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Summary

Alzheimer’'s disease (AD) is the most frequent foomdementia among the elderly
affecting dozens of million people worldwide. Pastrtem, the disease is characterized by
two main neuropathological hallmarks: extracellumyloid plaques and intracellular
neurofibrillary tangles (NFTs). Amyloid plaques atemposed of the amyloid-beta A
protein, derived from its amyloid precursor prot¢&PP). NFTs are formed from paired
helical filaments composed of hyperphosphorylatagd, ta microtubule-associated-protein.
Besides these well-characterized features, a ggpiuinly of evidence supports mitochondrial
dysfunctions as part of the spectrum of chronicative stress occurring in AD. This energy
deficit may contribute finally to synaptic abnorityaland neuronal degeneration observed in
selected brain areas of AD patientdevertheless, the specific mechanisms leading to
mitochondrial failure as well as the role op Ar/and tau within this process are only partly

understood.

The purpose of the thesis was therefore to elueittad role of mitochondria in the
pathogenesis of AD. Specifically the thesis wasighesl to determingl) the synergistic
effects of A-tau interplay,(2) the impact of soluble B forms and(3) effects of Ginkgo
biloba extract (GBE) on mitochondria in several model&\bDt

(1) While many studies reported effects of amyloidjpkes on energy metabolism, the
role of tau pathology was until recently unknowmal previous study, our group has been the
first to show that tau was also able to induce ahitmdrial dysfunction and raise reactive
oxygen species (ROS) levels in brains of P301L mtutau transgenic pR5 mice (pR5).
Moreover, we foundan increased mitochondrial vulnerability of pR5taal cells towards
A in vitro. Based on these findings, we hypothesized tiaaid tau might share toxicity at
the mitochondrial level. To reveal proof vivo, we investigated the brains of wild-type
control mice and three transgenic mouse modelsisgenic pR5 mice express P301L mutant
tau found in the frontotemporal dementia with Pasknism linked to chromosome 17
(FTDP-17), a dementia related to AD. These miceehtte tangle pathology of AD but lack
AP plagues. Furthermore, they show a hippocampus-aamghdala-dependent behavioural
impairment related to AD. APP152 double-transgemice co-express the N141l mutant form
of PS2 together with the AP¥ mutant found in familial cases of AD (FAD). Thesécen
model the A plaques pathology, but fail to form NFTs. In addif the mice display age-



related cognitive deficits associated with discrbtain A3 deposition and inflammation.
Finally, we crossed the two strains to genef&fAD mice. In addition to be a robust model
mimicing both plaques and tangles, this new tramsgkne presents both amyloidosis and
NFTs formation in an age-dependent manner. Thergssgn of biochemical changes and
histopathological features in the mice is reminisoaf the course of AD pathogenesis. The
mice develop behavioral deficits before detectibprotein aggregates correlating with the
early mitochondrial dysfunction hypothesis proposedAD. We applied the optimized
guantitative mass-tag labelling proteomic technjli®RAQ and nanoLC-ESI MS/MS mass
spectrometry, followed by sophisticated high-regBotu assays for metabolic and energetic
functions. We demonstrated massive deregulatio@4oproteins of which one third were
mitochondrial proteins mainly related to complekesd IV of the mitochondrial respiratory
system from the four strains of mice. Our functiomaalysis validated the proteomic
approach by confirming the strongest defects ofréispiratory capacity mainly at complexes
, IV and V in "®AD mice. Taken together, we demonstrated for thet fime stringent
mitochondrial respiratory capacity dysfunction anthilure to restore the energy metabolism

in presence of bothAand tau.

(2) However, how these lesions and their proteinaceoamponents impair
mitochondrial functions and ultimately lead to renal cell loss are unresolved so far.
Intriguingly, some recent studies suggest thatoofigric A3 species may be the main culprit,
rather than fibrillar. This idea highlights thetaral role of mitochondrial abnormalities in the
biochemical pathway by which intracellula Aan lead to neuronal dysfunction in AD. To
test this experimental paradigm, we examined iac@sd study the specific effects of soluble
AB on mitochondrial function under physiological caimmhs. To this end, human
neuroblastoma cells (SH-SY5Y) were stably transi@olvith cDNAs containing either a
vector alone (control cells) or the entire codiegion of human wild-type APP (APP695).
APP cells led to a significantly increasefl #ecretion compared to control cells and mimiced
relevant conditions for AD patients asp Aevels were within a picomolar range. We
established a novel high-resolution respiratorytqmol to perform whole cell recording of
total cellular respiration and mitochondrial metiabetates. To ripen our analyses, individual
activity of mitochondrial respiratory enzymes (cdexp! to IV) and ATP levels were
measured. We concluded that chronic exposure tikoAB results (i) in serious impairment

of mitochondrial respiratory machinery due to atgiwchanges of complexes lll and IV



leading finally to (ii) a drop of ATP synthesis. i$renergy metabolism deficit may in turn

accelerate/lead to cell death commonly observéDin

(3) Finally, we resumed the previous work by invegtigathe potential protective
effect of standardized GBE (LI 1370) onBAnduced mitochondrial failure. Mainly, the
antioxidant properties of GBE have been proposeatiedary strategies for many years in age-
related cognitive disorders including AD. We showest the first time that under
physiological conditions GBE improves metabolic rgye pathways by increasing the
coupling state of mitochondriger se but with specific benefit in APP cells exhibitidf-
induced mitochondrial failure. GBE effect on OXPH@8&s even preserved in mitochondria
after isolation from treated cells. The GBE-indueadkelioration of oxygen consumption most
likely arose from the modulation and respectivemadization of the activity of mitochondrial
complexes I, lll and IV that are markedly disturbed\PP cells finally yielding a rise in ATP
levels. Of note, these functional data were pdetldy an up-regulation of mitochondrial
DNA in GBE-treated cells.

In summary, the present thesis took aim to highlibe key role of mitochondria in
AD pathogenesis and the close inter-relationshiptto$ organelle with the two main
pathological features of the disease. Fivgt, demonstrated main defects of mitochondrial
respiratory capacity and the failure to restorergyéromeostasis in mice with plaques and
tangles. Although, a molecular link betweefi &nd tau is still missing, thege vivo results
consolidate the idea that a synergistic effect aaf and A augments the pathological
deterioration of mitochondria in AD by driving acwous cycle. Secondly, we proved toxicity
of soluble A forms, recently defined as the toxic correlatehimitthe A3 cascade, on the
mitochondrial function of vital cells. Finally, theritical role of mitochondria in early
pathogenesis of AD may make them into a preferetatiget for treatment strategies such as
antioxidants. Our work confirmed this idea and dieahowed stabilization and restoration of
energy metabolism in APP cells treated with GBE.view of the increasing interest in
mitochondrial protection as treatment strategy &mentia, our findings of substantial
protection of mitochondria by GBE againstp-Mduced dysfunction deserves further

attention.



1. Introduction

1.1. Alzheimer’'s disease

In 1907, the German psychiatrist and neuropathsiogjiois Alzheimer published a
report concerning “an unusual illness of the caklmortex™® that Emil Kraepelin
subsequently named after Kifh He described the case of a 51-year-old womanpstegD.,
who initially developed a delusional disorder felted by a rapid loss of short term memory.
Post-mortem examination of her brain, using a sistaining method, revealed a cortical
atrophy without evidence for focal degeneration #mel presence of two histopathological

modifications.

1.1.1. Clinical symptoms

One century later, Alzheimer’'s disease (AD) hasobex the most common age-
related neurodegenerative disorder affecting ardihdhnillion people worldwidé”. As the
prototype of cortical dementias, AD develops pranincognitive defects. The clinical
scenario begins by episodic memory deficits witksprved alertness and motor function. The
syndrome of mild cognitivémpairment (MCI), characterized by a subtle deaeasshort-
term declarative memory with otherwise normal ctigni is often aharbinger of AD.Over
time, gradual erosion of other cognitive abilitiappear and lead to profound language,
abstraction and orientation impairmétfls Besides the cognitive deterioration, patients
display dramatic neuropsychiatric symptoms as matidturbances, delusions and
hallucinations, personality changes and disordérbetavior (aggressiveness, depression,
circadian disturbancé$f. In contrast with cognitive symptomatology, thenfgnitive
defects do not show a progressive cdfrsRatients who usually survive 7 to 10 years (range
2-20 years) after the onset of sympt8ffistypically died from medical complications
(bronchitis or pneumoni&y. Despite manifest progresses in clinical diagndsiain biopsy
is still required to confirm ABY. Characteristically, severe neuropathological gearoccur
in selective cognitive domains, particularly thoskted to memory and emotional behavioral
such as the hippocampus, association cortices abdodical structures including the

amygdala and nucleus basalis of MeyfBrt



1.1.2. Neuropathological phenotype

The key neuropathological features of AD are abohdanounts of extracellular
plaques composed of the amyloid-betg)Arotein and intracellular neurofibrillary lesions
formed of hyperphosphorylated tau, a microtubukmemted protein. Besides these
histopathological characteristics described for finst time by Alzheimer that are still
considered as the two main pathognomic featureAmf numerous other structural and
functional alterations like energy dysfunction, detive streds 22 and inflammatory
responsés 2% are associated with AD. The combined consequeotedi the pathological
changes lead to massive neuronal demise and sylugssat specific brain regions involved
in learning and memof (Figure 1). Neurons that use glutamate or acetjilch as
neurotransmitters appear to be particularly aftbctaut cells that produce serotonin and
norepinephrine are also damaged. At the time ofhdele brain of a patient with AD may

weigh one-third less than the brain of an age-neatchon-demented individlf].
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Figure 1. Histopathological modifications during progression of Alzheimer's disease. (ABchematic
representation of a normal healthy synagBg.At very early stages of Alzheimer’'s disease (ABpnorma
hyperphosphorylated tau protein and amyloéda peptide (B) oligomers start to disturb the synay
homeostasis including energy metabolism and maecpathways (yellow box)(C) At late stages of th
disease neurofibrillary tangles and A fibrils / plaques combined with glial changes aimflammation
exa(%%rbate these deficits finally leading to syafailure and neurodegeneration (froRhein et Eckert
2007FY).



1.1.3. Epidemiology and genetics

AD is a devastating neurodegenerative disordemprasf, the statistics attributable to
the disease are vertiginous. AD is the most comoamse of dementia comprising 50-70% of
all case¥! and affecting nearly 2% of the population in inttiasized countries. Agés the
greatest known risk factor for AD with an inciderafe25-50% in people aged 85 or oléf&
The number of patients is expected to increasefiiewithin the next 50 yeafs as a result
of demographic changes and rising life expectalrc050, 50% of people worldwide aged
85 or older may be affected by the disease if rialsie cure is fourld. Today, AD is the
fifth leading cause of death in people aged 65 @lddr, and most patients eventually need

nursing home care.

While the complete etiological picture of AD remsistill fragmentary, it is now
widely accepted that, in addition to environmem@hditions, genes play an essential role in
predisposing to an early onset and/or modifying phegress of the disease. Twin studies
support the notion that 70-80% of the risk to depeAD is determined by genetic factéts
However, genetically, AD is a complex and heteregers disease involving mutations and
polymorphisms in multiple genes on several chrome® and showing an age-related
dichotomy. AD is therefore classified into two fanthe late sporadic AD (SAD) and the
early familial AD (FAD). Importantly, other than the age of onset, the clinical and

histopathological features cannot discriminate eetwthe two AD forms.

SAD represents the vast majority of cases whosegagelf is the unique important
risk factor knowH?. Until today, only theapolipoprotein E (APOJE gene located on
chromosome 19q13.2 has been confirmed unanimously dsk geré® *! Its ¢4 allele
increases the susceptibility to SAD whereas2sllele confers protection against the late-
onset of AD®. However, inheriting the4 allele of APOE is not sufficient to cause the
disease. Numerous genetic factors of only minomioderate effect are likely to play
simultaneous and possibly interdependent roles,ingathe identification of novel genes
gruelling. Nevertheless, the recent developmenpaierful and sophisticated genotyping
approaches, like the high-density genome-wide #ssma, may be promising tools to
chararacterize other SAD susceptibility genes.ifstance, the overexpression of tgrewth

factor receptor-bound protein associated bindingtpin 2 (GAB2) gene, encoding a



scaffolding protein involved in multiple signallipgathways, may modify SAD risk in APOE
¢4 carrier§®. Moreover, mutations of theery low-density lipoprotein receptqLDL-R)

gene on chromosome 9, timsulin-degrading enzym@DE) gene on chromosome 10 as well
as thea2-macroglobulin (A2M) gene and thd.ow-density lipid receptor-related protein

(LRP) gene on chromosome 12 are also proposed as jpbtartdidates for SAD gerfés®®!

Besides cases arising sporadically, epidemiologittadies indicate that about 30% of
AD patients have a family history of disease in athat least one first-degree relative is
affected, but only few of them have a clear autagogominant inheritané€.. In point of
fact, FAD which starts before 60 accounts for l#ss 1% of the total number of AD cases.
Since the ninetiesnore than 20 pathogenic mutationsaimyloid precursor proteifAPP)
gené®*I map to chromosome 21¢21.3-21g22.05 have beerifiddrind estimated for up to
5% of FAD (e.g. V717! ‘London’, K670D/M671L ‘Swedisor APP*®) (Figure 2). Some
APP mutations cause also cerebral amyloid angigp@&@AA) described as amyloid deposits
in walls of blood vessels of the central nervoustey** *°1. CAA is present in over 80% of
AD cases. Most FAD cases are caused by mutatiotwgoimther geneqresenelin {PSEN2)
located on chromosome 14q248d presenelin APSEN2 on chromosome 1q31-g42 47
of which over 130 have been identified. Remarkabllyof FAD mutations identified in these
three genes result in the overproduction @f Aurther providing evidence thatpAplays a
crucial role in the pathogenesis of the diseas@Dnno mutation has been identified in the
gene encoding taWAPT. However, more than 30 exonic and intronic mutetion MAPT,
map to chromosome 17g21.1, have been found in didardementia related to AD, the
frontotemporal dementia with Parkinsonism linkedctwomosome 17 (FTDP-1%°%. The
majority of these mutations (e.g. G272V, V337M, BA0 and P301L) are located in the
microtubule binding repeat region or close to il aeduce tau ability to promote microtubule
assembly! and lead to tau aggregation into NFTs (Figure@llyas silver impregnation
techniques are frequently employed to visualize §IFT both AD and=TDP-17 brain$*?.
Interestingly,in contrast to AD, there are almost no senile pésgun FTDP-17, suggesting
that mutant tau is sufficiently potent to induces taggregation and does not need any
enhancer such aspAlmportantly, these findings established that dgsfion of tau in itself

can cause neurodegeneration and lead to dementia.
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Figure 2. APP mutations associated with early-onset Alzheimer'slisease (FAD) andtau mutations in

frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17). (AMost APPmutations

are clustered in the close vicinity of secretasexehge sites, indicated by scissorsrahg influencing APF

processing and are named after théamality or location of the first family in whicthat specific mutation we

demonstrated. The fAsequence is indicated in red (froian Dam and De Deyr2006%). (B) Schematic
diagram of the longest tau isoform (441 amino gcidith mutations in the coding region. Twenty misse
mutggiotl)ns, two deletion mutations and three silenitations are shown (adapted frdBoedert and Jakes
2005™).

1.1.4. Cleavage pathway of APP ang Aeposits

The first histopathological hallmark, describedAlgheimer as a “peculiar substance”
occurs as extracellular deposits. In the mid-19808as discovered that the deposits consist
of aggregates of small 40-42 amino acid polypepficdanyloid (ABso and AB4) termed
ApP? 1 AB deposits can either or not be surrounded by dystroneuritis, activated
microglia and reactive astrocytes. The first casmacterizes neuritic or senile plaques while
the second refers to as “diffuse” plaquiesportantly, amyloid plaques do not occur simply in
these two extreme forms (diffuse and neuritic) kather as a continuurassociatedvith
varying degrees of surrounding neuritic and glidérations. In addition, assault of &
peptide on endothelial cell walls may form lesionsase of excessive deposits and cause
CAA which can present as intracranial haemorrhidgalthough, several studies have staged



the progression of B deposits in brain of AD patients, these studieslifigs are still a
controversial isste *°® |t is widely accepted that the distribution pattend packing
density of A deposits turn out to be of limited significancer fdifferentiation of
neuropathological stages. The dispersion of neuplkaques varied largely not only within

architectonic units but also from one individuabtmther.

APP is a cellular ubiquitous glycoprotein whose antovaried according to the
developmental and physiological state of cellshéligh incompletely understood, increasing
evidence suggests a role of APP in regulating malrsurvival, neurite outgrowth, synaptic
plasticity and cell adhesi6d. Structurally, APP is a single transmembrane rexelike
protein, from 695 to 770 amino acids, with a laegéracellular glycosylated amino-terminus
(Nt), a shorter cytoplasmic carboxy-terminus (Ctdas partly embedded up to itspA
fragment in the plasma membrane, the lumenal sidendoplasmic reticulum, Golgi and
mitochondrial membranB8%? (Figure 3). APP can be cleaved by associated asete
termed -, f- and y-secretases. Three enzymes, all belonging to théMDOamily (a
disintegrin- and metalloproteinase-family enzym&PAM9, ADAM10 and ADAM17 (or
tumour necrosis factor converting enzyffféhave been identified with-secretase activity.
The activity ofp-secretase has been attributed to a single praBAGE 1%, whereasy-
secretase activity depends on four components,epites nicastrin, anterior pharynx-
defective 1 (APH1) and presenilin enhancer 2 (PERI2 In the prevalent non-
amyloidogenic pathway, cleavage of APP dgecretase releases\PPs and leaves an 83-
amino-acid Ct APP fragment (C83). Following cleazayj C83 byy-secretase produces a
short fragment termed [5¥ and the A& intracellular cytoplasmic domain (AICH)
Importantly, cleavage byi-secretase occurs within thepAregion, thereby precluding
formation of A" The alternative amyloidogenic processing involseguential cleavages
by BACE 1 andy-secretase and leads t@ And AICD generatidfl. The initial proteolysis is
mediated byB-secretase at a position located 99 amino acids the Ct. This cut results in
the release giAPPs into the extracellular space, and leaves $han®ino-acid Ct stub (C99)
within the membrane, with the newly generated Ntesponding to the first amino acid of
AB. Subsequent cleavage of this fragment (betweeldues 38 and 43) by-secretase
dictates the length of Rpeptide (Figure 3). In healthy individuals, mostree full-length A3
peptide normally produced by brain cells throughdatis AB4o, whereas a small proportion
(approximately 10%) is B2°> > In AD, both A3 variants may form oligomeric aggregates

that are thought to represent the “primary toxioeate” and eventually deposits as plagues.



APa2 is more hydrophobi®! and consequently more prone to fibril formatiod aeurotoxity
than the shorter fofif.. Recent evidence even suggests thdo Anay prevent B4, from
aggregating and forming plaqifés Ap.. is the predominant compound in neuritic pladiles

which are therefore mainly built of insoluble amldibrils up. On the opposite, diffuse

plaques exist mostly in a nonfibrillar form termgdeamyloid™ 7%,
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Figure 3. APP and its metabolitesThe amyloidp (AB) peptide is derived by proteolytic cleavage frdm
amyloid precursor protein (APP). The most frequentymatic cleavage is mediated &nsecretase (purp
arrow), occuring within the fdomain, thereby preventing the generation andsel®f 8. Two fragments ar
released, the larger ectodomainAPPs) and the smaller carbogrminal fragment (C83). Furthermore, C
can also undergo an additional cleavage mediateq-dgcretase (blue arrow) to generate p3 and the A
intracellular cytoplasmic domain (AICD). APP moléesi that are not cleaved by the ramyloidogenic
pathway become a substrate fasecretase (green arrow) releasing an ectodorfa#tPPs), and retaining tt
last 99 amino acids of APP (C99) within the membraB99 is subsequently cleaved {sgecretase comple
(blue arrows), which predominantly produceg; A, and the more amyloidogenic3A,; at a ratio of 10:1, ¢
well as AICD.



1.1.5. Phosphorylation of tau and development ofingibrillary lesions

Alzheimer observed in the brain of his originalipat a second lesion which co-
occurs with A plaques. But unlike B deposits, these protein aggregates were present
intraneuronally. In the late 1980s, it was discedethat they are composed of abnormally

hyperphosphorylated microtubule-associated prageff">.

Structurally, human tau proteins consist of a legfeneous mixture of six isoforms
ranging from 50 to 70kDa and from 352 to 441 res#ft ! (Figure 4A). Tau is very
hydrophilic and adopts natively an unfolded confation with rare a-helices and
B-sheetd®® |t contains a Nt acidic region, a middle basid pnoline-rich region, and a Ct
region with three (3R) or four (4R) microtubule diing repeat8”. The isoforms derived by
alternative mRNA splicinf? 8 from a single gene (16 exons) located on chromesiih
They differ in the presence of 3R or 4R constitué@1 or 32 amino acids encoded by the
exon 10 (E10), and the presence of one, two or mNneserts of 29 amino-acids (N1/N2)
encoded by the exon 2 and/or 3 (E2/E3). In gen@alwith 4R binds to microtubules more
tightly than tau presenting %%, Tau is predominantly located in neuronal axord it
could be partially enriched in soma, it is in castralmost totally absent in dendrteé<®!
Small amounts of tau are also found in oligodengbex and astrocyt&% ° Its main
biological function is to promote the assembly astdbilization of the microtubular
network®™ % essential for normal axonal transpoft In addition, tau may be a
communication interface between mitochoridfiacytoskeletal elemerts®”, and plasma
membran&® °* and play a role in signal transduction interactiith many phosphatases and
kinase8°°*% Tau is termed a phosphoprotein owing to its langenber of potential
phosphorylation sites, almost 20% of the moletfle This distinctiveness is due to the high
frequency of serine and threonine residues andpén structure affording access to many
kinase8%!. Importantly, the majority of phosphorylation sitis clustered in flanking regions
of the microtubule binding domaifl. As a consequence, phosphorylation is a key
mechanism that regulates tau’s interaction withulimband other proteitg® 1°7!

Under pathological conditions as in AD, tau extsbit abnormally
hyperphosphorylation which means that it is phosghted to a higher degree at
physiological sites, and at additional “patholodjisites® (Figure 4B). The phosphorylation

level of tau in AD brains was shown to be three{dor-fold higher than that in normal



human brain&’®. Recent data highlighted several kinases in tlusphorylating process like
glycogen synthase kinas@-3JGSK-3), cyclin-dependent kinase 5 (cdk5), extracellular
signal-regulated kinase 2 (ERK2), protein kinased C, calcium-calmodulin dependent
protein kinase Il (CaMKII), and mitogen-associatptbtein affinity-regulating kinases
(MARK) 19119 1 addition, tau undergoes conformational changeish likely assist in the
differential phosphorylatidhl. The phosphorylation especially of microtubuleeliimy
repeat domaifs> ***!combined with conformational changes result indetachment of tau
from microtubules and its aggregation in the forfmem cytosolic pro-fibrillar structurds®:

the paired helical flaments (PHFs) and the sttaighments. The presence of additional
proteins like microtubule-associated protein 1 aMAP1, MAP2) and Pirf1” to the six tau
isoforms widely-accepted as main compounds of jlaments is still controversidf *°!
PHFs are composed of two strands of filaments édisine around another with a periodicity
of 80nm and a width varying from 8 to 200. Straight filaments lack this helical
periodicity™*"\. Although, the structural basis explaining diffetesbetween a twisted and a
straight filament remains unresolved, some autpoopose a role of thp-sheet secondary
structure forming motifs at the beginning of R3 d domaift'®. Consequently, tau fibers
may consist of protofibrils made up of juxtapogesheets pairs. Ultimately, PHFs as a major
variant and straight filaments as a minor vaHfafitcompose the neurofibrillary lesions in
AD. They are revealed by electron microscopy asafearillary tangles (NFTs) in cell bodies
and apical dendrites, as neuropil threads in dégaldrites, and associated with some senile
plagues in abnormal neurites. Neurons with NFTsederate and die, leaving within the
neuropil a residual “ghost tangle” and glial céfls If the AB plaques colonise rather
synchronously predilection specific sites in thaibrof AD patients, NFTs develop and
spread in a predictable manner across the braividing the basis for distinguishing six
stages of disease progression: the transentorBnaak stages |-l represent clinically silent
cases, the limbic stages llI-1V correspond to iremp AD, and the neocortical stages V-VI are
associated to fully developed AD (Figure 4C).

A fascinating question still in debate is the meuta(s) by which abnormal
hyperphosphorylation of tau protein can lead ilijtido polymerisation into protofibrils
(PHFs and straight filaments) and subsequently it® neurofibrillary lesions. Some
hypotheses point up the role of other proteinsegmhn sulphate and advanced glycosylation
end-product®®”. Tau undergoes pathological posttranslational fiwadions such as

truncatio®!, glycosylatiof*?, glycatiof™?®!, ubiquitinatio®*, polyaminatiof?*! and



nitratior® that may modify its conformational properties @odsecutively its physiological
function and its ability to aggregate.

human tau gene 0 123 4 42 56 78 9 10111213 14

17q21 .
- A HE R

tau isoforms hyperphosphorylated tau
R1R2R3
3RON
3RIN
3R2N
4RON
4R1IN
4R2N
acidic region  proline-rich microtubule
(N) region binding repeats (R) tau fibrils
transentorhinal stages /1l limbic stages IlI/IV isocortical stages V/IVI

Figure 4. From tau gene to spread of neurofibrillay lesions in the brain of AD patients. (A)Schematic
representation ofie human tau gene and the six tau isoforms exmtéssadult human brain. The human
gene contains 16 exons, including exon 0 (EO), Wiscpart of the promoter. E4a, E6 and (BBppled boxes
are not transcribed in the human central nervostesy. AlternativanRNA splicing of E2 (pink box), E3 (gre:
box) and E10 (yellow box) produce the six tau isofe ranging from 352 to 441 amino-acids. They diffiethe
presence of 1, 2 or none N-terminal inserts (N1) M2coded by E2 and E3 and the preseofic@ or 4
microtubule-binding repeat domains (R1 to R4, blaaks) (adapted frorhee et al 200%%). (B) Abnormally
hyperphosphorylated tau aggregated into neurdfibyilesions(C) Neuropathological staging of AD according
the development and spread of neurofibrillary lesiacross the braistages /Il correspond to clinical sile
cases, stages lll/IV represent the start of fitsti@al symptoms, and stages V/Vleaassociated to seve
dementia (fronBraak and Braak1991%).
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1.2. Mitochondria: a matter of life and death

Mitochondria are essential organelles for cell suav They are the “powerhouses of
cells”, providing energy supply by oxidative reacts from nutritional sourcB8”. This
energy, stored in the form of ATP, is subsequemtkyd for a large repertoire of functions like
intracellular calcium homeosta$t!, cell cycle regulation, thermogenesis and synaptic
plasticity"*®. However, as the Pandora’s Box, mitochondria atiedf potentially harmful
proteins and biochemical reaction centres. They libayate a flood of toxic compounds such

as reactive oxygen species (ROS) and participapaptotic signalling pathwayZ”.

1.2.1. Pivotal role of mitochondria within cells

Mitochondrial structure

Mitochondria are cytoplasmic organelles composea @buble lipid membrane which
structures four compartments, distinct by compositand function. The porous outer
membrane (OMM) encompasses the whole organelleoritains cholesterol and many
proteins like import complex€& U and voltage-dependant anion channels (VDAC)
responsible for the free passage of low molecuksigit substances (up to 5000Da) between
the cytoplasm and the intermembrane space (IMS§ohirast to the permeable OMM, the
inner membrane (IMM), rich in cardiolipin, providashighly efficient barrier to the flow of
small molecules and ions, including protons. Thismbrane is invaginated into numerous
cristae which increase greatly its surface areholises the respiratory enzymes, the cofactor
coenzyme Q (ubiquinone Q) and many mitochondriatie’*?. All these proteins are
necessary for ATP production. Between the two memds, IMS contains pro-apoptotic
proteins like cytochrome'@, apoptosis-inducing factor (AIE}*”, Smac/Diablo, Endo G and
Htra2/Omi*®. Finally, it is in the matrix, bordered by IMM, vdh take place different
metabolic pathways including the tricarboxylic a€idCA) cycle, also known as the Kreb's
cycle and the beta-oxidatid# **¢! The mitochondrial genome responsible for the ttahi

genetic autonomy of mitochondria is also locatetheaxmatrix.

11



Mitochondrial respiratory capacity

Although mitochondria are sites of many biosynthetnd metabolic processes, ATP
production is paramount. They generate more théf 8Dour cellular energy by two closely

coordinated metabolic processes: TCA and the axelghosphorylation system (OXPHOS).

TCA, composed of 8 enzymatic steps, is able to edrsarbohydrates and free fatty
acids into ATP. However, its major role consistsyield electrons in the form of reduced
hydrogen carriers, thenicotine adenine dinucleotide (NADHand the flavin adenine
dinucleotide(FADH,). These 2 compounds, also produced in the cytosolsanttled into
mitochondria,enter subsequently as coenzymes into OXPHOS alsedche mitochondrial

respiratory machinel§?” (Figure 5A).

OXPHOS is made up of the electron transport chBinC) formed of more than 85
proteins and assembled in four enzymes (complexV}t as well as the F1FO-ATP synthase
corresponding to the last complex (complex Momplex | (NADH:ubiguinone
oxidoreductase), complex Il (ubiguinone:cytochromeoxidoreductase) and complex IV
(cytochrome c oxidase or COX}! are located in IMM as integral proteins whereampiex
Il (succinate dehydrogenase) which catalyses orteofTCA steps is attached to the inner
surface of IMM. These five enzymes are connecteadtfanally by mobile electrons acceptors
and donors: ubiquinone and cytochrome c. In additm flavins and nicotinamides, they
utilize cytochromes, iron-sulfur clusters and cappentres to transfer electrons in a series of
oxidation reduction steps (Figure 5A). Briefly, @®ns from NADH and FADHK feed into
complex | and Il respectively. Ubiquinone Q carriglectrons from both complexes to
complex Ill and cytochrome c transports ultimatelgctrons from complex Il to IV reducing
the molecular oxygen () to watel™® *®! As electrons are transferred along ETC, a fixed
number of protons are pumped from the mitochonanatrix into IMS, which establishes a
proton electrochemical gradient (the proton motiicece, Ap) across IMMMY. Two
components definap: a difference in the concentration of protgnpH, alkaline insidepand
a difference in the electrical potenti@egative insideAy: —150 to —180 mV) The redox
energy drives the synthesis of ATP from ADP andgaaic phosphate (Pi) by ATP synthase
as protons are transported back from IMS into titeahondrial matri%3® 140 142 1931 ATP js
then made available to the cell for various proeeseequiring energy. Howevethe
consumption of NADH and FADHand the pumping out of protons from the mitochaidr

matrix on one hand are not perfectly coupled withtgn re-entry and ATP synthesis on the
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other hand. The result is a proton leak mediatgohi by specific inner membrane proteins,
the uncoupling proteins (UCP'$*® anddissipated as hée&t’”.
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Figure 5. The mammalian oxidative phosphorylation system (OXROS) and the mitochondrial genome
(A) Simplified view of the mitochondrial oxidative phg®orylation system (OXPHOS). Complexés
(NADH:ubiquinone oxidoreductase) and Il (succind&hydrogenase, belongs to tlrizarboxylic acidcycle
called TCA) receive electrons from NADH and FAPt¢spectively. Electronare then driven fronsomplexes
by the mobile carrier molecules coenzyme Q/ubiqun@JQ) and cytochrome ¢ (Cyt @ the final accepto
molecular oxygen (). Electron flow is coupled to proton movement acrtigs inner membrane (IMM) i
complexes |, Ill and IV. The resulting proton gl is harvested by complex V to generate A{B).
Schematic representation of the mammalian mitochaingenome (16,569 bpMitochondrial DNA encodes 2
tRNA genes (light-blue), two ribosomal RNA genear{dblue) and 13 genes encoding polypeptides of corr
I (NDl—gl;l]DG), complex Il (cytB), complex IV (COX1)3and complex V (ATP6/8) (adapted frata Fonseca €
al, 2008™).

Mitochondrial DNA
Current theory holds that mitochondria are descetsdaf aerobic bacteria that

colonized an ancient prokaryote about 1.5 billieang agd®® 148 1! This union may lead to
the first eukaryotic cell capable of aerobic remin, indispensable precursor to the
evolution of current multicellular organisff§!. This idea is supported by the fact that
mitochondria are the only organelles in animalscéflat possess their own genome. Each
mitochondrion contain®2—-10 copies of mitochondrial DNA (mtDNA) located ithe
matrix**%. In every human cell except mature erythrodytds200 to 2000 mitochondria are

found™®? %3 The mtDNA copy number as well as the number dbahiondria per cell is
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exquisitely calibrated on the cell type and thdutat energy demand. The largest number of
mitochondria is found in the most metabolically haettissues like muscles, liver and
brairf*>¥. The latter consumes 20% of the total oxygen supgtlije it accounts for only 2%
of the total body ma&s®.

The mtDNA is a circular double-stranded moleculetemzlly heritated®® (Figure
5B). The outer strand ia guanine-rich heavy strand and the inner straral agtosine-rich
light strand. ThemtDNA contains 37 genes (16,569 base parg)] codes for 13 proteins
which all belong to the five respiratory enzymesnptexes. It consists in 7 of 46 subunits
constituting complex |1 (ND1, 2, 3, 4, 4L, 5, and, @) of 11 subunits of complex Il
(cytochrome b), 3 of 13 subunits of complex IV (COXCOX2 and COX3), and 2 of 17
subunits of complex V (ATPase 6 and ATPad®®)In addition, the mitochondrial genome
encodes the 12S and 16S ribosomal RNAs as well2asahsfer RNAZ®" required for
intramitochondrial protein synthesis. However, adyofew mitochondrial proteins are
encoded internally, the organelle is not liberdtedh the nuclear genes control. Complexes |,
[l and IV are encoded by both mtDNA and nuclear DRhDNA), while complex 1l is
carried out exclusively by nDNR®. Furthermore, most of the proteins building
mitochondria and these forming the mitochondriathiaery like metabolic enzymes, DNA
and RNA polymerases, ribosomal proteins, and mtD&fulatory factors (e.g. mitochondrial
transcription factor Apre imported from the cyto$tf’. The import is mainly accomplished

by membrane spanning, multi-subunit translocatb@MM and IMM.

Unlike nDNA, mtDNA is not protected by histof€8 making it more vulnerable to
injury as oxidative stre88Y and its mutation rate is about 10-fold higher thhis of
nDNAM®? especially in tissues with a high ATP demand the brain. To mitigate mutation
risks, mitochondria develop an inheritance whickagjly differs from the Mendelian mode of
nDNA!®. First, mitochondria are distributed to daughtgltscmore or less randomly during
cell division. Most importantly, mitochondria divédmainly in response to cellular energy
needs, independently of cell cycle. In other worddien a cell needs high energy,
mitochondria grow and divide, and when the cellsuk®v energy, they are destroyed or
become inactive. For example, the mitochondrialoges replicates regularly in postmitotic
cells, about once per moAt in order to maintain the mitochondrial functionriauron&®*.,
Finally, mitochondria continuously divide and fusdth each other, forming a veritable

network. Although incompletely understood, the cametd consequence of all the processes
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is mtDNA recombination and both normal and modifieiiochondrial genes in a céff® 164

The deleterious effects of mitochondrial mutatiare reduced and the potential for the
removal of modified mtDNA by autophagy increasesowlidver, during ageing or in
pathological case, these mechanisms may be altarédead to mitochondrial alterations.
Above a certain threshold (“threshold effect”) thrywe to respiratory and metabolic defects
getting progressively worse. Since 1962 such inmpants are associated with a wide range of

severe human disorders regrouped under the naméaxfhondrial diseas&& 167!

1.2.2. Mitochondria as sources and targets of reaetoxygen species

The fate of most electrons from NADH or FABRIdriven in the respiratory chain is
the reduction from @to water at complex IV. Mitochondria consume apprately 85% of
O, utilized by cells during ATP productiBff!. However, this elegant system for energy
production is not perfect. A small portion of elects (up to 2%) escaping from ETC, mostly
at complexes | and [f® *"® react with @and yield superoxide anion §Q%¢® *"* 172l which
can be converted into other ROS such as hydrogexige (HO,) and the highly reactive
hydroxyl radical (OH through enzymatic and nonenzymatic reactéhs™ (Figure 6).
Although, ETC is the major source, radicals maygbaerated by peroxisomes as well as a
variety of cytosolic enzymes systems (e.g. xanthox@&ase, mitochondrial monoamine
oxidase (MAOA and MAOB)itric oxide synthase (NOS), and NADPH oxid&<8) In
addition, a number of external agents (e.g. toxatemotherapeutics and radiations) can
trigger ROS"®).

Cells are endowed with robust endogenous antiokideystems to counteract
excessive ROS. Lis detoxified first to HO, by manganese superoxide dismutase (MnSOD)
or copper/zinc superoxide dismutase (Cu/Zn S8B)and then to water by glutathione
peroxidase (GPX) or catalase (CATY (Figure 6). In addition to enzymes, low molecular
weight antioxidants acting either indirectly as leliag agents or directly like the glutathione
(GSH), NADPH and nutritional products (ascorbic daclipoic acid, polyphenols and
carotenoids})’® 1™ regulate overall ROS levels to maintain physictagihomeostasis.
Interestingly, recent data suggest that neurd$@Ps proteins by regulatingy!**®’ may

reduce ROS production.
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It is believed that ROS, in particular,Oand HO,, have roles as signalling
molecule§®® Y in physiological processes including defense agaimfection and
coordination of inflammatory responses as well a®aptic plasticity, learning and
memory®?. However, when ROS production overwhelms endogeratioxidant systems,
they can lead to harmful effects on cellular commusy inducing lipid peroxidation and
proteins and DNA oxidatidif®! (Figure 6). These injuries are collectively reéetrto as
“oxidative stress”. Become the main target of R@&cks is the price to pay by mitochondria
for being the major sourt&® 8418 The |ong polyunsaturated fatty acid chains of
mitochondrial membranes are very susceptible toladgian and may lead to the membrane
depolarization and consecutively to mitochondriedpairments®®. O,", produced by
complex | and Ill, damages the iron-sulfur clugteat resides in the active site of aconitase, a
TCA enzymé&®’. Nitric oxide (NO) produced by the mitochondrial nitric oxide syrgba
(MtNOSJ*"? and also freely diffuses into mitochondria frore ttytosdft’” reacts with @ to
produce peroxynitrite (ONOQ!". This latter is a reactive molecule that can irdnitration
of proteins on tyrosine residues and impair theincfiod'®. Unlike ONOO which
inactivates multiple mitochondrial enzymes, Ni@hibits specifically and reversibly the
complex IV activity by competitive binding on itsxygen sit€®%. In parallel, mtDNA
localized close to ROS production sites is vulnkerab oxidative damage as well. Oxidized
guanosine levels are higher in mtDNA than in nDNA Taken together, oxidative damages
of the mitochondrial compounds lead to a shutdofvenergy productiot®, which in turn,
leads to a decrease of antioxidant defense (e.gl) @8d the enhancement of ROS triggering
the vicious cycle of oxidative stress, mitochonlddgsfunction and apoptosis. First states in
the theory of agin?® °*! the mitochondrial “vicious cycle” has been théteaimplicated in
many degenerative diseases, most of them affetti@edgorain and muscles which are high

energy consumerg?.

Of note, a major unsolved and still controversidue is whether increased ROS
production is a primary consequence of mitochohdhgsfunction or whether a primary
defect in ROS scavenging activity is responsibledio abnormal respiratory function. This
point is particularly challenging in many patholcagi cases in order to establish clear cause
and effect relationship.
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Figure 6. Pathways of reactive oxygen species (RO&rmation and their enzymatic detoxification.
Complexes | and Il generate superoxide anion edq(@,") during the electron transfer process: €an interac
with NO, produced by nitric oxidase synthase (NOS), toegme peroxynitrite (ONOQ The enzymati
activity of mitochondrial manganese superoxide ditrse (SOD) converts,Oto hydrogen peroxide @#D.,),
which may then diffuse to the cytoplasmic compartmehere glutathione peroxidase (GPX) and cat:
convert HO, to H,0. H,O, can interact with Fé or CU to generate hydroxyl radical (OH a highly reactive
free radical, that can induce as well as ONQiI@id peroxidation and oxidative damage to prot@nd DNA.Of,
note, NO and its derivates (reactive nitrogen species or Ri¢®ng also to the group of ROS.

1.2.3. Mitochondria-dependent apoptosis

Although paradoxical with regards to their indispaiple role on cell survival,
mitochondria are also implicated in both widely agoized cellular demises namely the
programmed cell death (apoptosis) and the accibdealladeath (necrosisPuring necrosis,
cells are caught “off guard” by severe injuriesdalead to nonselective cell damage.
Conversely to necrosis, during apoptosis cellscide” to die and activate molecular suicide
cascades producing and mobilizing many proteinssidened as executioners. While
apoptosis plays an essential role in regulatingvit@and development, its misregulation may
give rise to a series of pathological st&tds Interestingly, it is not uncommon for one
effector, such as oxidative stress to have theaifypto trigger a combination of apoptosis
and necrosl¥. For example, oxidative stress-dependent mitoctiahdmembrane
permeabilization (MMP) may constitute a common é\arboth death modaliti€ and the

exhaustion of ATP supply by apoptotic mechanismy @ad to necrosi<?.
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Apoptosis results from two biochemical cascadespwkn as the extrinsic and
mitochondrial pathways (Figure 7A and B). Mitochdat apoptosis is caused by several
conditions of intracellular stress, such as oxidastress and Ghoverload. Holding many
pro-apoptotic proteins, the structural and fundioalterations of mitochondria have major
impact on cellular viability®* %! As mentioned previously (see paragraph 1.2.2),
mitochondria are very vulnerable to oxidative stregich may lead tay decreasé™, ETC
impairment and ATP depletiBn®. When these lethal signals predominate to pro-satviv
mechanisms attempted by the cell to cope the stmestchondrial membranes are
permeabilized (MMPY*". This phase determines whether the cell will sodzto or survive
the injury, and represents a “point of no retumthe mitochondrial cell death. Although still
debated, the opening of the permeability transifimme complex, constituted of several
transmembrane proteins, may break irreversibjydown and induce MMP. Bioenergetic
and biosynthetic functions of mitochondria are emuently stopped and proteins like
cytochrome ¢ and AF® regulated by pro- (bax, bak, bad, bim, bid) ant-apoptotic
proteins (bcl-2 and bcl-xl) of the Bel-famfily”! are released from IMS into the cytosol. The
mechanism by which cytochrome c activates the apioptascade remains to be fully
elucidated. However, it seems to participate infdmmation of a multiprotein complex called
apoptosome. The complex activates initiator cagpésespase 8 and 9) and transduces lethal
signals by catalysing the proteolytic maturatioregécutioner caspases (caspase 3, 6 and 7)
and pro-apoptotic factors (BH3-only protein BID)in&lly, executioner caspases cleave
numerous intracellular substrates contributing e tatabolic phase of cell death @
(Figure 7B).

18



A B

® o
Extracellular = -
stress [ inducers of apoptosis ]
E| Death receptars
DISC
Dependency
receptors Procaspase 8

mitochondrial permeability transition
collapse of Ay / release of IMS proteins

N s f c
\//

BIDé?

[ activation of caspases cascade ]

' Apoptosome
Procaspase 3 )
b= :ll:l @ Caspase 9

e @ Caspase 3 Caspase-independent effactors

|

Apoptosis =

chromatin condensation
DNA fragmentation
nuclear fragmentation

selective proteolysis
cell shrinkage

Figure 7. The extrinsic and intrinsic (mitochondrid) pathways of apoptosis(A) The extracellular apoptot
pathway is initiated at the plasma membrane by ipetransmembrane receptors, where@) the
mitochondrial apoptosis is triggered by intracelhstimuli such as Gaoverload and overgeneration of reac
oxygen species (ROS). In both pathways, initiataspases (caspase 8 arnda®e activated within specif
supramolecular platforms and so can catalyse thke@lytic maturation of executioner caspa, such as casp
3, which mediate (at least part of) the catabolimcpsses that characterize estdge apoptosis. Mitochondr
membrane permeabilization (MMP) marks a point ofetirn in the mitochondrial pathway by activatingth
caspase-dependent and caspadependent mechanisms that eventually execute dedth. For exampl
following MMP the mitochondrial intermembrane spdtdS) protein cytochrome (CYT C) is released int
the cytosol and interacts with the adaptor protgiaoptotic peptiase activating factor 1 (APAF1) as well as v
procaspase 9 to form the apoptosome. This regulthe sequential activation of caspase 9 and wietwer
caspases, such as caspase 3, which lead to apdpitires like cell shrinkage and DNA fragmentatione of
the major links between extrinsic and mitochondapbptosis is provided by the BG homology domain

(BH3)-only protein BID, which can promote MMP folling caspase-&ediated cleavage. dAT
deoxyadenosine triphosphate; DISC, death-induciggafling complex; tBID, truncated BID dapted frorn
Galluzzi et al 2009™).
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1.3. Mitochondrial dysfunction in Alzheimer’s diseae

Although, our understanding of AD made tremenddusles in the last decades, its
molecular pathogenesis is not clearly establishetd particularly the mechanisms occurring
in the early phase of the disease. Interestinghsitppon emission tomography (PET)
measurements demonstrate reduced energy metabwilisaffected brain regions of AD
patients and suggest that cellular energy defieiy precede cognitive symptoli?¥ (Figure
8). In line with this idea, oxidative stress andaohondrial abnormalities are estimated to
occur before the onset of BAaggregates, tau pathology, synaptic dysfunctiom an
inflammation in AD braiff®*°"} Markers of proteins and mtDNA oxidative damagesvall
as lipid peroxidation products (e.g. malondialdehy@MDA) and 4-hydroxynonenal
(HNE))?°® have been found in cortical lesions of AD pati&at&® 2% cybrid cell&*" and
transgenic midé®® 21224 |ncreased free radical generation has also béeereed in
mitochondria from peripheral cells of AD patientskel platelets, fibroblasts and
lymphocyte§3 192 218 pecreased activities of mitochondrial enzymeduiog pyruvate
dehydrogenasei-ketoglutarate dehydrogenase and COX have beemteeftf 2" Finally,
some authors propose that mitochondrial machimapairmenté*® 22 and axonal transport
defect&?® may be directly responsible for the synaptic failand the cell death observed in
AD.

The causal factors of mitochondrial alterationscéils of AD patients have to be
clarified, but may involve aging, AD-related prateiand oxidative stress leading to reduced
synaptic/cellular energy availability and ultimatéd cortical neurodegeneration. Moreover,
the critical role of mitochondria on the early pagbnesis of AD makes them into a
preferential target for treatment strategies iniclgdantioxidants such a&inkgo biloba
extract (GBE).

Norntahin AD brain

Figure 8. Major reductions in cellular energy metabolism in Iving AD patients. Positron emission
tomography images show glucose uptake (red andwetidicate high levels) in a normal control sulbjekD
patient exhibits large decreases in energy metahoin the frontal cortextop of brain) and tengral lobes
(sides of the brain) (frovattson 2004™).
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1.3.1. Link between Atoxicity and mitochondria

Ever since A peptide was discovered, substantial research loasiséd on
understanding its toxicity in brain of AD patientew years ago, it has been proposed that
toxic species of B intervening in molecular and biochemical abnortredi may be
intracellular, oligomeric forms instead of extrdgklr, insoluble plaquéS™ %2 Ap
oligomers can inhibit long-term potentiation (LTB)model system for synaptic plasticity and
memory??®. The presence of intracellulaBAand synaptic alterations observed long before
plaques formation in AD patieft&” and in several transgenic mouse mdé&ei&” have
been acknowledged by the modification of the ctadsiamyloid cascade hypothedfs®*!
(Figure 9). Importantly, the “intracellular hypo#i&’ points up the role of mitochondria in
the mechanism by which intracellulap Ariggers synaptic failure and neurodegener&titht
230l and correlates with studies recognizing energyabmism deficiencies as earliest events

in AD?31,

A time course investigation of fAand free radical production revealed thaO
formation correlates significantly with solublégd Aut not insoluble B, suggesting that in AD
progression, soluble fAmay enter mitochondria and induce R&% In accordance with this
idea, some studies showed tlwigomeric A3, with its sharp morphology, may have the
ability to permeabilize cellular membranes anddipilayers thereby entering organelles, such
as mitochondria® 233! Recently, accumulation of A inside mitochondria has been
proved®® 23423l and associated to functioKai?*® as well as structural mitochondrial
impairment&® in several cellular and transgenic mouse model§. dan disrupt
mitochondrial COX activity in a sequence- and comfer-dependent mant@f: 2*! An
interaction between a mitochondrial matrix enzynadled the A binding protein alcohol
dehydrogenase (ABAD) andpAin AD brain and animal modé¥’ confirmed the & intra-
mitochondrial hypothesis. [AABAD complex impairs the binding of NAD to ABAD,
changes mitochondrial membrane permeakifityand reduces activities of respiratory
enzyme¥*® leading to mitochondrial failure. Finally, the émaction between A and
mitochondria may explain howpAinduces apoptosis and caspase activatfoA** 2*%! The
way by which A reaches mitochondria is still debated3 fkay be internalized by cells,
imported into mitochondria via the translocator esumembrane (TOM) complex and
accumulated in cristf&). A second mechanism may implicate an intracellylgeneration of

ABI#4¢2%8 Of note, some authors propose thgt grecursor, APP, may block mitochondrial
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import channels preventing the import of nucleacegled COX (complex V) subunits IV
and VB*® which decreases its activity and increases RO8ugtmri®Z.

Collectively, these studies suggest thgt @nters mitochondria and interacts with
mitochondrial proteins, disrupts ETC, generates R&28ing ultimately to the drop of ATP
leveld™®. The presence of intracellularpAadds a further level of complexity to the
mechanism of A toxicity as this enables direct access to orgasdihat are vital for the

function and viability of neurons.

changes in A metabolism (overproduction,
decreased clearance, enhanced aggregation)
1

v
subtle effects of f42 oligomers on synaptic function
1

v
altered neuronal ionic homeostasis, oxidative injur

v
progressive synaptic/neuronal injury

VYo Yo Yo Yo Y

v
AP42 oligomerization and initial p42 deposits ]

v
inflammatory responses (microglia and astrocytéisaton)
AB plaques formation

o

v
[ altered kinase/phosphatase activitiegangles ]
1

P

\4
widespread neuronal dysfunction and cell death
associated with nelurotransmitter deficits

o

v
[ dementia with plaques and tangles pathology ]

Figure 9. The amyloid cascade hypothesi§.he cascade is initiated by the generation of aithy}d2 (AB4,). In
AD familial early onset (FAD), B4, is overproduced owing to pathogenic mutationssporadic AD (SAD)
various factors can contribute to an increased loadp,, oligomers and aggregates. Amyldideligomers
might directly injure the synapses and neuritesbadin neurons, in addition to activating microghad
astrocytes. Tau pathology, which contributes suthistily to the disease process througiperphosphorylate
tau and tangles, is triggered b$A(adapted and modified froBelkoe et al2002°).

1.3.2. Effects of tau protein on mitochondrial fution and axonal transport

For a long time, the “amyloid cascade hypothesigintng that in the pathogenic
cascade of AD, B is upstream of tau was an authdffty. However, a recent theory
declaring an B-independent tau toxicity has seen the gt The accumulation of NFTs
occur in many neurodegenerative diseases refeores ttauopathie€®™ **@including AD.
However, in contrast to AD, in many of these disosd NFTs are abundant in the absence of

overt A3 plaqueS' suggesting a sufficient role of tau pathology todiice the
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neurodegeneration. Interestingly, oxidative strasd mitochondrial dysfunction have been
proposed as key events within this tau pathologh@se diseases including AD.

In AD, oxidative stress may lead to the phosphaigteof tau either by direct oxidative
damages like HNE inducing tau conformational changed NFTs formatidf*> ** or by
deregulating proteins like ERK2 known to play a otal role in the phosphorylating
proces€®. In recent studies, it has been showed that mitaign of tau causes ATP
depletion in synapses and enhancement of oxidatiess, long before tau detaches from
microtubules and aggregates into NE¥&°8! Subsequent abnormal hyperphosphorylation of
tau compromises the stability and function of micbwmles which emphasizes the
mitochondrial trafficking decrease and ATP stamwatin nerve terminafs® which may lead
to neurotransmission impairments. Finally, NFTsrfation leads to the progressive loss of
axonal or dendritic transpgﬁol. Moreover, our group demonstrated mitochondrial
dysfunction by proteomic and functional analyS8sin a new tau transgenic mouse

model?Y

. The mice overexpressing the P301L mutant human pptein exhibit an

accumulation of hyperphosphorylated tau already mionths old and develop NFTs from 6
months ol&®*. Mainly mitochondrial proteins, antioxidant enzysnand synaptic proteins
were deregulated in the proteome pattern of P3auLmicé*. Functional analysis showed
reduced complex | activity as well as impaired writondrial respiration and ATP synthesis
with age. Mitochondrial dysfunction was associateith higher levels of ROS in aged
transgenic mice. In addition, increased tau pathpolevealed modified lipid peroxidation
levels and up-regulation of antioxidant enzymeseisponse to oxidative str&sS. For the

first time, it has been proved that not only Aut also tau accumulation act on brain

metabolism and oxidative conditions in AD.

Taken together, this evidence supports a role @frée tau pathology on
mitochondrial and metabolic dysfunction. Tau toicmay act indirectly by modifying
microtubule stability, axonal transport and mitoatioal network. A second mechanism may
be a direct inhibition of energy production by tiiee of oxidative stress and impairment of
respiratory enzymes as suggested by the accumulattincreasingly insoluble ATP synthase
a-chain together with NFTs in AD brains whereas dgggt soluble levels were redué&&d.
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1.3.3. A8 and tau share mitochondria as a common target

“The genetics of Alzheimer’s disease favours & tm amyloid-beta but the clinical picture
favours a link to tau neurofibrillary tangles.M. Mesulam (International Conference on
Alzheimer's Diseas®008)

Although both A and tau pathologies are common features in ADis istill
mysterious how they relate to each other. Someoasitlestablished that fAinjections
exaggerate a pre-existing tau pathology of sevemisgenic mouse modgfs: 263-26%)
Interestingly, recent evidence suggests thft téxicity is also tau-dependent. Reducing
endogenous tau levels prevented behavioral def@taissessed in the Morris water maze,
without altering 48 leveld?®®. Earlier findings in cultured hippocampal neuralesived from
tau knockout and transgenic mice support the mdus tau is required for Finduced
neurodegeneratidi”. Taken together, the studies illustrate a compierplay between the

two key proteins showing abnormal behavior in AD.

In parallel, increasing evidence suggests a ralenitochondrial alterations upstream
of both A3 and tau pathologies in AD. Moreover, close relatop between mitochondrial
failure and A on one hand, and tau on the other hand have besorstrated (see
paragraphs 1.3.1 and 1.3.2). Thereby, could bechmitadria the point of convergence of the
two unguestionable pathologic hallmarks of the akig® Recent findings are in line with this
hypothesis. & aggregates and hyperphosphorylated tau may blbek ttansport of
mitochondria leading to energy deprivation at tlyeapse and neurodegeneralioh 2°8
Moreover, elevated tau may inhibit the transporiA&P into axons and dendrites, causing
impaired axonal transpostiggesting a linkage between tau and AP In addition,
functional genomics encompassing transcriptomic pirdeomic approach@%2"? showed
that A3 treatment together with human tau over-expressi@ncell culture model affected the

regulation of genes controlling cell proliferatiand synaptic elements in A 274

In summary, these findings exemplify interactionstween A and tau at the
mitochondria level, nevertheless many questionsséfe unresolved. How tau pathology
mediates these changes and its role within the @chglhscade remains unclear. The precise
impacts of both lesions on mitochondrial respinatarachinery and energy homeostasis are

still outstanding.
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1.3.4. Transgenic mouse models

Understanding the molecular pathways by which theous pathological alterations
including A3 and tau, compromise neuronal integrity and leaditocal symptoms has been
a long-standing goal of AD research. Success irldeing mouse models that mimic divers

facets of the disease process has greatly faetlitttis efforf: 7 5!

In 1995, Games and co-workers established theAfgplaque-forming mouse model
by targeting high levels of the disease-linked W hiutant form of APP in brain, using the
platelet-derived growth factor (PDGF) mini-promoter expressioi’>. These PDAPP mice
showed many of AD pathological features, includexgensive deposition of extracellular
amyloid plaques, astrocytosis and neuritic dysty§pH. Subsequently, a lot of APP-based
transgenic models have been devel&P&&” and instrumental in addressing aspects pf A
toxicity and age-dependent cognitive decline asl wsltesting therapies like vaccination
trials?®! 282 (Figure 10A and B). The same year, Gotz and oglles established the first tau
transgenic mouse model, expressing the longest mubrain tau isoform, without a
pathogenic mutation and using the hThyl promoteméuronal expressibfi’. Despite the
lack of NFTs pathology, these mice modeled aspaftshuman AD, such as the
somatodendritic localization of hyperphosphorylatad and, therefore, represented an early
“pre-NFTs” phenotype. Once the first pathogenic PFDY mutations identified in tHdAPT
gene in 1998, several groups expressed them in aceexample, the P301L tau-expressing
pR5 mice develop aggregated forms of hyperphospdtedy tau and NFTs as well as
neuronal 10s8°% 2842861 \oreover, these mice showed age-related behaviomairment in
amygdala- and hippocampus-dependent tasks whidd beucorrelated with the aggregation
pattern of the transgefi&" 28 (Figure 10A and B). Finally, the discovery of FAButations
in the presenilin (PSEN) genes which influence AfPétessing, opened the path RBEN1
and PSEN2transgenic mouse models, and double-cross APP/P@BENEIS®. Recently,
doublé®®* %% and tripl&® 2% 2*Utransgenic mice combiningfAand tau pathologies in one
model have been generated (Figure 10A). The ldtg8e transgenic mouse line termed
"PPAD co-expresses mutated tau (P301L), PS2 (N14H) ARP" (KM670/671NL). This
model complements a first triple transgenic mouseleff®? harboring the PS'£¢V instead
of the previous PS2 mutation. In this model wittaqules and tangles, behavioural and
neuronal symptoms of AD were already reported midg synaptic dysfunction and LTP

deficitd?*®. However, a molecular link betweer And tau protein in AD pathology was still
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missingin vivo. Moreover, while recent findings indicated an iptay between PS1 and PS2
on mitochondrial functionality, more relevantly pesific role for PS3tsecretase on these
organelles has been highlightdd. Finally, "P*AD mice are the only known model to
develop both tau and amyloid deposits in an agem#gnt manner. NFTs pathology starts at
4 months old in contrast to other models develogimgstantial NFTs pathology very later, at
18-24 months ofé® 2% The "P*AD model is therefore particularly suited to study
relationship between [Aand tau in an age-related way. It has been shtawexample, that
AP accumulation leads to the development of tau phaytation at a specific AD-epitope
(Ser422). Although, the mice do not develop extensieuronal loss or pronounced cognitive
deficits, the progression of biochemical changes ldastopathological features is reminiscent
of the pathogenesis course observed in AD. Consdélguéhe model may be very useful for
assessing therapeutic interventions addressing oamhegis and/or Tau pathology.
Importantly, behavioral deficits are present befoegection of any protein aggregates which
is especially meaningful considering the paradignthe early mitochondrial dysfunction

reported in AD.

It has been over a decade since the first AD temsgmouse models have been
reported. These models have enabled dramatic aesvamc our understanding of the
pathogenic mechanism in AD and potential therapeajproaches to tackling the inexorable
clinical progression of the disease. Many of neerdpeutic strategies have their foundation
in transgenic animal wotk. In this vein, the recent triple transgenic mige aot only
promising in order to understand the complex ingrpbetween A and tau at the
mitochondrial levelin vivo but also to assist in the development of new itneats more

adapted and efficient towards AD.
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Figure 10. Reproducing plagues and NFTs in transgenic mice. (APlaques are produced by expres:
mutant amyloid precursor protein (APP), as founcatients with familial Alzheimer’'s disease (FADyoth
with and without mutanPSEN1 Neurofibrillary tangles (NFTs) are produced byeessig mutant tau, a
found in patients with frontotemporal dementia witrkinsonism linked to chromosome 17 (FTDB. A few
exemplary mutations are listed (grey boxes) togettith their strain names and the promoters (irckets) tha
were used for expressio(B) Progression of the pathology in APP23 and pR5 mid€eTs formation in pRE
mice is initiated in the amygdala and eventuallyni in the hippocampus, whereas the cortex is allgti
spared. Plaque formation in APP23 mice is prominerthe cort& and in the hippocampus. This reflects
some extent, the situation in the brain of patiemith AD, in which plaques and NETare anatomicall

separated (frorsotz and Ittner2008™).
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1.3.5. Ginkgo biloba extract for the treatment ofzZheimer’s disease

There is no cure for AD and the available treatmefetg. acetyl cholinesterase
inhibitors (tacrine, donepezil, rivastigmine andlagégamine) and N-methyl-D-aspartate
(NMDA) antagonist (memantine)) are only symptomahowever, the increasing body of
evidence implicating oxidative stress and mitoch@iddysfunction in the pathogenesis of
AD raises the possibility of the beneficial useantioxidants. The hypothesis is particularly
promising owing to numerous free radical scavengezsknown and many includir@inkgo
biloba extract (GBE) have no major side effects. GBE iakable therapeutic drug for the
treatment of memory impairment and dementia inclgdiAD. Double-blind, placebo-
controlled studies showed the improvement of cognisymptoms in the elderly and in AD

patient§%°2%°

Standardized GBE, obtained from dried green whededs ofcinkgo bilobatree with
acetone/water mixture, is defined as dried ext(dectig-extract ratio 35-67:1). Different
standardized GBE are on the market, e.g. EGb 76iw@e Firm, Germany, TebokKam
Switzerland) and LI 1370 (Vifor Firm, Switzerlan8ymfon&)°%. The most studies refer to
EGb 761 as yet. GBE consists iwo major groups of substances, flavone glycosides
(flavonoid fraction, 22-27%) and terpelaetones (terpenoid fraction, 5-7%). Ginkgolic &cid
are reduced to at most 5ppt. The flavonoid fraction is primarily composed afegcetin,
kaempferol and isorhamnetin glycosides, and theetesid fraction of ginkgolides A, B, C, J
and M (2.8-3.4%) as well as bilobalide (2.6-3.998)(Figure 11). The chemical structure of
flavonoids preferentially reacts with hydroxyl reaid®®?! and chelate pro-oxidant transition
heavy metal ioff®¥, which consequently inhibits the formation of newdroxyl radicals.
Ginkgolides are known to be platelet activatingtdaqPAF) antagonists, able to improve
blood circulatiof® and cerebral insufficienE{J®. Although individual constituents have
been found to be active in a variety of assays har@isms underlying GBE beneficial effects

may reside in the synergistic action of all compuse

Substantialin vitro andin vivo models demonstrated free radical scavenger activit
and anti-apoptotic properties of GBE' 307319 |n addition to its intracellular antioxidant
properties, GBE may stabilize directhyitochondrial function. Our group showed that GBE
improvesAy and ATP levels, and protects mitochondrial resprsacomplexes in stress

model§313! Of note, the ginkgolide J, the flavonoid fractiand the bilobalide were the
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most effective to stabilizAy in this study. These effects may lead to a deer@dhsROS
production and cell death processes. In accordatitbethis idea, the transcript level for an
anti-apoptotic Bcl-2-like protein was elevated, wdes the transcript level for pro-apoptotic
caspase 12 was decreased in PC12 cells treate@BER" **! In addition, enhancement of
tau mMRNA expression in cortex of mice whose diegsensupplemented with GBE has been
observef'®. Interestingly, recent studies suggest that GBEy mdevelop an
antiamyloidogenic property inhibiting amyloid filwiformation either by a direct interaction
with ApB® 37 or by activatinga-secretase pathwdlf. It is assumed that GBE anti-
oxidative properties combined to its action on Adlated proteins may protect the brain
against the cognitive dysfunction observed in tlsease. Moreover, GBE may improve the
neurotransmissidit” as well as the neuronal plasti€i§ and develop anti-inflammatory
effect$?. In several aging and stress animal models, GBfamred the cognition, spatial
learning and explorative behaVist %! Clinical studies including meta-analyses and dub
blind trials supported also efficiency of GBE orgngive defects, daily living and clinical
global impression in dementia patients including! &ty 324!

Although, many animal models reports and clinidaldes propose neuroprotective
effects of GBE'® 3% cellular and molecular mechanisms, specially ¢heslating to
mitochondrial respiratory function, remain unknowihe elucidation of biochemical
pathways by which GBE exercises its polyvalent gotive effectsmay not only open new
ways for the development of more efficacious thesut also ripen our understanding of

mitochondria role within AD pathological processes.
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Flavonoids Ginkgolides Bilobalide

Figure 11. Chemical structures of main constituentpresent in Ginkgo Biloba Extract (GBE). GBE consis
in two major groups of substancethie flavonoid fraction (22-27%) composed of quéargekaempferql
isorhamnetin and myricetin, as well as the terpeffi@iction (5-7%) cmposed of ginkgolides A, B, C, J and
and bilobalide
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ABSTRACT

Alzheimer's disease (AD) is characterized IBramyloid (AB)-containing plaques,
neurofibrillary tangles, as well as neuron and pgealoss. Tangle formation has been
reproduced in P301L tau transgenic pR5 mice whilrPAPS2"*! double-transgenic
APP152 mice develop Aplaques. Cross-breeding generates triple transd@MiAD) mice
that combine both pathologies in one model. Tordgtee functional consequences of the
combined A and tau pathologies, we performed a proteomicyaisafollowed by functional
validation. Specifically, we obtained vesicular paeations fromi"P®AD mice, the parental
strains and non-transgenic mice, followed by thangtative mass-tag labelling proteomic
technique, iITRAQ, and mass spectrometry. Within512jniantified proteins, we found a
massive deregulation of 24 proteins of which oneltivere mitochondrial proteins mainly
related to complexes | and IV of the oxidative gtawylation system (OXPHOS). Notably,
deregulation of complex | was tau-dependent, wHaeegulation of complex IV was A
dependent, both at the protein and activity levBignergistic effects of f and tau were
evident in 8-month-old™°AD mice as only they showed a reduction of the atitmdrial
membrane potential at this early age. At the agddfmonths, the strongest defects on
OXPHOS, synthesis of ATP and reactive oxygen spewigre exhibited in th&P*AD mice,
again emphasizing synergistic, age-associated teffed A3 and tau in perishing
mitochondria. Our study establishes a moleculak lbetween & and tau protein in AD

pathologyin vivoillustrating the potential of quantitative proteiom

Abbreviations: 48, p-amyloid peptide; AD, Alzheimer’s disease; APP, &ty protein precursor; CS, citrate
synthase; FTD, fronto-temporal dementia; GO, gem®logy; iTRAQ, isobaric tags for relative and alose
quantitation; LTP, long-term potentiation; MMP, othondrial membrane potential; NFT, neurofibrillary
tangles; OXPHOS, oxidative phosphorylation syst&®S, reactive oxygen specid$®AD, triple transgenic
Alzheimer’s disease mice; wt, wild-type.
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INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodergive disorder affecting more
than 15 million people worldwide (1). The key hgathological features arg@amyloid-
containing plaques and microtubule-associated praé&ei-containing neurofibrillary tangles
(NFTs), along with neuronal and synapse loss iacsetl brain areas (2, 3). In determining the
role of distinct proteins in these processes, ti@thlly, candidate-driven approaches have
been pursued, linking neuronal dysfunction to tisribution of known proteins in healthy
compared to degenerating neurons, or in transgempared to control brain. In comparison,

proteomics offers a powerful non-biased approacthagvn by us previously (4, 5).

APP152 (APP/PS2) double-transgenic mice model tReplague pathology of AD
(6); they co-express the N1411 mutant form of P&gether with the APP mutant found in
familial cases of AD. The mice display age-relatednitive deficits associated with discrete
brain AB deposition and inflammation (6). pR5 mice model tiingle pathology of AD (7-9).
They express P301L mutant tau found in familialesagf frontotemporal dementia (FTD), a
dementia related to AD. The pR5 mice show a hippymes- and amygdala-dependent
behavioural impairment related to AD (10). CrossofgoR5 and APP/PS2 mice produces

"PleAD mice, with tau and B levels comparable to the parental strains (11).

Here, we performed a comparative, quantitative gmmic analysis of single-
transgenic pR5, double-transgenic APP/PS2 fAD (pR5/APP/PS2) mice, as well as
wild-type controls and found that one third of teregulated proteins were mitochondrial. In
evaluating our findings, we could establish mitautidal dysfunction in™®AD mice,

synergistically induced by tau an@Aathologies.
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RESULTS

Comparative iTRAQ (isobaric tags for relative and dsolute quantitation) mass-
spectrometry. Crude vesicular fractions of forebrains obtaineshfrl0 months-old single-
transgenic pR5 mice, double-transgenic APP/PS2 ,naicgoss of the two strain&”FAD),
and non-transgenic littermate controls were trypdigested, and peptides labelled with
ITRAQ. Then, these were separated by HPLC, usint) beverse phase (RP) and strong
cation exchange (SCX) columns, followed by nanol®l-EIS/MS mass spectrometry. Data
processing identified 1598 proteins, 1539 of whagre quantified; 1275 with more than two
peptides. 24 proteins were found to be differelytiakpressed if"*AD compared to the

other samples (Table 1).

Deregulated proteins identified by iTRAQ. ProteinPilot requires a minimum of 40 counts
of iITRAQ reporting ion intensities to calculate iAR ratios. Proteins identified with iITRAQ
tag ion intensities below this threshold were neamgified. In our study, about 90% of the
identified proteins had iTRAQ ratios (Sl Fig. 1Adaof these, about 80% were calculated
from more than two peptides.

We tabulated iTRAQ ratios of all proteins using {f®AD as denominator and
ITRAQ ratios larger than 1.2 or smaller than 0.8#hwa P-value smaller than 0.01 as
threshold to identify deregulated proteins asdisteTable 1. A protein had to show the same
deregulation trend in at least two of the threesrt;mbe considered as deregulated. From our
past experience iTRAQ ratios larger than 1.2 orllemthan 0.82 with a P-value smaller than
0.01 indicate protein differences of at least dlf.f

Consistent with transgenic tau expression, the raxgatal data show that Tau is
significantly up-regulated in pR5 mice ali®AD mouse brain compared to wild-type and
APP/PS2 mice. We performed an over-representahalysis using the Gene Ontology (GO)
database to perform a functional characterizaticdhederegulated proteins and established a
GO map as described (12). This revealed that omé di the proteins have functions in
mitochondria, specifically complex | and IV (TablE). In agreement, separation of
mitochondrial complexes from cortical brain by tdimaensional resolution confirmed a
similar deregulation of the 49 kDa subunit of coexpl and subunits 1l and IV of complex IV
(SI Fig. 1B). Therefore, we decided to as$&&AD compared to pR5 and APP/PS2 mice for

mitochondrial function.
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Wild- APP/
typevs | pR5vs | PS2vs

Accession ame tripleAD | tripleAD | tripleAD

ANXA5_MOUSE (P48036) | Annexin A5 (Annexin V) (Lipocortin V) 1.28 0.63

ANXA6_MOUSE (P14824) | Annexin A6 (Annexin VI) (Lipocortin VI) 1.46 2.2

ARF3_MOUSE (P61205) | ADP-ribosylation factor 3 0.65
Brain acid soluble protein 1

BASP_MOUSE (Q91XV3) | (BASP1 protein) 1.51

CALM_MOUSE (P62204) | Calmodulin (CaM) 0.78 0.65
Cytochrome c oxidase subunit 2

COX2_MOUSE (P00405) | (EC 1.9.3.1) 1.42
Cytochrome c oxidase subunit IV
isoform 1, mitochondrial precursor

COX41_MOUSE (P19783) | (EC 1.9.3.1) 1.36 1.47
Cytochrome c oxidase polypeptide Va,

COX5A_MOUSE (P12787) | mitochondrial precursor (EC 1.9.3.1) 1.21 1.43
Cytochrome c oxidase polypeptide Vb,

COX5B_MOUSE (P19536) | mitochondrial precursor (EC 1.9.3.1) 1.33
Cytochrome c oxidase polypeptide
Vlla-liver/heart, mitochondrial precursor

CX7A2_MOUSE (P48771) |(EC1.9.3.1) 1.69

HBA_MOUSE (P01942) Hemoglobin alpha subunit 0.73 0.69

HBB1_MOUSE (P02088) | Hemoglobin beta-1 subunit chain 0.69 0.6
Myelin basic protein (MBP) (Myelin Al

MBP_MOUSE (P04370) | protein) 1.32 1.22
Nucleoside diphosphate kinase A

NDKA_MOUSE (P15532) | (EC 2.7.4.6) 0.56
NADH-ubiquinone oxidoreductase

NIDM_MOUSE (Q9DCS9) | PDSW subunit (EC 1.6.5.3) 1.39 0.66
NADH-ubiquinone oxidoreductase 49

NUCM_MOUSE kDa subunit, mitochondrial precursor

(Q91WD5) (EC 1.6.5.3) 0.8
NADH-ubiquinone oxidoreductase 23
kDa subunit, mitochondrial precursor

NUIM_MOUSE (Q8K3J1) | (EC 1.6.5.3) 1.22
Prohibitin (B-cell receptor associated

PHB_MOUSE (P67778) | protein 32) (BAP 32) 0.77
Peptidyl-prolyl cis-trans isomerase A

PPIA_MOUSE (P17742) | (EC5.2.1.8) 1.4
Solute carrier family 12 member 2

S12A2_MOUSE (P55012) | symporter) 1.49

SYN2_MOUSE (Q64332) | Synapsin-2 (Synapsin Il) 1.69
Microtubule-associated protein tau

TAU_MOUSE (P10637) (Neurofibrillary tangle protein) 0.64 0.6
Thy-1 membrane glycoprotein

THY1 MOUSE (P01831) | precursor 14 1.94

VAOD_MOUSE (P51863) | Vacuolar ATP synthase subunit d 1.35 1.71 0.77

Table 1. Differentially expressed proteins observed by THRAQ experiment. Crossbreed mouse samples
compared to other types. Deregulated subunits wfpdex | and complex IV are highlighted in yellow.

Tirle AD mice exhibit strong defects in mitochondrial OXPHOS, complex activities, and
energy homeostasisA high-resolution respiratory system has been usedvaluate the
capacity of the entire oxidative phosphorylatiosteyn (OXPHOS) of cerebral mitochondria
from the four mouse strains (Fig. 1A). We deterrdinux control ratios to obtain
information on metabolic states of respiration. Tasgpiratory control ratio (RCR3/4) is an
indicator of the state of coupling of mitochondristate 3 is the rate of phosphorylating
respiration in the presence of exogenous ADP, wdidée 4 is associated with proton leakage
across the inner mitochondrial membrane in the ralssef ADP. Our data demonstrate a
pronounced decrease of RCR3/4 in mitochondria #&R®/PS2 and”°AD compared to age-
matched wild-type mice (Fig. 1B). When we examirikd ETS/ROX (electron transport
system/residual oxygen consumption) ratio whicHdgean index of the maximum oxygen
consumption capacity relative to the magnitudeesidual oxygen consumption, we found
that it was also decreased in APP/PS2 Mf\D compared to age-matched wild-type mice
(Fig. 1C). We have shown previously that respirated mitochondria from pR5 mice is

reduced compared to wild-type controls but notluhe age of 24 months (4). In contrast,
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APP/PS2 mitochondria showed a decrease in OXPH@®H®aed to wild-type already at the
age of 8 months (Fig. 1D). At this age, OXPHOS mfito mitochondria froni"*AD mice did
not differ compared to that of age-matched APP/R&®chondria (Fig. 1E), but it was
significantly decreased if"®AD mice at the age of 12 months (Fig. 1F-G). Tatagether,
with increasing age, the global failure of the roitondrial respiratory capacity deteriorated
the strongest in mitochondria frofi®AD mice, suggesting a synergistic destructive eftdc

tau and A on mitochondria.
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Fig.1. High-resolution respiratory system reveals &eightened defect in the mitochondrial OXPHOS from
brains of "M AD mice. Measurement of oxygen Dflux and consumption in freshly isolated mitoctda
from cortical brains of wild-type and age-matcheBR#PS2 and™®AD mice. After detection of endogenous
respiration (mito), glutamate+malate (g/m) were eatito induce state 4 respiration. ADP stimulatedes8
respiration. After determining coupled respiratidfCCP was added and the maximal respiratory capacit
measured in the absence of a proton gradient. @ydote ¢ (cyt ¢) demonstrated mitochondrial membrane
integrity. To inhibit activities of complexes | H,|rotenone (rot) and antimycine A (AA) were add€bmplex

IV activity was stimulated by ascorbate/TMPD (A/Bgfore terminating mitochondrial respiration by imdd
sodium azide (azide). Qconsumption was normalised to the corresponditrgtei synthase (CS) activity. (A)
Representative diagrams of @ux and consumption in mitochondria from 12-matiid wild-type, APP/PS2
and "P*AD mice in response to titrated substrates andbitdrs of mitochondrial complexes. (B) RCR3/4
(state3/state4 ratio) representing the mitochohddapling state was reduced in 8- and 12-montbsAGtP/PS2
and"PAD mice. (C) ETS/ROX ratio, which yields an indektbe maximum oxygen consumption capacity of
the electron transport system (ETS) relative to negnitude of residual oxygen consumption (ROX)swa
reduced in 8- and 12-months-old APP/PS2 d®W8AD mice compared with age-matched wild-type
mitochondria. (D) Two-way ANOVA revealed a signditt effect of the transgene on the respiratorysrafe
mitochondria between 8-months-old wild-type and AP$2 mice (p<0.001). (E) No difference was obseixed
respiration between 8-months-old APP/PS2 '#fA\D mice. (F) At 12 months of age, respiration diéfe again
significantly between wild-type and APP/PS2 (p<@)and (G) between APP/PS2 dfffAD mice (p<0.001).
A-G: *, p<0.05; **, p<0.01; ***, p<0.001 vs wild-tye; ", p<0.01;""", p<0.001 versus APP/PS2 (n = 7-12
animals/group).

51



Next, we used a direct measurement of the speadfitvity of complex | in freshly
isolated brain mitochondria, i.e. NADH-ubiquinon&idoreductase activity measured as
NADH:DBQ activity that is then normalised to comypliecontent (NADH:HAR activity). At
8 months, complex | activity was only decrease@®bd mice confirming our previous data
about complex | deficiency in these mice (4) (F24\). At 12 months of age, all three
transgenic mouse models exhibited a significantesse of DBQ/HAR compared to wild-
type mice (Fig. 2A). Interestingly, at the age @frhonths, content of complex | (measured by
HAR activity) was increased ifP®AD mice suggesting a compensatory up-regulation in
response to functional deficits of this complex F&i. 3). Similarly, compared to APP/PS2
mice complex | proteins were found to be up-regadfTable 1). Activity of citrate synthase
(CS), a pace making enzyme in the first step ofktebs cycle, thought to be proportional to
the content of OXPHOS enzymes (13), was increaseédmonths-old APP/PS2 afiti®AD
mice. At 12 months, the increase persisted onlgairtical mitochondria froni*®AD mice
suggesting a compensatory incapacity to restordysiglogical state specifically in this
mouse model that exhibits the strongest AD pathptddoth plaques and tangles (Fig. 2B).

At the age of 8 months, APP/PS2 d/fAD mice showed a significantly decreased
complex IV activity (CIV/CS ratio) (Fig. 2C). Thidecrease became more marked at the age
of 12 months, when the accumulation of defectsha gingle complexes as well as in the
entire OXPHOS, respectively, could not be furthempensated as shown by a drop in ATP
levels in cortical brain cells from APP/PS2 df§AD mice, with the strongest decrease seen
in the latter (Fig. 2D). This indicates a generatutbance of cellular energy homeostasis in
the cortices of these mice. The effect was bragiorespecific as no difference in ATP levels

was observed in cerebellar cells from the same (St€ig. 2).
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Fig.2. Impaired mitochondrial enzyme activities anddecreased ATP levels in cortical brain cells from
P AD mice. (A) Complex | activity (DBQ/HAR ratio) was decreasia 8-months-old pR5 mitochondria. At 12
months, all three transgenic mouse models presentiEtrease in complex | activity. (B) Citrate $yse (CS)
activity was increased in 8-months-old APP/PS2 "fAD mice. At 12 months, the increase persisted émly
"PEAD mice. (C) Complex IV activity (CIV/CS ratio) watecreased in APP/PS2 affffAD mitochondria at 8
months of age. The decrease became more pronoahtieel age of 12 months. (D) ATP levels were reduge
12-months-old APP/PS2 aril® mice. A-D: *, p<0.05; **, p<0.01; ***, p<0.001 veus wild-type;*, p<0.05
versus pR5 (n = 7-12 animals/group).

AP and hyperphosphorylated tau cause a decreased mitoondrial membrane potential
(MMP). Based on our recenh vitro results that cortical brain cells from pR5 mice ar
particularly sensitive to synthetic pAinsult (14, 15), we determined the mitochondrial
membrane potential (MMP) that is widely conside@sl an indicator of mitochondrial
functionality (16). Basal MMP was significantly arekclusively reduced in cortical cells
from 8-months-old™™®AD mice. At 12 months, MMP was additionally redudedcortical
cells from APP/PS2 mice (Fig. 3A). Again, this effgvas brain region-specific as it was not

observed for the cerebellum (Sl Fig. 4A).

Increased mitochondrial failure is accompanied by ehanced reactive oxygen species
(ROS) production. Superoxide anion levels were enhanced in corticainbcells of 12
months-old APP/PS2 mice and markedly increasekdset of age-matchd®®AD mice (Fig.
3B). In addition, cytosolic ROS levels were enhahoe brain cells from APP/PS2 and
"PeAD mice (Fig. 3C). These differences were only obse at an age of 12, and not 8
months (SI Fig. 4B and C), suggesting that at thieeroage, brain mitochondria are not

capable of compensating their respiratory failure.
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Fig.3. Reduced MMP and increased ROS levels in cictl brain cells from "™ AD mice. (A) MMP (TMRE
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pR5 (n = 7-12 animals/group).
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DISCUSSION

Energy deficiency and mitochondrial dysfunction éabeen recognized as a
prominent, early event in AD, but the mechanisnaglileg to mitochondrial failure are not
well understood (15, 17-25). Recently, we had shawrivo that P301L mutant tau was
capable of inducing mitochondrial dysfunction andreasing levels of ROS in pR5 mice (4).
We had also found an increased mitochondrial valmiéty of pR5 cortical brain cells
towards A in vitro (4, 14). However, the relative contribution of tand A3 remained
unclear as did possible synergistic effects. Toregklthese, we investigated brains of pR5,
APP/PS2 and”®AD (pR5/APP/PS2) mice, the latter combininf) And tau pathologies.

In the present study we could clearly show thahwitreasing age, bothfAand tau
synergistically impair mitochondrial function andeegy homeostasis vivo. At 8 months of
age, in agreement with previous data (4), complagtivity was only decreased in pR5, but
not in APP/PS2 and™®AD mice indicating a tau-specific sensitivity of mplex | of
OXPHOS. In contrast, CS activity, a pace makingyere of the Krebs cycle, was increased
in 8-months-old APP/PS2 ad®®AD mice. At this age, a robust cortical patholodyAd
plaques and tau deposits is present (11). Sincadliity seems to be proportional to the
content of enzymes of OXPHOS (13), the increasetivigc can be interpreted as
compensatory mechanism of mitochondria in respdas®XPHOS failure, a mechanism
initiated in"*AD mice already at the age of 4 months, whéhacumulation and abnormal
tau phosphorylation (such as of epitope T231) becewdent (11). Notably, at this early age,
cortical brain cells fronf”®AD mice exhibit already a tendency to reduced MMBgesting
that this is a very sensitive indicator of earlytonhondrial failure. The decrease in MMP
(that was not seen in the parental strains) furtieertinued until™”®AD mice reached 8
months of age emphasizing a synergistic action pfaAd tau. At 12 months, increasefl A
levels per sewere able to reduce MMP, since a significant rédacwas present also in
APP/PS2 mice, but the reduction of MMP was morepumced if"P°AD mice.

Complex IV activity was decreased in APP/PS2 48 AD cortices at 8 months of
age, but not in pR5, confirming related findingatth is mainly the 8 pathology that affects
complex IV activity, bothn vivo andin vitro (23, 26, 27). In APP/PS2 compared to wildeyp
mice, an impairment of OXPHOS as detected by deeceaxygen consumption was seen at
this age suggesting an earlier and stronger effette A3/APP pathway on this vulnerable

mitochondrial system compared to tau, as oxygerswoption of pR5 mitochondria was
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reduced, but not until the mice reached 24 monthage (4). Similarly, both flux control
ratios RCR3/4 and ETS/ROX which measure metabaodites of mitochondrial respiration
were similarly decreased in APP/PS2 d#fAD mitochondria indicating an @induced
increase of the uncoupling state of these orgamellde data indicate thatpAaffects
mitochondrial function more extensively and at eliéint levels of respiration and function
than does tau which only shows an early effect lwa dctivity of a single complex of
OXPHOS, but evidently increases the vulnerabiliy A toxicity in vivo. Notably, at 8
months, no change in cellular energy homeostasiexatative stress levels was evident

suggesting an efficient compensatory machineryiwibihain cells at this age.

However, as the mice aged, impairment of OXPHOS mnitbchondrial enzyme
activities was aggravated, especially in the presenf both plaques and tangles. Indeed,
despite compensatory mechanisms — increased conhptexitent and CS activity — the
defects of complex | and IV became more markedantnths, indicating a failure to restore
the bioenergetic homeostasisf’AD mice as they age. Then, we also observed arelifée
in oxygen consumption between APP/PS2 4/%AD mice as well as a drop in ATP levels,
with the strongest decrease found"ffAD again suggesting a synergistic action of the two
lesions on mitochondria. These mitochondrial defegere associated with an increase of
superoxide anion as well as cytosolic ROS level&damonth-old APP/PS2 and were most
pronounced i ®AD mice suggesting that at this older age detomifyinechanisms fail to
balance increased ROS production which in turn iifyiither damage mitochondrial
OXPHOS.

In agreement with our functional data, iTRAQ MS ntiked three deregulated
subunits of complex | if™®AD mice: NUCM, NUIM, and NIDM. NUCM likely has a
central role within the catalytic core of mitochoiadl complex | (28). Interestingly, NUCM
and NIDM were up-regulated {f"®AD brain, probably as a compensatory responsedo th
functional failure of OXPHOS. These data nicelyrespond with the detected increase in
complex | content (detected by HAR activity). Inselly, NUIM, which is thought to
participate in the electron transfer and proton pung activities of complex [, is down-
regulated if""®AD mice. Together, these findings emphasize thfagAd tau synergistically
impair complex | function with aging. On the comgrachanges in the expression of complex
IV subunits seem to be mainly related tp. Asndeed, a down-regulation of several subunits of

complex IV is essentially seen between pR5 &fAD mice, but not between APP/PS2 and
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"PeAD mice. Furthermore, our findings of a mitochomdirilysfunction in"P®AD mice are
supported by a significant deregulation of mitodirwerrelated proteins: Calmodulin, a small,
ubiquitous C&"-binding protein, and its putative target, the srmembrane proteolipid pore of
the vacuolar or vesicular ATPase (V-ATPase VO0) aedubunit al, with calmodulin
functioning in an ATPase V(0)-dependent manner yatagses (29). Interestingly, both
proteins are deregulated'TA®AD mice.

Our results are in line with recent studies assimgjaAB and tau with oxidative stress
(18, 19, 30, 31). Moreover, APP transport was shawrbe impaired by elevated tau,
suggesting a possible link of the two proteins @&4). Oligomeric A can attach to tau (33)
causing a rapid dissociation of tau from microtesuband a collapse of axonal structures
leadinginitially to synaptic malfunction and ultimatelyearonal death (34). InterestinglypA
may not only be located to the cell surface but disectly interact with mitochondria (21) as
it can be imported into mitochondria via the traeslse of the outer membrane (TOM)
machinery (35). A crucial role for mitochondria AD is further underpinned by findings
linking maternal inheritance of mitochondrial DNé both predisposition of AD and glucose
hypometabolism (36) that may reflect energy distndes as found, e.g., in oliF®AD
model.

Together, our studies highlight the key role ofauitondria in AD pathogenesis, and
the close inter-relationship of this organelle ahd two main pathological features of the
disease. This was obtained by combinatorial tramsgje, quantitative proteomics and
functional assays. We show that disturbances inghbpiratory and energy system"8fAD
mice are due to: (i) a convergence d§ And tau on mitochondria, accelerating defects in
respiratory capacity, and (ii) a main defect inaoitondrial complexes | and IV. Moreover,
we found (iii) that age-related oxidative stressynexaggerate the dysfunctional energy
metabolism in a vicious cycle, finally leading tellcdeath. Our data complement those
obtained in a second”®TG mouse model (37, 38). They may contribute to edteb
understanding of these biochemical pathways andtassthe development of antioxidative
treatments. Importantly, we could reveal defectsnabchondrial respiratory capacity and a
failure to restore energy homeostasis in mice witdgues and tangles vivo consolidating
the idea that a synergistic effect of tau angl dugments the pathological deterioration of

mitochondria.
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MATERIALS AND METHODS

Mice used for the studiesFour strains of mice were investigated, singleggenic pR5 (7),
double-transgenic APP/PS2 (6), a crossbreedifBAD) (11), and non-transgenic wild-type
littermate controls. For the proteomic analysiggiBale mice were sacrificed from each strain
at 10 months of age, and forebrains dissectedthefunctional studies{-12 female mice
were sacrificed from each strain at the age of 8, 42 and 16 months in order to identify the
age when functional changes start, and forebraiissected (See S| Methods and

Supplementary Table 1 for details).

Proteomic approach.Crude synaptosomal preparations of forebrains fir@shly sacrificed
mice were obtained for proteomic studies. The pmetavere labelled using thBRAQ
technigue and separated by both reverse phasetrand sation exchange HPLC. Data were
acquired by NanoLC-ESI MS/MS mass spectrometry andmitted to ProteinPilot for

processing (See S| Methods for all details).

Cellular analysis. Brain cells were obtained to determine mitochordfianction. The
membrane potential of the inner mitochondrial meanbr was measured using the dye
tetramethylrhodamine ethyl ester (TMRE) (4). ATPntemt was determined using a
bioluminescence photometer (ViaLightTM HT, CambB& Science) (14). The total amount
of mitochondria was measured using the cell-perteeahitochondria-selective dye,
MitoTracker Green FM (4). Finally, levels of ROSmnaneasured using the fluorescent probe
H2DCF-DA, and levels of superoxide anion radicaingsDHE (See S| Methods for all
details).

Studies of isolated mitochondria.Mitochondria were isolated from mouse forebrains to
investigate mitochondrial OXPHOS and respiratorypacity. Mitochondrial oxygen
consumption was measured at 37°C using an Orolfoxggraph-2k system (4, 22). Several
mitochondrial enzyme activities (complex |, complgxand citrate synthase) were examined
(13, 22) (See SI Methods for detalils).

Statistical Analysis. Data are represented as means + S.E.M. For akisomparison,
Student’s t-test, One-way ANOVA followed by Tukeysst hoc test or Two-way ANOVA
followed by Bonferroni post tests were used. Onlyapues less than 0.05 were considered as
statistically significant.
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY METHODS

Animals used for proteomic analysisFour strains of mice were used in this analysigylst
transgenic pR5 (1, 2), double-transgenic APP/PS2 g3Xrossbreeding of the two strains
(tripleAD) (4), and non-transgenic wild-type litteate controls. From each strain, 6 female
mice were sacrificed at the age of 10 months, haddrebrain dissected. From each forebrain
we obtained a ‘crude synaptosomal’ (vesicular)tioa; followed by lysis and determination
of protein content using thedProtein Assay (BioRad #500-0116). For iTRAQ preues
and labelling (see below), 33g were obtained ftbrae samples and mixed before analysis
to reduce the impact of individual outliers. A nirom animals 1-3 (group 1) of each strain
was used in the first run and of animals 4-6 (graym the second. Three animals each from

groups 1 and 2 were randomly chosen for the thindBupplementary Table 1).

Animals used for analysis of mitochondrial function Four strains of mice were used: pR5,
APP/PS2, tripleAD, and non-transgenic wild-typ¢elimate controls. From each strain, 7-12
female mice were sacrificed at the age of 2, 428and 16 months in order to identify the age

when functional changes start, and forebrains disde

Crude vesicular extraction and lysis.To prepare a crude vesicular extract from freshly
sacrificed mice, forebrains were separated froninbtam and cerebellum. Forebrains were
transferred into 5 ml pre-chilled preparation buff@.32 M Sucrose, 1 mM NaHGQ mM
MgCl,, 0.5 mM CaCl) containing protease inhibitors (Complete, EDTAdr Roche
#11873580001). They were slowly and gently homaggzhiin a douncer, with 12 up and
down strokes at 700 rpm. The lysate was then sparcentrifuge at 1,400 g for 10 minutes at
4°C. The supernatant (S1) was saved and the peleaspended in 2 ml preparation buffer
containing protease inhibitors. The suspension @wogenised further with 3 slow and
gentle up and down strokes at 700 rpm and then sparcentrifuge at 720 g for 10 minutes
at 4°C. The pellet was discarded and the superngd@) combined with supernatant S1. The
lysate was then spun again in a centrifuge at 78 0 minutes at 4°C and the pellet was
discarded. Crude vesicles including synaptosome® ween pelleted at 13,800 g for 10

minutes at 4°C.
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The crude synaptosomal preparation was resuspendsiD ul RIPA buffer (50 mM
Tris-HCI pH7.5, 1% (v/v) Triton X-100, 0.1 % (v/§DS, 15 mM sodium deoxycholate, 375
mM NaCl, 10 mM EGTA) containing Complete, EDTA-frgeotease inhibitors. Samples
were homogenised by passing through a Terumo syringedle (22Gx1 %2") and
subsequently incubated on ice for one hour. Lysatese then further passed through a
Terumo Insulin syringe (29Gx ¥2") and centrifuged22t000 g for 10 minutes at 4°C. The

pellet was discarded and the supernatant usedfibref analysis.

Protein digestion and iTRAQ labelling. Preparation and labelling was conducted according
to the iTRAQ manual (Applied Biosystems). In shat0 pg of protein was acetone-
precipitated and resuspended in 20 pl of dissaluthwuffer (0.5 M triethylammonium
bicarbonate) containing 0.1 % (v/v) SDS. The sana@s then reduced by adding TCEP (tris-
(2-carboxyethyl) phosphine) to a concentration @&V and incubated at 60°C for 1 hour.
Subsequently, the sample was treated with 200 mMTENmethyl methanethiosulfate) for
alkylation/cysteine blocking for 10 minutes at rotemperature. The protein sample was then
treated with 4 g trypsin (Trypsin Gold, Promegaj f00 pug protein at 37°C for 16 to 24
hour. Labelling of the samples with iTRAQ labelssadone at room temperature for one
hour. Supplementary Table 1 shows the ITRAQ laaetsthe corresponding samples. In each
ITRAQ run, the different samples were mixed afardlling and dried in SpeedyVac. The
dried samples were then stored at -20°C beforem2msional HPLC peptide separation and
data acquisition.

First dimensional HPLC for peptide fractionation. To investigate the effect of the first
dimensional HPLC peptide separation, we used betkrse phase (RP) and strong cation
exchange (SCX) to fractionate peptidéd HPLC was used for Runl; SCX HPLC was used
for Run2; RP HPLC and SCX HPLC were both used iralpd for Run3 and this run
identified most proteins. The collected fractionsnt the first dimensional HPLC were dried
in SpeedyVac and then stored at -20°C before narleBBCMS/MS data acquisition.

SCX HPLC: An Agilent 1100 quaternary HPLC pump with a PolyPG@lySulfoethyl
A (200mm x 2.1mm x pm, 200A) column was used for strong cation exchange
chromatography sample clean up and fractionatiarffeB A was 5 mM Phosphate 25%
acetonitrile, pH 2.7 and buffer B was 5 mM phosph850 mM KCL, 25% acetonitrile, pH
2.7. The dried iTRAQ-labelled sample was resuspemiéh loading buffer (buffer A) and
loaded onto the SCX column. The flow through wescalided as this contained interfering
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chemicals for the second dimensional nanoLC andsmspectrometry. To elute peptides,
buffer B gradient was increased from 10% to 45%(0mminutes at a flow rate of 3@W/min.
25 fractions were collected beginning from thetstthe gradient.

RP HPLC: The sample was first cleaned up using Strong Arigchange resin
(BioRad Macro-prep High Q Support) to remove nduranegatively charged chemicals that
would interfere with reverse phase HPLC separadiath mass spectrometry data acquisition.
The reverse phase HPLC fractionation used columené&henex Jupiter 5u C4 300A
150x2.00mm. Buffer A was 0.1% TFA in MilliQ wateBuffer B was 0.085% TFA in
acetonitrile. After 10 minutes sample loading aegdatting, Buffer B gradient was increased
from 5% to 40% in 25 minutes and then increase@Déb in 5 minutes to elute peptides. The

fractions were collected at one minute intervals.

NanoLC-ESI MS/MS mass spectrometry.The Agilent 1100 nanoLC system (Agilent) and
the QStar XL MS/MS system (Applied Biosystems) weised for nanoLC-electrospray
MS/MS. The peptide fractions from first dimensiondPLC were resuspended with
loading/desalting solution (0.1% trifluoroaceticidac2% acetonitrile, 97.9% water). The
resuspended sample was loaded onto a peptide Gagutiamn (Michrom Bioresources) and
desalted with the desalting solution at @Qper minute for 13 minutes. After desalting, the
trap was switched online with a 1%0n x 10 cm C18 3m 300A ProteCol column (SGE).
Buffer solution A was 99.9% water/0.1% formic aciduffer solution B was 90%
acetonitrile/9.9% water/0.1% formic acid. The lenfB concentration was increased from 5%
to 90% in 120 minutes in three linear gradient stiepelute peptides. The RP nanoLC eluent
was subjected to positive ion nanoflow ESI analysian information-dependant acquisition
mode (IDA). In the IDA mode, a TOF-MS survey scaaswacquired (m/z 380-1600, 0.5
second), with the three most intense multiply chdrgpns (counts >50) in the survey scan
sequentially subjected to MS/MS analysis. MS/Mspewere accumulated for 2 seconds in
the mass range m/z 100-1600 with a modified Enh&lc€?2 transition setting favouring
low mass ions so that the reporting iTRAQ tag id@4( 115, 116 and 117 Da) intensities
were enhanced for quantification. After peptideiely the nanoLC column was cleaned with
100% buffer B for 15 minutes and then equilibrateth buffer A for 30 minutes before the

next sample injection.

Database processing.The experimental nanoLC-ESI MS/MS data were suleahitto

ProteinPilot (Applied Biosystems, version 1.0) féata processing. The Paragon method was
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used in thorough ID search effort with Biologicabdifications selected in ID Focus. The
software correction factors provided in the ITRA@ Were entered in the iTRAQ Isotope
Correction Factors table. The detected proteinstiolel (unused ProtScore) was set as larger
than 1.3 (better than 95% confidence). The databhaed was uniprot_sprot20051220 with
Mus musculuspecified as the searched species.

After ProteinPilot data processing, the protein swary which listed the identified
proteins and their iTRAQ ratios was exported asd@lbmited text file. To compare the runs,
all identified proteins from all runs were alignesing an excel macro. To highlight
differentially expressed proteins, iTRAQ ratiosgr than 1.2 or smaller than 0.82 and a P-
value smaller than 0.05 were used as threshold.

BN-Page and Tricine-SDS-Pagesample preparation, Blue Native (BN) electrophae2D
Tricine-SDS-PAGE were performed as described (B).1&ne, ther-dodecyl-3-D-maltoside
(7 9/ g mitochondrial protein) solubilized fractiaf ~10 mg protein from isolated mouse
brain mitochondria was separated in the first disn@m (acrylamide gradient 4-13 %, sample
gel 3.5%). The native lanes were cut and used rSOS PAGE (16% acrylamide) to
separate the subunits of the respiratory chain émxmp. Finally the gels were visualized by

silver staining as described (6).

Brain tissue preparation for mitochondrial analysis Cellular preparations were obtained to
determine the mitochondrial membrane potential (MMRd mitochondria, to determine
respiration rates as described previously (7, 8).tkat, mice were sacrificed by decapitation
and brains quickly dissected on ice. The cerebebunah one cortical hemisphere (the other
hemisphere was directly used for preparation ofated mitochondria for mitochondrial
respiration and complex activities) were separateilyced into 1 ml of medium | (138 mM
NaCl, 5.4 mM KCI, 0.17 mM N&PO,, 0.22 mM KPO,, 5.5 mM glucose, 58.4 mM sucrose,
pH 7.35) with a scalpel and further dissociatedtrityration through a nylon mesh (pore
diameter 1 mm) with a pasteur pipette. The resylsaspension, which contained both
neuronal (about 72%) and glial cells (about 26%gs Viiltered by gravity through a fresh
nylon mesh with a pore diameter of 102 um, anddtbsociated cell aggregates were washed
twice with medium Il (120 mM NacCl, 5.3 mM KCI, 1i8M CaCh*H,0, 1 mM MgC}*6
H.0O, 25 mM glucose, 70 mM sucrose, 20 mM HEPES, phl By centrifugation (400 x g for
3 min at 4°C). 100 pl of the suspension were usad protein determination. After

centrifugation, cells were resuspended in 3 ml DMEavid then aliquots of 100 pl were
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distributed per well in a 48 well plate for measuemt of the mitochondrial membrane
potential. The preparations of cerebellar and caltcells from transgenic mice and WT
littermate controls (cross-over design) were madtimv2 hours under the same conditions
and in parallel and maintained at 37°C in a hungdifatmosphere of 5% GMO5% air.

Viability was found to be > 90% using the MTT assen Trypan blue stain exclusion test.

Data are expressed as fluorescence units per npgatelin.

Determination of the mitochondrial membrane potental MMP. The membrane potential
of the inner mitochondrial membrane was measuredjube dye tetramethylrhodamine ethyl
ester (TMRE, Molecular Probes, Leiden, Netherlaraiijed to the cell culture medium at a
final concentration of 0.4 uM for 15 min. Cells wewashed twice with HBSS (Hank’s
Balanced Salt Solution, Sigma, Germany), and flsmgace was determined with a Victor2

multiplate reader (Perkin Elmer, Rodgau-Jugesh&ermany) at 535 nm/590 nm (Ex/Em)
(7).

ATP levels The ATP content of dissociated cells was deteechiwith a bioluminescence
photometer (ViaLightTM HT, Cambrex Bio Science) a@ttng to the instruction of the
manufacturer. The enzyme luciferase which catalyaesformation of light from ATP and
luciferin is utilized. Dissociated brain cells wdysed before the addition of the reagent. The

emitted light is linearly related to the ATP contration and is measured using a luminometer

).

Amount of mitochondria. The total amount of mitochondria was measuredgutiie cell-
permeable mitochondria-selective dye, MitoTrackeegd FM (100 nM, 15 min) (7). This
probe can accumulate in active mitochondria and tieact with accessible thiol groups of
proteins and peptides to form fluorescent aldehfidable conjugates. Fluorescence was
determined using a Victor2 multiplate reader (Regkiner Life Sciences) at 490 nm

(excitation)/516 nm (emission).

ROS levels The levels of ROS were measured using the fleergsprobe H2DCF-DA and
the levels of superoxide anion radical were measusng DHE (9). The brain cells were
loaded for 15 min with 10 uM H2DCF-DA or for 60 rates with 10 uM DHE. After
washing twice with Hank’s balanced salt solutidmre formation of the fluorescent product

dichlorofluorescein was detected using the VictonRltiplate reader (PerkinElmer Life
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Sciences) at 485 nm (excitation)/535 nm (emissiddHE, which is oxidized to the
fluorescent ethidium cation by O®vas detected using the Victor2 multiplate readet%®

nm (excitation)/590 nm (emission).

Preparation of isolated mitochondria. Mitochondria were isolated from mouse brains as
described previously (7). Briefly, mice were sacefl by decapitation, and one brain
hemisphere was rapidly dissected on ice and washad ice-cold buffer (210mM mannitol,
70mM sucrose, 10mM HEPES, 1mM EDTA, 0.45% bovineurse albumin, 0.5mM
dithiothreitol, and Complete protease inhibitor tane tablets (Roche Diagnostics)). After
removing the cerebellum, the tissue sample was gemped in 2ml of buffer with a glass
homogenizer (10-15 strokes, 400 rpm), and the treguhomogenate was centrifuged at
1,40Qy for 7min at 4°C to remove nuclei and tissue paticlThe low-speed centrifugation
step was repeated once with the supernatant. Tinesupernatant fraction was centrifuged at
10,0009 for 5 min at 4°C to pellet mitochondria. The resgtpellet was resuspended in 1ml
of ice-cold buffer and centrifuged again at 1 4@& 3 min at 4°C. Finally, the mitochondria-
enriched supernatant was centrifuged at 1@@005 min at 4°C to obtain a mitochondrial
fraction. This fraction was resuspended in Qs ice-cold buffer and stored at 4°C until use,
followed by determination of protein content (7).

Mitochondrial respiration. Mitochondrial oxygen consumption was measured a€3ising
an Oroboros Oxygraph-2k system. Isolated mitochian(@.5mg) were added to 2ml of a
mitochondrial respiration medium containing 65mMcraise, 10mM potassium phosphate,
10mM Tris-HCI, 10mM MgS@ and 2mM EDTA (pH 7.0) (7). To measure the statd the
complex I, 10mM glutamate and 2mM malate were addéen, 2mM ADP was added to
measure state 3 respiration. After determining temhipespiration, 0.08M FCCP (Carbonyl
cyanide p-(trifluoro-methoxy) phenyl-hydrazone) veailed and respiration was measured in
the absence of a proton gradient. To check thgrtyeof the mitochondrial membrane |1
cytochrome ¢ was added. In order to inhibit complexd Il activities 0.pM rotenone and
2.5uM antimycin A, respectively were added. Then, 2mddabate and 0.5mM TMPD were
added and respiration was measured. Finally, 10rmtMusm azide was added to inhibit
complex IV activity (10). Mitochondria from transge and control mice were measured in

parallel pairs using the same conditions (crossdesign).
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Activity of complex I. 100ug of isolated mitochondria were solubilized in rddoyl -D-
maltoside (0.1mg). NADH:hexaammineruthenium(llljeride (HAR) activity was measured
at 30 °C in a buffer containing 2mM NBOPS, 50mM NacCl, and 2mM KCN, pH 7.2, using
2mM HAR and 20QM NADH as substrates to estimate the complex l@ontTo determine
NADH-ubiquinone oxidoreductase activity, 100 n-decylubiquinone (DBQ) and 10M
NADH were used as substrates and/5rotenone as inhibitor, as described previously (7
Oxidation rates of NADH were recorded with a ShimadVulti Spec-1501 diode array
spectrophotometeredso.400nm = 6.1 mM*.cm*). Complex | activity was normalized to the

complex | content of the mitochondrial preparatonl is given as DBQ/HAR ratio.

Activity of complex IV. Cytochromec oxidase activity was determined in intact isolated
mitochondria (5{ig) using the Cytochrome Oxidase Assay Kit. The colorimetric assay is
based on the observation that a decrease in alsertz 550 nm of ferrocytochroneeis
caused by its oxidation to ferricytochromeby cytochromec oxidase. The Cytochrome
Oxidase Assay was performed as described previdu3lyActivity was normalized to the

corresponding citrate synthase.

Activity of citrate synthase. The reduction of 5,5’-dithiobis(2-nitrobenzoic ac{@®TNB) by
citrate synthase at 412 nm (extinction coefficiefit13.6 mM'.cm™) was followed in a
coupled reaction with coenzymeA and oxaloacetatdessribed previously (11). Briefly, a
reaction mixture of 0.2M Tris-HCI, pH 8.0, 0.1mMedygl-coenzymeA, 0.1mM DTNB, n-
dodecylf-D-maltoside (20%) and 1@ of mitochondrial protein was incubated at 30°€C5o
min. The reaction was initiated by the additionOdBmM oxaloacetate, and the absorbance
change was monitored for 5min with a Shimadzu MSBfiec-1501 diode array

spectrophotometer (10).
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SUPPLEMENTARY FIGURES
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complexes from mouse brain(A) Total of proteins identified and quantifiedéach run angroteins identified

in Run3 (Suppl. Table 1) by combined strong caé®ohange (SCX) HPLC and reverse phase (RP) HPLC. (B
Solubilized brain mitochondrial complexes (-1l caty) from 12 months old mice with different genetic

background (pR5; APP/PEP®AD) were separated on a linear 4-13% acrylamideligra gel by BN-PAGE
(not shown) and subsequently the individual sulsuoftthe native complexes were separated by tASIDS-

PAGE using a 16% T, 3% C gel type as detailed uhdigerials and Methods. Proteins were visualized by

silver staining. The position of the 49 kDA suburfittcomplex | and the positions of the complex Bbsnits Il
and |V are indicated
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SUPPLEMENTARY TABLE

iTRAQ 2DLC 114 115 116 117
Runs

Runl RP-RP A(1,2,3) | B(4,2,3) C(1,2,3 D(1,2,3)
Run2 SCX-RP A(4,5,6) | B(4,5,6) C@4,5,6) D (4,5, 6)
Run3 RP-RP A(1,2,5 | B(2,3,4) C(3,5,6) D (2,5, 6)

Supplementary Table 1LiTRAQ experiment runs and the mouse sample lalgelAn wild-

type; B: pR5; C: APP/PS2; I*°AD
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ABSTRACT

Aims: Evidence suggests that amyloid-bet@) Arotein is a key factor in the pathogenesis of
Alzheimer’s disease (AD) and it has been recentbppsed that mitochondria are involved in
the biochemical pathway by which3Aan lead to neuronal dysfunction. Here we invastd
the specific effects of f\on mitochondrial function under physiological caimhs.

Methods: Mitochondrial respiratory functions and energy abetism were analyzed in
control and in human wild-type amyloid precursootpm (APP) stably-transfected human
neuroblastoma cells (SH-SY5Y). Mitochondrial reafwry capacity of mitochondrial
electron transport chain (ETC) in vital cells wasasured with a high-resolution respirometry
system (Oxygraph-2k). In addition, we determinee itidividual activities of mitochondrial
complexes I-1V that compose ETC and ATP cellulaels.

Results:While activities of complexes | and Il did not dgg between cell types, complex IV
activity was significantly reduced in APP cells. ¢ontrast, activity of complex Ill was
significantly enhanced in APP cells, as compengatesponse in order to balance the defect
of complex IV. However, this compensatory mechanisould not prevent the strong
impairment of total respiration in vital APP cell&s a result, the respiratory control ratio
(state3/state4) together with ATP production desedain the APP cells in comparison to
control cells.

Conclusions:Chronic exposure to solubleAorotein may result in an impairment of energy
homeostasis due to a decreased respiratory cadcititochondrial electron transport chain

which, in turn, may accelerate neurons demise.
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INTRODUCTION

Alzheimer’'s disease (AD) is the most frequent foofn dementia among elderly
individuals and is characterized by neuropathokgitallmarks of extracellular amyloid
plagues and intracellular neurofibrillary tangles the brain of AD patients. Extensive
evidences suggest that amyloid-bet@)(Arotein, which is derived from its precursor giat
APP, plays a pivotal role in the pathogenesis of. ADaddition, mitochondrial dysfunction
and energy metabolism deficiencies have been réezegjas earliest events in AD (Chagnon
et al. 1995) and have been correlated with impaitmef cognitive abilities in this clinical
scenario (Blass 2003). The most consistent defeatitochondrial electron transport chain
enzymes in AD is the deficiency in cytochrome cdase (complex IV) activity in post-
mortem brain tissues, as well as in other tisssiesh as platelets from AD patients and AD
cybrid cells (Cardoso et al. 2004a; Cardoso €2@04b). Although, the specific mechanisms
leading to mitochondrial failure in AD still remaimknown, a substantial body of evidence
indicates that A promotes neuronal degeneration and death by emganteurons
vulnerability to increases in levels of oxidativeess and impairments in cellular energy
metabolism (Gibson and Huang 2002; Mattson and®DidR). Interestingly, enzyme activities
in mitochondrial respiratory chain and citric aaycle, which are reduced in AD, can be
inhibited by A3 in vitro. Furthermore, several findings have destmted A-induced
mitochondrial damage, e.g.pAnhibited cytochrome c¢ oxidase (COX) activity, isolated
brain mitochondria (Canevari et al. 1999; Parkeralet1994) However, results on how
mitochondrial respiratory chain complexes and caxdV are affected by B are rather
inconsistent (Casley et al. 2002b; Cassarino anth& 1999; Swerdlow and Kish 2002). It
has been recently proposed that toxic species [pfthfat intervene in molecular and
biochemical abnormalities in AD may be intraceliulaligomeric forms, instead of
extracellular, insoluble deposits. According tosthiypothesis, mitochondria could intervene
in the mechanism by which intracellula Ariggers synaptic failure and neurodegeneration
(Eckert et al. 2008). This idea is supportedimyivo evidence of & accumulation within
mitochondria in brain tissues of AD patients (Fehez-Vizarra et al. 2004; Lustbader et al.
2004) and mitochondrial structural abnormalitiesrgHet al. 2001). Taken together, these
data indicate that mitochondrial dysfunction caaypa major role in AD pathophysiology
(Eckert et al. 2003; Leuner et al. 2007; Rhein Bokiert 2007).
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To unravel the direct impact of fAon mitochondrial respiratory functions, we
established a new high resolution respiratory matdo investigate the respiratory capacity
of mitochondrial electron transport chain (ETC) enghysiological conditions in control and
in wild-type APP stably transfected human neurdblas cells (SH-SY5Y). By means of
stably transfected APP SH-SY5Y cells, which repnéseneuronal cell line of human origin
widely used in studies testing the effect of A vitro, we circumvent the artificial
experimental design of most of the other studidsere isolated mitochondria were treated
with high concentrations of fAin the micromolar range (5-pbM). In addition, we determined

the activities of mitochondrial complexes I-IV cooging ETC, as well as the ATP levels.
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RESULTS

APP expression and AR levels of APP transfected SSIY5Y cells.In our cell model, the
overexpression of human wild-type APP lead to aifigantly increased AR secretion, as
compared to control cells with the empty vectore ThPP expression of APPwt cells was
substantially increased in comparison to contrdsd&ig.1b,d) confirming previous findings
(Scheuermann et al. 2001). The strong expressi&iP&f was not correlated with a change of
the general morphological aspect of APP cells caatgéo control cells (Fig.1a). APP cells
secreted AR levels within pg/mL range, reflectihg physiological situatiom vivo during
cellular metabolism (Fig.1c). Using the APP SH-SY&l line allows us to study effects of
chronic stress of soluble forms AR protein on cafisl mitochondria, respectively, as it may

occur in the brains of AD patients.

a)  Control cells APP cells

b) d)
Co APP Control cells
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Fig.1 Human APP and secreted B;.40 levels of SY5Y cells a) Morphological analysis of native and
transfected SH-SY5Y cells showed neuroblast-likerphology with differentiated perikaria (arrows) and
occasional short neurites (arrowheads). TransfeaifoSH-SY5Y cells with cDNAs (pCEP4 vector) comigi
the vector alone or containing the entire codirgime of human APP (APP695) did not significantlyaolge the
general morphological aspect of the cells. Scats:Eum b) Human APP expression levels of SH-SY5Y cells
detected by Western Blotting using W02 antibodyidating strong expression of APP in APP transfectelts
compared to control cells. ¢) Cell culture supeantt of 5 x 10 SH-SY5Y cells (APPwt, Co) were collected
and assayed for B4 by ELISA. AB;40levels were significantly enhanced in APP cells pared to control
cells (***p<0.001, n=6, Student’s t-test). d) HumARP detected by immunochemistry using a monoclanti
APP antibody indicating stronger presence of AP#é&APP cells compared to the endogenous APP &sipre
in control cells.
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Amyloid beta leads to mitochondrial respiratory dekcts. To investigate mitochondrial
capacity and function of mitochondria in both cohtatnd APP cells, we initially focused on
the activity of the citrate synthase (CS) in bo#i types, which was similar in control and
APP cells (Fig.2a)Given the direct inhibitory effect of extracellula® on complex | (10%
inhibition) (Aleardi et al., 2005), we conductedetit measurements of the complex | activity.
NADH-ubiquinone oxidoreductase (NADH:DBQ) activity the mitochondria APP cells did
not alter, the same occurring for NADH:HAR activitgdicating that the complex | content
was similar in both cell types. APP mitochondria diot exhibit any loss in complex |
activity, as indicated by normalization of compleactivity with complex | content expressed
as DBQ/HAR ratio (Fig. 2b). After normalization obmplex | activity with the content of
mitochondria, complex | / CS ratio did not modifgttween controls and APP cells (Fig.2c).
Moreover, activity of respiratory chain complexéslll and IV were also normalized to the
corresponding CS activity. Accodingly, we founduarthanged complex Il (Fig.2d), although
there was a significantly up-regulated activity adfmplex Il in APP cells compared to
control cells (Fig.2e). Similarly we observed angiigantly reduced cytochrome c oxidase
activity between control and APP mitochondria (R2§), which is consistent with reduced
complex IV activity in platelets from AD patient€4rdoso et al. 2004a) and the direct
interaction of A3 with mitochondrial membranes, géhresults in the inhibition of complex

IV in vivo (Canevari et al. 1999; Hauptmann et al. 2008).
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Fig.2 Mitochondrial enzymes activities in control ad APP cells.a) Unalered citrate synthase activ
between control and APP cells. b) complex | agti{DBQ activity) normalized to the complex | cont
(HAR activity) of the mitochondrial preparationseown as DBQ/HAR ratio. Complex | activity is uread.
¢) unaltereccomplex | / CS ratio. d) unaltered complex Il / 280. €) complex Il / CS ratio was significan
increased in the APP cells (***, p<0.001 versustooincells, Student’s t test). f) Complex IV / C&ip was
significantly decreased in the APP cellg, ({<0.01 versus control cells, Student’s t teAt).values represer
the meang S.E. from n= 4-6 independent experiments.
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In order to evaluate the functionality of the reapry chain, we determined the
physiological cell respiration in vital control am&PP cells (Fig.3). We used the NADH
generating substrates pyruvate and malate to deterstate 4 of respiration (Fig. 3). State 3
respiration measures the capacity of the mitochartdrmetabolize oxygen and the selected
substrate in the presence of a defined amount oP ABhich is a substrate for the ATP
synthase (complex V). State 4 respiration reprasantbasal-coupled” rate of respiratory
chain activity and reflects activities of respirgtehain complexes and proton leakage across
the inner mitochondrial membrane. We observed aifgigntly reduced state 3 and state 4
respirations in the APP cells (Fig. 3c). The additiof another substrate of complex I,
glutamate was not able to further increase cellkdspiration driven by complex | in both cell
types. Afterwards, succinate was added as a std$bracomplex Il. In control cells, addition
of succinate substantially increase total cell irasppn, while in APP cells only a minor
increase was observed (Fig.3a). In addition, aftexoupling with FCCP, the respiratory rate
increased in the absence of a proton gradient, hwhidicates the maximum capacity of
electron transport chain. This maximum capacity wigsificantly enhanced in the control
cells in relation to the APP cells (Fig.3a).
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Fig.3 High-resolution respirometry revealed a redution of oxygen consumption in APP cells.
Representative diagrams of measurement of oxygena@sumption in control cells a) and in APP cél)s
demonstrating a decrease in the totalcOncentration with time . Oflux and consumption by vital cells was
measured after addition of different agents: pyteAgutamategpyr/glu), digitonin dig), ADP, glutamatedlu),
succinate gug, cytochrome dcyt c), FCCP, rotenonérot), antimycine A(AA). C) O, consumption in control
and APP cells. Two-way ANOVA revealed a significaifference between the cellular respiration of tive
cell types (p<0.001). The respiratory rates of ofiindria were significantly reduced in APP cellalués
represent the meassS.E. from n= 5 assays (cell type).
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The respiratory control ratio (RCR) revealed a sigant effect of A on the coupling
of mitochondrial respiration, indicating that thelative efficiency of metabolic coupling of
electron chain complexes is impaired under conaitiof chronic stress evoked by soluble
forms of AR in our APP cell model (Fig. 4a). ATRéés were significantly reduced in APP
cells (Fig. 4b). Taken together, these results ssigthat soluble species of AR exhibit an
initial defect in mitochondrial function with reded complex IV activity that is translated
into a mitochondrial respiration deficiency withmdnished ATP synthesis, which cannot be

compensated by an increased activity of complex I
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Fig.4 Reduced respiratory control ratio (state3/stee4) (RCR) and impaired ATP synthesis in APP cells)
Significantly reduced RCR in APP cells (***, p< @D versus control cells, Student’s t test), indicatan
impaired efficiency of electron transport. Valuepresent means +/- S.E. from n=5. b, in accordafAt®,
levels are significantly reduced in APP cells (¥ @.05 versus control cells, Student’s t test).¥aluepresent
meanst S.E. from n=5 (measurements of control and APR eedre performed in parallel).
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DISCUSSION

A priori our findings support a toxic role offAin respiration. Although the specific
pathways that lead to energy deprivation in AD riemanclear, there is evidence in favour of
AB- induction of cell loss and synaptic failure byeegy deprivation and oxidative stress
(Gibson and Huang 2002; Mattson and Liu 2002). Redzethe focus on toxic species oA
has switched from its extracellular and fibrillamrs to its soluble species, e.g. oligomers,
that can be detected ntracellularly and may reptesee primary toxic A correlate
(Fernandez-Vizarra et al. 2004; Lustbader et a420Accoding to this novel hypothesis,
mitochondrial dysfunction may play a crucial rotethe biochemical pathway, by whiclg A

can lead to neuronal dysfunction in AD (Eckertle2@08).

To unravel the effects of soluble species ¢f an the mitochondrial respiratory
capacity under physiological conditions, we estdt@dd for the first time a high resolution
respiratory protocol to perform whole cell recogliof total cellular respiration in control and
with wild-type APP stably transfected human newsistima cells (SH-SY5Y). We observed
an impairment of oxygen consumption rate and aeds& of respiratory control ratio
(state3/state4d) in the APP that might be inducethbychronic over expression off Avithin
the low nanomolar range. This defect of the wholechondrial respiratory chain may be
explained by the accumulated dysfunctions of onseweral mitochondrial chain complexes.
To test this hypothesis, we measured individual/igiets of mitochondrial complexes I-1V as
well as the ATP level®ur results clearly show a decrease in complexcii¥igy in the APP
cells, which is in accordance to previous findiff@ardoso et al. 2004a; Caspersen et al.
2005; Hauptmann et al. 2008). Interestingly, thaveag of the complex Il significantly
increased, most probably as a compensatory mechanigesponse to the toxic effect opA
on complex IV. Nevertheless, this compensatoryarse could not entirely balance or avoid
the impairment of cellular respiration. This findirs in contrast to Caspersen et al. (2005).
Accordingly, a decrease of complex Il activity weessealed, together with a decrease of
complex IV activity in brain tissues from APP trgesic mice at the age of 12 months. It is
likely that in our cell model, we were able to dgta premature intervention mechanism in
response to soluble forms ofiAas a compensatory increase of complex Il activitiyereas
the strong A load might have lead to a breakdown of that respdhus decreasing complex
[l activity. Moreover, we could show that complexieand Il were not affected bypAwhich

Is in accordance with findings on APP transgenicenfCaspersen et al. 2005; Hauptmann et
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al. 2008). However, it contrasts to vitro findings on isolated mitochondria, which were
acutely treated with rather high concentrationsagfregated and fibrillar forms ofA(5-
50uM), which in turn can induce defects in nearlya@mplexes (Aleardi et al. 2005; Casley
et al. 2002a; Casley et al. 2002b). Thus, neallgther studies used synthetic A3 peptides in
the micromolar range, many orders of magnitude pWgsiological levels, and cells or even
isolated mitochondria were exposed only to synth&&l3 fragments. By contrast, our
neuroblastoma cell model represents a very valugiypeoach to investigate AD-specific cell
death pathways by studying AR levels within theopiolar range. This cell model attempts to
mimic physiological conditions studying chronic exfts of rather low concentrations of AR
that are relevant for AD patients. The fact that mhitochondrial dysfunction in our APP cell
model, especially the decrease in complex IV agtivis already observed at picomolar
concentrations and higher amounts of synthetic Ad reeeded to achieve a comparable
mitochondrial impairment highlights also the potahtole of other APP fragments, e.g. the
carboxy-terminal APP fragments (CTFs), which maycederate the AR-induced
mitochondrial failure (Jin et al., 2002; Chang & 2005). This is of special interest, since
both, AR and CTFs, can accumulate intraneurondllye neuronal loss and synaptic
transmission deficit in AD may therefore dependimtnaneuronal accumulation of AR} and
CTFs (Jin et al., 2002; Chang and Su, 2005). Srimjlave showed that energy production
was impaired in the APP cells, which is corrobatatgth other findings (Hauptmann et al.,
2008; Keil et al., 2004).

One can speculate that in humans increased accionulaand associated
mitochondrial toxicity can be underlying factors time pathogenesis of AD. Initially, the
damaging effects of low physiological concentrasiah AR may be partly compensated by an
adaptive response, e.g. increased complex lll iactidowever, when age-related secondary
stress occurs, pronounced mitochondrial impairmaght lead to the induction of cell death
processes, while in familial AD, high AR load midi& directly responsible for mitochondrial
and cellular dysfunction. In summary, we show noweld distinct actions of AR on

mitochondria that may contribute to the pathogenitcome.
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MATERIAL AND METHODS

Cell culture. Stably expressing cell lines were obtained by fentgig the human
neuroblastoma SH-SY5Y with cDNAs (pCEP4 vector)taonng either vector alone (control
cells) or the entire coding region of human APP R&B5) (Scheuermann et al. 2001). Stably
transfected cell clones were selected with hygramg@cheuermann et al. 2001). Cells were
grown at 37C in DMEM medium supplemented with 10% calf ser@mM L-glutamine,
and 0.3g/ml hygromycin.

Detection of AR} levels.For the detection of secreted Af3 we used a specific sandwich
enzyme-linked immunosorbent assay employing momatlantibodies (Keil et al. 2004).
The ELISA was performed in accordance to the AlagdtESA Kit by Biosource. The assay
principle is that of a standard sandwich ELISA, ethutilizes a monoclonal mouse anti-
human Abeta;s capture antibody, a cleavage-site-specific rabhii-human Abeta,, C-

terminal detection antibody and anti-rabbit IgGp@dase-conjugated secondary antibody.

Western blot. Equal amounts (10-20 pg) of protein were loaded @hr20% acryamide gel
(Invitrogen, Germany) to perform SDS-PAGE at 200f& 50mn. The probes were
transferred to a PVDF membrane (Amersham Bioscgn@ermany). Equal protein loading
was confirmed by Ponceau Red staining (Sigma, GeyjlndMembranes were saturated with
5% nonfat dry milk for one hour, washed three timeth TBST and incubated with the
primary antibody (monoclonal anti-APP/ARR W02, Stcdt, UK, or anti-actin, Santa Cruz,
Germany), overnight at 4°C. After washing with TBFIVDF membranes were treated with
anti-lgG, horseradish-coupled secondary antibodgii@chem, Germany), for one hour at
room temperature. The bands were specifically dedeby enhanced chemiluminescence

reaction (ECL, Amersham, Germany).

Immunohistochemical staining.Cells were plated at a density of 4%1¢ells on collagen
treated coverslips. After two days growing, covipssivere fixed in PBS with 4% PFA at 37°
for 30mn, thenpermeabilized with 0.1% Triton for 15mn and blogksith PBS 10% goat
serum for 1h at 37°Che coverslips were incubated for 1h at 37°C vht primaryantibody
(monoclonal mouse anti-APP MAB348, Chemicon Intéomal, Switzerland, which
recognizes amino acids 66-81 of the N-terminal BPA After washing with PBS, they were

incubated for 30mn at 37°C with the secondary axiybanti-mouse IgG biotinylated (Sigma,

84



Switzerland). Then, they were incubated with VeeiasABC reagent (Vector Laboratories

Inc., Burlingame) containing avidin and horseradigheroxidase reagents for

immunoperoxidase staining. Finally, slides wereubated with AEC substrate solution

(Sigma, Switzerland) containing 3-amino-9-ethylbzaole for localizing peroxidase in the

cells by producing a red reaction product. Stainimgs assessed using a Zeiss Axiolab
microscope. Black-and-white photographs were taken.

Phase contrast microscopy and morphological anlysig-or the morphological analysis,
cells were seeded at a density of 4x&6lls/ml on coverslips previously coated with 0.05
mg/mL collagen. Phase contrast pictures were téiaen living neuroblastoma cells using a

Zeiss Axiolabmicroscope equipped with a digital camera Zeiso@am MRc.

Preparation of isolated mitochondria. Cells were incubated for 15mn in an ice-cold lysis
buffer (75mM NaCl, 1mM NabkPQ,, 8mM NaHPQO,, 250mM sucrose, 1mM Pefabloc,
0.05% digitonine, complete protease inhibitor migttablet§ (Roche Diagnostics). Then, the
cells were homogenized with a glass homogenizers{idkes at 400rpm and 5 strokes at
700rpm), and the resulting homogenate was cenadag 80k gfor 10mn at 4°C to remove
nuclei and tissue particles. The supernatant 1\{&%)saved and the pellet resuspended in the
lysis buffer. The homogenization step as well as litbw-speed centrifugation step was
repeated. The supernatant 2 (S2) was saved and aoldbe supernatant 1. The combined
mitochondria-enriched supernatants (S1+S2) wergifteged at 20,00k g for 15mn at 4°C

to obtain the mitochondrial fraction. The pelletsm@suspended in PBS and stored at 4°C

until use, followed by determination of protein temt (Lowry et al. 1951).

Complex | activity. A total of 30Qug of isolated mitochondria was solubilized in n-dog
B-D-maltoside (20%). NADH:hexaammineruthenium(lihlaride (HAR) activity was
measured at 30 °C in a buffer containing 2mM/NEPS, 50mM NacCl, and 2mM KCN, pH
7.2, using 2mM HAR and 2@®1 NADH, as substrates to estimate the complex texn To
determine NADH-ubiquinone oxidoreductase activitf0uM n-decylubiquinone (DBQ) and
10uM NADH were used as substrates angM5rotenone as inhibitor, as described
previously (David et al. 2005; Djafarzadeh et &0@, Hauptmann et al. 2008). Oxidation
rates of NADH were recorded with a Shimadzu Multpe&1501 diode array
spectrophotometeredzo400nm = 6.1 mM*.cm®). Complex | activity was normalized to the
complex | content of the mitochondrial preparatonl is given as DBQ/HAR ratio.
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Complex Il activity. The assay was performed by following the decreasgbsorbance at
600 nm, which results in the reduction of 2,6-dicbphenolindo-phenol (DCIP) in 1ml of
medium containing 60mM KHPO, (pH 7.4), 3mM KCN, 2(g/mL rotenone, 20mM
succinate, and 2@ mitochondrial protein. The reaction was initiateg the addition of
1.3mM phenazine methasulfate (PMS) and 0.18mM DiSIdescribed previously (Aleardi et
al. 2005).The extinction coefficient used for D@V&s 21mM* .cm ™.

Complex Il activity. The oxidation of 5M decylubiquinolobtained by complex Il was
determined using cytochroneeas an electron acceptor as described previousigh@abuhl
et al. 1991). Briefly, decylubiquinol is prepared tissolving decylubiquinone (10mM) in
ethanol acidified to pH 2. The quinone is reducedth vexcess solid sodium borohydride.
Decylubiquinol is extracted into diethylether.cylméxane (2:1, v/v) and evaporated to
dryness under nitrogen gas, dissolved in ethandifigcl to pH 2. The assay was carried out
in a medium containing 35mM KIRO,, 5mM MgCh, 2mM KCN (pH 7.2), supplemented
with 2.5mg/mL BSA, 1hM cytochromec, 0,6mM n-dodecylB-D-maltoside and jg/mL
rotenone. The reaction was started withu@Gf mitochondrial protein and the enzyme
activity was measured at 550 nm. The extinctionffmwent used for cytochrome was
18.5mMtem™

Complex IV activity. Cytochromec oxidase activity was determined in intact isolated
mitochondria (10Qg) using Cytochrome& Oxidase Assay Kit. The colorimetric assay is
based on the observation that a decrease in alsertz 550 nm of ferrocytochroneeis
caused by its oxidation to ferricytochromeby cytochromec oxidase. The Cytochrome

Oxidase Assay was performed as described previgRsigmussen and Rasmussen 2000).

Mitochondrial respiration in vital cells. Mitochondrial oxygen consumption was measured
at 37°C using an Oroboros Oxygraph-2k system. Figons of cells were added to 2ml of a
mitochondrial respiration medium containing 0.5mMcEA, 3mM MgCh, 60mM K-
lactobionate, 20mM Taurine, 10mM KPQ,, 20mM HEPES, 110mM Sucrose, 1g/| BSA (pH
7.1). To measure the state 4 (= state 2) of theptmml, 5mM pyruvate and 2mM malate
were added and cells were permeabilised witlgh8l digitonin. Afterwards, 2mM ADP is
added to measure state 3 respiration, and, in éodecrease the respiratory capacity, 10mM
glutamate was added. To study the effect of the@ment complex I+1l electron input on the

respiration, 10mM of succinate was added. The ritiegf the mitochondrial membrane was
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checked through the addition of 10uM cytochrom@fter determining coupled respiration,
0.4uM FCCP (Carbonyl cyanide p-(trifluoro-methoxy) plkehydrazone) was added and
respiration was measured in the absence of a pgrtaiient. In order to inhibit complex |
and [l activities 0.5uM rotenone and 2.5uM antimmgcA, respectively were added. Mock

and APP cells were measured in parallel pairs usiegame conditions (crossover design).

Citrate synthase activity. The reduction of 5,5'-dithiobis(2-nitrobenzoic acidTNB) by
citrate synthase at 412 nm (extinction coefficient13.6mM-1.cm-1) was followed in a
coupled reaction with coenzyme A and oxaloacetaleafdi et al. 2005). Briefly, a reaction
mixture of 0.2M Tris-HCI, pH 8.0, 0.1mM acetyl-cagmeA, 0.1mM DTNB, n-dodecyf-
D-maltoside (20%) and 10g of mitochondrial proteias incubated at 30°C for 5 min. The
reaction was initiated by adding 0.5mM oxaloacetated the absorbance change was
monitored for 5min with a Shimadzu Multi-Spec-150a&de array spectrophotometer.

Determination of ATP levels.Cells were plated one day before at a density 5H21¢
cells/ well in a white 96 well plate. The kit isdeal on the bioluminescent measurement of
ATP. The bioluminescent method utilizes the enzymeiferase, which catalyses the
formation of light from ATP and luciferin. The en@t light was linearly related to the ATP

concentration and was measured using a luminor{sfid et al. 2005; Keil et al. 2004).
Statistical Analysis. Data are presented as mesarS.E.M. For all statistical comparison,

Student’st-test or Two-way ANOVA was used. P values less thd@b were considered
statistically significant.
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ABSTRACT

Background: Energy deficiency and mitochondrial failure haveeb recognized as a
prominent, early event in Alzheimer’'s disease (ARgcently, we demonstrated that chronic
exposure to amyloid-beta fAin human neuroblastoma cells over-expressing hum&l-
type amyloid precursor protein (APP) resulted )rativity changes of complexes Il and IV
of the oxidative phosphorylation system (OXPHOS) &n (i) a drop of ATP levels which
may finally instigate loss of synapses and neuroakldeath in AD. Therefore, the aim of the
present study was to investigate whether standaatdiinkgo biloba extract LI 1370 (GBE) is
able to rescue induced defects in energy metabolism.

Methodology: We used a high-resolution respiratory protocol hwestigate OXPHOS
respiratory capacity and metabolic states undesiplogical condition in vital control and
APP cells after treatment with GBE. In addition, yg&n consumption of isolated
mitochondria, activities of mitochondrial enzymeraplexes I-IV and citrate synthase),
ATP levels, mitochondria amount, and mitochondfilA content were determined.

Principal Findings: We observed a GBE-induced increase of the coupbtge of
mitochondria resulting in an improvement of the ®¥®S efficiency in both cell lines, with
the strongest enhancing effect in APP cells. GBEceion OXPHOS was even preserved in
mitochondria after isolation from treated cells.eTGBE-induced amelioration of oxygen
consumption most likely arose from the modulatiord aespective normalization of the
activity of mitochondrial complexes I, Il and N\hat are markedly disturbed in APP cells
finally yielding a rise in ATP levels. Of note, gefunctional data were paralleled by an up-
regulation of mitochondrial DNA in GBE-treated 2l

Conclusions/SignificanceAlthough the underlying molecular mechanisms @& thode of
action of GBE remain to be determined, our stuedady highlights the beneficial effect of
GBE on the cellular OXPHOS performance leadingetoeval of A3-induced mitochondrial

dysfunction.
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INTRODUCTION

Standardized Ginkgo bilokextract (GBE) derived from dried leaves of Ginkgeetis
a valuable therapeutic drug for the treatment ofmiory impairment and dementia including
Alzheimer’s disease (AD). Double-blind, placebo-roled studies showed the improvement
of cognitive symptoms in the elderly and in AD pats [1-5].GBE exhibits a complex mode
of action. Notably, multiple effects on mitochoradrfunction and on the apoptotic pathway
that seems to be crucial for its beneficial effeictsSAD were reported: stabilization of
mitochondrial membrane potential, improvement argy metabolism, up-regulation of anti-
apoptotic Bcl-2 protein and down-regulation of @weptotic Bax protein, inhibition of
cytochrome c release, reduction of caspase 9 aspmhsa 3 activity after oxidative stress and
reduction of apoptotic cell death [6-12]. Howevewnidence how GBE influences the
mitochondrial oxidative phosphorylation system (®¥PS) in neuronal cells is lacking.

AD is characterized by amyloid-betaf{)Acontaining plagues, neurofibrillary tangles,
as well as synapse and neuron logswhich represents with tau the main neuropatholdgic
hallmarks of AD is supposed to play a pivotal rimiéhe pathogenesis of the disease. Within
the AB toxicity cascade, mitochondrial dysfunction an@érgry metabolism deficiencies have
been recognized as earliest events [8, 13] and baea correlated with impairments of
cognitive abilities in AD clinical scenario [14].h€ most consistent defect in mitochondrial
electron transport chain enzymes in AD is the dficy in cytochrome ¢ oxidase (complex
IV) activity in post-mortem brain tissues of AD pmaits [15-17] and APP transgenic mice
[18], as well as in other tissues, such as pladitem AD patients and AD cybrid cells [19,
20]. Interestingly, few years ago, the target aéiiast of A toxic species switched from its
extracellular, fibrillar form to its soluble, oligreric form [21, 22] emphasising the important

early role of mitochondria in AD pathogenic pathwd§, 23-25].

In line with these findings, we recently reportldttchronic exposure toAn human
neuroblastoma cells (SH-SY5Y) over-expressing humid-type APP (APP cells) resulted
in an impairment of the respiratory capacity of @S and a drop in ATP generation by

complex V which in turn may initiate cell death Ipaty [26].

Therefore, the aim of the present study was to stigate the potential effect of
standardized GBE LI 1370 onpAnduced mitochondrial dysfunction in APP cells. In
addition to the measurement of oxygen consumptiomwhole cells as well as of isolated
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mitochondria, we examined activities of mitochoatlirenzymes assembling the electron
transport system (ETS) that are the complexes IViahe activity of citrate synthase, an
enzyme located in the mitochondrial matrix thosveyg is reported to be very proportional
to the content of ETS enzymes within mitochond®2@][ ATP levels and mitochondria mass.
Finally, we studied the mitochondrial DNA / nucle@NA ratio using real-time PCR to

determine changes at the genetic level.
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RESULTS

GBE did not modify cells morphology but decreased mount of mitochondria. As
described in our previous study [26], transfect@nSH-SY5Y cells with cDNAs (pCEP4
vector) containing the vector alone or the entwdieg region of human APP (APP695) did
not significantly change the general morphologaspect of cells (Fig 1A). Similarly, vector
control as well as APP cells conserved their ndastbdike morphology with differentiated
perikaria and short neurites after treatment witBEG(Fig 1B). However, using a
MitoTracker Greefl", we observed a decrease of mitochondria amounGBE-treated
control and APP cells, with the strongest effecARP cells (Fig. 1C). In accordance with this
result, citrate synthase (CS) activity, which isncoonly used as a quantitative measure of the
content of mitochondria and ETS enzymes [27], wss seduced in GBE-treated control and
APP cells (Fig. 1D).
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Fig.1 GBE did not modify cell morphology but mitochondrial amount. Morphological analysis of vect
control and APP cells showed neuroblast-like molpiy with differentiated perikariaarows) and occasion:
short neuritesgrrowhead$. A) Transfection of SHBY5Y cells with cDNAs (pCEP4 vector) containing trector
alone or the entire coding region of wild-type hur#ePP (APP cells) anB) GBE treatment (0.1mg/ml; 24h) ¢
not significantly change general cell morphologgal® bars: 50m. C) A decrease of mitochondria amoumas
measured in GBE-treated cells usiMifoTracker Greef". D) A decrease of citrate synthaaetivity (CS) wa:s
observed in GBE-treated cells. Values representrib@nst S.E. from n= 5 assays, studenttest: #, p<0.05; ##
p<0.001 versus corresponding untreated cells.
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GBE ameliorated OXPHOS capacity and restored g-induced deficits in vital cells.To
investigate the protective effect of GBE again$t tAxicity at the mitochondrial level, we
used a high-resolution respiratory protocol essdigld lately by our group [26]. Thus,
physiological substrate combinations (pyruvate,taghate and malate as substrates for
complex | and succinate for complex Il) were usedobtain mitochondrial bioenergetics
approaching the most of physiological states (E&). We compared OXPHOS that is the
whole ETS composed of the four mitochondrial enzyrfe®mplex | to complex IV) and the
F1FoATP synthase of vital control and APP cells afteg-freatment with GBE for 24h. As
previously observed [26], APP cells exhibited apamnment of OXPHOS capacity (Fig, 2B).
Of note, GBE was able to significantly amelioratee tglobal failure of mitochondrial
respiration in APP cells and increased oxygen cmpsion in control cells as well (Fig. 2B).
Importantly, GBE-treated control and APP cells pr#ged comparable mitochondrial
respiratory rate validating the protective role@BE on stabilization and normalization of
mitochondrial capacity, respectively (Fig. 2B).

Fig.2 High-resolution respirometry
revealed an improvement of
mitochondrial capacity of vital cells
after GBE treatment. A)
Representative diagram of
measurement of oxygen {0
consumption in GBE-treated APP
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To analyse the impact of GBE on metabolic statesiddchondrial respiration, two
flux control ratios have been evaluated. First,réspiratory control ratio (RCR3/4) which is
an indicator of the coupling state of mitochondnas determined. State 3 is the rate of
phosphorylating respiration in the presence of ekegus ADP, when mitochondria are
actively making ATP, whereas state 4 is the ratesting respiration, when all ADP has been
consumed. State 4 is associated with proton leakagess the inner mitochondrial
membrane, when mitochondria exhibit basal activigy, they are respiring but not making
ATP. Therefore, RCR3/4 represents the ADP-activdliexl to measure coupled OXPHOS
capacity (state3) divided by leak flux (state4).aiéras increasedpAevels led to a decrease
of RCR3/4 in APP cells, treatment with GBE sigrafitly increased the ratio in both cell
types (Fig. 3A). Secondly, ROX/ETS yields an indg#xthe magnitude of residual oxygen
consumption relative to maximum oxygesnsumption capacity. This ratio was decreased in
both cell types after treatment with GBE with th@sgest effect in APP cells (Fig. 3B). Both
flux control ratio changes indicate an increasthefcoupling state of mitochondria leading to
a better efficiency of OXPHOS. Consistent with tresult, we observed a rise of ATP levels
produced by complex V, the final OXPHOS enzymeGIBE-treated control and APP cells
(Fig. 3C).
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Fig.3 GBE modulated mitochondrial flux control ratios and rose ATP synthesis. ARespiratory contrc
ratio (RCR3/4) represents the nutmndrial coupling state. RCR3/4 was decreased?R Aells and increased
GBE-treated control and APP cellB) ROX/ETS vyields an index of the magnitude of residogygen
consumption relative to the maximum oxygemsumption capacity. This ratio was decreasedBiE-Geatec
control and APP cellsC) ATP levels were decreased in APP cells and ineckéas GBEtreated control an

APP cells Values represent the meah$.E. from n= 5 assays, studentt®st: *, p<0.05; ***, p<0.001 verst
control cells; #, p<0.05; ##, p<0.01 versus coroesiing untreated cells.

Taken together, respiratory analyses showed thd& &fhanced metabolic pathways
by increasing the coupling state of OXPHOS prongpfinally a rise of ATP synthesis in
both cell types but with the strongest effects dPPAcells. As a consequence, GBE-treated
control and APP cells presented comparable mitadh@n respiratory system capacity

suggesting a complete restoration @gkiaduced deficits in energy metabolism.
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GBE improved oxygen consumption in isolated mitochadria from APP cells andled to
an up-regulation of mitochondrial DNA. To confirm the improvement of mitochondrial
performance observed in whole cells, we investijabeygen consumption of mitochondria
that were isolated form APP cells after 24h treatinvath GBE. In isolated mitochondria, the
GBE-induced enhancement of oxygen consumption whsignificantly present (Fig. 4A)
suggesting a regulatory effect of GBE at the mitoarial level even after its removal. Of
note, this functional enhancement can be associai#tdan increase of the mitochondrial
DNA / nuclear DNA ratio after treatment with GBE{F4B).
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Fig.4 GBE enhanced oxygen consumption of isolated mitochdria from APP cells and led to an up-
regulation of mitochondrial DNA. A) Two-way ANOVA revealed a significant effect of GRIa respiatory
rates of isolated mitochondria from APP cells. Bliggen consumption was increased in mitochondokaied
from GBE-treated APP cells when compared to thairdfeated APP cells (p<0.00B) RT-PCR analyse
revealed an increase of the mitochondrial DNA /leaic DNA ratio from GBBreated control and APP ce

compared to their corresponding untreated cellp<8,05). Values represent meanS.E. from n=5 assays.

GBE modulated the activity of respiratory complexes To improve the mitochondrial
respiratory capacity, GBE may act on one or seveigbchondrial enzyme. To study this
hypothesis, the activities of individual respirgtocomplexes have been investigated.
Complex | activity was significantly increased ilBEB-treated APP cells (Fig 5A). Complex
[l activity which is markedly increased in APP lselvas normalized to the level of control
cells after treatment with GBE (Fig. 5B). Compléx activity which is decreased in APP

cells, significantly increased in control and AR after treatment with GBE (Fig. 5C).
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in GBE-treated APP cell€) Complex IV activity (CIV/CS ratio) was decreasedAPP cells and increased in
GBE-treated control and APP cells. All values repre the means S.E. from n= 4-6 assays, studenti®dt:
** p<0.01, ***, p<0.001 versus control cells; #<0.05, ##, p<0.01 versus corresponding untreatisl ce
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DISCUSSION

To pinpoint the mode of action of GBE on mitochoadfunction as well as on (&
induced OXPHOS failure, we first measured oxygemsomption in vital cells. This
approach facilitates the determination of the capaxt the whole OXPHOS as well as flux
control ratios (RCR3/4 and ETS/ROX) widely recoguizas indicators of metabolic states of
mitochondrial respiration [28]. In the present stueve present for the first time clear
evidence that under physiological conditions miraitkn our respiratory whole cell protocol,
GBE improved metabolic energy pathways by increpadie coupling state of mitochondria.
Importantly, the comparability of the mitochondrelergetic capacity in both cell types after
treatment with GEB indicates a recovery of theutlstd bioenergetics homeostasis found in
APP cells. Notably, GBE-enhancing effect on OXPH®@&s still present in mitochondria
after removal of mitochondria from the cells sudmes possible continuing, regulatory
actions of GEB at the mitochondrial level. Thessutles corroborate findings showing an
increase of the coupling state of isolated mitochianby GBE in ischemia models [29] and
findings demonstrating that GBE ameliorated oxygensumption of mitochondria from rat
heart mainly driven by effects of GBE on complexand Il [30]. The capacity of
mitochondria to re-phosphorylate ADP in state Pasitively dependent on the degree of
coupling. In accordance with this assumption, wso adbserved an enhancement of ATP
levels in both cell types after treatment with GBEoreover, the respiration rate in state 3 is
determined by the activity of mitochondrial enzynodsthe whole ETS and ATP-synthase
[30, 31]. Thus, the global improvement of mitochnadunctionality may be explained by the
action of GBE on one or several mitochondrial enggnTo test this hypothesis, we measured
individual activities of mitochondrial enzymes badng to the ETS. The increased activity
of complex Il in APP cells that can be interpresia compensatory mechanism to rescue
AB-induced mitochondrial defects [26] normalized afteatment with GBE. This effect can
be taken as a back to a physiological functionalig. the over-activity of complex Il in
untreated APP cells was down-regulated in the preEsef GBE which in turn up-regulated
complex IV activity and ATP synthesis, both markedéduced in our AD cell model.
Interestingly, complex | activity was increasedARP cells after treatment with GBE while it
was unchanged in APP cells per se. GBE by incrgakie coupling mitochondrial state may
improve complex | activity. Moreover, complex | dte its first position in ETS plays a
crucial role in energy metabolism and oxidative ggtorylation. Indeed, a partial decrease of

its activity (about 25%) is sufficient to alter segly the mitochondrial respiration [32].
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Complex | as a main ROS producer may also be aekeyent in GBE efficacy. In an
ischemic model, the increase of coupling state @bechondria was also associated with a
protection of the activities of complexes | andbif GBE [33].Our study is further in line
with recent findings studying the effect of GBEeafin vivo treatment on mitochondrial
membrane potential in dissociated brain cells fead mice after inhibiting OXPHOS using
specific inhibitors of complexes [9]. Here, GEB slgal protective effects on mitochondrial
membrane potential at the complexes I, IV and V. [BYyen if the exact molecular
mechanismdy which GBE stabilizes mitochondrial enzymes ig get clear, it can be
speculated that besides other regulatory effectaitmchondria components: (i) GBE may act
as an antioxidant scavenging superoxide anion gatkiby electron leakage which occurs
mainly at complexes | and Ill. (i) GBE may als@agenge nitric oxide leading to an increase
of complex IV activity which is the main target of NO [34]. Cogsently, the protection of
mitochondrial complexes by GBE may not only lead ao increase of mitochondrial
performance (coupling state) but also to a decre&$@OS production. In accordance with
this idea, some authors proposed that GBE prowaaéisapoptotic effects [6, 7, 35]. Thus,
GBE significantly attenuated mitochondria-initiatagoptosis and decreased the activity of
caspase 3, a key enzyme in the apoptosis cellligneascade, in neuroblastoma cells stably
expressing an AD-associated double mutation in AB®H. In addition, GBE inhibited
formation of A3-fibrils [10] either by a direct interaction withpA36, 37] or by activating-

secretase pathway [38].

Of note, we observed an up-regulation of mitochiahdNA in cells treated with GBE,
but at the same time, a decrease of mitochondrss nmaGBE-treated cells suggesting that
GBE may act not only at a functional level but aloa genetic one. The number of
mitochondrial DNA copies per mitochondrion as wadl mitochondria per cell is exquisitely
calibrated on cellular energy demand. The fact #rmatincreased content of mitochondrial
DNA encoding for important core subunits of the @¥PS is associated with an increased
OXPHOS performance suggest that possibly the adgeshimitochondrial super complexes
is facilitated coupled to an increased activitycéingly, Tendi and colleagues [35] showed
that GBE up-regulated mitochondrial gene expressibra mtDNA encoded subunit of
complex | (ND1) in PC12 cells which may perfectlyrr@spond to the increase of complex |
activity detected in GBE-treated APP cells. Morapvine transcript level of the anti-
apoptotic Bcl-2-like protein was found to be eledhtwhereas the transcript level of the pro-
apoptotic caspase 12 was decreased in PC12 deltdrafatment with GBE [7, 10]. Although
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further studies are necessary, we can speculateatGBE treatment may not only enhance
MtDNA but may modulate mitochondria biogenesisradteonic exposure. In line with this
idea, a recent study showed that GBE induced hgppal neurogenesis, a very energy
demanding process, in young and old transgenic Abusa model (TgAPP/PS1) after
receiving a diet supplemented with GBE for 1 mdBi.

In total, our findings and the findings of otherwicate substantial mitochondria
modulating properties of GBE. We could clearly shttvat GBE improved OXPHOS
performance and was able to restofeidduced mitochondria failure. Hereby, the incremse
mitochondrial content might represent an importaatly event. Taking into account the
increasing interest in mitochondrial stabilizatemintervention strategy in AD, the regulating
mechanisms of GBE on mitochondria function suggebtethis study qualifies this drug as

therapeutic candidate.
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MATERIAL AND METHODS

Cell culture. Stably expressing cell lines were obtained by fienisig human neuroblastoma
SH-SY5Y with cDNAs (pCEP4 vector) containing eitliee vector alone (control cells) or
the entire coding region of human wild-type APP P&R5) [40]. APP cells secreted3 A
levels within pg/mL range (around 150 pg/mB1A40 compared to approximately 50 pg/mL
APB1-40 secreted by vector control cells) [26]. Statsthnsfected cell clones were selected
with hygromycin [40]. Cells were grown at ®7in DMEM medium supplemented with 10%
calf serum, 2mM L-glutamine, and @gml hygromycin. Cells were pre-treated with
0.1mg/ml of standardized Ginkgo biloba extract B7Q (Vifor SA, Switzerland), for 24h

before analyzing the cells. In pre-experimentsewauded effects of the vehicle.

Phase contrast microscopy and morphological anlysig-or the morphological analysis,
cells were seeded at a density of 4xt6lls/ml on coverslips previously coated with 0.05
mg/mL collagen. Phase contrast pictures were téian living neuroblastoma cells using a

Zeiss Axiolabmicroscope equipped with a digital camera Zeis®@am MRc.

Preparation of isolated mitochondria. Cells were incubated for 15min in an ice-cold lysis
buffer (75mM NaCl, 1mM NabkPQ,, 8mM NaHPQ,, 250mM sucrose, 1mM Pefabloc,
0.05% digitonine, complete protease inhibitor migttiablet§ (Roche Diagnostics). Then,
cells were homogenized with a glass homogenizersfidkes at 400rpm and 5 strokes at
700rpm), and the resulting homogenate was cengdfugg 80§ for 10min at 4°C to remove
nuclei and tissue particles. The supernatant 1\{as)saved and the pellet resuspended in the
lysis buffer. The homogenization step as well as lilbw-speed centrifugation step was
repeated. The supernatant 2 (S2) was saved andl dddthe supernatant 1. Combined
mitochondria-enriched supernatants (S1+S2) wertifteged at 20,009 for 15min at 4°C to
obtain the mitochondrial fraction. The mitochontneellet was resuspended in PBS and
stored at 4°C until use, followed by determinatudiprotein content [41].

Citrate synthase activity. The reduction of 5,5'-dithiobis(2-nitrobenzoic acidTNB) by
citrate synthase at 412 nm (extinction coefficiefit13.6mM*.cm?) was followed in a
coupled reaction with coenzyme A and oxaloaceta@ 27]. Briefly, a reaction mixture of
0.2M Tris-HCI, pH 8.0, 0.1mM acetyl-coenzymeA, ONINRDTNB, n-dodecylpB-D-maltoside

(20%) and 1Qig of mitochondrial protein was incubated at 30°€5amin. The reaction was
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initiated by adding 0.5mM oxaloacetate, and theodi@nce change was monitored for 5min
with a Shimadzu Multi-Spec-1501 diode array spgattodometer. CS activity is given as
units per mg mitochondrial protein [U/mg]. CS isTaoonly used as a quantitative marker
enzyme for the content of mitochondria and ETSpeesvely. In the following experiments,
mitochondrial respiration and complex raw actigtiéherefore, are expressed per CS activity
to take into account variations in the amount aioehondrial and non-mitochondrial protein

contamination between the samples [26, 27].

Complex | activity. A total of 24Qug of isolated mitochondria was solubilized in n-dog
B-D-maltoside (20%). NADH-ubiquinone oxidoreductastivity was measured at 30 °C in a
buffer containing 2mM N#@MOPS, 50mM NaCl, and 2mM KCN, pH 7.2, using gBDn-
decylubiquinone (DBQ) and 10 NADH as substrates andusl rotenone as inhibitor [18,
26, 42, 43]. Oxidation rate of NADH were recordedhva Shimadzu Multi-Spec-1501 diode
array spectrophotometetsfo.sgonm= 6.1mM*.cm*). Complex | activity was normalized to

citrate synthase activity and is given as Cl/C®rat

Complex Il activity. The oxidation of 50M decylubiquinolobtained by complex Il was
determined using cytochromeas an electron acceptor as described previoudly 42].
Briefly, decylubiquinol was prepared by dissolvikgcylubiquinone (10mM) in ethanol
acidified to pH 2. The quinone was reduced with essc solid sodium borohydride.
Decylubiquinol was extracted into diethylether.ojexane (2:1, v/v) and evaporated to
dryness under nitrogen gas, dissolved in ethandifigcl to pH 2. The assay was carried out
in a medium containing 35mM KIRO,, 5mM MgCh, 2mM KCN (pH 7.2), supplemented
with 2.5mg/mL BSA, 1hM cytochromec, 0,6mM n-dodecylB-D-maltoside and jg/mL
rotenone. The reaction was started withugGf mitochondrial protein and the enzyme
activity was measured at 550nm. The extinction fadeht used for cytochrome was
18.5mM*.cm ™. Complex Ill activity was normalized to citratensiyase activity and is given
as CI/CS ratio.

Complex IV activity. Cytochromec oxidase activity was determined in intact isolated
mitochondria (10Qg) using the CytochromeOxidase Assay Kit. The colorimetric assay was
based on the observation that a decrease in alosertzd 550nm of ferrocytochrontewas

caused by its oxidation to ferricytochromeby cytochromec oxidase. The Cytochrome
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Oxidase Assay was performed as described previ¢26|yd3, 45]. Complex IV activity was
normalized to citrate synthase activity and is gias CIV/CS ratio.

Mitochondrial respiration in vital cells. Mitochondrial oxygen consumption was measured
at 37°C using an Oroboros Oxygraph-2k system. Figons of cells were added to 2ml of a
mitochondrial respiration medium containing 0.5mMcHE, 3mM MgCh, 60mM K-
lactobionate, 20mM Taurine, 10mM KPQ,, 20mM HEPES, 110mM Sucrose, 1g/| BSA (pH
7.1). To measure state 4 (= state 2) of compl&mM pyruvate and 2mM malate were added
and cells were permeabilised withy®ml digitonin. Afterwards, 2mM ADP was added to
measure state 3, and in order to increase theratai capacity, 10mM glutamate was added.
To study the effect of convergent complex I+l é&len input on respiration, 10mM of
succinate was added [28]. The integrity of mitoahrtal membrane was checked through the
addition of 10uM cytochrome c. After determiningupted respiration, O FCCP
(Carbonyl cyanide p-(trifluoro-methoxy) phenyl-hgdone) was added and respiration was
measured in the absence of a proton gradient.derdo inhibit complex | and Ill activities
0.5uM rotenone and 2.5uM antimycine A, respectivedye added. Then, 2mM ascorbate and
0.5mM TMPD were added to have access to compleadiwity. Finally, 2100mM sodium
azide was added to inhibit the mitochondrial regpn. Mock and APP cells untreated or

treated with GBE were measured in parallel paimgusame conditions (crossover design).

Oxygen consumption of isolated mitochondria. The respiratory protocol used for
mitochondria was the same than this for whole celsept for the following points: (i)
isolated mitochondria (0.5mg) were added to 2mlaomitochondrial respiration medium
containing 65mM sucrose, 10mM potassium phospi@®M Tris-HCI, 10mM MgSQ@, and
2mM EDTA (pH 7.0), (ii) digitonin was not added afiid) 0.05uM of FCCP was sufficient to
obtain the maximal mitochondrial respiration [43].

Determination of ATP levels.Cells were plated one day before at a density 5H21¢
cells/well in a white 96 well plate. The assayigibased on the bioluminescent measurement
of ATP. The bioluminescent method utilizes the eneyluciferase, which catalyses the
formation of light from ATP and luciferin. The enat light was linearly related to ATP

concentration and was measured using a luminorf#ea6].
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Amount of mitochondria. Cells were plated at a density of 100 000 celld/imeh 48 well

plate. The total amount of mitochondria was meaburesing the cell-permeable
mitochondria-selective dye MitoTracker Gré&¥8n (400nM, 15min). This probe can
accumulate in active mitochondria independentlymitochondrial membrane potential and
then react with accessible thiol groups of proteamsl peptides [47]. Fluorescence was
determined using a Fluoroskan Ascent FL multiplagader (Labsystems) at 490nm

(excitation) / 516nm (emission).

Quantitative real-time PCR for determination of mitochondrial DNA / nuclear DNA
ratio. Total DNA was extracted with the Qiagen FlexiGen (Qiagen, Basel, Switzerland)
according the manufactors protocol. For standarmtesy the peripheral venous blood was
taken from a volunteer to extract genomic DNA (fiatelet enriched plasma was removed)
to amplify genes of interest. After amplificationNB templates were purified with the
Qiagen QIAquick PCR Purification Kit (Qiagen, Bas8witzerland) and the absorption at
260nm was measured to determine the gene copy muarike produce serial standard
dilutions.

Primers for the RT Q-PCR analysis of mitochondidIA (mtDNA)-tRNAleu [48] are
mtF3212 (5"CACCAAGAACAGGGTTTGT3") and mtR3319 (5 GECATGGGTATGTT
GTTAA3) [49], those for nuclear DNA (nDNA), humarolymerasey accessory subunit
gene (ASPOLG) are ASPG3F 5 GAGCTGTTGACGGAAAGGAGRUASPG4R (5°CAG
AAGAGAATCCCGGCTAAG3)) [50]. For each DNA extracthg nDNA and mtDNA gene
respectively were quantified separately in trigiksa and/or duplicates by real-time
quantitative PCR in the presence of SYBR-green whth use of the Applied Biosystems
StepOn&" cycler (Applied-Biosystems). PCR reactions corgdirix Power SYBR Green
Master Mix (ABI P/N 4367659, Rotkreuz, SwitzerlanduM of each primer and 1ng of
DNA extract. The PCR amplification consisted ofiagke denaturation-enzyme-activation
step of 10min at 95°C, followed by 40 cycles of dbslenaturation at 95°C and 60sec of
annealing / extension at 60°C. Fluorescence wasunea at the end of each extension step.
A standard curve of corresponding mtDNA and nDNAwate equivalents with defined
copy numbers were included in each run to quatitiéycontent of mtDNA and nDNA in each
sample. Data thus obtained were analyzed by udmegctcle threshold (§ of each
amplification reaction relating it to its respeetistandard curve. Results from the quantitative
PCR were expressed as the ratio of the mean mmnociad DNA to the mean nuclear DNA

content.
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Statistical Analysis. Data were presented as mearS.E.M. For statistical comparisons,
unpaired Student’s-test or Two-way ANOVA was used. P values less tBa®db were
considered statistically significant.
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5. Conclusion

Reduced energy metabolism together with mitochahdailure and oxidative stress
has been recognized as prominent and early eventdD. However, the pathogenic
mechanisms underlying these defects are far tedmwed. The aim of the present thesis was
to gain new insights into the contribution of thetunquestionable AD-related proteingj A
and tau, on one hand, and the mode of action of @Bthe other hand, toward mitochondrial

modulation.

Combining transgene$ls), quantitative proteomics and functional assayst ou
findings support first of all that A and tau acting synergistically heighten mitochaaldr
respiration deficits. Thereby, hyperphosphorylat®ea may drive a vicious cycle within the
AP cascade. We found also that age-related oxidatress may exaggerate the dysfunctional
energy homeostasis and in turn, take part in to®ws cycle finally leading to cell death
(Figure 11). Our results are in line with recenidgs associating fAand tau with oxidative
stres€ as well as axonal traffic inhibition, synapse &ition and neurodegeneratior®. A
crucial role for mitochondria in AD is further ungénned by findings linking maternal
inheritance of mtDNA to both AD predisposition aghicose hypometabolish¥ that may
reflect energy disturbances as found, e.g., if"88AD model.

In line with the recent “intracellular hypothesdté™® soluble oligomers appear to
interfere with hippocampal synaptic function andnmoey™®. Interestingly, in this new
paradigm, mitochondria sound as key features inpduhological mechanisms leading to
synaptic failure and cell los®ur group reported a direct impactAf} oligomericon Ay and
ATP levels in APP transgenic mice mddiél We also showed first evidence for an increased
vulnerability of P301L tau mitochondrisowards oligomers B insult in vitrol*®. These
findings were confirmed in odf®AD study demonstrating an interplay betweeh ahd tau
at the mitochondrial levein vivo. In the second part of the thesis, we ripened our
understanding of the specific actions of solublgé @ mitochondrial respiration. For this
approach, a novel high-resolution respiratory protevas established and an APP cell model
mimicing relevant conditions of AD patients by ssorg A3 within a picomolar range was
used. We observed th#p oligomers causedserious impairments of the total cellular

respiration with main impacts on complexes lll,dxd V.
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The crucial role of mitochondrial dysfunction iretbiochemical pathways by which
AP can lead to neuronal dysfunction in AD*® is particularly challenging in order to
establish therapeutic treatments. To test this deainvestigated the potential effect of a
natural antioxidant, GBE, on pAinduced mitochondrial deficitsAlthough the precise
molecular mechanisms inside cells as well as onahdndria stay unknown yet, the findings
of the thesis and the findings of otH&ré® indicate substantial mitochondria modulating
properties of GBE. We could clearly show that GBfipioved OXPHOS performance and
was able to restorepAinduced mitochondria failure. Hereby, the increasenitochondrial
content might represent an important early evehus] we observed an up-regulation of
MtDNA in cells treated with GBE, but at the sanmé;j a decrease of mitochondria mass in
GBE-treated cells suggesting that GBE may act mbt at a functional level but also at a
genetic on€*?%. Although further studies are necessary, we cacidpte that a GBE
treatment may not only enhance mtDNA but may mddutaitochondria biogenesis after
chronic exposure. Taking into account the increasiterest in mitochondrial stabilization as
intervention strategy in AD, the regulating meclsam of GBE on mitochondria function

suggested by this study qualifies this drug aseagheutic candidate.

In total, our results strengthen the key role ofoctiondria in the pathogenesis of AD
demonstrating close relationship with the two ipdisble hallmarks of the disease acting
independently as well as synergistically on thalvidrganelle. Consequently, besides the
treatment and/or removal of botlg Aand tau pathology, strategies involving effortptotect
cells at the mitochondrial level by stabilizing oestoring mitochondrial function or to
interfere with the energy metabolism appear to bempsing in order to prevent AD.
Moreover, the better understanding of the biochempathways by which mitochondria-
protecting substances such as GBE act may notomisnize our therapeutic options but also
clarify the role of mitochondria in the pathogessesf AD (Figure 11). Our age-relateg3 A
and tau transgenic mouse mod&PAD) may be very valuable in order to monitor
therapeutic interventions at the mitochondrial lesred the impact to prevent the progression

of Ap deposits and tau hyperphosphorylation at eartyestaf the disease.
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DOMINANTLY INHERITED NONDOMINANT FORMS OF AD

FORMS OF AD (Including "Sporadic" AD)
Missense mutations in the APP or  Fajlure of AR clearence mechanisms
Presenilin 1 or 2 genes (e.g., inheritance of APOE4, faulty AR
@ degradation, etc.)

Incre%ifgugguqrm%uctlon Gradually rising AR levels and

(oxidative stress) oxidative stress with age

Biosynthesis of AR monomer Q

0

Assembly: Oligomerization of AR

a3

Acute effects: Mitochondrial damage, glucose hypometabolism, energy deficit | GBE
1

SYNAPTIC FAILURE

‘o
Y 5
Aggregation to fibrils and deposition of AR as diffuse plaques ﬁ:‘*}

BACEL1 activation
Synergistic effects

Chronic effects: Mitochondrial damage, energy deficit |

Altered kinase and phosphatase activities lead to tangles

4

Chronic effects: Mitochondrial damage, energy deficit, changes in neurosteroid production |

4

| Widespread neuronal and synaptic dysfunction / loss |

Figure 12. A hypothetical sequence of the pathogenisteps linking amyloid-beta peptide (f) and tau
pathologies with mitochondrial dysfunction as wellas early use ofGinkgo bilobaextract (GBE). Ap and
tau may act synergistically on mitochondria indgcstrong failure in mitochondrial respiration unthétion
thereby triggering a vicious cycle. In additionfetes in energy metabolism may increase BACE1 gt/
which, in turn, increases the production df. Arhus, a comprehensive vision of the neuropathsiplggic
mechanisms that result in AD reveals several vioycles within a larger vicious cycle. All of theonce set
in motion, amplify their own processes, thus aaegieg the development of ABGBE used at earl?/ stage of
).

the disease could be promising for AD preventios meatment (adapted froRhein and Ecker200#
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AB
ABAD
AD
ADAM
A2M
AICD
AlF
APH1
APOE
APP
CAA
CaMKII
CAT
cdk5
Cc83
C99
COX
Ct
Cu/zn SOD
Ay
ERK2
ETC
FAD
FADH>
4R
FTDP-17
GAB2
GBE
GPX
GSH
GSK-33
H20;

Amyloid-beta peptide

Ap binding protein alcohol dehydrogenase
Alzheimer’s disease
A disintegrin and metalloproteinase
Alpha-2-macroglobulin

Ap intracellular cytoplasmic domain
Apoptosis-inducing factor

Anterior pharynx-defective 1
Apolipoprotein E

Amyloid precursor protein

Cerebral amyloid angiopathy
Calcium-calmodulin dependent protein kindise
Catalase

Cyclin-dependent kinase 5

83-amino-acid Ct APP fragment
99-amino-acid Ct APP fragment
Cytochrome c oxidase

Carboxy-terminal

Copper/zinc superoxide dismutase
Mitochondrial membrane potential
Extracellular signal-regulated kinase 2
Electron transport chain

Familial Alzheimer’s disease form

Flavin adenine dinucleotide

Four microtubule binding repeats
Fronto-temporal dementia with Parkinsonlisiked to chromosome 17
Growth factor receptor-bound protein asseddiinding-protein 2
Ginkgo biloba extract

Glutathione peroxidase

Glutathione
Glycogen synthase kinas@-3

Hydrogen peroxide
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IDE
IMM
IMS
iTRAQ
LRP
LTP
MAOA
MAOB
MAP1
MAP2
MARK
MCI
MDA
MMP
MnSOD
mtDNA
MtNOS
NADH
NDNA
NFTs
NMDA
NO
NOS
Nt

Oy

OH
OMM
ONOO
OXPHOS
PAF
PDGF
PEN-2
PET

4-hydroxynonenal

Insulin-degrading enzyme

Inner mitochondrial membrane
Intermembrane space

Isobaric tags for relative and absolute ditation
Low-density lipid receptor-related protein
Long-term potentiation

Monoamine oxidase A

Monoamine oxidase B
Microtubule-associated protein 1
Microtubule-associated protein 2
Mitogen-associated protein affinity-regulatikinases
Mild cognitiveimpairment
Malondialdehyde

Mitochondrial membrane permeabilization
Manganese superoxide dismutase
Mitochondrial DNA

Mitochondrial nitric oxide synthase
Nicotine adenine dinucleotide

Nuclear DNA

Neurofibrillay tangles
N-methyl-D-aspartate

Nitric oxide

Nitric oxide synthase

Amino-terminal

Superoxide anion

Hydroxyl radical

Outer mitochondrial membrane
Peroxynitrite

Oxidative phosphorylation system
Platelet activating factor

Platelet-derived growth factor

Presenilin enhancer 2

Positron emission tomography
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PHFs Paired helical filaments

pPR5 P301L mutant tau transgenic pR5 mice

PSEN1 Presenelin 1

PSEN2 Presenelin 2

RNS Reactive nitrogen species

ROS Reactive oxygen species

SAD Sporadic Alzheimer’s disease form

TCA Tricarboxylic acid cycle

™ Transmembrane

3R Three microtubule binding repeats

TOM Translocator outer membrane

tpleA D mutated Tau (P301L), PS2 (N141l) and APP(KM670/671NL) triple
transgenic mouse model

UCPs Uncoupling proteins

VDAC Voltage-dependant anion channels

VLDL-R Very low-density lipoprotein receptor
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