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O. ABSTRACT I

O. ABSTRACT.

Zusammenfassung in deutscher Sprache

Unter dem Begriff Tauopathien fasst man eine Grugpeonisch progredienter
neurodegenerativer Erkrankungen zusammen, die dabolorme Akkumulation von
hyperphosphoryliertem Tau Protein im Perykarionralew Zellen gekennzeichnet sind.
Tau gehort zur Familie der axonalen Mikrotubulieaserten Proteine. Die
physiologische Funktion von Tau ist die Stabilisiey von Mikrotubuli und die
Regulation axonaler Transportvorgange. Eine negenlerative Tauopathie, die auf der
karibischen Insel Guadeloupe endemisch ist, wupi@eeniologisch mit dem Konsum
von Annonacead’flanzen assoziiert. Diese enthalten Annonacim, gietotypischen
Vertreter der Substanzklasse der Acetogenine, &nagppe von lipophilen Inhibitoren
von Komplex | der Atmungskette. Vorausgehende ewpmrtelle Arbeiten unserer
Arbeitsgruppe konnten folgendes zeigen: 1) Chrdmissystemische Behandlung von
Ratten mit Annonacin fuhrt zu Nervenzellverlust inGehirn in  einem
Verteilungsmuster, wie es bei den Patienten auf déloape in postmortem
Untersuchungen gefunden wurden. 2) Annonacin fdlrch Energie-Verarmung in
Konzentrations-abhangiger Weise zu Zelltod in mesphalen Kulturen. Zur
weiterfuhrenden Uberpriifung der Hypothese, dassoAacin kausal an der Atiologie
der Erkrankung auf Guaedloupe beteiligt ist, untelngen wir, ob Annonacin die

Phosphorylierung und die intrazellulare Verteilw®s Tau Proteins beeinflusst.

Wir fanden, dass eine 48-stiindige Behandlung vamgsen Nervenzellen aus dem
Striatum embryonaler Rattem vitro mit Annonacin zu einer Konzentrations-
abhangigen Umverteilung von Tau aus dem Axon in Basykarion fuhrt. Das
umverteilte Tau war an mehreren Epitopen phospiestylwie durch Phospho-
spezifische  Antikdrper nachgewiesen wurde. Der @ren molekulare
Wirkmechanismus von Annonacin, die Inhibition voorifplex |, hat zwei primare
intrazellulare Konsequenzen, namlich erstens eimeame von Sauerstoffradikalen
und zweitens eine Abnahme der ATP-Konzentrationw@t Radikal-Fanger die
Annonacin-induzierten Sauerstoffradikale neutratisn konnten, verhinderten sie nicht

die Redistribution von Tau. Dies wurde aber wolthusdert durch eine Stimulation der
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ATP-Produktion via anaerobe Glycolyse. Diese Bebhawen legen nahe, dass die
Annonacin-induzierte Umverteilung von phosphoryker Tau nicht aus oxydativem
Stress, sondern aus Energie-Verarmung resultieeselnterpretation wurde unterstitzt
durch die Beobachtung, dass andere zu EnergieiMaray fihrende Neurotoxine
(MPFP", 3-NP) ebenfalls zu intrazellularer Umverteilungnvphosphoryliertem Tau
fuhrten. Eine Elektronen-mikroskopische Analysegisidass Annonacin auch zu einer
Akkumulation von Mitochondrien im Perykarion vonltuerten Nervenzellen fuhrt.
Ca. 30% des phosphorylierten Tau im ZytoplasmaheracElektronen-mikroskopisch
an die aulBere Membran von Mitochondrien gebundeiled/Mikroskopie von
lebenden Nervenzellen zeigte, dass Annonacin ras&nem umfassenden retrograden
Transport von Mitochondrien aus den Neuriten in darykarion fihrte. Wir
schlussfolgerten, dass die Annonacin-induzierte é&heMung von Tau und
Mitochondrien funktionell verknipft sind, da Taxaine Substanz, die Microtubuli
stabilisiert und Tau von Mikrotubuli verdrangt, soiw den retrograden Transport von
Mitochondrien als auch die Akkumulation von phosphtiertem Tau im Perykarion
vollstéandige blockierte. Schliel3lich fanden wir,sdaAnnonacin infolge der Tau-
Umverteilung zu einer Tau-Verarmung in den Axonemd ukonsekutiv zu einer
ultrastrukturell darstellbaren Destabilisierung vbhkrotubuli fihrte. Daher scheint
Annonacin zu einer Akkumulation von phosphoryliert€au im neuronalen Perykarion
durch retrograden axonalen Transport und zu korisekuaxonaler Schadigung zu

fuhren.

In ihrer Gesamtheit legen diese Untersuchungen, édss Annonacin in der Lage ist,
Veranderungen im Phosphorylierung-Zustand und mirdeazellularen Verteilung des
Mikrotubuli-assoziierten Proteins Tau in einer \Meizu verandern, wie sie
charakteristisch fur humane Erkrankungen vom Typ dauopathien ist. Daher
untermauern diese Ergebnisse weiter die Hypothdsss regelmaldiger Konsum von
AnnonaceaePflanzen in der Tat an der Atiologie der Tauopathid Guadeloupe

beteiligt sein kdnnte.
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Summary in English language.

Tauopathy is the name given to a group of chrommggessive neurodegenerative
disorders that share a common defining denomin#teraccumulation of abnormally
phosphorylated tau protein in the cytoplasm of akewells. Tau belongs to the
microtubule-associated protein family and is imgiedd in the stabilisation of
microtubules and regulation of axonal transporpahticular tauopathy endemic to the
Caribbean island of Guadeloupe has been associittd the consumption of
Annonacealants that contain annonacin, the most abundegtbgenin, a family of
potent lypophilic inhibitors of complex | of the tochondrial respiratory chain.
Previous experimental work has demonstrated thewiolg: 1) Chronic systemic
exposure of rats to annonacin induces neuronalasslin the brain in a similar pattern
to what is observed in the brains of the Guadelanpgatients that have come to
autopsy. 2) Annonacin causes concentration-depéncidh death in mesencephalic
cultures by depleting cellular energy. To test ligpothesis that annonacin contributes
to the aetiology of the human disease, we invesitgan vitro, whether if annonacin
affects the phosphorylation state and the celldistribution of the tau protein and the

underlying mechanisms.

We found that in primary cultures of rat striataunons treated for 48 hours with
annonacin, there was concentration-dependent rigdison of tau from the axons to
the cell body. The redistributed tau was phospladegd on several epitopes, as
evidenced by phospho-specific antibodies. ComplexnHibition, the molecular
mechanism of action of annonacin, has two majan@ry consequences, 1) an increase
in oxidative stress and 2) a decrease in ATP leyvdthough radical-scavengers (NAC,
Trolox) neutralized the annonacin-induced radicalgen species, they did not prevent
the redistribution of tau. In contrast, stimulatioh energy production via anaerobic
glycolysis did, suggesting that the somatic rettistron of phosphorylated tau resulted
from annonacin-induced energy depletion rather tfram oxidative stress. This
concept was strengthened by the observation tler @nergy-depleting neurotoxins
(MPP', 3-NP) also induced somatic accumulation of phosghted tau. An electron-
microscopic analysis demonstrated there was alssigaificant accumulation of

mitochondria in the cytoplasm of annonacin-intotechneurons. About 30% of the
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phopshorylated tau in the cytoplasm appeared tiactsrally attached to the outer
mitochondrial membrane. Videomicroscopy of livirglls demonstrated that annonacin
rapidly induced a comprehensive retrograde transganitochondria from the neurites

to the neuronal soma. We concluded that the annoiraduced somatic accumulation
of tau and mitochondria were functionally linkethce we observed that taxol, a drug
that stabilises microtubules and displaces taly hlbcked the retrograde transport of
mitochondria and somatic accumulation of phosplated tau. Finally, we found that
annonacin led to a depletion of tau protein in a&xowhich in turn lead to the

breakdown of microtubules, as evidenced ultrastiradly. Thus, annonacin appears to
induce somatic accumulation of phosphorylated tauetrograde axonal transport and

to impair the axonal integrity.

Together, these data suggest that annonacin isbleapé inducing changes in the
phosphorylation state and intracellular distribotad the microtubule-associated protein
tau in a way that has been observed in the humaeasis. Therefore, these
observations strengthen the hypothesis that regolasumption of Anonaceouplants

might be implicated in the aetiology of the Guadplean tauopathy.
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|. INTRODUCTION.

In Europe and North America, idiopathic ParkinsoDisease is the main cause
of parkinsonism while atypical parkinsonian syndesnrepresent only 20-30% (De
Rijk et al., 1997). Between 1995 and 2002, Caparros-Lefelveeyologist at the
University Hospital Neurology Clinic (CHU) in Posa-Pitre, Guadeloupe (a
Caribbean island in the French West Indies), oleskan abnormally high frequency
(75%) of atypical forms of parkinsonism unrespoasiv L-Dopa treatments, which are
neuropathologically and biochemically defined aawopathy. Epidemiological surveys
included in these studies (Caparros-Lefebeteal., 1999; Lannuzekt al., Brain, in
press) showed that atypical parkinsonian syndronese predominant in patients who
reported regular consumption of herbal tea andsfraf the Annonaceagamily. In
GuadeloupeAnnona muricata(also known as soursop, graviola, or corossolxhée
most common plant belonging to tWenonaceaefamily and is known to contain
neurotoxins: alkaloids and acetogenins, annonagimgithe most abundant of the latter
and a potent complex | inhibitor of the mitochomadlirespiratory chain.

Since then, evidence that strengthens the hypathieat consumption of these
fruits is linked to the high prevalence of atypipakkinsonism in Guadeloupe increases
every year. In 2003, Lannuzel and colleagues, sHoth@t annonacin is toxic to
mesencephalic neuromns vitro by impairment of energy metabolism. In 2004, Champ
et al.,induced neurodegeneration of gwbstantia nigraand in the striaturm vivo with
annonacin, Lannuzedt al., (in press) defined the clinical phenotype of titgpeal
parkinsonism in the island. The aim of this thési® know if the neurotoxin annonacin
contained inAnnona muricatas capable of inducingn vitro, a tauopathy like the one
described in the patients in Guadeloupe.
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A)  TAU.

Tau is a protein belonging to the family of the ratabule associated proteins
(MAP), described for the first time in 1975 by Wgamten and collaborators. In humans
it is found mostly in axons (Bindeet al., 1985) where it interacts with tubulin,
promotes their assembly and stabilises microtub(@evelandet al., 1977). This
major function of tau is controlled by two ways: éxpression of different isoforms of

tau and by the phosphorylation state of the protein

1. TAU GENETICS.

Tau gene was localised to chromosome 17 by hylatidiz of a cDNA clone to
flow-sorted and spot-blotted chromosomes (Netval., 1986). By in situ hybridization
it was mapped to the long arm of chromosome 1721{Bonlonet al.,1987). The tau
gene consists of 16 exons (Neskeal., 1986). In the human central nervous system
(CNS), 6 isoforms are generated by alternativecsgi of the mRNA involving 11 of
the 16 exons of tau (Himmleat al., 1989; Kosiket al., 1989; Goedertt al., 1989).
These six tau isoforms range from 352 to 441 amarids in length depending on the
splicing of exons 2, 3 and 10. Alternative splicmigexons 2 and 3 results in isoforms
without, with one or two 29 amino acid inserts okoown function in its N-terminal
(called ON, 1IN, or 2N tau). Exon 10 encodes forlaaBino repeat located in the C
terminus which gives rise to 3 tau isoforms witmepeats each or 3 isoforms with 3
repeats each if exon 10 is spliced out (calledo4RR tau). In early developmental
stages only the shortest isoform (exons 2, 3 ansplifed out) is found whereas all six

isoforms are seen in adult brain (Kosikal.,1989; Goedert and Jakes, 1990).

The C-terminal repeat regions (R1-R4) that consis21-32 amino acids each
are encoded by exons 9-12 (Gusgkeal., 1994; Trinczeket al., 1995) and, together
with some adjacent sequences, constitute the ralmutg-binding domains (Leet al.,
1989; Goode and Feinstein, 1994; Paadal., 1995; Huttoret al., 1998). Goedert and
Jakes (1990) described that, in normal adult hubram, 4R tau has more affinity for
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the microtubules than 3R tau, that the ratio 3R:tdiRisoforms is about one and that
the 1N, ON, and 2N tau isoforms comprise about 53985, and 9%, respectively, of

total tau.

The six isoforms of tau are summarised in Fig..l.alschematic representation

taken from Buéet al.,2000.

-1 1 23 4 4A5 6 78 9 10 11 12 13 14

Human
|

17q21

Tau

primary transcript

-1 1 23 4 5 7 9 10 11 12 13 14

Tau isoforms

Adult

Fetal

Fig. I. 1. Representation of the human tau gene, the human taprimary transcript and the six
human CNS tau isoforms.The human tau gene is located over 100kb on thg &rm of
chromosome 17 at position 17g21. It contains 16sxthe primary transcript contains 13 exons,
since exons 4A, 6 and 8 are not transcribed in mugmaddle panel). Exons 1, 4, 5, 7, 9, 11, 12,
13 are constitutive, and exons 2, 3, and 10 aszraltively spliced, giving rise to six different
MRNAs, translated in six different CNS tau isofor(imver panel), which differ in absence or
presence of one or two 29 amino acid inserts, esetdy exon 2 (yellow box) and 3 (green box)
in the amino-terminal, in combination with eithbrde (R1, R3 and R4) or four (R1-R4) repeat-
regions (black boxes) in the carboxy-terminal. Tloarth microtubule-binding domain is
encoded by exon 10 (slashed box). The six isofaramsist of 441-amino acids (2+,3+,10+),
410-amino acids (2+,3+,10-), 412-amino acids (21(B+), 381-amino acids (2+,3-,10-), or 383-
amino acids (2-,3-,10+). The shortest, 352-amiridsaisoform (2-,3-,10-) is found only in the

fetal brain, and thus referred to as fetal tauosnfTaken from Buéeet al.,2000.
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2. POST-TRANSLATIONAL MODIFICATIONS.

Tau undergoes post-translational modifications likebiquitination,
polyamination, nitration, proteolysis, glycationr (oon-enzymatic glycosylation) and

phosphorylation.

Ubiquitination normally labels misfolded or damaged protein tadargo
degradation via the ubiquitin-proteasome syster. dantained in PHF (Paired Helical
Filaments) has been described to be tagged foradation by polyubiquitinylation
(Bancheret al., 1991, Igbal and Grundke-Igbal, 1991; Morishima #mara, 1994), or
labelled by monoubiquitinylation (Morishima-Kawasta et al., 1993), a modification
which seems to modulate the location and activitghe protein rather than being a

degradation target signal (Hicke, 2001).

Polyamination is the incorporation of polyamines to a proteictsas tau. It
has been reported by Tucholsdi al., (1999) that transglutaminase can incorporate
these polyamines into tau. This post-translatianaldification does not affect tau’s
binding to microtubules, but renders the proteissl|susceptible to degradation by
calpain (Murthyet al., 1998; Tucholsket al.,1999). In Alzheimer’s disease (AD), tau
has been shown to Inétrated (Horiguchiet al.,2003).

Glycosylation is the addition of oligosaccharides to the sideairthof
polypeptides by various enzymes. Depending of ttere of the glycosidic bond, this
can be an O-glycosylation [an O-linked N-acetylglsemine (O-GIuNAc) residue on
Ser (Serine) or Thr (Threonine) in the proximityaoPro (Proline) residue (Haltiwanger
et al.,, 1992)], or N-glycosylation [the sugar is linked tioee amine group of Asp
(Asparagine)]. Wanet al., (1996) discovered the glycosylation of tau anccdbed the
necessity to deglycosylate and dephosphorylate RbiFestore the microtubule
polymerisation activity of tau, suggesting that afmnal phosphorylation might promote
aggregation of tau and inhibition of the assemiflynecrotubules, while glycosylation

appears to be responsible for the maintenanceed®df structure.

Phosphorylation. The addition of a phosphate group (P@® a protein is done
by kinases, whereas phosphatases are responsibledefjghosphorylation. This

modification of the tau protein will be dealt withdetail in the following paragraph.
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Post-translatonal modifications ol tau

Mormal tau

h 4

Glycosylated tau |

Hyperphosphorylation
h 4

‘ Loss of normal and

g gain of toxic activity

J

Hyperphosphaorylated
and glycosylated tau

Ubiquitination
Glycation
Polyamination
Nitration

* Truncation

l Late PHFs/NFTs

Early PHFs/NFTs

Fig I. 2. Post-translational modifications of tau.Some modifications of tau, such as glycosylatiod an

phosphorylation, take place in the early stagetaofpathology. Hyperphosphorylated tau, on
one hand, loses its normal activity to stimulatenstubule assembly and becomes toxic to the
cell. On the other hand, hyperphosphorylation pri@sidau’s self-assembly into paired helical
filaments (PHFs). PHF tau is further modified byiqulitination, glycation, polyamination,

nitration, and proteolytic truncationTgken from Gong et al.,2005

3. TAU PHOSPHORYLATION.

Tau is a phosphoprotein that normally contains Bies of phosphates per
mole of tau (Ksiezak-Redingf al.,1992; Kopkeet al.,1993; Kenessey and Yen, 1993).
The phosphorylation level of tau isolated from g@sied AD brains are 3- to 4- folds
higher than the normal human brains, this abnotmyperphosphorylated tau loses its
biological activity to bind to microtubules andrstilate their assembly (Lindwall and
Cole, 1984; Igbakt al., 1986, 1994; Drechseadt al., 1992; Bramblettet al., 1993;
Yoshida and lhara, 1993; Biernett al., 1993; Alonsocet al., 1994, 1997; Wanet al.,
1995, 1996; Gongt al.,2000).
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Even if this process of hyperphosphorylation is yet well understood,
theoretically upregulation of tau kinases or dowfeation of phosphatases could result
in this phenomenon. Tau has at least 30 phospltimylaites, some of which are found
phosphorylated in PHF-tau, but not in normal breig, Thr212/Ser214, Thr231/Ser235
(Hoffmann et al., 1997) and Ser422 (Bussiest al., 1999). In vivo studies have
demonstrated that over a dozen protein kinasekjdimg GSK-3, cdk 5, and MAPK
(Watanabeet al., 1993), can phosphorylate tau (Table I. 1.) (faie®, Billingsley et
al.,, 1997) at many residues, and mostly all phosphatgexcept PP2C) can
dephosphorylate tau (reviewed by Bugteal., 2000; Lauet al., 2002; Avilaet al.,
2004). PP2A seems to be the major tau phosphatabe ibrain (Goedest al., 1995;
Sontaget al., 1996, 1999; Gongt al.,2000; Bennecickt al., 2000; Kinset al., 2001),

but nothing is certifiedh vivo.
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1. Kinases involved in the phosphorylation of tau andthe phosphorylation sites.

Table |I.

serine, their position is labelldthwmumbers and at the bottom the kinases that

threonine, S=

T=

Taken from

more sites (sites latbelwith an X).

in one or

phosphorylate tau

http://www.alzheimer-adna.com/Images/TablePhosphgjifa
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A panel of antibodies is available, which recogmsesphorylated sites of tau,
some of which are pathological, since they do mauoin a healty brain, e.g. AT 100,
PHF-27 (Hoffmanret al.,1997) and AP 422 (Bussiee¢al.,1999) (Fig. I. 3.).

Normal
sites

Pathological

i i :
sites AT100 | PHF27/TG3 AP422/ 988

Fig. I. 3. Antibodies that recognise different phosphorylationsites of tau Phosphorylation sites on
tau are written in white with the type of aminodsusceptible to such modification. The antibodies
that recognise pathological sites of phosphoryfatice in a yellow box and antibodies which recognis
normal phosphorylation sites are written in gre&xons 2 and 3 are highlighted in red. The

microtubule binding domains are highlighted in gre&he slashed boxes delineate exon 10. Taken
from http://www.alzheimer-adna.com/Images/TauSitePtf
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4. TAU STRUCTURE.

In the vicinity of the N-terminal region of the tawotein, there is a highly acidic
region followed by a basic proline-rich area, reddrto as the projection domain since it
projects from the microtubule surface and interagth other cytoskeletal elements,
membranes (Hirokawet al.,1988; Brandet al., 1995) and cytosolic organelles such as
mitochondria (Rendoet al., 1990). These interactions determine the diametéhe
axon (Chenet al.,, 1992). The proline-rich sequence is also involuadsignal
transduction pathways when interacting with SH3tleé src-family non-receptor
tyrosine kinases like fyn (Lest al.,1998).

Near the C-terminus, encoded by exons 9-12, arentloeotubule binding
domains (R1-R4). These are highly conserved regodri8 amino acids separated by

inter-repeat regions of less conserved 13-14 amdnts (Leest a.,1989).

Fig. |. 4. Taken from Buéeet al., 2000. Schematic representation of the functional domainthe
longest tau isoform (2+,3+,10+). The projection é@mincludes the acidic and the proline-rich
regions and interacts with cytoskeletal elemergseninining the space between microtubules in
axons and with proteins, such as PLC-g and Srcskimalt is therefore involved in signal
transduction pathways. The C-terminal is the midsates binding domain and regulates the rate
of microtubules polymerization. It is also involvéd the binding with functional proteins as
protein phosphatase 2A (PP2A) or presenilin 1 (PS1)
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5. TAU FUNCTIONS.

Tau is a microtubule-associated protein. It hasapnrole in the polymerisation
of tubulin, stabilisation of microtubules (Fellowet al., 1977) and regulation of
microtubule dynamics (Trinczedt al., 1995), the constant assembly and dis-assembly
of the microtubules depending on the GTP-GDP exghaburing polymerisation of
tubulin molecules to microtubules, both and -tubulin subunits are bound to a
molecule of GTP. The GTP bound tdaubulin is stable, but the GTP bound toubulin
may be hydrolysed to GDP shortly after assemblyis TBDP-tubulin is prone to
depolymerise and begin a rapid shrinkage of thelevicrotubule. This process of
microtubule assembly and dis-assembly is essewtiataintain the cells function and
viability, and therefore needs to be tightly regeth (Goncalvest al., 2001). This
regulation is achieved by the binding of tau to mierotubules (Clevelanet al., 1977,
Leeet al.,1989; Butneeet al.,1991; Drechsett al.,1992; Brandet al.,1993; Goodet
al., 1994; 1997; Billingsleyet al.1997; Pandat al., 1999;2003), hence the activity of
the tau protein is also strongly controlled by twajor mechanisms. The first is the
alternative splicing which leads to the expressibthe two classes of tau proteins (3R
and 4R). It has been shown that 4R tau is moreieifi than 3R in stimulating tubulin
polymerisation (Goedertt al. 1990; Butneret al., 1991). Secondly, the microtubule-
binding activity of tau is regulated by phosphotiga via kinases and phosphatases on

its approximately two dozens of phosphorylatioesifreviewed by Buéet al.,2000).

As a consequence of its interaction with the midoates tau is essential to
establish the polarity of neuronal cells, to proenoaxonal outgrowth during
development, to maintain axonal morphology andniglved in axonal transport in
mature cells (Clevelanet al.,1977; Caceres and Kosik 1990; Hanemaaieal., 1991,
Brandt and Lee 1993; Esmaeli-Azatl al., 1994; Haradaet al., 1994; Pagliniet al,
2000; Dawsoret al.,2001). In addition, other physiological functioofistau have been
proposed, such as a role in development (teal.1998) or binding to RNA or DNA
(Kamperset al.1996; Hua and He 2003). Alterations in the fundiof tau can lead to

neurodegeneration (reviewed by Braatal.,2005).
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B) TAUOPATHIES.

In 1907, Alois Alzheimer described senile plagued aeurofibrillary tangles in
the neocortex and hippocampus of a middle-aged wonith memory and cognitive
function loss (Alzheimer, 1907), this was the fijpsiblished description of Alzheimer’s
Disease. It took almost 80 years to identify theagpal components of the senile
plagues and of the neurofibrillary tanglesamyloid (Glenner and Wong, 1984) and tau
protein (Brionet al.,1985).

The role of the microtubule associated proteinitathe onset and progression
of AD is still not clear, but the study over thespalecades of sporadic and familial
neurodegenerative diseases, other than AD, hase i realisation that the tau protein
is involved in a large group of diseases. Theygmea large diversity with regard to
clinical manifestations, brain dysfunction, patt@hneurodegeneration and aetiology.
Still, all of these diseases are chronic and pisgjve neurodegenerative disorders that
have abundant, filamentous tau pathology and hkidemeneration (Leet al., 2001).
These disorders were named “tauopathies” and anenswised in Table I. 2.

TABLE I. 2. Diseases with tau-pathologfaken from Leeet al.,2001

Alzheimer’s disease*

Amyotrophic lateral sclerosis/parkinsonism—dementiscomplex*
Argyrophilic grain dementia*

Corticobasal degeneration*

Creutzfeldt-Jakob disease

Dementia pugilistica*

Diffuse neurofibrillary tangles with calcification*

Down’s syndrome

Frontotemporal dementia with parkinsonism linkedticomosome 17
Gerstmann-Straussler-Scheinker disease

Hallervorden-Spatz disease

Myotonic dystrophy

Niemann-Pick disease, type C

Non-Guamanian motor neuron disease with neurdflpyitangles
Pick’s disease*

Postencephalitic parkinsonism

Prion protein cerebral amyloid angiopathy

Progressive subcortical gliosis*

Progressive supranuclear palsy*

Subacute sclerosing panencephalitis

Tangle only dementia*
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* Diseases in which tau-positive neurofibrillary petigy are the most predominant neuropathologic
feature.

In all tauopathies, the cytoplasmic, filamentoust@in aggregates are found,
which consit mainly of hyperphosphorylated and abradly phosphorylated tau protein
(Grundke-Ilgbalet al., 1986; Goederet al., 1989, 1992; Hauwet al., 1994). This
hyperphosphorylation is believed to be an earlynewe the pathway that leads from
soluble to insoluble and filamentous tau proteira@ket al.,1994). Several cell culture
and animal models, provide converging evidence #imrrant tau phosphorylation,
even in the absence of large tau aggregates, e @aneurodegenerative phenotype
similar to that seen in human tauopathies (Tale)l.

Table I. 3. Summary representation of experimental evidence foa role of direct cytotoxicity of
altered tau protein in tauopathies. Taken from Brandet al., (2005) Ref 53= Shimurat al.,
2004a; Ref 166= Fatht al., 2002; Ref 171= Wittmanet al., 2001; Ref 173= Jacksaet al.,
2002 ; Ref 174=Kraemet al., 2003 ; Ref 188= Shimuret al.,2004b
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1. NEUROPATHOLOGICAL DESCRIPTION.

Neuropathologically, all tauopathies are charasgégriby prominent intracellular
accumulations of the microtubule associated protain (Avila, 2000; Caceres and
Kosik, 1990). In different diseases tau accumaieiare found in different cell types
and therefore receive different names: in astrecyleey are named tuffs; in
oligodendrocytes, coiled bodies; in neurons, Pitiddies, tangles or pre-tangles and in
axons, neuropil threads (Le al., 2001). Depending on the structure adopted by tau,
the accumulations can be called Paired Helicalntelats (PHF) as in AD or Straight

Filaments (SF) as in Progressive Supranuclear PRBE) as shown in Fig. I. 5.

Fig. I. 5. Neuropathology of tau. Intracellular accumulation of tau in neurons (lasy (A), in
oligodendrocites (coiled bodies) (B) and in asttesytuffs) (C). The formation of tangles of PHF
and SF fromin vitro hyperphosphorylated taitaken from Alonso et al., 2001 tau, 0.5 mg/ml,
was incubated with rat brain extract in the presesfcATP to induce hyperphosphorylation of tau
that induced its self-polymerization into tau pfdéments forming PHF €) or '15-nm straight

filament, @). Bars represent 40 nm.
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2. BIOCHEMISTRY OF TAUOPATHIES.

There are two groups of isoforms of tau, 3R and wWRich are expressed in a
normal human brain in a ratio of 1:1. 4R tau bitamicrotubules approximately 3 fold
stronger than the 3R (Good# al., 2000) and is more effective in assembling the
microtubules (Leeet al.1989; Goedert and Jakes 1990). 3R is known to s&gue
soluble tubulin, necessary for self-assembly ofulmbto microtubules, and is more
prone to self-aggregation (Uttat al., 2001; Stanforcet al., 2003). This conclusion is
supported by experimental work, when the ratio BRigd disrupted in favour of an
overexpression of the 3R tau in transgenic miceichvheads to the formation of
hyperphosphorylated aggregates of the tau prolsimh@raet al.,1999). In tauopathies
like AD, the amount of 3R and 4R tau accumulatedh@e or less the same, but in
others there is a predominant isoform of tau tl@umulates; in Pick’s Disease for
example, 3R tau is the major component of the PitFia PSP, it is the 4R. (Reviewed
by Buéeet al.,2000).

All tauopathies are defined neuropatholologically the deposits of the tau
protein found. A disease-specific alteration of tauepresented in its electrophoretic
profile. Fig. 1.6., shows tau of 55kDa which resuttom the phosphorylation of the fetal
isoform (2-, 3-, 10-), tau of 64kDa resulting fratre phosphorylation of tau patients
with variants with one cassette exon (2+,3-,10-2ar 3-, 10+) and tau of 69kDa
resulting from the phosphorylation of tau variawith two cassette exons (2+, 3+, 10-
or 2+, 3-, 10+). Phosphorylation of the longest isaform (2+, 3+, 10+) induces the
formation of the additional hyperphosphorylated #kDa variant. There are three
different patterns of tau on Western blots when &wonbrain tissue is separated
electrophoretically. The “3 bands” consists of € 64 and 55 kDa, classical for AD,
FTDP-17 and ALS/PDC (Amyotrophic Lateral Sclerd3akinson Dementia
Complex). The “2 bands”. tau of 69 and 64 kDa isnowmn for PSP, CBD
(CorticoBasal Degeneration) and some forms of FTDPall related to the aggregation
of 4R hyperphosphorylated tau. Pick’s Disease Has @ bands, the two shorter
isoforms of tau, which relate to the aggregatiomygerphosphorylated 3R tau in what

is called Pick’s bodies.
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Fig. I. 6. Taken from Buéeet al., 2000. Typical electrophoretic profiles of pathologicaltproteins
using the phosphorylation-dependent monoclonabeadti AD2, with schematic representation
of isoform composition (right of each frame). The taw isoforms are involved in the formation
of the typical AD-triplet with the minor tau 74 vant. This pattern is also described in Down
syndrome (DS), post-encephalitic parkinsonism (PERLS/PDC (Amyotrophic lateral
schlerosis/Parkinson dementia complex and someliésmwith FTDP-17 (Frontotemporal
dementia with parkinsonism linked to chromosome (&jt panel). The typical PSP/CBD
(Progressive supranuclear palsy/Corticobasal degtoe) doublet tau 64, 69 is related to the
aggregation of hyperphosphorylated tau isoformb wion 10 (4R). The FTDP-17 families with
mutations in exon 10 or intron 10 exhibit the sgmafile (middle panel). Hyperphosphorylated
tau proteins without exon 10 (3R) aggregated irk'Riclisease are detected as a tau 55, 64
doublet (right panel). Color codes: yellow box:drtsencoded by exon 2, green, by exon 3, red

by exon 10.

Most of the phosphorylation sites on tau are latatéthin the microtubule
repeat domain and flanking sequences and affeaiststal properties of the protein
(Hagestedet al., 1989). Phosphorylation on these sites influencesnieraction with
microtubules (Lindwallet al., 1984; Trinczeket al., 1995). Therefore, many groups
have been interested in the kinases and phospkatag#ved in the phosphorylation
state of tau. Patrickt al., (1999) reported upregulation of cdk5 in AD braibst Yoo
and Lulec, (2001) and Tanigucht al., (2001), were not capable of reproducing this
result. On the other hand, PP2A in AD brains hasnb&®und reduced in both
expression and activity (Gongt al., 1993, 1995; Vogelsberg-Ragagks al., 2001;
Loring et al., 2001; Sontaget al, 2004), hence, downregulation of phosphatases could
contribute to tau hyperphosphorylation (Matsetoal., 1994). Despite these results,

attempts to produce tangles or PHFs in animal mageély by alteration of the activity
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of individual phosphatases and/or kinases has mdt bgen successful, hence a
combination of sites are likely to be involved. Shihyperphosphorylation of tau
appears to be the result of a deregulation of ghagtation and/or dephosphorylation
events, and may have critical consequences. Fan@ra hyperphosphorylated tau
isolated from patients with AD is unable to bind nadcrotubules and to promote
microtubule assembly, both are restored after eamgndephosphorylation (Lu and
Wong 1993; Alonscet al., 1994; Igbalet al., 1994). These lines of evidence link
hyperphosphorylation to tauopathies. However, it ssll not clear how this

hyperphosphorylation is involved in the neuronajeteeration.

Fig. I. 7. shows a summary of the processing of taam its transcription via
posttranslational processing to its pathologicajragation and the disease-specific

electrophoretical fingerprint:

Fig. I. 7. Summary of tau’s genetics and its relation with patology. Tau gene is represented at the
top. Red is exon 2, dark red is exon 3 and yellownel0, in green exons that are not
transcribed. C and C* show the 6 isoforms of tad #reir relation with pathology; the
characteristic lesions seen at electron microsclgviel and their characteristic electrophoretic
print are shown in D and D’. Taken from  http://walzheimer-
adna.com/Psp/signaturePSP.html
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3. MAJOR TAUOPATHIES.

a. Alzheimer’s Disease (AD).

AD is the most common and best-studied tauopathgffécts approximately
10% of the population over 65 years of age (Raetcal., 1991). It is a progressive
neurodegenerative disorder that leads to demdnsa ¢f intellectual functions, such as
thinking, remembering, and reasoning), and behaalalisorders. Neuropathologically,
it results in widespread atrophy in the temporal parietal lobes and is characterised
by the presence of NFT composed of PHFs and stréiigihnents (SFs), both being
aggregates of tau (Kidd, 1963), and senile plaquesamyloid deposits), the two
necessary hallmarks to define a neurological desoms AD according to classical
criteria (McKhannret al., 1984, Hyman and Trojanowski, 1997). The tau agapesgyare
composed of the hyperphosphorylated state of alsdorms, and therefore are
biochemically characterised by the appearance reetmajor electrophoretic bands of
the tau protein at weights 55, 64 and 69 kDa ([mlteet al., 1990; Leeet al.,1991;
Goedertet al.,1994).

b. Progressive Supranuclear Palsy (PSP).

PSP has an estimated prevalence of 5-6 per 10p&xdle (Schragt al.,1999),
the average onset of the disease is 50-70 yeanta(3azet al.,1998) and has a mean
duration of approximately 8 years. It favours neitrace nor gender, although there is a
tendency for males to be more affected (Gabal.,1988).

PSP, also known as the Steele, Richardson, ancevd&r disorder, presents
clinically as parkinsonim, characterized by bradgsia (slow movements) and
prominent postural instability (Steeé al., 1964). It also presents dysarthria (slurred
speech) and dysphagia (swallowing problems) anthdnater stages, subcortico-frontal
dementia. Supranuclear gaze palsy is the charsiiteclinical sign of PSP. Tremor is
usually absent. The symptoms are associated withkedafrontal lobe glucose
hypometabolism (Brookst al.,1994), but the aetiology remains unknown. Thengois
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yet an effective treatment. Particularly, the dopesrgic therapy used in Parkinson’s

disease, is of little or absent benefit in PSP.

Neuropathologically, PSP is characterized by atyoph the basal ganglia,
subthalamus, and brainstem, with correspondingamaliloss and gliosis. Within these
brain regions, there is a high density of fibrjlaiau pathology, including neuropil
threads, and NFTs that are typically round or gsab@ollocket al., 1986; Hauwet al.,
1994; Litvan et al.,, 1996a). Glial fibrillary tangles in both astrocytesnd
oligodendrocytes are abundant (Haeal.,1990; Yamadat al.,1992; Komori, 1999).
Ultrastructural analysis of these neurofibrillagsibons revealed 15- to 18-nm straight
filaments, with a long periodicity (Tellez-Nagel catWisniewski 1973; Royet al.,
1974). The biochemical identification of insolublgperphosphorylated tau at 68 and
64 kDa (Flamentet al., 1991; Vermerschet al., 1994), corresponds to the 4R tau
(Spillantini et al., 1997; Sergeantt al., 1999). Furthermore, in PSP, the relative
abundance of tau mRNA containing E10 has been tegdo be increased in the
brainstem but not in the cortex, which is consisteith the distribution of the

neurofibrillary pathology (Chambees al.,1999).

c. Frontotemporal Dementia with
Parkinsonism Linked to Chromosome 17
(FTDP-17).

The first such disorder was linked to chromosomevhén Wilhelmseret al.,
(1994) described a familial disease they calledifthibition-dementia-parkinsonism-
amyotrophy complex” and demonstrated genetic liekafgthis disease to chromosome
17q921-22. Subsequently, a number of related negedeative disorders were linked
to the same region on chromosome 17 (Wigkeal., 1996, Birdet al., 1997, Fosteet
al., 1997, Heutinket al.,1997, Murrellet al., 1997, Lendoret al.,1998).

This group of syndromes consists of autosomal-dantly inherited

neurodegenerative diseases with diverse, but qy@rdg, clinical and
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neuropathological features (Foster et al 1997ni€dily, the disease commonly begins
with behavioural, cognitive or motor manifestatiargl is characterized primarily by a
progressive frontotemporal Dementia (FTD) and pesdmnism (Fosteet al.,1997). The
neuropathology of FTDP-17 is characterized by mdnkeuronal loss, frontotemporal
atrophy, gliosis, extensive neuronal and glial ifilwy pathology composed of
hyperphosphorylated tau protein (reviewed in Spilta et al., 1998, Crowther and
Goedert, 2000, Honet al., 1998), but without evidence ofamyloid deposits or other
disease-specific brain lesions (Murreli al., 1999, Lippaet al., 2000, Rizziniet al.,
2000, Spillantiniet al., 2000). In some cases the biochemical pattern idasito AD,
with 69, 64 and 55 kDa forms of tau, while in otlcases the pattern is like CBD and
PSP, where only the 69 and 64 kDa tau is found.|dtter phenotype is due to intronic
mutations that result in the forced expressionxainelO (Groveet al.,1999; Huttonet
al., 1998; Spillantiniet al., 1998; Varaniet al., 1999). Some factors involved in the
alternative splicing of tau have been already ifiedt (D’'Souza and Schellenberg,
2002). More than 25 mutations in the tau gene Hmeeen identified in exons 1, 9, 10,
11, 12, and 13 as a cause of FTDP-17. These musatiay affect mRNA splicing or

the protein levels of tau and occur preferentiadlyhe microtubule binding region.

d. Corticobasal Degeneration (CBD).

It is an adult-onset progressive neurodegeneraligerder characterised by
cortical disturbances like aphasia and apraxia, eradd dementia and markedly
asymmetric motor disturbances, such as rigiditynbli dystonia and tremor.
Neuropathological examination indicates depigmémtabf the substantia nigra (Rebeiz
et al.,1967, 1968) and frontoparietal atrophy, neurooss with spongiosis and gliosis.
Tau pathology is found in neurons as intracytoplasaggregates (lwatsubet al.,
1994; Mori and lharal991) and in glial cells asreabteristic astrocytic plaques. A
striking feature of CBD is the extensive accumolatof tau-immunoreactive neuropil
threads throughout gray and white matter (FeanyCaokson 1995; Feangt al.,1996).
The tau filaments in CBD include both PHF-like filants and straight filaments
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(Ksiezak-Reding et al 1994, Komori 1999). Electroygtically, hyperphosphorylated
tau is only found in the 69 and 64 kDa forms.

e. Pick’s Disease (PiD).

PiD is a rare form of neurodegenerative disordaratterised by a distinct
dementing process producing disturbances in larggg@gnstantinidi®et al, 1974), as
well as depression and behavioural changes assdaidath frontal lobe atrophy. This
disorder is characterized by the presence of cgtopic tau inclusions in neurons of the
frontal lobe, known as Pick bodies (Briehal.,1991). The granular cells of the dentate
gyrus are also affected. Biochemical analysis uSifagtern blot with phosphorylation-
dependent tau, reveals that in all cases of Pilzjamd5 and 64 kDa tau doublet (Buee-
Scherreret al., 1996; Delacourteet al., 1996), indicating the absence of exon 10

expression.

There are other tauopathies like postencephalickinmonism, Down’s
Syndrome, myotonic dystrophy, prion disorders WNRT, Niemann-Pick Type C
disease or the Parkinsonism-Dementia-Complex ofnGtlzat will not be described
here, but are reviewed in detail by Bugteal., (2000), Ingram and Spillantini, (2002)
and Avilaet al.,2004.
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4. PATHOPHYSIOLOGY OF TAUOPATHIES.

The role of tau in neurodegeneration is still ajsciof ongoing debate. Two
major hypotheses have been proposed: (1) a gdioxaity of the tau protein, where
intracellular accumulation of tau is the cause af death, as it has been demonstrated
for FTDP-17, where a mutation in tau is sufficiémtcause the protein aggregation in
the cytoplasm and the second cell death (Goedet, 1998); (2) a loss of function of
tau, where the protein loses its biological functmf stabilising the microtubules and
cell death results from an altered microtubule dyicaand its consequences (Feinstein
and Wilson, 2005).

5. AETIOLOGY OF TAUOPATHIES.

There are 3 possible aetiologies described to date.

A genetic origin was first described for FTDP-17, which refers tgraup of
autosomal dominant inheritance with mutations m tidw-gene (reviewed by Braneit
al., 2005). In 1998, tau mutations in introns and exawrse identified and associated
with FTDP-17 (Huttonet al., 1998; Poorkajet al., 1998; Goedertet al., 1998),
establishing the dysfunction of tau due to mutaioas a possible cause of
neurodegeneration. This is the only tauopathy weitiproven genetic cause, where

mutations in the tau protein are sufficient togegthe disease.

Tau polymorphisms may be a risk factor for PSP and CBD (de Yebeted.,
1995; Rojoet al,2000). Conrad and colleagues, (1997), were teethirdemonstrate an
allelic association of a dinucleotide polymorphismntron 9 of the tau gene with PSP,
showing that variations in the tau gene could bgeretic predisposition in sporadic
PSP. This observation was confirmed for PSP and ®Bthers (Di Mariaet al.,
2000; Houlderet al.,2001). The allelic association to PSP and CBD hates extended
to a series of polymorphisms, defining the PSP-@ated haplotype H1, distinct from
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the haplotype H2, which is not PSP-associated (Bakeal., 1999; Ezquerrat al.,
1999; da Silva, 2003).

Another hypothesis links distinct tauopathies éavironmental triggers.
Natural toxins contained in food products are higpsised to cause several tauopathies.
In the island of Guam for example, PDC has beeketinto the consumption @ycas
rumpii, a false sago palm, which contain®-glucosides, which may cause the disease
by glutamate neurotoxicity (Khabaziat al., 2002; Wilsonet al., 2002). Atypical
parkinsonism associated with the consumption oftgldrom theAnnonaceadamily
have been described in the island of New Caled@dmgibaudet al.,2004) and in the
Caribbean island of Guadeloupe (Caparros-Lefebvra., 1999). The latter disease is

the main interest of this thesis.

C) ATYPICAL PARKINSONISM IN
GUADELOUPE.

In Europe and North America, idiopathic Parkinsobisease is the major form
of parkinsonism, about 20% are atypical parkingon{®e Rijk et al., 1997) and less
than 4% of patients have Progressive Supranuclaly RPSP) (Golbest al.;1988).
Parkinsonism is defined as a combination of symptomhich include bradykinesia and
at least one of the following: tremor, rigidity postural instability (Calnet al.,1992).
Parkinson’s Disease has a unilateral onset anelv@bpa responsive (Gibb and Lees,
1988). The major clinical symptoms result from &aiein striatal dopamine due to the
loss of dopaminergic neurons in tBabstantia nigra pars compact®Npc) (Agid,
1991). PSP differs from Parkinson’s Disease bec#uselevodopa-unresponsive and
presents a unique characteristic to this disordesupranuclear gaze palsy, which is
essential for clinical diagnosis of PSP (Litvainal., 1996b). Patients that do not fulfil
classical criteria for PSP, by presentation of dwfiations or delusions, severe
autonomic dysfunction, cortical sensory deficitatien limb phenomena (Litvaet al.,

1996a), are referred to as atypical parkinsonism.
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In Guadeloupe, a Caribbean island in the Frencht Wdges, Caparros-Lefebvre
and Elbaz (1999) found a high prevalence (33%) $P FRand atypical parkinsonism
unresponsive to levodopa (33%). Three PSP-likeepttithat came to autopsy had
neuropathological features that resemble those S®:Phigh accumulations in the
perikarion of abnormally phosphorylated tau (Capsilcefebvreet al., 2002). In two
clinical studies (Caparros-Lefebvre and Elbaz, 198&nnuzelet al., in press), a
relationship between the consumption of herbalaed fruits from theAnnonaceae
family (custard apple or pawpaw family) has beerscdbed. In the island of
Guadeloupe, the most commAnnonaceaglant isSAnnona muricatawhich is known
to contain potent neurotoxins which inhibit compleaf the mitochondrial respiratory
chain, so called annonacous acetogenins. Annoriacthe most abundant of these
acetogenins produced exclusively Bnnonaceaeand has become a candidate
neurotoxin that might be involved in the aetiolagythe disease (Degli Esposti, 1998;
Hoglingeret al, 2005).

1. Gd-PSP CLINICAL PHENOTYPE.

Lannuzelet al., (in press), based on a cohort of 160 parkinsompiatients,
defined in detail the clinical phenotype of thepatpl parkinsonism in Guadeloupe.
From 160 patients, 104 (63%) had atypical formparkinsonism. Fifty-one (50%) of
these had supranuclar ocular motor dysfunction arel referred to as Gd-PSP
(Guadeloupe PSP-like syndrome). In this group, 1Zhese patients fulfilled the
NINDS-SPSP diagnostic criteria for possible or @tale PSP (Litvaet al.,1996a), and
the majority (n=39; 76%) present at least one efriandatory exclusion criterion for
PSP (hallucinations and /or delusions, severe autan dysfunction or both). The
remaining 50 atypical parkinsonian patients hadoandgeneous clinical syndrome,
which differs from the Gd-PSP because of the alssehoculomotor problems and will
be referred to as Gd-PDC (Guadeloupe parkinsonismedtia complex). Apart from
this feature, Gd-PSP and Gd-PDC are indistinguighab
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Tremor was the most frequent initial symptom in B8P and Gd-PDC patients
followed by the other classic parkinsonian symptonggdity and bradykinesia, which
were in many cases symmetrical and both Gd-PSRGakhBDC patients were little or
non-responsive to levodopa. In classical PSP, paisnstability and falls are frequently
initial symptoms (Litvaret al., 1996b), while in Gd-PSP and Gd-PDC they appeared
later (2,5 and 3,4 years after disease onset riagplgr. Many patients with Gd-PSP
and Gd-PDC presented exclusion criteria for clas$*SP like cognitive or psychiatric
dysfunctions (memory impairment, personality changer hallucinations) and
unexplained autonomic dysfunction (like arthostatitypotension and urinary
incontinence). Almost all had fronto-subcorticalndtia. The only statistically
significant difference found between Gd-PSP andPRB& was the existence or absence

of oculomotor dysfunction respectively.

2. Gd-PSP NEUROPATHOLOGY,
BIOCHEMISTRY AND GENETIC ANALYSIS.

Three patients with a PSP-like clinical manifestatrom Guadeloupe came to
autopsy. Neuropathological examinations (Caparefelivre et al., 2002) showed
accumulations of tau protein, predominantly in thiglbrain, which resembles that of
PSP (Litvanet al., 1996b) as shown in Fig. I. 8. Immunohistochemiseyealed tau
positive processes (threads) and cell bodies (py&ds, i.e., diffuse immunostaining of
the cell body) or true neurofibrilly tangles whickere rare and astocytic tuffs,
considered as highly suggestive of PSP (Hatnal., 1990; Komoriet al., 1998), were

virtually absent in case 1.
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PSP

Gd-PSP

Coiled body Tuff Tangles

Fig. I. 8. Comparison of histopathology between GuadealoupeaRSP (Gd-PSP) (case 3) (lower
row) and PSP (upper row) in the striatum.A) Coiled bodies (Tau accumulation in astrocytes).
B) Astrocytic tuffs (tau accumulated in astrocyte§)) Tangles (tau inmunoreactivity).
Polyclonal anti-tau from Dako was used. Scale b&0-n.Taken from Caparros-Lefebvre et
al., 2002.

Biochemical studies of brain tissue homogenatesctied the classical doublet at
64 and 69 kDa of tau (Caparros-Lefebwt al., 2002), which is characteristic for
tauopathies like PSP, which accumulate hyperphogfatied tau isoforms containing
the exon 10 sequence (Mailliet al.,1998; Sergeardt al.,1999).
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Fig. I. 9. Biochemical mapping of pathological tau of three Gadeloupean casesl8, 24 and 15
brain regions of Case 1, Case 2 and Case 3 regglgotvere analysed for their pathological tau
content by Western blotting. Antibody AD2 detectedoublet of pathological tau at 64 and 69
kDa in the three cases, whereas the typical tripfepathological tau is observed in the
Alzheimer brain tissue samples (AD lanes). AD =himer's disease; Accu = nucleus
accumbens septi; Amy = amygdala; Ant tha = anteribalamus; BA = Brodmann area;
Bulb = bulbe; Cb = cerebellum; Cd Ns = caudate ews] Cp Call =corpus callosum; Ct
Ova = centre ovale; Ento = entorhinal cortex; Eall B external pallidum; Hip = hippocampus;
Inf Pall = internal pallidum; Ins =insula; LN =das niger; Lat Thal = ventral lateral nucleus;
Med zone = medial zone; Med tha = median thalarfug;= putamen; Red Ns =red nucleus;
SN = substantia nigra; Sub Thal = subthalamic msclénucleus of Luys); Tha = thalamus;

Trc = brainstem; WM = white matteFaken from Caparros-Lefebvre et al.,2002.
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In FTDP-17 mutations have been described (Huétoal., 1998; Poorkagt al.,
1998; Goederet al.,1998), and tau haplotype tau polymorphisms coafgenetic risk
for PSP (Bakeet al., 1999) and CBD (Corticobasal Degeneration) (Di dat al.,
2000; Houldeeet al.,2001) but not for other tauopathies like PiD (PidRisease) (Russ
et al., 2001). Although none of the patients had a farhistory of parkinsonism or
dementia, a genetic study of these 3 autopsiedrgatirom Guadeloupe was carried out
and no mutation of the tau gene was observed. Weg all homozygous for the H1
haplotype (Caparros-Lefebvet al.,2002).

3. EPIDEMIOLOGICAL STUDY ON
GUADELOUPE.

Out of the 31 PSP-like patients (now called Gd-P&RI the 30 with atypical
parkinsonism (renamed Gd-PDC) examined by Caparedsbvre and Elbaz (1999), all
reported regular consumption of either pawpaw fantherbal teas. These groups
consumed significantly more fruits and drank moeebhl tea than controls (fruit: odd
ratio 20-7; herbal tea: 6-48). Caparros-Lefebvre Bivaz (1999) therefore postulated a
link with the consumption of herbal tea and fruftem the Annonaceaefamily
(speciallyAnnona muricatawhich is the most common in the region), which tagn
high concentrations of neurotoxins like benzyltey@droisoquinoline alkaloids (Leboeuf

et al.,1980) and annonaceous acetogenin®{lal. 1990; Cavét al. 1997).

More evidence has been recently collected (Lanretzal., Brain, in press) from
a cohort of 160 parkinsonian patients. The consiompif fruit and infusion of leaves
of Annona muricatavas evaluated in Gd-PSP and 31% Gd-PDC patients@mnckerted
into mg of annonacin (major acetogeninAnnona muricatp as determined by mass
spectroscopy (Champat al., 2005). One fruit and one cup of infusion are eated to
contain 15mg and 0,14mg of annonacin, respectiviégigreof, the amount of annonacin
ingested during the patient’s life was estimated snsummarised in Table I. 4. The
percentage of high consumption1Q fruits or cups per day for one year) of
annonaceous products in Gd-PSP and Gd-PDC did iffet gignificantly and the
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estimated ingestion of annonacin was significantlgreased compared to control

subjects in both groups.

% High consumption Estimated amounts of
N of annonaceous annonacin ingested in P
products grams (meanzS.E.M.)
Controls | 75 33 33+6
Gd-PSP | 21 76 148+40 i
Gd-PDC | 23 74 156+48 ok

Table I. 4. Comparison of high consumption of annonaceous prodis (in percentage) and
estimation of ingestion of annonacin between contl® and atypical parkinsonisms of
Guadeloupe.Gd-PSP and Gd-PDC patients are higher consumexsnafhaceagroducts than
controls. High consumption refers tol0 fruits or cups of annonaceous products peridaye
year. The estimation of the amount of annonaciestef during the patients’ life is expressed as
gram (meanzS.E.M), knowing that each fruit contdiBeng of annonacin and each cup 0,14mg.
***Sjgnificantly different than control values (p<@1, one-way ANOVA followed by Student-
Newman-Keuls test)

D) AN ENVIRONMENTAL TOXIN
HYPOTHESIS.

The absence of Mendelian inheritance and of mutatio the tau-gene, the
ethnic heterogeneity of the affected populationp@@eos-Lefebvreet al., 1999, 2002;
2005, Lannuzett al., Brain, in press), and the high prevalence of gfioreases, argue
against a genetic cause of Guadeloupean atypiagkinpanism. The geographical
clustering of this disease on the islands of Guaged and its association with the
regular consumption oknnona muricatgCaparros-Lefebvret al., 1999; Lannuzeét
al., in press) are arguments in favour of a naturahtoglated aetiology of this PSP-like

disease.
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Other associations between the consumptionAohonaceaeand atypical
parkinsonism have been reported in other geograliisolated regions such as New
Caledonia (Angibaue@t al.,2004). These associations in independent popuktath
genetically distinct backgrounds also argue in tmvof the hypothesis that toxic
compounds contained in fruits from tRenonaceadamily, which are very deeply-
rooted in the daily life of certain populations, ynbe responsible for the observed

neurodegenerative syndrome.

Intriguing evidence linking these two effects (comption of Annonaceae
products and Guadeloupean disease) was describ€dmrros-Lefebvre (1999) when
five patients under the age of 65 showed remarkabgovement when they stopped

consuming anonnaceous products.

E) EXPERIMENTAL WORK SUPPORTING THE
TOXIN-HYPOTHESIS IN GUADELOUPE.

Isoquinolin-alkaloids and acetogenins are the twajomgroups of neurotoxins

contained in thénnonaceaglants.

The alkaloids are found in many plants, they amrdghilic and energy poisons,
but their molecular mechanism of action has nonbsearly elucidated (Kotaket al.,
2004). To investigate if they cause neuronal degeiom, and therefore play a role in
the Guadeloupean disease, Lannuzel and collabsrgt002), studied their toxicity and
possible mechanism of action on dopaminergic neuronitro. In this study alkaloids
killed non-selectively (i.e., dopaminergic and GA&4ic neurons). The analysis of the
mechanisms of action showed that glucose protestigahst annonacin by glycolitic
stimulation (Lannuzekt al.2002), suggesting that alkaloids might contribudettie

toxicity of the plantsn vivo by energy depletion.

The acetogenins are a group of over 400 differemieaules, which constitute a
unique and structurally homogenous class of poigtkst (fatty acid derivatives). They
are highly lypophilic because of their fatty-acidrdled chain (Degli Esposegt al.,
1998), which allows them to penetrate into cellgphgsive diffusion, they are stable to

light, pH, temperature, are specific to thenonaceaglants (Cavét al. 1997; Alali et
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al., 1999) and are potent and specific inhibitors ofostiondrial complex | (Tormet
al., 1999; Motoyamaet al.,2002).

Fig I. 10. Molecular structure of annonacin. Annonacin has an aliphatic tail, which confers
lipophilicity allowing it to cross the blood-bralmarrier and cell membranes, and an aromatic

end.

The toxicity and mechanisms of neurotoxicity of anacin (Fig. I. 10), the most
abundant acetogenin ilnnona muricata(Laprévoteet al., 1993; Gleye, 1998), was
studiedin vitro and compared to other complex | inhibitors sucM&§", known to kill
dopaminergic neurons (Langsten al., 1999), and rotenone (Hoglinget al., 2003).
Annonacin penetrates by passive diffusion and tffequally dopaminergic and non-
dopaminergic neurons (Lannuzet al., 2002). It inhibits the complex | activity of
submitochondrial particles with an 4€of about 30 nM (Tormet al., 1999) and Kkills
neurons by ATP depletion, thereby being about B@&$i more toxic to dopaminergic
neurons and 2000-times more toxic to non-dopamicergurons than MPRLannuzel
et al.,2003).

From this moment onwards, more attention was paidthe acetogenin
annonacin mainly because of two reasons: 1) acetugevere toxic at nanomolar
concentrations, whereas for alkaloids to be toxm¢cromolar concentrations were
necessary, 2) acetogenins are known mitochondmidhg, like other parkinsonian-
inducing compounds such as MP@angstonet al., 1999) or rotenone (Hoglingeat
al., 2004).

To test the hypothesis that annonacin is capabladufcing neurodegeneration
in a living system, it was administrated intravesiguo rats for 28 days (Champyal.,

2004). It was shown that annonacin enters the naih lparenchyma, decreases brain
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ATP levels and induces pronounced and widespreatbdegeneration in basal ganglia
and brainstem nuclei, whereas hippocampus, ceushelnd cerebral cortex are only
moderately affected. This mimics the distributidrbaain lesions seen in patients with
atypical Guadeloupean parkinsonism (Caparros-Leeaival., 2002).

Champyet al., in 2005, quantified the concentration of annonanimifferent
extracts of fruit and leaves dAnnona muricataand estimated that an adult who
consumes one fruit or can of nectar a day durimdpale year, would have consumed a
cumulative dose/kg (106 mg/kg) equivalent to theedadministrated to the rats (3,8
mg/kg/day) (Champet al.,2004).

In Table I. 5., the concentrations of annonacindifierent preparations are

shown.

Table I. 5. Concentrations of annonacin in differentAnnona muricatapreparations. The average
content of annonacin in one fruit is estimated @oabout 15mg, in a can of commercial nectar

36mg and in a cup of infusion 14@. Taken from Champy et al.,2005
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F) AIM OF THIS THESIS.

The epidemiological and experimental data descrilddve are strongly
suggestive of a relationship between the consumpifcAnnona muricatarich in the
acetogenin annonacin, and the widespread neuroeegem in the brain which
resembles that of the tauopathy PSP. The aim ofhmsis is to demonstrate that the
acetogenin annonacin, a lipophilic and potent cempl inhibitor, is capable of
inducing a tau pathology consistent with that desct in the patients on the island of
Guadeloupe. To reproduce a tauopathy in presencanobnacin and to study the

underlying mechanisms, @mvitro model is most adequate.

In Parkinson’s disease and in atypical parkinsonlike PSP, one of the most
affected regions is th&ubstantia nigra specifically the dopaminergic neurotransmitter
system (Agid, 1991; Rubergt al., 1995). We decided upon an vitro model of
primary cultures of rat striatum instead, because gtriatum was a major site of
pathology in the three Guadeloupean patients taecto autopsy (Caparros-Lefebvre
et al.,2002) and also in annonacin treated rats (Chashpi;,2004).
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Il. RESULTS.

A) CELL DEATH AND TAU REDISTRIBUTION
IN ANNONACIN TREATED STRIATAL
CULTURES.

1. DOES ANNONACIN INDUCE CELL DEATH
IN STRIATAL NEURONS IN CULTURE?

The striatum was dissected from the brains of nabrgos at embryonic day
E16,5 as described (see methods chapter). Theveebs dissociated and cultured for 3
days in presence of the antimitotic agent AraClitaieate proliferating astrocytes and
treated with annonacin at DIV 5/6 for 48h.

First, we determined the concentration of annonatiwhich the inhibition of
complex | became toxic after 48h. This time poirdswchosen so that the cell death
process could occur slowly enough to allow us tmgtthe events that lead to it. We
treated the cells with an increasing range of cotnagon of annonacin: 0, 25, 50, 75,
and 100nM and quantified cell survival after 48lhwthe Live/Dead kit (see materials)
which distinguishes living cells labelled with ceilec (green) from dead cells labelled
with ethidium homodimer (red) which intercalatestieir DNA. The dose response
curve for cell survival in annonacin treated cuwtafter 48h of treatment is shown in
Fig. Il. 1A. Cell survival is presented as the patage of control levels, approximately
7 x 10 cells / 16 mm wells. Fifty percent of cell sundivasas obtained at a
concentration of 50nM and almost all cells wereddeadouble the concentration after
48h.

Hence, annonacin is capable of inducing cell dea#triatal neurons of primary
cultures, as it does in the striatum of living aaisn(Champyet al., 2004), indicating

that we can use this vitro model to study whether annonacin induces tau pagkio
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2. IS TAU ACCUMULATED IN THE
PERIKARYON OF ANNONACIN-TREATED
CULTURES?

In human tauopathies, like Alzheimer's Disease (AD) Progressive
Supranuclear Palsy (PSP), the tau protein is fowmndhe cytoplasm of the cells
accumulated or aggregated in neurofibrillary taaglFT) (Reviewed by Leet al.,
2001).

Our interest is to know if annonacin is capabléndiicing such a tauopathy, i.e.,
the accumulation or aggregation of tau in the sofr&triatal cultures. For this purpose,
we performed an immunocytochemical analysis of tthe protein in striatal cultures
treated with the same range of increasing condsorisaof annonacin that were used to
evaluate cell death. Tau was detected with the gitwylation-dependent AD2 tau
antibody, used to diagnose AD (Re&igal., 1995) CBD and PSP (Buee-Schereal.,
1996), which labels an epitope on tau phosphorglateserine residues 396 and 404.

In striatal cells, annonacin induced an increasthennumber of neurons with
AD2-positive cell bodies in a dose-dependent way saswn in Fig. Il. 1B.
Representative images of AD2- labelled striatalraesi treated with annonacin 25, 50,
75 and 100 nM are shown in Fig. Il. 1C. Tau imm@aativity was found mainly in the
neurites in control conditions, but in annonaceated cultures, the neuritic network
became less dense and the tau labelling was foupstlymin the perikaryon. An
identical distribution of tau was obtained undex H#ame experimental paradigm when
tau was immunolabelled with other phosphorylatiepehdent antibodies against other
serine or threonine residues: ATS8: serine 202 éahine 205; AT270: threonine 181
and AT100: threonine 212 / serine 214, which recmmpathologically phosphorylated
tau, see Fig. II. 1D.

These findings suggest that annonacin induceselaualisation prior to the cell

death of striatal neurons in a dose dependent way.
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Fig. Il. 1. Annonacin treatment induces cell death ad redistribution of hyperphosphorylated tau in
striatal cultures. Treatment of striatal neurons in culture for 48thvincreasing concentrations
of annonacin caused a dose dependent decreas# sursival (A) and a redistribution of tau
labelled with the AD2 antibody to the cell body (BJell survival (meant s.e.m. of 4
independent experiments) is presented as a pegeenfathe control value (658944 cells / 16
mm well). ***Significantly different than control alues (p<0,001, one-way ANOVA followed
by post hoc Dunnett test). C) Representative moopis fields of striatal cultures treated with
increasing doses of annonacin for 48h labelled #ith anti-tau antibody AD2 (red). D) ATS,
AT100 and AT270 (red). Antibodies raised againdteotphosphorylation sites on tau also
evidence tau redistribution like AD2. DAPI (bluabkls nuclei. Scale bar 2@ (C and D).
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3. DOES ANNONACIN INDUCE THE
ACCUMULATION OF OTHER PROTEINS
ASSOCIATED WITH
NEURODEGENERATIVE DISEASES?

To investigate if the effect of annonacin is spedib the tau protein, annonacin-
treated striatal cultures were immunolabelled vatitibodies raised against proteins
related to other human neurodegenerative diseasgty as -synuclein, a major
component of Lewy bodies in PD (Spillantigt al, 1997) and the peptideamyloid,
constitutive of the senile plaques seen in AD pasie(Glenner and Wong, 1984;
Masterset al.,1985).

Although the antibodies recognized the proteinswastern blots of rat brain
extracts and identified Lewy bodies and amyloidgpkss in the brains of patients with
Parkinson’s and Alzheimer’s disease, respectivebt 6hown), no accumulation of
synuclein or -amyloid were detected in the cell bodies of ancondreated striatal

neurons under our experimental conditions.

This indicates that cytopathological effects of @macin are specific to the tau
protein among those that form the histopathologidahlimarks of other

neurodegenerative diseases.
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4. ANNONACIN DOES NOT INDUCE
AGGREGATION OF TAU.

Aggregation of the tau protein has been described dther human
neurodegenerative diseases, such as the NFTs mhsawith AD (reviewed by
Goedert, 1993; Trojanowskit al., 1993) or PSP (Chambees al., 1999) and insoluble
aggregates of tau have also been found in the drafnpatients with atypical
parkinsonism in Guadeloupe (Caparros-Lefel®tral.,2002). These aggregates can be
recognised with Thioflavin S, a marker for amyldiice protein aggregates with a
secondary -sheet structure (Banchert al.,1989; Braaket al.,1994). To know whether
annonacin induced the formation of tau aggregates,labelled annonacin treated

cultures with the amyloid-binding dye Thioflavin S.

No Thoflavin S positive aggregates were observath(dot shown), suggesting
that tau in annonacin-treated cultures, did noptda -sheet secondary structure. To
confirm this observation and determine ultrastreadty how tau is redistributed in the
neurons of annonacin-treated cultures, we used moralectron microscopy analysis
studying the distribution of tau labelled with AD& control cultures and cultures
treated for 48h with 50nM of annonacin. Fig. 1l.shows a representative neuron from
each condition. In control cultures, tau labellisgabundant in the neurites and absent
in the soma, whereas in the annonacin treatedreslttau had almost disappeared from
the neurites and was increased in the cytoplasnerevih remained dispersed and did

not form aggregates.
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Fig. 1. 2. Tau does not form aggregates in annonacin treateduttures. Tau was immunolabelled

with the AD2 antibody and observed by electron oscopy in control cultures and cultures
treated for 48h with 50nM of annonacin. No evidenfeaggregation was seen, but rather an
accumulation of the protein in the cytoplasm of tiel. No tau was found in the nuclei. Scale

bar 2 m.

This series of experiments in a striatal cell a@tunodel from rat E16,5
embryos, shows that annonacin-induced neuronalhdéat associated with the
accumulation of hyperphosphorylated tau in the sofretriatal neurons in the form of
pre-tangles (diffuse distribution in the cytoplasflis mimics the pathology described
on the island of Guadeloupe (Caparros-Lefebgteal.2002), where the striatum
contains one of the neuronal populations that degeée in the brains of the patients
which was reproduced in rats after chronic intotara with the complex | inhibitor
(Champyet al.,2004).

This cell culture model was used in further expennis to approach the question

of how annonacin can induce such a redistributicth@tau protein.
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B) INHIBITION OF COMPLEX | AS THE
ULTIMATE CAUSE OF THE
REDISTRIBUTION OF TAU.

Annonacin is an inhibitor of the mitochondrial resgpory chain at the level of
complex I. Inhibition of complex | has two direatrisequences, namely 1) an increase
of free radical production, especially superoxifi@s ) ions that are converted to
hydrogen peroxide (¥D,) by the superoxide dismutase and transformed enFémton
reaction into highly reactive hydroxyl radical®K) (Fridovich, 1998), and 2) an ATP
depletion. Both, oxidative damage and an energigit@l the cell, could be the cause
of the redistribution of tau in the presence of@ractin as a consequence of complex |

inhibition. Therefore we have examined both positids.

1. ARE THE REACTIVE OXYGEN SPECIES,
PRODUCED BY INHIBITION OF COMPLEX
| RESPONSIBLE FOR THE ANNONACIN-
INDUCED CHANGE IN THE DISTRIBUTION
OF TAU?

It has been proposed that reactive oxygen speR@sS) may contribute to the
ageing process and play an important role in maadnial pathology (Harman 1981;
Berlett and Stadtman 1997). As mitochondria are rttan consumers of molecular
oxygen and the respiratory chain has been showgernerate large amounts of ROS in
the presence of specific inhibitors (Cadenas aneeBs 1980; Turrenst al.,1985), we
wanted to know whether mitochondrial free radicedduction is implicated in the

redistribution of tau.

Firstly, to determine if annonacin induced freeical production in striatal

neurons, ROS levels were measured and visualistdtiae fluorescent dye DHR-123
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(Dihydrorhodamine-123), a positively charged rhodenderivative, which enters
mitochondria and fluoresces when it is oxidisedreyg radicals. Striatal cultures where
treated with 100nM of annonacin for 6h at DIV 560and then incubated with DHR-

123 for 30 min before quantitative analysis of uidiual neurons.

Annonacin induced an increase in DHR-123 fluoresedn striatal cultures as
illustrated in Fig. Il. 3A (Fig. Il 3B). Annonacirincreased by about 40% the
intracellular production of ROS after 6h of intoaimn with annonacin compared to
controls. To reveal if the produced free radicalsld be scavenged, two structurally
different anti-oxidant agents, trolox 10M (a vitamin E derivative) and N-
acetylcysteine 5 mM (NAC), were added approximatelyr before the addition of
annonacin. The pre-treatment with both ROS scavengeduced the ROS induced by

annonacin to control levels (Fig. 1l. 3A,B).

To determine if ROS are responsible for annonawituced cell death and tau
redistribution, striatal cultures were treated w#®nM of annonacin for 48h in the
presence and the absence of these anti-oxidantthandanalysed for cell survival and
tau redistribution with the anti-tau antibody ADReither of the scavengers were
capable of preventing annonacin-induced cell d¢gity. 1I. 3C) or tau redistribution
(Fig. II. 3D).
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+Annonacin

Fig. Il. 3. Free radical production is not responsible for thecell death and tau redistribution

caused by annonacinA) Representative fields of DHR-123 labelling iantrol cultures and
treated cultures with annonacin in the presencetiamabsence of two ROS scavengers (5mM
NAC and 10 M trolox) for 6h. Scale bar, 28n. B) Quantification of the intensity of DHR-123
in the presence and in the absence of ROS scaweree percentage is shown as the mean
+s.e.m. in respect to control levels. *Significgrdifferent than control values (p<0.05, one-way
ANOVA followed by Dunnett's test). # Significanttiifferent to their respective control, but not
significantly different to control values (p<0.08ne-way ANOVA followed by Dunnett's test).
Neuronal survival (C) and AD2neuronal cell bodies (D) in control and annonac&ated
cultures after 48h in presence (open bars) or @les@griack bars) of the anti-oxidant trolox (left)
or NAC (right). *** Significantly different than catrol values (p<0.001, one-way ANOVA
followed by Dunnett's test). ** Significantly diffent than control values (p<0.01, one-way
ANOVA followed by Dunnett's test).
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These results show that mitochondrial free radpralduction is increased by
annonacin and that ROS levels can be decreasedmtithxidants, but they do not play
a role in either the cell death or in the redisttibn of the tau protein caused by

inhibition of complex | by annonacin in striatalurens.

2. IS ATP DEPLETION RESPONSIBLE FOR
THE EFFECTS OF ANNONACIN?

The inhibition of complex | implies the break dowhthe proton motive force
( H) which is used by complex V to phosphorylate ARPATP, an energy source
readily usable by cells. However, the cell has eosd and less efficient anaerobic
system for producing energy in the form of ATP, elnyglycolysis, which transforms
glucose into ATP in the cytoplasm, and is indepahdé the mitochondria. A previous
study in mesencephalic cultures (Lannuztedl., 2003), showed that high extracellular
glucose levels prevent the cell death induced lmpaacin by activating glycolysis. We
sought to protect our striatal cultures from taulogation by the same means.
Therefore, we increased the concentration of gkidasthe medium from 250M,
which is close to the extracellular levels in thaib (Fellowset al.,1992; Netchiporouk
et al.,2001), to 50 mM throughout the exposure of theroresito the toxin. As shown
in Fig. Il. 4A, the stimulation of glycolysis bydt concentrations of glucose (50 mM)
was sufficient to prevent cells death of striatalimons and also the accumulation of tau
in the soma (Fig. Il. 4B). The effect of 50 mM dfigpse on AD2 labelled striatal
cultures treated with 50nM of annonacin is illuschin Fig. Il. 4C. These observations

suggest that energy depletion is responsible ftr bbthe effects annonacin.
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Fig.ll. 4. Glucose prevents from annonacin-induced cell deatand tau redistribution. Neuronal
survival (A) and ADZ cell bodies (B) in control and annonacin treataliuces in presence of
250 uM (open bars) or 50mM (black bars) of glucdg&.Significantly different to control
levels p < 0.001 one-way ANOVA followed by Dunnett's testf##Significantly different to
their respective control but not significantly @ifént to control levelsp(< 0.001 one-way
ANOVA followed by Dunnett's test). C) Representatiffelds of control cultures (top) and
annonacin treated cultures (bottom) in presenclewf(250 M) (left) or high (50mM) (right)
amounts of glucose. Tau is labelled in red with Al antibody and nuclei are visualised with
DAPI staining. Scale bar 2@n.

3. DO OTHER ENERGY DEPLETING
NEUROTOXINS INDUCE THE SAME
EFFECTS AS ANNONACIN?

We tested the hypothesis of energy depletion asiitireate cause of cell death
and tau redistribution with other neurotoxins cdeats depleting cellular ATP, such as
MPP" (1-methyl-4-phenylperidinium), another complex rhibitor, and 3-NP (3-

nitroproprionic acid), an irreversible inhibitor tfie complex Il the respiratory chain.
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Complexes | and Il both provide reducing equivaetd the respiratory chain for

oxidative phosphorylation.

MPP" is the active metabolite of MPTP (1-methyl-4-phehy,3,6-
tetrahydropyridine), a meperidine analogue thatuaed parkinsonian syndromes in
drug addicts (Langstoet al., 1983a, b). Since then, it has become the drug most
commonly used to model PD in animals (reviewed tae8borski and Vila, 2003). It is
a complex | inhibitor that differs from annonacmiis molecular structure and binding

site on complex | (Degli Esposti, 1998).

3-NP, an irreversible inhibitor of complex Il (tlsecond metabolic entry to the
mitochondrial respiratory chain) is known to produa very selective striatal
degeneration and ATP depletion and is thereford aeexmonly to model Huntington’s
Disease (HD) (Borlongaret al.,1997).

After 6h of intoxication with 25 M MPP" or 300 M 3-NP, when the cells had
not yet begun to show signs of degeneration, ATielée were measured by
chemoluminescence and were found to be signifigatgpleted (Fig. Il. 5C). After 48h
of treatment with increasing concentrations of MP® 10, 25 and 5(M) or 3-NP (0,
100, 300 and 1000M), there was a concentration dependent cell déath Il. 5A)
and a redistribution of tau to the cytoplasm of thétured neurons as seen with
annonacin (Fig. Il. 5B). The concentration at whMPP" killed 50% of the striatal
neurons was of 29, that is 500 times greater than the effective cemtration of
annonacin (50 nM). 3-NP was 50% effective with relgto cell death at 300/, a
concentration 6000 times greater, indicating thato@acin is a much more potent
neurotoxin. Figure 5D illustrates the effect of ibogéspiratory chain inhibitors at a 50%

efficiency concentration on striatal neurons.
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Fig. 1. 5. The complex I inhibitor MPP* and the complex Il inhibitor 3-NP also induce a dee-
dependent neuronal death and redistribution of taun primary cultures of rat striatum. A)
ATP levels were measured by chemical luminescemextracts of control cultures and cultures
treated for 6h with the toxin. The measurementewarmalised with the amount of protein in
each extract. Neuronal survival (B) and AD&Il bodies (C) are presented as the percent of
control values. The mean £ s.e.m. of 4 differeqegiments is shown. ***Significantly different
than control values (p<0,001, one-way ANOVA follavdy post hoc Dunnett test). D)
Representative fields of control and intoxicatetturas after 48h. Tau is labelled with the AD2
antibody (red) Nuclei are labelled with DAPI (blde} nuclei. Scale bar 20n.
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These results show that inhibition of the respmatohain, at the level of
complex | with annonacin or with other inhibitotsat induce a decrease in ATP levels
induces both the displacement of tau from neutitesell bodies and cell death. They
also suggest that the aetiology of neurodegenerdisorders where tau is disregulated,

may implicate a deficiency in energy metabolism.

The next question to be answered was, how tae-lscated in the soma of

striatal neurons in presence of annonacin.
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C) POSSIBLE MECHANISMS FOR THE
REDISTRIBUTION OF TAU.

Tau is physiologically located mainly in the axof@nder et al., 1985), but
under the effects of annonacin it is accumulatethé perikaryon of striatal neurons.
This can be due to two main reasons. The firatpassive process related to the “dying
back” mechanism where the axon of an unhealthyamedegenerates progressively
from the distal part and therefore tau may be “pdstback into the soma. The second
IS an active process which involves the retrogradenal transport. We have tried to

distinguish between these two processes.

1. IS TAU IN THE SOMA BECAUSE THE
NEURITES RETRACT?

Neuronal death in cell cultures is often precedgchéurite retraction as a self-
destruct programme against an external insult éreed by Raffet al., 2002). We
therefore examined whether the redistribution of 2ADau to the cell bodies of
annonacin treated striatal neurons was secondargr tpreceded neurite loss by
evaluating the integrity of the neurites. For tlusntrol and annonacin treated cultures
were co-immunolabeled with the dendritic marker MARNd the axonal marker beta-
[lI-tubulin and then observed their behaviour wiglspect to that of tau labelled with the
AD2 antibody. If the neuritic labelling disappearemjether with the AD2, it would
mean that neuritic retraction is responsible. Iftba other hand, AD2 disappears first,

this would be a sign that it occurs before neugteaction.

In control cultures, there was no co-localisatiostween MAP-2 and -lli
tubulin confirming that they label in a mutually adxsive way dendrites or axons,
respectively. In control cells, AD2 immunoreactwitolocalized with beta-IlI-tubulin
but not with MAP-2 and was not present in cell lesdjFig. 1. 6A), indicating that tau
is physiologically restricted to axons. In annonaiteated cultures, the neuritic network
was less dense than in control cultures and, in rémaining neurons, AD2

immunoreactivity acquired a discontinuous punctudistribution in the neurites,
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whereas beta-llI-tubulin labelling remained contins. These observations indicate that
neuritic loss followed rather than preceded changethe cellular tau localization in

annonacin-treated cells.

2. DOES ANNONACIN ALTER THE
MICROTUBULE NETWORK?

The best-known function of tau is the maintenanceicrotubule stability and
the polymerisation of tubulin which is necessanydellular transport. We have shown
that, after annonacin-treatment, tau is displacethfits physiological location and is
hyperphosphorylated, a process that induces those its biological activity (Gong et
al., 2005). To address the question of what happeritee microtubules after tau is
misplaced, we examined them by electron microsc@gy. Il. 6B). Microtubule
profiles in neurites were profoundly altered in @anacin treated cells (50 nM, 48 h). In
control cells, long segments of parallel microt@swvere visible, whereas in annonacin
treated cultures, the segments were much shortedeorganised. The difference in
length of the segments visualised in 8 neuriteeach condition, was statistically
significant (410£40 nm in control cells, 164+14 nm annonacin-treated cells, p<
0.001).

Fig. Il. 6. The redistribution of tau from the neurites to the cell bodies of annonacin-treated
neurons precedes neurite retractionA) Dendrites labelled with an antibody against MAP-
(left, green) and axons with an antibody againBt-tubulin (right, green). Colabelling with the
anti-tau antibody AD2 (red) shows that tau co-leed with -1ll-tubulin but not with MAP-2.
In annonacin treated cultures (bottom), both MAPegitive and -llI-tubulin positive neurites
were less dense and AD2 acquired a punctate steu@@trows), whereas both MAP-2 andll-
tubulin labelling remained continuous. Scale barr@0B) Electron microscopic photographs of
control (top) and annonacin-treated (bottom) neartct0 nM, 48 h). The controls have a long,
continuous and parallel microtubular network whé@nonacin induces their breakdown
rendering microtubules significantly shorter (410+&m in control cells, 164+14 nm in

annonacin-treated cells, p< 0.001) and disorganised
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These experiments suggest that the effect of amnoma tau destabilises the
microtubule network before neurites retract. Thasses a new question as to how
cellular transport is affected.
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D) MECHANISM OF MITOCHONDRIAL
TRANSPORT IN PRESENCE OF
ANNONACIN.

There is evidence that 1) there is an interactietwvben mitochondria and tau
(Junget al., 1993) 2) that tau allows binding between microtabuand mitochondria
(Sergeantt al., 2005),and 3) that tau participates in mitochordransport (Stameet
al., 2002). Therefore we asked if annonacin affect®chibndrial transport in the same

way that it affects the distribution of tau.

1. ARE MITOCHONDRIA REDISTRIBUTED
LIKE TAU IN ANNONACIN-TREATED
CULTURES?

To observe the intracellular distribution of mitoctlria, we labelled them by
immunofluoresce with an antibody against cytochrdine protein associated with the

inner membrane of the mitochondrion, in control andonacin treated cultures.

In control conditions, we find mitochondria distitied throughout the entire cell
with an equal intensity of labelling between theilgayon and the neurites (Fig. Il. 7),
suggesting a homogeneous distribution of the olg@an@roughout the neuronal
cytoplasm. In annonacin-treated cultures (50 nM, K8 however, they became
concentrated in the cell body and were less abundahe neurites (Fig. 11.7), showing
that mitochondria, like tau, are redistributed framurites to the cell bodies of

annonacin treated neurons.
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Fig. Il. 7. Mitochondria are redistributed to the cell bodies ¢ annonacin-treated neurons.
Mitochondria were labelled with an antibody agai@gtochrome C (CytC). In control cultures,
CytC is distributed throughout the cell, but in anacin treated cultures, CytC labelling

increases in the cell bodies and decreases integsurbcale bar 20n.

To verify if, in our experimental paradigm, therasvan association between tau
and mitochondria, we looked at the ultrastructleaél in control and annonacin-treated
neurons (50 nM, 48 h) immunolabelled with the a&ati-antibody AD2 (Fig. I1.8).
Electron microscopy confirmed the distribution sedth the antibody against Cyt C
and allowed the quantification of this process (€dbl). Analysis of twenty cells per
condition showed that annonacin provoked the sigellif the cytoplasm, shown by an
increase in the surface of the proximal segmentaasignificant increase in the number
of mitochondria retrieved in the cell bodies. Thergentage of mitochondria
immunolabelled with the anti-tau antibody AD2, hawe was not altered by annonacin
treatment, suggesting that tau and mitochondria a@ssociated and that their
cytoplasmic localization is affected equally by anacin (Table 11.1). Figure 8 shows

electron micrographs of representative control@mibnacin treated cells.

These findings suggest that annonacin has the sfaet on tau and on

mitochondria, and that they are associated.
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% AD2-labelled
mitochondria/free

Axon Hill Number of AD2-labelled

Area ( m? | mitochondria | mitochondria . .
mitochondria

Control 27,20+3,10 18,55+1,73 4,55+0,43 27.142.8
Annonacin
39,20+2,92 28,45+3,12 6,80+0,47 26,59+1,89
(50nM)
0,01 0,01 0,001 0,729
P <

Table II.1. Mitochondria and tau are associated in striatal netons. Annonacin(50 nM, 48 h)
induces a significant swelling of the axon hilltbé striatal cultures, a significant increase & th
amount of mitochondria in the axon hill, but thegemtage of AD2-labelled mitochondria does
not vary from control to annonacin treated cultukéslues are expressed as the mean £ s.e.m. of

20 cells analysed per condition. P, analysis l®st-t

Fig. Il. 8. Association between tau and mitochondrialn the axon hill of cultured neurons, we
analysed mitochondria (red asterisks) and AD2-labieiau (arrows) that was either free in the
cytoplasm (yellow arrows) or attached to the outembrane of mitochondria (turquoise
arrows). In annonacin treated cultures, there weoee mitochondria and more AD2+ tau, but

the relation AD2-labelled mitochondria to free nsibtondria was not affected. Scale bar 500 nm.
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2. ARE MITOCHONDRIA RETROGRADELY
TRANSPORTED IN THE PRESENCE OF
ANNONACIN?

We studied axonal transport because it has beenwnshdhat
hyperphosphorylation of tau causes inhibition obreed transport in diseases like AD
(Smith et al., 2002; Takedeet al., 2000; Mandelkowet al., 2003; 2004; Liuet al.,
2005). We used mitochondria as a marker for tramdmrause their transport depends
on microtubules (Grafstein and Forman, 1980; Hblkmk 1996), because they are

distributed like tau in annonacin-treated neurons.

To determine whether the Annonacin-induced redbstion of mitochondria
was due to a disruption of cellular transport, veeditime-lapse video microscopy to
follow mitochondria labelled with an auto-fluoreatgreen marker (Mitotracker) that is
taken up by the mitochondria of living cells. Si@laneurons were plated at low density
(9 x 10 cells/A6mm well) to permit visualisation of indiial neurites and images
where taken at DIV5 in 5 different planes on trexis every 10 min for 6 hours starting
from the addition of annonacin, which was used dtigh concentration (50nM) to
accelerate its effects. We also used bright fielcroscopy to verify the morphology of

the neurons before and after the treatment.

Fig. 1l. 9A shows bright field images of a contahd an annonacin treated
neuron at the beginning (t0) and at the end ofrédegment (t360). After 6h control cells
maintain their original morphology, whereas annamaeated neurons have lost their
neurites. Fig. Il. 9B shows the position of mitonbdda at different time points.
Mitochondria in control cultures move in all dirests, anterogradely towards the nerve
terminal and retrogradely towards the soma. Howemeannonacin-treated cultures, the
mitochondria in the neurites are rapidly after &ddithe 50 nM annonacin transported
into the perikaryon and accumulate there, befogassof degeneration appear at 180

min of treatment.
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Fig. Il. 9. Annonacin induces a rapid clustering of mitochondra in the perikarion. A) Bright field
images of representative neurons in a control amda@nonacin-treated culture of striatal
neurons, a concentration of 50nM was used to indlneeneurodegenerative process. B) Time
lapse photos were taken every 10 minutes over peiod. Images of control and annonacin-
treated cultures were taken at the beginning obaacin treatment (t0) and 10, 50, 80 and 140
min later. Arrows show both retrograde and antexdgr movement of mitotracker-labelled
mitochondria in a control neuron and exclusivelfragrade movement of mitochondria in an

annonacin-treated neuron. Scale bamn5
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3. IS THE RETROGRADE TRANSPORT OF
MITOCHONDRIA IN ANNONACIN-
TREATED NEURONS DEPENDENT ON
MICROTUBULES?

Taxol (paclitaxel), is a pharmacological agent caniy used in the treatment
of cancer because it blocks microtubule dynamicsstapilizing GDP-bound tubulin
and by binding to the N-terminal oftubulin in the microtubule (Raet al., 1994,
1995; Nogaleset al.1995). Thereby, taxol stabilizes the microtubuléwoek and
displaces tau from the microtubules (Samsonov ¢t28l04). We have used it to

determine whether these effects of taxol altetdlecity of annonacin.

We first determined the concentration of taxol thais subtoxic to neurons in
our culture system (5nM, data not shown). Contnotl @annonacin-treated striatal
cultures were followed by videomicroscopy, in thesence or the presence of 5nM of
taxol for 6h. Figure II-10 shows the movement oftanihondria in the neurites of
neurons that are representative of each experiingmdition. In taxol treated cultures,
with and without annonacin, the movement of mitouhta (labelled with different
colour arrows) was totally arrested, suggesting displacing tau from the microtubules
with taxol prevents both retrograde and anterogteatesport of mitochondria in striatal
neurons. Next we addressed the question if taxobtso prevent the cell death induced

by annonacin?
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Fig. 1. 10. Treatment of striatal cultures with subtoxic conceatrations of taxol protects from
annonacin induced mitochondrial redistribution. A) DIC (Diferential Interference Contrast)
images of cultured neurons taken at t=0 min intadhtments (control conditions; 50 nM
Annonacin; 5nM Taxol; 50 nM Annonacin plus 5nM T§xd) Distribution of mitochondria
labelled with the fluorescent dye mitotracker (gneeshown at different time points (0, 10, 20,
30, 40 and 50 min) after the addition of respectivbstances. In control cultures the movement
is bidirectional. In annonacin-treated culturestoetiondria only move towards the cell body. In
taxol treated cultures in presence and absencenafr@cin, mitochondria present no movement.
Individual mitochondria are labelled with differgntoloured arrows. Scale barerh. Photos

where taken every 10min for 6h.
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4. CAN TAXOL PREVENT ANNONACIN-
INDUCED NEURONAL CELL DEATH?

In many tauopathies, like AD, it is thought that &ccumulation in cell soma is
the ultimate cause of cell death (Arriagadal. 1992). Consistent with this hypothesis,
a number of studiemm vitro (Fath et al, 2002; Shimuet al, 2004), in animal models
(Wittmann et al, 2001; Jacksort al, 2002; Kraemeeet al, 2003; Andorferet al,
2003) and in patients with certain tau mutationgdBet al, 1999) show that the
increase in hyperphosphorylated soluble tau ince#lebody is deleterious. Therefore,
we wanted to determine, whether if in our experitabenmodel, preventing
hyperphosphorylated tau from being re-localisednfrihe axon to the perikaryon in

annonacin-treated cultures, would promote neursmadival.

To do so, cultures were treated with taxol (5 nM)kkfore annonacin (50 nM)

at DIV5 and analysed for cell survival and tau sétbution after 48h of treatment.

As shown in figure I1l. 11A taxol induced a hypephy of neurites (arrows),
compared to neurites in taxol-free cultures. Inaratin-treated cultures, the addition
of taxol prevented the redistribution of phosphatgtl tau to the cell bodies of the
neurons (Fig. Il. 11A). Annonacin-induced cell dedtowever, was not prevented by
taxol (Fig. Il. 11B).

These findings suggest that neither the effect mfoaacin on tau, nor the
destabilisation of the microtubule network is rasfble for cell death in annonacin
treated neurons. The redistribution of tau, whichsuits from microtubule
destabilisation, is therefore an epiphenomenonhef ¢nergy depletion caused by

complex | inhibition and is not directly instrumahin neuronal death.
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Fig. 11.11. The redistribution of tau is not responsible for amonacin-induced neuronal deathA)

The microtubule network in axons labelled with atitzody against -1ll-tubulin (green) and tau
visualised with the AD2 antibody (red) were obsedrite control and annonacin (50 nM, 24 h)
treated cultures in the absence and the preserfcéexa (5 nM). Taxol alone induced a
hypetrophy of axons (arrows) and it also preverited redistribution of tau to cell bodies of
annonacin-treated cultures. Scale bar 80 B) The quantification of neuronal survival shawe
that preventing the redistribution of tau to theilyon of annonacin-treated neurons with taxol
did not prevent neuronal death. Values shown aeeniean + s.e.m. of three independent
experiments, analysed by ANOVA, followed by bondiits test (** p<0.01, *** p<0.001 vs.

controls; ## p<0.01 vs. Annonacin alone.
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l1l. DISCUSSION.

A) ANNONACIN CAUSES A TAU-PATHOLOGY
BY DEPLETING CELLULAR ENERGY.

In this study, we have shown that low nanomolarceotrations of annonacin
cause neuronal cell death and the redistributiohigiily phosphorylated tau protein
from the axon to the cell body of striatal neuransitro as happens in the brains of the
three patients with a PSP-like disease from Guagelahat came to autopsy. The
results presented in this thesis support the hgsidithat exposure to the environmental
toxin annonacin might be implicated in the aetiglag the atypical parkinsonism in

Guadeloupe.

Under physiological conditions, the primary funatiof the axonal microtubule-
associated protein tau is to promote polymerisataintubulin monomers into
microtubules and regulate transport along the rubue network (Mandelkow and
Mandelkow, 1998). These functions are controlledpbypsphorylation at its over a
dozen phosphorylation sites (Buétal., 2000). Accumulation of phospho-tau in the
cell body, however, is the defining neuropatholagihallmark of a group of
heterogeneous neurodegenerative disorders ternuegbatnies, exemplified by PSP,
frontotemporal dementia with parkinsonism linkedctoomosome 17 (FTDP-17), the
parkinsonism—dementia complex of Guam and atygieakinsonism in Guadeloupe
(Braak et al., 1994; Delacourte and Buee, 2000; Goedsrtal., 2000; Caparros-
Lefebvreet al.,2002; Leeet al.,2005).

In tauopathies, somatic phospho-tau may be présem un-aggregated or in an
aggregated amyloid-like form (Banchetral., 1989; Braalet al., 1994; Komori, 1999).
In our experimental paradigm, neither electron ogcopy nor thioflavin S staining,
which recognises amyloid-like-sheet secondary structure, provided evidence wf ta
aggregates in annonacin-treated neurons. The Hatttau was un-aggregated in cell
bodies of our striatal neurons in culture may hanamy explanations: (1) rodents only
have the 4-repeat tau, which is more stable anméfitve less prone to aggregate than 3-
repeat tau (Goededt al., 1994; Gotzet al., 1995); (2) our conditions might not be

chronic enough to induce the structural modificagiaof tau needed for it to form
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aggregates; (3) to form pathological PHF (PairediddeFilaments) tau may need to
undergo further posttranslational modificationshsas further hyperphosphorylation,
glycation or nitration(Buéeet al., 2000). However, in our conditions, annonacin
induced a pre-tangle form of un-aggregated sontaticaccumulation, as it has been
reported in the brains of the three patients witfpiaal Guadeloupean parkinsonism

that have been autopsied (Caparros-Lefebtid.,2002).

The redistribution of phospho-tau induced by anconas mediated by complex
I inhibition. The major cellular consequences afngbex | inhibition are increased ROS
production and reduced ATP production (Hoglinggral., 2003). Stabilisation of
cellular ATP levels by anaerobic glycolysis stintath by an excess of glucose
prevented the annonacin-induced tau-pathology. Hmd the inability to prevent
annonacin-induced somatic redistribution of phosghowith antioxidants (trolox or
NAC), suggests that this phenomenon is a conseguehcellular energy depletion.
This conclusion is supported by the observation shanatic redistribution of phospho-
tau also occurred after inhibition of the respinatohain with other compounds that
inhibit complex | (MPP) or complex Il (3-NP), all of which result in reced ATP
levels. Further support for this interpretation esnfrom the observation that cultured
neurons transfected with the NADH-quinone-oxidordse (NDI1) of Saccharomyces
cerevisiae, which can restore NADH oxidation in gben I-deficient mammalian cells
(Seoet al., 2000; 2002) were significantly protected againstanacin-induced ATP
depletion, neuronal death and redistribution of gpim-tau (Khondikeret al.,

submitted).

Consistent with these observations, accumulatiotheftau protein with MPP
was observed in other culture models (Song andcEhdi998) and upregulation and
phosphorylation of tau with MPTP, the precursor MPP’, have previously been
detectedn vivo in the substantia nigra of mice (Miller and She2®94; Smithet al.,
2003). Furthermore, in rats with profoundly reducedebral ATP levels after treatment
with the complex | inhibitor rotenone, accumulasoaf phospho-tau were seen in
neural cells, some of which were stained by thiofla S and Gallyas silver
impregnation and were fibrillary in nature as shdwrelectron microscopy (Hoglinger
et al.,2005). The concept that ATP depletion can leathéosomatic accumulation of

phospho-tau is particularly intriguing, since dafian cellular energy metabolism have
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been described in sporadic human tauopathies (Fetst., 1988; Brookset al., 1994,
Martinelli et al.,2000; Swerdlowvet al.,2000; Alberset al.,2001).

B) POSSIBLE MECHANISMS OF ACTION OF
ANNONACIN.

Annonacin causes cell death and redistribution lafspho-tau. The question
arises by which mechanisms ATP depleting neurogxsuch as annonacin, lead to
somatic accumulation of phospho-tau. Our work destrated that annonacin caused an
immediate backward movement of mitochondria fronurites to accumulate in the
soma. This observation is consistent with previawwk showing that other drugs
inducing damage to mitochondria, such as depotaisaof the mitochondrial
membrane potential or inhibition of ATP productid@ad to an increase in retrograde
transport of mitochondria (Miller and Sheetz, 2QG4é)perinuclear clustering (De Vos
et al., 1998; Desagher and Martinou, 2000) and to themieation by autophagy
(Lemasterst al.,1998; Xueet al.,2001).

Microtubules serve as tracks for the movement dbchiondria (Morris and
Hollenbeck, 1995). Microtubule-associated proteissch as tau stabilise the
microtubule tracks and tau-phosphorylation regslatee transport of mitochondria
along microtubules (Mandelkoet al., 2004; Tatebayastat al., 2004). Several pieces
of evidence point to an implication of tau in thackward transport of damaged
mitochondria. 1) Tau plays a role in the interactibetween microtubules and
mitochondria (Junget al., 1993). 2) Overexpression of tau is sufficient nauce a
retrograde transport of mitochondria from the resrito cluster near the nucleus
(Ebnethet al.,1998; Trinczelet al.,1999; Stameet al.,2002). 3) A high percentage of
the mitochondria clustered in the soma in annontiested cultures appeared to have
phospho-tau attached to their outer membranes. rdatifient with taxol, a drug
stabilising microtubules, but displacing tau froncratubules (Samsonaost al., 2004),
blocked both retrograde transport of mitochondriad asomatic accumulation of

phospho-tau. These arguments suggest a model chva@nnonacin-induced damage to
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mitochondria leads to their retrograde, tau-depenttansport to the soma for repair or
elimination. The resulting depletion of both taudamitochondria in neurites are
destabilisation of microtubules and further neariATP depletion, subsequently

causing impairment of axonal transport.

Consistent with our work, deleterious effects ornatubule stability have also
been reported with other complex | inhibitors sashrotenone (Reet al., 2005) and
MPP" (Cappelletti et al., 1999). Destabilisation of the microtubule netwaakd
alteration of the microtubule dynamics are congdeas consequences of the decreased
ability of hyperphosphorylated tau to bind to thienotubules and has been reviewed by
(Brandt et al., 2005). These data suggests a link between conipieRibition, tau
redistribution and microtubule destabilisation, futther work is required to validate

this model.

Cellular tau pathology has great significance far dysfunction or degeneration
of neurons, since the number of neurons contairabgormal accumulations of
phospho-tau in the cell body has been closely taie@ with behavioural deficits in
Alzheimer's disease (Arriagadat al., 1992) and in a transgenic mouse model
expressing human tau with the P301L mutation thases FTDP-17 (Santacratzal.,
2005). It is already clear from rare genetic dissashat mutations in the tau gene
causing dysfunction of the tau protein is in itslifficient to cause neurodegeneration
(Goedertet al., 2000, Leeet al., 2005). Intriguingly, in a transgenic mouse modeh o
tauopathy, based on overexpression of the sholtestan brain tau isoform, the
microtubule-stabilising drug taxol has been shownrdverse fast axonal transport
deficits by functionally substituting for tau, whids sequestered into inclusions (Zhang
et al., 2005). In the annonacin-induced model of a sportaliopathy, taxol prevented
the redistribution of phospho-tau and mitochondbiat not the cell death induced by
annonacin, suggesting that, in this rather acutdainahe redistribution of phospho-tau
to the cell body is not involved in either neurdeaiive or neurodegenerative
pathways. It may rather be considered to be a stigharacteristic of neuronal death

induced by energy failure.
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Figure Ill. 1. The sequence of pathological events induced by anraxin in primary cultures of

striatal neurons. Annonacin inhibited the NADH-quinone-oxidoreductasectivity of
mitochondrial complex | leading to increased RO# decreased ATP production. The latter
appears to be responsible for the retrograde toahgh phospho-tau from neurites to the cell
soma and, consequently, microtubule breakdowngdime antioxidants trolox and NAC had no
effect on cell death or the distribution of phostho, whereas increasing ATP levels by the
expression of the yeast NADH oxidase NDI1 or thengfation of anaerobic glycolysis with
high glucose concentrations prevented both celihdaad the redistribution of phospho-tau. ATP
depletion induced by the respiratory chain inhitsittPP and 3-NP or by the mitochondrial
uncoupler CCCP mimicked annonacin-induced cell ldeatd redistribution of phospho-tau.
Taxol prevented the redistribution of phospho-taud anitochondria, but not the cell death
induced by annonacin, suggesting that, in this exptal model, the redistribution of phospho-
tau to the cell body is not involved in either ngpnotective or neurodegenerative pathways. It
may rather be considered to be a stigma chardateds neuronal death induced by energy

failure.
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C) ADVANTAGES AND LIMITS OF OUR
MODEL.

Our model of annonacin-treated primary cultures raf striatum is very
interesting, because to date there has been nolnmeatnerin vivo nor in vitro, for
PSP. Therefore, it represents a novel and valilttotearn about the pathophysiology
of pure tauopathies, like PSP. The major advantafiélsis novel model are, 1) that it
relies on brain tissue of wild-type rodents andagural neurotoxin, 2) that the model
easily allows mechanistic studies of pathophysiclgporocesses 3) that it can be easily
used to screen pharmacological agent and 4) déisatts in this in vitro system can be
obtained relatively quickly. As all models, there also some limits to our model, like
the absence of the normal cellular environment mnitegrated in vivo system.
Unfortunately we cannot keep the cells alinevitro for long periods of time, therefore
no chronic treatment can be studied. Therefore, ftither development of the

annonacin-based in vivo model (Champy et al., 2@04jgently warranted.

D) IMPORTANCE OF OUR FINDINGS.

There is evidence suggesting impairment of mitodnahenergy metabolism in
PSP (Albers and Beal, 2002): 1) Reduced cerebugloge and ATP metabolism have
been shown in functional imaging studies in PSkepts (Forsteet al., 1988; Brooks
et al.,1994; Martinelliet al.,2000). 2) Cybrid cells harboring mitochondrial gerirom
PSP patients have decreased ATP levels and corhplgivity (Swerdlowet al., 2000;
Albers et al., 2001; Chirichigneet al., 2002). These clinical observations suggest that
mitochondrial dysfunction might also play a roletive aetiology of PSP. In summary,
these data suggest that mitochondrial dysfunctpamticularly complex | inhibition,
may contribute crucially to the aetiology of PSHisTconcept is strengthened by the
experimental work presented in this thesis. Thidybof evidence provides the first
pathophysiological concept of PSP and offers thst ftherapeutic target, namely
mitochondrial energy production, that might helgéduce the burden PSP imposes on
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patients, caregivers, and society. Moreover, bbthint vivo and in vitro models of
atypical parkinsonism of Guadeloupe demonstrate possible implication of
annonaceous acetogenins in the aetiology of theasies and offers the possibility of
eradicating the disease by preventive health caasares. In the rat it is known that
annonacin penetrates, because of its lypophilicnghto the brain parenchyma where
it is accumulated, inhibits mitochondrial complearid decreases ATP levels (Champy
et al., 2004), but nothing has been shown in the braingatients. No study has been
made about the bioavailability of annonacin or attyer known acetogenin, nor about
how they are metabolized (or even if they arehmdrganism. The only strong piece of
evidence we have is that the intakeAminonaceagroducts which contain a cocktail of
acetogenins (principally annonacin), alkaloids amalybe other neurotoxic substances,
has been related to parkinsonian symptoms chaigtaterfrom the island of
Guadeloupe. This has been validated experimeméilyannonacin which is capable of
inducing widespread degeneration in an organismaif@y et al., 2004), in
mesencephalic cultures (Lannuzatlal., 2003) and tau pathologg vitro as has been
described in the neuropathological examinationthade patients that came to autopsy
(Caparros-Lefebvret al.,2002). But this does not constitute a conclusimpthat the
regular consumption of annonaceous food produatsesathe disease, although the
recovery of the few patients that had arrestedriteke of these fruits is encouraging
(Caparros-Lefebvret al., 2002) In terms of public health, the consumptidrthese
products should probably be discouraged. The gtadisappearance of the disease
would constitute the best proof of the toxic origihthe disease, and obviate the need
for therapeutic strategies. This thesis not onlp$iéo understand a bit more the disease
on the island of Guadeloupe and maybe that in Naleddnia (Angibauet al., 2004)
thought to be related with the consumption Arinonaceaeproducts, but it also
contributes to the understanding of possible mdsh@s by which a large group of
molecules similar to the annonacin (functionallystnucturally), can affect the normal
functioning of the cell and induce harmful effecisis is important to better understand
the aetiology of many neurodegenerative processesevmitochondrial dysfunction
and energy depletion are involved.
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E) FUTURE APPLICATIONS OF THIS MODEL.

Our model of annonacin-treated primary culturesabtriatum has successfully
mimicked the hallmarks of a sporadic disease ingéegraphically isolated Caribbean
island of Guadeloupe. Therefore it can be usedrees other potential natural toxins in
our environment, as candidates for a putative mlsporadic tauopathies. A large
number of compounds with similar molecular progstias annonacin, lypophilic
complex | inhibitors of natural origin, are found edibles and in bacteria also in
moderate climate zones. . Kinetic studies sugdestthese inhibitors can be grouped
into two (Friedrichet al., 1994), or even three (Degli Esposti al., 1994) classes,
represented by piericidin A (class I/Atype), roteadclass II/B-type), and capsaicin (C-
type), respectively. Such substances may be saeenthe model presented in this

thesis for putative implication in the etiologysgoradic tauopathies.

Lannuzel et al., (2003), demonstrated that cell death was arresthdn
annonacin was withdrawn from the culture mediunaratearly time point, and a few
younger patients that eliminatéshnona muricatgroducts from their diet experienced
a decrease in their parkinsonian symtoms (Capdmésvreet al.,1999). Therefore, it
could be interesting to studly vitro the process by which dying cells recover, study th
restoration of the ATP levels, the localisation @hd phosphorylation state of the tau
protein and the movement of the mitochondria aftenonacin withdrawal to better
understand how annonacin induces cell death inm@dtneurons and how a recovery

from such an insult may be enforced therapeutically

The model used in this thesis was a pure neuroséémm, and lacked the glial
cells (astrocytes, microglia) that constitute tioenmal environment of the neurons. The
next step towards a detailed understanding of tin@m@acin-effects would therefore be
to study the influence of annonacin on striatalroes in their physiological cellular
environment, to determine whether the presenckeglia, known to have protective as
well as deleterious effects (Iwata-Ichikaetal., 1999; Mogiet al., 1996; reviewed by

Hirsch, 2000) protect from or exacerbate annonemiitity.

This model for sporadic tauopathies can also be tsescreen potential drugs

that might interfere with the mechanism of actidrenergy depleting neurotoxins (e.g.
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Coenzyme Q10), or that affect microtubule dynami©sher drugs of therapeutic

interest are those that act on the phosphorylatiate of the tau protein.

Finally, this model of an environmentally-causedojaathy provides for the first
time the possibility to study the molecular basik tbe interaction of genetic
predisposition and environmental triggers in thethpphysiology of sporadic
tauopathies. As described in detail in the intraiducof this thesis, there seem to be a
variety of genetic predispositions for sporadicoathies, such as the tau haplotype
H1. In recent years, although we have consideraoheased our knowledge about the
mechanisms of neuronal cell death due to particgdaretic backgrounds, systematic
studies on the role of gene-toxin interaction areimority. Therefore, we have now the
unique possibility to determine whether there [gathogenetic interaction between the
exposure to complex | inhibitors and the expressioRDTP-17 tau mutations or of the

H1 tau haplotype or the 4R tau variant in cell uxdtsystems.

F) CONCLUSION.

The present work shows that very low concentratiohannonacin, a natural
complex | inhibitor of the respiratory chain, thraed four orders of magnitude lower
than MPP and 3-nitroproprionic acid, respectively, can iogla tau pathologiy vitro,
due to cellular energy depletion, similar to whatseen in the postmortem brains of
patients with atypical parkinsonism in Guadeloupd & the brains of rats infused with
annonacin. Thus, the present study suggests thatoemental factors leading to
cerebral energy depletion might also be an importatiological factors in other
sporadic tauopathies and therefore presents themossible therapeutic targets to
eradicate this disease, the atypical parkinsonisamd in New Caledonia (which is
associated with consumption @&nnonaceaeproducts as well) and possibly other

neurodegenerative diseases with similar aetiologies
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V) MATERIALS AND METHODS.

A) CELL CULTURE.

All the experiments have been done usingrawvitro model of primary cultures
of embryonic rat striatum treated with an antimé@gent to prevent glial proliferation

and thus to obtain an almost pure neuronal system.

1. PREPARATION FOR THE DISSECTION.

Since neurons do not attach directly to plastie,dhy before the dissection, the
24 well plates (Costar), where the cells were gainige cultured, were coated overnight
with 1 mg/ml polyethyleneimine (PEI) (Sigma), aioatc polyelectrolyte with an
average molecular weight of 10,000 g/mole and an®pizable amine group (NH) per
monomer unit, to favour attachment. The day aftex,PEI was washed trice with PBS

before adding the culture medium.

2. DISSECTION OF THE RAT STRIATUM.

Animals were treated in accordance with the Gumwletfie Care and Use of
Laboratory Animals (National Institutes of HealtBethesda, MD), the European
Communities Council Directive 86/609/EEC, and thedglines of the institutional
ethics committee. All efforts were made to minimthe number of animals used and

their suffering.

To make pure primary cultures of rat striatum, grobrfrom pregnant Wistar
rats (Janvier Breading Centre) were used. The methse anaesthetised with 40mg/km
of pentobarbital (Essex), decapitated and the eosbwere removed at embryonic day
16,5. The striatum was dissected as described ikkarand Hefti, 1988). Briefly, the
brain was removed from the embryo, then the costesie both hemispheres were
removed, leaving the nucleus basalis, the strisinch the septum visible. The septum

and nucleus basalis of Meynert were then removed.



V. MATERIALS AND METHODS. - 69 -

A B

Figure I. Taken from Hartikka and Hefti, 1988. Dissection of striatal region from fetal rat of
embryonic age E17A) The brain was carefully pushed out of the slamtl put on its ventral
surface under a stereomicroscope. The cortical $pgrares were slightly pulled away from the
brain’s midline. This procedure makes visible théatal area, which appears denser than the
cortical tissue adjacent to it B) Disection. Usiagsmall scalpel, the cortex was teared away,
leaving visible the septum (1), striatum (2) andlaus basalis (3). A vertical cut was made at
the borderline separating the striatal area froendiencephalons and making 2 transversal cuts
the striatum is separated of the septal and théeunsidbasalis structures. Scale bar, 1 mm.
Abbreviations: co, cortex; dc, diencephalon; mcsemeephalon; sa, septal area; st, striatum; ve,

ventricle.

A suspension of striatal cells was then preparednm®chanical trituration
without proteolytic enzymes in L15 medium becausgves a better survival rate after
plating than culture medium. Cell suspension warrdaged at 1000rpm for 6min and
plated at a density of 1,6x3@ells/well in a 24 well culture plate. To counetbells,
10 | of the cell suspension was mixed with the samlene of trypan blue (Sigma),
which excludes living cells, and were counted wathmodified Neubauer counting

chamber.
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3. MATURATION OF CULTURES.

From DIV (Day In Vitro) 0-3 the cells were maintash in 500 pl of N5
(Kawamoto and Barrett, 1986) medium supplementatl 840 horse serum (HS) and
2.5% fetal calf serum (FCS), to favour cell attaeimt. To achieve the purest neuronal
culture, 2uM of cytosine arabinoside (dD-arabinofuranosylcytosine, AraC) (Sigma)
were added during the following 24h of the dissettito prevent the proliferation of
non-neuronal cells. In the absence of astrocyteshwvnormally take up glutamate,
2uM of the NMDA receptor antagonist dizocilpine este (MK-801) (Sigma) was also
added to avoid glutamate-induced neurotoxicity. Bdium was used because it
reproduces the most closely the composition of daesbral spinal fluid (CSF) and
because the lack of non-neuronal cells is not duexic effects of the medium, since
the addition of whole serum to this medium resuttsthe rapid proliferation of

fibroblasts and glia (Kaufman and Barrett, 1983).

After the first three daym vitro, the concentration of FCS was brought down to
0.5% for the next two days. At DIV5, when the cellere treated in the experimental
paradigm, the concentrations of HS and FCS wereregvto 1 and 0.1%, respectively

to limit possible interference by serum components.

The process of maturation took place under cominiadbnditions of temperature,

humidity and CQin an incubator at 37°C with a 5% g&tmosphere.

B) TREATMENTS.

Striatal cultures underwent various treatments wiiffierent pharmacological
and natural agents were prepared as stock solustocked at -20°C in aliquots which

were never refrozen. Serial dilutions in N5 mediware made prior to their use.

All treatments began at day vitro 5-6 and lasted for 48h without changing the

medium or addition of new treatment.
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1. ANNONACIN

Annonacin, the main toxin of interest of my thesiss extracted as described
(Champyet al.,2005), it is extracted from the leaves and root&rafona muricataThe
lyophilised powder of this Ilypophilic agent was gbtved in DMSO
(dimethylsulfoxide), stocked at 1mM at —20°C irgabts that were not refrozen. Serial
dilutions were prepared in culture medium, so that final concentration of DMSO

never exceeded 0,01% of the final volume.

2. OTHER TREATMENTS

All the other pharmacological agents used were wstéuble. We used, two
antioxidants, N-acetylcysteine (NAC) (5mM) and ¢vol (10 M), which scavenge
reactive oxygen species (ROS), two other respiairain inhibitors, 3-NP (3-
nitropropionic acid) (0, 100, 300, 100M), a complex Il inhibitor, MPP (0, 10, 25,
50 M), another complex | inhibitor with a different hecular structure, which was
prepared freshly for every experiment due to ifsdaxidation and taxol (paclitaxel)
(5mM), a pharmacological agent, that stabilisesotidbules.

C) CELL VIABILITY.

After treating the striatal cells, cell viabilityas assed with the live-dead kit
(Molecular Probes). Living cells incorporate catcacetometylester (excitation 495
nm, emission 515 nm) that fluoresces in green afteavage of the ester by non-
specific esterases. Dead cells were detected whidiem homodimer (excitation 495
nm, emission 635 nm) which will intercalate int@ thucleic acid of a dead cell because

of their permeable membrane and be observed in red.
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D) IMMUNOCYTOCHEMISTRY.

All treatments lasted for 48h from DIV 5. At DIV @ultures were washed once
with warm PBS and then fixed with 4% paraformaldeh{PFA) (Sigma) for 12 min

and then washed three times with PBS.

When immunocytochemistry was needed, cultures wimexgbated overnight at
4° with the primary antibodies diluted in PBS 0,IMmerosal 0,02%, an anti-fungical
(Sigma) 5% NGS (Norma Goat Serum), to avoid nortifipelabelling (Vector) and
0,2% Triton x100, a detergent to break membranes alow the entrance of the
antibody (Sigma). Secondary antibodies, dilutedhim same solution, were incubated

with the cells for 2h at room temperature.

Immunolabelled cells were visualized under an apitscence microscope
(Nikon TE-300) equipped with a ORCA-ER digital caméHamamatsu, C4742-95)

and a computer-based image analysis system (SiR(@le€imaging Systems, 6.1).

The following primary antibodies were used to stdldg phosphorylation state
and distribution of the tau protein: monoclonalildodies against hyperphosphorylated
tau AD2 (1:1000) (Bio-Rad), AT8 (1:20), AT180 (1@, AT270 (1:300), AT100
(1:200) (all from Innogenetics); monoclonal antigodgainst tau Tau5 (1:1000)
(Chemicon), polyclonal antibody against hyperphasplated tau p%? (1:1000)
(Biosource). Other primary antibodies were usettytand identify proteins which are
pathological hallmarks of other diseases, suchs\alonal antia-synuclein antibody
(Chemicon) (1:500) (as in Parkinson’s Disease) jaoigclonal antib-amyloid (Santa
Cruz) (1:100) (Alzheimer’s Disease). To differergidetween the processes, polyclonal
antibody against the dendritic marker microtubudeomiated protein 2 (MAP2, 1:500)
(Sigma) and axonal marker beta-llI-tubulin (1:3§)gma), were used. Monoclonal
Cytochrome C (1:1000) (BD PharMingen) detected ahitmdria.

After washing with PBS, the cells were incubatedthwihe appropriate
secondary antibody: Cyanide 3-conjugated goat rantise IgG (1:500) (Jackson
Immunoresearch) and Alexa 488 goat anti-rabbitQQ)ygMolecular Probes) for 2h at
room temperature. Nuclei were visualized with theorfescent DNA stain Hoechst
33342 (Sigma).
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E) ELECTRON MICROSCOPY.

After 48h of treatment starting at DIV 5-6, cellen fixed with a mixture of 2%
PFA (Sigma) and 0.2% glutaraldehyde in PBS for @@ at room temperature, to
preserve the morphology of the cells without aftgrihe epitopes targeted by the
antibodies, and then incubated with the primarybadty (AD2, 1:1000) for 24h at 4°C,
rinsed in PBS, then incubated in 0.5% BSA (in PB®pemented with 0.1% fish
gelatine (Aurion) for 1h at room temperature, foleml by incubation for 24h at room
temperature with a secondary IgG conjugated toasitall gold particles (0.8nm,
Aurion) diluted 1:50 in PBS-BSA-fish gelatine (Aan). The reaction was stopped by
washes in sodium acetate 2% (Fischer) and intedsiy silver enhancement for 35min
at room temperature in the dark. The cells wera thenersed in gold chloride (0.05%)
(Riedel haén) for 10min at 4°C and in sodium thifaga (0.3%) (Fischer) twice for
10min at 4°C and ten rinsed in PBS. Immunogoldtezhcultured cells were post-fixed
in osmium tetroxide (Fisher) (1% in PBS for 20min44C), rinsed, dehydrated and
embedded in Epon. Ultrathin sections were cut,restéd with uranyl acetate (Fisher)
and lead citrate and observed with a JEOL 1200 IEatren microscope at 80kV.

F) THIOFLAVIN S STAINING.

To visualize the presence of amyloid-like strucsurdixed cultures were
incubated for 8 min in 0,05% thioflavine S (Sigmapgshed in PBS and differentiated
in 70% ethanol for 5 min, as described (Hoglingieal.,2005).
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G) DETECTION AND QUANTIFICATION OF
REACTIVE OXYGEN SPECIES.

DHR-123, dihydrorhodamine-123 (Molecular Probes).ai positively charged
rhodamine derivative that accumulates in the miochia and is the most common
substance used to measure free radicals. To de@8tin the cultures, we used it as
described previously (Darict al.,2003). On DIV 5, the cells were treated for 6 Isour
with or without the antioxidants with and withoutreonacin. DHR-123 was then added
to the cultures for 30 min and then replaced byathiginal treatment. The cutures were
observed under a fluorescent microscope and 1Mmnarigtlds were photographed and
the intensity of the labelling per cell was quaatifby computer assisted image analysis
(Simple-PCI Cimaging System, 6.1). Results are esg®d as the mean pixel intensity

per cell.

H) QUANTIFICATION OF ATP LEVELS.

To estimate the intracellular ATP levels, the \ghli HS kit (Cambrex) was
used according to the manufacturer’s protocol. fBrighe cells were treated for 6h,
then washed twice with cold PBS and immediatelgrafards, scrapped off the wells in
100ul of distilled water. If these samples were paicessed immediately, they were
stored at —80°C. ATP levels were measured in 1-&6pthe cell lysates, in a tube
luminometer and the results expressed as RLU (Relatght Unites) normalised with

respect to the concentration of protein in theagttr
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) LIVE IMAGING.

Coverslips of 11mm in diameter were placed in 24 plates, coated with PEI
overnight washed three times with PBS before adttiegnedium. Neurons were plated
at low density (1x1Dcells/well): to see the neurites individually aidéntify the cell

they belong to.

On DIV5, the coverslips were removed from the plated placed upside down
in Iml of N5LS (Low Serum content) in an adequdtansber for the microscope Leica
DMI 6000 Fluorescence Microscope. Temperature vegs &t 37°C with a temperature
controlled chamber, and the g@vels were stabilised by adding HEPES (Sigma)

50mM in the medium and then analysed.

Taxol (placlitaxel) (Sigma), a pharmacological dagewhich stabilises
microtubules dynamics was added to the cultures tame before intoxication with
annonacin at a subtoxic concentration (5nM) to valld to interact with the

microtubules.

Mitochondria in living cells were followed using &m-Fluorescent
MitoTracker Green FM (Molecular Probes), excitatioh490nm and an emission at
516nm. It labels live mitochondria by accumulatinghe mitochondrial matrix where it
binds covalently to the free thiol group of serimsidues of mitochondrial proteins
(Presleyet al., 2003). The medium was exchanged for 10ff mitotracker at 200nM,
left for 30 min at 37°C, re-exchanged for the tmeait and immediately analysed using
a Leica DMI 6000 Fluorescence Microscope with thech LAS software package
during 6h. Photos were taken every 10 minutes duéirhours and in five different

planes on the z axis, to be able to observe théendsdl.
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J) DATA AQUISITION AND ANALYSIS.

All data result from the analysis of at least 3l&/pler experimental condition in
at least 3 independent experiments. Data are esquezs the mean + S.E.M. of at least
three different experiments. Means were compared bye-way ANOVA followed by
either Bonferroni’'s or Dunnett’s correction. Théest was used when appropriate. All

data were treated on SigmaStat 2.03.
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O. ABSTRACT.

Zusammenfassung in deutscher Sprache |

Unter dem Begriff Tauopathien fasst man eine Grugpeonisch progredienter
neurodegenerativer Erkrankungen zusammen, die dabolorme Akkumulation von
hyperphosphoryliertem Tau Protein im Perykarionrakeu Zellen gekennzeichnet sind.
Tau gehort zur Familie der axonalen Mikrotubulieasgerten Proteine. Die
physiologische Funktion von Tau ist die Stabilisiey von Mikrotubuli und die
Regulation axonaler Transportvorgange. Eine negenlerative Tauopathie, die auf der
karibischen Insel Guadeloupe endemisch ist, wupi@eeniologisch mit dem Konsum
von Annonacead’flanzen assoziiert. Diese enthalten Annonacim, gie®totypischen
Vertreter der Substanzklasse der Acetogenine, &nagppe von lipophilen Inhibitoren
von Komplex | der Atmungskette. Vorausgehende ewpartelle Arbeiten unserer
Arbeitsgruppe konnten folgendes zeigen: 1) Chrdmissystemische Behandlung von
Ratten mit Annonacin fuhrt zu Nervenzellverlust inGehirn in  einem
Verteilungsmuster, wie es bei den Patienten auf déloape in postmortem
Untersuchungen gefunden wurden. 2) Annonacin fdlrch Energie-Verarmung in
Konzentrations-abhangiger Weise zu Zelltod in mesphalen Kulturen. Zur
weiterfihrenden Uberprifung der Hypothese, dassoAacin kausal an der Atiologie
der Erkrankung auf Guaedloupe beteiligt ist, untelngen wir, ob Annonacin die

Phosphorylierung und die intrazellulare Verteilw®s Tau Proteins beeinflusst.

Wir fanden, dass eine 48-stiindige Behandlung vamdsen Nervenzellen aus dem
Striatum embryonaler Rattem vitro mit Annonacin zu einer Konzentrations-
abhangigen Umverteilung von Tau aus dem Axon in Basykarion fuhrt. Das
umverteilte Tau war an mehreren Epitopen phospiestylwie durch Phospho-
spezifische  Antikdrper nachgewiesen wurde. Der @ren molekulare
Wirkmechanismus von Annonacin, die Inhibition vorifplex |, hat zwei primare
intrazellulare Konsequenzen, némlich erstens eimeame von Sauerstoffradikalen
und zweitens eine Abnahme der ATP-Konzentrationw@t Radikal-Fanger die
Annonacin-induzierten Sauerstoffradikale neutratisn konnten, verhinderten sie nicht
die Redistribution von Tau. Dies wurde aber wolthirdert durch eine Stimulation der

ATP-Produktion via anaerobe Glycolyse. Diese Bebhawen legen nahe, dass die



Annonacin-induzierte Umverteilung von phosphoryker Tau nicht aus oxydativem
Stress, sondern aus Energie-Verarmung resultieeselnterpretation wurde unterstitzt
durch die Beobachtung, dass andere zu EnergieiMarsy fihrende Neurotoxine
(MPFP", 3-NP) ebenfalls zu intrazellularer Umverteilungnvphosphoryliertem Tau
fuhrten. Eine Elektronen-mikroskopische Analyseagimeidass Annonacin auch zu einer
Akkumulation von Mitochondrien im Perykarion vonltuerten Nervenzellen fuhrt.
Ca. 30% des phosphorylierten Tau im ZytoplasmaheracElektronen-mikroskopisch
an die aulBere Membran von Mitochondrien gebunderled/Mikroskopie von
lebenden Nervenzellen zeigte, dass Annonacin ras&inem umfassenden retrograden
Transport von Mitochondrien aus den Neuriten in darykarion fihrte. Wir
schlussfolgerten, dass die Annonacin-induzierte é&hedung von Tau und
Mitochondrien funktionell verknipft sind, da Taxaine Substanz, die Microtubuli
stabilisiert und Tau von Mikrotubuli verdrangt, saiw den retrograden Transport von
Mitochondrien als auch die Akkumulation von phosphtiertem Tau im Perykarion
vollstandige blockierte. Schliel3lich fanden wir,sdaAnnonacin infolge der Tau-
Umverteilung zu einer Tau-Verarmung in den Axonemd ukonsekutiv zu einer
ultrastrukturell darstellbaren Destabilisierung vbtikrotubuli fihrte. Daher scheint
Annonacin zu einer Akkumulation von phosphoryliert€au im neuronalen Perykarion
durch retrograden axonalen Transport und zu korisekuaxonaler Schadigung zu

fuhren.

In ihrer Gesamtheit legen diese Untersuchungen, rédss Annonacin in der Lage ist,
Veranderungen im Phosphorylierung-Zustand und mirdeazellularen Verteilung des
Mikrotubuli-assoziierten Proteins Tau in einer \Meizu verandern, wie sie
charakteristisch fur humane Erkrankungen vom Typ dauopathien ist. Daher
untermauern diese Ergebnisse weiter die Hypothdsss regelmaldiger Konsum von
AnnonaceaePflanzen in der Tat an der Atiologie der Tauopathid Guadeloupe

beteiligt sein kdnnte.



Summary in English language.

Tauopathy is the name given to a group of chrommggessive neurodegenerative
disorders that share a common defining denomin#teraccumulation of abnormally
phosphorylated tau protein in the cytoplasm of akuwells. Tau belongs to the
microtubule-associated protein family and is imgiédd in the stabilisation of
microtubules and regulation of axonal transporpakticular tauopathy endemic to the
Caribbean island of Guadeloupe has been associittd the consumption of
Annonaceaglants that contain annonacin, the most abundegtbgenin, a family of
potent lypophilic inhibitors of complex | of the tochondrial respiratory chain.
Previous experimental work has demonstrated thiviolg: 1) Chronic systemic
exposure of rats to annonacin induces neuronalasslin the brain in a similar pattern
to what is observed in the brains of the Guadelanpgatients that have come to
autopsy. 2) Annonacin causes concentration-depéncidh death in mesencephalic
cultures by depleting cellular energy. To test higpothesis that annonacin contributes
to the aetiology of the human disease, we invesiigan vitro, whether if annonacin
affects the phosphorylation state and the celldistribution of the tau protein and the

underlying mechanisms.

We found that in primary cultures of rat striatadunons treated for 48 hours with
annonacin, there was concentration-dependent rigdison of tau from the axons to
the cell body. The redistributed tau was phospladegd on several epitopes, as
evidenced by phospho-specific antibodies. ComplexnHibition, the molecular
mechanism of action of annonacin, has two majan@ry consequences, 1) an increase
in oxidative stress and 2) a decrease in ATP levdthough radical-scavengers (NAC,
Trolox) neutralized the annonacin-induced radicalgen species, they did not prevent
the redistribution of tau. In contrast, stimulatioh energy production via anaerobic
glycolysis did, suggesting that the somatic rettistron of phosphorylated tau resulted
from annonacin-induced energy depletion rather tfram oxidative stress. This
concept was strengthened by the observation tler @nergy-depleting neurotoxins
(MPP", 3-NP) also induced somatic accumulation of phosghted tau. An electron-
microscopic analysis demonstrated there was alssigaificant accumulation of

mitochondria in the cytoplasm of annonacin-intoiechneurons. About 30% of the



phopshorylated tau in the cytoplasm appeared tiactsrally attached to the outer
mitochondrial membrane. Videomicroscopy of livirglls demonstrated that annonacin
rapidly induced a comprehensive retrograde transganitochondria from the neurites

to the neuronal soma. We concluded that the annoiraduced somatic accumulation
of tau and mitochondria were functionally linkethce we observed that taxol, a drug
that stabilises microtubules and displaces taly hlbcked the retrograde transport of
mitochondria and somatic accumulation of phosplated tau. Finally, we found that
annonacin led to a depletion of tau protein in a&xowhich in turn lead to the

breakdown of microtubules, as evidenced ultrastiradly. Thus, annonacin appears to
induce somatic accumulation of phosphorylated tauetrograde axonal transport and
to impair the axonal integrity.

Together, these data suggest that annonacin isbleapé inducing changes in the
phosphorylation state and intracellular distribaotad the microtubule-associated protein
tau in a way that has been observed in the humaeasks. Therefore, these
observations strengthen the hypothesis that regolasumption of Anonaceouplants

might be implicated in the aetiology of the Guadplean tauopathy.



|. INTRODUCTION.

In Europe and North America, idiopathic ParkinsoDisease is the main cause
of parkinsonism while atypical parkinsonian syndesnrepresent only 20-30% (De
Rijk et al., 1997). Between 1995 and 2002, Caparros-Lefelveeyologist at the
University Hospital Neurology Clinic (CHU) in Posa-Pitre, Guadeloupe (a
Caribbean island in the French West Indies), olesean abnormally high frequency
(75%) of atypical forms of parkinsonism unrespoadiw L-Dopa treatments, which are
neuropathologically and biochemically defined aawopathy. Epidemiological surveys
included in these studies (Caparros-Lefebeteal., 1999; Lannuzekt al., Brain, in
press) showed that atypical parkinsonian syndronese predominant in patients who
reported regular consumption of herbal tea andsfraf the Annonaceadamily. In
GuadeloupeAnnona muricata(also known as soursop, graviola, or corossolYhes
most common plant belonging to tenonaceaefamily and is known to contain
neurotoxins: alkaloids and acetogenins, annonagimgithe most abundant of the latter

and a potent complex | inhibitor of the mitochomadlrespiratory chain.

Since then, evidence that strengthens the hypatlieat consumption of these
fruits is linked to the high prevalence of atypipakkinsonism in Guadeloupe increases
every year. In 2003, Lannuzel and colleagues, stoth@t annonacin is toxic to
mesencephalic neuromns vitro by impairment of energy metabolism. In 2004, Champ
et al.,induced neurodegeneration of théstantia nigraand in the striaturm vivo with
annonacin, Lannuzedt al., (in press) defined the clinical phenotype of titgpeal
parkinsonism in the island. The aim of this thési® know if the neurotoxin annonacin
contained inAnnona muricatas capable of inducingn vitro, a tauopathy like the one

described in the patients in Guadeloupe.



B) TAU.

Tau is a protein belonging to the family of the ratabule associated proteins
(MAP), described for the first time in 1975 by Wgamten and collaborators. In humans
it is found mostly in axons (Bindeet al., 1985) where it interacts with tubulin,
promotes their assembly and stabilises microtub(@evelandet al., 1977). This
major function of tau is controlled by two ways: éypression of different isoforms of

tau and by the phosphorylation state of the protein

1. TAU GENETICS.

Tau gene was localised to chromosome 17 by hylatidiz of a cDNA clone to
flow-sorted and spot-blotted chromosomes (Netval., 1986). By in situ hybridization
it was mapped to the long arm of chromosome 1721{Bonlonet al.,1987). The tau
gene consists of 16 exons (Neskeal., 1986). In the human central nervous system
(CNS), 6 isoforms are generated by alternativecsgi of the mRNA involving 11 of
the 16 exons of tau (Himmleat al., 1989; Kosiket al., 1989; Goedertt al., 1989).
These six tau isoforms range from 352 to 441 amarids in length depending on the
splicing of exons 2, 3 and 10. Alternative splicmigexons 2 and 3 results in isoforms
without, with one or two 29 amino acid inserts okoown function in its N-terminal
(called ON, 1IN, or 2N tau). Exon 10 encodes forlaaBino repeat located in the C
terminus which gives rise to 3 tau isoforms witmepeats each or 3 isoforms with 3
repeats each if exon 10 is spliced out (calledo4RR tau). In early developmental
stages only the shortest isoform (exons 2, 3 ansplifed out) is found whereas all six

isoforms are seen in adult brain (Kosikal.,1989; Goedert and Jakes, 1990).

The C-terminal repeat regions (R1-R4) that consis21-32 amino acids each
are encoded by exons 9-12 (Gusgkeal., 1994; Trinczeket al., 1995) and, together
with some adjacent sequences, constitute the ralmutg-binding domains (Leet al.,
1989; Goode and Feinstein, 1994; Paadal., 1995; Huttoret al., 1998). Goedert and

Jakes (1990) described that, in normal adult hubram, 4R tau has more affinity for



the microtubules than 3R tau, that the ratio 3R:tdiRisoforms is about one and that
the 1N, ON, and 2N tau isoforms comprise about 53%8p, and 9%, respectively, of

total tau.

The six isoforms of tau are summarised in Fig..l.alschematic representation

taken from Buéet al.,2000.

Fig. I. 1. Representation of the human tau gene, the human taprimary transcript and the six
human CNS tau isoforms.The human tau gene is located over 100kb on thg &rm of
chromosome 17 at position 17g21. It contains 16sxthe primary transcript contains 13 exons,
since exons 4A, 6 and 8 are not transcribed in Inugmaddle panel). Exons 1, 4, 5, 7, 9, 11, 12,
13 are constitutive, and exons 2, 3, and 10 aegratively spliced, giving rise to six different
MRNAs, translated in six different CNS tau isofor(imver panel), which differ in absence or
presence of one or two 29 amino acid inserts, esatdy exon 2 (yellow box) and 3 (green box)
in the amino-terminal, in combination with eithbrde (R1, R3 and R4) or four (R1-R4) repeat-
regions (black boxes) in the carboxy-terminal. Tloarth microtubule-binding domain is
encoded by exon 10 (slashed box). The six isofaramsist of 441-amino acids (2+,3+,10+),
410-amino acids (2+,3+,10-), 412-amino acids (21(B+), 381-amino acids (2+,3-,10-), or 383-
amino acids (2-,3-,10+). The shortest, 352-amiridsaisoform (2-,3-,10-) is found only in the

fetal brain, and thus referred to as fetal tauosnfTaken from Buéeet al.,2000.



6. POST-TRANSLATIONAL MODIFICATIONS.

Tau undergoes post-translational modifications likebiquitination,
polyamination, nitration, proteolysis, glycationr (oon-enzymatic glycosylation) and

phosphorylation.

Ubiquitination normally labels misfolded or damaged protein tadargo
degradation via the ubiquitin-proteasome syster. dantained in PHF (Paired Helical
Filaments) has been described to be tagged foradation by polyubiquitinylation
(Bancheret al., 1991, Igbal and Grundke-Igbal, 1991; Morishima #mara, 1994), or
labelled by monoubiquitinylation (Morishima-Kawasta et al., 1993), a modification
which seems to modulate the location and activitghe protein rather than being a

degradation target signal (Hicke, 2001).

Polyamination is the incorporation of polyamines to a proteictsas tau. It
has been reported by Tucholsd al., (1999) that transglutaminase can incorporate
these polyamines into tau. This post-translatianaldification does not affect tau’s
binding to microtubules, but renders the proteissl|susceptible to degradation by
calpain (Murthyet al., 1998; Tucholsket al.,1999). In Alzheimer’s disease (AD), tau
has been shown to Inétrated (Horiguchiet al.,2003).

Glycosylation is the addition of oligosaccharides to the sideairthof
polypeptides by various enzymes. Depending of ttere of the glycosidic bond, this
can be an O-glycosylation [an O-linked N-acetylglsemine (O-GIuNAc) residue on
Ser (Serine) or Thr (Threonine) in the proximityaoPro (Proline) residue (Haltiwanger
et al.,, 1992)], or N-glycosylation [the sugar is linked tioee amine group of Asp
(Asparagine)]. Wanet al., (1996) discovered the glycosylation of tau anccdbed the
necessity to deglycosylate and dephosphorylate RbiFestore the microtubule
polymerisation activity of tau, suggesting that afmnal phosphorylation might promote
aggregation of tau and inhibition of the assemiflynecrotubules, while glycosylation

appears to be responsible for the maintenanceed®df structure.

Phosphorylation. The addition of a phosphate group (P@® a protein is done
by kinases, whereas phosphatases are responsibledefjghosphorylation. This

modification of the tau protein will be dealt withdetail in the following paragraph.



Fig I. 2. Post-translational modifications of tau.Some modifications of tau, such as glycosylatiod an
phosphorylation, take place in the early stagetaofpathology. Hyperphosphorylated tau, on
one hand, loses its normal activity to stimulatenstubule assembly and becomes toxic to the
cell. On the other hand, hyperphosphorylation pri@sidau’s self-assembly into paired helical
filaments (PHFs). PHF tau is further modified byiqulitination, glycation, polyamination,

nitration, and proteolytic truncationTgken from Gong et al.,2005

7. TAU PHOSPHORYLATION.

Tau is a phosphoprotein that normally contains r&eBes of phosphates per mole of
tau (Ksiezak-Redingt al.,1992; Kopkeet al.,1993; Kenessey and Yen, 1993). The
phosphorylation level of tau isolated from autodsi® brains are 3- to 4- folds
higher than the normal human brains, this abnohyaérphosphorylated tau loses
its biological activity to bind to microtubules astimulate their assembly (Lindwall
and Cole, 1984; Igbat al.,1986, 1994; Drechsel al.,1992; Brambletet al.,

1993; Yoshida and Ihara, 1993; Biereatl.,1993; Alonscet al.,1994, 1997; Wang
et al.,1995, 1996; Gongt al.,2000).

Even if this process of hyperphosphorylation is yet well understood,
theoretically upregulation of tau kinases or dowatation of phosphatases could result

in this phenomenon. Tau has at least 30 phospltimnylaites, some of which are found
phosphorylated in PHF-tau, but not in normal braig, Thr212/Ser214, Thr231/Ser235



(Hoffmann et al., 1997) and Ser422 (Bussiest al., 1999). In vivo studies have
demonstrated that over a dozen protein kinasekjdimg GSK-3, cdk 5, and MAPK
(Watanabeet al., 1993), can phosphorylate tau (Table I. 1.) (fane, Billingsley et
al.,, 1997) at many residues, and mostly all phosphatgexcept PP2C) can
dephosphorylate tau (reviewed by Bugteal., 2000; Lauet al., 2002; Avilaet al.,
2004). PP2A seems to be the major tau phosphatabe ibrain (Goedest al., 1995;
Sontaget al., 1996, 1999; Gongt al.,2000; Bennecickt al., 2000; Kinset al., 2001),

but nothing is certifiedh vivo.



Table I. 1. Kinases involved in the phosphorylation of tau andthe phosphorylation sites.

T=threonine, S=serine, their position is labelldthmumbers and at the bottom the kinases that
phosphorylate tau in one or more sites (sites ladbelwith an X). Taken from

http://www.alzheimer-adna.com/Images/TablePhosphgjifa




A panel of antibodies is available, which recogmsesphorylated sites of tau,
some of which are pathological, since they do mauoin a healty brain, e.g. AT 100,
PHF-27 (Hoffmanret al.,1997) and AP 422 (Bussiee¢al.,1999) (Fig. I. 3.).

Fig. I. 3. Antibodies that recognise different phosphorylationsites of tau Phosphorylation sites on
tau are written in white with the type of aminodsusceptible to such modification. The antibodies
that recognise pathological sites of phosphoryfatice in a yellow box and antibodies which recognis
normal phosphorylation sites are written in gre&xons 2 and 3 are highlighted in red. The

microtubule binding domains are highlighted in gre&he slashed boxes delineate exon 10. Taken
from http://www.alzheimer-adna.com/Images/TauSitePtf



8. TAU STRUCTURE.

In the vicinity of the N-terminal region of the tawotein, there is a highly acidic
region followed by a basic proline-rich area, reddrto as the projection domain since it
projects from the microtubule surface and interagth other cytoskeletal elements,
membranes (Hirokawet al.,1988; Brandet al., 1995) and cytosolic organelles such as
mitochondria (Rendoet al., 1990). These interactions determine the diametéhe
axon (Chenet al.,, 1992). The proline-rich sequence is also involuadsignal
transduction pathways when interacting with SH3tleé src-family non-receptor
tyrosine kinases like fyn (Lest al.,1998).

Near the C-terminus, encoded by exons 9-12, arentloeotubule binding
domains (R1-R4). These are highly conserved regodri8 amino acids separated by

inter-repeat regions of less conserved 13-14 amdnts (Leest a.,1989).

Fig. |. 4. Taken from Buéeet al., 2000. Schematic representation of the functional domainthe
longest tau isoform (2+,3+,10+). The projection é@mincludes the acidic and the proline-rich
regions and interacts with cytoskeletal elemergseninining the space between microtubules in
axons and with proteins, such as PLC-g and Srcskimalt is therefore involved in signal
transduction pathways. The C-terminal is the midsates binding domain and regulates the rate
of microtubules polymerization. It is also involvéd the binding with functional proteins as
protein phosphatase 2A (PP2A) or presenilin 1 (PS1)



9. TAU FUNCTIONS.

Tau is a microtubule-associated protein. It hasapnrole in the polymerisation
of tubulin, stabilisation of microtubules (Fellowet al., 1977) and regulation of
microtubule dynamics (Trinczedt al., 1995), the constant assembly and dis-assembly
of the microtubules depending on the GTP-GDP exghaburing polymerisation of
tubulin molecules to microtubules, both and -tubulin subunits are bound to a
molecule of GTP. The GTP bound tdaubulin is stable, but the GTP bound toubulin
may be hydrolysed to GDP shortly after assemblyis TBDP-tubulin is prone to
depolymerise and begin a rapid shrinkage of thelevicrotubule. This process of
microtubule assembly and dis-assembly is essewtiataintain the cells function and
viability, and therefore needs to be tightly regeth (Goncalvest al., 2001). This
regulation is achieved by the binding of tau to mierotubules (Clevelanet al., 1977,
Leeet al.,1989; Butneeet al.,1991; Drechsett al.,1992; Brandet al.,1993; Goodet
al., 1994; 1997; Billingsleyet al.1997; Pandat al., 1999;2003), hence the activity of
the tau protein is also strongly controlled by twajor mechanisms. The first is the
alternative splicing which leads to the expressibthe two classes of tau proteins (3R
and 4R). It has been shown that 4R tau is moreieifi than 3R in stimulating tubulin
polymerisation (Goedertt al. 1990; Butneret al., 1991). Secondly, the microtubule-
binding activity of tau is regulated by phosphotiga via kinases and phosphatases on

its approximately two dozens of phosphorylatioesifreviewed by Buéet al.,2000).

As a consequence of its interaction with the midoates tau is essential to
establish the polarity of neuronal cells, to proenoaxonal outgrowth during
development, to maintain axonal morphology andniglved in axonal transport in
mature cells (Clevelanet al.,1977; Caceres and Kosik 1990; Hanemaaieal., 1991,
Brandt and Lee 1993; Esmaeli-Azatl al., 1994; Haradaet al., 1994; Pagliniet al,
2000; Dawsoret al.,2001). In addition, other physiological functioofistau have been
proposed, such as a role in development (teal.1998) or binding to RNA or DNA
(Kamperset al.1996; Hua and He 2003). Alterations in the fundiof tau can lead to

neurodegeneration (reviewed by Braatal.,2005).



C) TAUOPATHIES.

In 1907, Alois Alzheimer described senile plagued aeurofibrillary tangles in
the neocortex and hippocampus of a middle-aged wonith memory and cognitive
function loss (Alzheimer, 1907), this was the fijpsiblished description of Alzheimer’s
Disease. It took almost 80 years to identify theagpal components of the senile
plagues and of the neurofibrillary tanglesamyloid (Glenner and Wong, 1984) and tau
protein (Brionet al.,1985).

The role of the microtubule associated proteinitathe onset and progression
of AD is still not clear, but the study over thespalecades of sporadic and familial
neurodegenerative diseases, other than AD, hase i realisation that the tau protein
is involved in a large group of diseases. Theygmea large diversity with regard to
clinical manifestations, brain dysfunction, patt@hneurodegeneration and aetiology.
Still, all of these diseases are chronic and pisgjve neurodegenerative disorders that
have abundant, filamentous tau pathology and hkidemeneration (Leet al., 2001).
These disorders were named “tauopathies” and anenswised in Table I. 2.

TABLE I. 2. Diseases with tau-pathologfaken from Leeet al.,2001

Alzheimer’s disease*

Amyotrophic lateral sclerosis/parkinsonism—dementiscomplex*
Argyrophilic grain dementia*

Corticobasal degeneration*

Creutzfeldt-Jakob disease

Dementia pugilistica*

Diffuse neurofibrillary tangles with calcification*

Down’s syndrome

Frontotemporal dementia with parkinsonism linkedticomosome 17
Gerstmann-Straussler-Scheinker disease

Hallervorden-Spatz disease

Myotonic dystrophy

Niemann-Pick disease, type C

Non-Guamanian motor neuron disease with neurdflpyitangles
Pick’s disease*

Postencephalitic parkinsonism

Prion protein cerebral amyloid angiopathy

Progressive subcortical gliosis*

Progressive supranuclear palsy*

Subacute sclerosing panencephalitis

Tangle only dementia*



* Diseases in which tau-positive neurofibrillary petigy are the most predominant neuropathologic
feature.

In all tauopathies, the cytoplasmic, filamentoust@in aggregates are found,
which consit mainly of hyperphosphorylated and abradly phosphorylated tau protein
(Grundke-Ilgbalet al., 1986; Goederet al., 1989, 1992; Hauwet al., 1994). This
hyperphosphorylation is believed to be an earlynewe the pathway that leads from
soluble to insoluble and filamentous tau proteira@ket al.,1994). Several cell culture
and animal models, provide converging evidence #imrrant tau phosphorylation,
even in the absence of large tau aggregates, e @aneurodegenerative phenotype
similar to that seen in human tauopathies (Tale)l.

Table I. 3. Summary representation of experimental evidence foa role of direct cytotoxicity of
altered tau protein in tauopathies. Taken from Brandet al., (2005) Ref 53= Shimurat al.,
2004a; Ref 166= Fatht al., 2002; Ref 171= Wittmanet al., 2001; Ref 173= Jacksaet al.,
2002 ; Ref 174=Kraemet al., 2003 ; Ref 188= Shimuret al.,2004b



1. NEUROPATHOLOGICAL DESCRIPTION.

Neuropathologically, all tauopathies are charasgégriby prominent intracellular
accumulations of the microtubule associated protain (Avila, 2000; Caceres and
Kosik, 1990). In different diseases tau accumaieiare found in different cell types
and therefore receive different names: in astrecyleey are named tuffs; in
oligodendrocytes, coiled bodies; in neurons, Pitiddies, tangles or pre-tangles and in
axons, neuropil threads (Le al., 2001). Depending on the structure adopted by tau,
the accumulations can be called Paired Helicalntelats (PHF) as in AD or Straight

Filaments (SF) as in Progressive Supranuclear PRBE) as shown in Fig. I. 5.

Fig. I. 5. Neuropathology of tau. Intracellular accumulation of tau in neurons (lasy (A), in
oligodendrocites (coiled bodies) (B) and in asttesytuffs) (C). The formation of tangles of PHF
and SF fromin vitro hyperphosphorylated taitaken from Alonso et al., 2001 tau, 0.5 mg/ml,
was incubated with rat brain extract in the presesfcATP to induce hyperphosphorylation of tau
that induced its self-polymerization into tau pfdéments forming PHF €) or '15-nm straight
filament, @). Bars represent 40 nm.



2. BIOCHEMISTRY OF TAUOPATHIES.

There are two groups of isoforms of tau, 3R and wWRich are expressed in a
normal human brain in a ratio of 1:1. 4R tau bitamicrotubules approximately 3 fold
stronger than the 3R (Good# al., 2000) and is more effective in assembling the
microtubules (Leeet al.1989; Goedert and Jakes 1990). 3R is known to s&gue
soluble tubulin, necessary for self-assembly ofulmbto microtubules, and is more
prone to self-aggregation (Uttat al., 2001; Stanforcet al., 2003). This conclusion is
supported by experimental work, when the ratio BRigd disrupted in favour of an
overexpression of the 3R tau in transgenic miceichvheads to the formation of
hyperphosphorylated aggregates of the tau prolsimh@raet al.,1999). In tauopathies
like AD, the amount of 3R and 4R tau accumulatedh@e or less the same, but in
others there is a predominant isoform of tau tl@umulates; in Pick’s Disease for
example, 3R tau is the major component of the PitFia PSP, it is the 4R. (Reviewed
by Buéeet al.,2000).

All tauopathies are defined neuropatholologically the deposits of the tau
protein found. A disease-specific alteration of tauepresented in its electrophoretic
profile. Fig. 1.6., shows tau of 55kDa which resuttom the phosphorylation of the fetal
isoform (2-, 3-, 10-), tau of 64kDa resulting fratre phosphorylation of tau patients
with variants with one cassette exon (2+,3-,10-2ar 3-, 10+) and tau of 69kDa
resulting from the phosphorylation of tau variawith two cassette exons (2+, 3+, 10-
or 2+, 3-, 10+). Phosphorylation of the longest isaform (2+, 3+, 10+) induces the
formation of the additional hyperphosphorylated #kDa variant. There are three
different patterns of tau on Western blots when &wonbrain tissue is separated
electrophoretically. The “3 bands” consists of € 64 and 55 kDa, classical for AD,
FTDP-17 and ALS/PDC (Amyotrophic Lateral Sclerd3akinson Dementia
Complex). The “2 bands”. tau of 69 and 64 kDa isnowmn for PSP, CBD
(CorticoBasal Degeneration) and some forms of FTDPall related to the aggregation
of 4R hyperphosphorylated tau. Pick’s Disease Has @ bands, the two shorter
isoforms of tau, which relate to the aggregatiomygerphosphorylated 3R tau in what

is called Pick’s bodies.



Fig. I. 6. Taken from Buéeet al., 2000. Typical electrophoretic profiles of pathologicaltproteins
using the phosphorylation-dependent monoclonabeadti AD2, with schematic representation
of isoform composition (right of each frame). The taw isoforms are involved in the formation
of the typical AD-triplet with the minor tau 74 vant. This pattern is also described in Down
syndrome (DS), post-encephalitic parkinsonism (PERLS/PDC (Amyotrophic lateral
schlerosis/Parkinson dementia complex and someliésmwith FTDP-17 (Frontotemporal
dementia with parkinsonism linked to chromosome (&jt panel). The typical PSP/CBD
(Progressive supranuclear palsy/Corticobasal degtoe) doublet tau 64, 69 is related to the
aggregation of hyperphosphorylated tau isoformb wion 10 (4R). The FTDP-17 families with
mutations in exon 10 or intron 10 exhibit the sgmafile (middle panel). Hyperphosphorylated
tau proteins without exon 10 (3R) aggregated irk'Riclisease are detected as a tau 55, 64
doublet (right panel). Color codes: yellow box:drtsencoded by exon 2, green, by exon 3, red

by exon 10.

Most of the phosphorylation sites on tau are latatéthin the microtubule
repeat domain and flanking sequences and affeaiststal properties of the protein
(Hagestedet al., 1989). Phosphorylation on these sites influencesnieraction with
microtubules (Lindwallet al., 1984; Trinczeket al., 1995). Therefore, many groups
have been interested in the kinases and phospkatag#ved in the phosphorylation
state of tau. Patrickt al., (1999) reported upregulation of cdk5 in AD braibst Yoo
and Lulec, (2001) and Tanigucht al., (2001), were not capable of reproducing this
result. On the other hand, PP2A in AD brains hasnb&®und reduced in both
expression and activity (Gongt al., 1993, 1995; Vogelsberg-Ragagks al., 2001;
Loring et al., 2001; Sontaget al, 2004), hence, downregulation of phosphatases could
contribute to tau hyperphosphorylation (Matsetoal., 1994). Despite these results,

attempts to produce tangles or PHFs in animal mageély by alteration of the activity



of individual phosphatases and/or kinases has mdt bpen successful, hence a
combination of sites are likely to be involved. Shihyperphosphorylation of tau
appears to be the result of a deregulation of ghmgtation and/or dephosphorylation
events, and may have critical consequences. Fan@ra hyperphosphorylated tau
isolated from patients with AD is unable to bind nadcrotubules and to promote
microtubule assembly, both are restored after eamgndephosphorylation (Lu and

Wong 1993; Alonscet al., 1994; Igbalet al., 1994). These lines of evidence link
hyperphosphorylation to tauopathies. However, it ssll not clear how this

hyperphosphorylation is involved in the neuronajeteeration.

Fig. I. 7. shows a summary of the processing of taam its transcription via
posttranslational processing to its pathologicajragation and the disease-specific

electrophoretical fingerprint:

Fig. I. 7. Summary of tau’s genetics and its relation with patology. Tau gene is represented at the
top. Red is exon 2, dark red is exon 3 and yellownel0, in green exons that are not
transcribed. C and C* show the 6 isoforms of tad #reir relation with pathology; the
characteristic lesions seen at electron microsclgviel and their characteristic electrophoretic
print are shown in D and D’. Taken from  http://walzheimer-
adna.com/Psp/signaturePSP.html



3. MAJOR TAUOPATHIES.

a. Alzheimer’s Disease (AD).

AD is the most common and best-studied tauopathgffécts approximately
10% of the population over 65 years of age (Raetcal., 1991). It is a progressive
neurodegenerative disorder that leads to demdnsa ¢f intellectual functions, such as
thinking, remembering, and reasoning), and behaalalisorders. Neuropathologically,
it results in widespread atrophy in the temporal parietal lobes and is characterised
by the presence of NFT composed of PHFs and stréiigihnents (SFs), both being
aggregates of tau (Kidd, 1963), and senile plaquesamyloid deposits), the two
necessary hallmarks to define a neurological desoms AD according to classical
criteria (McKhanret al., 1984, Hyman and Trojanowski, 1997). The tau aggesgyare
composed of the hyperphosphorylated state of alsdorms, and therefore are
biochemically characterised by the appearance reetmajor electrophoretic bands of
the tau protein at weights 55, 64 and 69 kDa ([mlteet al., 1990; Leeet al.,1991;
Goedertet al.,1994).

b. Progressive Supranuclear Palsy (PSP).

PSP has an estimated prevalence of 5-6 per 10p&xdle (Schragt al.,1999),
the average onset of the disease is 50-70 yeanta(3azet al.,1998) and has a mean
duration of approximately 8 years. It favours neitrace nor gender, although there is a
tendency for males to be more affected (Gabal.,1988).

PSP, also known as the Steele, Richardson, ancevd&r disorder, presents
clinically as parkinsonim, characterized by bradgsia (slow movements) and
prominent postural instability (Steeé al., 1964). It also presents dysarthria (slurred
speech) and dysphagia (swallowing problems) anthdnater stages, subcortico-frontal
dementia. Supranuclear gaze palsy is the charsiiteclinical sign of PSP. Tremor is
usually absent. The symptoms are associated withkedafrontal lobe glucose
hypometabolism (Brookst al.,1994), but the aetiology remains unknown. Thengois



yet an effective treatment. Particularly, the dopesrgic therapy used in Parkinson’s

disease, is of little or absent benefit in PSP.

Neuropathologically, PSP is characterized by atyoph the basal ganglia,
subthalamus, and brainstem, with correspondingamaliloss and gliosis. Within these
brain regions, there is a high density of fibrjlaiau pathology, including neuropil
threads, and NFTs that are typically round or gsab@ollocket al., 1986; Hauwet al.,
1994; Litvan et al.,, 1996a). Glial fibrillary tangles in both astrocytesnd
oligodendrocytes are abundant (Haetnal.,1990; Yamadat al.,1992; Komori, 1999).
Ultrastructural analysis of these neurofibrillagsions revealed 15- to 18-nm straight
filaments, with a long periodicity (Tellez-Nagel catWisniewski 1973; Royet al.,
1974). The biochemical identification of insolublgperphosphorylated tau at 68 and
64 kDa (Flamentet al., 1991; Vermerschet al., 1994), corresponds to the 4R tau
(Spillantini et al., 1997; Sergeantt al., 1999). Furthermore, in PSP, the relative
abundance of tau mRNA containing E10 has been tegdo be increased in the
brainstem but not in the cortex, which is consisteith the distribution of the

neurofibrillary pathology (Chambees al.,1999).

c. Frontotemporal Dementia with
Parkinsonism Linked to Chromosome 17
(FTDP-17).

The first such disorder was linked to chromosomevhén Wilhelmseret al.,
(1994) described a familial disease they calledifthibition-dementia-parkinsonism-
amyotrophy complex” and demonstrated genetic liekafgthis disease to chromosome
17q921-22. Subsequently, a number of related negedeative disorders were linked
to the same region on chromosome 17 (Wigkeal., 1996, Birdet al., 1997, Fosteet
al., 1997, Heutinket al.,1997, Murrellet al., 1997, Lendoret al.,1998).

This group of syndromes consists of autosomal-dantlg inherited
neurodegenerative diseases with diverse, but qy@rdg, clinical and



neuropathological features (Foster et al 1997ni€dily, the disease commonly begins
with behavioural, cognitive or motor manifestatiargl is characterized primarily by a
progressive frontotemporal Dementia (FTD) and pesdmnism (Fosteet al.,1997). The
neuropathology of FTDP-17 is characterized by mdnkeuronal loss, frontotemporal
atrophy, gliosis, extensive neuronal and glial ifilwy pathology composed of
hyperphosphorylated tau protein (reviewed in Spilta et al., 1998, Crowther and
Goedert, 2000, Honet al., 1998), but without evidence ofamyloid deposits or other
disease-specific brain lesions (Murreli al., 1999, Lippaet al., 2000, Rizziniet al.,
2000, Spillantiniet al., 2000). In some cases the biochemical pattern idasito AD,
with 69, 64 and 55 kDa forms of tau, while in otlcases the pattern is like CBD and
PSP, where only the 69 and 64 kDa tau is found.|dtter phenotype is due to intronic
mutations that result in the forced expressionxainelO (Groveet al.,1999; Huttonet
al., 1998; Spillantiniet al., 1998; Varaniet al., 1999). Some factors involved in the
alternative splicing of tau have been already ifiedt (D’'Souza and Schellenberg,
2002). More than 25 mutations in the tau gene Hmeeen identified in exons 1, 9, 10,
11, 12, and 13 as a cause of FTDP-17. These musatiay affect mRNA splicing or

the protein levels of tau and occur preferentiadlyhe microtubule binding region.

d. Corticobasal Degeneration (CBD).

It is an adult-onset progressive neurodegeneraligerder characterised by
cortical disturbances like aphasia and apraxia, eradd dementia and markedly
asymmetric motor disturbances, such as rigiditynbli dystonia and tremor.
Neuropathological examination indicates depigmémtabf the substantia nigra (Rebeiz
et al.,1967, 1968) and frontoparietal atrophy, neurooss with spongiosis and gliosis.
Tau pathology is found in neurons as intracytoplasaggregates (lwatsubet al.,
1994; Mori and lharal991) and in glial cells asreabteristic astrocytic plaques. A
striking feature of CBD is the extensive accumolatof tau-immunoreactive neuropil
threads throughout gray and white matter (FeanyCaokson 1995; Feangt al.,1996).
The tau filaments in CBD include both PHF-like filants and straight filaments



(Ksiezak-Reding et al 1994, Komori 1999). Electroygtically, hyperphosphorylated
tau is only found in the 69 and 64 kDa forms.

e. Pick’s Disease (PiD).

PiD is a rare form of neurodegenerative disordaratterised by a distinct
dementing process producing disturbances in larggg@gnstantinidi®et al, 1974), as
well as depression and behavioural changes assdaidath frontal lobe atrophy. This
disorder is characterized by the presence of cgtopic tau inclusions in neurons of the
frontal lobe, known as Pick bodies (Briehal.,1991). The granular cells of the dentate
gyrus are also affected. Biochemical analysis uSifagtern blot with phosphorylation-
dependent tau, reveals that in all cases of Pilzjamd5 and 64 kDa tau doublet (Buee-
Scherreret al., 1996; Delacourteet al., 1996), indicating the absence of exon 10

expression.

There are other tauopathies like postencephalickinmonism, Down’s
Syndrome, myotonic dystrophy, prion disorders WNRT, Niemann-Pick Type C
disease or the Parkinsonism-Dementia-Complex ofnGtlzat will not be described
here, but are reviewed in detail by Bugteal., (2000), Ingram and Spillantini, (2002)
and Avilaet al.,2004.



4. PATHOPHYSIOLOGY OF TAUOPATHIES.

The role of tau in neurodegeneration is still ajsciof ongoing debate. Two
major hypotheses have been proposed: (1) a gdioxaity of the tau protein, where
intracellular accumulation of tau is the cause af death, as it has been demonstrated
for FTDP-17, where a mutation in tau is sufficiémtcause the protein aggregation in
the cytoplasm and the second cell death (Goedet, 1998); (2) a loss of function of
tau, where the protein loses its biological functmf stabilising the microtubules and
cell death results from an altered microtubule dyicaand its consequences (Feinstein
and Wilson, 2005).

5. AETIOLOGY OF TAUOPATHIES.

There are 3 possible aetiologies described to date.

A genetic origin was first described for FTDP-17, which refers tgraup of
autosomal dominant inheritance with mutations m tidw-gene (reviewed by Braneit
al., 2005). In 1998, tau mutations in introns and exawrse identified and associated
with FTDP-17 (Huttonet al., 1998; Poorkajet al., 1998; Goedertet al., 1998),
establishing the dysfunction of tau due to mutaioas a possible cause of
neurodegeneration. This is the only tauopathy weitiproven genetic cause, where

mutations in the tau protein are sufficient togegthe disease.

Tau polymorphisms may be a risk factor for PSP and CBD (de Yebeted.,
1995; Rojoet al,2000). Conrad and colleagues, (1997), were teethirdemonstrate an
allelic association of a dinucleotide polymorphismntron 9 of the tau gene with PSP,
showing that variations in the tau gene could bgeretic predisposition in sporadic
PSP. This observation was confirmed for PSP and ®Bthers (Di Mariaet al.,
2000; Houlderet al.,2001). The allelic association to PSP and CBD hates extended
to a series of polymorphisms, defining the PSP-@ated haplotype H1, distinct from



the haplotype H2, which is not PSP-associated (Bakel., 1999; Ezquerrat al.,
1999; da Silva, 2003).

Another hypothesis links distinct tauopathies éavironmental triggers.
Natural toxins contained in food products are higpsised to cause several tauopathies.
In the island of Guam for example, PDC has beeketinto the consumption @ycas
rumpii, a false sago palm, which contain®-glucosides, which may cause the disease
by glutamate neurotoxicity (Khabaziat al., 2002; Wilsonet al., 2002). Atypical
parkinsonism associated with the consumption oftgldrom theAnnonaceadamily
have been described in the island of New Caled@dmgibaudet al.,2004) and in the
Caribbean island of Guadeloupe (Caparros-Lefebvra., 1999). The latter disease is

the main interest of this thesis.

D) ATYPICAL PARKINSONISM IN
GUADELOUPE.

In Europe and North America, idiopathic Parkinsobisease is the major form
of parkinsonism, about 20% are atypical parkingon{®e Rijk et al., 1997) and less
than 4% of patients have Progressive Supranuclaly RPSP) (Golbest al.;1988).
Parkinsonism is defined as a combination of symptomhich include bradykinesia and
at least one of the following: tremor, rigidity postural instability (Calnet al.,1992).
Parkinson’s Disease has a unilateral onset anelv@bpa responsive (Gibb and Lees,
1988). The major clinical symptoms result from &aiein striatal dopamine due to the
loss of dopaminergic neurons in tBabstantia nigra pars compact®Npc) (Agid,
1991). PSP differs from Parkinson’s Disease bec#uselevodopa-unresponsive and
presents a unique characteristic to this disordesupranuclear gaze palsy, which is
essential for clinical diagnosis of PSP (Litvainal., 1996b). Patients that do not fulfil
classical criteria for PSP, by presentation of dwfiations or delusions, severe
autonomic dysfunction, cortical sensory deficitatien limb phenomena (Litvaet al.,

1996a), are referred to as atypical parkinsonism.



In Guadeloupe, a Caribbean island in the Frencht Wdges, Caparros-Lefebvre
and Elbaz (1999) found a high prevalence (33%) $P FRand atypical parkinsonism
unresponsive to levodopa (33%). Three PSP-likeepttithat came to autopsy had
neuropathological features that resemble those S®:Phigh accumulations in the
perikarion of abnormally phosphorylated tau (Capsilcefebvreet al., 2002). In two
clinical studies (Caparros-Lefebvre and Elbaz, 198&nnuzelet al., in press), a
relationship between the consumption of herbalaed fruits from theAnnonaceae
family (custard apple or pawpaw family) has beerscdbed. In the island of
Guadeloupe, the most commaAnnonaceaglant isSAnnona muricatawhich is known
to contain potent neurotoxins which inhibit compleaf the mitochondrial respiratory
chain, so called annonacous acetogenins. Annoriacthe most abundant of these
acetogenins produced exclusively Bnnonaceaeand has become a candidate
neurotoxin that might be involved in the aetiolagiythe disease (Degli Esposti, 1998;
Hoglingeret al, 2005).

1. Gd-PSP CLINICAL PHENOTYPE.

Lannuzelet al., (in press), based on a cohort of 160 parkinsompiatients,
defined in detail the clinical phenotype of thepatpl parkinsonism in Guadeloupe.
From 160 patients, 104 (63%) had atypical formparkinsonism. Fifty-one (50%) of
these had supranuclar ocular motor dysfunction arel referred to as Gd-PSP
(Guadeloupe PSP-like syndrome). In this group, 1Zhese patients fulfilled the
NINDS-SPSP diagnostic criteria for possible or @tale PSP (Litvaet al.,1996a), and
the majority (n=39; 76%) present at least one efriandatory exclusion criterion for
PSP (hallucinations and /or delusions, severe autan dysfunction or both). The
remaining 50 atypical parkinsonian patients hadoandgeneous clinical syndrome,
which differs from the Gd-PSP because of the alssehoculomotor problems and will
be referred to as Gd-PDC (Guadeloupe parkinsonismedtia complex). Apart from
this feature, Gd-PSP and Gd-PDC are indistinguighab



Tremor was the most frequent initial symptom in B8P and Gd-PDC patients
followed by the other classic parkinsonian symptonggdity and bradykinesia, which
were in many cases symmetrical and both Gd-PSRGahBDC patients were little or
non-responsive to levodopa. In classical PSP, paistnstability and falls are frequently
initial symptoms (Litvaret al., 1996b), while in Gd-PSP and Gd-PDC they appeared
later (2,5 and 3,4 years after disease onset riagplgr. Many patients with Gd-PSP
and Gd-PDC presented exclusion criteria for clas$*SP like cognitive or psychiatric
dysfunctions (memory impairment, personality changer hallucinations) and
unexplained autonomic dysfunction (like arthostatitypotension and urinary
incontinence). Almost all had fronto-subcorticalndtia. The only statistically
significant difference found between Gd-PSP andRB& was the existence or absence

of oculomotor dysfunction respectively.

2. Gd-PSP NEUROPATHOLOGY,
BIOCHEMISTRY AND GENETIC ANALYSIS.

Three patients with a PSP-like clinical manifestatrom Guadeloupe came to
autopsy. Neuropathological examinations (Caparefelivre et al., 2002) showed
accumulations of tau protein, predominantly in thiglbrain, which resembles that of
PSP (Litvanet al., 1996b) as shown in Fig. I. 8. Immunohistochemiseyealed tau
positive processes (threads) and cell bodies (py&ds, i.e., diffuse immunostaining of
the cell body) or true neurofibrilly tangles whickere rare and astocytic tuffs,
considered as highly suggestive of PSP (Hatnal., 1990; Komoriet al., 1998), were

virtually absent in case 1.



PSP

Gd-PSP

Coiled body Tuff Tangles

Fig. I. 8. Comparison of histopathology between GuadealoupeaRSP (Gd-PSP) (case 3) (lower
row) and PSP (upper row) in the striatum.A) Coiled bodies (Tau accumulation in astrocytes).
B) Astrocytic tuffs (tau accumulated in astrocyte§)) Tangles (tau inmunoreactivity).
Polyclonal anti-tau from Dako was used. Scale b&0-n.Taken from Caparros-Lefebvre et
al., 2002.

Biochemical studies of brain tissue homogenatesctied the classical doublet at
64 and 69 kDa of tau (Caparros-Lefebwt al., 2002), which is characteristic for
tauopathies like PSP, which accumulate hyperphogfatied tau isoforms containing
the exon 10 sequence (Mailliet al.,1998; Sergeardt al.,1999).



Fig. I. 9. Biochemical mapping of pathological tau of three Gadeloupean casesl8, 24 and 15
brain regions of Case 1, Case 2 and Case 3 regglgotvere analysed for their pathological tau
content by Western blotting. Antibody AD2 detectedoublet of pathological tau at 64 and 69
kDa in the three cases, whereas the typical tripfepathological tau is observed in the
Alzheimer brain tissue samples (AD lanes). AD =himer's disease; Accu = nucleus
accumbens septi; Amy = amygdala; Ant tha = anteribalamus; BA = Brodmann area;
Bulb = bulbe; Cb = cerebellum; Cd Ns = caudate ews] Cp Call =corpus callosum; Ct
Ova = centre ovale; Ento = entorhinal cortex; Eall B external pallidum; Hip = hippocampus;
Inf Pall = internal pallidum; Ins =insula; LN =das niger; Lat Thal = ventral lateral nucleus;
Med zone = medial zone; Med tha = median thalarfug;= putamen; Red Ns =red nucleus;
SN = substantia nigra; Sub Thal = subthalamic msclénucleus of Luys); Tha = thalamus;

Trc = brainstem; WM = white matteFaken from Caparros-Lefebvre et al.,2002.



In FTDP-17 mutations have been described (Huétoal., 1998; Poorkagt al.,
1998; Goederet al.,1998), and tau haplotype tau polymorphisms coafgenetic risk
for PSP (Bakeet al., 1999) and CBD (Corticobasal Degeneration) (Di dat al.,
2000; Houldeeet al.,2001) but not for other tauopathies like PiD (PidRisease) (Russ
et al., 2001). Although none of the patients had a farhilstory of parkinsonism or
dementia, a genetic study of these 3 autopsiedrgatirom Guadeloupe was carried out
and no mutation of the tau gene was observed. Weeg all homozygous for the H1
haplotype (Caparros-Lefebvet al.,2002).

3. EPIDEMIOLOGICAL STUDY ON
GUADELOUPE.

Out of the 31 PSP-like patients (now called Gd-P&RI the 30 with atypical
parkinsonism (renamed Gd-PDC) examined by Caparedsbvre and Elbaz (1999), all
reported regular consumption of either pawpaw fantherbal teas. These groups
consumed significantly more fruits and drank moeebhl tea than controls (fruit: odd
ratio 20-7; herbal tea: 6-48). Caparros-Lefebvre Bivaz (1999) therefore postulated a
link with the consumption of herbal tea and fruftem the Annonaceaefamily
(speciallyAnnona muricatawhich is the most common in the region), which tagn
high concentrations of neurotoxins like benzyltey@droisoquinoline alkaloids (Leboeuf

et al.,1980) and annonaceous acetogenin®{lal. 1990; Cavét al. 1997).

More evidence has been recently collected (Lanretzal., Brain, in press) from
a cohort of 160 parkinsonian patients. The consiompif fruit and infusion of leaves
of Annona muricatavas evaluated in Gd-PSP and 31% Gd-PDC patients@mnckerted
into mg of annonacin (major acetogeninAnnona muricatp as determined by mass
spectroscopy (Champat al., 2005). One fruit and one cup of infusion are eated to
contain 15mg and 0,14mg of annonacin, respectiviégigreof, the amount of annonacin
ingested during the patient’s life was estimated snsummarised in Table I. 4. The
percentage of high consumption1Q fruits or cups per day for one year) of
annonaceous products in Gd-PSP and Gd-PDC did iffet gignificantly and the



estimated ingestion of annonacin was significantlgreased compared to control

subjects in both groups.

% High consumption Estimated amounts of
N of annonaceous annonacin ingested in P
products grams (meanzS.E.M.)
Controls | 75 33 33+6
Gd-PSP | 21 76 148+40 i
Gd-PDC | 23 74 156+48 ok

Table I. 4. Comparison of high consumption of annonaceous prodis (in percentage) and

estimation of ingestion of annonacin between contl® and atypical parkinsonisms of
Guadeloupe.Gd-PSP and Gd-PDC patients are higher consumexsnafhaceagroducts than
controls. High consumption refers tol0 fruits or cups of annonaceous products peridaye
year. The estimation of the amount of annonaciestef during the patients’ life is expressed as
gram (meanzS.E.M), knowing that each fruit contdiBeng of annonacin and each cup 0,14mg.
***Sjgnificantly different than control values (p<@1, one-way ANOVA followed by Student-

Newman-Keuls test)

D) AN ENVIRONMENTAL TOXIN
HYPOTHESIS.

The absence of Mendelian inheritance and of mutatio the tau-gene, the

ethnic heterogeneity of the affected populationp@@eos-Lefebvreet al., 1999, 2002;

2005, Lannuzett al., Brain, in press), and the high prevalence of gfioreases, argue

against a genetic cause of Guadeloupean atypiagkinpanism. The geographical

clustering of this disease on the islands of Guaged and its association with the

regular consumption oknnona muricatgCaparros-Lefebvret al., 1999; Lannuzeét

al., in press) are arguments in favour of a naturahtoglated aetiology of this PSP-like

disease.



Other associations between the consumptionAohonaceaeand atypical
parkinsonism have been reported in other geogralhiisolated regions such as New
Caledonia (Angibaue@t al.,2004). These associations in independent popukatath
genetically distinct backgrounds also argue in tmvof the hypothesis that toxic
compounds contained in fruits from tRenonaceadamily, which are very deeply-
rooted in the daily life of certain populations, ynbe responsible for the observed

neurodegenerative syndrome.

Intriguing evidence linking these two effects (comption of Annonaceae
products and Guadeloupean disease) was describ€dgmsrros-Lefebvre (1999) when
five patients under the age of 65 showed remarkabgovement when they stopped

consuming anonnaceous products.

E) EXPERIMENTAL WORK SUPPORTING THE
TOXIN-HYPOTHESIS IN GUADELOUPE.

Isoquinolin-alkaloids and acetogenins are the twajomgroups of neurotoxins
contained in thénnonaceaglants.

The alkaloids are found in many plants, they amrdghilic and energy poisons,
but their molecular mechanism of action has nonbsearly elucidated (Kotaket al.,
2004). To investigate if they cause neuronal degeiom, and therefore play a role in
the Guadeloupean disease, Lannuzel and collabsrgt002), studied their toxicity and
possible mechanism of action on dopaminergic neuronitro. In this study alkaloids
killed non-selectively (i.e., dopaminergic and GA&4ic neurons). The analysis of the
mechanisms of action showed that glucose protestigahst annonacin by glycolitic
stimulation (Lannuzekt al.2002), suggesting that alkaloids might contribudettie

toxicity of the plantsn vivo by energy depletion.

The acetogenins are a group of over 400 differemieaules, which constitute a
unique and structurally homogenous class of poigtkst (fatty acid derivatives). They
are highly lypophilic because of their fatty-acidrdled chain (Degli Esposegt al.,
1998), which allows them to penetrate into cellgphgsive diffusion, they are stable to

light, pH, temperature, are specific to thenonaceaglants (Cavét al. 1997; Alali et



al., 1999) and are potent and specific inhibitors ofostiondrial complex | (Tormet
al., 1999; Motoyamaet al.,2002).

Fig I. 10. Molecular structure of annonacin. Annonacin has an aliphatic tail, which confers
lipophilicity allowing it to cross the blood-bralmarrier and cell membranes, and an aromatic

end.

The toxicity and mechanisms of neurotoxicity of anacin (Fig. I. 10), the most
abundant acetogenin ilnnona muricata(Laprévoteet al., 1993; Gleye, 1998), was
studiedin vitro and compared to other complex | inhibitors sucM&§", known to kill
dopaminergic neurons (Langsten al., 1999), and rotenone (Hoglinget al., 2003).
Annonacin penetrates by passive diffusion and tffequally dopaminergic and non-
dopaminergic neurons (Lannuzet al., 2002). It inhibits the complex | activity of
submitochondrial particles with an 4€of about 30 nM (Tormet al., 1999) and Kkills
neurons by ATP depletion, thereby being about B@&$i more toxic to dopaminergic
neurons and 2000-times more toxic to non-dopamicergurons than MPRLannuzel
et al.,2003).

From this moment onwards, more attention was paidthe acetogenin
annonacin mainly because of two reasons: 1) acetugevere toxic at nanomolar
concentrations, whereas for alkaloids to be toxm¢cromolar concentrations were
necessary, 2) acetogenins are known mitochondmidhg, like other parkinsonian-
inducing compounds such as MP@angstonet al., 1999) or rotenone (Hoglingeat
al., 2004).

To test the hypothesis that annonacin is capabladufcing neurodegeneration
in a living system, it was administrated intravesiguo rats for 28 days (Champyal.,

2004). It was shown that annonacin enters the naih lparenchyma, decreases brain



ATP levels and induces pronounced and widespreatbdegeneration in basal ganglia
and brainstem nuclei, whereas hippocampus, ceushelnd cerebral cortex are only
moderately affected. This mimics the distributidrbaain lesions seen in patients with
atypical Guadeloupean parkinsonism (Caparros-Leesival., 2002).

Champyet al., in 2005, quantified the concentration of annonanimifferent
extracts of fruit and leaves dinnona muricataand estimated that an adult who
consumes one fruit or can of nectar a day durimdpale year, would have consumed a
cumulative dose/kg (106 mg/kg) equivalent to theedadministrated to the rats (3,8
mg/kg/day) (Champet al.,2004).

In Table I. 5., the concentrations of annonacindifierent preparations are

shown.

Table I. 5. Concentrations of annonacin in differentAnnona muricatapreparations. The average

content of annonacin in one fruit is estimated @oabout 15mg, in a can of commercial nectar

36mg and in a cup of infusion 14@. Taken from Champy et al.,2005



F) AIM OF THIS THESIS.

The epidemiological and experimental data descrilddve are strongly
suggestive of a relationship between the consumpifcAnnona muricatarich in the
acetogenin annonacin, and the widespread neuroeegem in the brain which
resembles that of the tauopathy PSP. The aim ofhmsis is to demonstrate that the
acetogenin annonacin, a lipophilic and potent cempl inhibitor, is capable of
inducing a tau pathology consistent with that desct in the patients on the island of
Guadeloupe. To reproduce a tauopathy in presencanobnacin and to study the

underlying mechanisms, @mvitro model is most adequate.

In Parkinson’s disease and in atypical parkinsonlike PSP, one of the most
affected regions is th&ubstantia nigra specifically the dopaminergic neurotransmitter
system (Agid, 1991; Rubergt al., 1995). We decided upon an vitro model of
primary cultures of rat striatum instead, because gtriatum was a major site of
pathology in the three Guadeloupean patients taecto autopsy (Caparros-Lefebvre
et al.,2002) and also in annonacin treated rats (Chashpi;,2004).



ll. RESULTS.

C) CELL DEATH AND TAU REDISTRIBUTION
IN ANNONACIN TREATED STRIATAL
CULTURES.

1. DOES ANNONACIN INDUCE CELL DEATH
IN STRIATAL NEURONS IN CULTURE?

The striatum was dissected from the brains of nabrgos at embryonic day
E16,5 as described (see methods chapter). Thevealés dissociated and cultured for 3
days in presence of the antimitotic agent AraClitnieate proliferating astrocytes and

treated with annonacin at DIV 5/6 for 48h.

First, we determined the concentration of annonactiwhich the inhibition of
complex | became toxic after 48h. This time poirgswchosen so that the cell death
process could occur slowly enough to allow us tagtthe events that lead to it. We
treated the cells with an increasing range of cotnagon of annonacin: 0, 25, 50, 75,
and 100nM and quantified cell survival after 48lthwthe Live/Dead kit (see materials)
which distinguishes living cells labelled with caile (green) from dead cells labelled
with ethidium homodimer (red) which intercalatestiveir DNA. The dose response
curve for cell survival in annonacin treated cutiafter 48h of treatment is shown in
Fig. Il. 1A. Cell survival is presented as the petage of control levels, approximately
7 x 10 cells / 16 mm wells. Fifty percent of cell sundivavas obtained at a
concentration of 50nM and almost all cells wereddatdouble the concentration after
48h.

Hence, annonacin is capable of inducing cell dea#triatal neurons of primary
cultures, as it does in the striatum of living aaisn(Champyet al., 2004), indicating

that we can use this vitro model to study whether annonacin induces tau paglio



2. IS TAU ACCUMULATED IN THE
PERIKARYON OF ANNONACIN-TREATED
CULTURES?

In human tauopathies, like Alzheimer's Disease (AD) Progressive
Supranuclear Palsy (PSP), the tau protein is fowmndhe cytoplasm of the cells
accumulated or aggregated in neurofibrillary taaglFT) (Reviewed by Leet al.,
2001).

Our interest is to know if annonacin is capabléndiicing such a tauopathy, i.e.,
the accumulation or aggregation of tau in the sofr&riatal cultures. For this purpose,
we performed an immunocytochemical analysis of tthe protein in striatal cultures
treated with the same range of increasing condsorisaof annonacin that were used to
evaluate cell death. Tau was detected with the gitwylation-dependent AD2 tau
antibody, used to diagnose AD (Re&igal., 1995) CBD and PSP (Buee-Schereal.,
1996), which labels an epitope on tau phosphorglateserine residues 396 and 404.

In striatal cells, annonacin induced an increasthennumber of neurons with
AD2-positive cell bodies in a dose-dependent way saswn in Fig. Il. 1B.
Representative images of AD2- labelled striatalraesi treated with annonacin 25, 50,
75 and 100 nM are shown in Fig. Il. 1C. Tau immaativity was found mainly in the
neurites in control conditions, but in annonaceated cultures, the neuritic network
became less dense and the tau labelling was foupstlymin the perikaryon. An
identical distribution of tau was obtained undex H#ame experimental paradigm when
tau was immunolabelled with other phosphorylatiepehdent antibodies against other
serine or threonine residues: ATS8: serine 202 éahine 205; AT270: threonine 181
and AT100: threonine 212 / serine 214, which retmmpathologically phosphorylated
tau, see Fig. II. 1D.

These findings suggest that annonacin inducesetaualisation prior to the cell

death of striatal neurons in a dose dependent way.



Fig. Il. 1. Annonacin treatment induces cell death ad redistribution of hyperphosphorylated tau in
striatal cultures. Treatment of striatal neurons in culture for 48thvincreasing concentrations
of annonacin caused a dose dependent decreas# sursival (A) and a redistribution of tau
labelled with the AD2 antibody to the cell body (BJell survival (meant s.e.m. of 4
independent experiments) is presented as a pegeenfathe control value (658944 cells / 16
mm well). ***Significantly different than control alues (p<0,001, one-way ANOVA followed
by post hoc Dunnett test). C) Representative moopis fields of striatal cultures treated with
increasing doses of annonacin for 48h labelled #ith anti-tau antibody AD2 (red). D) ATS,
AT100 and AT270 (red). Antibodies raised againdteotphosphorylation sites on tau also
evidence tau redistribution like AD2. DAPI (bluabkls nuclei. Scale bar 2@ (C and D).



5. DOES ANNONACIN INDUCE THE
ACCUMULATION OF OTHER PROTEINS
ASSOCIATED WITH
NEURODEGENERATIVE DISEASES?

To investigate if the effect of annonacin is spedib the tau protein, annonacin-
treated striatal cultures were immunolabelled vatitibodies raised against proteins
related to other human neurodegenerative diseasgty as -synuclein, a major
component of Lewy bodies in PD (Spillantigt al, 1997) and the peptideamyloid,
constitutive of the senile plaques seen in AD pasie(Glenner and Wong, 1984;
Masterset al.,1985).

Although the antibodies recognized the proteinswastern blots of rat brain
extracts and identified Lewy bodies and amyloidgpkss in the brains of patients with
Parkinson’s and Alzheimer’s disease, respectivebt 6hown), no accumulation of
synuclein or -amyloid were detected in the cell bodies of ancondreated striatal

neurons under our experimental conditions.

This indicates that cytopathological effects of @macin are specific to the tau
protein among those that form the histopathologidahlimarks of other

neurodegenerative diseases.



6. ANNONACIN DOES NOT INDUCE
AGGREGATION OF TAU.

Aggregation of the tau protein has been described dther human
neurodegenerative diseases, such as the NFTs mhsawith AD (reviewed by
Goedert, 1993; Trojanowskit al., 1993) or PSP (Chambees al., 1999) and insoluble
aggregates of tau have also been found in the drafnpatients with atypical
parkinsonism in Guadeloupe (Caparros-Lefel®tral.,2002). These aggregates can be
recognised with Thioflavin S, a marker for amyldiice protein aggregates with a
secondary -sheet structure (Banchert al.,1989; Braaket al.,1994). To know whether
annonacin induced the formation of tau aggregates,labelled annonacin treated

cultures with the amyloid-binding dye Thioflavin S.

No Thoflavin S positive aggregates were observath(dot shown), suggesting
that tau in annonacin-treated cultures, did noptda -sheet secondary structure. To
confirm this observation and determine ultrastreadty how tau is redistributed in the
neurons of annonacin-treated cultures, we used moralectron microscopy analysis
studying the distribution of tau labelled with AD& control cultures and cultures
treated for 48h with 50nM of annonacin. Fig. 1l.shows a representative neuron from
each condition. In control cultures, tau labellisgabundant in the neurites and absent
in the soma, whereas in the annonacin treatedreslttau had almost disappeared from
the neurites and was increased in the cytoplasnerevih remained dispersed and did

not form aggregates.



Fig. 1. 2. Tau does not form aggregates in annonacin treateduttures. Tau was immunolabelled

with the AD2 antibody and observed by electron oscopy in control cultures and cultures
treated for 48h with 50nM of annonacin. No evidenfeaggregation was seen, but rather an
accumulation of the protein in the cytoplasm of tiel. No tau was found in the nuclei. Scale

bar 2 m.

This series of experiments in a striatal cell a@tunodel from rat E16,5
embryos, shows that annonacin-induced neuronalhdéat associated with the
accumulation of hyperphosphorylated tau in the sofretriatal neurons in the form of
pre-tangles (diffuse distribution in the cytoplasflis mimics the pathology described
on the island of Guadeloupe (Caparros-Lefebgteal.2002), where the striatum
contains one of the neuronal populations that degeée in the brains of the patients
which was reproduced in rats after chronic intotara with the complex | inhibitor
(Champyet al.,2004).

This cell culture model was used in further expennis to approach the question

of how annonacin can induce such a redistributicth@tau protein.



E) INHIBITION OF COMPLEX | AS THE
ULTIMATE CAUSE OF THE
REDISTRIBUTION OF TAU.

Annonacin is an inhibitor of the mitochondrial resgpory chain at the level of
complex I. Inhibition of complex | has two direatrisequences, namely 1) an increase
of free radical production, especially superoxifi@s ) ions that are converted to
hydrogen peroxide (¥D,) by the superoxide dismutase and transformed enFémton
reaction into highly reactive hydroxyl radical®K) (Fridovich, 1998), and 2) an ATP
depletion. Both, oxidative damage and an energigit@l the cell, could be the cause
of the redistribution of tau in the presence of@ractin as a consequence of complex |

inhibition. Therefore we have examined both positids.

1. ARE THE REACTIVE OXYGEN SPECIES,
PRODUCED BY INHIBITION OF COMPLEX
| RESPONSIBLE FOR THE ANNONACIN-
INDUCED CHANGE IN THE DISTRIBUTION
OF TAU?

It has been proposed that reactive oxygen speR@sS) may contribute to the
ageing process and play an important role in maadnial pathology (Harman 1981;
Berlett and Stadtman 1997). As mitochondria are rttan consumers of molecular
oxygen and the respiratory chain has been showgernerate large amounts of ROS in
the presence of specific inhibitors (Cadenas aneeBs 1980; Turrenst al.,1985), we
wanted to know whether mitochondrial free radicedduction is implicated in the

redistribution of tau.

Firstly, to determine if annonacin induced freeical production in striatal

neurons, ROS levels were measured and visualistdtiae fluorescent dye DHR-123



(Dihydrorhodamine-123), a positively charged rhodenderivative, which enters
mitochondria and fluoresces when it is oxidisedreyg radicals. Striatal cultures where
treated with 100nM of annonacin for 6h at DIV 560and then incubated with DHR-

123 for 30 min before quantitative analysis of uidiual neurons.

Annonacin induced an increase in DHR-123 fluoresedn striatal cultures as
illustrated in Fig. Il. 3A (Fig. 1l 3B). Annonacirincreased by about 40% the
intracellular production of ROS after 6h of intoaimn with annonacin compared to
controls. To reveal if the produced free radicalsld be scavenged, two structurally
different anti-oxidant agents, trolox 10M (a vitamin E derivative) and N-
acetylcysteine 5 mM (NAC), were added approximatelyr before the addition of
annonacin. The pre-treatment with both ROS scavsengeduced the ROS induced by

annonacin to control levels (Fig. 1l. 3A,B).

To determine if ROS are responsible for annonawituced cell death and tau
redistribution, striatal cultures were treated w#@nM of annonacin for 48h in the
presence and the absence of these anti-oxidantthandanalysed for cell survival and
tau redistribution with the anti-tau antibody ADReither of the scavengers were
capable of preventing annonacin-induced cell d¢gity. 11. 3C) or tau redistribution
(Fig. II. 3D).



+Annonacin

Fig. Il. 3. Free radical production is not responsible for thecell death and tau redistribution
caused by annonacinA) Representative fields of DHR-123 labelling iantrol cultures and
treated cultures with annonacin in the presencetiamabsence of two ROS scavengers (5mM
NAC and 10 M trolox) for 6h. Scale bar, 28n. B) Quantification of the intensity of DHR-123
in the presence and in the absence of ROS scaweree percentage is shown as the mean
+s.e.m. in respect to control levels. *Significgrdifferent than control values (p<0.05, one-way
ANOVA followed by Dunnett's test). # Significanttifferent to their respective control, but not
significantly different to control values (p<0.08ne-way ANOVA followed by Dunnett's test).
Neuronal survival (C) and AD2neuronal cell bodies (D) in control and annonac&ated
cultures after 48h in presence (open bars) or @les@griack bars) of the anti-oxidant trolox (left)
or NAC (right). *** Significantly different than catrol values (p<0.001, one-way ANOVA
followed by Dunnett's test). ** Significantly diffent than control values (p<0.01, one-way
ANOVA followed by Dunnett's test).



These results show that mitochondrial free radpralduction is increased by
annonacin and that ROS levels can be decreasedmtithxidants, but they do not play
a role in either the cell death or in the redisttibn of the tau protein caused by

inhibition of complex | by annonacin in striatalurens.

2. IS ATP DEPLETION RESPONSIBLE FOR
THE EFFECTS OF ANNONACIN?

The inhibition of complex | implies the break dowhthe proton motive force
( H) which is used by complex V to phosphorylate ARPATP, an energy source
readily usable by cells. However, the cell has eosd and less efficient anaerobic
system for producing energy in the form of ATP, elnyglycolysis, which transforms
glucose into ATP in the cytoplasm, and is indepahdé the mitochondria. A previous
study in mesencephalic cultures (Lannuztedl., 2003), showed that high extracellular
glucose levels prevent the cell death induced lmpaacin by activating glycolysis. We
sought to protect our striatal cultures from taulogation by the same means.
Therefore, we increased the concentration of gkidasthe medium from 250M,
which is close to the extracellular levels in thaib (Fellowset al.,1992; Netchiporouk
et al.,2001), to 50 mM throughout the exposure of theroresito the toxin. As shown
in Fig. Il. 4A, the stimulation of glycolysis bydt concentrations of glucose (50 mM)
was sufficient to prevent cells death of striatalimons and also the accumulation of tau
in the soma (Fig. Il. 4B). The effect of 50 mM dfigpse on AD2 labelled striatal
cultures treated with 50nM of annonacin is illuschin Fig. Il. 4C. These observations

suggest that energy depletion is responsible ftr bbthe effects annonacin.



Fig.ll. 4. Glucose prevents from annonacin-induced cell deatand tau redistribution. Neuronal
survival (A) and ADZ cell bodies (B) in control and annonacin treataliuces in presence of
250 uM (open bars) or 50mM (black bars) of glucdg&.Significantly different to control
levels p < 0.001 one-way ANOVA followed by Dunnett's testf##Significantly different to
their respective control but not significantly @ifént to control levelsp(< 0.001 one-way
ANOVA followed by Dunnett's test). C) Representatiffelds of control cultures (top) and
annonacin treated cultures (bottom) in presenclewf(250 M) (left) or high (50mM) (right)
amounts of glucose. Tau is labelled in red with Al antibody and nuclei are visualised with
DAPI staining. Scale bar 2@n.

3. DO OTHER ENERGY DEPLETING
NEUROTOXINS INDUCE THE SAME
EFFECTS AS ANNONACIN?

We tested the hypothesis of energy depletion asiitireate cause of cell death
and tau redistribution with other neurotoxins cdeats depleting cellular ATP, such as
MPP" (1-methyl-4-phenylperidinium), another complex rhibitor, and 3-NP (3-

nitroproprionic acid), an irreversible inhibitor tfie complex Il the respiratory chain.



Complexes | and Il both provide reducing equivaetd the respiratory chain for

oxidative phosphorylation.

MPP" is the active metabolite of MPTP (1-methyl-4-phehy,3,6-
tetrahydropyridine), a meperidine analogue thatuaed parkinsonian syndromes in
drug addicts (Langstoet al., 1983a, b). Since then, it has become the drug most
commonly used to model PD in animals (reviewed tae8borski and Vila, 2003). It is
a complex | inhibitor that differs from annonacmiis molecular structure and binding

site on complex | (Degli Esposti, 1998).

3-NP, an irreversible inhibitor of complex Il (tlsecond metabolic entry to the
mitochondrial respiratory chain) is known to produa very selective striatal
degeneration and ATP depletion and is thereford aeexmonly to model Huntington’s
Disease (HD) (Borlongaret al.,1997).

After 6h of intoxication with 25 M MPP" or 300 M 3-NP, when the cells had
not yet begun to show signs of degeneration, ATielée were measured by
chemoluminescence and were found to be signifigatgpleted (Fig. Il. 5C). After 48h
of treatment with increasing concentrations of MP® 10, 25 and 5(M) or 3-NP (0,
100, 300 and 1000M), there was a concentration dependent cell déath Il. 5A)
and a redistribution of tau to the cytoplasm of thétured neurons as seen with
annonacin (Fig. Il. 5B). The concentration at whMPP" killed 50% of the striatal
neurons was of 29, that is 500 times greater than the effective cemtration of
annonacin (50 nM). 3-NP was 50% effective with relgto cell death at 300/, a
concentration 6000 times greater, indicating thato@acin is a much more potent
neurotoxin. Figure 5D illustrates the effect of ibogéspiratory chain inhibitors at a 50%

efficiency concentration on striatal neurons.



Fig. 1. 5. The complex I inhibitor MPP* and the complex Il inhibitor 3-NP also induce a dee-
dependent neuronal death and redistribution of taun primary cultures of rat striatum. A)
ATP levels were measured by chemical luminescemextracts of control cultures and cultures
treated for 6h with the toxin. The measurementewarmalised with the amount of protein in
each extract. Neuronal survival (B) and AD&Il bodies (C) are presented as the percent of
control values. The mean £ s.e.m. of 4 differeqegiments is shown. ***Significantly different
than control values (p<0,001, one-way ANOVA follavdy post hoc Dunnett test). D)
Representative fields of control and intoxicatetturas after 48h. Tau is labelled with the AD2
antibody (red) Nuclei are labelled with DAPI (blde} nuclei. Scale bar 20n.



These results show that inhibition of the respmatohain, at the level of
complex | with annonacin or with other inhibitotsat induce a decrease in ATP levels
induces both the displacement of tau from neutitesell bodies and cell death. They
also suggest that the aetiology of neurodegenerdisorders where tau is disregulated,

may implicate a deficiency in energy metabolism.

The next question to be answered was, how tae-lscated in the soma of

striatal neurons in presence of annonacin.



F) POSSIBLE MECHANISMS FOR THE
REDISTRIBUTION OF TAU.

Tau is physiologically located mainly in the axof@nder et al., 1985), but
under the effects of annonacin it is accumulatethé perikaryon of striatal neurons.
This can be due to two main reasons. The firatpassive process related to the “dying
back” mechanism where the axon of an unhealthyamedegenerates progressively
from the distal part and therefore tau may be “pdstback into the soma. The second
IS an active process which involves the retrogradenal transport. We have tried to

distinguish between these two processes.

1. IS TAU IN THE SOMA BECAUSE THE
NEURITES RETRACT?

Neuronal death in cell cultures is often precedgchéurite retraction as a self-
destruct programme against an external insult éreed by Raffet al., 2002). We
therefore examined whether the redistribution of 2ADau to the cell bodies of
annonacin treated striatal neurons was secondargr tpreceded neurite loss by
evaluating the integrity of the neurites. For tlusntrol and annonacin treated cultures
were co-immunolabeled with the dendritic marker MARNd the axonal marker beta-
[lI-tubulin and then observed their behaviour wiglspect to that of tau labelled with the
AD2 antibody. If the neuritic labelling disappearemjether with the AD2, it would
mean that neuritic retraction is responsible. Iftba other hand, AD2 disappears first,

this would be a sign that it occurs before neugteaction.

In control cultures, there was no co-localisatiostween MAP-2 and -lli
tubulin confirming that they label in a mutually adxsive way dendrites or axons,
respectively. In control cells, AD2 immunoreactwitolocalized with beta-IlI-tubulin
but not with MAP-2 and was not present in cell lesdjFig. 1. 6A), indicating that tau
is physiologically restricted to axons. In annonaiteated cultures, the neuritic network
was less dense than in control cultures and, in rémaining neurons, AD2

immunoreactivity acquired a discontinuous punctudistribution in the neurites,



whereas beta-llI-tubulin labelling remained contins. These observations indicate that
neuritic loss followed rather than preceded changethe cellular tau localization in

annonacin-treated cells.

2. DOES ANNONACIN ALTER THE
MICROTUBULE NETWORK?

The best-known function of tau is the maintenanceicrotubule stability and
the polymerisation of tubulin which is necessanydellular transport. We have shown
that, after annonacin-treatment, tau is displacethfits physiological location and is
hyperphosphorylated, a process that induces those its biological activity (Gong et
al., 2005). To address the question of what happeritee microtubules after tau is
misplaced, we examined them by electron microsc@gy. Il. 6B). Microtubule
profiles in neurites were profoundly altered in @anacin treated cells (50 nM, 48 h). In
control cells, long segments of parallel microt@swvere visible, whereas in annonacin
treated cultures, the segments were much shortedeorganised. The difference in
length of the segments visualised in 8 neuriteeach condition, was statistically
significant (410£40 nm in control cells, 164+14 nm annonacin-treated cells, p<
0.001).

Fig. Il. 6. The redistribution of tau from the neurites to the cell bodies of annonacin-treated
neurons precedes neurite retractionA) Dendrites labelled with an antibody against MAP-
(left, green) and axons with an antibody againBt-tubulin (right, green). Colabelling with the
anti-tau antibody AD2 (red) shows that tau co-leed with -1ll-tubulin but not with MAP-2.
In annonacin treated cultures (bottom), both MAPegitive and -llI-tubulin positive neurites
were less dense and AD2 acquired a punctate steu@@trows), whereas both MAP-2 andll-
tubulin labelling remained continuous. Scale barr@0B) Electron microscopic photographs of
control (top) and annonacin-treated (bottom) neartct0 nM, 48 h). The controls have a long,
continuous and parallel microtubular network whé@nonacin induces their breakdown
rendering microtubules significantly shorter (410+&m in control cells, 164+14 nm in

annonacin-treated cells, p< 0.001) and disorganised



These experiments suggest that the effect of amnoma tau destabilises the
microtubule network before neurites retract. Thasses a new question as to how
cellular transport is affected.



G) MECHANISM OF MITOCHONDRIAL
TRANSPORT IN PRESENCE OF
ANNONACIN.

There is evidence that 1) there is an interactietwvben mitochondria and tau
(Junget al., 1993) 2) that tau allows binding between microtabuand mitochondria
(Sergeantt al., 2005),and 3) that tau participates in mitochordransport (Stameet
al., 2002). Therefore we asked if annonacin affect®chibndrial transport in the same

way that it affects the distribution of tau.

1. ARE MITOCHONDRIA REDISTRIBUTED
LIKE TAU IN ANNONACIN-TREATED
CULTURES?

To observe the intracellular distribution of mitoctlria, we labelled them by
immunofluoresce with an antibody against cytochrdine protein associated with the

inner membrane of the mitochondrion, in control andonacin treated cultures.

In control conditions, we find mitochondria distiled throughout the entire cell
with an equal intensity of labelling between theilgayon and the neurites (Fig. Il. 7),
suggesting a homogeneous distribution of the olg@an@roughout the neuronal
cytoplasm. In annonacin-treated cultures (50 nM, K8 however, they became
concentrated in the cell body and were less abundahe neurites (Fig. 11.7), showing
that mitochondria, like tau, are redistributed framurites to the cell bodies of

annonacin treated neurons.



Fig. Il. 7. Mitochondria are redistributed to the cell bodies ¢ annonacin-treated neurons.
Mitochondria were labelled with an antibody agai@gtochrome C (CytC). In control cultures,
CytC is distributed throughout the cell, but in anacin treated cultures, CytC labelling

increases in the cell bodies and decreases integsurbcale bar 20n.

To verify if, in our experimental paradigm, therasvan association between tau
and mitochondria, we looked at the ultrastructleaél in control and annonacin-treated
neurons (50 nM, 48 h) immunolabelled with the a&ati-antibody AD2 (Fig. I1.8).
Electron microscopy confirmed the distribution sedth the antibody against Cyt C
and allowed the quantification of this process (€dbl). Analysis of twenty cells per
condition showed that annonacin provoked the sigellif the cytoplasm, shown by an
increase in the surface of the proximal segmentaasignificant increase in the number
of mitochondria retrieved in the cell bodies. Thergentage of mitochondria
immunolabelled with the anti-tau antibody AD2, hawe was not altered by annonacin
treatment, suggesting that tau and mitochondria a@ssociated and that their
cytoplasmic localization is affected equally by anacin (Table 11.1). Figure 8 shows

electron micrographs of representative control@mibnacin treated cells.

These findings suggest that annonacin has the sfaet on tau and on

mitochondria, and that they are associated.



% AD2-labelled
mitochondria/free

Axon Hill Number of AD2-labelled

Area ( m? | mitochondria | mitochondria . .
mitochondria

Control 27,20+3,10 18,55+1,73 4,55+0,43 27.142.8
Annonacin
39,20+2,92 28,45+3,12 6,80+0,47 26,59+1,89
(50nM)
| P < | 0,01 0,01 0,001 0,729

Table II.1. Mitochondria and tau are associated in striatal netons. Annonacin(50 nM, 48 h)
induces a significant swelling of the axon hillthé striatal cultures, a significant increase & th
amount of mitochondria in the axon hill, but theqentage of AD2-labelled mitochondria does
not vary from control to annonacin treated cultukéslues are expressed as the mean £ s.e.m. of

20 cells analysed per condition. P, analysis l@st-t

Fig. Il. 8. Association between tau and mitochondrialn the axon hill of cultured neurons, we
analysed mitochondria (red asterisks) and AD2-labieiau (arrows) that was either free in the
cytoplasm (yellow arrows) or attached to the outembrane of mitochondria (turquoise
arrows). In annonacin treated cultures, there weoee mitochondria and more AD2+ tau, but

the relation AD2-labelled mitochondria to free nsibtondria was not affected. Scale bar 500 nm.



2. ARE MITOCHONDRIA RETROGRADELY
TRANSPORTED IN THE PRESENCE OF
ANNONACIN?

We studied axonal transport because it has beenwnshdhat
hyperphosphorylation of tau causes inhibition obreed transport in diseases like AD
(Smith et al., 2002; Takedeet al., 2000; Mandelkowet al., 2003; 2004; Liuet al.,
2005). We used mitochondria as a marker for tramdmrause their transport depends
on microtubules (Grafstein and Forman, 1980; Hblkmk 1996), because they are

distributed like tau in annonacin-treated neurons.

To determine whether the Annonacin-induced redbstion of mitochondria
was due to a disruption of cellular transport, veeditime-lapse video microscopy to
follow mitochondria labelled with an auto-fluoreatgreen marker (Mitotracker) that is
taken up by the mitochondria of living cells. Si@laneurons were plated at low density
(9 x 10 cells/A6mm well) to permit visualisation of indiial neurites and images
where taken at DIV5 in 5 different planes on trexis every 10 min for 6 hours starting
from the addition of annonacin, which was used dtigh concentration (50nM) to
accelerate its effects. We also used bright fielcroscopy to verify the morphology of

the neurons before and after the treatment.

Fig. 1l. 9A shows bright field images of a contahd an annonacin treated
neuron at the beginning (t0) and at the end ofrédegment (t360). After 6h control cells
maintain their original morphology, whereas annamaeated neurons have lost their
neurites. Fig. Il. 9B shows the position of mitonbdda at different time points.
Mitochondria in control cultures move in all dirests, anterogradely towards the nerve
terminal and retrogradely towards the soma. Howemeannonacin-treated cultures, the
mitochondria in the neurites are rapidly after &ddithe 50 nM annonacin transported
into the perikaryon and accumulate there, befogassof degeneration appear at 180

min of treatment.



Fig. 1. 9. Annonacin induces a rapid clustering of mitochonariin the perikarion.A) Bright field
images of representative neurons in a control amdaanonacin-treated culture of striatal
neurons, a concentration of 50nM was used to indbeeneurodegenerative process. B) Time
lapse photos were taken every 10 minutes over pe6iod. Images of control and annonacin-
treated cultures were taken at the beginning ofexacin treatment (t0) and 10, 50, 80 and 140
min later. Arrows show both retrograde and antemmdg movement of mitotracker-labelled
mitochondria in a control neuron and exclusivelyrograde movement of mitochondria in an
annonacin-treated neuron. Scale barerb



3. IS THE RETROGRADE TRANSPORT OF
MITOCHONDRIA IN ANNONACIN-
TREATED NEURONS DEPENDENT ON
MICROTUBULES?

Taxol (paclitaxel), is a pharmacological agent caniy used in the treatment
of cancer because it blocks microtubule dynamicsstapilizing GDP-bound tubulin
and by binding to the N-terminal oftubulin in the microtubule (Raet al., 1994,
1995; Nogaleset al.1995). Thereby, taxol stabilizes the microtubuléwoek and
displaces tau from the microtubules (Samsonov ¢t28l04). We have used it to
determine whether these effects of taxol altetdlecity of annonacin.

We first determined the concentration of taxol thais subtoxic to neurons in
our culture system (5nM, data not shown). Contnotl @annonacin-treated striatal
cultures were followed by videomicroscopy, in thesence or the presence of 5nM of
taxol for 6h. Figure II-10 shows the movement oftanihondria in the neurites of
neurons that are representative of each experiingmdition. In taxol treated cultures,
with and without annonacin, the movement of mitouhta (labelled with different
colour arrows) was totally arrested, suggesting displacing tau from the microtubules
with taxol prevents both retrograde and anterogteatesport of mitochondria in striatal
neurons. Next we addressed the question if taxobtso prevent the cell death induced

by annonacin?



Fig. 1l. 10. Treatment of striatal cultures with subtoxic conggations of taxol protects from
annonacin induced mitochondrial redistributionA) DIC (Diferential Interference Contrast)
images of cultured neurons taken at t=0 min in taflatments (control conditions; 50 nM
Annonacin; 5nM Taxol; 50 nM Annonacin plus 5nM TaxB) Distribution of mitochondria
labelled with the fluorescent dye mitotracker (grgeshown at different time points (0, 10, 20,
30, 40 and 50 min) after the addition of respectiubstances. In control cultures the movement
is bidirectional. In annonacin-treated cultures,tashondria only move towards the cell body. In
taxol treated cultures in presence and absence mfomacin, mitochondria present no
movement. Individual mitochondria are labelled witifferently coloured arrows. Scale bare
5 m. Photos where taken every 10min for 6h.

4. CAN TAXOL PREVENT ANNONACIN-
INDUCED NEURONAL CELL DEATH?



In many tauopathies, like AD, it is thought that &ccumulation in cell soma is
the ultimate cause of cell death (Arriagadal. 1992). Consistent with this hypothesis,
a number of studies vitro (Fath et al, 2002; Shimuegt al, 2004), in animal models
(Wittmann et al, 2001; Jacksort al, 2002; Kraemeet al, 2003; Andorferet al,
2003) and in patients with certain tau mutationgdBet al, 1999) show that the
increase in hyperphosphorylated soluble tau inc#lebody is deleterious. Therefore,
we wanted to determine, whether if in our experitaenmodel, preventing
hyperphosphorylated tau from being re-localisednfrihe axon to the perikaryon in

annonacin-treated cultures, would promote neursumiaival.

To do so, cultures were treated with taxol (5 nM)kkfore annonacin (50 nM)

at DIV5 and analysed for cell survival and tau sadbution after 48h of treatment.

As shown in figure Il. 11A taxol induced a hypeghy of neurites (arrows),
compared to neurites in taxol-free cultures. Inaratin-treated cultures, the addition
of taxol prevented the redistribution of phosphatgtl tau to the cell bodies of the
neurons (Fig. Il. 11A). Annonacin-induced cell dedtowever, was not prevented by
taxol (Fig. Il. 11B).

These findings suggest that neither the effect refoaacin on tau, nor the
destabilisation of the microtubule network is rasfble for cell death in annonacin
treated neurons. The redistribution of tau, whichsufts from microtubule
destabilisation, is therefore an epiphenomenonhef ¢nergy depletion caused by

complex | inhibition and is not directly instrumahin neuronal death.



Control Annonacin
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Fig. 11.11. The redistribution of tau is not responsible for amonacin-induced neuronal deathA)

The microtubule network in axons labelled with atitzody against -1ll-tubulin (green) and tau
visualised with the AD2 antibody (red) were obsedrite control and annonacin (50 nM, 24 h)
treated cultures in the absence and the preserfcéexa (5 nM). Taxol alone induced a
hypetrophy of axons (arrows) and it also preverited redistribution of tau to cell bodies of
annonacin-treated cultures. Scale bar 80 B) The quantification of neuronal survival shawe
that preventing the redistribution of tau to theilyon of annonacin-treated neurons with taxol
did not prevent neuronal death. Values shown aeeniean + s.e.m. of three independent
experiments, analysed by ANOVA, followed by bondiits test (** p<0.01, *** p<0.001 vs.

controls; ## p<0.01 vs. Annonacin alone.
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