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The purpose of our study was to better understand the relationship between mitochondrial structural pro-
teins, particularly dynamin-related protein 1 (Drp1) and amyloid beta (Ab) in the progression of
Alzheimer’s disease (AD). Using qRT-PCR and immunoblotting analyses, we measured mRNA and protein
levels of mitochondrial structural genes in the frontal cortex of patients with early, definite and severe AD
and in control subjects. We also characterized monomeric and oligomeric forms of Ab in these patients.
Using immunoprecipitation/immunoblotting analysis, we investigated the interaction between Ab and
Drp1. Using immunofluorescence analysis, we determined the localization of Drp1 and intraneuronal and oli-
gomeric Ab in the AD brains and primary hippocampal neurons from Ab precursor protein (AbPP) transgenic
mice. We found increased expression of the mitochondrial fission genes Drp1 and Fis1 (fission 1) and
decreased expression of the mitochondrial fusion genes Mfn1 (mitofusin 1), Mfn2 (mitofusin 2), Opa1
(optic atrophy 1) and Tomm40. The matrix gene CypD was up-regulated in AD patients. Results from our
qRT-PCR and immunoblotting analyses suggest that abnormal mitochondrial dynamics increase as AD pro-
gresses. Immunofluorescence analysis of the Drp1 antibody and the Ab antibodies 6E10 and A11 revealed
the colocalization of Drp1 and Ab. Drp1 immunoprecipitation/immunoblotting analysis of Ab antibodies
6E10 and A11 revealed that Drp1 interacts with Ab monomers and oligomers in AD patients, and these abnor-
mal interactions are increased with disease progression. Primary neurons that were found with accumulated
oligomeric Ab had lost branches and were degenerated, indicating that oligomeric Ab may cause neuronal
degeneration. These findings suggest that in patients with AD, increased production of Ab and the inter-
action of Ab with Drp1 are crucial factors in mitochondrial fragmentation, abnormal mitochondrial dynamics
and synaptic damage. Inhibiting, these abnormal interactions may be a therapeutic strategy to reduce mito-
chondrial fragmentation, neuronal and synaptic damage and cognitive decline in patients with AD.

INTRODUCTION

Alzheimer’s disease (AD) is a late-onset, devastating mental
disorder characterized by the progressive decline of memory,
cognitive function and changes in personality (1). In addition
to the presence of neurofibrillary tangles and amyloid beta

(Ab) deposits, AD is associated with structural and functional
changes in mitochondria, reduced acetylcholine, inflammatory
responses and synaptic damage (2–12).

In AD, Ab is a major component of neuritic plaques that are
found in brain regions known to be responsible for learning
and memory. Ab is a cleaved product of the Ab precursor
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protein (AbPP) via sequential proteolysis of b secretase and g
secretase in AD brains. Cleavage by g secretase can generate
two forms of Ab: a shorter form with 40 amino acid residues
and a longer form with 42 amino acids. The longer form is
toxic and has the capability to self-aggregate, form oligomers,
participate in fibrillogenesis and accumulate into deposits
(13–19). In AD, levels of Ab are controlled by the production,
clearance and degradation of Ab. A reduction in the clearance
of Ab or the overproduction of Ab may lead to an accumu-
lation of Ab in subcellular compartments of neuron, including
mitochondria, endoplasmic reticulum, lysosomes and multiple
vesicle bodies, and may impair functions of subcellular orga-
nelles and damage neurons (8,16). Several recent studies of
oligomeric Ab in rodents reported that oligomeric
Ab impairs long-term potentiation and promotes synaptic
damage (14,19–21). However, the nature of oligomeric Ab
in brains of patients with AD at different stages of progression
is not completely understood.

In a recent global, time-course gene expression study of AD
transgenic mice (Tg2576 line), we found an up-regulation of
mitochondrial genes in 2-, 5- and 18-month-old AD transgenic
mice, suggesting that mitochondrial function is impaired by
mutant AbPP and Ab, and that the up-regulation may be a
compensatory response to mutant AbPP and Ab. Recently,
we (22) and others (23–25) found both monomeric and oligo-
meric Ab in mitochondria, in the neurons affected by AD, and
mitochondrial- Ab—interact with mitochondrial proteins,
increase free radicals production, decrease cytochrome c
oxidase activity, inhibit mitochondrial ATP and damage mito-
chondrial structure. Further, several groups reported mito-
chondrial function to be defective selectively in cortical and
hippocampal mitochondria from AD transgenic mice
(23,25–28) and postmortem brains from AD patients (24).
More recently, we (29) and others (30,31) found that Ab
reduces total mitochondrial mass; impairs mitochondrial
axonal transport, particularly anterograde transport; inhibits
synaptic ATP production; and causes synaptic degeneration
in neurons affected by AD. However, in AD neurons, the
extent and characteristics of mitochondrial structural damage
in relation to Ab are still unclear.

Increasing evidence suggests that structural and functional
abnormalities in mitochondria are involved in AD
(26,32,33). These structural abnormalities are caused by an
imbalance in highly conserved, GTPase genes that are essen-
tial for mitochondrial fission and mitochondrial fusion.
GTPase genes—dynamin-related protein 1 (Drp1), fission 1
(Fis1), mitofusins 1 and 2 (Mfn1, Mfn2) and optic atrophy 1
(Opa1)—regulate, maintain and remodel mammalian mito-
chondria (34–36). Mitochondria constantly divide and fuse,
and travel through the neuron, from cell body to nerve term-
inals and synapses, where energy is in high demand (36).
Mitochondrial fission is regulated and maintained by two
GTPase genes: Fis1 and Drp1. Fis1 is primarily localized on
the outer mitochondrial membrane and participates in mito-
chondrial fission. However, most of Drp1 is localized in the
cytoplasm, but a small part is localized in the outer membrane,
where it punctuates and promotes mitochondrial fragmentation
(34). The precise role of Drp1 in fragmenting mitochondria in
relation to Ab is unclear.

Drp1 is reported to be involved in several important struc-
tural features of mitochondria, including shape, size, distri-
bution, remodeling and the maintenance of mitochondria in
mammalian cells (36). In addition, recent studies revealed
that Drp1 is associated with several mitochondrial functions,
including fragmentation, phosphorylation, SUMOylation, ubi-
quitination and cell death. Thus, two decades of intense
research on mitochondrial dynamics has provided evidence,
linking Drp1 to neurodegenerative diseases. Further, recent
studies of Drp1 knockout in mice revealed that double knock-
outs are embryonic lethal (37,38). However, primary neurons
from Drp1 knockout mice (2/2) forebrain showed a decrease
in the number of neurites and also the formation of defective
synapses. These defects highlight the importance of
Drp1-dependent mitochondrial fission within neurons.
Additional findings from Drp1 knockout mice (2/2) also
revealed that mitochondria formed extensive networks and
peroxisomes were elongated in Drp1-null embryonic fibro-
blasts. In addition, Drp1-homozygote embryos failed to
undergo developmentally regulated apoptosis during neural
tube formation in vivo (37,38). These studies suggest that
Drp1 is essential for cell survival and critical for brain devel-
opment, mitochondrial division and distribution of mitochon-
dria in neurons. Recently, we found increased levels of
fission proteins, Drp1 and Fis1 proteins, and decreased
fusion proteins Mfn1, Mfn2 and Opa1 in affected brain
tissues (frontal cortex and striatum) from grade III and IV
HD patients relative to control subjects (39), indicating the
presence of abnormal mitochondrial dynamics in the patho-
genesis of HD. However, mRNA abundance and protein
levels of mitochondrial structural proteins, including Drp1 in
different stages of AD progression, are not well understood.
Further, the precise connection between Drp1 and Ab in the
progression and pathogenesis of AD is not clear.

In the study reported here, we sought to determine the
nature of Ab oligomers and mitochondrial proteins in post-
mortem brain tissues from AD patients at different stages of
disease progression. Using quantitative real-time RT–PCR,
we quantified mRNA expression and protein levels of the
mitochondrial fission genes Drp1 and Fis1; the fusion genes
Mfn1, Mfn2, Opa1; outermembrane genes Tomm40 and
VDAC; and the matrix gene CypD, in the AD brain speci-
mens. Using immunoblotting and dotblot analyses, we also
quantified Ab oligomers in the AD brain specimens, and
using immunoprecipitation and immunofluorescence analyses,
we determined the interaction between monomeric and oligo-
meric forms of Ab and Drp1.

RESULTS

mRNA expression of mitochondrial genes

To determine the role of mitochondrial structural genes in AD
progression and pathogenesis, using quantitative real-time
RT–PCR with Sybr-Green chemistry, we measured mRNA
fold change for the fission genes Drp1 and Fis1; the fusion
genes Mfn1, Mfn2 and Opa1; outermembrane genes
Tomm40 and VADC; and matrix gene CypD in postmortem
brain specimens from patients in early and late stages of
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AD [Braak stages I and II (early), III and IV (definite) and V
and VI (severe); Table 1] and in postmortem brain specimens
from patients without AD (control; Braak 0). Overall, we
found increased expression of fission and matrix genes in
the brain specimens from 15 AD patients and decreased
expression of the fusion genes, indicating abnormal mitochon-
drial dynamics.

Fission genes. Overall, mitochondrial fission was up-regulated
in the AD brain specimens, but there was some heterogeneity.
mRNA fold changes were increased for Drp1 in brain speci-
mens at Braak stages I and II (four out of four), III and IV
(four out of five) and V and VI (four out of five) compared
with the specimens from the control brains (Braak stage 0).
However, the range was low, from 1.0-fold to 3.6-fold. In
two cases, Drp1 was down-regulated. Similar to Drp1, Fis1
was increased in 13 out of 14 specimens from the AD
brains. However, the range of up-regulation for Fis1 was not
as great as it was for Drp1 (Table 1).

Fusion genes. As shown in Table 1, mRNA fold changes were
down-regulated for Mfn1, Mfn2 and Opa1 in the brain speci-
mens from all AD patients, at all stages of AD progression,
relative to the mRNA fold changes in the brain specimens
from the control subjects. However, interestingly, these
genes exhibited a heterogeneity of down-regulation: Mfn1,
from 21.2 to 24.8; Mfn2, from 21.1 to 24.7; and Opa1,
from 21.1 to 25.5.

Outermembrane genes. Tomm40 was down-regulated in 6 of
the 14 AD brain specimens, and VDAC was down-regulated
in 5 of the 14 AD brain specimens. Tomm40 was up-regulated
in the remaining eight AD brain specimens, and VDAC, in the
remaining nine AD brain specimens (Table 1).

Matrix gene. As shown in Table 1, CypD was up-regulated in
the brain specimens from all 14 patients with AD, from 1.3 to
13.3 fold changes, indicating that increased CypD expression
may be associated with mitochondrial structural damage in
AD neurons.

Immunoblotting analysis of mitochondrial proteins

To determine whether mitochondrial structural proteins are
altered as AD progresses, using densitometry we quantified
Drp1, Fis1, Mfn1, Mfn2, Opa1, Tomm40, VDAC and CypD
in frontal cortical tissues from AD patients at different
stages of AD (Fig. 1). Our immunoblotting findings agreed
with our real-time RT–PCR analysis. Overall, we found
increased levels of fission proteins and decreased levels of
fusion proteins in all of the brain tissues from AD patients,
indicating the presence of abnormal mitochondrial dynamics
in patients with early, definite and severe AD.

Fission proteins. Our protein data agreed with our real-time
RT–PCR findings. Drp1 levels were significantly increased
in the brain specimens from the AD patients at Braak stages
I and II (P , 0.005), III and IV (P , 0.02) and V and VI (P
, 0.002), compared with the Drp1 levels in the control brain
specimens (Braak stage 0). Fis1 protein levels were also sig-
nificantly increased in the brain specimens from the AD
patients [Braak stages I and II (P , 0.003), III and IV (P ,
0.01) and V and VI (P , 0.01)], relative to the control brain
specimens (Fig. 1).

Fusion proteins. In contrast to fission proteins, mitochondrial
fusion proteins were significantly decreased in the brain speci-
mens from the AD patients. In the brain specimens from the
controls, the fission proteins were decreased. Mfn2 protein
levels were also significantly decreased in AD patients at
Braak stages I and II (P , 0.01), III and IV (P , 0.01) and
V and VI (P , 0.01) relative to the levels in the control sub-
jects (Braak stage 0). Mfn1 levels were significantly decreased
in the AD patients at Braak stages I and II (P , 0.03) and V
and VI (P , 0.001), and Opa1 levels at Braak stages I and
II (P , 0.02) and III and IV (P , 0.02) (Fig. 1).

Outermembrane protein. Tomm40 levels were significantly
decreased in patients with AD at Braak stages IV and V
(P , 0.004) relative to control brain specimens (Fig. 1).

Table 1. mRNA fold change of mitochondrial fission/fusion and matrix genes in the frontal cortex brain specimens from patients with early, definite, and
severe AD

Braak stages of AD progression Mitochondrial
fission genes

Mitochondrial fusion genes Outermembrane genes Matrix gene, CyPD

Drp1 Fis1 Mfn1 Mfn2 Opa1 TOMM40 VDAC

I and II 1.6 1.9 2.1 1.1 21.1 1.3 2.2 11.6
I and II 3.4 1.0 22.8 23.6 21.3 25.6 4.1 4.0
I and II 3.6 1.4 21.5 21.1 21.3 1.1 22.1 13.3
I and II 1.3 1.0 21.4 1.0 25.5 1.5 24.0 7.5
III and IV 21.2 1.1 21.2 1.1 25.4 22.3 1.4 1.0
III and IV 1.8 1.0 1.0 21.4 1.0 2.5 1.7 6.5
III and IV 1.2 1.2 21.5 22.3 21.8 1.8 21.3 3.7
III and IV 2.3 1.2 22.4 21.7 25.9 22.9 21.6 4.4
III and IV 1.6 21.5 23.0 21.4 23.5 24.1 21.8 4.5
V and VI 1.8 1.3 24.0 1.4 21.2 21.7 1.1 2.3
V and VI 1.0 1.0 22.1 1.2 1.3 1.2 5.3 1.3
V and VI 1.3 1.4 24.8 22.2 21.2 23.6 3.4 1.4
V and VI 21.8 1.0 21.9 24.7 21.1 1.3 1.3 2.1
V and VI 1.6 1.1 21.4 24.3 21.3 1.4 1.2 3.0
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Matrix protein. CypD was significantly increased in patients
with AD at Braak stages III and IV (P , 0.04) and V and
VI (P , 0.02), compared with control subjects (Fig. 1).

Immunoblotting analysis of Ab monomers and oligomers

To determine the amount of oligomeric Ab in AD brains,
using the oligomer-specific antibody A11, we performed
western blot analysis of frontal cortex tissues from patients
with AD at Braak stages I and II, III and IV and V and VI.
We also conducted immunoblotting analysis, using the Ab
antibody 6E10 that recognizes both monomeric and
oligomeric Ab.

We found full-length AbPP, derivatives of AbPP includ-
ing 4 kDa monomeric Ab and several oligomeric Ab in AD
patients at early (Braak stages I and II), definite (Braak
stages III and IV) and severe (Braak stages V and VI)
disease progression (Fig. 2A). The intensity of monomeric
and oligomeric Ab increased in the brain specimens from
the definite and severe AD patients, indicating that Ab for-
mation and production are dependent on disease pro-
gression.

Two distinct bands of oligomers (one with 50 kDa and
the other with 60 kDa), in addition to faint bands of 25
and 15 kDa (Fig. 2B), were found in the brain specimens
from the AD subjects. Both the 50 kDa (P , 0.001) and
the 60 kDa oligomeric Ab (P , 0.005) were significantly
increased in the brain specimens from the AD patients at

Braak stages I and II, relative to the control subjects
(Fig. 2B and 2D).

Dotblots. Also using the oligomer-specific Ab antibody A11,
we performed quantitative dotblot analysis of brain specimens
from patients at the three different stages of AD progression.
As shown in Figure 2C, significantly increased levels of oligo-
mers were found in the specimens from patients at Braak
stages I and II (P , 0.002), III and IV (P , 0.03) and V and
VI (P , 0.002), relative to the levels in the specimens from
control subjects (Braak stage 0) (Fig. 2C and 2D).

Overall, these immunoblotting findings indicate that oligo-
meric Ab levels are higher in the brain specimens from
patients with AD and may be involved in abnormal protein
interactions and neuronal damage.

Interaction of Ab with Drp1

To determine whether Ab monomers and/or oligomers interact
with Drp1, we conducted immunoprecipitation analysis, using
cortical protein lysates from AbPP/PS1 transgenic mice and
AD patients; primary neurons from AbPP transgenic mice
(Tg2576 line); and antibodies of Ab (6E10 monoclonal) and
Drp1 (polyclonal antibody). As shown in Figure 3A, our
immunoprecipitation and immunoblotting analyses using
6E10 revealed five bands of AbPP derivatives (110, 50, 25,
16 and 4 kDa) in the AbPP/PS1 transgenic mice and the
primary neurons from the AbPP mice, and four bands of

Figure 1. Immunoblotting analysis of mitochondrial fission, fusion and matrix proteins in early, definite and severe AD patients. Drp1 levels were significantly
increased in AD patients at Braak stages I and II (P , 0.005), III and IV (P , 0.02) and V and VI (P , 0.002) compared with the Drp1 levels in control subjects.
Fis1 protein levels were also significantly increased [Braak stages I and II (P , 0.003), III and IV (P , 0.01) and IV and V (P , 0.01)] relative to the control
subjects. Fusion proteins: in contrast to fission proteins, mitochondrial fusion proteins were significantly decreased in AD patients relative to fission proteins in
control subjects. Tomm40 levels were significantly decreased in AD patients at Braak stages IV and V (P , 0.004) relative to the controls. Matrix protein: CypD
was significantly increased in AD patients at Braak stages III and IV (P , 0.04) and IV and V (P , 0.02) compared with controls. ∗Statistical significance at P ,

0.05; ∗∗statistical significance at P , 0.005.
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AbPP derivatives (110, 50, 25 and 4) in the brain specimens
from the AD patients. These findings indicate that 6E10 anti-
body precipitates a 4 kDa monomeric, 16, 25, 50 kDa of oligo-
meric Ab and a 110 kDa of full-length AbPP.

To determine the Drp1 protein in AD brains, we performed
immunoprecipitation and immunoblotting analyses, using a
Drp1 antibody and proteins from early and severe AD patients.
As shown in Figure 3B, we found 82 kDa in immunoprecipi-
tation elutes and also in lysates from early and severe AD
patients, indicating that the Drp1 antibody used for immuno-
precipitation is specific for Drp1.

To determine whether the interaction of Ab with Drp1
increases with the progression of AD, we performed
co-immunoprecipitation analysis, using the Drp1 antibody,
and immunoblotting analysis, using 6E10 antibody and
protein lysates of cortical tissues from control subjects and
from patients at Braak stages I and II (early) AD, III and IV
(definite) AD and V and VI (severe) AD. As shown in
Figure 4A, we found a 4 kDa Ab in IP elutes from all AD
patients and 110 kDa full-length AbPP in severe AD patients.
Further, we found increased levels of 4 kDa Ab with disease
progression in brain specimens from AD patients (Fig. 4A).
However, we found no physical interaction between Ab and
Drp1 in the control subjects.

To determine whether Drp1 interacts with oligomeric Ab,
we strip-eluted the blot in the 6E10 antibody analysis, incu-
bated the blot with A11 antibody and then performed immuno-
blotting analysis. As shown in Figure 4B, we found a band of
50 kDa, indicating that Drp1 interacts with oligomeric Ab in
Braak stages I and II (early AD), III and IV (definite AD)
and V and VI (severe AD) and intensity of 50 kDa is increased
with disease progression in AD patients. However, we also

noticed a faint band of 50 kDa oligomeric Ab in control sub-
jects (Fig. 4B).

Localization of Drp1

To determine the localization of Drp1 in the frontal cortex of
AD patients and control subjects, we performed immunostain-
ing/immunofluorescence analysis. As shown in Figure 5A,
Drp1 expression was found primarily in frontal cortex
neurons, but also in the astrocytes and microglia. Our com-
parative immunofluorescence analysis of Drp1 revealed
increased immunoreactivity of Drp1 in frontal cortex sections
from the AD patients relative to the control subjects (Fig. 5B).
These findings concurred with our quantitative real-time
RT–PCR findings and our immunoblotting data of Drp1.

Immunofluorescence analysis of Ab in AD brains

To localize intraneuronal Ab and Ab deposits in the brains of
patients with AD, we performed immunofluorescence analysis
using 6E10, which recognizes both intraneuronal and extra-
cellular Ab deposits. To determine the levels of Ab1–40
and 1–42 in the AD brains, we conducted immunofluores-
cence analysis using 1–40- and 1–42-specific antibodies. As
shown in Figure 6A, we found intraneuronal Ab in the
brains of AD patients at Braak stages I and II, III and IV
and V and VI. However, the Ab deposits were abundant
only in Braak stages III and IV and V and VI.

Immunostaining of the Ab 1–40 antibody revealed mostly
diffuse and extracellular Ab deposits, but no intraneuronal
immunoreactivity in the brains from the AD patients
(Fig. 6B). Immunostaining of the Ab 1–42 antibody revealed

Figure 2. Immunoblotting analysis of Ab monomers and oligomeric proteins in early, definite and severe AD patients. (A) Immunoblot using 6E10 antibody.
Intensity of monomeric and oligomeric Ab increased in definite and severe AD patients, indicating that Ab formation and production are dependent on disease
progression. Two distinct bands of oligomers (50 and 60 kDa) were found, in addition to two faint bands (25 and 15 kDa; B). Both the 50 kDa (P , 0.001) and
the 60 kDa oligomeric Ab (P , 0.005) were significantly increased in the brains of AD patients at Braak stages I and II relative to the control subjects. (C)
Dotblot analysis. (D) Quantification of oligomeric Ab. ∗Statistical significance at P , 0.05; ∗∗statistical significance at P , 0.005.
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robust, dense and compact deposits of Ab, but no intraneuro-
nal expression of Ab (Fig. 6C).

To determine the presence of Ab oligomers, using A11
antibody we conducted immunofluorescence analysis of
brain sections from patients with early and definite AD.
As shown in Figure 7A, we found some oligomeric Ab immu-
noreactivity in the cytoplasm, but it was mostly perinuclear.
We also found nuclear localization of oligomeric Ab
(Fig. 7B and C).

Double-labeling immunofluorescence analysis of Drp1
and Ab in AD brains

To determine whether Drp1 localizes and interacts with Ab,
we conducted double-labeling analysis of Drp1 and Ab in
frontal cortex sections from AD patients. As shown in
Figure 8A, the immunoreactivity of Drp1 was colocalized
with Ab immunoreactivity (monomeric), indicating that
Drp1 interacts with Ab. These observations matched our
immunoprecipitation findings of Drp1 and 6E10 (Fig. 4).
Further, in agreement with our immunoprecipitation findings,
double-labeling analysis of Drp1 and A11 in the frontal
cortex sections from the AD patients showed colocalization
of Drp1 and oligomeric Ab (Fig. 8B).

Immunofluorescence analysis of Ab in primary neurons

To determine the localization of monomeric and oligomeric
forms of Ab expression in primary neurons from AbPP trans-
genic mice, we conducted immunofluorescence analysis of
6E10 and A11 antibodies in primary hippocampal neurons.
As shown in Figure 9A, immunoreactivity of 6E10 was
present in the cell body, neuronal processes and terminals of
primary neurons (Fig. 9Aa–d). A 4 kDa monomeric Ab was
secreted and released into media, as detected by immunoblot-
ting and ELISA analyses (data not shown). As shown in

Figure 9A, immunoreactivity of oligomeric Ab was found
mainly in the cell body, but also in neuronal projections. In
neurons that were found with over-accumulated oligomeric
Ab had lost branches and were degenerated, indicating that
an over-accumulation of oligomeric Ab may cause neuronal
degeneration (Fig. 9Ba and b).

Double-labeling analysis of Drp1 and Ab in primary
neurons from AbPP transgenic mice

Using double-labeling analysis of Drp1, and 6E10 and A11,
we determined the localization of Drp1 and Ab (monomeric
and oligomeric forms) in 16 DIV primary neurons from
AbPP transgenic mice. As shown in Figure 10A, the immu-
noreactivity of Drp1 colocalized with Ab monomers, further
confirming our immunoprecipitation and immunofluorescence
results that also found colocalization of Drp1 and Ab in the
AD brains. Double-labeling analysis of Drp1 and A11 in
primary neurons from AbPP transgenic mice revealed coloca-
lization of Drp1 and oligomeric Ab, indicating that oligomeric
Ab may interact with Drp1 (Fig. 10B). These observations
agree with our findings from immunoprecipitation and immu-
nofluorescence analyses, that Drp1 and Ab interact in AD
brains.

Double-labeling analysis of Drp1 and COX1 in primary
neurons from AbPP transgenic mice

We performed immunostaining for Drp1 and cytochrome c
oxidase subunit 1 (COX1) in 16 DIV primary neurons from
wild-type mice and AbPP mice. As shown in Figure 11,
Drp1 distribution was altered in AbPP primary neurons

Figure 3. Immunoprecipitation analysis of Ab and Drp1. (A) Immunoprecipi-
tation with 6E10 and immunoblotting with 6E10 antibody. 6E10 recognized
all derivatives of the mutant AbPP. (B) Immunoprecipitation with the Drp1
monoclonal antibody (Santa Cruz) and immunoblotting with the Drp1 mono-
clonal antibody.

Figure 4. Immunoprecipitation analysis of Ab and Drp1 antibodies in brain
specimens from patients at different stages of AD progression. (A) Immuno-
precipitation with Drp1 (polyclonal antibody; Santa Cruz) and immunoblotting
with 6E10. 6E10 immunoreacted with full-length AbPP and 4 kDa monomeric
Ab in Drp1, the immunoprecipitated elute from early, definite and severe AD
patients, indicating that Drp1 interacts with both full-length AbPP and mono-
meric Ab. (B) Immunoprecipitation with Drp1 and immunoblotting with A11.
A11 immunoreacted with a band of 50 kDa protein, indicating that Drp1 inter-
acts with oligomeric Ab.
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compared with wild-type neurons. In wild-type cultures, Drp1
immunopositive puncta were distributed throughout the
neuron, including significant staining in areas of active neur-
onal growth. However, in the AbPP primary neurons, Drp1
staining was largely localized to the cell body and neurites
immediate to cell body. There were very few neuronal
growth cones that labeled with Drp1 in AbPP cultures.
COX1 distribution was similarly altered away from growth
cones and into large axons and the cell body in neurons
from AbPP mice compared with wild-type mice neurons.
These findings suggest that decreased mitochondrial distri-
bution in neuronal processes and nerve terminals in neurons
are affected by AD.

DISCUSSION

We studied mitochondrial structural proteins in postmortem
brains in AD patients at early (Braak stages I and II), definite
(Braak stages III and IV) and severe (Braak stages V and VI)
disease progression and in control subjects. Using immunopre-
cipitation and immunoblotting and double-labeling
immunofluorescence analyses, we extensively characterized
mono-meric and oligomeric forms of Ab in the AD patients.
We found that Ab interacts with Drp1 in the frontal cortex of
AD subjects and in the cerebral cortex of AbPP/PS1 transgenic

mice. Interestingly, the interaction between Drp1 and Ab
increased as the disease progressed. These findings lead to the
conclusion that the interaction of Ab and Drp1 may initiate
mitochondrial fragmentation in neurons affected by AD.

Mitochondrial genes in AD patients

Overall, we found decreased mRNA levels in the fusion genes
Mfn1, Mfn2 and Opa1 in brain specimens of the frontal cortex
from patients with early, definite and severe AD relative to
control subjects. Among these proteins, Mfn1 was the most
down-regulated, followed by Opa1 and then Mfn2. We also
found the down-regulation of fusion genes to be hetero-
geneous, with most of the down-regulation in patients with
severe AD. This is the first gene expression study to
measure mRNA in fusion genes from brain specimens of
AD patients at different stages of AD progression.

In contrast, we found increased mRNA levels in the
fission genes Drp1 and Fis1 in the frontal cortex of patients
with early, definite and severe AD. Interestingly, increased
levels of Drp1 were higher in patients with early AD than
in patients with definite or severe AD, indicating that
Drp1 is involved in abnormal mitochondrial dynamics as
an early event. The mRNA levels of the outermembrane
genes Tomm40 and VDAC were higher in the frontal
cortex of patients with early, definite and severe AD.
However, in 6 of the 14 patients with AD, Tomm40 was
down-regulated, and VDAC was down-regulated in 5 of
14 patients. Further research is needed to understand the
precise connection between Tomm40 and VDAC, and
disease progression of AD.

Interestingly, mRNA levels of CypD increased in all AD
patients; however, the levels increased the most in patients
at early AD progression, suggesting that increased mRNA

Figure 5. Drp1 localization in the AD brain. (A) Drp1 localization in
(a) neurons (red arrows), (b) astrocytes (GFAP) (white arrows) and
(c) (merged). Drp1 in (d) neurons (red arrows), (e) microglia (white arrows)
and (f) merged. (B) Drp1 expression in neurons from AD patients and
control subjects. Levels of Drp1 were higher in neurons from AD patient
(b and d) compared with the levels in control subjects (a and c).

Figure 6. Ab in patients with AD. Both intraneuronal and extracellular Ab
were seen in AD patients (A, 5×; B, 10×; and C, 40× original magnifi-
cations). Ab1–40 immunoreactivity and deposits were seen in AD patients
(D, 5×; E, 10×; and F, 40× original magnifications). Ab1–42 immunoreac-
tivity deposits were seen in AD patients (G, 5×; H, 10×; and I, 40× original
magnifications).
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levels of CypD may be an early change in AD progression.
Overall, the increased mRNA levels in fission genes and
CypD and the decreased mRNA levels in fusion genes
suggest abnormal mitochondrial dynamics in AD patients.

Mitochondrial proteins in AD patients

Drp1 and Fis1 significantly and progressively increased in
frontal cortex tissues from patients with early, definite and
severe AD, indicating that Drp1 and Fis1 are affected by
AD progression. These findings agree with our recent study,
in which we found Drp1 and Fis1 increased in N2a cells
that were treated with Ab and in primary neurons from
AbPP transgenic mice (26). Our present findings of increased
Drp1 levels in patients at early AD progression may not be
consistent with the results from Wang et al. (32), who found
decreased levels of Drp1 in AD patients. However, it is
unclear the stage of disease progression of AD postmortem
brains that Wang et al. studied Drp1 in patients with AD.
Further, we found decreased levels of Drp1 in brain specimens
from one patient with definite AD and one with severe AD.

Our results regarding the progressive increase of Fis1 in
patients with early, definite and severe AD cases are consistent
with results from Wang et al. (32,33), who also reported
increased Fis1 in AD patients, although the progression of
AD in their patients was not specified. Overall, our findings
of the progressive increase of Fis1 in AD patients at progress-
ive stages suggest that changes in mitochondrial structure may
be events in early AD progression.

Decreased levels of fusion proteins that we found concur
with earlier studies of N2a cells treated with Ab, primary
neurons from AbPP transgenic mice by Manczak et al. (26)
and a study of fusion proteins in AD patients in which
decreased levels of fusion proteins were found (32). Both an
increase in fission proteins and a decrease in fusion proteins
may lead to mitochondrial structural and functional changes.

Drp1 localization in AD patients

We found Drp1 to be expressed in neurons, astrocytes and
microglia in patients at all three Braak stages of AD. This
result indicates that Drp1 remains involved in mitochondrial
division, distribution and ATP synthesis (40). In addition,
given our finding that Drp1 is increased in AD patients relative
to control subjects, Drp1 may be involved in mitochondrial
fragmentation, abnormal mitochondrial dynamics and
decreased mitochondrial ATP in AD patients. However,
further research is needed to determine whether and how
increased Drp1 fragments mitochondria in relation to Ab in
neurons from AD patients.

Ab oligomers in AD

Recently, Gong et al. (14) described a 53 kDa synthetic oligo-
meric Ab ligand derived from Ab1–42 that is toxic and
involved in long-term potentiation inhibition. They also
found a 56 kDa oligomeric Ab in soluble extract from post-
mortem brain tissues of AD patients. Recently, in brain
tissues from AbPP transgenic mice, Lesné et al. (20) found
56 kDa oligomeric Ab that appeared to have toxic effects on
neurons and to impair memory. Recently, Pham et al. (17)
studied membrane-bound and cytosolic Ab oligomers, using
6E10 and 82E1 antibodies, in brains from patients at different
stages of AD progression. They found several oligomeric
forms of Ab, but mostly robust 40 and 50 kDa bands with
the 82E1 antibody; and 40, 50 and 60 kDa bands with the
6E10 antibody in membrane-bound lysates. However, these
studies did not quantify the Ab oligomers, using A11 antibody
from AD patients, thus limiting the oligomers study in patients
with AD. Ours is the first study that has quantified Ab oligo-
mers and has found a progressive increase in Ab oligomers in
patients at progressive stages of AD development.

Figure 7. Oligomeric Ab in neurons from patients with AD. Immunofluores-
cence analysis of early patients at early stages of AD progression, using A11.
[A (40× the original), B and C] The perinuclear accumulation of Ab oligo-
mers in the AD neurons (100× the original).

Figure 8. (A) Double-labeling immunofluorescence analysis of 6E10 and
Drp1 in patients with AD. The localization of Drp1 (a) and Ab (b) and the
colocalization of Drp1 and Ab (c, merged) at 40× the original magnification,
and images of Drp1 (d), Ab (e) and merged (f) at 100× the original magnifi-
cation. (B) Double-labeling immunofluorescence analysis of A11 and Drp1 in
patients with AD. The localization of Drp1 (a) and oligomeric Ab (b), and the
colocalization of Drp1 and Ab (c, merged) at 40× the original magnification.
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Oligomeric Ab is toxic

Our investigations of Ab oligomers in primary neurons from
AbPP transgenic mice indicated that the oligomers are
expressed throughout the neuron, including the cell body,
axons and dendrites (Fig. 9). Interestingly, we found that
some neurons in which Ab oligomers were over-expressed
and accumulated were degenerating, in terms of losing their
neuronal network, indicating that Ab oligomers may increase
in sufficient numbers to cause neuronal death (Fig. 9B). This
possibility is supported by previous reports (14,19,20,41) in
which researchers reported the toxicity of Ab oligomers. We
also noticed that primary neurons from AbPP transgenic
mice died 7 to 9 days earlier than cultured primary neurons
from non-transgenic mice (data not shown), further supporting
the possibility that Ab oligomers are toxic and may cause
premature death of primary neurons.

Interaction of Ab with Drp1

Recently, Yan and colleagues reported the interaction of Ab
with the mitochondrial matrix proteins CypD and ABAD
(42,43). In the present study, using co-immunoprecipitation
and immunofluorescence analyses, we found a similar inter-
action between Ab and mitochondrial fission protein, Drp1.
Drp1 is a cytosolic protein, enriched in the cell body, axons

and dendrites. A small quantity of Drp1 are localized on the
outer membrane of mitochondria and, in AD, are involved in
mitochondrial fragmentation (26,36).

Abnormal mitochondrial fragmentation, damaged mitochon-
dria and autophagy have been extensively reported in patients
with AD (26,44). These mitochondrial abnormalities may be
due to the interaction of Ab with Drp1. Further, the interaction
of AbPP and Ab with mitochondrial Drp1 appears to be an
early event in AD progression. This possibility is supported
by a recent global gene expression study of AbPP transgenic
mice by Reddy et al. (45), in which we found increased
expression of mitochondria-encoded genes in 2-month-old
AbPP transgenic mice. These results suggest that mutant
AbPP and soluble Ab may associate with mitochondria,
induce free radical production and disrupt mitochondrial func-
tion. In addition, several recent studies of mitochondria and Ab
have described the transport of Ab to mitochondrial mem-
branes and the subsequent occurrence of functional abnormal-
ities in the mitochondria (22–25,28,42,46). Also, our results
here support the hypothesis that the interaction between Drp1
and Ab results in the fragmentation of mitochondria. In the
present study, we found interaction between Ab and Drp1,
and this abnormal interaction increased with disease pro-
gression. However, we found no physical interaction between
4 kDa Ab and Drp1 in the control subjects, suggesting that
Drp1 and Ab interaction is AD-specific. In severe AD cases,
full-length AbPP was found to interact with Drp1 (Fig. 4A).
Further, a 50 kDa oligomeric-specific Ab found to interact
with Drp1 and this interaction is increased with disease pro-
gression in AD (Fig. 4B). For the first time, full-length AbPP
and 4 kDa monomer Ab and 50 kDa oligomeric Ab were
found to interact with Drp1, suggesting that, in AD, both mono-
meric and oligomeric forms of Ab are involved in abnormal
mitochondrial dynamics. Taken together, these findings
suggest that the interaction of both monomeric and oligomerc
Ab with mitochondrial protein Drp1 may cause abnormal,
excessive mitochondrial fragmentation and may damage

Figure 9. Immunofluorescence analysis of Ab in primary hippocampal
neurons from AbPP transgenic mice. (A) Ab (6E10-immunostained) localized
in the cell body, axons and nerve terminals in a hippocampal neuron (a). (b, c
and d) Ab localization in hippocampal neuron (100× original magnification).
(B) Immunofluorescence analysis of oligomeric Ab (immunostained with
A11) in primary hippocampal neurons from the AbPP transgenic mice. (a)
Oligomeric Ab localization throughout the neuron. (b) Neurons with accumu-
lated oligomeric Ab, the loss of neuronal projections, damaged neuronal
networks and other signs of neurodegeneration.

Figure 10. Double-labeling immunofluorescence analysis of Ab (6E10) and
Drp1 in primary neurons from AbPP transgenic mice (A). The localization
of Drp1 (a) and 6E10 (b) in hippocampal neurons and the colocalization of
Drp1 and Ab (c, merged) at 100× the original magnification. (B) Double-
labeling immunofluorescence analysis of A11 and Drp1 in primary neurons
from AbPP transgenic mice. The localization of Drp1 (a) and A11 (b) in
hippocampal neuron and the colocalization of Drp1 and Ab (c, merged) in
hippocampal neuron at 100× the original magnification.
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mitochondrial structure and function, ultimately leading to
neuronal dysfunction that characterizes AD.

Our double-labeling immunofluorescence analysis of Ab and
Drp1 in AD brains indicated that monomeric and oligomeric Ab
colocalizes and interacts with Drp1, and this interaction/colocaliza-
tion increases as AD progresses. The increased interaction between
Ab and Drp1 may be due to the increased production of Ab in AD
neurons. Further, increased oligomeric Ab may interact more
robustly with Drp1 in nerve terminals, where it is enriched. Our
double-labeling analysis of monomeric and oligomeric Ab with
Drp1 in the primary neurons from AbPP transgenic mice further
supports our finding that Drp1 interacts with Ab. This interaction
of oligomeric Abwith Drp1 may cause abnormal, excessive mito-
chondrial fragmentation and the overproduction of structurally
defective mitochondria that function abnormally and may lead to
neuronal damage and cognitive impairments that are hallmarks
of patients with AD. Inhibiting, these abnormal interactions may
be a therapeutic strategy to reduce mitochondrial fragmentation
and neuronal damage in AD.

CONCLUSIONS

Although tremendous progress has been made in understand-
ing Ab and mitochondrial dysfunction in AD progression
and pathogenesis, the mechanistic links between Ab and mito-
chondria are not well understood. Further, there are few pub-
lished reports that characterize mitochondrial proteins and Ab
in postmortem brain specimens from patients with AD. To
develop therapies for AD, we need a clearer understanding
of how Ab and mitochondria change during AD development
and progression and how they affect each other. In the present
study, using molecular and cell biology techniques and gene
expression analysis, we studied postmortem brain specimens
from patients with AD at early (Braak stages I and II), definite
(Braak stages III and IV) and severe (Braak stages IV and V)
stages of progression and those from control subjects to deter-
mine the relationship between mitochondrial structural pro-
teins, particularly Drp1 and Ab, in the progression of AD.

We also used real-time quantitative RT–PCR and immuno-
blotting analyses to measure the quantity of mRNA and the
protein levels of mitochondrial structural genes in the frontal
cortex of patients with early, definite and severe AD and in
control subjects. We also characterized monomeric and oligo-
meric forms of Ab in these patients. Using immunoprecipita-
tion and immunoblotting analyses, we investigated the
interaction between Ab and Drp1. Using immunofluorescence
analysis, we determined the precise localization of Drp1 and
intraneuronal and oligomeric Ab in the AD brains.

We found increased expression levels of the mitochondrial
fission genes Drp1 and Fis1 and decreased expression levels
of the mitochondrial fusion genes Mfn1, Mfn2, Opa1 and
Tomm40. The matrix gene CypD was up-regulated in AD
patients. Results from our real-time quantitative RT–PCR and
immunoblotting analyses suggest that abnormal mitochondrial
dynamics increase as AD progresses. Our immunofluorescence
analysis of the Drp1 antibody and the Ab antibodies 6E10 and
A11 revealed the colocalization of Drp1 and Ab. Further,
Drp1 immunoblotting and immunoprecipitation of the Ab anti-
body 6E10, which recognizes various derivatives of the AbPP,
revealed that Drp1 interacts with Ab monomers and oligomers
in AD subjects and, interestingly, this interaction increased as
AD progressed. These findings lead to the conclusion that the
interaction of Ab and Drp1 may initiate mitochondrial fragmen-
tation in neurons affected by AD, and abnormal interaction is
increased with disease progression of AD.

MATERIALS AND METHODS

Twenty postmortem brain specimens from AD patients and
age-matched control subjects were obtained from the
Harvard Tissue Resource Center. Table 2 presents the charac-
teristics of the brain specimens used in this study. Fifteen
specimens were from patients diagnosed with AD according
to Braak criteria (47), and five were from age-matched
control subjects. On the basis of quantitative pathological fea-
tures, including senile plaques, neurofibrillary tangles and

Figure 11. Double-labeling immunofluorescence analysis of Drp1 and COX1 in primary neurons from AbPP transgenic mice and wild-type mice. Drp1 and
COX1 colocalize in cell body, neruites and growth cones. Hippocampal neurons from wild-type or AbPP mice were immunostained for Drp1, mitochondrial
marker COX1 and DAPI. Hippocampal neurons from wild-type mice (upper panels) (Drp1, A; COX1, B; DAPI, C; and merged, D) show Drp1 immunoreactivity
in growth cones and neurites, whereas neurons from AbPP mice (lower panels) (Drp1, E; COX1, F; DAPI, G; and merged, H) show Drp1 immunoreactivity
mainly in the cell body and axons next to the cell body. Areas of active growth were not commonly observed in AbPP cultures. In both wild-type and AbPP
cultures Drp1 colocalized with mitochondrial-encoded protein, COX1.
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neuronal density, the AD brain specimens were classified as
specimens from Braak stages 1 and II (early AD), III and IV
(definite AD), V and VI (severe AD) or control subjects.
The specimens were from the frontal cortex and were both
quick-frozen and formalin-fixed (BA9).

Quantification of mRNA expression of mitochondrial
fission, fusion and matrix genes using real-time RT–PCR

Using the reagent TRIzol (Invitrogen, Camarillo, CA, USA), we
isolated total RNA in cortical tissues from AD patients and
control subjects. Using Primer Express software (Applied Bio-
systems, Foster City, CA, USA), we designed the oligonucleo-
tide primers for b-actin and GAPDH (housekeeping genes);
for Drp1, Fis1, MFN1, MFN2, Opa1, Tomm40; and for CypD.
The primer sequences and amplicon sizes are listed in Sup-
plementary Material, Table S1. As previously described by
Gutala and Reddy (48), Manczak et al. (49) and Reddy et al.
(50), we measured mRNA expression of the genes mentioned
above, using SYBR-Green-chemistry-based quantitative real-
time RT–PCR. Briefly, 2 mg of DNAse-treated total RNA
was used as a starting material, to which we added 1 ml of
oligo (dT), 1 ml of 10 mM dNTPs, 4 ml of 5× first-strand
buffer, 2 ml of 0.1 M DTT and 1 ml of RNAse out. The reagents
RNA, dT and dNTPs were mixed first, then heated at 658C for
5 min and finally chilled on ice until the remaining components
were added. The samples were incubated at 428C for 2 min, and
then 1 ml of Superscript II (40 U/ml) was added. Then the
samples were incubated again at 428C, but for 50 min, at
which time the reaction was inactivated by heating the
samples at 708C for 15 min.

Quantitative real-time PCR amplification reactions were
performed with cDNA from AD patients and control subjects,
using an ABI Prism 7900 sequence detection system (Applied
Biosystems), in a 25 ml volume of total reaction mixture. The
mixture consisted of 1× PCR buffer containing SYBR-Green;

3 mM MgCl2; 100 nM of each primer; 200 nM of dATP, dGTP
and dCTP each; 400 nM dUTP; 0.01 U/ml AmpErase UNG;
and 0.05 U/ml AmpliTaq Gold. A 50 ng cDNA template was
added to each reaction mixture.

The CT-values of b-actin and GAPDH were tested to
determine the unregulated endogenous reference gene in
AD patients and controls. The CT-value, described in
Manczak et al. (49), Gutala and Reddy (48) and Reddy
et al. (50), is an important quantitative parameter in real-
time PCR analysis. All RT–PCR reactions were carried
out in triplicate, and with no template control. The
mRNA transcript level was normalized against b-actin and
GAPDH at each dilution. The standard curve was the nor-
malized mRNA transcript level, plotted against the log
value of the input cDNA concentration at each dilution.
Briefly, the comparative CT method involved averaging tri-
plicate samples, which were taken as the CT values for
b-actin, GAPDH and mitochondrial genes. b-actin normali-
zation was used in the present study because b-actin CT

values are similar for mitochondrial structural genes,
which allows us to avoid the values of GAPDH. The DCT-
value was obtained by subtracting the average b-actin CT

value from the average CT-value for the mitochondrial
structural genes. The DCT of the controls was used as the
calibrator. The fold change was calculated according to
the formula 2−(DDCT), where DDCT is the difference
between DCT and the DCT calibrator value.

Ab antibodies

To characterize Ab in postmortem brains from AD patients
and control subjects, and tissues from AD mouse models
(Tg2576 and AbPP/PS1), we used Ab monoclonal antibody
(6E10) (51) and oligomer-specific antibody (popularly
known as A11 (52). 6E10 is a clone of Ab monoclonal anti-
body that is raised against 3–8 amino acid residues of Ab
peptide. 6E10 antibody reacts with 4 kDa Ab, AbPP deriva-
tives and full-length AbPP (Covance, Emeryville, CA,
USA). The oligomeric Ab antibody (A11) is extensively
studied and reported that it is reactive to all forms of
oligomeric Ab.

Immunoblotting analysis of mitochondrial proteins

To determine whether mitochondrial protein levels are
different in AD patients relative to control subjects, we per-
formed immunoblotting analysis of protein lysates from cor-
tical tissues of AD patients and control subjects. Protein
lysates were prepared using a RIPA buffer [25 mM Tris–
HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS and protease inhibitors 0.5 g/ml
pepstatin, 0.5 g/ml leupeptin, 1 mM PMSF). Fifty micro-
grams of protein lysates were resolved on a 10%
Nu-PAGE gel (Invitrogen). The resolved proteins were
transferred to PVDF membranes (Novax, Inc., San Diego,
CA, USA) and then were incubated for 1 h at room temp-
erature with a blocking buffer (5% dry milk dissolved in
a TBST buffer). The nitrocellulose membranes were incu-
bated overnight with the primary antibodies Drp1 (1:200
rabbit polyclonal; Novus Biological, Inc., Littleton, CO,

Table 2. Demographic details of postmortem brain specimens from patients
with AD and subjects without AD (specimens from the Harvard Tissue
Resource Center)

Case type Age/sex Postmortem interval (h) Braak stage of AD brains

Control 68/M 21 0
Control 82/M 17 0
Control 74/F 23 0
Control 74/M 15 0
Control 90/F 12 0
AD 74/F 12 I/II
AD 67/F 10 I/II
AD 76/F 24 I/II
AD 77/M 18 I/II
AD 72/F 12 I/II
AD 69/M 18 III/IV
AD 75/M 24 III/IV
AD 82/M 19 III/IV
AD 80/M 19 III/IV
AD 82/F 18 III/IV
AD 77/M 11 V/VI
AD 83/F 18 V/VI
AD 83/M 19 V/VI
AD 92/F 5 V/VI
AD 95/F 8 V/VI
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USA), Fis1 (1:200, Protein Tech Group, Inc., Chicago, IL,
USA), Mfn1 (1:300, rabbit polyclonal; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA), Mfn2 (1:300, rabbit
polyclonal; Abcam), Opa1 (1:500; mouse monoclonal; BD
Biosciences, San Jose, CA, USA), Tomm40 (1:200 rabbit
polyclonal; Santa Cruz Biotechnology), CypD (Santa Cruz
Biotechnology) and b-actin (1:500; mouse monoclonal;
Chemicon-Millipore, Temicula, CA, USA). Details of
primary and secondary antibodies are given in Supplemen-
tary Material, Table S2. The membranes were washed
with a TBST buffer three times at 10 min intervals and
then incubated for 2 h with appropriate secondary anti-
bodies, followed by three additional washes at 10 min inter-
vals. Proteins were detected with chemiluminescent reagents
(Pierce Biotechnology, Rockford, IL, USA), and the bands
from immunoblots were quantified on a Kodak Scanner
(ID Image Analysis Software, Kodak Digital Science, Ken-
nesaw, GA, USA). Briefly, image analysis was used to
analyze gel images captured with a Kodak Digital Science
CD camera. The lanes were marked to define the positions
and specific regions of the bands. An ID fine-band
command was used to locate and to scan the bands in
each lane and to record the readings. We analyzed the
intensity of bands using ImageJ analysis and assessed stat-
istical significance using Student’s t-test.

Immunoblotting analysis of Ab monomers and oligomers

To determine the quantity of Ab monomers and oligomers
in our AD patients relative to control subjects, we per-
formed immunoblotting analysis of protein lysates from all
of their cortical tissues. To detect Ab monomers and oligo-
mers, protein lysates were prepared using the following
buffer: 250 mM sucrose, 50 mM HEPES, 25 mM MgCl2,

0.5 mM dithiothereitol and protease inhibitors, 0.5 g/ml pep-
statin, 0.5 g/ml leupeptin and 1 mM PMSF. Fifty micrograms
of protein lysates were resolved on a 4–12% gradient gel
(Invitrogen) and then transferred to nitrocellulose mem-
branes (Novax, Inc.). They were incubated for 1 h at
room temperature with a blocking buffer (5% dry milk dis-
solved in a TBST buffer). The nitrocellulose membranes
were incubated overnight with the 6E10 antibody (1:300;
Covance, San Diego, CA, USA). Then they were washed
with a TBST buffer three times at 10 min intervals and
incubated for 2 h with a secondary antibody, followed by
three additional washes at 10 min intervals. Ab levels
were detected with chemiluminescent reagents (Pierce Bio-
technology).

To determine whether Ab oligomers are present in the brain
specimens from AD patients, we also performed immunoblot-
ting analysis using protein lysates (described above) and the
A11 antibody (anti-rabbit polyclonal, 1:200, Invitrogen) that
specifically recognizes Ab oliogomers in protein lysates from
early, definite and severe AD patients. Details of primary and
secondary antibodies are given in Supplementary Material,
Table S2. Fifty micrograms of protein lysates were resolved
on a 4–12% gradient gel (Invitrogen). Immunoblotting analysis
was performed as described previously and above (22), and Ab
oligomers were detected with chemiluminescent reagents
(Pierce Biotechnology). We quantified the bands from

immunoblots, using densitometry and ImageJ analysis and
assessed statistical significance, using Student’s t-test.

Dotblot analysis

Ten micrograms of protein were spotted onto a nitrocellu-
lose membrane and air-dried for 1 h. The membrane was
soaked in 5% milk in TBST for 1 h to block non-specific
sites. The membrane was then incubated with A11 (1:200;
Invitrogen) in the blocking solution for 1 h at room temp-
erature. It was washed three times with TBST and then
incubated with an anti-rabbit secondary antibody that was
conjugated with a horseradish peroxidase (HRP) 1:10 000
dilution for 30 min at room temperature. The membrane
was again washed three times with TBS-T and incubated
with an ECL reagent for 1 min before it was exposed to
the X-ray film. We quantified oligomeric-specific dots
from dotblots, using ImageJ analysis and assessed statistical
significance using Student’s t-test.

Immunoprecipitation of Ab and Drp1

To determine the interaction of Drp1 with Ab monomers and
oligomers, we performed immunoprecipitation using cortical
protein lysates from the brains of the AD patients [Braak
stages I and II (early AD), III and IV (definite AD) and V
and VI (severe AD)], control subjects (Braak stage 0) and
AbPP/PS1 transgenic mice (53), and primary neurons from
brains of the AbPP transgenic mice (54). We used a Dyna-
beads kit for immunoprecipitation (Invitrogen). Fifty microli-
ters of Dyna-beads containing protein G were incubated with
10 mg of 6E10 or 10 mg of the Drp1 antibodies (both mono-
and polyclonal antibodies; Santa Cruz) for 1 h at room temp-
erature, with rotation. The Dyna-beads–Ab complex was
washed three times with a washing buffer and was then incu-
bated overnight with 400 mg of protein at 48C, with rotation.
The incubated ‘Dyna-beads antigen/antibody complex’ was
again washed three times with a wash buffer, and the immuno-
precipitant was eluted from Dyna-beads by the NuPAGE LDS
sample buffer; it was loaded onto a gel where we performed
immunoblotting analysis using 6E10, A11 and/or Drp1
antibodies.

Immunohistochemistry/immunofluorescence analysis

Using immunofluorescence techniques, we localized Drp1, Ab
monomers (6E10 antibody), oligomers (A11), astrocytes
(GFAP) and microglia (Iba) in frontal cortex specimens
(broadman area 9) taken from postmortem brains of 15
patients in early stages of AD (Braak stages I and II) and
from postmortem brains of five control subjects (Braak stage
0) (Table 2). The specimens were paraffin-embedded, and sec-
tions were cut into widths of 15 mm. We deparaffinized the
sections by washing them with xylene for 10 min and then
washed them for 5 min each in a serial dilution of alcohol
(95, 70 and 50%). The sections were washed once for
10 min with double-distilled H2O and then for six more
times at 5 min each, with phosphate-buffered saline (PBS)
at pH 7.4.
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To reduce the autofluorescence of brain specimens, we
treated the deparaffinized sections with sodium borohydrate
twice each for 30 min in a freshly prepared 0.1% sodium
borohydrate solution dissolved in PBS at pH 8.0. We then
washed the sections three times for 5 min each, with PBS
at pH 7.4. To block the endogenous peroxidase, sections
were treated for 15 min with 3% H2O2 and then with
0.5% Triton dissolved in PBS at pH 7.4. The sections
were blocked for 1 h with a solution [0.5% Triton in
PBS+10% goat serum+1% bovine serum albumin
(BSA)]. The sections were incubated overnight at room
temperature with the following antibodies: anti-Drp1
(rabbit polyclonal 1:100 dilution, Santa Cruz Biotechnol-
ogy), anti-Iba (rabbit polyclonal 1:400 dilution, Wako
Chemicals, Richmond, VA, USA), anti-GFAP (rabbit poly-
clonal, 1:400 dilution, DakoCytomation, Carpenteria, CA,
USA), anti-Ab (mouse monoclonal 1:200, Covance) and
anti-oligomeric (1:50 dilution, Invitrogen). On the day
after the primary antibody incubation, sections were
washed once with 0.1% Triton in PBS and then incubated
with appropriate biotinylated secondary antibodies (Sup-
plementary Material, Table S3) for 1 h at room temperature.
They were washed with PBS three times for 10 min each.
They were incubated for 1 h with labeled streptavidin, an
HRP solution (Molecular Probes). The sections were each
washed three more times for 10 min each with PBS, at
pH 7.4, and then treated with Tyramide Alexa 594 (red)
or Alexa 488 (green) (Molecular Probes) for 10 min at
room temperature. They were cover-slipped with Prolong
Gold and photographed with a confocal microscope.

Double-labeling immunofluorescence analysis
of Drp1 and Ab

To determine the interaction between Drp1 and Ab (mono-
mers and oligomers), we conducted double-labeling
immuno-fluorescence analysis, using an anti-Drp1antibody
(rabbit polyclonal, Santa Cruz Biotechnology) and 6E10
(Covance) or A11 (rabbit polyclonal, Invitrogen). As describe-
dearlier, the sections from AD patients and control subjects
were deparaffinized and treated with sodium borohydrate to
reduce autofluorescence.

For the first labeling, the sections were incubated overnight
with the anti-Drp1 antibody (1:200) at room temperature. On
the day after this primary antibody incubation, the sections
were washed with 0.5% Triton in PBS. They were then incu-
bated with a secondary biotinylated anti-rabbit antibody at a
1:400 dilution (Vector Laboratories, Burlingame, CA, USA)
or a secondary biotinylated anti-mouse antibody (1:400) for
1 h at room temperature. They were incubated for 1 h with
labeled streptavidin, an HRP solution (Molecular Probes).
The sections were washed three times each with PBS for
10 min, at pH 7.4, and treated with Tyramide Alexa488 for
10 min at room temperature.

For the second labeling, the sections were blocked for 1 h
with a blocking solution containing 0.5% Triton in
PBS+10% donkey serum+1% BSA. Then they were incu-
bated overnight with 6E10 (1:200 dilution, Covance) or A11
(1:50 dilution, rabbit polyclonal) at room temperature. Next,
they were incubated with the donkey anti-mouse secondary

antibody labeled with Alexa 594 for 1 h at room temperature.
They were coverslipped with Prolong Gold and photographed
with a confocal microscope.

AbPP transgenic mice, AbPP3PS1 transgenic mice
and primary neuronal culture

Using AbPP transgenic mice (52), AbPP×PS1 transgenic
mice (51) and age-matched wild-type littermates (controls),
we studied Ab and its relationship to mitochondria at different
stages of AD progression. The mice were housed at the
Oregon National Primate Research Center at Oregon Health
& Science University (OHSU). The OHSU Institutional
Animal Care and Use Committee approved all procedures
for animal care according to guidelines set forth by the
National Institutes of Health.

Primary neuronal cultures of the AbPP transgenic mice and
wild-type mice were prepared using methods described by
Manczak et al. (26). Briefly, mice of postnatal day 1 were
decapitated, and the brains were removed into a room-
temperature Hibernatew-A medium (Brain Bits, Springfield,
IL, USA) supplemented with B-27 (Invitrogen) and 0.5 mM

GlutaMAXTM (Invitrogen). The hippocampus was dissected
and reserved for culturing, and the cerebellum was removed
for genotyping. Hippocampus pairs from individual mice
were minced into pieces of ,1 mm3, and the pieces were
transferred to a solution of papain (2 mg/ml; Worthington Bio-
chemical Corp., Lakewood, NJ, USA) that was dissolved in
Hibernatew-A without calcium, but supplemented with
0.5 mM GlutaMAXTM. The tissue was digested for 30 min in
a shaking water bath at 308C. Digested tissue was then
removed to 2 ml of HABG and triturated 10 times with a fire-
polished, siliconized (Sigmacote; Sigma, St Louis MO, USA)
9 inch glass pipette. Samples were allowed to settle by gravity
for �1 min. Then the supernatant containing the dissociated
neurons was removed to a fresh tube. An additional 2 ml of
HABG was added to the pellet, and the process was repeated
until 6 ml of dissociated neurons were collected. Neurons were
centrifuged at 200g for 2 min and then washed with 2 ml of
HABG. The pellets were resuspended in 2 ml of NeurobasalTM

(Invitrogen) supplemented with B-27 and 0.5 mM Gluta-
MAXTM (growth medium). The neurons were counted,
plated at 500 neurons/mm2 on poly-D-lysine-coated coverslips
and placed into a 378C incubator at 5% CO2. One hour after
plating, the growth medium was completely replaced. For
every 3 days one-half of the growth medium was changed.

Immunofluorescence analysis of primary neurons
for Drp1, Ab, monomers and oligomers

Fourteen-day-old primary neurons from AbPP transgenic mice
and wild-type mice were washed with warm PBS, fixed in a
freshly prepared 4% paraformaldehyde solution for 10–
15 min, washed with PBS and then permeabilized with 0.1%
Triton-X100 in the PBS. All incubations were performed in
a humidified environment. All neurons were blocked with
1% blocking solution (Invitrogen) for 1 h at room temperature.
Primary antibodies were diluted in the blocking solution and
used under the following two conditions: (i) 6E10 (1:200,
Covance), room temperature, 1 h; and (ii) A11 (1:50,
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Invitrogen) 48C, overnight with Drp1 (1:400). After the incu-
bation, the neurons were washed three times for 10 min with
PBS. A fluorophore-labeled, appropriate secondary antibody
[1:500 in blocking solution; as appropriate: Alexa
Fluorw 488 goat anti-rabbit or Alexa Fluorw 568 goat anti-
mouse antibodies (Invitrogen)] was then applied for 1 h at
room temperature.

For double-labeling studies, antigens were labeled sequen-
tially, meaning that the primary antibody (A11) was applied
singly and then the appropriate secondary antibody was
applied. Then the second primary antibody (e.g. E610) was
applied, followed by the appropriate secondary antibody. Pic-
tures of hippocampal neurons from the AbPP transgenic and
wild-type mice were taken at 40× and 100× the original
magnification with a fluorescence microscope.

Immunofluorescence analysis of Drp1 and Cox1

As described above, primary neurons from wild-type or AbPP
pups were stained with Drp1 and COX1. Cells were harvested
at 16 DIV and stained for Drp1 (1:400, rabbit polyclonal,
Novus Biologicals) using an anti-rabbit Alexa 488 secondary
antibody. For subsequent secondary labeling with COX1, the
cells were stained with COX 1 (1:200, mouse monoclonal,
Invitrogen) using an anti-mouse Alexa 568 secondary anti-
body. Pictures of hippocampal neurons from the AbPP trans-
genic and wild-type pups were taken at 40× and 100× the
original magnification with a fluorescence microscope.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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