane,
the gel replicas were probed with PHF1 (lanes 1–8) and Tau1 (lanes 9–12).
B: Aliquots of the buffer-PHFt were co-incubated with 1 mmol/L AlCl3 plus
DFO concentrations of 0.1 mmol/L (lanes 1 and 2), 0.3 mmol/L (lanes 3 and
4), 1 mmol/L (lanes 5 and 6), and 2 mmol/L (lanes 7 and 8) at 37°C for 1
hour, followed by centrifugation at 100,000 3 g for 30 minutes. For each of
these samples, the resulting supernatants (lanes 1, 3, 5, and 7) and pellets
(lanes 2, 4, 6, and 8) were analyzed using 10% SDS-PAGE and immunoblots
probed with PHF1. Note that increasing amounts of PHFt were altered in its
solubility and electrophoretic mobility by increasing concentrations of AlCl3,
whereas dephosphorylated PHFt was unaffected by AlCl3. The in vitro
aggregation of PHFt by Al was significantly inhibited by co-incubation with
DFO; increasing amount of PHFt remained soluble in the supernatants with
the concentration of DFO. The arrows at the top of the Western blot in A and
B indicate the position of the top of the stacking gel. The arrowhead at the
right of A indicates immunoreactivity-excluding band corresponding to al-
kaline phosphatase, which was used to dephosphorylate PHFt. The position
of Mr markers is indicated in kilodaltons at the left of A.

PHFt-Al Interaction in NFD 883
AJP September 1999, Vol. 155, No. 3



ment of Fe in the pathology of PHFt remains to be deter-
mined. A divalent cationic chelator EDTA also exhibits a
chelating effect for Al, though with stability constant for Al
lower than DFO.42 We found that EDTA effectively re-
moved Al added to PHFt on the sections and the immu-
noblots. No apparent effects of CaCl2 and ZnSO4 on the
t immunolabeling of the NFD appears to be against that
Ca21 and Zn21 are involved in such interaction with PHFt
as seen for Al. We consider that the similar enhancing
effect of EDTA as that of DFO on the t immunolabeling of
the NFD possibly occurred via Al removal. Yet this hy-
pothesis does not exclude the possibility that these diva-
lent cations are involved in the formation of the NFD.48,49

This study provides important insights into therapeutic
approaches to PHFt-associated pathology. Though the
Al-induced aggregation of PHFt represents the second-
ary event that follows the hyperphosphorylation of t in the
neurofibrillary pathology, prevention of the Al interaction
with PHFt could consequently inhibit the formation and
maturation of the NFD. Results described in this study
suggest that, when administered to AD patients, DFO will
not remove Al that is already involved in the aggregation
and deposition of PHFt, whereas this agent is effective to
prevent soluble PHFt from aggregating and participating
in the formation of the NFD. In fact, the in vitro Al-inducible
aggregation of PHFt was significantly prevented when
DFO was co-incubated with PHFt and Al. These findings
might form a theoretical basis for explaining the modest
therapeutic response to clinical trials of the treatment of
AD patients with DFO.50 Nevertheless, as DFO is not an
ideal chelator, particularly for long-term prevention, due
to its practical limitations such as the need to administer
it via injection and its high cost, the search for effective
orally administered alternatives should be encouraged.
We believe the hypothesis for the PHFt-Al interaction
involved in the formation of the NFD will be eventually
verified by the advent of an Al chelation therapy that is
shown to be clinically beneficial for patients with AD.
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