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We recently reported increased mitochondrial fission and decreased fusion, increased amyloid beta (Ap)
interaction with the mitochondrial fission protein Drp1, increased mitochondrial fragmentation, impaired
axonal transport of mitochondria and synaptic degeneration in neurons affected by AD. In the present
study, we extended our previous investigations to determine whether phosphorylated tau interacts with
Drp1 and to elucidate mitochondrial damage in the progression of AD. We also investigated GTPase activity,
which is critical for mitochondrial fragmentation, in postmortem brain tissues from patients with AD and
brain tissues from APP, APP/PS1 and 3XTg.AD mice. Using co-immunoprecipitation and immunofluores-
cence analyses, for the first time, we demonstrated the physical interaction between phosphorylated tau
and Drp1. Mitochondrial fission-linked GTPase activity was significantly elevated in the postmortem frontal
cortex tissues from AD patients and cortical tissues from APP, APP/PS1 and 3XTg.AD mice. On the basis
of these findings, we conclude that Drp1 interacts with A and phosphorylated tau, likely leading to
excessive mitochondrial fragmentation, and mitochondrial and synaptic deficiencies, ultimately possibly
leading to neuronal damage and cognitive decline. Treatment designed to reduce the expression of Drp1,
ApB and/or phosphorylated tau may decrease the interaction between Drp1 and phosphorylated tau and the
interaction between Drp1 and A, conferring protection to neurons from toxic insults of excessive Drp1,
ApB and/or phosphorylated tau.

INTRODUCTION

Alzheimer’s disease (AD) is an age-related, progressive, neu-
rodegenerative disorder characterized by memory loss and
multiple cognitive impairments (1). Worldwide, 36 million
people older than 65 years are living with dementia, with
numbers in this age group expecting to double to 66 million
by 2030 and increase to 115 million by 2050 (2). With the life-
span of humans increasing, AD—already a significant health
concern—will likely become even a greater concern. In add-
ition to the personal and family hardships that AD creates,
the numbers of current and expected patients with AD will

translate into extremely high health-care costs. According to
2010 estimates, worldwide dementia is currently costing
$604 billion annually. Histopathological investigations of
AD brains have revealed changes in the brain, characterized
as synaptic loss, mitochondrial abnormalities and inflamma-
tory responses, in addition to extracellular amyloid beta
(AB) deposits and intracellular neurofibrillary tangles (NFTs)
in learning and memory regions of the brain (3—6).

The intraneuronal accumulation of AR is a key factor that
triggers multiple cellular changes in the pathogenesis of AD.
Intraneuronal AP precedes AP production and deposition,
and NFT formation in the brains of AD patients and mice
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that were modeled for AD (7). In AD brains, intraneuronal
levels of AP are controlled by the production, clearance and
degradation of AB. Another factor involved in AD pathogen-
esis is the hyperphosphorylation of tau, a microtubule-
associated protein, in brains of patients with AD. The
hyperphosphorylation of tau has been found to be triggered
by intraneuronal AR (8). However, the precise link between
AP and tau hyperphosphorylation, and NFT formation is not
well understood.

Tau hyperphosphorylation and NFT formations are late-
stage events in AD progression (9—11). Recent research
revealed that several factors might be involved in tau hyper-
phosphorylation, including AB-mediated caspase activation,
AB-mediated oxidative stress, chronic oxidative stress,
reduced insulin-like growth factor 1-mediated oxidative
stress and mutations in the tau gene (7). NFTs are composed
of hyperphosphorylated forms of tau, which is normally, abun-
dantly present in the central nervous system and is predomin-
antly expressed in neuronal axons (12). Normal tau performs
several cellular functions, including stabilization of microtu-
bules, promotion of neurite outgrowth, membrane interactions,
facilitation of enzyme anchoring and facilitation of the trans-
port of organelles from axons to nerve terminals (13).

In AD, tau is hyperphosphorylated, accumulates in neurons
and forms paired, helical filaments. Owing to hyperphosphor-
ylation, tau loses its capability to bind with microtubules,
which ultimately leads to neurodegeneration (14). Further,
over-expressed normal tau and/or hyperphosphorylated tau
has also been found to impair axonal transport of mitochondria
and the abnormal distribution of mitochondria in AD neurons
(15,16).

Increasing evidence suggests that abnormal mitochondrial
dynamics, such as increased fission and decreased fusion,
are early and key factors that have been found in neurodegen-
erative diseases, such as Alzheimer’s, Huntington’s,
Parkinson’s and amyotrophic lateral sclerosis (17—30). In add-
ition, these abnormal mitochondrial dynamics have been asso-
ciated with abnormal changes in the structure of mitochondria.
These abnormal structural changes in mitochondria have been
found to be due to an imbalance in highly conserved, GTPase
genes that are essential for mitochondrial fission and mito-
chondrial fusion. GTPase genes—dynamin-related protein 1
(Drpl), fission 1 (Fisl), mitofusins 1 and 2 (Mfnl, Mfn2)
and optic atrophy 1 (Opal)—regulate, maintain and remodel
mammalian mitochondria (31-33).

Using a large number of well-characterized postmortem
brain specimens from AD patients and age-matched control
subjects, we recently studied mitochondrial structural genes
in order to determine mitochondrial dynamics in AD-affected
neurons (22). We found increased expression of Drpl
and Fisl, decreased expression of Mfnl, Mfn2, Opal and
Tomm40, and increased expression of the matrix gene
CypD. Our findings suggest that abnormal mitochondrial dy-
namics increase as AD progresses. Further, using these same
brain specimens from AD patients, we investigated whether
mitochondrial proteins interact with AR in AD progression.
Immunoprecipitation (IP) of Drpl and western blot analysis
of the AP antibodies 6E10 and A1l revealed that Drpl inter-
acts with AR monomers and oligomers. Immunofluorescence
analysis using Drpl antibody and 6E10 and All revealed
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Figure 1. A representative western blot analysis of normal and phosphorylated
tau proteins in brain tissues from early (Braak stages I and II, n = 5), definite
(Braak stages III and IV, n = 5) and severe (Braak stages V and VI, n = 5) AD
patients, control subjects (Braak stage 0, n = 5) and 3XTg.AD mice (n = 5)
and WT mice (n=15). Normal tau is phosphorylated in AD patients and
3XTg.AD mice.

the colocalization of Drpl and AP and increased abnormal
interactions between Drpl and AP as AD progressed.
However, it is unclear whether phosphorylated tau, as a
major pathological hallmark of AD, interacts with Drpl and
is involved in mitochondrial dysfunction.

In the current study, we studied postmortem brains from
AD patients and brain tissues from mice that were modeled
for AD, APP transgenic mice (34), APP/PS1 mice (35) and
3XTg.AD mice (36), in order to determine the interaction
between Drpl, phosphorylated tau and GTPase activity,
which is critical for mitochondrial fragmentation in AD.

RESULTS

Normal and phosphorylated tau in postmortem brain
specimens from AD patients and 3XTg.AD mice

We studied postmortem cortical tissues from definite and
severe AD patients and control subjects, 13-month-old
3XTg.AD mice and wild-type (WT) mice, using normal tau
and phosphorylated tau-specific antibodies. As shown in
Figure 1, six bands of tau were found in AD patients and
control subjects (lanes 1—4). Tau was phosphorylated in the
definite (Braak stages III and IV) and severe (Braak stages
V and VI) AD patients (lanes 5 and 6) and in the 13-month-old
3XTg.AD mice (lane 8), but not in the WT mice (lane 7).
These results confirm earlier findings that mutant tau is phos-
phorylated in 3XTg.AD mice, whereas normal tau is heavily
phosphorylated in AD patients (even in the absence of tau
mutation).

Interaction of hyperphosphorylated tau with Drpl
in AD patients

To determine whether hyperphosphorylated tau interacts with
Drpl, we conducted co-IP analysis, using cortical protein
lysates from postmortem brain tissues of AD definite and
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Figure 2. Co-IP analysis of Drpl and phosphorylated tau in AD patients.
(A) Results from IP with a Drpl antibody and from western blot analysis
with a phosphorylated tau antibody. Phosphorylated tau was found in
Drpl-IP elutes from AD patients. (B) Western blot analysis of protein
lysates from AD patients and control subjects, using the Drpl antibody.

severe AD patients and of age-matched control subjects. We
also conducted co-IP using the Drpl antibody and western
blot with the phosphorylated tau antibody. As shown in
Figure 2A, we found several bands of phosphorylated tau in
Drpl-IP elutes from AD patients (lanes 2 and 3) and further
band intensity increased with disease progression in AD
patients. Our western blot analysis of cortical protein lysates
revealed several bands of phosphorylated tau in definite and
severe AD patients (lanes 5 and 6) but not in the control
subjects (lane 4) (Fig. 2B), indicating that the tau antibody
(PHF-S396) is specific for the phosphorylated tau protein in
AD patients.

To verify our co-IP results and our western blot results, we
performed IP with phosphorylated tau and western blot with
the Drpl antibody. As shown in Figure 3A, phosphorylated
tau-IP elutes from AD patients (lanes 2 and 3) revealed a
82 kDa Drpl protein, further confirming the interaction
between Drpl and phosphorylated tau in AD patients. Our
western blot analysis of lysates from AD patients (lanes 5
and 6) and control subjects (lane 4) using the Drpl-specific
antibody found a 82 kDa band, indicating that the 82 kDa
band is specific for Drpl (Fig. 3B).

Interaction of hyperphosphorylated tau with Drpl
in APP/PS1 and 3XTg.AD mice

We also conducted co-IP analysis, using cortical protein
lysates from brain tissues of APP/PS1 mice and 3XTg.AD
mice and of age-matched WT mice, to confirm findings of
Drpl interaction with phosphorylated tau in AD patients. As
shown in Figure 4A, we found phosphorylated tau in Drpl
[P-elutes from the APP/PS1 and 3XTg.AD mice (lanes 2
and 3). Our western blot analysis of cortical protein lysates
revealed several bands of phosphorylated tau in the APP/
PS1 and 3XTg.AD mice (lanes 5 and 6) but not in the WT
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Figure 3. Co-IP analysis of phosphorylated tau and Drpl in AD patients.
(A) IP results with a phosphorylated tau antibody and results from western
blot analysis with the Drpl antibody. Drpl was found in phosphorylated
tau-IP elutes in the cortical tissues from AD patients. (B) Western blots of
protein lysates from AD patients and control subjects, using the phosphory-
lated tau antibody.
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Figure 4. Co-IP analysis of Drpl and phosphorylated tau in APP/PS1 and
3XTg.AD mice. (A) IP results with the Drpl antibody and results from
western blot analysis with the phosphorylated tau antibody. Phosphorylated
tau was found in Drpl-IP elutes in the cortical tissues from AD patients.
(B) Western blot analysis of protein lysates from in APP/PS1 and 3XTg.AD
mice, using the Drpl antibody.

mice (Fig. 4B), further confirming Drpl interaction with
phosphorylated tau in AD patients.

Using cortical proteins from APP/PS1, 3XTg.AD and WT,
we also verified co-IP results with the Drpl antibody and
western blot with the phosphorylated tau antibody, using IP
with the phosphorylated tau antibody and western blot analysis
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Figure 5. Co-IP analysis of phosphorylated tau and Drpl in APP/PS1 and
3XTg.AD mice. (A) IP results with the phosphorylated tau antibody and
results from western blot analysis with the Drpl antibody. Drpl was found
in phosphorylated tau-IP elutes, in the cortical tissues from AD patients.
(B) Results from western blot analysis of protein lysates from APP/PS1 and
3XTg.AD mice, using phosphorylated tau antibody.

with the Drpl antibody. As shown in Figure 5A, we found the
82 kDa Drpl protein in the IP-tau elutes and in the cortical
tissues, in APP/PS1 mice (lane 2) and 3XTg.AD mice (lane
3) but not in the WT mice (lane 1), further confirming the
interaction between Drpl and phosphorylated tau. Western
blot findings of protein lysates in APP/PS1 mice (lane 5),
3XTg.AD mice (lane 6) and WT mice (lane 4) showed a
band of the 82 kDa protein, indicating increased Drpl in the
APP/PS1 and 3XTg.AD mice, compared with the level of
Drpl in the WT mice (Fig. 5B).

Double-labeling immunofluorescence analysis
of Drpl and phosphorylated tau in AD brains

To determine whether Drpl localizes and interacts with
phosphorylated tau, we conducted double-labeling analysis
of Drpl and phosphorylated tau, using specimens from
frontal cortex sections of AD patients. As shown in
Figure 6, the immunoreactivity of Drpl was colocalized
with phosphorylated tau, indicating that Drpl interacts with
phosphorylated tau. These observations matched our IP find-
ings of Drpl and phosphorylated tau (Figs 2 and 3). Further,
not all of the Drpl immunoreactive neurons were positive
with the phosphorylated tau antibody, indicating that Drpl
may selectively interact with phosphorylated tau-positive
neurons in AD patients.

Double-labeling immunofluorescence analysis
of Drpl and phosphorylated tau in 3XTg.AD mice

To determine whether Drpl localizes and interacts with
phosphorylated tau, we conducted double-labeling analysis of
Drpl and phosphorylated tau in cortex and hippocampal sec-
tions from 3XTg.AD mice. As shown in Figure 7, the immunor-
eactivity of Drpl was colocalized with phosphorylated tau
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immunoreactivity, indicating that Drpl interacts with phos-
phorylated tau. These results agreed with our IP findings of
Drp1 and phosphorylated tau (Figs 4 and 5). Similar to sections
from AD brain, we found not all Drpl immunoreactive neurons
were positive with the phosphorylated tau antibody, indicating
that Drp1 selectively interacts with phosphorylated tau-positive
neurons in the 3XTg.AD mice.

GTPase activity in AD patients, and APP, APP/PS1
and 3XTg.AD mice

In an earlier study, we found that Drpl interacted with A in
brain specimens from patients with AD brains and from APP
transgenic mice (22). In the current study, we found that Drpl
interacted with hyperphosphorylated tau brain specimens from
patients with AD brains and from APP/PS1 and 3XTg.AD
mice. We measured GTPase enzymatic activity in all brain
specimens to study, and we studied GTPase enzymatic activity
in cortex tissues from AD patients and control subjects, and
from 13-month-old APP, APP/PS1 and 3XTg.AD mice. As
shown in Figure 8, we found significantly increased GTPase
enzymatic activity in the cortex tissues from early (Braak
stages I and II), definite (Braak stages III and IV) and severe
(Braak stages V and VI) AD patients, relative to the control
subjects (Braak stage 0) (P < 0.05). We also found signifi-
cantly increased levels of GTPase enzymatic activity in the
cerebral cortex tissues from the 13-month-old APP/PS1 and
3XTg.AD mice, relative to the age-matched WT mice
(cortex, P < 0.05) (Fig. 9), indicating that increased inter-
action of hyperphosphorylated and AR with Drpl is associated
with enhanced GTPase enzymatic activity, leading to exces-
sive fragmentation of mitochondria in AD neurons.

DISCUSSION

In neurons affected by AD in patients, we recently reported
abnormal mitochondrial dynamics (increased fission and
decreased fusion), AR interaction with mitochondrial fission
protein Drpl, increased mitochondrial fragmentation and
impaired axonal transport and synaptic degeneration. These
abnormalities increased with disease progression (21-25).
In the current study, using postmortem AD brains and
brain tissues from APP, APP/PS1 and 3XTg.AD mice, we
extended our previous investigations to determine whether
phosphorylated tau interacts with mitochondrial protein
Drpl, possibly exacerbating disease progression in AD. We
also investigated GTPase activity in brain specimens from
patients with AD and from APP, APP/PS1 and 3XTg.AD
mice. We found that phosphorylated tau interacted with
Drpl in postmortem cortical tissues from definite and
severe AD patients, and this interaction occurred mainly in
a late stage of disease progression. We also found GTPase
activity elevated in the brain tissue from AD patients, and
APP, APP/PS1 and 3XTg.AD mice. On the basis of these
findings, it appears that the interaction between Drpl and
hyperphosphorylated tau exacerbates mitochondrial and
synaptic  deficiencies, ultimately leading to neuronal
damage and cognitive decline in AD.



2542 Human Molecular Genetics, 2012, Vol. 21, No. 11

Drpl

ATS8 (Phospho tau)

|

Figure 6. Double-labeling immunofluorescence analysis of phosphorylated tau and Drpl in AD patients. The localization of (A) Drpl and (B) phosphorylated
tau, and (C, merged) the colocalization of Drpl and phosphorylated tau at 40 x the original magnification. (D) Images of Drpl, (E) phosphorylated tau and (F)
merged at 100 x the original magnification. Arrows indicate localization of phosphorylated tau, Drpl and colocalization of both.
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Figure 7. Double-labeling immunofluorescence analysis of phosphorylated tau and Drp1 in 3XTg.AD mice. The localization of (A) Drp1 and (B) phosphorylated
tau, and (C, merged) the colocalization of Drpl and phosphorylated tau in the cortex and hippocampus of AD patients; images taken at 40 x the original mag-
nification; images of Drp1 and phosphorylated tau were merged at 100 x the original magnification. Arrows indicate localization of phosphorylated tau, Drpl and

colocalization of both.

Tau phosphorylation in AD

In the current study, we investigated tau proteins in normal
and phosphorylation states in brain specimens from AD
patients and control subjects, and from 3XTg.AD and WT
mice. In the adult human brain, normal tau has six isoforms
(10). The normal tau antibody that we used had been
identified six bands in the brains from AD patients and
control subjects. However, the phosphorylated tau antibody

that we used identified higher bands of phosphorylated
tau, mainly in the brain specimens from AD patients
(Fig. 1). In brain tissues from 13-month-old 3XTg.AD
mice, we found tau to be a much more robust, hyperpho-
sphorylated tau than in patients with AD. This hyperpho-
sphorylated tau might be due to over-expression of mutant
tau in the 3XTg.AD mice. Further, the pattern of tau phos-
phorylation in these mice was also different from that in
human AD brains.



GTPase activity

100 - e
| =

3 80- ) =
E ﬂ--:.'\?-
& 60- I e
£ i
c -
% 20 R

0 o

1

1. Control subjects (n=5)

2. AD patients (Braak stage 1 & 11, n=5)

3. AD patients (Braak stage 111 & 1V, n=5)
4. AD patients (Braak stage V &VI, n=5)

Figure 8. GTPase enzymatic activity in cortical tissues of postmortem brains
from AD patients—early AD, Braak stages I and Il (n =5), definite AD,
Braak stages IIT and IV (n = 5), severe AD, Braak stage (» = 5) and control
subjects (n = 5). GTPase enzymatic activity was significantly decreased in
AD patients relative to control subjects.

GTPase activity

*
e
S 30-
] RRRR *
0 25 BT
- 1 s
n NPT
SRR
NPT T
oy 20 4 A
e
R
E rhnba e
ettt ety
J N
< 15 BT
fi R
= 10 4 ERE R
c A
ettty
: A
sl nbadrd ey
RRRAE
5 - SRR
ARAAR
E SRR
Prieiairietvl
0 s
WT APP APP/PS1 3XTg.AD

Figure 9. GTPase enzymatic activity in cortical tissues from cortical tissues from
the APP (n = 6), APP/PS1 mice (n = 6), 3XTg.AD mice (n = 5) and WT mice
(n=6). GTPase enzymatic activity was significantly increased in the APP,
APP/PS1 mice and 3XTg. AD mice relative to WT, non-transgenic mice.

Interaction of Drpl with phosphorylated tau in AD

In brain specimens from patients with AD, we recently found
that AP interacted with Drpl, increased mitochondrial frag-
mentation, impaired axonal transport and impaired synaptic
degeneration and that these characteristics increased with
disecase progression (21-25). However, it was unclear
whether phosphorylated tau interacts with Drpl and whether
this interaction promotes mitochondrial fragmentation and
neuronal damage in AD. In the present study, using co-IP
and immunofluorescence analyses, we found such interaction
and we also found mitochondrial fragmentation and neuronal
damage. We observed a robust abnormal interaction in brain
specimens from patients with definite and severe AD, and
we found little or no such interaction in control subjects.
Similarly, we observed abnormal interaction between
phosphorylated tau and Drpl in brain specimens from
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13-month-old 3XTg.AD and APP/PS1 mice, and little or no
interaction in 3-month-old 3XTg.AD and APP/PS1 mice
(data not shown). These findings clearly suggest that Drpl
interacts with phosphorylated tau.

Tau phosphorylation and NFT formation are late-stage
events in the disease progression in patients with AD and
in 3XTg.AD mice (36,37). It appears that an accumulation
of phosphorylated tau is an important factor in Drpl-
phosphorylated tau interaction and in formation of the
Drpl-phosphorylated tau complex. The interaction between
Drpl and phosphorylated tau may exacerbate mitochondrial
fragmentation and synaptic and neuronal damage in neurons
affected by AD, and may exacerbate the interaction
between AP and Drpl, resulting in excessive mitochondrial
fragmentation (21-25).

As described in previous studies, the production of A and
the subsequent accumulation of intraneuronal tau led to abnor-
mal mitochondrial dynamics (increased fission and decreased
fusion) and mitochondrial dysfunction in AD neurons
(17-25). Further, that AB-induced abnormal mitochondrial
dynamics is an early event in AD has been supported by
several transmission electron microscopy studies, which
revealed excessive mitochondrial fragmentation in primary
neurons from over-expressed AP mutation in mice (23), in
mouse neuroblastoma cells treated with an exogenous AP
peptide (21) and in human neuroblastoma cells that overex-
press AB (swe) mutation (17,18). Further, a recent global
gene expression study of APP transgenic mice revealed
increased expression of mitochondrially encoded genes in 2-,
5- and 18-month-old ABPP transgenic mice. This elevated
mitochondrial gene expression may well be a compensatory
response to mitochondrial dysfunction caused by mutant
APP and soluble AB (38).

The current finding, that phosphorylated tau interacts with
Drpl, further supports phosphorylated tau involvement in exces-
sive mitochondrial fragmentation, which in turn may ultimately
lead to mitochondrial dysfunction and neuronal damage in AD.
Thus, increasing evidence suggests that mitochondrial dysfunc-
tion is linked to abnormal tau in AD (39—44). Further, increasing
evidence supports the involvement of abnormal tau or hyperpho-
sphorylated tau in impaired axonal transport and in the abnormal
localization of mitochondria in AD neurons (15,16). Using neur-
onal and non-neuronal cell cultures, several research groups have
found that tau impairs axonal transport of organelles and impairs
APP trafficking and that the depletion of organelles, including
mitochondria, causes oxidative stress and reduces ATP in synap-
ses (45—47). It is possible that the interaction between Drp1 and
phosphorylated tau may be involved in causing defective axonal
transport of mitochondria, mitochondrial dysfunction and oxida-
tive stress in mitochondria.

There are a couple of explanations that may account for the
interaction of Drpl and phosphorylated tau leading to exces-
sive mitochondrial fragmentation, mitochondrial dysfunction
and neuronal damage in AD. Two possibilities are that: (i)
this interaction is dependent on ARB-induced oxidative stress,
which has been found to be present in neurons with mitochon-
drial fragmentation and dysfunction, and neuronal damage
and (ii) this interaction may be associated with oxidative
stress-induced phosphorylated tau. Additional research is
needed to investigate these possibilities.
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A possible therapeutic strategy for patients with AD: Drpl
or reducing phosphorylated tau and/or AR —

Recent knockout Drpl mice studies revealed that Drpl homo-
zygote knockout mice (Drpl—/—) have developmental and
synaptic abnormalities, particularly in the forebrain, and they
die, on average, shortly after embryonic days 11.5-12.5
(48,49). However, heterozygote Drpl+/— knockout mice
appear to be normal in terms of lifespan, fertility and viability.
Further, Drpl+/— heterozygote knockout mice do not show
significant changes in synaptic, dendritic or mitochondrial pro-
teins. In contrast, elongated mitochondria were observed in the
brains of Drpl+/— mice, indicating the presence of mito-
chondrial fusion. Further, significantly reduced hydrogen per-
oxide and lipid peroxidation levels were observed in the
Drpl+/— mice, suggesting reduced oxidative stress in the
Drpl+/— mice (50). These findings, taken together, suggest
that partial reduction in Drpl may have beneficial effects
and a therapeutic value for patients with AD and patients
with other neurodegenerative diseases, such as Huntington’s
since excessive mitochondrial fragmentation and increased
mitochondrial dysfunction and oxidative stress have been
reported in their diseased brain tissues (17-28).

From a therapeutic point of view, it may be critical to
reduce the production of A and phosphorylated tau to slow
or stop AD progression. The reduced production of AP and
phosphorylated tau may lead to a reduction in the interaction
between Drpl and phosphorylated tau, which may in turn
protect neurons from toxic insults resulting from Drpl and
AP interactions, and from Drpl and phosphorylated tau
interactions.

MATERIALS AND METHODS

Twenty postmortem brain specimens from AD patients and
age-matched control subjects were obtained from the
Harvard Tissue Resource Center, as described previously
(22). Fifteen specimens were from patients diagnosed with
AD at different stages of disease progression, according to
Braak criteria (9) and five were from age-matched control
subjects. On the basis of quantitative pathological features,
including senile plaques, NFTs and neuronal density, the AD
brain specimens were classified as coming from AD patients
at Braak stages 1 and II (early AD) (n = 5), Il and IV (definite
AD) (n=15), V and VI (severe AD) (n = 5) and control sub-
jects (n=15). The specimens were from the frontal cortex
and were both quick-frozen and formalin-fixed (BA9).

APP, APP X PS1 and 3XTg.AD transgenic mice

Using APP (Tg2576 line) (34), APP xPS1 (35) and 3XTg.AD
mice (36) and age-matched WT littermates (controls), we
studied Drpl and its relationship to Tau in patients at different
stages of AD progression. The mice were housed at the
Oregon National Primate Research Center at Oregon Health
and 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.

Drpl and tau antibodies

To characterize phosphorylated tau and Drpl, we used an
anti-Drpl antibody, and normal and anti-normal tau and anti-
phosphorylated tau antibodies. The Drpl antibody was raised
against 560—736 amino acid residues of a human Drp1 and this
antibody was purchased from Santa Cruz Biotechnology, Inc
(Santa Cruz, CA, USA). This antibody reacts with cells from
mice, rats and humans. The normal tau that we used was raised
against 159—163 amino acid residues of human tau. The tau anti-
body recognizes normal tau from humans and bovine. We also
used phosphorylated tau antibody that raised against a phosphory-
lated serine, 202 and threonine 205 amino acid residues of human
tau and this antibody referred as ATS in the literature. The phos-
phorylated tau antibody recognizes a phosphatase-sensitive
epitope on PHF-tau. Both tau antibodies were purchased from
Pierce Biotechnology, Inc. (Rockford, IL, USA). We also used
phosphorylated tau antibody (PHF-Tau, S396) for IP analysis
and this antibody was raised a phosphorylated serine, 396
amino acid of human tau, and this antibody was purchased
from Abcam (Cambridge, MA, USA).

Western blot analysis of tau proteins

To determine tau phosphorylation in AD patients relative to
control subjects, we performed western blot analysis of
protein lysates from cortical tissues of AD patients and control
subjects, and from 3XTg.AD and non-transgenic control mice,
as described in Manczak et al. (51). Briefly, protein lysates
were prepared, using a radioimmunoprecipitation buffer
(25 mm Tris—HCI, pH 7.6, 150 mm NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate and prote-
ase inhibitors 0.5 g/ml pepstatin, 0.5 g/ml leupeptin and 1 mm
phenylmethanesulfonylfluoride). Fifty micrograms of protein
lysates were resolved on a 4—12% Nu-PAGE gel (Invitrogen,
Temicula, CA, USA). The resolved proteins were transferred
to polyvinylidene fluoride (PVDF) membranes (Novax, Inc.,
San Diego, CA, USA) and then were incubated for 1 h at
room temperature with a blocking buffer [5% dry milk dissolved
in a mixture of Tris-buffered saline and Tween 20 (TBST)
buffer]. The PVDF membranes were incubated overnight with
the following primary antibodies: anti-Drp1 (rabbit polyclonal
1:500 dilution; Santa Cruz Biotechnology), anti-normal tau anti-
body (1:200, mouse monoclonal; Pierce Biotechnology, Inc.,
Rockford, IL, USA) and anti-phosphorylated tau antibody
(1:100, mouse monoclonal; Pierce Biotechnology, Inc.). The
membranes were washed with a TBST buffer three times at
10 min intervals and then incubated for 2 h with appropriate sec-
ondary antibodies, followed by three additional washes at
10 min intervals. Details of the secondary bodies are given in
Table 1. Proteins were detected with chemiluminescent reagents
(Pierce Biotechnology, Inc.).

Co-IP of Drpl and phosphorylated tau

To determine the interaction between Drpl and phosphory-
lated tau, we performed co-IP using cortical protein lysates
from a large number of brains from AD patients, from
control subjects and from 13-month-old 3XAD mice, as
described in Manczak et al. (22). We cross-checked the
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Table 1. Summary of antibody dilutions and conditions used in western blot analysis of Drpl and tau proteins

Marker Primary antibody: species Purchased from: company, city, Secondary antibody: species ~ Purchased from: company,
and dilution state and dilution city, state
Drpl Rabbit Polyclonal 1:500 Santa Cruz Biotechnology, Inc., Donkey anti-rabbit HRP GE Healthcare Amersham,

Santa Cruz, CA
PHF-Tau-AT8 (S202/  Mouse Monoclonal 1:100
T-205)

Tau HT7 clone

Rockford, IL
Mouse Monoclonal 1:200
Rockford, IL

B-actin Mouse Monoclonal 1:500

Pierce Biotechnology, Inc.,
Pierce Biotechnology, Inc.,

Sigma-Aldrich, St Luis, MO

1:10 000 Piscataway, NJ

Sheep anti-mouse HRP GE Healthcare Amersham,
1:8,000 Piscataway, NJ

Sheep anti-mouse HRP GE Healthcare Amersham,
1:8,000 Piscataway, NJ

Sheep anti-mouse HRP GE Healthcare Amersham,
1:10 000 Piscataway, NJ

Table 2. Summary of antibody dilutions and conditions used in co-IP of Drpl and phosphorylated proteins

Marker Primary antibody: species and Purchased from: company, city, Secondary antibody: species and  Purchased from: company, city,
dilution state dilution state
PHF-Tau Mouse Monoclonal 10 pg/400 pg Abcam, Cambridge, MA Sheep anti-mouse HRP 1:8,000 GE Healthcare Amersham,
(S396) protein Piscataway, NJ
Drpl Rabbit Polyclonal 10 ng/400 ng  Santa Cruz Biotechnology, Inc., Donkey anti-rabbit HRP 1:10 000 GE Healthcare Amersham,
protein Santa Cruz, CA Piscataway, NJ

Table 3. Summary of antibody dilutions and conditions used in immunohistochemistry and immunofluorescence analyses

Marker Primary antibody: species Purchased from: company, city, state Secondary antibody: species and Purchased from: company, city,
and dilution dilution state
Drpl Rabbit Polyclonal 1:200 Santa Cruz Biotechnology, Inc., Goat anti-rabbit Biotin 1:300, ABC, KPL, Gaithersburg, MD
Santa Cruz, CA TSA-Alexa 488 Vector Laboratories, Inc.,
Burlingame, CA
Molecular Probe, Eugene, OR
PHF-Tau Mouse Monoclonal 1:100 Pierce Biotechnology, Inc., Goat anti-mouse Biotin 1:300, ABC, KPL, Gaithersburg, MD
AT-8 Rockford, IL TSA-Alexa 594 Vector Laboratories, Inc.,
Burlingame, CA
S202/ Molecular Probe, Eugene, OR
T205)

results by performing co-IP experiments using both anti-Drpl
and anti-phosphorylated tau antibodies and conducted western
blot analysis using (i) Drpl-IP elutes and phosphorylated tau
antibody and (ii) phosphorylated tau-IP elutes and Drpl anti-
body. Briefly, we used a Dynabeads Kit for IP (Invitrogen).
Fifty microliters of Dynabeads containing protein G was incu-
bated with 10 pg of anti-Drpl and anti-phosphorylated tau
antibodies for 1 h at room temperature, with rotation. Details
of secondary antibodies are given in Table 2. The Dynabeads
were then washed three times with a washing buffer and incu-
bated with rotation overnight with 400 g of lysate protein at
4°C. The incubated Dynabead—antigen/antibody complexes
were washed again three times with a washing buffer, and
an immunoprecipitant was eluted from the Dynabeads, using
the NuPAGE LDS sample buffer. The IP elute was loaded
onto a gel, followed by western blot analysis of Drpl and
phosphorylated tau antibodies.

Immunohistochemistry/immunofluorescence analysis

Using immunofluorescence techniques, we localized Drpl,
phosphorylated tau 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) as described
in our earlier publication (22). Briefly, the brain specimens
were paraffin-embedded, and sections were cut into widths
of 15 wm. 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 sec-
tions were washed once for 10 min with double-distilled H,O
and then for six more times at 5 min each, with phosphate-
buffered saline (PBS) (pH 7.4). To reduce the autofluores-
cence 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 (pH 8.0). We then washed the sections three times
for 5 min each, with PBS (pH 7.4). To block the endogenous
peroxidase, sections were treated for 15 min with 3% H,O,
and then with 0.5% Triton dissolved in PBS (pH 7.4). The sec-
tions were blocked for 1h with a solution (0.5% Triton in
PBS + 10% goat serum + 1% bovine serum albumin). The
sections were incubated overnight at room temperature with
the following antibodies: anti-Drpl (rabbit polyclonal 1:100
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dilution, Santa Cruz Biotechnology) and anti-phosphorylated
tau antibody (1:100, mouse monoclonal; Pierce Biotechnol-
ogy, Inc.). 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 anti-
bodies for 1 h at room temperature. Details of secondary anti-
bodies are given in Table 3. They were washed with PBS three
times for 10 min each and then incubated for 1 h with a horse-
radish peroxidase (HRP)-conjugated streptavidin solution
(Invitrogen). The sections were each washed three more
times with PBS (pH 7.4) for 10 min each and then treated
with Tyramide Alexa 594 (red) or Alexa 488 (green) (Molecu-
lar Probes, Eugene, OR) for 10 min at room temperature. They
were cover-slipped with Prolong Gold and photographed with
a confocal microscope.

Double-labeling immunofluorescence analysis
of Drpl and phosphorylated tau

To determine the interaction between Drpl and phosphory-
lated tau, we conducted double-labeling immunofluorescence
analysis, using an anti-Drpl antibody and an anti-
phosphorylated tau antibody. As described earlier, postmortem
brain sections from patients with AD and control subjects were
deparaffinized and treated with sodium borohydrate to reduce
autofluorescence. For the first labeling, the sections were incu-
bated overnight with the anti-Drpl antibody (1:200, rabbit
polyclonal; Santa Cruz Biotechnology) at room temperature.
On the day after this incubation, the sections were washed
with 0.5% Triton in PBS and then incubated with a secondary
biotinylated anti-rabbit antibody, at a 1:400 dilution (Vector
Laboratories, Burlingame, CA, USA) or with a secondary bio-
tinylated anti-mouse antibody (1:400) for 1 h at room tempera-
ture. They were incubated for 1h in an HRP-conjugated
streptavidin solution (Molecular Probes). The sections were
then washed three times with PBS, each for 10 min at pH
7.4. They were then treated with Tyramide Alexa488 for
10 min at room temperature. For the second labeling, the sec-
tions were incubated overnight with an anti-phosphorylated
tau antibody (1:100, mouse monoclonal; Pierce Biotechnol-
ogy, Inc.) at room temperature. Details of the secondary anti-
bodies are given in Table 3. Next, they were incubated with a
donkey, anti-mouse secondary antibody that was labeled with
Alexa 594 for 1h at room temperature. The sections were
cover-slipped with Prolong Gold and photographed with a
confocal microscope.

GTPase enzymatic activity

GTPase enzymatic activity was measured in frozen cortical
tissues from AD patients and control subjects, and APP, PP/
PS1 and 3XTg.AD mice and WT mice as described in
Manczak et al. (50). In a GTPase assay, GTPase hydrolyzes
guanosine triphosphate (GTP) to guanosine diphosphate and
to inorganic phosphorous (Pi). Therefore, briefly, in these
methods, GTPase activity was measured, based on the
amount of inorganic phosphorous that the GTP produced. By
adding the ColorLock Gold (orange) substrate to the inorganic
phosphorous that was generated from GTP, GTP activity was
assessed, based on the inorganic complex solution (green).

Calorimetric measurements (green) were read in the wave-
length range of 650 nm. GTPase activity was compared in
AD patients and in control subjects. Also compared was
GTPase enzymatic activity in APP, APP/PS1 mice,
3XTg.AD mice and control mice.
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