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Abstract Tauopathies like the “frontotemporal dementia
with Parkinsonism linked to chromosome 17 (FTDP-17)
are characterized by an aberrant accumulation of intracellu-
lar neurofibrillary tangles composed of hyperphosphory-
lated tau. For FTDP-17, a pathogenic tau mutation P301L
was identified. Impaired mitochondrial function including
disturbed dynamics such as fission and fusion are most
likely major pathomechanisms of most neurodegenerative
diseases. However, very little is known if tau itself affects
mitochondrial function and dynamics. We addressed this
question using SYS5Y cells stably overexpressing wild-type
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(wt) and P301L mutant tau. P301L overexpression resulted
in a substantial complex I deficit accompanied by decreased
ATP levels and increased susceptibility to oxidative stress.
This was paralleled by pronounced changes in mitochondri-
al morphology, decreased fusion and fission rates accompa-
nied by reduced expression of several fission and fusion
factors like OPA-1 or DRP-1. In contrast, overexpression
of wt tau exhibits protective effects on mitochondrial
function and dynamics including enhanced complex I
activity. Our findings clearly link tau bidirectional to
mitochondrial function and dynamics, identifying a novel as-
pect of the physiological role of tau and the pathomechanism
of tauopathies.

Keywords Taupathy - Mitochondrial impairment - FTDP-17 -
Mitochondrial morphology

Introduction

The pathological hallmark of tauopathies is an aberrant
intracellular accumulation of neurofibrillary tangles (NFTs)
which are characteristic for several neurodegenerative
disease including Alzheimer disease (AD) [1]. NFTs
are built up by paired helical filaments (PHFs) com-
posed of hyperphosphorylated tau protein, one of the
microtubule-associated proteins (MAPs) [2], which plays
a crucial role in microtubule dynamics. Tau stabilizes micro-
tubules and the dynamic equilibrium between free and bound
tau is regulated through phosphorylation and dephosphoryla-
tion. Recently, an important role of tau for retrograde and
anterograde transport was discovered [3]. In the specific tau-
opathy FTDP-17 (frontotemporal dementia with Parkinson-
ism linked to chromosome 17) several mutations of the
tau gene have been identified which are causative for
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neurodegeneration and dementia [4—6]. Two of the patho-
genic tau mutations found in FTDP-17, AK280 and P301L,
have a much stronger tendency for PHF aggregation com-
pared to wild type tau [7]. A previous study of our group
with P301L transgenic mice revealed mitochondrial dys-
function mainly associated with a complex I defect leading
to impaired mitochondrial respiration and reduced ATP
synthesis in mouse brains during aging [8]. As impaired
mitochondrial function and enhanced oxidative stress rep-
resent a common pathomechanism in a large number of
neurodegenerative diseases [9, 10], identifying a potential
direct impact of tau pathology for mitochondrial dysfunc-
tion may be of major relevance.

Mitochondria are dynamic organelles undergoing con-
tinuous cycles of fission and fusion, which is discussed
as a rescue mechanism and important for maintaining
the integrity of mitochondria through exchange of
metabolites as well as proteins and for segregation and
protection of mitochondrial DNA (mtDNA) [11-14].
Cell function and survival is negatively affected by a
loss of the tightly controlled balance between fission
and fusion, promoting either excessive fission or fusion.
Increased fusion leads to mitochondrial elongation and
excess of fission to fragmentation, both resulting in
impaired mitochondrial function. These defects might
result in decreased mitochondrial motility, decreased
energy production, and enhanced oxidative stress. In
mammalian cells, several dynamin-related GTPases reg-
ulate fission and fusion processes. For fusion, OPAIL,
MFNI1 and MFN2 are required, whereas fission involves
DRPI1, FIS1 and MEF1 [15, 16]. Impairment of mito-
chondrial dynamics such as fission and fusion are currently
considered to play an important role in neurodegenerative
diseases [17]. Recently, abnormal fission and fusion were
linked to elevated AP levels using AD fibroblasts [18]
and a human neuroblastoma cell line as a model for AD
[19]. However, it is still unclear whether and how tau
pathology is linked to alterations of mitochondrial function
and dynamics.

To address this important question we investigated the
effects of the overexpression of wild type (wt) and P301L
mutant tau (P301L) on mitochondrial dynamics and func-
tion in a previously described model system, namely a
neuronal S5Y5 cell line stably overexpressing wt and P301L
tau protein [20].

We show that the expression of the tau mutation P301L
results in a considerable complex I deficit accompanied by
decreased ATP levels, and an increased susceptibility to
oxidative stress. These functional deficits were paralleled
by pronounced changes in mitochondrial morphology and
decreased fission and fusion suggesting a causative relation-
ship. In contrast, overexpression of wt tau exhibits protec-
tive effects on mitochondrial function and morphology.
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Results

P301L Neuroblastoma Cells Exhibit Mitochondrial
Respiratory Deficits

In our cell model, stable transfection of SH-SY5Y cells
with the expression vector pRc/RSV, which was either
empty (control) or harbouring expression constructs
encoding the longest 4-repeat isoform of human tau
without (wt) or with the pathogenic FTDP-17 mutation
P301L (P301L), did not modify morphology of the cells
as previously described [21]. Human tau expression was
substantially increased in wt as well as P301L overex-
pressing SH-SYSY cells in comparison to control cells
bearing the empty vector (Fig. la,b) and similar levels
were expressed in wt and P301L cells confirming previ-
ous findings [20].

To address whether tau affects mitochondrial respira-
tory function we determined the activities of different
respiratory chain complexes in isolated mitochondria
from wt and P301L overexpressing SYSY cells and
compared those to control cells. For normalization of
the activities of the respiratory chain complexes, we
determined the citrate synthase (CS) activity to standard-
ize assay results [22]. Consistent with previous experi-
ments in transgenic mice [8] we found a substantially
diminished complex I activity in P301L cells (Fig. Ic).
In contrast, wt overexpressing cells showed an increased
complex I activity. Regarding the other complex activi-
ties, wt tau and the P301L mutation showed increased

Fig. 1 Expression of tau protein and altered activities of the respira-
tory chain complexes in Wt tau and P301L cells. a Human tau expres-
sion levels of SH-SYSY cells were detected by Western Blotting using
phosphorylation-independent human tau antibody HT7 antibody (aa
159-163) indicating strong expression of 4R-tau (~60—65 kDa band) in
wt and P301L transfected cells compared to control cells. Wt and
P301L cells show similar 4R-tau expression levels. In addition, low
molecular tau levels (~28 kDa) were increased in wt and P301L cells. b
Human tau detected by immunochemistry using likewise HT7 anti-
body indicates a stronger presence of tau in wt and P301L cells
compared to the endogenous expression in control cells. e—f The
different complex activities were measured in isolated mitochondria
and the activities are expressed in nmol/min/mg. All complex activities
were normalized to the citrate synthase activity of the mitochondrial
preparation and are given as Complex/CS ratio. ¢ Complex I activity
was determined using DBQ and NADH as substrates and NADH
oxidation rates were recorded. d The activity of complex II was
measured by following the decrease in absorbance at 600 nm resulting
from the reduction of DCIP. e The oxidation of decylubiquinol
obtained by complex III was determined using cytochrome ¢ as an
electron acceptor and the enzyme activity was measured at 550 nm. f
The activity of complex IV was determined using a colorimetric assay,
which is based on the observation that a decrease in absorbance at
550 nm of ferrocytochrome c¢ is caused by its oxidation to ferricyto-
chrome ¢ by cytochrome ¢ oxidase. c—f Data are mean+SEM, n=3-5;
unpaired #-test, ¥**p<0.001
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activity of succinate dehydrogenase (complex II, Fig. 1d)
and of ubiquinol cytochrome ¢ reductase (complex III,
Fig. le) but to a different extent. In contrast, complex IV
activity was not altered compared to vector control

(Fig. 19).
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The P301L Tau Mutation Impairs Mitochondrial Function
As mitochondria strictly regulate several cellular functions

from generating ATP to apoptosis, a loss of integrity and
complex I activity is considered to play an important role in

@ Springer



208

Mol Neurobiol (2012) 46:205-216

aging and developing neurodegenerative diseases [23]. Ac-
cordingly, ATP levels, mitochondrial membrane potential
(MMP), compensation of oxidative stress, and other mito-
chondrial parameters were also affected by the overexpression
of wtand P301L tau in SH-SYS5Y cells again in a bidirectional
way. Wt tau expression significantly increased metabolic ac-
tivity (Fig. 2a). ATP levels in these cells and MMP were also
increased (Fig. 2b, c). In contrast, P301L expression decreased
metabolic activity as well as ATP levels even compared to
control cells and also diminishes MMP back to control level
with a slightly additional reduction (Fig. 2a—).

In order to determine if these alterations in mitochondrial
functions were caused by a change in the mitochondrial mass,
we investigated by real time PCR the mtDNA content accord-
ing to Bai et al. [24], who positively correlated an increase in
mtDNA content with mitochondrial proliferation. We did not
detect any differences in mtDNA content between the three
cell types and conclude therefore that mitochondrial mass is
not altered after expression of wt and mutant tau (Fig. 2d).

Next, we asked whether the altered mitochondrial function
in P301L cells leads to elevated sensitivity to oxidative stress.

a *

o
S

o

—

I
A

MTT reduction
(=]
3

ol

(=]

i
A

0.00 T -
vet wt TauP301L
110 deke ik
o
o~
& 100+
o
™
o 95 -
Q0 T T
vet wt  TauP301L

Fig. 2 Overexpression of Wt and mutant tau alters mitochondrial
function. a Cells were seeded the day before at a density of 2.5x10*
per well to measure the metabolic activity using the MTT test. Data are
mean+SEM, n=6; unpaired ¢-test, *p<0.05, ***p<0.001. b Basal ATP
levels in SY5Y vct, wt tau and P301L tau cells were analyzed using a
bioluminescence assay (ViaLight). Cells were seeded the day before at
a density of 2.5x10* per well. Data are mean=SEM, n=6; unpaired t-test,
*p<0.05, ¥*p<0.01, ***p<0.001. ¢ MMP was investigated by staining
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After incubation with H,O, P301L cells showed significant
lower metabolic activity (Fig. 3a), reduced ATP levels
(Fig. 3b) and a depolarized membrane potential (Fig. 3c)
compared to control and wt tau cells, indicating an increased
sensitivity against oxidative stress. On the other hand, over-
expression of wt tau seems to be protective against oxidative
stress. These cells respond less to H,O, induced loss of
metabolic activity, decreased ATP levels and show only the
same slightly depolarization than the control cells.

Ultrastructure of Mitochondria Reflects Their Functional
Insufficiency

Alterations in the arrangement of the respiratory chain com-
plexes are often coupled to changes in the mitochondrial
ultrastructure and are dependent on the structural integrity of
the inner mitochondrial membrane [25]. Lately, Baloyannis
and colleagues revealed a change in mitochondrial morphol-
ogy during Alzheimer’s disease (reviewed by Baloyannis
[26]). To investigate whether overexpression of wt tau or
mutant P301L tau affects the ultrastructure of mitochondria
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cells with the membrane potential-sensitive fluorescence dye
R123. Cells were plated the day before at a density of 10x10° per well.
Data are mean+SEM, n=14, unpaired t-test **¥p<0.01, ***p<0.001. d
Using real-time PCR, we determined the mtDNA copies compared to
nDNA copies and revealed no differences between the SH-SYSY cell
lines. As the amount of mtDNA correlates positively with the number of
mitochondria we conclude that there is no variation in the number of
mitochondria in SH-SYSY cells. Data are mean+SEM, n=4
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Fig.3 P301L Cells are More Vulnerable against Oxidative Stress. SH-
SY5Y cells were seeded the day before the experiment occurred and
then incubated for additional 24 h with 100 uM H,O, to measure
different parameters reflecting mitochondrial function. a Metabolic
activity was detected using the MTT test in SYS5Y vct, wt tau and
P301L cells. Data are mean+SEM, n=4-7, unpaired ¢-test *p<0.05,
**p<0.01, ¥**¥*p<0,001. b ATP levels in SY5Y vct, wt tau and P301L

in SH-SYSY cells, we performed electron microscopy. The
mitochondrial ultrastructure of cells stable transfected with
vector control or with wt tau appeared normal showing typical
cristac (Fig. 4a, b). In contrast, the cristac morphology of
P301L mitochondria showed globular structures and branched
cristaec membranes (Fig. 4c). These alterations in cristae mor-
phology upon overexpression of mutant P301L tau are con-
sistent with the observed mitochondrial dysfunction
characterized by reduced ATP levels and impaired oxidative
phosphorylation.

Mutated Tau Impairs the Distribution and Dynamics
of Mitochondria

The physiological role of tau is to stabilize the microtubule
network, which is responsible for an appropriate morphology
of neurons and the kinesin/dynein transport machinery. Bunker
et al. [27] showed, that the P301L mutation exhibits markedly
reduced abilities to regulate the dynamic instability of micro-
tubules relative to tau. As a consequence from the destabiliza-
tion of the microtubule network also the transport of vesicles
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tau cells were measured after incubation with 100 uM H,O, for 24 h.
Data are mean+SEM, n=4-7, unpaired #-test *p<0.05, ***p<0,001. ¢
The mitochondrial membrane potential was determined using the cat-
ionic dye rhodamine123 (RF1 relative fluorescence intensity). After the
preincubation with 100 uM H,0O, for 24 h, cells were incubated for
15 min with R123 and fluorescence was detected. Data are mean+
SEM, n=4-7; unpaired t-test, ¥*p<0.05, **p<0.01

and organelles, such as mitochondria, are disturbed [28, 29]. As
the distribution of mitochondria can severely impact cellular
metabolism, we used MitoTracker CMXRos to visualize the
distribution and morphology of mitochondria in SH-SY5Y
cells. Control cells showed long tubular mitochondria, which
were partly interconnected, and some clustering of mitochon-
dria around the nucleus (Fig. 5a). The overexpression of wt tau
led to a widely connected network and showed only few
mitochondrial clusters. In contrast, in P301L cells nearly all
mitochondria were clustered around the nucleus. Furthermore,
their cell body seemed to be constricted and globular, whereas
the cell bodies of wt tau cells were thin and comprehensive. To
confirm that the different distribution of mitochondria is
connected to the tau mutations, the dynamics of mitochondria
were analyzed in SH-SYSY cells. Live cell imaging over 2 min
was performed with MitoTracker Deep Red stained mitochon-
dria and the time dependent change in maximum fluorescence
intensity was compared to the first picture to determine mito-
chondrial movements. The P301L cells revealed significant
less mitochondrial movements compared to control cells and
wt cells (Fig. 5b), correlating with their perinuclear

Fig. 4 The Overexpression of Wt tau and the P301L mutation
causes changes in the mitochondrial ultrastructure. Ultrastructure of
mitochondrial sections of SH-SYSY cells stably expressing a vector

control (a, vct), wt tau (b) or mutant P301L tau (¢, P301L). Electron
micrographs of sections of chemically fixed cells are shown. Scale
bar=100 nm
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Fig. 5 Distribution and dynamics of mitochondria in P301L cells are
disturbed. SH-SY5Y cells were loaded with MitoTracker Deep Red
and live confocal imaging was conducted. a Example of confocal
images that revealed changes in the mitochondrial morphology after
fixation of SH-SYSY cells with 4 % PFA and stained mitochondria

aggregation, whereas the wt tau cells showed no differences to
control cells. In conclusion, P301L tau expression impairs
mitochondrial transport and motility.

Aberrant Fission and Fusion in P301L Cells

Mitochondrial movement is the prerequisite for fission
and fusion, which are discussed to play an important role
for mitochondrial integrity, as proteins and mtDNA can
be exchanged between damaged and healthy mitochon-
dria to ensure cell survival [11, 13]. As reduced mito-
chondrial dynamics could contribute to the observed
deficiencies of P301L cells mitochondrial dynamics were
analyzed as follows. Cells were transiently transfected
with a mitochondrial matrix-targeted photoactivable GFP
(mito-pA-GFP) that enables detection and quantification
of organelle fusion in living cells by confocal microscopy
[30]. A decrease in fluorescence applies as a proportion
for fission and fusion events, because the decrease
reflects the fluorescence diffusion to adjacent mitochon-
dria, supposedly through fusion (for an example, see
Fig. 6a). Interestingly, 30 as well as 50-60 min after
photoactivation the P301L cells displayed significant
higher fluorescence intensity than control cells, meaning
that they have a lower fission and fusion rate (Fig. 6b).
Setting the intensity directly after activation as 100 % the
fluorescence intensity was strongly reduced after 30 and
50-60 min in control cells and wt tau cells (only results
after 50-60 min are shown in Fig. 6b). This further
strengthens the view that the mitochondrial impairments
of P301L cells are coupled to diminished mitochondrial
dynamics. Again, fusion and fission rate in wt cells were not
altered compared to vct cells.

Fission and fusion activities can be regulated on the
transcriptional level [31, 32]. At the moment several com-
ponents involved in fission and fusion process are
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with MitoTracker CMXRos (red) (blue, Hoechst-staining of the nucle-
us). b Live cell imaging of mitochondria stained with MitoTracker
Deep Red were recorded over 2 min (one picture every 1.5 s) to study
mitochondrial dynamics. Data are mean+SEM, n=13—-18; unpaired
t-test, *p<0.05

discussed. Mfnl and Mfn2 together with Opal are involved
in fusion events in mammalian cells compared to Fisl, Drpl
and MPT18, which are responsible for fission events. Be-
cause the P301L cells showed impaired distribution and
dynamics of mitochondria, we isolated total RNA, per-
formed semiquantitative RT-PCR for the different fission
and fusion factors and compared it with wt tau and control
cells, which supports our results from live cell imaging.
Compared to control cells all fusion factors are lower
expressed in P301L cells (Fig. 6¢, e), while in wt tau cells
the mRNA levels of the fusion factors were not modified
(Fig. 6c, e). As expected, fission factors were significantly
reduced in P301L cells (Fig. 6d, e). Interestingly fission
factors of wt tau cells tend to result in lower mRNA expres-
sion and MPT18 is significantly reduced (Fig. 6d, e), which
again correlates properly with the altered mitochondrial
morphology (see Fig. Sa—c).

Discussion

Although mitochondrial dysfunction plays an important
role in neurodegenerative diseases, very little is known
about the impact of tau on mitochondrial function. In this
study, we distinguished between the effects from overex-
pression of wt tau and the P301L mutation. Due to the
mutation P301L, the tau protein is phosphorylated faster
and to a higher extent than wt tau [33]. Therefore, tau
loses its ability to bind microtubules and regulate their
dynamics [27, 34, 35].

One major observation of this study is that overexpres-
sion of wt tau improved mitochondrial function through an
increase in complex I activity, resulting in a hyperpolarized
membrane potential and higher ATP levels as well as an
increased metabolic activity. In contrast, similar to our
previous findings in mice bearing the P301L mutation
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Fig. 6 Fission and fusion is diminished in P301L cells. Diminished
fission and fusion rates in P301L cells were detected using photo-
activable GFP (mito-pA-GFP) by confocal microscopy and altered
mRNA expression of different fusion (Mfnl, Mfn2, Opal) and fission
factors (Fisl, Drpl, MPT18) in tau overexpressing cells. SYSY cells
were transfected 24 h before the measurement with pA-GFP. a Confo-
cal microscopy illustrates a course before and after induction of the
photoactivable mito-GFP (pA-GFP) in wt tau cells. White arrows
indicate the distribution of pA-GFP over time course (50 min). b
Fission and fusion rate at 50-60 min after photoactivation. The

mitochondrial dysfunction was detected in cells overex-
pressing the P301L mutation [8]. We observed decreased
ATP level, a slight depolarisation of the MMP as well as
decreased metabolic activity induced by a pronounced re-
duction in complex I activity. These effects on mitochondri-
al function are not associated with differences in the amount
of mitochondria or mtDNA, as measured and compared with
control cells. Consistent with our findings, similar numbers
of mitochondria were reported in NFT-bearing and non-

background fluorescence before photoactivation of mito-GFP was
determined as 0 % and the fluorescence intensity after activation was
set as 100 %. Data are mean+SEM, n=5-10; unpaired #test, ¥**p<0.01,
**%p<0.001. ¢ Histogram reflecting mRNA expression of fusion factors
normalized on actin levels. Data are mean+SEM, n=>5-7, unpaired #-test
**p<0.01. d Histogram reflecting quantified fission parameters normal-
ized on actin levels. Data are mean+SEM, n=3-5 (Opal) n=5-7; un-
paired r-test ¥**p<0.01. e mRNA expression of fission and fusion
parameters. Total mRNA was isolated, reverse-transcribed, and subjected
to PCR. Data are mean+SEM, n=5-7

NFT-bearing cells in AD [36]. In addition, hyperphosphory-
lated tau seems to be involved in the regulation of oxidative
stress [37, 38].

In contrast to opposite complex I activities, the activities
of complexes I, III were increased regardless of whether the
wt or mutated form was overexpressed while cytochrome ¢
oxidase activity was not altered in any cell type, which is
consistent with the unaffected complex IV activity in P301L
mice [8].
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Importantly, these functional changes are paralleled by
specific but again opposite ultrastructural changes of mito-
chondrial morphology in our cell types. The mitochondria
from wt tau cells showed the orthodox state with small
intracristal spaces while a globular structure of cristac and
a dense matrix in mitochondria from cells bearing the P301L
mutation was observed. These different structures reflect the
physiological status of the cells with high — in wt tau cells —
or low ATP levels in P301L cells, respectively. Our results
confirm the theory that the surface area of the cristae correlates
positively with the ATP level generated from oxidative phos-
phorylation [39]. A mathematical model from the group of
Demongeot et al. [40] proposed that the cristae structure
stands for the most effective ATP production, where the
distance between adenine translocation and transformation is
minimized. Furthermore, the injection of ATP and or ADP
into mitochondria revealed the same alterations in the optical
density of the matrix and the formation of the cristae [41, 42],
as we see in our cell culture.

The changes in mitochondrial ultrastructure could result
from an imbalance in mitochondrial fission and fusion. This
dynamic process is strongly controlled by the mitochondrial
function [14, 43]. Either excessive fission or fusion is con-
sidered to negatively affect cell function and viability. Over-
expression of wt tau did not affect mitochondrial dynamics
with a tendency in downregulation of the fission factors
(Fis1l, Drpl and MPT18). Mitochondrial elongation might
be the cause for the improved mitochondrial function, as the
elongation of mitochondria by downregulation of Fisl or
Drpl or upregulation of Fzo1A/B (the Mfnl homolog from
rat) in cell culture models conferred resistance to apoptotic
stimuli [44, 45]. Thus, the dynamic equilibrium of fission
and fusion is adjusted towards fusion, which could be one
reason for the extended mitochondrial network. In contrast,
the P301L mutation leads to reduced fission and fusion
induced by a reduced expression of the fusion factors
Minl and OPA1 and all three fission factors. Another im-
portant regulator of mitochondrial function and morphology
is mitophagy, the degradation of mitochondria by autophagy.
Recent data showed that autophagy/mitophagy is upregulated
in AD [46, 47]. The authors suggest that mitochondria under-
go increased fission in an attempt to segregate damaged
mitochondria to degradation by mitophagy. Importantly, stim-
ulation of autophagy reduces neurodegeneration in a mouse
model of human tauopathies overexpressing the P301S tau
mutation [48].

Beside its effects on mitochondrial function, morphology
as well as fission and fusion, tau as an MAP is discussed to
spatially regulate the balance of microtubule-dependent
axonal transport [3]. In AD, tau accumulates in the somato-
dendritic compartment. Dixit et al. [3] propose that anterog-
rade transport to the axon is severely compromised finally
leading to neurodegeneration. Therefore, we investigated
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the effects of wt and P301L overexpression on mitochon-
drial movement which is nearly unchanged in wt tau over-
expressing cells. In P301L cells, we observed a significant
decrease in mitochondrial movement as we expected
according to the hypothesis of Dixit et al. [3]. We propose
that overexpression of wt tau leads to a stabilization of the
microtubules through binding of dynactin thereby stabiliz-
ing its binding to microtubules and indirectly also the trans-
port of vesicles and organelles [3]. Additionally, tau can
interact with the plasma membrane or through the dynactin/
dynein complex with the actin cytoskeleton and influence the
morphology of neurons [49, 50]. Compared to this, the muta-
tion P301L is known to destabilize the microtubule network
[27, 33, 35], which leads to a perinuclear localisation of the
mitochondria — as seen in our cell model — and to decreased
dynamics of microtubules affecting the transport of vesicles
and organelles.

Taken together, our findings suggest a pronounced im-
pact of tau on mitochondrial morphology, dynamics and
energy metabolism. To our knowledge, we could show for
the first time that the overexpression of wt tau has protective
effects on mitochondrial morphology and function. On the
other hand, the mutation P301L has adverse effects and
decreased mitochondrial activity and cause fewer mitochon-
drial dynamics as well as less fission and fusion. Moreover,
the ultrastructure and morphology of the mitochondria re-
flect their physiological status. However, it remains open if
the reduced complex I activity in P301L cells leads to
decreased fusion and fission activity and changed mitochon-
drial morphology as described for complex II inhibition by
the Liot et al. [51], or whether the decreased expression of
several fusion and fission factors finally results in the re-
duced complex I activity and the reduced metabolic activity
shown by Chen et al. [52]. Mitochondrial and synaptic
dysfunction is increasingly considered a major pathogenic
pathway in several neurodegenerative and psychiatric dis-
orders triggered very early in the disease process. Our
findings clearly link tau pathology mediated toxic effects
on mitochondrial function and dynamics, giving a novel
sight on the integrity of our brain and neurodegeneration
in tauopathies.

Materials and Methods
Cell Culture

Stably transfected human SH-SYSY neuroblastoma cells with
wt and P301L tau were kindly provided by Jiirgen Go6tz, Brain
& Mind Research Institute, University of Sydney, Australia
[20]. The transfected cells vct, wt tau and P301L tau were
cultured in Dulbecco’s modified Eagle’s medium F12
(DMEM F12; Sigma, http://www.sigmaaldrich.com)
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supplemented with 10 % heat-inactivated fetal calf serum and
5 % heat-inactivated horse serum, 50 units/ml penicillin,
50 pg/ml streptomycin and 125 pg/ml G418 at 37 °C in a
humidified incubator containing 5 % CO,. Cells were plated
the day before incubation with 100 uM H,0, started for 24 h.
Values are expressed as percentages relative to their unstimu-
lated control (=100 %).

Metabolic Activity

This assay allow to measure metabolic activity and is based
on the cleavage of the yellow tetrazolium salt, 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT;
Sigma) into purple formazan by metabolically active cells,
dependent on the pyridine nucleotide cofactors NADH and
NADPH. After incubation with different stressors, MTT was
added to the 96-well cultures to a final concentration of
I mg/ml. and incubation was continued for another 2 h.
The formazan crystals were solubilised by adding 100 pl
of a 20 % SDS in (1:1) N,N-dimethly-formamide/water
solution and incubating overnight at 37 °C [53]. Absorbance
was measured at 560 nm with a 620-nm reference wave-
length in an ELISA microplate reader.

ATP Levels

SH-SYS5Y cells were plated the day before at a density of
2.5x10% cells/well in a white 96-well plate and were then
incubated for 24 h with different complex inhibitors or
100 uM H,0,. ATP levels were determined with a biolumi-
nescence assay (ViaLight HT; Cambrex Bio Science). The
enzyme luciferase, which catalyzes the formation of light
from ATP and luciferin, was utilized. The emitted light was
linearly related to the ATP concentration and measured
using a luminometer [54].

Mitochondrial Membrane Potential, v,

SH-SYSY cells were plated the day before at a density of
1x10° cells/well in a 48-well plate and were then incubated
for 24 h with 100 uM H,0,. The MMP was measured using
the fluorescence dye Rhodamine 123 [55] and the dye was
added to the cell culture medium in a concentration of 0.4 uM
for 15 min. The cells were washed twice with PBS, and the
fluorescence was determined with a Victor* multiplate reader
(PerkinElmer Life Sciences) at 490/535 nm. Loading capacity
of the dye within the membrane decreases when the MMP
declines after damage.

Enzymatic Determination

Assays of all respiratory chain enzyme activities were carried
out spectrophotometrically on a Shimadzu Multi-Spec-1501

diode array spectrophotometer, using standardized and repro-
ducible methods. All activities are expressed in nmol/min/mg
and all complex activities were normalized to the citrate
synthase activity of the mitochondrial preparation and are
given as Complex/CS ratio.

Complex I Activity

Isolated mitochondria (300 pg/assay) were solubilised in
n-dodecyl-D-maltoside (20 %) (Sigma-Aldrich). To deter-
mine NADH-ubiquinone oxidoreductase activity, 100 uM
n-decylubiquinone (DBQ) and 100 uM NADH were used
as substrates, as described previously [56]. Oxidation rates
of NADH were recorded with an extinction coefficient

_ —1 —1
£340-400 nm_6-1 mM " cm .

Complex Il Activity

The assay was performed by following the decrease in
absorbance at 600 nm resulting from the reduction of 2,6-
dichlorophenolindo-phenol (DCIP) in 1 ml of medium con-
taining 60 mM KH,PO, (pH 7.4), 3 mM KCN, 20 pg/ml
rotenone, 20 mM succinate, and 20 pug mitochondrial pro-
tein. The reaction was initiated by the addition of 1.3 mM
phenazine methasulfate (PMS) and 0.18 mM DCIP as de-
scribed previously [57]. The extinction coefficient used for
DCIP was 21 mM ' em™".

Complex III Activity

The oxidation of 50 puM decylubiquinol obtained by
complex III was determined using cytochrome ¢ as an
electron acceptor as described previously [58]. Briefly,
decylubiquinol is prepared by dissolving decylubiqui-
none (10 mM) in ethanol acidified to pH 2. The qui-
none is reduced with excess solid sodium borohydride.
Decylubiquinol is extracted into diethylether/cyclohex-
ane (2:1, v/v) and evaporated to dryness under nitrogen
gas, dissolved in ethanol acidified to pH 2. The assay
was carried out in a medium containing 35 mM
KH,POy4, 5 mM MgCl,, 2 mM KCN (pH 7.2), supple-
mented with 2.5 mg/ml BSA, 15 uM cytochrome c,
0.6 mM n-dodecyl (3-D-maltoside and 5 pg/ml rotenone.
The reaction was started with 10 pg mitochondrial
protein and the enzyme activity was measured at 550 nm.
The extinction coefficient used for cytochrome ¢ was
18.5mM ' em .

Complex 1V Activity
Cytochrome ¢ oxidase activity was determined in intact

isolated mitochondria (100 pg/assay) using the Cyto-
chrome ¢ Oxidase Assay Kit. The colorimetric assay is
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based on the observation that a decrease in absorbance at
550 nm of ferrocytochrome ¢ is caused by its oxidation
to ferricytochrome ¢ by cytochrome ¢ oxidase. The Cy-
tochrome ¢ Oxidase Assay was performed as described
previously [59].

Citrate Synthase Activity

The reduction of 5,5-dithiobis(2-nitrobenzoicacid) by citrate
synthase at 412 nm (extinction coefficient of 13.6 mM ' ecm ™)
was followed in a coupled reaction with coenzyme A and
oxaloacetate. A reaction mixture of 0.2 M Tris—HCI, pH 8.0,
0.1 mM acetyl-coenzyme A, 0.1 mM 5,5-dithiobis(2-nitroben-
zoicacid), n-dodecyl-{3-D-maltoside (20 %) and 10 pg mito-
chondrial protein was incubated at 30 °C for 5 min. The
reaction was initiated by the addition of 0.5 mM oxaloacetate,
and the absorbance change was monitored for 5 min.

Confocal Microscopy and Image Analysis

Mitochondria were visualized with MitoTracker Deep Red for
live cell experiments and with MitoTracker CMXRos for
PFA-fixed probes (Molecular Probes), at a final concentration
of 25 nM for 30 min and nuclei stained with Hochst33258.
Micrographs were taken with a Leica SP 5 confocal laser
scanning microscope (Leica, Wetzlar, Germany) fitted with
the appropriate filters and a plan-apochromate 63%, 1.4 NA.
Live cell experiments were performed at 37 °C and 5 % CO,
in a humidified chamber. For mitochondrial movement
studies, a picture was made every 1.5 s over 2 min and
the increase in gray scales was calculated compared to the
first picture. To study fission and fusion of mitochondria a
method from the group of Youle was modified [30]. In
brief, cells were transfected with mitochondrial pA-GFP
(Fugene) and 405- or 413-nm light was used for photo-
activation of pA-GFP [60]. ROIs were selected, irradi-
ated with 405- or 413-nm light and images were taken
over 50 to 60 min. Postacquisition processing was per-
formed with Imagel software, Microsoft Excel, and Adobe
Photoshop.

Electron Microscopy

Transfected cells were trypsinized, chemically fixed by addi-
tion of a freshly made solution of PBS containing 3.7 % (w/v)
formaldehyde and 0.5 % (v/v) glutaraldehyde, incubated for
1 h at room temperature, and washed twice with PBS. After
aldehyde fixation samples were postfixed with 1 % osmic acid
in 0.1 M sodium cacodylate buffer (pH 7.2), washed in water,
incubated over night in 1 % uranyl acetate, washed first in
0.05 M acetate buffer, then in water and thereafter dehydrated
by a series of increasing concentrations of ethanol. Next sam-
ples were infiltrated with Agar LV Premix Kit (Agar Scientific
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Ltd. ordered from Plano, Wetzlar, Germany) resin embedding
medium and polymerized by heat (65 °C, 16 h). Thin sections
were cut with an ultramicrotome (Ultracut, Leica Instruments
GmbH, Nussloch), double contrasted with uranyl acetate and
lead citrate and afterwards viewed the electron microscope
EM208S (FEI company) equipped with an 1 kx1 k slow scan
CCD camera (TVIPS, Munich, Germany).

RNA Isolation and Semiquantitative RT-PCR

Total RNA was isolated from 3 to 5% 10° non-treated SH-SY5Y
cells with Trizol (Invitrogen), according to the manufacturers’
instructions. Two micrograms of total RNA were used for first
strand synthesis with oligo(dT) and random hexamer primers.
Expression of fission and fusion factor transcripts was ana-
lysed in a semiquantitative polymerase chain reaction (PCR),
with (3-actin for normalization. Primer: -actin: 5'-CCACC
CATGGCAAATTCCAT GGCA-3' (sense) and 5'-TCTA
GACGGCAGGTCAGGTCCACC-3' (antisense); Mfnl: 5'-
CTCCAGCAACGCCAGATAATGC-3' (sense) and 5'-
ACTTGTTGGCACAGGCGAGC-3' (antisense); Mfn2: 5'-
GGATGCTGATGTGTTTGTGCTGG-3’ (sense) and 5'-
AGTCCATGATGAGTCGAACCGC-3' (antisense); Opal:
5'-GGCTCTGCAGGCTCGTCTCA AGG-3' (sense) and 5'-
TTCCGCCAGTTGAACGCGTTTACC-3' (antisense), Fisl:
5'-CGAGCTGGTGTCTGTGGAGGACC-3' (sense) and 5'-
TGTCAATGAGCCGCTCCAGTTCC-3' (antisense); Drpl:
5-AACTTGATCTCATGGATGCGGG-3' (sense) and 5'-
ATGAACCAGTTCCACACAGCGG-3' (antisense).

mtDNA Copies for Mitochondrial Mass

For quantitative real-time PCR, total DNA was isolated from
1x10° cells with the DNA Flexi Kit (Qiagen). The primers for
RT Q-PCR analysis of mtDNA are mtF3212 (5'-CACCCAA
GAACAGGGTTTGT-3') and mtR3319 (5'-TGGCCATGGG
TATGTTGTTAA-3") [61] and those for the nuclear gene
(nDNA) for the human polymerase ~ accessory subunit
(ASPOLG), ASPG3F (5'-GAGCTGTTGACGGAAAG
GAG-3') and ASPG4R (5'-CAGAAGAGAATCCCGGC
TAAG-3") [62]. The 20 ul PCR reaction contains 10 pl Power
SYBR Green Master Mix (Applied Biosystems), 1 uM of
each primer, and 10 ng of total genomic DNA extract. PCR
conditions are an initial denaturation of 10 min at 95 °C,
followed by 40 cycles of 15 s of denaturation at 95 °C and
60 s of annealing/extension at 60 °C. All experiments were
done in 96-well optical plates on a StepOnePlus® Real-Time
PCR System (Applied Biosystems). Fluorescence was mea-
sured at the end of each extension step. The results from the
quantitative PCR were expressed as the ratio of the mean
mitochondrial DNA value of duplicate measurements to the
mean nuclear DNA value of duplicate measurements for a
given extract (mtDNA/nDNA).
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Western Blot

Equal amounts (15 pg) of protein were loaded on a 10 %
NuPAGE gel (Invitrogen, Germany) and proteins were sepa-
rated as previously described [20]. Briefly, probes were trans-
ferred onto a nitrocellulose membrane (Amersham
Biosciences, Germany). Equal protein loading was confirmed
by Ponceau Red staining (Sigma, Germany). Membranes were
saturated with 3 % nonfat dry milk for 1 h, washed three times
with TBST and incubated with the primary antibody (mouse
anti TAU clone HT7; Innogenetics, 1:1,000), overnight at 4 °C.
After washing with TBST, membranes were treated with the
horseradish-coupled secondary antibody (anti-mouse HRP,
Calbiochem, Germany; 1:1,000).

Immunostaining

Cells were plated at a density of 4x10° cells on collagen treated
coverslips. After 2 days growing, coverslips were fixed in PBS
with 4 % paraformaldehyde for 30 min, then permeabilized
with 0.1 % Triton for 15 min and blocked with PBS 10 % goat
serum for 1 h at 37 °C. The coverslips were incubated for 1 h at
37 °C with the primary antibody (Anti-Human PHF TAU
Clone HT7, Innogenetics; 1:100). After washing with PBS,
they were incubated for 30 min at 37 °C with the secondary
antibody (anti-mouse IgG (Fab Specific) FITC, Sigma, Swit-
zerland, 1:500). Staining was assessed using a Zeiss Axiolab
microscope.
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