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Accumulating evidence suggests the involvement of
caspase-dependent and -independent mechanisms in
neuronal cell death in Alzheimer disease (AD). The
apoptosis-inducing factor (AIF) is a mitochondrial
oxido-reductase originally characterized as a media-
tor of caspase-independent programmed cell death
(PCD). In this postmortem study, we investigated the
distribution of AIF and its possible morphological
association with pathological features in the hip-
pocampus, as well as entorhinal and medial gyrus of
temporal cortices of late stage AD, dementia with
Lewy bodies (DLB), and control subjects. In compar-
ison with controls, a significant increase in neuronal
AIF immunoreactivity (AIF-ir) was observed in the
hippocampus and the superficial layers of entorhinal
and medial gyrus of temporal cortices in AD—but not
DLB—samples. AIF-ir in neuronal nuclei was also sig-
nificantly more widespread in AD compared with
control and DLB samples. Furthermore, AIF-ir was
found to be colocalized with neurofibrillary tangles
(NFTs) in AD brains. Interestingly, a significant posi-
tive correlation was seen between nuclear AIF-ir and
Braak stage in CA1 of the hippocampus as well as in
entorhinal and temporal cortices in AD samples.
These data show for the first time: (1) the nuclear
localization of AIF in the AD brain and (2) its colocal-
ization with NFTs, suggesting a possible involvement
of AIF-mediated caspase-independent PCD, at least in
the late stage of this neuropathology. (4m J Pathol
2010, 176:2209-2218; DOI: 10.2353/ajpath.2010.090496)

Programmed cell death (PCD) is thought to contribute
significantly to neuronal cell loss in Alzheimer disease

(AD)."2 Various caspases have been recognized as im-
portant mediators of neuronal PCD in AD.® Several stud-
ies have shown the presence of activated caspases and
the resulting caspase-cleaved substrates, including ac-
tin, tau, and amyloid precursor protein (APP) in AD brains
and animal models.*~'° However, accumulating evi-
dence also points to the involvement of caspase-inde-
pendent mechanisms in neuronal PCD."""® Among the
main players involved in caspase-independent neuronal
cell death, apoptosis-inducing factor (AIF) has recently
attracted much attention as a putative caspase-indepen-
dent effector.’*1®

AlF is a ubiquitously expressed flavoprotein and is
synthesized as a cytoplasmic 67-kDa precursor, followed
by its cleavage to a 62-kDa mature protein. This protein
is then translocated into mitochondrial intermembrane
space and embedded into the inner mitochondrial mem-
brane.'®'” Under normal physiological conditions, AlF
remains confined to the mitochondrial intermembrane
space where it is involved in oxydo-reduction and han-
dling the respiration-associated free radical production
by their scavenging.'®'%:'8:1® On pathological permeabi-
lization of the outer mitochondrial membrane, mature AlF
is further processed to a 57-kDa form by activated cal-
pains and/or cathepsins.’”2%2" This AIF form is translo-
cated to the nucleus and causes high-molecular-weight
DNA fragmentation and chromatin condensation in a
caspase-independent manner. 22 Interestingly, both mito-
chondrial and nuclear effects of AIF have been observed in
neuronal death associated with rodent aging and acute
traumatic injuries.'®?® However, very few studies on AlF's
implication in normal human brain aging or AD-associated
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neurodegeneration have been reported thus far. We re-
cently reported the apparent lack of a significant difference
in AlF protein levels in the tissue homogenates obtained
from cortex and hippocampus of AD versus age-matched
control brains.®* However, the cellular distribution of AIF
and its possible morphological association with neuro-
pathological features (amyloid plagues and neurdfibrillary
tangles [NFTs]) in the AD brain remains to be investigated.
Interestingly, previous studies have localized activated
caspases within NFTs and neurites in AD brain regions rich
in amyloid plagques.®'°

The aim of the present study was to study the cellular
and subcellular distributions of AlF in the hippocampus,
entorhinal, and medial temporal cortices in postmortem
samples of late stage AD patients. Given that neuronal loss
also occurs in the hippocampus of dementia with Lewy
bodies (DLB),?® we also performed the same experiments
with DLB samples to generate comparative data between
these two progressive neurodegenerative disorders.

Materials and Methods

Antibodies and Reagents

Rabbit polyclonal antibody against the C terminus of human
AIF (amino acids 593-613), mouse monoclonal anti-
human B-amyloid (AB) antibody (Clone 4G8), and CellLytic
NuCLEAR Extraction Kit were purchased from Sigma (St
Louis, MO). Mouse monoclonal Anti—-PHF-tau (paired helical
filament tau) antibody (Clone AT8) was purchased from
Fisher Canada (Nepean, ON, Canada). Mouse monoclonal
anti-NeuN (Neuronal nuclei) antibody was purchased from
Millpore (Billerica, MA). Rabbit polyclonal anti-GAPDH an-
tibody and agarose-conjugated protein G were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).

Human Brain Samples

All experiments were approved by the Douglas Hospital
Research Ethics Board. We studied brain samples from
10 cases of neuropathologically confirmed sporadic AD,
19 cases of age-matched controls, and 8 cases of DLB.
Tissues were obtained from the Quebec Brain Bank
(@BB; Douglas Institute, Montréal, QC, Canada). On ar-
rival at the QBB, brains were divided midsagittally: the left
hemisphere was cut into thick sections, which were flash-
frozen and stored at —80°C until use. The right hemi-
sphere was fixed in formalin and examined by a neuro-
pathologist for diagnostic purposes. Hippocampal and
temporal cortical samples from all cases were also stained
for amyloid plaques and NFTs (see below) and assessed
for blind Braak staging by one of us (W.Y.), according to
established criteria.?® Summary case information, including
age, gender, postmortem interval (PMI), and Braak staging
are presented in Table 1. The AD cases were selected by
the neuropathologist on the basis of a diagnosis according
to the CERAD criteria with a Braak amyloid plaque stage of
C and a Braak tangle stage between Il and V1.7 In tandem
with the neuropathological reports, Braak staging allowed
us to divide the controls into two groups: (1) Controls, which

had no history of dementia and no neuropathological
abnormalities, including a complete absence of amy-
loid plagues and NFTs, and (2) “controls with low AD pa-
thology,” which presented plaques and tangles with varying
degrees, which remained below the threshold for AD diag-
nosis (Table 1). The latter had no history of dementia, a
Braak amyloid plaque stage of A or less, and a Braak tangle
stage of Il or less, with no other neuropathological abnor-
malities. The DLB cases were identified by the neuropathol-
ogist using consensus DLB diagnostic criteria based on
cortical scores of Lewy bodies counts of neocortical stained
with a-synuclein immunohistochemistry.28:2°

For immunohistochemistry and image analysis, fixed
paraffin-embedded tissues from the hipppcampus, ento-
rhinal cortex, and medial gyrus of the temporal cortex
were used. Frozen brain tissues of the hippocampus and
the temporal cortex from the same subjects were used for
the biochemical fractionation, Western blotting, and im-
munoprecipitation assays.

Characterization of the AlF Antibody

Rabbit polyclonal antibody against the C terminus of
human AlF was characterized in normal human brain by
Western blotting. Briefly, cytoplasmic fractions of human
brain extracts were resolved through 4% to 20% Tris-
Glycine gels (Invitrogen, Burlington, ON, Canada) and
transferred to nitrocellulose membranes. Membranes were
incubated with the anti-AlF antibody (1:3000) at 4°C over-
night, followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibody (Santa Cruz Biote-
chlogy) and processed with the ECL Plus chemilumines-
cence system (Fisher Canada). All three major AIF forms
(67-kDa precursor, 62-kDa mitochondria-embedded,
and 57-kDa mitochondria-released) were systemati-
cally detected (see supplemental Figure 1 at http.//ajp.
amjpathol.org) in the same pattern as previously re-
ported in rat and human brain extracts obtained with a
different goat polyclonal anti-AlF antibody (D-20, Santa
Cruz Biotechnology).?4

AIF Immunocytochemistry and Double-Labeling
Immunocytochemistry

Immunohistochemical staining was performed on forma-
lin-fixed paraffin-embedded sections as described pre-
viously.®° Sections were deparaffinized and rinsed in
Tris-NaCl buffer (TBS) (0.05 mol/L Tris, 0.15 mol/L NaCl,
pH 7.6) and then treated with 1% hydrogen peroxide (30
minutes) to quench endogenous peroxidase activity. For
antigen retrieval, sections were boiled in 0.05 mol/L cit-
rate-buffered saline (pH 6.0). Sections were then blocked
for an hour in 10% goat serum and incubated with the
primary antibodies, anti-AlF (1:1000), or anti-NeuN (1:500)
overnight (14 to 18 hours) at 4°C. After a thorough rinse in
TBS, sections were incubated with biotinylated secondary
antibodies (Vector Laboratories, Burlingame, CA) for 60
minutes at room temperature. Staining was developed us-
ing avidin-biotin complex and DAB (Vector Laboratories)
according to the manufacturer’s instructions.
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Age PMI Braak stage, Braak stage, according
Case (years) Sex (hours) according to AB* to taupathology ™ DLB type

Control (n = 11)
C1 81 F 27 0 0 No LB disease
c2 72 F 135 0 0 No LB disease
C3 60 M 7.25 0 0 No LB disease
C4 92 M 22.5 0 0 No LB disease
C5 90 F 13.5 0 0 No LB disease
C6 70 M 32.75 0 0 No LB disease
C7 71 F 13.5 0 0 No LB disease
Cc8 76 M 11 0 0 No LB disease
C9 77 F 7 0 0 No LB disease
C10 83 M 6.75 0 0 No LB disease
C11 80 M 13.75 0 0 No LB disease
Mean 77.4 15.0
SEM 3.1 3.1

Controls (AD pathology; n = 8)
C1 69 F 8 A | No LB disease
c2 74 F 11 A | No LB disease
C3 86 F 5.75 A | No LB disease
C4l 77 F 24.75 A | No LB disease
C5 69 M 12 A | No LB disease
C6 85 M 5.75 A | No LB disease
C7 68 M 23.5 A | No LB disease
Cc8 75 F 6.75 A Il No LB disease
Mean 75.4 13.6
SEM 2.3 2.7

AD (n = 10)
AD1 80 F 24 C Il No LB disease
AD2 78 F 16 C 11 No LB disease
AD3 74 F 7.5 C % No LB disease
AD4 79 F 10.8 C IV No LB disease
AD5 92 M 13.2 C VI No LB disease
AD6 78 M 23 C vV No LB disease
AD7 85 F 14.7 C Vv No LB disease
AD8 71 M 10 C Il No LB disease
AD9 79 M 315 C Vv No LB disease
AD10 77 F 32 C VI No LB disease
Mean 79.3 18.3
SEM 2.9 2.9

DLB (n = 8)
DLBH1 76 M 21.75 B | Limbic DLB
DLB2 85 F 26.5 B | Limbic DLB
DLB3 77 F 19.5 A | Neocortical DLB
DLB4 81 F 18 A | Diffuse DLB
DLB5 69 M 9.5 A | Diffuse DLB
DLB6 70 M 21 A | Limbic DLB
DLB7 78 F 16 0 0 Neocortical DLB
DLB8 89 M 24.5 A | Neocortical DLB
Mean 79.3 18.3
SEM 2.9 2.9

C indicates control; AD, Alzheimer disease; DLB, Dementia with Lewy bodies; M, male; F, female; PMI, postmortem interval.
*A, B, and C, Braak and Braak’s classification of AD stages depending on amyloid plaques.
t0-VI, Braak and Braak’s classification of AD stages depending on the distribution and amount of neurofibrillary tangles.

To assess AlF-immunoreactivity (AlF-ir) in relation to
amyloid plaques and NFTs, double immunostainings
were performed by combining antibodies against AlF
and AB, or against AlIF and PHF-tau, respectively. Sec-
tions were first incubated with anti-human AB antibody
(1:200) or anti-PHF-tau antibody (1:50) at 4°C overnight,
and the staining was visualized with DAB as described
above. Subsequently, sections were incubated with anti-
AlFantibody (1:1000) at4°C overnight. Finally, theimmuno-
reactivity was visualized with the second chromogen
Vector SG substrate kit (Vector Laboratories). Omission
or pre-adsorbing the anti-AlF antibody with its antigenic

peptide (KDGEQHEDLNEVAKLFNIHED) (Sigma) resulted
in a complete absence of staining (not shown).

Quantification of AIF-Immunoreactive Neurons
in Hippocampus and Temporal Cortex

AlF-immunoreactive neurons were quantified using the
SigmaScan image analysis software (SPSS, Chicago, IL).
Images were captured using a digital camera (SPOT,
Diagnostic Instruments, Sterling Heights, M) linked to a
Nikon Eclipse 800 Microscope (Tokyo, Japan). Semi-
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quantitative analyses of AIF immunostaining were per-
formed by W.Y. in a blind fashion and were based on the
following scoring criteria®'32: A score of 0 was assigned
to samples in which AIF expression was undetectable,
whereas 1, 2, and 3 were assigned to samples with low,
moderate, and strong immunostaining, respectively. For
AlF immunostaining extent, 0, 1, 2, 3, and 4 was assigned
to samples as 0 to 5%, 6 10 25%, 26 to 50%, 51% to 75%,
and 76% to 100% of the neuronal population, respec-
tively. To provide a global score for each case, the results
obtained with both scales were multiplied, yielding a
single scale ranging from 0 to 16. To calculate the per-
centage of AlF-immunoreactive neuronal nuclei in each
brain region, their number was expressed as a fraction of
the total number of AlF-immunoreactive neurons. For
each subject, ten fields from five consecutive sections
were analyzed in each brain region. The PMI for the
samples used in this study ranged from 7.5 to 32 hours
(mean 18.3 * 2.9 hours) and was longer than 30 hours in
three cases. To ascertain that the observed changes in
AlIF distribution were not attributable to the longer PMI
in these three cases, we studied the effects of different
PMI on the distribution of AIF in AD, DLB, and control
brains. No significant correlation between the PMI and
AlF-ir (see supplemental Figure 2 at http.//ajp.amj-
pathol.org) or the PMI and altered AIF distribution (see
supplemental Figure 3 at http://ajp.amjpathol.org) were
observed in these brain tissues.

Nuclear Fractionation and Western Blot Analysis

Nuclear extracts were prepared with the NXTRACT Cel-
Lytic nuclear extraction kit (Sigma) according to the man-
ufacturer’s instructions. The purity of the nuclear extracts
was evaluated with a rabbit polyclonal anti-GAPDH anti-
body, a specific cytosolic marker. Thereafter, 10 ug nu-
clear protein obtained by biochemical fractionation from
AD and control brains was seperated on 4% to 20%
Tris-Glycine gels (Invitrogen) and transferred to nitrocel-
lulose membranes. Membranes were blocked with 5%
milk and incubated with anti-AlF antibody (1:3000) over-
night at 4°C. Membranes were then incubated with HRP-
conjugated secondary antibody (Santa Cruz Biotechol-
ogy) for 1 hour at room temperature and processed with
the ECL Plus chemiluminescence system (Fisher Canada).
Band density was quantified by densitometric analysis with
the NIH Image public domain software (htto://rsb.info.nih.
gov/nih-image). Values of the band intensities were normal-
ized with those of B-actin as internal standards.

Immunoprecipitation

Immunoprecipitation was performed as described ear-
lier.®® Briefly, cytoplasmic fractions were prepared from
the temporal cortex and hippocampus of AD and control
brains and 800 ug cytoplasmic protein was used for
immunoprecipitation. The lysates were immunoprecipi-
tated with anti-AlF antibody (10 pg, Sigma) and then
precipitated overnight with protein G agarose beads at
4°C. Agarose-conjugated rabbit IgG was used as nega-

tive control. Samples were rinsed several times and then
resuspended in loading buffer. Immunoprecipitated pro-
teins were separated on 4% to 20% Tris-Glycine gels and
submitted to Western blotting with the anti-PHF-tau anti-
body. The immunoreactivity was revealed by enhanced
chemiluminescence.

Statistical Analysis

Statistical analysis was conducted with the Graph Pad
Prism (GraphPad software, San Diego, CA). The Kruskal-
Wallis test was used to assess the difference of AIF
immunoreactivity and one-way analysis of variance was
used to assess the differences in numbers of AlF-ir
neuronal nuclei among AD, DLB, and age-matched
controls. The correlation between nuclear AIF immuno-
reactivity and Braak stage or PMI was determined with
the correlation Z test. Differences and correlations
were considered statistically significant when P values
were less than 0.05.

Results

Neuronal AlF-ir is Increased in the
Hippocampus and Neocortex of AD Brain

Immunocytochemical staining in AD, DLB, and control
brains revealed that AlF-immunoreactive cells were dis-
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Figure 1. AIF immunoreactivity (AIF-ir) in the hippocampus of AD, DLB,
control with AD pathology, and control brains. A-I: Immunostaining dem-
onstrated that AIF was mainly expressed in neurons. AIF-ir neurons were
observed in CA1 (A, D, and G), CA2 (B, E, and H) and CA3 (C, F, and D of
the hippocampus in control, AD, and DLB brains. Scale bar = 50 um. J:
Semiquantitative evaluation of AIF expression in CA1, CA2, CA3, and DG of
the hippocampus in AD (72 = 10), DLB (7 = 8), control with AD pathology
(n = 8), and control brains (7 = 11). *P < 0.05 as compared with age-
matched control group using Kruskal-Wallis test.
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Figure 2. AIF immunoreactivity (AIF-ir) in the entorhinal and temporal cortices of AD, DLB, control with AD pathology, and control brains. A—L: Immunostaining
shows that AIF (brown) was mainly expressed in neurons. Arrows indicate the cytoplasm labeling of AIF in control (A-D), DLB (I-L), as well as the nuclear
labeling of AIF in AD (E-H) brains. Insets show higher magnification of neurons indicated by the arrows. Scale bar: 100 um (A-L). Semiquantitative evaluation
of AIF expression in entorhinal (M) and temporal cortices (N) in AD (7 = 10), DLB (1 = 8), control with AD pathology (7 = 8), as well as control brains (7 =
11). *P < 0.05 as compared with age-matched control group using Kruskal-Wallis test.

tributed in all fields of the hippocampus (CA1, CA2, CA3,
and dentate gyrus [DG]), entorhinal cortex, and medial
gyrus of the temporal cortex with marked subregional
patterns. In the hippocampus, AlF- immunoreactive cells
in the pyramidal layer of CA1, CA2, and CAS fields were
abundant and intensely labeled (Figure 1, A-l), whereas
AlF-ir was mainly enriched in pyramidal layers (lll & V)
(Figure 2, A-L) of the entorhinal and temporal cortices.
Overall however, the deep (IV-VI) cortical layers dis-
played stronger AlF-ir than superficial ones (I-l; Figure
2, M and N). At the cellular level, AIF immunoreactivity
was exclusively observed in neurons.

A significant increase in neuronal AlF-ir was observed
in the CA1, DG (Figure 1J) as well as in the superficial

layers of entorhinal and temporal cortices in AD com-
pared with age-matched controls (Figure 2, M and N). No
significant difference in neuronal AlF-ir was observed
between DLB and controls (Figures 1J and 2, M and N).

Nuclear AlF-ir is Increased in the Hippocampus
and Neocortex of AD Brains

The nuclear translocation of AIF can induce apoptotic
neuronal death in a caspase-independent manner.'®2?
We thus determined the proportion of neurons displaying
a nuclear localization of AlF versus total AlF- immunore-
active neurons. In AD, DLB, and age-matched control
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Figure 3. Subcellular localization of AIF in the hippocampus, entorhinal,
and temporal cortices of AD, DLB, control with AD pathology, as well as
control brains. A-I: AIF-ir was mainly expressed in the cytoplasm of neurons.
Some nuclear labeling were detected in dental gyrus (arrow, D), CA2
(arrow, E), and temporal cortex (arrow, F) of AD brains, but not in control
(A-C) and DLB (G-I brains. Scale bar = 25 um. J-K: Nuclear AIF-ir
suggesting that AIF was translocated to the nucleus was mainly seen in the
pyramidal layers of these brain regions. Quantitative analysis indicated a
significant increase in the nuclear localization of AIF in the hippocampus,
entorhinal, and temporal cortices of AD (7 = 10) but not DLB (1 = 8) or
control with AD pathology (n = 8) compared with age-matched control
brains ( = 11). *P < 0.01 as compared with age-matched controls using
one-way analysis of variance.

brains, the majority of neurons displayed a clear nuclear
exclusion of AIF labeling while some neurons showed
nuclear staining (Figure 3A-I). AIF- immunoreactive nu-
clei were localized mainly in the pyramidal layers (Figure
3, A-1). Significant increase in nuclear translocation of AlF
was detected in the pyramidal layers of the hippocampus
(CA1, CA2, CA3, and DG) and entorhinal and temporal
cortices in AD compared with age-matched controls (Fig-
ure 3, J and K). No difference in AIF nuclear translocation
was detected between DLB and control subjects in any of
the brain regions under study (Figure 3, J and K). These
findings were further confirmed by Western blotting quanti-
fication of AIF protein levels in nuclear fractions prepared
from the same brain regions (hippocampus and temporal
cortices) of AD and control brains (n = 6 per group). Im-
munoreactive signals for cleaved AlF and B-actin in nuclear
protein extracts appeared at 57 and 42 kDa, respectively.
The amounts of AIF proteins in the nuclear fraction of the
hippocampus and temporal cortex were significantly in-
creased in AD versus control brains (Figure 4, A and B).

Similar Distribution of Neuronal and Nuclear AlF-ir
in the Hippocampus and Neocortex of Controls
and Controls with AD Lesions

It has been postulated that AD pathology begins many
years before the onset of clinical symptomatology, result-

A

CADCADCADCADCVADCAD

S e B e we B G e B s s AT (57KDa)

-----— D G S S G —— B—actin(42KDa)

Hippocampus Temporal cortex

=

Do
(=3
S

—
w1
s}

[ Control
Il Ap

o1
o

Nuclear AIF protein
(% of control)
=

Hippocampus

Temporal cortex

Figure 4. The AIF protein (57 kDa) in the nuclear fraction is increased in AD
(n = 6) hippocampus and temporal cortex compared with age-matched
control tissues (7 = 6). A: Representative Western blot analyses of AIF
protein in the nuclear fractions from AD and control brains. Samples (10 ug
nuclear protein) were resolved by eletrophoresis on 4% to 20% Tris-Glycine
gels, transferred onto nitrocellulose membrane, and probed with rabbit AIF
antiserum. B: Quantitative Western blot analysis of the AIF protein (57 kDa)
levels in the hippocampus and temporal cortex of AD and control subjects.
Each sample was loaded in triplicate. Each bar represents a mean of six AD
and six control samples and presented as a percentage of control samples.
*P < 0.01 as compared with age-matched controls using unpaired Student
1 test.

ing in a long prodromal phase of AD.3*3® We therefore
explored whether the changes in the distribution of AlF-ir
occur in the control brains with signs of AD pathology
(below threshold for AD diagnosis). These cases were
considered as representative of the prodromal stage of
AD (Table 1). No significant difference in the distribution
of either neuronal AlF-ir or nuclear AlF-ir was detected in
the hippocampus, entorhinal as well as temporal cortices
of control brains with AD pathology when compared with
the control brains without AD lesions (Figures 1J, 2, M
and N, and 3, J and K).

Nuclear AlF-ir in AD Brain and Braak Stage are
Correlated

To assess the relative changes in the nuclear localization
of AIF with respect to disease severity, nuclear AlF-ir in
AD samples was assessed in relation to Braak stage.®®
This analysis revealed a significantly positive correlation
between nuclear AlF-ir and Braak stage in the CA1, as
well as entorhinal and temporal cortices, but not in CA2,
CA3, and DG of the hippocampus (Figure 5, A-F).

AIF Immunoreactivity is Colocalized with NFTs in
AD Brains

In the course of the experiments described above, we
observed a striking feature of AlF-ir in AD brains, which
consisted of intraneuronal ‘flame-like’ inclusions, similar
to NFTs (Figure 6, A-C). We therefore assessed the re-
lationship between AIF and NFTs by performing double-
labeling experiments using antibodies against the NFT
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Figure 5. Significant positive correlation was seen between the nuclear
translocation of AIF and Braak stage in CA1 (A), entorhinal (E), and temporal
(F) cortices, but not in CA2 (B), CA3 (C) and DG (D), in the AD brain (12 = 10).

marker (AT8) together with the AIF antibody. Colocaliza-
tion was evident in neurons with clear NFT features in AD
brains (Figure 6, D-F). In particular, the colocalization
was most pronounced in the CA1, entorhinal, and medial
gyrus of temporal cortices, where a large proportion of
neurons with NFT morphology were stained with AIF and
AT8 antibodies. In the DG, CAS3, and CA2 regions, a

Entorhinal cortex
s

Hippocampus (CAl) Temporal cortex

Figure 6. Colocalization of AIF-ir with NFTs but not with amyloid plaques
in AD brains. A—C: AIF-ir neurons in the AD brain show ‘flame-like’ inclu-
sions, consistent with tangle formation (arrows). D-F: Double immuno-
labeling shows a colocalization of NFTs (brown) and AIF-ir (green) in AD
brain (arrows). Arrowheads indicate AIF-ir neurons. G-I: No colocalization
of AIF-ir neurons (green, indicated by arrowheads) was observed in neu-
ritic or diffused plaques (brown, indicated by arrows). Scale bar = 25 um.
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Figure 7. AIF is co-assembled with NFTs in the hippocampus of AD brain.
A: Immunoprecipitation in the hippocampus extracts of AD (n = 10) and
control brains (7 = 10) with anti-AIF antibody and then subjected to SDS-
PAGE, electroblotted, and probed with anti-PHF-tau antibody. B: Immuno-
precipitation in the hippocampus extracts of AD and control brains with
anti-PHF-tau antibody and then subjected to SDS-PAGE, electroblotted, and
probed with anti-AIF antibody. The results show that the AIF is co-associated
with the NFTs in the hippocampus of AD brain. Results shown were obtained
from three experiments. IP indicates immunoprecipitate; IB, immunoblot-
ting; NC, negative control.

smaller proportion of neurons were double-labeled (not
shown).

To determine the relationship between AIF immunore-
activity and amyloid deposition, double-immunolabeling
with anti-AlF and anti-8 amyloid antibodies was per-
formed. In no case was colocalization of AlF-ir and dif-
fused or neuritic plagues observed (Figure 6, G-I).

AIF and PHF-tau Constituents of NFT
Coprecipitate in Control and AD Brains

To further explore the observed colocalization of AIF and
NFTs, we next performed immunoprecipitation assays to
establish whether AlF directly interacts with the compo-
nents of NFTs. Immunoprecipatation assays using a poly-
clonal anti-AlF antibody followed by immunoblotting with
monoclonal anti-PHF-tau antibody demonstrated an as-
sociation between AIF and NFTs in neurons from hip-
pocampus and temporal cortices in AD brains (Figure
7A). Similarly, reciprocal immunoblotting assays with AIF
antibody followed by immunoprecipitation with PHF-tau
antibody confirmed the association between AIF and
NFTs in AD brains (Figure 7B). In contrast, association
between AIF and NFTs was not detected in the same
brain regions of control subjects.

Discussion

The present study was undertaken to investigate and
compare the regional, cellular, and subcellular distribu-
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tions of AlIF in control, AD, and DLB brains, as well as the
possible association of this protein with key neuropatho-
logical AD features (amyloid plaques and NFTs). The
major findings are that (1) an increased neuronal AlF-ir
was observed in subregions of the hippocampus and
entorhinal cortex of AD but not DLB subjects, (2) AIF
nuclear translocation (AlF-immunoreactive nuclei) in neu-
rons was significantly more widespread in AD than in
control and DLB brains, and (3) AlF-ir was colocalized
with NFTs, but not with amyloid plagues in AD brains. To
our knowledge, this study provides the first demonstra-
tions of increased nuclear translocation of AlF and its
colocalization with NFTs in the AD brain.

The increase in neuronal AlF-ir in the hippocampus
and entorhinal cortex in AD brains may represent a com-
pensatory mechanism against AD-related neuropatho-
logical changes, such as increased oxidative stress and
free radical-mediated molecular damage.3¢-2¢ AIF may
act as a reactive oxygen species (ROS) scavenger, as it
has been shown that cerebellar granule cells from mutant
mice with decreased AlF expression are more sensitive
to peroxide-induced cell death, but may be rescued by
the overexpression of AlIF in wild-types.'®2° Accordingly,
the apparent increased expression of AIF observed here
may act to counteract increased oxidative stress occur-
ring in the AD brain.*® The unscheduled re-entry into the
cell cycle has been suggested to play an early role in the
pathogenesis of AD.*" The dysregulation of the cell cycle
in neurons has been associated with the AD-related pa-
thology and induction of neuronal cell death.*24® Inter-
estingly, this abnormal cell cycle re-entry is linked to
AD-related oxidative stress.** Thus, an increase in AlF-ir
might represent a defense mechanism against abnormal
cell cycle re-entry in AD.

Although AIF has an important protective physiological
role in mitochondria,'®'® its translocation to the nucleus
leads to cell death in a caspase-independent man-
ner.'52? In the present study, we report an increase in the
expression of the nuclear AIF form (57 kDa) in both
hippocampus and temporal cortex (immunoblotting) and
more widespread nuclear localization of AlF in the AD
hippocampus and neocortex (immunohistochemistry).
The magnitude of difference in nuclear AlF-ir measured
by immunoblotting was not as important as that predicted
by immunohistochemistry. This is possibly related to the
high noise-to-signal ratio in the nuclear fraction isolated
by biochemical methods. Indeed, biochemical isolation
of nuclear fraction involves not only neurons displaying
nuclear translocation of AlF but also glial cells with un-
detectable AlF levels, as indicated by our immunocyto-
chemical data.

Interestingly, the nuclear localization of AIF was mainly
observed in pyramidal layers of the hippocampus and
temporal cortex. In agreement, previous studies have
reported the neuronal losses in these regions in AD, with
the larger pyramidal neurons in cortical laminae Il and V
being affected the most.*>~*7 Our results suggest that an
AlF-mediated caspase-independent apoptotic pathway
may also be involved in the cell death of these neurons
and related neuronal degeneration. This would be con-
sistent with recent data demonstrating that A peptides

trigger mitochondrial release and nuclear translocation of
AIF in primary rat cortical cultures.*® However, our results
suggest a close association between AlF-ir and NFTs
rather than between AlF and amyloid plaques. Because
the latter are composed of large, insoluble AB aggre-
gates,*® our results suggest that in vivo, soluble AB spe-
cies may be more relevant for nuclear translocation of
AIF in AD.

AD has been postulated to begin many years before
the onset of clinical symptomatology, resulting in a long
prodromal phase.®® Indeed, a proportion of nonde-
mented elderly subjects can show significant levels of AB
plaques, NFTs, and inflammation in regions typically af-
fected by AD.3* Because no significant neuronal loss is
observed in the brains of nondemented elderly com-
pared with AD subjects, the pathological alterations in the
former can be defined histopathologically as the prodro-
mal phase of AD. We therefore explored AlF-immu-
noreative cell distribution in the prodromal AD brain and
found no significant change between prodromal AD com-
pared with control brains. These results suggested that
changes in AIF distribution occur mainly in the later,
rather than the early stage of AD. Further support for this
hypothesis was the observed correlation between the
nuclear localization of AlF in AD brains and Braak stage
that reflects the progressive nature of AD.

The intensity of oxidative stress increases with the
progression of AD pathology.®"*? The considerable ca-
pacity of AlF for free radical scavenging may be a likely
event as a compensatory mechanism in our control sub-
jects with AD pathology that are below the threshold for
AD diagnosis.'® Pioneer work by Klein and colleagues
reported the consequences of increased oxidative stress
regarding neuronal loss and neurodegeneration become
manifest only when the expression of the endogenous
AlF falls below 20% of its physiological level.'® This phe-
nomenon implies that although AIF might be involved in
the control of neuronal survival/death from prodromal to
early stages of AD progression, such involvement might
become more apparent only at mid-to-late stages of the
pathology. To explore this hypothesis, transgenic AD
models may provide further insight into the initial events
involved in AD pathogenesis.

The present study points to a colocalization of AlF-ir
and NFTs within individual neurons in AD brains. NFTs
are composed of hyperphosphorylated tau protein, which
initially accumulates in neurons within the entorhinal cor-
tex and CA1 subfield of the hippocampus.?®°%5* This
intracellular hyperphosphorylated tau leads to the forma-
tion of NFTs, which destabilizes the cytoskeleton net-
work.5%56 Hyperphosphorylated tau has reduced binding
affinity for microtubules, leading to the depolymerization
of microtubules and contributing to the neuronal losses
observed in AD.%®%” Recent studies have shown that tau
is a cleavage substrate for activated caspases-3, —6,
—8, and —9 after apoptotic stimuli.**7 1958 The caspase
cleavage of tau generates a proteolytic product that as-
sembles more readily and extensively into pathological
tau filaments.®>®® The data presented here suggest that
the main mediator of caspase-independent apoptotic
pathway, AlF is associated with the NFT-initiated tangle



pathology. Further investigations will be required to es-
tablish the role of AIF in tau pathology using models of
AlF-overexpressing cells and “triple” transgenic AD
mice expressing hyperphosphorylated pathological
form of tau.®®

The increased cellular AlF-ir in the AD hippocampus
and entorhinal cortex seems at odds with our previous
report showing that the overall level of AIF expression in
frontal and temporal cortices of AD patients is lower than
in age-matched controls.?* This disparity is likely related
to the difference in methodological approaches: immuno-
histochemistry versus immunoblotting used in our present
and previous studies, respectively. Indeed, immunocyto-
chemistry allows the identification of regional and subre-
gional differences in AIF distribution. It is likely that different
brain cell populations display different levels of AIF expres-
sion and could have remained undetectable in immunoblot-
ting experiments using tissue homogenates.

In summary, our results suggest that neuronal AlF is
upregulated in the AD hippocampus and entorhinal cor-
tex. Moreover, we report that AlF is intimately linked to
NFTs. Finally, the increased nuclear localization of AlF in
the AD brain suggests a possible role for AIF in caspase-
independent apoptosis and neuronal degeneration at
mid-to-late stages of this neurodegenerative disorder.
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