The Journal of Neuroscience, August 30, 2006 + 26(35):9057-9068 + 9057

Neurobiology of Disease

Accumulation of Amyloid Precursor Protein in the
Mitochondrial Import Channels of Human Alzheimer’s
Disease Brain Is Associated with Mitochondrial Dysfunction

Latha Devi, Badanavalu M. Prabhu, Domenico F. Galati, Narayan G. Avadhani, and
Hindupur K. Anandatheerthavarada
Department of Animal Biology, School of Veterinary Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104

Mitochondrial dysfunction is one of the major intracellular lesions of Alzheimer’s disease (AD). However, the causative factors involved
in the mitochondrial dysfunction in human AD are not well understood. Here we report that nonglycosylated full-length and C-terminal
truncated amyloid precursor protein (APP) accumulates exclusively in the protein import channels of mitochondria of human AD brains
but not in age-matched controls. Furthermore, in AD brains, mitochondrially associated APP formed stable ~480 kDa complexes with
the translocase of the outer mitochondrial membrane 40 (TOM40) import channel and a super complex of ~620 kDa with both mitochondrial
TOM40 and the translocase of the inner mitochondrial membrane 23 (TIM23) import channel TIM23 in an “Nj;, yitochondria=Cout cytoplasm
orientation. Accumulation of APP across mitochondrial import channels, which varied with the severity of AD, inhibited the entry of nuclear-
encoded cytochrome ¢ oxidase subunits IV and Vb proteins, which was associated with decreased cytochrome c oxidase activity and increased
levels of H,0,. Regional distribution of mitochondrial APP showed higher levels in AD-vulnerable brain regions, such as the frontal cortex,
hippocampus, and amygdala. Mitochondrial accumulation of APP was also observed in the cholinergic, dopaminergic, GABAergic, and gluta-
matergic neuronal types in the category III AD brains. The levels of translocationally arrested mitochondrial APP directly correlated with
mitochondrial dysfunction. Moreover, apolipoprotein genotype analysis revealed that AD subjects with the E3/E4 alleles had the highest content
of mitochondrial APP. Collectively, these results suggest that abnormal accumulation of APP across mitochondrial import channels, causing

mitochondrial dysfunction, is a hallmark of human AD pathology.
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Introduction
The neuropathological hallmarks of Alzheimer’s disease (AD)
include extensive neuronal loss, the presence of numerous neu-
rofibrillary tangles (NFTs), and senile plaques in the brain, which
are common to both early onset (familial) and late onset (spo-
radic) AD (Price and Sisodia, 1998; Selkoe, 1999). The NFTs are
composed of hyperphosphorylated tau protein. The major con-
stituent of a senile plaque is B-amyloid (A), which is a 40—43
amino acid peptide produced by the action of secretory pathway-
associated proteases, namely 3 and vy secretases, at the C terminus
of a type I membrane-spanning glycoprotein termed amyloid
precursor protein (APP). The vy secretase, a multimeric complex,
consists of presenilin (PS), nicastrin, Aphl, and Pen2. PS is in-
volved in the catalytic activity of the vy secretase complex (Periz
and Fortini, 2004; Brunkan and Goate, 2005).

In addition to NFTs and A plaques, pathobiology of AD is
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also associated with a number of intracellular lesions, including
mitochondrial dysfunction (Reddy and Beal, 2005) and the accu-
mulation of intracellular AB (Busciglio et al., 2002; Gouras et al.,
2005). Decreased energy metabolism is one of the earliest detect-
able defects in AD. Altered mitochondrial fluidity and the activity
of mitochondrial cytochrome ¢ oxidase, which is the terminal
oxidase in the respiratory chain, have been reported to be low in
the AD brains (Parker, 1991; Sims, 1996; Maurer et al., 2000).
Furthermore, a correlation was reported between decreased cy-
tochrome ¢ oxidase activity and deficits in cognitive abilities
(Cada et al., 1995; Agin et al., 2001; Berndt et al., 2001). Never-
theless, the mechanisms related to the impairment of mitochon-
drial functions specific to AD remain unclear. Furthermore, mi-
tochondrial dysfunction may vary with apolipoprotein E (ApoE)
genotype, which is thought to be one of the major risk factors for
the late onset AD (Gibson et al., 2000; Kamboh, 2004). However,
it is not clear whether these factors/lesions are independent of
each other or inter-related in the pathogenesis of AD.

Recently, a study from our laboratory suggested a direct rela-
tionship between mitochondrial dysfunction and mitochondrial
targeting of APP (Anandatheerthavarada et al., 2003). Using a
human cortical neuronal (HCN) culture system, we showed that
full-length APP is targeted to both mitochondria and plasma
membrane (PM) by virtue of N-terminal chimeric signals. Inter-
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estingly, mitochondrial translocation of APP was incomplete be-
cause of an internal acidic domain present between 220 and 290
amino acids. Progressive mitochondrial accumulation of incom-
pletely translocated APP caused mitochondrial dysfunction and
impaired cellular energy metabolism. In support of this study, a
recent report showed the presence of full-length APP in mito-
chondria of PC12 cell lines stably transfected with APP ¢cDNA
(Keil et al., 2004). However, the precise role and the generality of
the process of mitochondrial targeting of APP in the human brain
and its role in AD pathology remain unknown. In the present
study, using postmortem human brains, we investigated whether
APP is accumulated in the mitochondrial compartment of AD
brain and the relationship between mitochondrially accumulated
APP and mitochondrial dysfunction, as well as the ApoE4 factor
in the pathogenesis of AD.

Materials and Methods

Human subjects. Individual fresh brain hemispheres of both genders
from humans clinically diagnosed with dementia (n = 20) and nonde-
mentia (n = 20), obtained at autopsy, were procured from National
Disease Resource Interchange (NDRI) (Philadelphia, PA). All proce-
dures used to collect postmortem human brains from NDRI were ap-
proved by the Institutional Review Board. The macroscopic examination
of hemispheres from dementia and nondementia subjects was performed
according to The National Institute on Aging (NIA)-Reagan criteria
(The National Institute on Aging and Reagan Institute Working Group
on Diagnostic Criteria for the Neuropathological Assessment of Alzhei-
mer’s Disease, 1997). The fresh brain hemisphere was weighed and sliced
coronally to examine volumetric changes in neocortex, hippocampus,
and substantia nigra to evaluate the AD-specific changes. Eleven brain
regions, specifically, frontal cortex (FC), parietal cortex (PC), occipital
cortex, temporal cortex, hippocampus (HP), amygdala (AG), cerebel-
lum, brainstem, cingulum, basal ganglia, and thalamus, were separated
out as described previously (Montemurro and Brunni, 1998) Small por-
tions of each fresh brain region were fixed in 10% buffered formaldehyde
and 4% buffered paraformaldehyde containing 2% glutaraldehyde to
perform immunohistochemistry and immunoelectron microscopy stud-
ies, respectively. Simultaneously, another portion of each brain region
was used for isolating subcellular fractions without additional delay.

Neuropathology. The dementia cases used in the study were late onset.
Neuropathological assessments of postmortem brains were performed
according to the NIA—Reagan Institute recommendations (The National
Institute on Aging and Reagan Institute Working Group on Diagnostic
Criteria for the Neuropathological Assessment of Alzheimer’s Disease,
1997). Tissues from all 11 brain regions of dementia and nondementia
cases were double stained with thioflavin S and polyclonal antibodies to
AP (Zymed, San Francisco, CA), which detects both AB,_,,and AB,_,,
species to identify amyloid plaques as described previously (Bussiere et
al., 2004). NFTs were stained using polyclonal antibodies to NFTs (Sero-
tec, Indianapolis, IN). Plaques showing both thioflavin S and A staining
were identified and counted from three individual serial sections under a
fluorescent microscope (Olympus Optical, Thornwood, NY). The final
AP plaque load was considered as the average number of plaques per
square millimeter.

ApoE genotyping. Apolipoprotein E genotyping was performed in the
Molecular Diagnosis and Genotyping Facility at the University of Penn-
sylvania. Briefly, genomic DNA was isolated from brain samples using
standard protocol. DNA replicates, at a concentration of 5 ng/ml, and the
PCR mix were plated in a Biomek (Beckman Coulter, Fullerton, CA)
multiwell plate. The plate was vortexed, centrifuged, and thermocycled
(MJ Research, Watertown, MA) for 40—60 cycles, scanned on an
ABI7900HT (Applied Biosystems, Foster City, CA), and analyzed using
ABI Auto Call software (SDS version 2.1; Applied Biosystems). Results
were confirmed by PCR-coupled restriction-length polymorphism.

Triple immunohistochemistry. The fresh brain tissues (frontal cortex
and striatum) from AD1 (category I), AD11 (category II), AD16 (cate-
gory III), and nondementia control (NC17) subjects were fixed in 10%
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buffered Formalin. Paraffin-embedded tissues were cut into 10 wm serial
sections using a microtome (Olympus Optical). Serial sections from
frontal cortex [Broddman’s area 10 (BM10)] were blocked in PBS buffer
(containing 0.05% Triton X-100 and 5% donkey serum) and further
sequentially stained overnight at 4°C with mouse monoclonal antibodies
raised to the N-terminal 18—38 amino acids of APP (APP Nt Ab) (Cal-
biochem, La Jolla, CA) and rabbit polyclonal anti- translocase of the
outer mitochondrial membrane 40 (TOM40) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Then sections were washed with PBS (three times
for 5 min) and stained separately with either goat polyclonal anti-choline
acetyltransferase (ChAT) (Chemicon, Temecula, CA) or goat polyclonal
anti-glutamate decarboxylase (Santa Cruz Biotechnology) to identify
cholinergic and GABAergic neurons, respectively. After the primary an-
tibody staining, sections were washed with PBS (three times for 5 min)
and stained sequentially with appropriate secondary antibodies conju-
gated to Alexa 488 (green), Alexa 594 (red) or Alexa 350 (blue) (Invitro-
gen, Carlsbad, CA) for 1 h at room temperature. Mitochondrial localiza-
tion of APP in glutamatergic neurons was performed using mouse
monoclonal anti-APP Nt, goat polyclonal anti-TOM40 (Santa Cruz Bio-
technology) and rabbit polyclonal anti-glutamate (Chemicon). Colocaliza-
tion of APP in dopaminergic neurons was investigated by staining the sec-
tions from basal ganglia (striatal area) with goat polyclonal antibodies raised
to the N-terminal 44—63 amino acids of APP (Calbiochem), anti-rabbit
polyclonal TOM40 (Santa Cruz Biotechnology), and mouse monoclonal-
anti tyrosine hydroxylase (Sigma, St. Louis, MO) as described above. The
sections were then subjected to confocal fluorescence microscopy (Meta 510;
Zeiss, Oberkochen, Germany). Control staining of both AD and NC brain
sections was also performed using preabsorbed APP antibodies against the
antigenic peptides to examine the specificity of the APP staining.

Immunoelectron microscopy. Triple-labeling immunoelectron micros-
copy was performed in the Biomedical Imaging Core Laboratory at the
University of Pennsylvania as described previously (Anandatheertha-
varada et al., 2003) with little modifications. Fresh tissues from the fron-
tal cortex (BM10 area) of AD1 and NC17 were fixed in 20 mm phosphate
buffer containing 4% formaldehyde and 2% glutaraldehyde immediately
to avoid ice crystal formation, which will disrupt the cell morphology.
Ultrathin sections were incubated with mouse monoclonal APP Nt Ab
(Calbiochem) and rabbit polyclonal AB Ab (Zymed), as well as antibody
to goat polyclonal TOM40 Ab (Santa Cruz Biotechnology) for 24 h at
4°C. The grids were rinsed with TBS with Tween 20 for 15 min and
incubated with anti-goat (20 nm), anti-mouse (10 nm), and anti-rabbit
(5 nm) colloidal gold-conjugated IgGs. The sections were examined and
photographed in an electron microscope (JEM-1010; Jeol, Peabody,
MA).

Immunoblot analysis of mitochondrial AB. Mitochondrial proteins (50
pg) from the frontal cortex of AD1 and NC17 were separated on 12%
tricine gels and transferred to polyvinylidene difluoride (PVDF) mem-
brane. The blot was immunostained with rabbit polyclonal antibody to
A, and the bands were developed using the Pierce (Rockford, IL) Super
Signal ULTRA chemiluminescent substrate kit in a Versa Doc (Bio-Rad,
Hercules, CA) imaging system.

Isolation of subcellular fractions. Approximately 1 g of brain tissue was
homogenized in 4 vol of homogenization medium containing the follow-
ing (in mm): 70 sucrose, 210 mannitol, 2 HEPES, and 0.1 EDTA (H
medium). Homogenate was centrifuged at 2000 X g for 10 min. The
pellet was resuspended in isolation buffer and processed for plasma
membrane as described previously (Dasso, 1998). The resultant super-
natant was centrifuged at 18,000 X g for 20 min to obtain the crude
mitochondrial pellet, which was layered on 0.8 M sucrose and centrifuged
at 22,000 X gfor 30 min to remove myelin contamination. The pellet was
further treated with digitonin, as described previously (Brown et al.,
2004), to remove microsomal and synaptosomal membrane contamina-
tion. The final pellet was termed total mitochondria. Postmitochondrial
supernatant was centrifuged at 100,000 X g to obtain the microsomal
pellet. Subcellular fractions were resuspended in appropriate volumes of
50 mM phosphate buffer, pH 7.4, containing 10% glycerol and protease
inhibitor cocktail (Roche, Indianapolis, IN) and were subjected to bio-
chemical analysis without additional delay. Protein concentration was
measured by the Lowry assay (Lowry et al., 1951). Cross-contamination
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Figure1. Mitochondrial targeting of APP in human frontal cortex of AD and NCbrains. Inmunoblot analysis of marker proteins

for synaptosomal (S.5), mitochondrial (Mito.), and PM fractions from frontal cortex of AD and NC using antibodies to synapto-
physin (S.P) (), TIM44 (B),and Na * /K * ATPase (C). Levels of APP in mitochondrial and PM fractions of AD and NC brains (frontal
cortex) by immunoblot using APP Nt Ab (D) and A3 Ab (F). E, Quantitation of immunoblot shown in D. Gand Hindicate the levels
of TIM44 and Na /K ™ ATPase proteins in Mito and PM fractions by western immunoblotting using antibodies to TIM44 and
Na /K™ ATPase, respectively. Fifty micrograms of protein of each subcellular fraction were used in all cases. /, Inmunoblot
analysis of glycosidase-treated mitochondrial and PM fractions (100 g each) from frontal cortex of AD16 brain using APP Nt Ab.
M.W, Molecular weights. *p << 0.05 compared with ADT PM fractions. Mean == SEM calculated from three separate blots.

of mitochondrial fractions with nonmitochondrial membranes was in-
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mg). The mitochondrial suspension was sedi-
mented through 0.8 M sucrose, and the final pel-
let was suspended in H medium. Mitochondrial
proteins were separated on a 12% tricine gel for
immunoblot analysis with APP Nt and AB
antibodies.

Glycosidase treatment. Mitochondrial and
PM proteins (150 ug) were subjected to degly-
cosylation in 50 ul of 100 mm Tris-HCI buffer,
pH 8.6, with 2 mU of PNGase F (Roche) at 37°C
for 12 h. The membranes were reisolated and
suspended in 100 mum sodium citrate buffer, pH
6.0, containing 0.1% SDS, 1% NP-40, and 2 mU
O-glycanase (Roche). After overnight incuba-
tion at 37°C, the reaction mixture was mixed
with 0.2 vol of 5X Laemmeli’s buffer and sub-
jected to SDS-PAGE, followed by immunoblot-
ting using mouse monoclonal APP Nt Ab.

Blue native gel electrophoresis. Blue native
(BN)-PAGE was performed as described previ-
ously (Schagger and von Jagow, 1991) with
modifications. Total mitochondria (400 ug)
from the frontal cortex (BM10) of AD1, AD11,
AD16, NC2, NC15, and NC17 were resus-
pended in extraction buffer containing 0.75 M
aminocaproic acid, 50 mm BisTris, pH 7.0, and
n-dodecyl- B-p-maltoside (2% w/v). The mix-
ture was incubated for 30 min on ice. The sam-
ples were centrifuged at 72,000 X g for 30 min,
and Coomassie Brilliant Blue G-250 (Serva,
Garden City Park, NY) in 0.75 M aminocaproic
acid was added to the supernatant to give a final
concentration of 0.3% w/v. The complexes were
separated on a 5-12% acrylamide gel using 50
mM BisTris as an anode buffer and 15 mm Bis-
Tris/50 mM tricine containing 0.02% Coomas-
sie Brilliant Blue G-250 as a cathode buffer. Be-
fore blotting, the gels were soaked in Tris—
glycine transfer buffer containing 0.02% SDS
for 10 min, and the proteins were transferred to
PVDF membranes (Bio-Rad) at 100 V for 2 h
and probed with specific antibodies. The blots
were developed using the Pierce Super Signal
ULTRA chemiluminescent substrate kit in a
Versa Doc (Bio-Rad) imaging system and quan-
titated using Quantity One software.

Measurement of mitochondrial cytochrome ¢
oxidase activity and H,0O,. Cytochrome c¢ oxi-
dase activity in mitochondria from the frontal
cortex of AD1, AD11, AD16, NC2, NC15, and
NC17 was measured as described previously
(Vijayasarathy et al., 1999). The rate of oxida-
tion of ferrocytochrome ¢ was measured by a
decrease in absorbance at 550 nm. Assays were
performed in 1 ml reaction mixture containing
50 mM potassium phosphate buffer, pH 7.0,
0.05% lauryl maltoside, 1 mm EDTA, and 5 ug
of mitochondrial protein. The reaction was
started by the addition of 80 um ferrocyto-
chrome c. Reduction in absorbance was moni-
tored for 1 min. Cytochrome ¢ oxidase activity

vestigated by Western immunoblotting with antibodies to PM marker
proteins Na /K ™ ATPase (Sigma), synaptosomal marker synaptophysin
(Chemicon), and mitochondrial marker translocase of the inner mito-
chondrial membrane 44 (TIM44) (Santa Cruz Biotechnology).

Limited trypsin digestion. One-hundred fifty micrograms of freshly
isolated mitochondria was suspended in H medium and subjected to
trypsin digestion (30 g of trypsin per milligram of protein) on ice for 45
min. The reaction was terminated by adding trypsin inhibitor (300 ug/

was determined using an absorbance coefficient (reduced—oxidized) at
550 nm of 21.1 mm/cm. Values were expressed as micromoles cyto-
chrome ¢ oxidized/ per minute per milligram of protein.

H,0, levels in the above mentioned AD and NC mitochondrial iso-
lates (100 ug) were measured using the Fluoro H,O, kit from Cell Tech-
nologies, according to protocol of the manufacturer. The final fluores-
cent product, resorufin, was measured at the excitation wavelength 570
nm and the emission wavelength 600 nm in a BioScan (Washington, DC)
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Multilabel Detection plate reader. Simulta-
neously, a standard curve using H,O, was also
run. The final values were expressed as micro-

A
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moles of H,O, per milligram of mitochondrial
protein.

M.W(kDa)

Mito | Pm |

In vitro mitochondrial import of proteins. Mi-
tochondria from the frontal cortex (BM10) re-
gion of AD1, AD11, AD16, NC2, NC15, and
NC17 were isolated essentially as described
above. [?>S]-labeled translation products for
cytochrome c oxidase subunits IV and Vb were 68
generated in a transcription-coupled transla-
tion system (Promega, Madison, WI) according
to the protocol of the manufacturer. Import of
in vitro-synthesized proteins was performed in
a 200 ul reaction volume as described previ-
ously (Addya et al., 1997; Anandatheertha-
varada et al., 2003). The incubation mixture
was subjected to trypsin treatment (150 ug/ml
reaction), and mitochondria were reisolated by B
layering through 0.8 M sucrose and subsequent
centrifugation at 20,000 X ¢ for 20 min. Mito- 205
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chondrial proteins were separated by SDS-
PAGE and subjected to fluorography to visual-
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ize the mitochondrially protected [ *°S]-labeled
cytochrome ¢ oxidase subunits IV and Vb.

Measurement of mitochondrial APP. The total
mitochondrial APP in various brain regions
was measured by semi-quantitative Western
immunoblot using mouse monoclonal APP Nt
Ab and further confirmed with the quantitative
Human APP Elisa kit (Biosource, Camarillo,
CA) according to the protocol of the
manufacturer.

MTT assay. The conversion of MTT to
formazan by mitochondria was performed as
described previously (Duan et al., 1999). Mito-
chondria (200 ug of protein) were incubated
with MTT dye (0.5 mg/ml) in a 400 ul reaction
volume at 37°C for 90 min. After the incuba-
tion, mitochondria were isolated and sus-
pended in DMSO (100%), and the absorbance
of the solution was measured spectrophoto-
metrically at 592 nm.

Statistical analysis. Statistical analyses were
performed using Origin 7.5 software (Microcal
Software, Northampton, MA). The correlation
between mitochondrial total APP content and
MTT activity was statistically analyzed using
scatter plots, which were first generated for two
variables. Next, linear regression analysis was
performed to measure the association between
variables. Statistical analysis and the level of sig-
nificance were assessed by one-way ANOVA,
followed by post hoc Tukey—Kramer.

Results

Neuropathological assessment of
postmortem subjects

The average postmortem intervals for de-
mentia (supplemental Table 1, available at www.jneurosci.org as
supplemental material) and nondementia (supplemental Table
2, available at www.jneurosci.org as supplemental material) sub-
jects used in the study are 6 = 2 and 8 £ 1 h, respectively. We
performed the evaluation of amyloid plaque load and NFT in
various brain regions of both dementia and nondementia sub-
jects according to NIA—Reagan Institute neuropathological crite-
ria (The National Institute on Aging and Reagan Institute Work-
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Figure 2.
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NC17 AD1 Apstd E

4 kDa—»
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| Mitochondria |

Topology of mitochondrial APP in the frontal cortex of AD brain. Limited trypsin treatment, followed by Western
immunoblot analysis of mitochondrial (Mito) and PM fractions (100 jg) was performed using APP Nt Ab (4) and A3 Ab (B) from
AD16 frontal cortex. Inmunoelectron microscopy of AD1(C) and NC15 (D) frontal cortex (BM10 area) using APP Nt Ab, TOM40 Ab,
and A3 Ab.M.W, Molecular weights; M, mitochondrion; arrow 1, A3 containing COOH terminus of APP (5 nm gold particle); arrow
2, TOM40 (20 nm gold particle); arrow 3, NH, terminus of APP (10 nm gold particle). E, Western immunoblot analysis of A3 in the
mitochondrial fractions (50 wg) isolated from AD1 and NC17 frontal cortex. ABstd, Synthetic A3 peptide standard.

ing Group on Diagnostic Criteria for the Neuropathological
Assessment of Alzheimer’s Disease, 1997). Based on this, we di-
vided dementia subjects into three categories (supplemental Ta-
ble 1, available at www.jneurosci.org as supplemental material).
Categories I, II, and III fell under moderate, moderate/high, and
high probabilities of AD, respectively. Macroscopic examination
showed a marked shrinkage of neocortex and hippocampus in
the subjects belonging to categories II and III, but not category I,
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Accumulation of APP in mitochondria
of AD brains

Next, we investigated whether APP is tar-
geted to mitochondria in human AD and
NC brains by Western immunoblot analy-
sis using mouse monoclonal antibody spe-
cific to the APP N terminus (APP Nt Ab)
that recognizes all APP isoforms. In the
mitochondrial fraction from the AD16
(category III), a significant accumulation
of APP forms, ranging from 80 to 97 kDa
bands, migrating in two major clusters was
observed (Fig. 1D). The molecular forms
migrating as 90—97 kDa band formed clus-
ter 1, whereas cluster 2 contained the
80—85 kDa forms (Fig. 1 D). In contrast to
ADI16, the mitochondrial fraction from
AD1 showed major cluster 1 and minor
cluster 2 bands (Fig. 1 D). Surprisingly, the
immunoreactive APP forms in mitochon-
dria of NC15 and NC17 brains were unde-
tectable (Fig. 1 D). PM fractions from AD
(1 and 16) as well as NC (15 and 17) sub-
jects showed the constitutive levels of APP
forms migrating in two clusters at the

AD 11
NC 17
AD 16
M. W(kDa)

-  Booo

443 range of 110—130 kDa that were recog-

nized by APP Nt Ab (Fig. 1 D). However,
243 the level of total APP (clusters 1 and 2) in
140 PM fractions from NC (15 and 17) subjects

were approximately sixfold higher than
that of AD (1 and 16) subjects (Fig. 1 D, E).
Interestingly, mitochondrial fractions

Mitochondria

Figure3.

compared with nondementia subjects. However, none of the AD
categoriesshowed a visible shrinkage of the substantia nigra com-
pared with nondementia subjects, suggesting the occurrence of
AD-specific abnormalities in dementia subjects. Brain regions
from nondementia subjects showed no staining for AB-specific
amyloid plaque or NFT, indicating that these subjects do not fall
under AD. Dementia and nondementia subjects are referred to as
AD and NC subjects, respectively, throughout the manuscript.

Purity of the isolated mitochondrial fractions

First, we investigated the cross-contamination of isolated total
mitochondria from frontal cortex of AD (1 and 16), as well as
age-matched NC (15 and 17) brains, with PM and synaptosomal
membranes by Western immunoblot analysis using antibodies to
synaptic membrane marker synaptophysin (Fig. 1A, S.P), mito-
chondrial marker TIM44 (Fig. 1B), and PM marker Na*/K™
ATPase (Fig. 1C). None of these marker proteins, except mito-
chondrial TIM44, were detected in the mitochondrial fractions
isolated from both AD and NC subjects (Fig. 1 B), suggesting that
mitochondria isolated from AD and NC subjects were devoid of
synaptosomal membrane and PM contamination.

Mitochondria

Characterization of APP-associated mitochondrial outer and inner membrane translocase complexes and the protein
import efficiency of mitochondria from frontal cortex of AD brains. A, BN-PAGE-coupled Western immunoblot analysis of high-
molecular-weight complexes in mitochondrial (Mito) and microsomal (Micro) fractions (200 wg) of AD and NC brains was
performed using APP Nt Ab. B, Lower (480 kDa) and upper (620 kDa) complexes of AD mitochondria were quantitated by using
Quantity One software from three independent experiments. M.W, Molecular weights. *p << 0.05 compared with AD1 480 kDa
band; **p << 0.05 compared with AD1 620 band. BN-PAGE-coupled immunoblot analysis of AD and NC mitochondrial TOM and
TIM complexes using TOM40 Ab (€) and TIM23 Ab (D), respectively. @, Free TOM40 complex; &, free TIM23 complex.

from AD brains had significantly higher
(twofold to fourfold) levels of total APP
than corresponding PM fractions (Fig.
1D,E). To determine the identity of APP
forms present in the two clusters of mito-
chondrial and PM fractions, we probed
these fractions with C-terminal AfB-
specific Abs. In AD brain mitochondria,
only the slower migrating bands (cluster 1)
were recognized by the AB Ab (Fig. 1F).
However, the faster migrating bands (cluster 2) did not react with
AB Ab, indicating that they were C-terminal-truncated APP
forms. On the contrary, AB Ab recognized both of the clusters in
PM fractions from AD and NC brains (Fig. 1 F). Nevertheless, the
levels of mitochondrial TIM44 (Fig. 1G) and PM-associated
Na /K" ATPase (Fig. 1 H) were constant in AD and NC brains.
These results suggest that the full-length and AB-lacking APP
forms accumulate in the AD brain mitochondria. In support of
this conclusion, various APP N-terminus antibodies such as goat
anti-APP N-terminus 44—63, rabbit anti-APP N-terminus 99—
126, and mouse anti-APP N-terminus 66—81 (Chemicon) cross-
reacted with cluster 1 proteins but not with cluster 2 proteins
(data not shown).

Mitochondrial accumulated APP in AD brain

is nonglycosylated

We further investigated the differential mobility of AD mito-
chondrial and PM-associated APP forms by subjecting them to
treatment with glycosidases. Western immunoblot analysis with
APP Nt Ab showed that, after the treatment with glycosidases,
mobility of PM-associated APP forms (clusters 1 and 2) were
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Figure4. Levels of cytochrome c oxidase (4), H,0, (B), and import of cytochrome ¢ oxidase
subunits Vb (€) and IV (D) in the isolated mitochondria from frontal cortex of AD and NC brains
were measured as described in Materials and Methods using 150 g of trypsin per milliliter of
reaction (+).im, Immature; m, mature. E, Mitochondrially imported radioactive bandsin Cand
D were quantified using a Phosphoimager. In4, B, and E (n = 3), *p << 0.05 compared with NC.
Error bars indicate SEM.

reduced to 90—97 kDa (Fig. 11). In contrast, the mobility of mi-
tochondrial APP, both full-length and C-terminal-truncated
forms (clusters 1 and 2, respectively) were unaffected (Fig. 11),
suggesting that the mitochondrial-associated APP forms in AD
brain are nonglycosylated, whereas those of PM are glycosylated.

Incomplete translocation of APP in AD mitochondria
We examined the orientation of mitochondrial associated APP in
ADI1 frontal cortex using limited trypsin digestion, followed by
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probing with APP Nt Ab and A3 Ab. Results showed that only the
APP Nt Ab, but not the A Ab (Fig. 2B), was able to detect the
mitochondrial associated ~22 kDa APP fragment (Fig. 2A), sug-
gesting that a part of APP (~220 amino acid length of N termi-
nus) is localized inside the mitochondria and the rest, which is
accessible to trypsin treatment, is extra mitochondrial. After the
treatment with trypsin, PM-associated APP was not recognized
by either APP Nt Ab or A Ab, indicating the complete accessi-
bility of PM-associated APP forms to trypsin. To substantiate
these biochemical observations, we performed triple-labeling im-
munoelectron microscopy of the frontal cortex (BM10; AD1) of
AD brain using APP Nt Ab, A Ab, and TOM40 Ab simulta-
neously. We then costained with colloidal gold-conjugated sec-
ondary antibodies, each specific for a given antibody. The anti-
APP Nt Ab was conjugated to 10 nm gold particles (#3), the
anti-AB Ab to 5 nm gold particles (#1), and the anti-TOM40 Ab
to 20 nm gold particles (#2). The electron micrograph in Figure
2C shows that APP-specific (#1 and #3) electron-dense particles
are associated with mitochondria (M) in the ADI brain com-
pared with that of NC17 brain, which showed only TOM40 reac-
tivity (#2) (Fig. 2D). Interestingly, the location of N-terminal-
specific (#3) and C-terminal-specific (#1) labeling suggest that
the mitochondrial associated APP is organized in an “N in mito-
chondria—C out cytoplasm” orientation and is possibly traversing
the channel-forming TOM40 protein (#2). In support of the
Western blot data (Fig. 1D, F), some portions of mitochondria
showed the presence of intramitochondrial APP N-terminal (#3)
and TOMA40 (#2) but not A (#3) staining, suggesting that some
APP molecules lack the AB-containing C terminus (Fig. 2C). In
addition, we also observed the immunoreactivity for AB alone
(#1) inside the mitochondria, which was not associated with ei-
ther APP N terminus (# 3) or TOM40 (#2). As expected, endo-
plasmic reticulum (ER) showed only APP N-terminal (#3) and
C-terminal A (#1) staining but not TOM40-specific labeling in
AD1 brain (Fig. 2C). These results collectively suggest that the APP
protein may be incompletely translocated to mitochondria and is in
direct contact with the channel-forming TOM40 protein in AD
brain.

We further investigated the presence of AB in the mitochon-
drial fractions from AD1 and NC17 by tricine-PAGE (12%) cou-
pled Western blot analysis. In agreement with the immunoelec-
tron microscopy results, the mitochondrial fraction from AD1
brain, but not NC17, showed the AB antibody immunoreactive
~4 kDa band, which comigrated with the synthetic AB peptide
(Fig. 2 E). Identical results were obtained when antibodies to dif-
ferent epitopes of AB, such as AB,_,, and AB;_,s (Chemicon),
were used (data not shown). These results confirm the previous
reports suggesting the presence of AB species in the mitochondria
(Hirai et al., 2001; Caspersen et al., 2005; Crouch et al., 2005;
Manczak et al., 2006).

APP forms complexes with mitochondrial inner and outer
membrane translocases in AD brain

Previously, using a chemical cross-linking approach, we observed
the interaction between mitochondrial APP and mitochondrial
outer and inner membrane channel-forming TOM40 and
TIM23, respectively (Anandatheerthavarada et al., 2003). Under
physiological conditions, TOM40, along with other outer mem-
brane translocases, forms an ~380 kDa complex, whereas TIM23
interacts with TIM17 to form an ~100 kDa inner membrane
complex (Dekker et al., 1997; Moro et al., 1999). Hence, we tested
whether translocationally arrested mitochondrial APP is stably
associated with these membrane complexes in AD brains using
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TC, temporal cortex; TH, thalamus.

BN-PAGE. Western immunoblot analysis of BN-PAGE using
APP Nt Ab revealed two distinct complexes that migrated as
~480 and ~620 kDa in mitochondrial extracts of AD brains (Fig.
3A). The intensities of these two complexes varied among the AD
brains. Highest intensity was observed in the AD subject belong-
ing to category III, followed by categories IT and I (Fig. 3B). How-
ever, APP Nt Ab failed to recognize these complexes in NC mito-
chondria and the microsomal fractions from both AD and NC
brains (Fig. 3A), suggesting that these complexes are exclusive to
AD brain mitochondria. Probing the blots with TOM40 Ab re-
vealed the presence of outer membrane channel-forming
TOM40 immunoreactivity in both of the APP-associated ~480
and ~620 kDa complexes (Fig. 3C). Most of the ~380 kDa
TOM40 complexes in AD mitochondria were associated with
APP, because the levels of free TOM40 complex (represented as
@) in AD mitochondria were less than NC mitochondria (Fig.
3C). Antibodies to TIM23 recognized an APP-associated ~620
kDa complex and a minor free ~100 kDa inner membrane
TIM23 complex in the AD brains (Fig. 3D). However, NC mito-
chondria had higher amounts of the free ~100 kDa TIM23 com-
plex (represented as &) when compared with AD mitochondria.
These results conclusively show that the accumulated mitochon-
drial APP forms high-molecular-weight, stable complexes with
TOM40 and TIM23 protein import channels of AD brain.
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Mitochondrial accumulation of APP is

Levels of mitochondrial APP in various regions of AD brains carrying multiple ApoE genotypes: APP distribution in
various brain regions of mitochondrial fractions (50 j.g) were evaluated by immunoblot analysis using APP Ntin AD1 (4), AD11
(€),and AD16 (E) subjects. Densitometric analysis of 4, €, and E are represented in B, D, and F, respectively (in each case, n = 3).
*p < 0.05 compared with PC. G, Content of mitochondrial marker TIM44 in AD16 brain was analyzed by immunoblot analysis
using antibodies to TIM44. H, Effect of ApoE genotyping on mitochondrial APP levels in AD brains by Western immunoblotting
using APP Nt Ab. APP levels were represented as arbitrary absorbance units. /, Quantitation of the blot presented in H (n = 3).
*p < 0.05 compared with E3/E3 genotype (AD1). Error bars indicate SEM. BG, Basal ganglia; CE, cerebellum; OC, occipital cortex;

Categories associated with decreased cytochrome ¢
Il m oxidase activity and increased levels of
H,0, in mitochondria
’nu-!-a. Reduced mitochondrial cytochrome ¢ oxi-
==\ dase activity and increased oxidative stress

have been associated with the pathogenesis
of AD (Parker, 1991; Maurer et al., 2000;
Manczak et al., 2006). Furthermore, results
from the neuronal culture system showed
that incomplete mitochondrial transloca-
tion of APP was associated with decreased
cytochrome ¢ oxidase activity (Anan-
datheerthavarada et al., 2003). With this in
mind, we determined whether the accu-
mulation of incompletely translocated
APP in the mitochondrial import channels
had an adverse effect on cytochrome ¢ ox-
idase activity and the generation of H,0O,,
which in turn produces oxy free radicals
during interaction with metal ions. To ad-
dress this issue, we measured the cyto-
chrome ¢ oxidase activity (Fig. 4A) and
H,0, levels (Fig. 4 B) in the mitochondrial
fractions obtained from the frontal cortex
of AD1 (category I), AD11 (category II),
ADI16 (category III), NC2, NCI15, and
NC17 brains. The activity of cytochrome ¢
oxidase was significantly decreased in AD
brains belonging to all three categories (in
the order of AD16 < AD11 < AD1) com-
pared with that of NC mitochondria (Fig.
4A). In contrast, the levels of mitochon-
drial H,O, increased significantly in AD
brains (in the order of AD16 > ADI11 >
AD1) compared with that of NC brains
(Fig. 4 B). These results suggest that the in-
creased mitochondrial accumulation of
APP is associated with impairment of cyto-
chrome ¢ oxidase activity and increased H,O, production in the
AD brains.

Accumulation of APP in the import channels inhibits the
entry of mitochondrially targeted proteins

We wondered whether accumulation of incompletely translo-
cated APP in the mitochondrial import channels affects the mi-
tochondrial biogenesis of cytochrome ¢ oxidase complex (13 sub-
unit complex) by blocking the transport of nuclear encoded
proteins. These subunits are synthesized as immature precursors
with N-terminal mitochondrial targeting signal sequences. After
internalization into mitochondria, the signal sequences are
cleaved by a matrix protease and the mature proteins are inte-
grated into cytochrome c oxidase to form a holo complex. There-
fore, we determined the AD brain mitochondrial import effi-
ciency of some important nuclear encoded subunits (subunits IV
and Vb) of cytochrome ¢ oxidase. In vitro mitochondrial import
assays using freshly isolated mitochondria from AD and NC
brains were performed. This assay uses protection against limited
proteolytic digestion as a criterion for the import of [ *°S]-labeled
proteins. Results show that the levels of import of cytochrome ¢
oxidase subunit Vb (Fig. 4C) and subunit IV (Fig. 4D) were
markedly reduced in mitochondria from AD brains compared
with that of NC mitochondria. Inhibition of cytochrome ¢ oxi-
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Table 1. Effect of ApoE genotyping on regional distribution of mitochondrial APP in AD brains

among the AD brains (Fig. 4E). Lowest  AD subjects Age (years) Sex Affected brain regions ApoE genotype
import was observed in the AD subject be-
. . Category |

longing to category III, which accumu- AD] 81 M FC HP, AG B/B
lated the highest amount of APP in mito- AD2 74 M FCHP, AG B3/E3
chondrial import channels, followed by IT (aegory 1
and I. However, the mitochondrial import AD3 81 M FC, HP, AG, BG, TH, PC E4/E4
efficiency of these proteins was not signif- AD4 76 M FC, HP, AG, BG, TC, (G E4/E4
icantly affected among mitochondria from AD5 68 F FC, HP, AG, BG, TH E3/E3
age-matched NCs (Fig. 4C-E). These re- AD6 55 F FCHP, TG, PC, OC E3/B3
sults suggest that accumulation of APP AD7 80 F FC,HP, AG, TC, PC, 0C E3/E3
across the import channel blocks the entry AD8 68 F FC, P, AG, TC, PC, OC E4/E4
of nuclear encoded proteins into ADS 7 M FC, HP, BG, AG, PG, OC B/B

. . AD10 80 M FC, HP, AG, PC, TC E2/E4
mitochondria. AD11 70 M FC, HP, AG, PG, TC, OC E4/E4

. Category lll
Frontal cortex, hippocampus, and ADT2 80 F FC, HP, BG, AG, TC, PC, 0, CG, CE, BS E3/E4
amygdala of AD brains show the highest  ap13 87 F FC, HP, BG, AG, TC, PC, 0C, CG, CE, BS E3/E4
amounts of mitochondrial import AD14 80 F FC, HP, BG, AG, TC, PC, TH, OC, CG, CE, BS E3/E4
channel-associated APP AD15 80 M FC, HP, AG, BG, PC, TH, (G, AG, CE, BS E3/E4
We investigated the content and regional AD16 77 M FC, HP, AG, BG, TC, PC, TH, OC, CG, CE, BS E3/E4
distribution of mitochondrial APP in AD AD17 85 F FC,HP, AG, B, PC, TH, OC, (6, CE, BS E3/t4
subjects. The levels of APP in AD subjects e 80 F FC, HP, AG, BG, TG, TH, P OC, CE, BS E3/E4
selected from each category varied from AD19 7 M FC, HP, AG, BG, TG, OG, PG, €6, CE, E3/E4
AD20 80 F FC, HP, AG, BG, PC, TC, OC, CG, CE, BS E3/E4

region to region and subject to subject
(Fig. 5A-F). Mitochondrial APP was
present only in three brain regions of cat-
egory I AD brain (Fig. 5A), and the highest
levels were found in the frontal cortex, followed by hippocampus
and amygdala (Fig. 5B). The AD subject from category II showed
the accumulation of APP on mitochondria in six brain regions
(Fig. 5C; Table 1), with frontal cortex, hippocampus, and amyg-
dala showing significantly higher APP levels compared with the
three other regions (Fig. 5D). Category III, which represents the
most severe AD subjects, showed the highest amounts of mito-
chondrial APP in all 11 brain regions, including the frontal cor-
tex, hippocampus, and amygdala, when compared with other
categories (Fig. 5E, F). However, mitochondrial TIM44 protein
levels were unchanged in all 11 brain regions of category III AD
brain (Fig. 5G). Complete characterization of the regional distri-
bution of mitochondrial APP for all 20 AD subjects is shown in
Table 1. It should be noted that, in all 20 AD cases examined so
far, the highest content of mitochondrial APP was observed in the
AD-vulnerable frontal cortex, hippocampus, and amygdala.
However, mitochondrial accumulation of APP in the cerebellum
and brainstem regions was only seen in the category III subjects
with severe AD.

A higher level of mitochondrial APP is associated with ApoE
E3/E4in AD

To investigate the possible relationship between mitochondrial
accumulation of APP and the genetic status of ApoE, a risk factor
for late onset AD (Kamboh, 2004), we performed ApoE genotyp-
ing on all AD and NC subjects. Most of the NC subjects were the
bearers of the Apo E3/E3 genotype (supplemental Table 2, avail-
able at www.jneurosci.org as supplemental material). Among the
AD subjects, ApoE genotype varied with mitochondrial APP lev-
els (Table 1). Category I subjects were homozygous for the E3
allele, whereas category II, which had higher levels of mitochon-
drial APP when compared with category I, showed variations at
this locus, displaying E4/E4, E3/E3, and E2/E4 genotypes. Inter-
estingly, category IIT AD brains, which carry the E3/E4 genotype,
showed the highest amount of mitochondrial APP accumulation
in 11 brain regions (Table 1) when compared with categories I

M, Male; F, female; FC, frontal cortex; PC, parietal cortex; OC, occipital cortex; TC, temporal cortex; HIP, hippocampus; AG, amygdala; CE, cerebellum; BS,
brainstem; CG, cingulum; BG, basal ganglia; TH, thalamus.

and II (Fig. 5 H,I). These results suggest an important correlation
between ApoE3/E4 heterozygosity and widespread distribution
of mitochondrial APP in the AD brain.

Neuronal accumulation of mitochondrial APP

We tested whether APP is accumulated across mitochondrial
membranes of cholinergic neurons, which are believed to be the
most affected cell types during the pathogenesis of AD (Yan and
Feng, 2004), with confocal triple-labeling immunofluorescence
microscopy. Deparaffinized tissue sections from the frontal cor-
tex (BM10) of NC17 (Fig. 6A-E) and AD16 (category III) (Fig.
5F-]) were subjected to immunostaining with APP Nt Ab (Fig.
6A,F) and TOM40 Ab (Fig. 6 B,G). Sections were also stained
with ChAT Abs to identify cholinergic neurons (Fig. 6C,H). In
NC17 brain, a robust staining around the PM by APP Nt Ab (Fig.
6A) and TOM40-specific staining of particulate structures rem-
iniscent of mitochondria (Fig. 6 B) were observed. However, APP
staining did not overlap with mitochondrial staining (Fig. 6 D);
notably, these cells stained positively for ChAT (Fig. 6E). In
AD16 brain, the APP Nt Ab stained extranuclear granulate struc-
tures (Fig. 6 F), which resembled TOM40 Ab-specific mitochon-
drial staining (Fig. 6G). Contrary to NC17 brain, APP staining in
AD16 brain overlapped extensively with mitochondrial staining
(Fig. 61). Some of these cells were also stained with ChAT, sug-
gesting mitochondrial accumulation of APP in cholinergic neu-
rons (Fig. 6]). The distribution of mitochondrial APP in various
AD brain regions that are rich in dopaminergic, glutamatergic,
and GABAergic neurons prompted us to investigate the mito-
chondrial accumulation of APP in these neuronal types using the
same approach as mentioned above. Triple overlaps presented in
Figure 7 showed that APP staining colocalized with TOM40 mito-
chondrial staining in dopaminergic neurons of the basal ganglia
(striatum) (Fig. 7A), glutamatergic neurons of the frontal cortex
(BM10) (Fig. 7B), and GABAergic neurons of the frontal cor-
tex (BM10) (Fig. 7C) of AD16 brain, whereas these neuronal
types did not show colocalization of APP- and mitochondria-
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APP Nt TOM 40 ChAT Merge
A ab B ab C ab D (A+B)

APP Nt TOM 40 ChAT Merge
F ab G ab H ab | (F+G)

Figure 6.
(BM10 area) tissue sections from NC17 (A—C) and AD16 (F-H ) were triple immunostained with APP Nt Ab (4, F), TOM40 Ab (B,
G),and ChATAb (C, H). Staining patterns (A—C, F-H ) were developed with appropriate secondary antibodies conjugated to Alexa
dyes. Dand E represent overlay patterns of A + Band A + B + (, respectively, in the NCbrain. In the AD brain, /and J represent
overlays of F + Gand F + G + H, respectively. Scale bars, 15 wm.

specific stains in NC17 brain (Fig. 7D-F). We further tested the
mitochondrial localization of APP in the aforementioned neuro-
nal types/brain regions in AD1 (category I) and AD11 (category
II) as described above. We observed the accumulation of APP in
cholinergic neuronal mitochondria of AD1, whereas the AD11
showed the accumulation of APP in the mitochondria of gluta-
matergic and cholinergic neurons (data not shown). However,
neither AD1 nor AD11 showed accumulation of APP in dopami-
nergic or GABAergic neuronal mitochondria (data not shown).
These results suggest that the mitochondrial accumulation of
APP in cholinergic, glutamatergic, dopaminergic, and GABAer-
gic neuronal types may be associated with the severity of AD.

Mitochondrial accumulation of APP directly correlates with
mitochondrial dysfunction in various brain regions of AD

A progressive accumulation of APP across mitochondrial mem-
branes has been shown to cause mitochondrial dysfunction in
HCN neuronal cells (Anandatheerthavarada et al., 2003). Hence,
we examined the effect of accumulation of APP in the import
channels on total mitochondrial functions by performing the
MTT assay (an indicator of mitochondrial redox potential) and
cytochrome ¢ oxidase as markers of mitochondrial function.
These mitochondrial functions were correlated with mitochon-

Confocal immunofluorescence microscopy analysis of mitochondrial APP in cholinergic neurons. Frontal cortex
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drial total APP (as measured by quantita-
tive ELISA) in all of the brain regions of 20
AD subjects. The linear regression plots of
MTT versus mitochondrial APP in frontal
cortex (Fig. 8A), hippocampus (Fig. 8 B),
and amygdala (Fig. 8C) yielded highly sig-
nificant inverse correlations, suggesting
that, in AD brains, with the accumulation
of APP across mitochondrial membranes,
there is a significant decrease in mitochon-
drial functions in various brain regions.
However, MTT values in various NC brain
regions were threefold higher than that of
AD (data not shown). The linear regres-
sion plots of mitochondrial APP versus cy-
tochrome ¢ oxidase activity for FC (Fig.

Merge
E (A+B+C)

Merge 8D), HP (Fig. 8E), and AG (Fig. 8F)
(F+G+H) showed a significant negative correlation
J with the mitochondrial APP levels.

Discussion

Alzheimer’s disease is characterized by a
number of chronic injuries that eventually
cause progressive neurodegeneration. Mi-
tochondrial dysfunction is one of the ear-
liest defects that has been detected in AD
patients (Valla et al., 2001; Manczak et al.,
2004; Beal, 2005). In the present study, we
show the accumulation of nonglycosylated
APP species in mitochondrial import
channels of AD brain, which is directly as-
sociated with the impairment of mito-
chondrial functions as judged by the de-
crease in cytochrome ¢ oxidase activity
(Figs. 4A, 8 D, E), decreased capacity to re-
duce MTT dye (Fig. 8A-C), and the in-
creased production of H,O, (Fig. 4B).
This type of translocational arrest has been
observed for the first time in a disease con-
dition in situ in the human brain.

Under normal physiological condi-
tions, interactions between various mitochondrial translocases
and translocating proteins are expected to be transient (Truscott
et al,, 2001). In contrast, in AD brain, interactions between APP
and mitochondrial translocases appear quite stable and persis-
tent. The stable interaction of APP with mitochondrial translo-
case complexes may be ascribed to the acidic domain spanning
220-290 amino acids. This domain was shown to cause translo-
cational arrest of APP in HCN neuronal culture, thus perturbing
the vital functions of mitochondria (Anandatheerthavaradaetal.,
2003). In addition, removal of the acidic domain caused APP to
completely translocate into mitochondria and did not impair the
mitochondrial functions (Anandatheerthavarada et al., 2003). In
view of these observations, the present data suggest that the acidic
domain-mediated mitochondrial translocational arrest of APP
may contribute to mitochondrial dysfunction during the patho-
genesis of AD.

Translocational arrest of APP may be influenced by many
factors, such as the inability of cytoplasmic chaperones to fully
unfold the polypeptide at the acidic domain during the mito-
chondrial import. The second possibility is that the negatively
charged acidic domain fails to bind efficiently to the negatively
charged TOM22 because of electrostatic repulsion. TOM22 in
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Figure7.  Mitochondrial accumulation of APP in noncholinergic neurons. Confocalimmuno-
fluorescence analysis of triple-stained sections from AD16 (4, C, E) and NC17 (B, D, F) brains
were performed as described in Materials and Methods. A and D were from basal ganglia
(striatum), and B, C, E, and F were from frontal cortex (BM10 area). Green and red staining
patternsin A—F brain represent APP and mitochondrial marker TOM40, respectively. Blue stain-
inginA,D, B,E, and C,F represent tyrosine hydroxylase (TH), glutamate (Glu), and GAD patterns,
respectively. Brown—yellow staining in A—C of AD brain represent colocalization of green stain-
ing (APP) with red staining (mitochondrial TOM40). Scale bars, 15 m.

association with TOM40 plays an important role in the vectorial
transport of proteins. The third possibility may be that the acidic
domain of APP binds to many metal ions and may form a bulky
structure (Hesse et al., 1994) that may cause the translocational
arrest. Many studies have implicated metal ions, including zinc,
copper, iron, and aluminum, in the pathogenesis of AD (McDer-
mott et al., 1979; Lovell et al., 1998; Zatta et al., 2003). Further-
more, some studies have also shown that the cellular concentra-
tions of these metal ions were increased in AD brain (Basun et al.,
1991; Loeffler et al., 1996; Jagannatha Rao et al., 1999). Treatment
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Figure 8. Correlation between mitochondrial APP versus MTT and cytochrome c oxidase in

AD brains. Total APP levels in mitochondria (Mito) were estimated by quantitative APP ELISA in
the frontal cortex, hippocampus, and amygdala of all 20 AD subjects. Scatter plots of mitochon-
drial APP versus mitochondrial functions measured by MTT activity were generated for FC (),
HP (B), and AG (C). Similarly, scatter plots of mitochondrial APP versus cytochrome c oxidase for
FC (D), HP (E), and AG (F). Regression analysis was performed using Origin 7.5 software.

with Clioquinol (a metal chelator) has been shown to reduce the
accumulation of A species in transgenic mouse models (Cherny
et al., 2001). Using the HCN culture system, our laboratory and
others have observed the association between APP-mediated mi-
tochondrial dysfunction and the accumulation of intracellular
AB (Busciglio et al., 2002; Anandatheerthavarada et al., 2003).
However, the mechanisms involved in the association between
mitochondrial dysfunction and the accumulation of intracellular
AP is not known. Together, the above mentioned observations
raise an important question whether the binding of large
amounts of metal ions to the acidic domain causes increased
mitochondrial translocational arrest of APP, which in turn re-
sults in the mitochondrial dysfunction and the associated A3
accumulation during the pathogenesis of AD. Collectively, the
data presented in this manuscript highlight the notion that the
progressive blockade of protein import channels by APP may be
one of the major causes of mitochondrial dysfunction in the hu-
man AD brain.

Well over 1500 nuclear encoded proteins are reported to be
associated with mammalian mitochondria (Taylor et al., 2003;
Gabaldon and Huynen, 2004). Transport of almost all of these
proteins into mitochondria requires functional import channels.
Accumulation of APP in such physiologically important channels
may inhibit the import of proteins essential for normal mito-
chondrial functions. Consistent with this possibility, in the
present study, we observed that the accumulation of APP in im-
port channels is associated with the dramatic inhibition of entry
of the bona fide mitochondrial cytochrome ¢ oxidase subunits IV
and Vb, which are part of the multi-subunit cytochrome c oxidase
complex involved in mitochondrial respiration-coupled oxida-
tive phosphorylation. The deficiency of these subunits causes de-
creased cytochrome ¢ oxidase activity (Fig. 4A), which in turn
results in mitochondrial dysfunction (Prabu et al., 2006). In sup-
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port of the above, we observed widespread mitochondrial dys-
function in AD brains (Fig. 8 A—C). Using the HCN culture sys-
tem, we have shown previously that the accumulation of APP
across mitochondrial membranes is time dependent (Anan-
datheerthavarada et al., 2003), which fits very well with the pro-
gressive nature of AD pathogenesis. We hypothesize that the ac-
cumulation of APP in two TOM40 antibody cross-reactive
complexes in AD brain mitochondria represents two different
steady-state intermediates. The ~480 kDa complex represents
translocationally arrested APP across the TOM40 complex, with
an apparent size of ~380 kDa; the ~620 kDa complex represents
APP arrested across both TOM40 and TIM23 complexes.

In support of others studies (Hirai et al., 2001; Caspersen et al.,
2005; Crouch et al., 2005; Manczak et al., 2006), in the present
study, we also observed A species in the mitochondria of AD
brain (Fig. 2). The mechanism by which mitochondrial AB is
produced is not clear. Recently, the presence of vy secretase-like
protease has been reported in mitochondria. However, the ori-
entation of mitochondrial APP may not support the possibility of
intramitochondrial generation of AB. It may be possible that A3
is generated outside the mitochondria and is imported into the
mitochondria. Furthermore, our finding showing the presence of
C-terminal truncated (lacking AB) APP in the mitochondria of
AD brain suggests a couple of possibilities for the genesis of extra
mitochondrial AB. One possibility may be, with the progression
of AD, there is a loss of the cytosolically exposed C terminus of
mitochondrial associated APP by some unknown mechanisms,
thus generating the A species. Alternatively, during mitochon-
drial import, the C terminus of APP may be cleaved in the cytosol
to generate A species by an unknown mechanism, and the gen-
erated A3 may be transported into mitochondria.

Mitochondrial dysfunction may play a role in the degenera-
tion/cell death of neurons during the pathogenesis of AD (Sims,
1996; Zhu et al., 2004). In addition to cholinergic neurons, several
other neuronal types, such as dopaminergic, GABAergic, and
glutamatergic neurons, have been shown to be affected in the
later stages of the pathogenesis of AD (Francis et al., 1999; Fran-
cis, 2003). As observed in the present study, mitochondrial dys-
function mediated by translocational arrest of APP in mitochon-
drial import channels of cholinergic, GABAergic, dopaminergic,
and glutamatergic neurons in AD brain may have far reaching
influence on their survival.

The cellular conditions under which the plasma-membrane-
destined APP is diverted to mitochondria of AD brains, especially
in sporadic AD, is not known. Results from our laboratory have
demonstrated an important role for protein kinase A-mediated
phosphorylation in the mitochondrial targeting of several physi-
ologically important ER targeted proteins, such as P4502B1 and
2E1, by altering the corresponding protein levels in the ER com-
partment (Anandatheerthavarada et al., 1999; Robin et al., 2003;
Karniely and Pines, 2005). In support of these results, our unpub-
lished results show that mitochondrial associated APP may be a
phosphoprotein. Moreover, our present results show that the
mitochondrial accumulation of APP was accompanied by a cor-
responding reduction in plasma membrane-associated APP in
the AD brain (Fig. 1 D, E). Nevertheless, the control brains, which
had no mitochondrial APP, showed higher levels of plasma mem-
brane APP (Fig. 1D, E). Furthermore, studies also suggested ele-
vated levels of protein kinases in the AD brain (Masliah et al.,
1990; Lanius et al., 1997). Collectively, these observations suggest
a possible role for phosphorylation of APP in the mitochondrial
targeting by altering the plasma membrane-associated APP pool.
Interestingly, the slow turnover of mitochondrial associated APP,
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as observed in the HCN neuronal culture system (Anandatheer-
thavarada et al., 2003), may explain the accumulation of APP in the
AD brain mitochondria. With respect to the role of kinases in the
mitochondrial targeting of APP, it is interesting to speculate the role
of the ApoE4 allele, which is considered to be one of the risk factors
in the late onset of AD, as an additional factor that may be involved in
the mitochondrial targeting of APP. Recently, it has been reported
that ApoE3 and ApoE4 could modulate the signal transduction
pathways mediated by kinases, especially protein kinase C and
protein kinase A (Cedazo-Minguez and Cowburn, 2001; Cedazo-
Minguez et al., 2001; Zhu and Hui, 2003). It is therefore reasonable
to hypothesize that ApoE3 and ApoE4, either individually or collec-
tively, may influence the mitochondrial targeting of APP by modu-
lating the intracellular levels of protein kinases C and A. Currently,
experiments are underway to precisely decipher the mechanisms
involved in the mitochondrial targeting and the translocational ar-
rest of APP, which might shed light on the mechanisms underlying
mitochondrial abnormalities during the pathogenesis of AD.
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