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Oxidative and nitrative injury is implicated in the
pathogenesis of Alzheimer’s disease (AD) and Down
syndrome (DS), but no direct evidence links this type
of injury to the formation of neurofibrillary tau le-
sions. To address this, we generated a monoclonal
antibody (mAb), n847, which recognizes nitrated tau
and a-synuclein. n847 detected nitrated tau in the
insoluble fraction of AD, corticobasal degeneration
(CBD), and Pick’s disease (PiD) brains by Western
blots. Immunohistochemistry (IHC) showed that
n847 labeled neurons in the hippocampus and neo-
cortex of AD and DS brains. Double-label immunoflu-
orescence with n847 and an anti-tau antibody re-
vealed partial co-localization of tau and n847 positive
tangles, while n847 immmunofluorescence and Thio-
flavin-S double-staining showed that a subset of n847-
labeled neurons were Thioflavin-S-positive. In addi-
tion, immuno-electron microscopy revealed that tau-
positive filaments in tangle-bearing neurons were
also labeled by n847 and IHC of other tauopathies
showed that some of glial and neuronal tau patholo-
gies in CBD, progressive supranuclear palsy, PiD, and
frontotemporal dementia with parkinsonism linked
to chromosome 17 also were n847-positive. Finally,
nitrated and Thioflavin-S-positive tau aggregates were
generated in a oligodendrocytic cell line after treat-
ment with peroxynitrite. Taken together, these find-
ings imply that nitrative injury is directly linked to
the formation of filamentous tau inclusions. (Am J
Pathol 2003, 163:1021-1031)

Oxidative and nitrative injury has been implicated in the
pathogenesis of neurodegenerative disorders including

Alzheimer’s disease (AD),""® Down syndrome (DS),”®

amyotrophic lateral sclerosis,® Huntington’s disease,'°and
various synucleopathies.’"'? Oxidative injury occurs when
the production of reactive species overwhelms the com-
pensatory antioxidant capacity of cells. Reactive oxygen
and nitrogen species are produced in vivo and may act
synergistically to form nitrating agents that modify pro-
teins as well as other biomolecules such as thiols, alde-
hydes, and lipids."®'* Specifically, tyrosine residues or
free tyrosine can be modified by peroxynitrite, a com-
pound generated by the reaction of superoxide anion
and nitric oxide to generate 3-nitrotyrosine (3-NT). Anti-
3-NT polyclonal antibodies revealed immunoreactive
3-NT in hallmark lesions of neurodegenerative diseases
such as neurofibrillary tangles (NFTs) in AD*®'® and
Lewy bodies in Parkinson’s disease (PD).'2 1618

Tau is an abundant microtubule-associated protein of
the central nervous system that is primarily expressed in
neurons, but also in glia at lower levels.’®2" The func-
tions of tau are to bind and stabilize microtubules in the
polymerized state.?>2® The discovery of multiple patho-
genic tau gene mutations in many different families af-
flicted by frontotemporal dementia with parkinsonism
linked to chromosome 17 (FTDP-17) showed unequivo-
cally that tau abnormalities cause neurodegenerative dis-
ease.?* 2% Several lines of evidence suggest that abnor-
mal phosphorylation as well as tau gene mutations impair
the function of tau.?”-3° Indeed, abnormally phosphory-
lated tau is the major building block of the paired helical
filaments (PHFs) in NFTs of AD and DS, and filamentous
neuronal and glial tau inclusions are signature brain le-
sions of corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP), Pick's disease (PiD), and
FTDP-17.%"

Previously, we showed that a-synuclein (a-Syn) pro-
teins in synucleinopathy lesions are specifically nitrat-
ed.” In contrast, it is unclear whether or not nitrative
injury also is linked to the pathogenesis of tauopathy
lesions. To address this question, we identified a mono-
clonal antibody (mAb), designated n847, which we pre-
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viously raised against nitrated forms of a-Syn, but which
also preferentially recognizes nitrated tau as well as ni-
trated a-Syn. We show here that mAb n847 recognizes
nitrated forms of tau protein in the brains of AD, CBD, and
PiD patients by Western blots and by immuno-electron
microscopy (immuno-EM). In light microscopic immuno-
histochemical (IHC) and fluorescence IHC (FIHC) analy-
ses, we demonstrated variable distribution patterns of
nitrated tau proteins in tauopathy lesions by comparing
the localization of n847 immunoreactive (IR) profiles with
those stained by anti-pan tau antibodies and/or Thiofla-
vin-S (Thio-S). Finally, we showed that nitrated tau aggre-
gates can be generated in an oligodendroglial cell line
after peroxynitrite treatment.

Materials and Methods

Generation of n847

The n847 mAb was raised against recombinant human
a-Syn (ha-Syn) protein nitrated in vitro.®? Briefly, nitrated
ha-Syn (100 wg) emulsified in Freund’s complete adju-
vant was injected subcutaneously in BALB/c mice, fol-
lowed by a subcutaneous injection of 25 ug of nitrated
ha-Syn emulsified in Freund’s incomplete adjuvant on
day 21 and an intravenous injection of 25 ug of nitrated
ha-Syn in phosphate-buffered saline on day 48. On day
51, the spleen was removed and the lymphocytes were
fused to myeloma cells (line Sp2/0-Ag14) using polyeth-
ylene glycol 1500.

Western Blotting

Proteins were resolved on slab gels by SDS-PAGE and
electrophoretically transferred onto nitrocellulose mem-
branes (Schleicher and Schuell, Keene, NH) in buffer
containing 48 mmol/L Tris, 39 mmol/L glycine and 10%
methanol. Membranes were blocked with a 5% solution of
powdered milk dissolved in Tris buffered saline-Tween
(50 mmol/L Tris, pH 7.6, 150 mmol/L NaCl, 0.1% Tween-
20), incubated with primary antibodies followed with ei-
ther a goat anti-mouse IgG horseradish peroxidase
(HRP) conjugated antibody or a goat anti-rabbit HRP-
conjugated antibody (Jackson Immunoresearch Labora-
tories, Inc., West Grove, PA) and visualized using en-
hanced chemiluminescence (NEN, Boston, MA) or by the
peroxidase method with 3,3'-diaminobenzidine as the
chromogen.

Antibody Characterization

The largest isoform of human tau (htau40) and ha-Syn
proteins were expressed as recombinant proteins in
Escherichia coli BL21 (DE3) RIL and purified as de-
scribed.?633:34 Gite-directed mutagenesis was used to
substitute each of the four Tyr (Y) residues in ha-Syn to
Phe (F) thereby yielding Y39F, Y125F, Y133F, and Y136F
mutants as well as a quadruple mutant ha-Syn wherein all
four Tyr residues were replaced with Phe®* by using a
Site-Directed Mutagenesis kit (QuikChange, La Jolla,

CA). These recombinant proteins as well as RNase A,
cytochrome ¢ (cyto c), bovine superoxide dismutase-1
(SOD-1), and phospholipase A2 (PLA,) were nitrated as
described.'®32 To determine the specificity of n847, 50
ng of each of the nitrated or unmodified proteins was
loaded in individual lanes of 7.5% or 12% SDS-polyacryl-
amide gels, and n847 IR bands were identified by West-
ern blot analysis as described above.

To test the specificity of the n847 antibody for 3-NT-
modified tau proteins, Western blots were performed on
these proteins following dithionite reduction. To do this,
triplicate samples of tau in PHF fractions (PHF-tau) of AD
cortex were subjected to SDS-PAGE and transfered to
nitrocellulose membranes that were immersed in 0.5
mol/L dithionite (sodium hydrosulfite, Sigma, St. Louis,
MQO) in 0.1 mol/L NaOH for 15 minutes at room tempera-
ture, and then washed extensively in Tris-buffered saline
(TBS). Before addition of dithionite, the NaOH buffer was
purged of oxygen by bubbling N, into 50 ml of the solu-
tion for 15 minutes, and membranes were placed in a
50-ml screw-cap tube to exclude atmospheric O, One
membrane was probed with n847, another one was
probed with with an anti-tau mAb cocktail containing the
T14 and T46 mAbs following reduction, and the third
membrane was not subjected to denitration before being
probed with n847, and all of the Western blots were
developed as described above.

Biochemical Assessment of Tau Nitration in
Diseased and Control Brain

Western blot analyses of tau proteins in the frontal cortex
from the brains of AD (n = 3), CBD (n = 1), PiD (n = 1),
and normal control cases (n = 3) were performed. PHF-
tau protein fractions from each sample of cortex were
prepared by sequential extraction as described.*°
Briefly, cortical gray matter (1 g) was dissociated with a
Dounce homogenizer using 0.8 ml of high salt (HS) buffer
(50 mmol/L Tris, 10 mmol/L, EGTA, 5 mmol/L MnSQO,,
0.75 mol/L NaCl, 0.02 mol/L NaF) and centrifuged at
100,000 X g for 25 minutes. The resulting pellets were
re-extracted with 10 ml of PHF buffer (10 mmol/L Tris pH
7.6, 0.85 mol/L NaCl, 1 mmol/L EDTA, 20 mmol/L NaF,
10% sucrose). After centrifugation at 20,000 X g for 25
minutes, sarkosyl was added (final concentration, 1%) to
the supernatant and incubated for 1 hour at room tem-
perature. Then, the sample was centrifuged at 100,000 X
g for 45 minutes and the resulting pellets were used as
the PHF-tau fraction. Samples were resolved on 7.5%
polyacrylamide gels, followed by Western blot analysis
as described above, with n847, PHF-1, or combination of
T14 and T46.

Immunohistochemical Analysis

Data on the brain samples used here in the IHC analyses
are listed in Table 1. The brain regions examined in-
cluded hippocampus, temporal and frontal cortex, as
well as cerebellal cortex from the patients with AD, DS,
and several tauopathies (ie, PiD, CBD, PSP, FTDP-17),
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Table 1. Cases Studied
Age Sex PMI**

Disease Number Mean year SD (Male/Female) Mean (hours) SD
AD *possible 3 82 1 1/2 10.7 3.2

probable 6 79.7 7.7 3/3 10.9 5.2

definite 19 78.2 10.7 712 101 6.6
DS 5 58.2 14.4 41 18.0 12.3
CBD 3 67 6.9 2/1 12.8 5.8
PSP 3 81.7 0.6 2/1 3.5 1.8
PiD 3 71 3.6 2/1 8.5 5.8
FTDP-17 3 73 10.1 1/2 9.7 3.2
Normal control 9 65.4 19.1 5/4 15.9 8.5
*, Stages of AD are according to CERD criteria,*® possible, probable, and definite correspond to I-ll, IV, and V-VI in Braak and Braak’'s

classification,*? respectively. **, PMI, post-mortem interval.

AD, Alzheimer's disease; DS, Down syndrome; CBD, corticobasal degeneration; PSP, progressive suranuclear palsy; PiD, Pick disease; FTDP-17,

frontotemporal demetia with parkinsonism linked to chromosome-17.

and controls with no degenerative pathologies. The
brains were fixed in 70% ethanol in 150 mmol/L NaCl, pH
7.4, or in 10% neutral buffered formalin and processed
for IHC analyses using n847 and a panel of antibodies to
other neurodegeneration-related proteins (see Table 2 for
details on this antibody panel) as described previ-
ously.353¢ The antibody-probed slides were developed
with avidin-biotin complex (ABC) method (Vectastain
ABC Kit, Vector Laboratories, Burlingame, CA) using
positive and negative controls as described.?**® Semi-
quantitative analysis of n847-IR CA1 neurons was con-
ducted by examining eight photographs of the CA1 re-
gion of each section from each case using 20X lens and
a Nikon-FXA microscope. Neurons with different n847
staining patterns were identified, counted, and statisti-
cally analyzed using analysis of variance.

To confirm that n847 labeling co-localized with filamen-
tous tau-positive lesions in the tauopathies studied here,
double-label FIHC analysis was performed as described
above. Briefly, following overnight incubation of sections
with a mixture of n847 and 17024, a polyclonal antibody
to recombinant tau proteins, the sections were rinsed in
buffer and incubated for 1 hour with a mixture of Texas
Red-conjugated goat anti-mouse IgG (IgG) and FITC-
conjugated goat anti-rabbit 1gG, or Texas Red-conju-
gated goat anti-rabbit IgG (IgG) and FITC-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch Labora-
tories, West Grove, PA). After subsequent washes, the
sections were cover-slipped with Vectashield-DAPI (4',
6'-diamidino-2-phenylindole) mounting medium (Vector
Laboratories, Burlingame, CA), and analyzed using a
fluorescent microscope (Nikon-FXA) or a confocal micro-

Table 2. Antibodies Used in this Study

scope (Ti/Sapphire lasers: Coherent Mira 900-F lasers
with Verdi pump and Bio-Rad, MRC 1024). In addition,
we performed double-label experiments using n847 FIHC
and Thio-S staining. Controls included adjacent sections
individually stained with n847 or Thio-S. In the double-
labeling experiments, Thio-S staining was performed af-
ter n847 immunofluorescence labeling, and in preliminary
experiments, we found no differences in the order of
Thio-S and n847 staining.

Immuno-Electron Microscopy

Hippocampus from the brains of patients with AD, CBD,
and PiD were processed for single- or double-label pre-
embedding immuno-EM with or without silver enhance-
ment as described.®” Double immuno-EM studies using
the n847 mAb and the 17024 anti-tau rabbit polyclonal
antibodies were performed as described with minor mod-
ifications.®® Subsequently, the tissues were dehydrated
by a graded series of ethanol as well as propylene oxide
and embedded in EPON812. Ultra-thin sections were cut
and examined under an electron microscope (JEOL,
JEM-1010).

Cell Culture

To study the effects of nitration on the aggregation of tau,
OLN-93 cells, a permanent oligodendroglial cell line de-
rived from primary rat brain glial cultures, were stably
transfected with the Tau40 cDNA to express the longest
human tau isoform as described.”® A cell line stably

Dilution used for

Antibody Type Antigen recognized WB IHC Reference or company
ng847 mouse mAb nitrated-tau/-a-syn 1:500 1:2000 This study

17024 rabbit polyclonal tau — 1:2000 54

T14 mouse mAb tau 1:500 1:3000 55

T46 mouse mAb tau 1:500 1:1000 56

PHF-1 mouse mAb phospholyrated tau 1:500 — 57

NT-3 rabbit polyclonal 3-nitrotyrosine 1:5000 1:50* Upstate Biotechnology

*, Affinity purified.
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expressing tau (OLN-Tau40) was established by sub-
cloning for use in the studies described here. OLN-Tau40
cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS), 2 mmol/L glutamine, 100 IU/ml pen-
icillin, and 100 ug/ml streptomycin. Peroxynitrite (0.5
mmol/L) (Upstate Biotechnology, Charlottesville, VA)
treatment was conducted on cells in DMEM/0.5% FBS for
the indicated times, and cell lysates were prepared and
subjected to immunoblot analysis and FIHC. For immu-
noblot analysis, monolayers of control and peroxynitrite-
treated cells were washed with PBS twice, scraped off in
sample buffer containing 1% SDS, and boiled for 10
minutes. Protein concentrations in the samples were de-
termined according to published methods.*" Total cellu-
lar extracts were separated by one-dimensional SDS-
PAGE using 7.5% polyacrylamide gels followed by
Western blot analysis with n847 and the 17024 anti-tau
antibody as described above. For FIHC, cells were cul-
tured for 2 days on poly-L-lysine-coated glass cover-slips
(2 X 10* cells per 35-mm dish) in DMEM/0.5%FBS, and
treated with 0.5 mmol/L peroxynitrite. After 24 hours, cells
were fixed with 3% paraformaldehyde and permeabilized
with 0.1% Triton for 15 minutes. The cover-slips were
washed three times and incubated for 1 hour with mAb
n847 (1:500) and rabbit polyclonal anti-tau (17024) anti-
serum (1:500) for single- and double-label FIHC as de-
scribed above, and nuclei were stained by including
4,6-diamino-2-phenylindole (DAPI) (1 ug/ml) to the
mounting medium, while Thio-S staining was combined
with FIHC as described above.

Results

Characterization of n847

To examine the possible nitration of tau in pathological
lesions of AD, DS, and tauopathies, previously raised
mAbs generated to nitrated ha-Syn were screened for
cross-reactivity with nitrated tau. Several mAbs were
identified that recognized the nitrated recombinant long-
est human tau isoform (htau40), and we characterized
these further using Western blot analysis with nitrated
and unmodified species of tau and various other proteins.
We found that one mAb, ie, n847, preferentially recog-
nized nitrated htau40 in addition to ha-Syn and dimers
with an apparent molecular mass (Mr) of ~35 kd. How-
ever, it did not recognize non-nitrated tau or other nitrated
proteins used as controls such as RNaseA, cyto c,
SOD-1, or PLA, (Figure 1A). These results indicated that
n847 preferentially recognizes nitrated tau and nitrated
ha-Syn, and the properties of Nn847 are therefore distinct
from the pan anti-nitrated-tyrosine residue-specific poly-
clonal antibody anti-3-NT which recognizes 3-NT resi-
dues regardless of the protein context.'?

Western blot analysis revealed that n847 recognizes
PHF-tau proteins in sarkosyl-insoluble PHF-tau fractions
prepared from the gray matter of AD, CBD, and PiD
frontal cortex. Specifically, n847 strongly detected three
distinct bands in all three AD brains and two distinct
bands in CBD and PiD brains, which were of Mr 50 to 70

kd, but none of these bands were detected in sarkosyl-
insoluble fractions isolated from control brains. Notably
these bands also were detected by a combination of
anti-tau mAbs (T14/T46) as well as the PHF-tau-specific
mAb known as PHF-1 (Figure 1B). These results also
were confirmed by striping and re-probing immunoblots
that were first probed with n847, and in these experi-
ments, the blots were probed with either PHF-1 or T14/
T46. In addition, n847 detected no bands in the HS-
soluble fraction of any of the brains tested (data not
shown). Finally, additional Western blot analyses re-
vealed a higher specificity of the n847 mAb for AD PHF-
tau than that seen with the anti-3-NT antibody, which
recognized tau proteins as well as many other protein
bands in PHF-tau fractions (Figure 1C). To further dem-
onstrate that m847 mAb indeed recognize nitrated tau,
PHF-tau protein from AD brains were denitrated and
probed with n847 in Western blots. Reduced staining of
denitrated tau was observed using n847 mAb but not with
nitration-independent mAbs T14/T46 in the denitrated
PHF-tau samples (Figure 1D).

To test the specificity of n847 for protein modified by
3-NT, WT, and single or quadruple Tyr to Phe, point
mutants of recombinant ha-Syn were exposed to per-
oxynitrite and subjected to Western blot analysis. The
blots probed with the LB509 mAb to non-modified ha-Syn
labeled monomeric, dimeric, and trimeric forms of WT
and single ha-Syn mutants (Figure 1E, left). The blots
probed with the n847 mAb detected peroxynitrite-treated
ha-Syn containing at least one Tyr residue, but n847 did
not detect ha-Syn with quadruple Tyr to Phe substitutions
(Figure 1E, right).

Nitrated Tau in NFTs of AD and DS Brains

In IHC studies of hippocampus from AD patients, where
there is abundant tau pathology (eg, Braak and Braak
stage IlI-IV,*> CERAD criteria - probable AD*3), n847
labeled numerous neurons, especially in CA1, although
the intracellular distribution of n847 IR varied consider-
ably (see Figure 2). These patterns can be classified into
four types: type 1 neurons with faint n847 IR products
located in the cell body (Figure 2b); type 2 neurons with
the IR products filling perikarya and dendrites (Figure
2c); type 3 neurons containing NFTs with the IR products
partially filling neuronal perikarya and/or dendrites (Fig-
ure 2d); and type 4 neurons containing NFTs with the IR
products that occupied limited regions of perikarya and
dendrites (Figure 2e). These four types of n847 IR pat-
terns also were seen in CA1 regions of the DS brain. In
AD cases with Braak and Braak stage IlI-IV NFT pa-
thology,*® most neurons showed type 2 or 3 staining,
but in AD cases with a Braak and Braak stage V-VI and
CERAD criteria-definite AD,*® type 4 was the major
staining pattern (see histogram and accompanying ta-
ble in Figure 2). These n847 IR patterns did not seem
to be affected by age, sex, and PMI, but the higher the
Braak and Braak stage, the greater the number of type
3 and 4 n847-stained neurons. In contrast to AD and
DS, the CA1 region of young normal cases showed
almost exclusively the type 1 staining pattern (Figure
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Figure 1. Characterization of the n847 mAb. A: The specificity of n847 for nitrated tau. Fifty ng of each protein shown were loaded in corresponding lanes of 7.5%
(left) or 12% (right) SDS-polyacrylamide gels, separated by electrophoresis, and transferred to nitrocellulose membranes that were probed with n847 and
developed by enhanced chemiluminescence (ECL). B: The n847 mAb recognized sarkosyl-insoluble nitrated tau protein in AD (AD1-AD3), CBD, and PiD but not
in normal (N1-N3) brains. PHF-tau fractions from frontal cortical gray matter of each brain were isolated biochemically and analyzed by Western blot using n847,
T14/T46, and PHF-1 antibodies as described in the text. C: Similar PHF-tau bands are recognized by n847 and the 3-NT antibodies, but 3-NT also recognizes other
nitrated proteins in AD brains. Shown in (C) is a PHF-tau fraction isolated from AD brain (as in B) analyzed by Western blot with n847, PHF-1, and anti-3-NT.
D: The n847 mAb specifically recognizes nitrated tau proteins. Shown in (D) are native (control lanes) and denitrated PHF-tau proteins from AD brains examined
by Western blot illustrating the reduced staining with n847 in the denitrated AD PHF-tau sample compared to the control sample. Denitration did not affect PHF-tau
staining by the nitration independent anti-tau mAbs T14/T46. E: Western blots demonstrate the specificity of mAb n847 for 3-NT modified ha-Syn proteins.
Wild-type and Tyr (Y) to Phe (F) point mutants of recombinant ha-Syn were exposed to peroxynitrite as described in the text, and 25 ng of each protein were
loaded in separate lanes of 12% SDS polyacrylamide gels for Western blot analysis with mAb LB509 to native ha-Syn and the n847 mAb. Note that LB509 shows
that equal amounts of ha-Syn proteins were loaded in each lane, but n847 preferentially recognizes peroxynitrite-treated a-Syn containing at least one Tyr residue,
but not the Tyr-deficient ha-Syn protein (4Y—F). The ha-Syn trimers and dimers (identified on the right) probably reflect dityrosine cross-linking.

29), while aged normal control brains showed predom-
inantly type 1 staining with much smaller numbers of
type 2, 3, and 4 neurons. As shown in the histogram
and table in Figure 2, in early stages of AD pathology
development (Braak and Braak I-I), the majority
(61.7%) was categorized as type 2 cells and in more
advanced stages (Braak and Braak V-VI) the predom-
inant cell staining pattern (46.46%) was type 4 cell
(Figure 2C). A decrease of type 1 (from 25.11% to

Furthermore, CA1-4 neurons expressing both PHF-1 IR
and n847 IR products were categorized as type 2, 3, or 4
cells, and n847 IR always co-localized, at least partially, with
PHF-1 IR products (data not shown). However, n847 IHC
studies of the cerebellum of AD and normal cases revealed
very light type 1 n847 staining in Purkinje neurons (Figure
2h), and these cells do not accumulate NFTs.

11.10%) and 2 cells (61.70% to 11.76%) and an in-
crease of type 4 (2.39% to 46.46%) cells were noted as
the stage shifted from the early to advanced stage.

Apart from CA1 region, the CA2-3 regions of the hip-
pocampus from the AD and DS brains also showed all
four types of staining patterns. Specifically, as the Braak
and Braak stages increased, the number of neurons with
type 2, 3, and 4 staining patterns extended from CA1 to
the CA2-3 regions. These types of staining patterns were
not observed in normal controls in these regions.

Comparison of Non-Nitrated Tau and Nitrated

Tau Localization

To further examine the relationship between n847 IR prod-
ucts and NFTs in pyramidal neurons, we focused on CA1
neurons, and performed double-label immunofluorescence
with n847 mAb, and 17024 (pan-tau) polyclonal antibodies
on a number of AD cases using conventional fluorescence
and confocal microscopy. In AD cases, CA1 neurons with
all of the four n847 staining patterns described above were
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Figure 2. THC analyses of the AD hippocampus with mAb n847. A: N847 IR
in the CA1 region of AD patients (Braak and Braak stage III-IV,* CERAD
criteria - probable AD*). Low-power views of CA1 (a corresponds to the
boxed region of f) showing diverse n847 IR in pyramidal neurons. Four types
of n847 IR in neuron are shown (ie, types 1, 2, 3, and 4 in b, ¢, d, and e,
respectively, as described in the text). As the Braak stage®? advanced, the
number of type 3 and 4 neurons in the CA1 region increased but only type
1 neurons (b) were observed in young normal control brains (g, low-power
view), while n847 IR was very weak in cerebellum of AD and normal brain
(h, Braak stage V-VI in AD). *, indicates Purkinje cells. Bars, 10 um. B and
C: Semi-quantitative analysis shows a shift of n847 IR with progression of AD.
The signature of early stage (I-II) of AD was predominance of type 2 n847 IR,
but this type of staining diminished as the Braak stage advanced. On the
other hand, types 3 and 4 n847 IR were insignificant in stage I-II, but
increased significantly at later Braak stages while type 4 n847 IR predomi-
nated at Braak stage V-VI.

all 17024-positive except the type 1-stained neurons, al-
though co-localization of n847 and 17024 staining varied
(see Figure 3Aa—c and confocal inset). Type 2 cells showed
prominent 17024 IR and n847 IR (Figure 3Aa). Type 3 had
intensive 17024 staining and modest n847 positivity (Figure

3Ab). Type 4 exhibited intense 17024 staining and scant
n847 IR (Figure 3Ac).

Interrelationship between Nitrated Tau and
Thio-S Staining

Next, we used Thio-S staining, a dye that binds NFTs and
other amyloids,** to compare the distribution of nitrated-
tau and Thio-S-labeled NFTs. To do this, we performed
double-label FIHC with n847 mAb and 17024 antibodies
on one section, and Thio-S staining plus 17024 FIHC on
an adjacent section. These studies showed a unique
relationship between the n847 and Thio-S staining (see
Figure 3, B and C). By comparing this set of sections,
examination of the relationship between the localization
of n847 IR products and Thio-S staining in 17024-positive
neurons in these cells was performed. As expected,
only a subset of 17024 and n847 IR-positive neurons
possessed Thio-S-positive staining (Figure 3B, arrow and
Figure 3Ca). These n847 positive neurons were either Thio-
S-negative (Figure 3Ba, arrow and Figure 3Ca), or Thio-S-
positive (Figure 3Ba, arrowhead and Figure 3Cb and c).
Some 17024-postitive neurons with intense and uniform
Thio-S failed to show n847 staining (Figure 3Cd).

Nitration of Tau in Diverse Tauopathies

Next, we examined nitrated-tau in neurodegenerative le-
sions of various tauopathies, including CBD, PSP, PiD, and
FTDP-17. The globose NFT-like structures in the pons of
PSP (Figure 4Aa) and in the substantia nigra of CBD (Figure
4Ab), and ballooned neurons in the midfrontal cortex of
CBD (Figure 4Ac) were positively stained, respectively. Pick
body-like inclusions in the entorhinal cortex and hippocam-
pus of PiD (Figure 4Ad) and FTDP-17 (Figure 4Ae) cases
were also stained. Labeling of small numbers of glial tau
inclusions (coiled bodies) also was evident in these tauopa-
thies (Figure 4Af), but no cells in the cerebellum showed
n847 staining (data not shown).

To confirm that n847 labels nitrated tau in these
tauopathy lesions, double-label immunofluorescence
analysis with n847 and 17024 was performed, which
showed that n847 labeled globose NFTs (Figure 4Ba),
Pick bodies (Figure 4Bb), coiled bodies (Figure 4Bc),
and ballooned neurons (Figure 4Bd) that co-localized
partially with 17024-positive tau IR, and this was con-
firmed by confocal microscopy (Figure 4Be and f).

Immuno-EM Analysis of Nitration on NFTs

To further confirm the presence of nitratively altered tau in
NFTs, we performed double and single immuno-EM anal-
yses with n847 and 17024 in hippocampal sections from
the brains of patients with AD, CBD, and PiD. In AD
cases, immuno-EM, with n847 alone demonstrated IR
products associated with filamentous structures in NFT of
CA1 pyramidal neurons (Figure 4Ca), and similar nSyn
847 staining was seen in Pick bodies and CBD tangles
(data not shown). Finally, Figure 4Cb shows representa-
tive images of individual tau filaments that are double-
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Figure 3. Double-labeling of AD NFTs at various stages with n847 and 17024/Thio-S. A: The n847 IR co-localizes with 17024 IR NFTs. Shown in a, b, and ¢ of
A are representative images of types 2, 3 and 4 n847 IR cells, respectively. Co-localization of staining is seen in the merged images and by confocal microscopy.
Bars, 10 um. B: The n847 IR is evident in pre-tangles. To identify neurons containing nitrated NFTs, adjacent sections were labeled with combination of n847
and 17024 (section 1) or Thio-S and 17024 (section 2) as described in the text. Thio-S-positive and -negative neurons are indicated by arrowhead and arrow,
respectively. C: Double-label studies of NFTs by n847 and Thio-S. Four representative labeling patterns of Thio-S are shown: (a) none; (b) uniformly moderate;
(c) mixed intense and moderate; (d) uniformly intense. Note that the n847 IR decreases as Thio-S labeling increases. Bars, 10 um.

labeled with both n847 (10-nm gold particles) and 17024 jected to peroxynitrite treatment (0.5 mmol/L) and analyzed
(5-nm gold particles) by immuno-EM. by combination of FIHC and Thio-S staining methods 24
hours after treatment. The distribution of total tau was dem-
onstrated with the anti-tau antibody 17024 (Figure 5 Aa, d,
g, and j). Exposure to peroxynitrite resulted in Thio-S stain-
To directly investigate the association between nitration of ing (Figure 5Ae) as well as nitrated tau IR (Figure 5k) within
tau and inclusion formation, OLN-Tau40 cells were sub- tau IR regions, and this staining pattern was not seen in

Nitration of Transfected Tau in Cultured Cells
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untreated control cells (Figure 5Ab and h). As shown in
Figure 5B, biochemical studies confirmed the presence
of nitrated tau in lysates of OLN-Tau40 cells treated with
peroxynitrite (0.5 mmol/L) but not in untreated control
lysates.

Figure 4.THC n847 analyses of diverse tauopathy lesions
and immuno-EM. A: Immunostaining with n847. Globose
NFTs in the pons of PSP (a), substantia nigra of CBD (b),
degenerating midfrontal cortical neurons in CBD (c¢), a bal-
looned neuron (inset, top) compared to a normal one
(inset, bottom) in CBD, a Pick body in entorhinal cortex of
PiD (d) and in hippocampus of FTDP-17 (e), a glial tangle
(coiled body) in hippocampus of FTDP-17 (). Bars, 10 um.
B: Double-labeling of various tauopathy lesions with n847
(red) and 17024 (green). (a) a globose NFT in substantia
nigra of PSP, (b) a Pick body in the PiD hippocampus, (¢) a
glial tangle (coiled body) in the CBD basal ganglia, (d) a
ballooned neuron in CBD midfrontal cortex. e and f are
confocal microscopic images of a and b, respectively. Bars,
10 wm. C: Filaments in NFTs show n847 IR by immuno-EM as
described in the text. a: Individual filaments are tau and n847
IR by double-label immune-EM using 17024 (5-nm gold
particles, arrows) and n847 (10-nm gold particles, arrow-
heads) (b). Bars, 100 nm.

Discussion

The present study demonstrated that n847, a novel mAb
which recognizes a nitrated form of tau protein, links
nitrative modifications of tau in cytoplasmic cellular inclu-
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Figure 5. IHC and Western blot studies of cultured oligodendroglia. OLN-
Tau40 cells were peroxynitrite treated (0.5 mmol/L) and analyzed 24 hours
after treatment. A: Control (Co) or peroxynitrite (PN)-treated cells were
studied by FIHC with the 17024 polyclonal antibody (a, d, g, j), followed by
Thio-S (b and e) or n847 staining (h and k) and nuclei of cells (¢, f, i, 1) were
counterstained by DAPL. Images are shown in single (a, b, d, e, g, h, j, k) or
merged (c, f, i, D views. Bar, 10 um. B: Tau is nitrated in cultured OLN-
Tau40 cells treated with peroxynitrite. Shown are Western blots of cell lysates
from untreated control (Co) or peroxynitrite-treated OLN-Tau40 cells at 1, 3,
and 7 hours post-nitration as described in the text. Note that n847 IR bands
co-migrate with tau IR bands labeled by 17024, but in addition, higher
molecular weight n847 IR bands are seen that are tau negative which may
represent nitratively cross-linked species of tau that may have lost tau IR due
to nitrative damage.

sions to mechanisms of disease in AD and several
tauopathies, including CBD, PiD, PSP, and FTDP-17. In
addition, the data presented here are consistent with the
notion that nitrative damage to tau may be a pathological
process that occurs dynamically at several steps in the
sequence of events leading to the formation of glial and
neuronal filamentous tau inclusions in selected regions of
the diseased brain.

By comparing the staining patterns of n847 with that of
PHF-1, 17024, and Thio-S, we showed that nitrated forms
of tau detected by n847 co-localize with abnormal tau
aggregates in a subset of pathological inclusions. Single-
label studies with n847 were complemented by double-
label studies with this mAb and anti-tau antisera as well
as with anti-PHF-tau antibodies and Thio-S staining. Pre-
vious studies using anti-3-NT antibodies to detect 3-NT IR
in NFTs in AD brains did not allow detection of specific
nitrated species of tau in neurodegenerative disease le-
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Figure 6. Schematic model of the possible role of nitrative/oxidative modi-
fications in the formation of PHF. Under normal conditions, tau (ovals) is in
equilibrium between a free and a microtubule-bound (rectangular bars)
pool, where tau stabilizes microtubules. Nitrative damage of tau may reduce
its affinity for microtubules resulting in unbound nitrated (triangles) tau,
which may serve as a nidus for oligomer formation, but nitration also may
enhance tau fibrillization. This polymerization process can lead to the for-
mation of complex aggregates of PHFs. 0-0’ Dityrosine cross-linking (brack-
ets) that occurs concomitantly with nitration®? could also contribute to the
stabilization of polymers.

sions*®'% as was possible here with the novel n847 mAb.

Furthermore, nitrated tau was detected in PHF-fractions
of AD, CBD, and PiD brain, but not in HS-soluble frac-
tions. Thus, taken together, these results suggest that
nitrative damage to tau may be involved in mechanisms
leading to the formation of filamentous tau inclusions.

The present study provides direct evidence of nitrative
modification of tau protein during tau inclusion formation
in AD and in various tauopathies thereby linking oxida-
tive/nitrative damage to tau in mechanisms of AD and
diverse tauopathies. Consistent with data showing heter-
ogeneity of tau lesions in different tauopathies,®' the
presence of nitratively damaged tau protein in various
tauopathies also was heterogeneous. Moreover, our anal-
yses of the hippocampus from the brains of patients with
AD suggests that the incorporation of nitrated/oxidized
tau into NFTs is a step-wise or temporally sequential
process involving four or more stages in the evolution of
this pathology. However, the appearance of nitrated tau
in NFTs appears to occur predominantly before the mat-
uration of tau inclusions, since n847 immunoreactivity
was stronger in tau inclusions that are weakly or not
stained with Thio-S. The reasons for this are not clear at
this time, but could reflect denitration of 3-NT residue
enzymatically, destabilization of nitrated tau in the inclu-
sions that form in AD and different tauopathies, or epitope
masking by conformational alterations or by chemical
modifications such as ubiquitination as tangles mature or
undergo further pathological processing.

At the molecular level, as demonstrated in schematic
model in Figure 6, it is plausible that nitration of tau could
inhibit microtubule binding similar to the effects of phos-
phorylation.?#4%46 Accumulation of free tau could lead to
a critical threshold level that will promote dimerization/
oligomerization leading to aggregation and the formation
of largely polymers and, eventually, pathological inclu-
sions. During this putative series of events, nitrative mod-
ification of tau may occur at one or several steps in this
process with diverse consequences. For example, nitration
could promote a conformation change in tau that may pro-
mote fibril assembly. Furthermore, o0-0’" dityrosine cross-
linking that occurs concomitantly with nitration®* may also
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stabilize polymers at several stages of filament maturation.
Other types of post-translation modifications resulting from
oxidation damage have also been shown in NFTs®*7 52 and
these may also contribute to promote the formation of
pathological inclusions. However, further studies are
needed to test this hypothetical scenario including changes
in gene expression that may underlie it.>3
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