Proteomic and Functional Analyses Reveal a Mitochondrial
Dysfunction in P301L Tau Transgenic Mice*
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teins. Consistent with these findings, P301L tau mice exhibited
mitochondrial functional defects together with reduced elec-
tron transport chain complex | activity. Aged P301L tau mice
showed impaired mitochondrial respiration, reduced complex V
activity, and higher levels of ROS than WT controls. Further-
more, modified lipid peroxidation and increased antioxidant
enzyme activities were detected in aged homozygous mice. We
also found an increased vulnerability of P301L tau mitochon-
dria to AB insult, suggesting a synergistic action of tau and AB
pathology on the mitochondria. Corroborating the P301L tau
mouse mitochondrial deficits, we could demonstrate a reduc-
tion in complex V levels in human P301L FTDP-17 brains,
implying a potential mitochondrial dysfunction in human pa-
tients afflicted with this neurodegenerative disorder.

EXPERIMENTAL PROCEDURES

$ “*— The transgenic mice used in the present study
exp Ss ﬁ"ne Twuman pathogenic mutation P301L of tau together with the
longest human brain tau isoform (htau40) under control of the neuron-
specific mThy1.2 promoter (7). This isoform contains exons 2 and 3 as
well as four microtubule-binding repeats (2*3"4R, human tau40). Pro-
nuclear injections were done into C57BI1/6 X DBA/2 F, oocytes to obtain
founder animals that were back-crossed with C57BI1/6 mice to establish
transgenic lines. In addition, homozygous P301L tau mice were ob-
tained and confirmed by TagMan real-time quantitative PCR (data not
shown).

Different age sets of mice were used for different experimental pro-
cedures corresponding to various stages in the development of tau
pathology. P301L tau mice show tau hyperphosphorylation already at 3
months (7). NFT formation starts at 6 months of age (20). We used
8.5-10-month-old mice for the proteomics analysis to study the conse-
quences of tau pathology at the beginning of NFT formation without the
influence of aging. At a similar age (_.3. 12 months old), mitochondrial
membrane potential and complex | and IV activity were determined.
ATP levels, mitochondrial respiration, and ROS levels were analyzed in
mice at 12 and 24 months of age. 24-month-old mice are expected to
bear the highest levels of tau pathology. 18-month-old mice were used
to determine mitochondrial numbers in neurites. This intermediate age
allows us to see the full effect of tau pathology on mitochondrial trans-
port without pronounced aging effects such as those seen in 24-month-



say Kit, sodium nitroprusside, rotenone, thenoyltrifluoroacetone, anti-
mycin, sodium azide (NaN,), and oligomycin were obtained from Sigma-
Aldrich. AB,_,, (Bachem, Weil am Rhein, Germany) was dissolved in
Tris-buffered saline, pH 7.4, at a concentration of 1 mm and stored at
—20 °C. The stock solution was diluted in Tris-buffered saline to the
desired concentrations and incubated at 37 °C for 24 h to obtain aged,
aggregated preparations of AB,_,,. All aqueous solutions were prepared
with delonlzed and filtered water (Mllllpore)

P J W A gy -~ +— Mice (8 pairs
of 1?‘month old anoﬁ%‘alrs of 24- month old emiZygous P301L tau and
WT control mice) were sacrificed by decapitation, and brains were
quickly dissected on ice (described in Ref. 22, with modification). After
removing the cerebellum, one hemisphere (the other hemisphere was
directly used for preparation of isolated mitochondria) was minced into
1 ml of medium I (138 mm NaCl, 5.4 mm KCI, 0.17 mm Na,HPO,, 0.22
mm K,PO,, 5.5 mm glucose, and 582033381



and 2 mm EDTA, pH 7.0. State 4 respiration was measured after adding
40 pl of malate/glutamate (240/280 mwm; assay concentration, 4.8/5.6
mwm). Then, 10 ul of ADP (100 mwm; assay concentration, 0.5 mwm) were
added to measure state 3 respiration. After determining coupled respi-
ration, 1 ul of carbonyl cyanide l_-trifluoromethoxyphenylhydrazone
(FCCP) (0.1 mm



method using the Lipid Peroxidation Assay Kit (Calbiochem) (31). The
colorimetric reaction is a condensation of the aldehyde with 1-methyl-
2-phenylindole, yielding a chromophore with an absorption maximum
at 586 nm. Basal levels of MDA were assayed after incubation of
samples for 30 min at 37 °C, and stimulated MDA levels were deter-
mined under the same conditions in the presence of 50 um FeCl, in the
sample homogenate.

C ,% -$"D A 1, 4+- Cu,Zn-SOD (EC 1.15.1.1) activity was meas-
ured v'vitfl the Superoxide Dismutase Assay Kit (Calbiochem) (32). To
remove interfering substances and rule out Mn-SOD activity, Cu,Zn-
SOD enzyme activity was assayed after an extraction procedure with
chloroform and ethanol according to the supplier's manual. SOD activ-
ity was calculated based on the _/_ ratio of the auto-oxidation rates of
the chromophore BXT-01050 measured at 37 °C in the presence (_§)
and absence (_) of sample. The chromophore was measured in a Gene-
sys 5 photometer (Spectronic Instruments, Rochester, NY) at 525 nm. 1
Cu,Zn-SOD activity unit is defined as the activity that doubles the
auto-oxidation background (_,./_q: 2).

ﬁrﬁ’%’; I ey 877 A - GIuFa_thlone peroxidase (cytosollc
glutatflione peroxidas®, EC l.ﬁ.l.Q) activity was measured using the
Cellular Glutathione Peroxidase Assay Kit (Calbiochem) (33) and zr .«
butylhydroperoxide as substrate. This reaction is based on the enzy-
matic reduction of hydroperoxide by glutathione peroxidase under con-
sumption of reduced glutathione, which is restored from oxidized
glutathione in a coupled enzymatic reaction by glutathione reductase
(GR). GR reduces oxidized glutathione to reduced glutathione under
consumption of NADPH as reducing equivalents. The decrease in ab-
sorbance at 340 nm due to NADPH consumption was measured in a
Victor2 multiplate reader using a 355-nm filter with 40 nm bandpass. 1
unit of glutathione peroxidase is defined as the activity that converts 2
umol reduced glutathione/min at 25 °C.

Af «, 4+ - The GR (EC 1.8.1.7.) activity was determined using the
Glutathione Reductase Assay Kit (Calbiochem) (34). The enzymatic
activity was assayed photometrically by measuring NADPH consump-
tion during the enzymatic reaction. In the presence of oxidized gluta-
thione and NADPH, GR reduces oxidized glutathione and oxidizes
NADPH to yield NADP, resulting in a decrease of absorbance at 340
nm, which was measured in a Victor2 plate reader. 1 unit of GR is
defined as the activity that reduces 1 umol oxidized glutathione (cor-
responding to 1 wmol NADPH)/min at 25 °C.

S0 o800 A go -~ Data are represented as means * S.E. For
sta tical'c'omﬁ!‘rison, Student’s «



either metabolism and mitochondrial respiration, oxidative
stress, or synapse function. In the first category, we identified
one spot as the 30-kDa subunit of NADH-ubiquinone oxi-
doreductase (electron transport chain complex I) and two spots
as the ATP synthase D chain (complex V). All three spots were
down-regulated as well as the metabolism-related spots, triose-
phosphate isomerase, a glycolytic enzyme, and the cytoplasmic
malate dehydrogenase involved in the malate-aspartate shut-
tle providing a metabolic coordination between cytosol and
mitochondria. In contrast, a spot identified as inorganic pyro-
phosphatase was up-regulated. Associated with oxidative
stress, spots representing the antioxidant enzymes peroxiredoxin
6, perioredoxin 3 (thioredoxin-dependent peroxide reductase),
glutathione $-transferase (GST) P2 and Mul, and phospholipid
hydroperoxide glutathione peroxidase were all down-regulated.
In the last functional category, we found up-regulated spots

related to synaptic function, such as the synaptic vesicle-asso-
ciated proteins synapsin I, CDCrel-1, and septin 11, the axonal
growth-related protein dihydropyrimidinase-related protein
(DRP)-2, and another member of the dihydropyrimidinase fam-
ily, DRP-3. Further differentially regulated spots (Table I) in-
cluded stathmin, a microtubule-destabilizing protein; MSTI1,
the murine homologue of hop (HSP70/HSP90 organizing pro-
tein); and growth factor receptor-bound protein 2 (GRB2), an
adapter protein in signaling pathways. Therefore, P301L tau
expression results in distinct modifications of the brain pro-



Fic. 4. Oxygen electrode reveals a reduction of O, consumption of P301L tau mitochondria during aging. A, representative diagrams
of measurement of oxygen (O,) consumption in mitochondria from a 24-month-old WT control (» # .) and an age-matched P301L tau mouse
umpt
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spots identified as the ATP synthase D chain, we looked at
complex V levels in human FTDP-17 patient brains carrying
the P301L tau mutation. Four P301L FTDP-17 brain and two
control brain homogenates were examined by Western blot
(Fig. 2A). We used the mitochondrial protein marker porin to
control for variations in mitochondrial amounts. Normalization
of complex V levels with porin levels showed a significant
decrease in complex V levels in all P301L brain samples com-
pared with control brains (Fig. 2B). Similar control complex
V/porin percentages were found in three other control brain
samples (data not shown). On average, we measured a 62.3%
reduction of complex V levels in P301L FTDP-17 brains com-
pared with control brains. The decreased levels of complex V in
human P301L FTDP-17 brains confirm the proteomics obser-
vation made in the P301L tau transgenic mice and suggest that
the P301L mutant tau pathology potentially causes a specific
mitochondrial dysfun(}'on in humans as well as in mice.
3011 % 2 Bopst filha, E Dz
j# o~ We xamined the metabolic capa ty ané ction of
cerebral mitochondria from P301L tau transgenic mice. Con-
sistent with the down-regulation of subunits of mitochondrial
electron transport chain complexes | and V, treatment with
specific complex inhibitors showed a general reduction in mi-
tochondrial depolarization of P301L tau brain cells compared
with WT and specifically showed a significantly reduced depo-
larization after inhibition of complexes | and V (Fig. 3A). Using
a direct measurement of complex | activity, we observed a
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significant reduction of NADH-ubiquinone oxidoreductase
(NADH:DBQ) activity in mitochondria of 12-month-old P301L
tau mice (Fig. 3B), whereas NADH:HAR activity (Fig. 3C) was
not different, indicating that complex | content is similar in
P301L tau and WT control mice. Thus, P301L tau mitochondria
present a functional defect of complex | activity with a reduc-
tion of 30.75% as revealed after normalization of complex |
activity with complex I content (Fig. 3D). In contrast, complex
IV showed no differences in the cytochrome¢ oxidasg activity
between WT and P301L tau transgenic mice (Fig. 38).

In addition, we determined the state 3 and state 4 respira-
tion using substrates for complex | (glutamate/malate) (Fig. 4,
A and B). State 3 respiration measures the capacity of mito-
chondria to metabolize oxygen and the selected substrate in the
presence of a limited quantity of ADP, which is a substrate for
the ATP synthase (complex V). State 4 respiration measures
respiration when all ADP is exhausted, and it is associated
with proton leakage across the inner mitochondrial membrane.
Therefore, it represents a “basal-coupled” rate of respiration.
Whereas state 3 and state 4 respiration remained unchanged
with complex | substrates in 12-month-old P301L tau mice
(Fig. 4B, +« , ;.v), a significantly reduced state 3 respiration
could be obsefved in 24-month-old P301L tau mice (Fig. 4, A
and B, ; s/ m : ;_v@), leading to a markedly reduced respira-
tory control ratlo compared with age-matched WT mice (Fig.
5A). The respiratory control ratio provides a measure for the
efficiency of coupling of the mitochondrial respiratory chain,



indicating that the relative efficiency of metabolic coupling of
the electron chain complexes is impaired during aging in
P301L tau mice. In addition, after uncoupling with FCCP, the
respiratory rate in the absence of a proton gradient was signif-
icantly diminished in 24-month-old P301L tau mice (Fig. 4B,
4/g m ‘.) indicating a reduced maximum capacity of the
electro ransport chain. After complete inhibition of complex |
with rotenone, succinate was added as a substrate for complex
I1. No difference in respiratory rate could be observed between
transgenic and WT mice, showing that complex Il is not im-
paired by P301L tau. In accordance with the respiratory control
ratio, ATP levels of cerebral cells were unchanged in 12-month-
old P301L tau transgenic mice but significantly reduced with
aging (Fig. 5B). Together, these results suggest that P301L tau
mice exhibit an initial defect in mitochondrial function with
reduced complex | activity, which, with age, is translated into
a mitochondrial respiration deficiency with diminished ATP
synthesis corresponding to reduced complex V activity.
P D - L AZrps , o .
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the number of mitochondfa in cerebr braln cells revealed no
difference between P301L tau and WT mice either in the cer-
ebrum (Fig. 6A) or in the cerebellum (data not shown). In
addition, co-immunostaining of mitochondria and microtubules
and subsequent counting of the mitochondria in proximal and

distal parts of neurites in the CA1 region of the hippocampus
also showed no variation between P301L tau and WT mice (Fig.
6B). These data suggest that mitochondrial dysfunction is not
associated with reduced mitochondrial numbers or significant
changes in transport of mitochondria épng neurites.
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ROS formation because both staining with DHE for detection of
superoxide anions and staining with H,DCF-DA for detection
of cytosolic peroxides were increased (Fig. 7, A and B). In-
creased ROS levels could be detected already in 12-month-old
P301L tau mice but were more pronounced and statistically
significant in 24-month-old mice, correlating with the age-spe-
cific increase in tau pathology. As a measure of free radical
damage to critical cellular components, levels of MDA as lipid
peroxidation end product were determined. Despite increased
ROS levels, basal levels of MDA were decreased in 24-month-
old hemizygous P301L tau mice and more pronounced in ho-
mozygous mice, indicating that ROS levels are met by adequate
antioxidant defenses in these mice (Fig. 7C). However, upon
stimulation with ferric iron, increased MDA levels were formed
in P301L tau mice (Fig. 7D). This effect was already observed
in 12-month-old mice but was more pronounced and statisti-
cally significant in 24-month-old homozygous mice. Further-
more, basal and stimulated MDA levels remained unchanged
in the cerebellum of 24-month-old hemi- and homozygous
P301L tau and WT mice (data not shown). Because P301L tau
is expressed at very low levels in the cerebellum (7), we can
conclude that modifications in lipid peroxidation are specifi-
cally caused by the presence of the P301L tau protein. Hence,
the presence of mutant tau impairs antioxidant defense under
conditions of increased oxidative stress.

As a direct measure of antioxidant defense, activities of
antioxidant enzymes were determined. Although no significant
changes were observed in 12-month-old mice, 24-month-old
homozygous P301L tau mice displayed increased activities of
Cu,Zn-SOD and GR (Fig. 8, « ; and , ¢/ 5, whereas the ac-
tivity of g;;:tathione peroxidase was not significantly increased
(Fig. 8,/ 1,






reports using positron emission tomography revealed re-
duced glucose metabolism in AD and frontotemporal demen-
tia brains (12, 13, 47-49). Notably, high levels of phospho-
rylated tau have been linked to glucose hypometabolism in
mild cognitively impaired patients (50).

Together, this evidence supports a role of tau pathology in
mitochondrial and metabolic dysfunction. However, it remains
unclear how tau accumulation mediates these changes. Over-
expression of WT tau in cell culture caused impairment of plus
end-directed transport, resulting in a reduction of mitochon-
dria levels in the neurites (51). Although we cannot exclude the
possibility of this occurring in the P301L tau mice, the number
of mitochondria in neurites counted in proximity or distally to
the cell body did not vary significantly compared with WT
numbers. Furthermore, the total amount of mitochondria re-
mained unchanged as measured in brain cells of transgenic
compared with control mice. This suggests that either P301L
tau induces a different pathological mechanism than overex-
pressed WT tau or that tau action on mitochondria transport in
cell culture cannot be extrapolated over to the mouse model.
Consistent with our findings, similar numbers of mitochondria
were reported in NFT-bearing and non-NFT-bearing cells in
AD (52). Alternatively, tau accumulation could have direct
repercussions on the mitochondria because the accumulation of
increasingly insoluble ATP synthase a-chain together with
NFTs has been shown in AD brains, whereas detergent soluble
levels were reduced (53). Overall, it is important to note that
the mitochondrial pathology in the P301L tau mice observed in
this study is unlikely to be a direct consequence of tau hyper-
phosphorylation. Indeed, the transgene levels of expression in

these mice are relatively low (7), and depletion of ATP solely
due to tau hyperphosphorylation would be improbable.

We furthermore demonstrate that accumulation of P301L
tau causes significant modifications in the oxidative state of the
brain. ROS measurements revealed increased levels of cytosolic
H,O, and superoxide anion radicals in 2-year-old P301L tau
mice. These increased ROS levels may be a direct consequence
of reduced complex | activity in P301L tau mice because inhi-
bition of complex I can lead to increased superoxide formation
(54). The increased activity of Cu,Zn-SOD measured in P301L
tau mice should ameliorate the accumulation of superoxide but



brains can protect against lipid peroxidation (55). Further-
more, SOD can prevent lipid peroxidation both N andA;,
. (56—60). Similarly, increased GR activity in"P301L tau
hﬁ‘l‘ce may protect against accumulation of MDA by increasing
levels of the antioxidant reduced glutathione. In several exper-
imental models, increased levels of reduced glutathione were
associated with lower levels of lipid peroxidation products and
vice versa (61, 62). Upon_, ¢ _ stimulation, however, higher
levels of MDA were formed' in homozygous P301L tau brain
homogenates. Obviously, the increased activities of Cu,Zn-SOD

z



antioxidant defense mechanisms in response to increased ROS
levels in this mouse model. Because mitochondrial dysfunction
appears prior to oxidative stress, this suggests that it is prob-
ably the initiating factor. However, we can speculate that both
mitochondrial dysfunction and oxidative stress act in synergy,
creating a vicious cycle. Indeed, increases in ROS and antiox-
idant enzyme dysfunction could affect the integrity of the mi-
tochondria and, in particular, the electron transport chain (35).
Furthermore, glutathionylation of complex | in oxidative con-
ditions leads to increased superoxide production (71). Another
possible consequence of higher oxidative stress levels could be
an acceleration of tau pathology (72, 73). Moreover, tau can be
readily oxidized by H,O, to form disulfide-linked species that
manifest reduced propensity to promote microtubule assembly
(74). Oxidized tau then becomes a substrate of the thioredoxin
reductase and glutathione/glutaredoxin reductase systems (74,
75). Thereby, we can speculate that the accumulation of oxi-
dized P301L tau might overload these antioxidant regenerat-
ing systems, causing further oxidative stress.

Results from our proteomic study further suggest a potential
synaptic dysfunction because we found an up-regulation of a
series of synapse-related proteins. The identified DRP-2 is
known to promote axonal growth by interaction with the tubu-
lin heterodimer and has also been shown to induce neurite
formation (76, 77). Synapsin | is thought to regulate the reserve
pool of synaptic vesicles (78). The septin member CDCrel-1 is
found mainly in inhibitory presynaptic terminals and inhibits
exocytosis (79, 80). Interestingly, both DRP-2 and septin asso-
ciate with NFTs in AD (81, 82). Therefore, in response to tau
pathology, the transgenic mouse neurons may be attempting a
compensatory mechanism by increasing synaptic vesicle con-
trol proteins and potentially aberrant synaptic sprouting. In-
deed, although advanced stages of AD are associated with
synaptic loss, an initial increase in synaptic protein levels in
AD brains was observed that was correlated with the appear-
ance of the tau pathology but not with A plaques (83). On the
contrary, a decrease of synaptic proteins occurred only after the
appearance of the full spectrum of tau and AB pathology. Al-
though it is uncertain exactly how tau mechanistically affects
synapses, we can postulate that the mutant tau acts either by
modifying microtubule stability and axonal transport or by
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