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Abstract

Tau oligomers (oTau) are thought to precede neurofibrillary tangle formation and likely represent one of the toxic species in disease.
This study addresses whether mitochondrial reactive oxygen species (ROS) contribute to tau oligomer accumulation. First, we
determined whether elevated oxidative stress correlates with aggregation of tau oligomers in the brain and platelets of human
Alzheimer’s disease (AD) patient, tauopathy mice, primary cortical neurons from tau mice and human trans-mitochondrial ‘cybrid’
(cytoplasmic hybrid) neuronal cells, whose mitochondria are derived from platelets of patients with sporadic AD- or mild cognitive
impairment (MCI)-derived mitochondria. Increased formation of tau oligomers correlates with elevated ROS levels in the hippocampi
of AD patients and tauopathy mice, AD- and MCI-derived mitochondria and AD and MCI cybrid cells. Furthermore, scavenging
ROS by application of mito-TEMPO/2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride,
a mitochondria-targeted antioxidant, not only inhibits the generation of mitochondrial ROS and rescues mitochondrial respiratory
function but also robustly suppresses tau oligomer accumulation in MCI and AD cybrids as well as cortical neurons from tau mice.
These studies provide substantial evidence that mitochondria-mediated oxidative stress contributes to tau oligomer formation and
accumulation.

Introduction
Alzheimer’s disease (AD) is a progressive neurodegen-
erative disease that is associated with the abnormal
upregulation of oxidative stress. A key pathological hall-
mark of AD is the presence of neurofibrillary tangles
(NFTs), which are composed of abnormally phosphory-
lated and aggregated tau (1,2). Elevated phosphorylation
and aggregation of tau can reduce tau–microtubule inter-
actions, leading to microtubule abnormalities, dysfunc-
tional axonal transport along microtubules, and neu-
ronal death (3). Tau phosphorylation is modulated by
stress conditions such as oxidative stress and alterations
in glucose metabolism during hypothermia and starva-
tion (4). Tau oligomers, intermediate species that form
prior to NFTs, include various species of tau protein such
as dimeric, multimeric, granular and possibly small fila-
mentous aggregates, have deleterious effects on synaptic
function and contribute to memory deficiency (5,6).

Mitochondria are a major source of reactive oxy-
gen species (ROS). Oxidative stress is a pathological
characteristic of tauopathy and evidence has shown
that accumulation of ROS can directly stimulate tau
hyperphosphorylation and aggregation (7,8). However,
the cause and effect of tau oligomers in the disease
process are not fully understood. In this study, we

investigated the accumulation of pathological tau
oligomers and its relevance to AD pathogenesis, includ-
ing tau pathology and dysfunctional AD mitochondria
to address the following key questions: Is the accumu-
lation of tau oligomers associated with mitochondrial
defects and ROS production in AD and a tau-enriched
environment? If so, does blockade of mitochondrial
ROS eliminate tau oligomer formation and attenuate
mitochondrial dysfunction? In this study, we compre-
hensively analyzed the levels of tau oligomers, ROS and
mitochondrial function in AD-affected hippocampus,
tauopathy mouse model, primary cortical neurons from
tauopathy mice, and mild cognitive impairment (MCI)
and AD cybrids as ex vivo models for AD mitochondrial
dysfunction. Our studies disclose the link between AD
mitochondrial stress and pathological tau oligomer
accumulation relevant to AD and tau pathology.

Results
Accumulation of tau oligomers is associated with ROS
in the AD brain
Given the accumulation of amyloid beta (Aβ) and
abnormal tau in AD-affected brain regions including
the hippocampus, we first examined the levels of tau

https://doi.org/10.1093/hmg/ddab363
https://orcid.org/0000-0002-7958-9609
https://orcid.org/0000-0002-5434-7216


Human Molecular Genetics, 2022, Vol. 31, No. 15 | 2499

Figure 1. Tau oligomers pathology in human Alzheimer’s disease (AD) hippocampus. (A, B) Tau oligomeric complex 1 (TOC1) immunohistochemistry
on AD hippocampus. (A) Representative images showed TOC1 immunohistochemistry on hippocampus (I: ND and II: AD; TOC1: green, MAP2: red). (B)
Quantification of TOC1 immunohistochemistry was performed with the hippocampus from the indicated hippocampal sections. n = 4 per group. (C–F)
The graph presents quantification of immunodot blotting (D and F) for TOC1 normalized to β-actin on hippocampus (C, D) and cerebellum (E, F) of
ND and AD brains. n = 7 per group. The representative immunodot blotting for TOC1 from indicated hippocampal (C and D) and cerebellum (E and F)
homogenates, and β-actin served as a loading control.

oligomers (oTau) in the AD-affected hippocampus.
Immunostaining with the tau oligomeric complex
I (TOC1) antibody showed that intensities of oTau-
positive signals were significantly elevated in the AD

hippocampus (Fig. 1A and B). Increased tau oligomers
were mainly present in cortical neurons labeled by
neuronal marker MAP-2 (Fig. 1A). Consistent with
the immunostaining results, immunodot blotting
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Figure 2. Tau oligomers associate with ROS levels in human AD hippocampus. Quantification of EPR (A) and representative spectra of EPR spectra
(B) in the indicated hippocampal homogenous. The peak height in the spectrum indicates levels of ROS. n = 7 per group. (C) Correlation analysis of
the relationship between tau oligomer accumulation based on the intensity of immunoreactive oTau dot bots and ROS levels quantified by EPR on
hippocampus. n = 14 for the correlation analysis.

demonstrated that oTau levels were greatly elevated in
the AD hippocampus but not in the cerebellum, which is
an AD spared region, as compared with non-AD brains
(Fig. 1C–F).

To determine whether elevation of oTau was correlated
to oxidative stress, we quantitatively measured the
intracellular ROS levels in the hippocampus with
highly specific electron paramagnetic resonance (EPR)
spectroscopy. Intracellular ROS levels as indicated by EPR
peaks were significantly elevated in the AD hippocampus
(Fig. 2A and B). Furthermore, oTau levels by quantifi-
cation of intensity of immunoreactive oTau dot blots
were positively correlated with ROS (Fig. 2C), suggesting
a possible link between oTau accumulation and ROS
production/accumulation relevant to AD pathology.
There are no significant differences in the levels of oTau
and ROS between male and females.

Accumulation of tau oligomers associates
with ROS in P301S tauopathy mice
Next, we examined tau oligomers, ROS levels and their
association with tau pathology in tauopathy mice.
Immunostaining revealed increased oTau in the cortex,
and hippocampus of 9-month-old P301S mice and their
presence in cortical neurons (Fig. 3A and B). Quantifica-
tion of immunoreactive oTau dot blots revealed robustly
elevated oTau in the entorhinal cortex of 6- to 12-month-
old and hippocampus of 9- to 12-month-old P301S
mice, respectively (Fig. 3C and D), and oTau levels were
elevated in an age-dependent manner (Fig. 3C and D).
oTau were not elevated at 1-month-old P301S mice
(Supplementary Material, Fig. S1A and C), when com-
pared to age-matched nonTg mice. In contrast, phospho-
Tau (Ser202/Thr205) and PHF1-Tau (Ser396/Ser404) were
detected as early as 1.5-month-old, and both increases
with ages, earlier than the increase of tau oligomers
(Supplementary Material, Fig. S2).

Accordingly, the intracellular ROS levels indicated by
EPR peaks were significantly elevated in the 3- and 6-
month-old P301S entorhinal cortex and hippocampus
compared to nonTg mice (Fig. 4A and B), but not in 1-
month-old P301S mice (Supplementary Material, Fig. S1B
and D). Levels of oTau by the quantification of immunore-
active oTau dot blots were positively correlated with
ROS levels in both the cortex (Fig. 4C) and hippocampus
of P301S mice (Fig. 4D). These data suggest that tau
oligomers are associated with aging and oxidative stress
relevant to tau pathology. No significant difference in tau
oligomers and ROS levels was found between male and
female in P301S tau mice (data not shown).

Scavenging mitochondrial ROS eliminates
tau oligomers in cortical tau neurons
from tau mice in vitro
To further evaluate the contribution of mitochondrial
ROS to tau aggregation, primary cortical neurons
cultured from P301S tau mice were treated with mito-
TEMPO, a scavenger for mitochondria-derived ROS.
Compared to nonTg neurons, cortical neurons cultured
from tau mice displayed significantly elevated levels of
tau oligomers, with TOC1 staining and expression sig-
nificantly distributed along the cellular bodies and pro-
cesses; mito-TEMPO treatment strikingly inhibited these
TOC1-positive staining signals (Fig. 5A and B). Treatment
with mito-TEMPO almost completely reduced tau
oligomer levels to those of the vehicle controls as demon-
strated by TOC1 immunodot blotting (Fig. 5C and D).

Functionally, mito-TEMPO treatment not only alle-
viated mitochondrial defects, as shown by increased
the activity of a key mitochondrial respiratory enzyme
(complex I in Fig. 5E) and ATP levels (Fig. 5F), but also sup-
pressed ROS levels (Fig. 5G and H). Similarly, mito-TEMPO
abolishment of tau-mediated oTau formation was
positively correlated with reduction in ROS levels
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Figure 3. Age-dependent Tau oligomers pathology in P301S mutant human tau transgenic mice. (A, B) TOC1 immunohistochemistry on entorhinal cortex
and hippocampus from 9-month-old P301S mutant human tau transgenic mice. (A) Representative images showed TOC1 immunohistochemistry on
entorhinal cortex (I and II) and hippocampus (III and IV). I, III: nonTg, and II, IV: P301S tau transgenic mice (TOC1: green, MAP2: red). Scale bar = 50 μm.
(B) Quantifications of TOC1 immunohistochemistry were performed in the entorhinal cortex (open bar) and hippocampus (black bar) from the indicated
mice. n = 5 mice (3 males and 2 females) per group. (C, D) The bar graph presents quantification of immunodot blotting for TOC1 normalized to β-actin
on entorhinal cortex (C) and hippocampus (D) of the indicated mice. n = 5 mice (3 males and 2 females) per group. The representative immunodot
blotting for TOC1 from indicated entorhinal cortex (C) and hippocampus (D) homogenates, and β-actin served as a loading control.

in cortical neurons cultured from tau mice (Fig. 5I).
These data indicate that scavenging mitochondrial ROS
blocks tau- and ad-mediated pathological tau oligomer
accumulation and restores mitochondrial function.

Accumulation of tau oligomers is associated
with ROS in human MCI and AD cybrids
Mitochondrial dysfunction is one of the early pathologi-
cal features of AD. Dysfunctional mitochondria produce
excessive ROS. Human trans-mitochondrial ‘cybrid’
(cytoplasmic hybrid) neuronal cells whose mitochondria
are derived from platelets of patients with sporadic AD
or mild cognitive impairment (MCI) exhibit significant
changes in mitochondrial structure and function and
increases in ROS generation/accumulation (9–11). We
therefore utilized MCI and AD cybrids as an ex vivo
model to determine the potential impact of MCI- and
AD-derived mitochondrial defects on pathological tau
oligomers. Levels of tau oligomers significantly increased

in differentiated MCI and AD cybrids compared to non-
AD controls. AD cybrid cells exhibited higher levels of
tau oligomers than MCI cybrids (Fig. 6A), suggesting
that accumulation of tau oligomers is associated with
progression of mitochondrial perturbation in AD. Similar
results were obtained from MCI and AD platelets (Fig. 6B).
In addition, application of a mitochondria-targeted
antioxidant, mito-Tempo (9,12), significantly reduced
both tau oligomer formation (Fig. 6C).

ROS levels were also significantly elevated in differ-
entiated AD and MCI cybrids (Fig. 7A) and their derived
platelets (Fig. 7B), which was positively correlated with
tau oligomer contents (Fig. 7C and D). In addition,
treatment with a mitochondria-targeted antioxidant,
mito-Tempo, significantly reduced ROS levels (Fig. 7E)
in MCI and AD cybrids. These results support the
relevance of increased accumulation of tau oligomers
to AD-mediated mitochondrial defects and oxidative
stress.
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Figure 4. Tau oligomers associate with ROS levels in P301S mutant human tau transgenic mice. Quantitative data of EPR spectra (A) (up: entorhinal
cortex and down: hippocampus) and representative spectra of EPR (B) (left: entorhinal cortex and right: hippocampus) in the indicated mice. The peak
height in the spectrum indicates levels of ROS. n = 5 mice (3 males and 2 females) per group. (C, D) Correlation analysis of the relationship between tau
oligomer based on the quantification of the intensity of immunoreactive oTau dot bots and ROS levels on entorhinal cortex (C) and hippocampus (D).
N = 5 mice (3 males and 2 females) per group.

Discussion
Tauopathies are a class of neurodegenerative dis-
orders characterized by abnormal phosphorylation
and aggregation of the microtubule-associated protein
tau into paired helical filaments (PHFs) or straight
filaments, leading to the formation of NFTs. In addition
to the filamentous forms that comprise NFTs and
SFs tau forms smaller multimeric oligomer species
that are thought to represent soluble toxic forms of
tau. Recent studies have suggested that tau oligomers
can directly cause neuronal dysfunction (13). Upregu-
lated granular tau oligomer levels occur prior to NFT
formation and clinical symptoms of AD. Reduction
of tau by doxycycline treatment improved memory
impairment in P301L tau mice without affecting NFT
formation, suggesting an early role for pre-filamentous
forms of tau in AD pathogenesis relevant to cognitive
decline (14,15).

In this study, we analyzed levels of tau oligomers in the
human AD hippocampus, AD-related tauopathy mouse
models, and MCI- and AD-derived mitochondria. Levels
of tau oligomers were significantly elevated in AD brains,
tau overexpressing mice and cortical neurons cultured
from tau transgenic mice. Interestingly, tau oligomers

accumulated in an age-dependent manner in tau
overexpressing mice, with significant elevation starting
at 6–7 months of age.

Previous studies show that oxidative stress and mito-
chondrial abnormalities appear prior to tau pathology
(16), and hyperphosphorylation of tau is associated
with mitochondrial oxidative stress (7), suggesting that
oxidative stress and mitochondrial abnormalities may
lead to the formation and accumulation of tangles, tau
oligomers and neurodegeneration.

Overproduction of ROS and oxidative stress-mediated
cellular perturbation are known to be key players in AD
pathogenesis, including tauopathy (17). However, the
causes and consequences of pathological tau species,
such as toxic tau oligomers, are not fully defined.
We observed that accumulation of tau oligomers is
significantly elevated and positively correlated to ROS
levels in human AD brains, MCI- and AD-derived
mitochondria and tauopathy mice. By inhibiting mito-
chondrial ROS with mito-TEMPO, a mitochondria-
targeted antioxidant, a striking reduction of tau oligomer
accumulation in cortical neurons cultured from tau mice
was achieved. Intriguingly, mito-TEMPO also suppressed
AD mitochondria-induced tau oligomer accumulation
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Figure 5. Effect of Mito-TEMPO on tau oligomer pathology and ROS levels in hippocampal neurons cultured from tau mice in vitro. (A, B) TOC1
immunocytochemistry 21 days in vitro (DIV) hippocampal neurons. (A) Representative images showed TOC1 immunocytochemistry on hippocampal
neurons (TOC1: green, MAP2: red). I: nonTg, II: TAU, and III: TAU + TEMPO. The right panels are the enlarged views of TOC1 in the left panels. (B)
Quantification of TOC1 immunocytochemistry in (A). n = 8 neurons per group. Scale bars = 25 μm. (C) The representative immunodot blottings for TOC1
were shown from indicated neurons, and β-actin served as a loading control. (D) The bar graph presents quantifications of immunodot blottings for
TOC1 normalized to β-actin of the indicated neurons. n = 3 per group. Complex I (E) activities and ATP levels (F) were determined in indicated groups.
Data are expressed as fold change relative to the vehicle group (N = 3 independent experiments). Quantification of EPR (G) and representative spectra of
EPR spectra (H) in the indicated hippocampal neurons. The peak height in the spectrum indicates levels of ROS. n = 4 per group. (I) Correlation analysis of
the relationship between tau oligomer based on the quantification of immunoreactive oTau immunodot blots for TOC1 and ROS levels on hippocampal
neurons. n = 9 for the correlation analysis.

and rescued mitochondrial respiratory function. Our
studies reveal the role of the ROS/mitochondria dys-
function axis in aberrant tau oligomer accumulation.
The detailed mechanisms require further investigation.
Note that tau oligomers did not significantly increase
in AD-spared regions such as the cerebellum when
compared to non-AD controls, nor were there significant
changes in ROS levels in these spared regions. Thus, our
data align with several prior studies showing that the
accumulation of tau oligomers is associated with AD
pathology (18–22).

In the presence of staurosporine, 12-O-tetradecanoyl
phorbol-13 acetate (TPA) or retinoic acid (RA), human
SH-SY5Y neuroblastoma cells can differentiate into a
mature neuronal phenotype with the appearance of
neurite-like processes as the most prominent alterations
(18). Differentiated cybrid cells containing patient-
derived mitochondria provide an ex vivo model for
studying the effects of AD-specific tau oligomer for-
mation. As shown in Figure 6A, levels of tau oligomers
were very low in non-AD cybrids. However, levels of
tau oligomers significantly increased in differentiated
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Figure 6. Tau oligomer pathology in differentiated AD and MCI trans-mitochondrial cybrid cells and human platelets. (A, B) The bar graph presents
quantification of immunodot blotting for TOC1 normalized to β-actin on differentiated MCI and AD trans-mitochondrial cybrid cells (A) and human
platelets (B). n = 5 for cybrids and 7 for platelets per group. The representative immunodot blottings were shown for TOC1 from indicated cybrids (A) and
platelets (B), and β-actin served as a loading control. (C) The bar graph presents quantification of immunodot blotting for TOC1 normalized to β-actin
on differentiated MCI and AD trans-mitochondrial cybrid cells with or without mito-TEMPO treatment. The representative immunodot blottings were
shown for TOC1 from indicated cybrids and β-actin served as a loading control.

MCI and AD cybrids compared to non-AD controls. AD
cybrid cells exhibited higher levels of tau oligomers
than MCI cybrids (Fig. 6A), suggesting that accumulation
of tau oligomers is associated with progression of
mitochondrial perturbation in AD. In addition, treatment
with a mitochondria-targeted antioxidant, mito-Tempo
(9,12), significantly reduced tau oligomer accumulation
and formation (Fig. 6C). These results suggest the
relevance of increased accumulation of tau oligomers to
AD-mediated mitochondrial defects and oxidative stress.

Taken together, by using human AD samples, human
AD patient-derived mitochondria, and tauopathy mouse
model, we have provided substantial evidence of the
connection between mitochondrial ROS and the accu-
mulation of tau oligomers. Blocking mitochondrial oxida-
tive stress eliminates the accumulation of tau oligomers
and improves mitochondrial function relevant to tau
pathology. Thus, our findings support the possibility that
inhibiting mitochondrial oxidative stress and dysfunc-
tions could be a promising therapeutic target to prevent
and treat tauopathies.

Materials and Methods
Human subjects
We obtained hippocampal and cerebellar tissues from
individuals with Alzheimer’s disease and age-matched,
non-Alzheimer’s disease controls from the New York
Brain Bank, Columbia University Medical Center, New

York. Detailed information for each of the cases
studied is shown in Supplementary Material, Table S1
online. Informed consent was obtained from all subjects.

Creation of cybrid cell lines
MCI, AD and non-MCI/AD cybrid cells were kindly
provided by Dr Swerdlow from the University of Kansas
Alzheimer’s Disease Center (KUADC) Mitochondrial
Genomics and Metabolism Core, Kansas. Cybrid cell
lines were created on the human neuroblastoma
cell (SH-SY5Y) nuclear background (24). In brief, SH-
SY5Y cells were previously depleted of endogenous
mtDNA (Rho0 cells), which were fused with platelet
cytoplasm from human subjects, and repopulated
with mitochondria containing mtDNA from patients or
controls as previously described (25). The quantitative
real-time polymerase chain reaction showed that the
intact mtDNA copies were present in all cybrids without
detectable large-scale deletion after many passages of
cell proliferation as previously described (9).

MCI, AD patients and non-MCI/AD controls were
recruited from the KUADC. Subjects with AD met the
National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association criteria (26). Non-MCI/AD
subjects were cognitively normal and age-matched to
MCI and AD subjects. All subjects provided written
informed consent to participate in the study. We used five
cell lines per group in this study, and the ages of MCI, AD

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab363#supplementary-data
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Figure 7. Tau oligomers associate with ROS levels in differentiated AD
and MCI trans-mitochondrial cybrid cells and human platelets. Quantifi-
cations of EPR spectra and representative spectra of EPR in the indicated
cybrids (A) and platelets (B). The peak height in the spectrum indicates
levels of ROS. n = 5 for cybrids and 7 for platelets per group. (C, D)
Correlation analysis of the relationship between Tau oligomers based
on the quantification of immunodot blots for TOC1 and ROS levels on
cybrids (C) and platelets (D). n = 15 for cybrids and 21 for platelets for
the correlation analysis. (E) The bar graph presents quantification of
immunodot blotting for TOC1 normalized to β-actin on differentiated MCI
and AD trans-mitochondrial cybrid cells with or without mito-TEMPO
treatment. The representative immunodot blottings were shown below
for TOC1 from indicated cybrids and β-actin served as a loading control.
n = 5 for cybrids per group.

and non-AD platelet donors were 72.6 ± 3.46, 75.8 ± 5.04
and 73.6 ± 2.96 years, respectively. The information about
gender, age and disease status of donors is described in
Supplementary Material, Table S2 also in our previous
studies (9,11,27). We do not have an interest in making
cybrids from mutation subjects because presumably the
mitochondrial defects would be corrected in cell culture,
since the mitochondria are separated from the presence
of the nuclear mutation when we do the transfection
into the Rho0 cells.

There are several reasons to select SH-SY5Y cells to
create MCI and AD cybrid cells: Firstly, they are a com-
monly used human neuronal line and available in the
laboratory when we decided to generate human neuronal
cybrid cell line, and secondly, they can be differenti-
ated into neuronal-like cells. Importantly, SH-SY5Y cells
have been very successfully transmitted by mitochondria
derived from human AD and non-AD subject as a human
AD cybrid cell lines that recapitulate specific AD mito-
chondriopathies (9,28).

Cybrid growth and differentiation
In the presence of staurosporine, TPA or RA, human
SH-SY5Y neuroblastoma cells can differentiate into a
mature neuronal phenotype with the appearance of
neurite-like processes as the most prominent alterations
(9,27,29). MCI, AD and non-MCI/AD cybrid cells were
grown in T75 tissue culture flasks in Dulbecco’s modified
Eagle’s medium supplemented with 10% characterized
fetal bovine serum (Gibco BRL, Logan, Utah), 100 μg/ml
pyruvate, 50 μg/ml uridine, antibiotic-antimycotic, 100
Units/ml penicillin G and 100 μg/ml streptomycin as
previously described (9). Culture media were replaced
to the differentiation media [neurobasal media sup-
plemented with 1× B27 (Invitrogen, Carlsbad, CA) and
0.5 mm glutamine, and antibiotic-antimycotic] with
10 nm staurosporine (SAT, Sigma-Aldrich Corp, St Louis,
MO). Half of the differentiation media were made fresh
with 10 nm SAT and replaced every day as previously
described (9,27,29). The differentiated neuronal MCI,
AD and non-MCI/AD cybrid cells were used in this
study.

Evaluation of intracellular ROS
Evaluation of intracellular ROS levels was conducted by
EPR spectroscopy. Brain tissues or cultured neurons were
incubated with CMH (cyclic hydroxylamine 1-hydroxy-3-
methoxycarbonyl-2, 2, 5, 5-tetramethyl-pyrrolidine, Enzo
Life Sciences, NY, 100 μm) for 30 min and then washed
three times with cold PBS. Subsequently, brain tissues
(same samples used to assess oligomeric tau/TOC1 by
immunodot blotting) and neurons were collected and
homogenized with 100 μl of PBS for EPR measurement.
The EPR spectra were recorded, stored and analyzed with
a Bruker EleXsys 540 X-band EPR spectrometer (Biller-
ica, MA) using Bruker Xepr software Xepr (Billerica, MA)
(30,31).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab363#supplementary-data
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Measurement of respiratory chain complex
activities and ATP levels
Mitochondrial respiratory complex I activities were
measured in neuronal homogenates as described pre-
viously (31–33). NADH: ubiquinone oxidoreductase (COX
I) enzyme activity was determined in 25 mm potassium
buffer containing KCl, Tris–HCl and EDTA (pH 7.4).
Homogenates (50 μg protein) were incubated with
2 μg/ml antimycin, 5 mm MgCl2, 2 mm KCN and 65 μm
co-enzyme Q1 were and the oxidation of NADH was
recorded for 3 min. Subsequently, 2 μg/ml rotenone was
added and the absorbance was measured for another
3 min. The change in absorbance was monitored at
340 nm using an Amersham Biosciences Ultrospect 3100
Pro spectrophotometer.

ATP levels were determined using an ATP Biolumines-
cence Assay Kit (Roche) following the manufacturer’s
instruction. Briefly, neurons were collected in the pro-
vided lysis buffer, incubated on ice for 30 min and cen-
trifuged at 12 000g for 10 min. ATP levels were then mea-
sured in the subsequent supernatants using a lumines-
cence plate reader (Molecular Devices). A 1.6-s delay after
substrate injection and 10-s integration time were used.

Immunodot blotting
Brain or cell lysates were prepared and analyzed as
described for immunoblotting with the following modifi-
cations. Samples were spotted onto the nitrocellulose
membrane using a Whatman Minifold I immunodot
blotting apparatus. The membranes were blocked and
probed with TOC1 (oligomeric tau; 1:1000, mouse IgM;
Kanaan Lab, AB 2832939) and β-actin (1:5000, A5441;
Sigma-Aldrich). Signal intensity measurements for each
dot were expressed as the ratio of oligomeric tau (TOC1
signal) to β-actin. ImageJ software (National Institutes of
Health, Bethesda, MD) was used for quantification of the
intensity of the developed blots.

Immunohistochemical staining
Brain slices from the indicated Tg mice were subjected
to double immunostaining with TOC1 (1:1000) and
rabbit anti-microtubule-associated protein 2 (MAP2;
1:5,000, PA5-17646, Thermo Fisher Scientific, Inc.) at 4◦C
overnight followed by Alexa-Fuor 488 goat anti-mouse
IgM- and Alex-Fluor 594 goat anti-rabbit IgG-specific
antibodies, respectively. Images were acquired on a Leica
SP5 confocal microscope and analyzed using Leica LAS
AF software (Leica Wetzlar) and MetaMorph (Molecular
Devices) Program.

The information for animal studies, primary neuronal
culture and immunoblotting has been described in our
previous studies (32,34) and detailed in Supplementary
Materials.

Statistical analysis
All data were expressed as the mean ± SEM. Student
t-tests were performed for analysis and comparisons
between two groups. Data were analyzed by one-way

ANOVA for repeated measure analysis using commer-
cially available software (Statview, version 5.0.1, Berkeley,
CA), followed by Fisher’s protected least significant dif-
ference for post hoc comparisons. P < 0.05 was considered
significant.

Data Availability
The data that support the findings of this study are
available on request from the corresponding author. The
data are not publicly available due to privacy or ethical
restrictions.

Supplementary Material
Supplementary Material is available at HMG online.
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