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Abstract

Parkinson’s and Alzheimer’s disease are amongsteéheodegenerative diseases that have the
highest incidence of cases in people above theotfé As one mechanistic hallmark, recent
data suggest that the cellular self-clearance psoegitophagy might be impaired in both
diseases. Previous studies in laboratory models tsdnown that the natural substance
spermidine is able to induce the cellular mechare$rautophagy. Same time, recent studies
identified that this natural substance Spermidsable to induce the cellular mechanism of
autophagy in several organisms, including yeasit fiies (Drosophila) and mice. It could be
proven that the uptake of spermidine leads to &iopgation of the lifespan of these animals
and ameliorates the symptoms caused by ParkinsmsAlzheimer’s disease. Moreover,
Spermidine feeding recently was shown to proteaisDphila from age-induced memory
impairment. Thus, we wanted to get an insight amoeventual therapeutic approach using
well established stressors to monitor the resultisguption of cellular pathways and the
symptom progression in this model organism. In @yr experiments we could show
analogous effects of symptom amelioration in that ffly through different approaches.
Hence, our hypothesis consisted of the presumphianadministration of spermidine would
enhance autophagy and thus improve the performafcthe flies, including delay of
organismal death.

To test these assumptions, we first determinedstheival rates of the animals that were
expressing the main proteins of the illness@s4& (for Alzheimer’s) andx-synuclein (for
Parkinson’s) in a stress setup with and without iathtration of spermidine. Here, animals
were stressed with manganese, which is known tocmdeurodegeneration, and the animals
that were fed with spermidine showed a better satriate over the period of the experiment
than the ones without spermidine. In a second ste@sked for protective effects concerning
manganese -induced impairments of locomotor alofithe animals from the aforementioned
stress setup, because one of the pathological &ddemn patients suffering from Parkinson’s
disease is locomotion difficulties. Here, we coalsbo find that spermidine acts as a substance
that improves the existing locomotor dysfunctiord aeduces the strong decline in the
climbing ability over time. Mechanistically, we sdrved reduced amounts of both3-42
(for Alzheimer’s) anda-synuclein in the brain of flies treated with Spatime, in both
immunofluorescence stainings followed by whole ntaanfocal brain scanning as as well as
by western blot analysis of fly head extracts. Aaignthat were born on spermidine

containing food had a similar reduction in protéavels than the ones that were given
p.8



spermidine acutely under manganese stress. Fhagslith not get spermidine at any timepoint

showed the highest staining levels (with both meésho We also tested the effect of

spermidine on the lifespan Bf. melanogastersince Alzheimer’s patients have a dramatically
reduced life expectancy. Results, however, werdraoersial. On the one hand, spermidine
seemed to help the flies in early stages but @ aEemed to kill the animals the older they
became.

These results might be a first step into a develygrof a natural treatment for these serious
illnesses and need to be proceeded. We think thatave a great chance of helping patients
to live a better life with these results, assuntimaf this substance will be approved as a food

supplement in future times.
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Deutsche Zusammenfassung

Die zwei neurodegenerativen Erkrankungen Parkinsod Alzheimer treten weltweit
besonders hervor, da sie die hochsten FallzahleMéeschen tber 60 Jahren haben. Eine
nicht mehr funktionstiichtige Autophagie-Maschineire der Zelle wird mit zu den
Verursachern der Krankheiten gezahlt. Vorhergegamg8tudien haben gezeigt, dass ein
naturliches Polyamin namens Spermidin in der Lagedie Autophagie in den Zellen zu
induzieren. Vierschiede einfache eukaryotische Medewie Hefe, Wirmer und die
Fruchtfliege wurden verwendet, um die grundlegendechanismen von Neurodegeneration
zu erforschen. Es konnte gezeigt werden, dass dimaAme von Spermidin zu einer
Verlangerung der Lebensspanne und zu einer Lindeden Symptome von Alzheimer und
Parkinson in diesen Tieren fuhrt. Um einen mégiictieerapeutischen Ansatz zu entwickeln,
haben wir bereits etablierte Stressoren verwendet, ihre Auswirkungen auf den
Modellorganismus unter verschiedenen Aspekten zarsunchen. In unseren Versuchen mit
Fliegen, konnten wir analoge Effekte der Symptorabasg feststellen. Unsere Hypothese
besteht deshalb aus der Annahme, dass eine Aufnabmeépermidin zur Induktion von
Autophagie und dadurch zu einer Verbesserung ddorAence der behandelten Fliegen
fuhrt.

Um diese Vermutungen zu testen, haben wir die gemen Fliegen, welche die Hauptproteine
der Erkrankungenafsynuclein (Parkinson) und Amyloig-42 (Alzheimer)) exprimierten, auf
durch Spermidingabe verbessertes Uberleben untegaaStress, was Neurodegeneration
auslost, untersucht. Hierbei wurde die Rate derlébenden Fliegen tber einen bestimmten
Zeitraum gemessen und es konnte festgestellt wedbss Mangan-gestresste Fliegen, die
Spermidin Uber das Futter aufnahmen, eine sigmifikarbesserte Uberlebensrate aufwiesen
als die Gruppe, die kein Spermidin erhielt. Weitevaren wir interessiert daran, die
Auswirkungen von Spermidin auf die Bewegungsfahigkier Tiere zu untersuchen; da
Parkinson durch einen Verlust der Neuronen im Bewggzentrum der Gehirns
gekennzeichnet ist und bei Alzheimer in spétereadi®h ebenso motorische Defizite
bemerkbar sind. Hierbei konnten wir, durch ClimbiAgsays unter Mangan-Stress und
Spermidingabe, eine signifikante Verbesserung diesézite erkennen. Ebenso konnten wir
auf zellularer Ebene, eine Reduktion der Proteirgean den betreffenden Gehirnarealen der
Fruchtfliegen feststellen. Hierzu wurden ebensedén unter Mangan-Stress mit und ohne
Spermidin getestet und die Ergebnisse mittels Kaiéws Mikroskopie und Western Blot

Analyse bestatigt. Tiere die auf mit Spermidin e&ztem Futter geboren wurden, wiesen eine
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ahnlich starke Proteinreduktion auf, wie Tiere, @i Mangan-Stress mit Spermidin in
Kontakt kamen. Fliegen, die keinen Zugang zu Spdinrhatten, wiesen die hdchsten Level
sowohl in der Mikroskopie, als auch im Western Beuaf. Wir waren auch an der
Verlangerung der mittleren Lebensspanne der Tiglerassiert, da Patienten mit Alzheimer
eine deutlich verkirzte Lebenserwartung haben.hldiekonnten wir jedoch gegensatzliche
Ergebnisse erhalten, welche in den frihen StadiaeneVorteil in der mit Spermidin
gefiitterten Gruppe, im spéateren Verlauf jedoch reidberlebensnachteil zeigten. Spermidin
scheint in jungen Fliegen eher positiv zu wirkem djter die Tiere werden, desto toxischer
scheint die Substanz zu sein.

Diese Erkenntnisse kénnen in Zukunft wichtige Stihin zur Entwicklung neuer Therapien
bzw. zur Testung von Spermidin in anderen Modedargmen sein. Durch die bis heute
erhaltenen Ergebnisse, hoffen wir, dass Spermididukunft als Nahrungserganzungsmittel
zugelassen wird und somit viele Patienten ein leegend gestunderes Leben, trotz ihrer

Erkrankung, geniel3en kbnnen.
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1. Introduction

1.1 Neurodegenerative diseases

Neurodegenerative diseases (from greélkpo-, néuro; ,nerve(s)-* and latindégenerire,
.,decay”, “degenerate”) have become one of the mad¢spread causes of senile dementia in
modern society. With the dramatic increase in éifgpectancy in the last decades more and
more people reach the age where neurodegeneraseasds are common and so we face a
dramatically increased need for therapies and naredtments. Affected patients face
different stages of the iliness, every stage worggthe symptoms leading to a huge increase
in home-nursery and elevated funding from the heedire systems worldwide.

The mentioned progressive disorders are charaeterizy age-dependent impairment of
several cognitive and locomotional functions in fans, including memory impairment
accompanied by morphological changes in distingiores of the human brain. The affected
regions mostly show selective death of distinct ydafpons of neurons depending on the
pathological conditions. These brain lesions araratterized by extracellular proteins that
form so-called senile plagues and neurofibrillaggdles (in the case of Alzheimer’s disease)
or dense aggregates called Lewy bodies (in Parkisslisease).

As scientist got to know more and more about th#sesses, a need for classifications
emerged. In 1998, Hardy et al. came up with thet irrangement of these diseases grouping
them in two distinct clusters, namely the Polyghitae Diseases, Tauopathies and
Synucleinopathies based on their molecular origomlyglutamine diseases, like Huntington'’s
disease and Friedreich’s ataxia have a patholoBis&#-stretch of triplet repeats that code for
the amino acid glutamine which disturbs the phygia function of the protein as a
characteristic feature. Proteins with this streéch more prone to aggregate and to form
intranuclear inclusions which are connected to mealrmalfunctioth.

In this classification Alzheimer‘'s and Parkinsodisease (AD and PD) were integrated into
the group of Tauopathies and Synucleinopathiespbath of them are characterized by
extracellular tangles and inclusion bodies, comgsof either amyloid-3 and/or tau ar

synucleirt.
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Also Creutzfeld-Jacob’s disease, Frontotemporal eddim, Amyotrophic lateral sclerosis,
Pick’s disease and many other illnesses are countéde neurodegenerative disedsest
these will not be mentioned any further in this teathesis.

The factors that can cause a neurodegenerativasgige manifest are variegated and can
often not be narrowed to one single condition. Rewy from simple overexpression of a
protein or mutation(s) in a single protein andraitephysiological properties to inhibition or
induction of the cellular self-clearance machineafled autophagy and apoptdsigven
chemicals can play an important role. Some of thees even show a higher familial
occurrence indicating genetic risk factors, buewnfscientist do not even know if the disease
was inherited or reveals a rare sporadic conditi@ince the first description of these
pathologic health conditions, researchers haveldped several therapies to treat the mental
and physiologic symptoms, as the illnesses peresaan-curable.

In the following parts of the introduction | warmt present some more information about the
topics that are treated in this thesis, especatbgut the diseases mentioned throughout the

work and the underlying hypothesis that form theidaf all the experiments described.

1.1.1 Parkinson’s disease

Parkinson’s disease (PD), first described as “Asagson the shaking palsy” by James
Parkinson in 181% is estimated to affect more than 4 million peojieEurope’s and the
world’s most densely populated countries in 2008h whis number estimated to double by
2030, making it to the second place of the most commearodegenerative diseases after
Alzheimer’s disease (AD). This fact leads to anreased need for patient's care and
medications. Clinical symptoms include Bradykine@kbwness of motion), resting tremor,
rigidity and postural instability and deformity amadhigh percentage of patients also suffer
from cognitive disturbanc@sThere are several forms of the disease that dééatential
diagnosis like idiopathic Parkinsonism, vasculakkPaonism, Parkinson-plus syndromes and
drug-induced Parkinsonism that all show the sarasscbf symptoms. Also essential tremor
and normal ageing are part of this differentiabdiesis of PB3.

Now, after decades of nescience about the substarsiuses of PD, it is stated that it is
predominantly caused by formation of filamentousraneuronal inclusions consisting of
protein aggregates in the so-called Lewy-bodiestarddystrophic neurites (Lewy neurites)

followed by the consecutive loss of dopaminergiarnas by induction of apoptosis of the
p. 13



affected neuronal cells in the substantia nigrthefhuman braid. In this process, more than
70 % of dopaminergic neurons can be lost befost 8ymptoms of PD can be clinically
estimated..

These inclusions are immunopositive for the protesynuclein ¢-syn) as one of the major
components in the aggregated protein clusters.pftiein is encoded by the SNCA-locus on
the long arm of chromosome 4, 4921-922 region efithman genome (NCBI Entrez gene
6622) leading to a translated protein of 140 amac@mls (monomer) in size which occurs
naturally unfolded within the cell. Also the oligemform containing alpha-helices occurs
naturally and prior to neurologic symptoms and fileaded, as well as unaffected regions of
the braiff?. a-syn is normally localized at the presynagsaround synaptic vesicles in the
presynaptic terminal of dopaminergic neurons where thought to be involved in the
refilling and trafficking of synaptic vesicles frothe reserve pool to the readily releasable
pool at the site of vesicle reled$®. Upon neuronal activity or environmental stress
conditions, the above mentioned monomers aberragtyegate int@-sheet like structures
and further on, to insoluble fibrils which form thewy-bodies®.

In 1997, Polymeropoulos and colleagues identifiedoat mutation in the SNCA-locus,
leading to an exchange of the amino acid alaninthiteonine at position 53. This single
mutation is responsible for a dominant form of PAIdiging a stronger aggregation phenotype
and can additionally be dominantly inherited withifamily. In their studies, the group could
reveal a penetrance of the gene (the proportiopeoiple with the genotype who actually
show signs of the disease) of 85 %, suggestingthimasingle defect is sufficient for the PD-
phenotype to occtf.

Also other factors can lead to an abnormal prodaabif a-syn in the cell, namely there is the
possibility of a duplicatioff or triplication'® of the SNCA-locus itself. These multiplications
of the locus are causal for the development of PD.

Normally the expression efsyn is very tightly regulated in the physiologmnditions in the
cell. But if these control mechanisms fail, becausfe epigenetic and transcriptional
modificationg’, the protein is thought to be more likely to b@mssed in a higher amount if
there are additional promoter modifications.

In PD many factors act together that can causelltress to become manifest, including
ageing, genetic predisposition and environmenttiences. These elements can rarely be
avoided and are therefore crucial to the receneldgment of increased incidence in the

aging population of man countries.
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1.1.2 Alzheimer’s disease

As the german neuropathologist Alois Alzheimer rtteg first patient suffering from the
“Disease of Forgetfulness” in 1911, he witnessddargye behavioral symptoms” including
unconsciousness of time and place and a loss oft&@tn memory. Alzheimer also described
the physiological changes in the brain of theséeptt using staining techniques to identify
the core component of observed pathological chaingé® brain structure of these patiéhts
These observations were scientifically proved i85, 9vhere the morphological hallmarks of
the illness, neurofibrillar tangles and senile pkes} were authenticated and could be shown to
consist of an amyloid beta proteinf)Athat forms these protein aggregétes

The gene coding for this protein - APP (NCBI Entgene 351) - is located on the human

chromosome 21 (location:21g21.3) and is the precwkthe human B, which encodes a

- neuronal cell death
- cognitive/ behavioural
abnormalities

v\

plaque formation

—

AB oligomers

a-secretase

& &, y
B-secretase
/

cs3 APP c99 \

Figure 1: Schematic presentation of the productiorof Ap fragments. The precursor protein APP is translated and then

incorporated in the cell membrane. Thenandp-secretases cleave the first fragment whose fumetitl not be explained
further. They-secretase is the one that generates thdragment that is physiologically relevant to thi®rk. If this
y-secretase is mutated, it forms fragments pthat are more prone to aggregate and form harotifidmers which can then
accumulate to plagques. Picture courtesy of MSc. €i@mrSommer, Institute of Molecular Biosciences, vénsity of Graz
HumboldtstraRe 50, 8010 Graz, Austria.

p. 15



cell surface receptor and gets cleaved by seceet@msdorm a high number of different
peptides (see Figure 1). If thelAprotein gets cleaved by mutateesecretase (regulators
PSEN1 and PSEN2), it results in a higher amouth®®B34. fragment which then aggregates
and forms the typical plaques in the affected pétidorair?>.

APP has several homologue genes in organism imgudi melangoster, C. elegarad all
mammalé®. Alzheimer’s disease (AD) is grouped into the paibies of Tauopathies, as the
observed neurofibrillary tangles mainly containdiéidnally to the A-protein, the small
protein tau, that is normally responsible for axormation and stabilizatid®, but was found
to form helical and/or straight bundles of abnotynhlyperphosphorylated tau protein in the
case of ABS.

Later, it was discovered that there are severah$anf AD that are caused by different genetic
factors. In 1997, Dennis Selkoe summarized the mgsbrtant genetic loci that cause AD in
different patient age grouffs He stated that the early onset form of the disémsaused by a
gene called Presenilin 1 (PSEN1) in chromosome h#thwcauses a higher production or
deposition of the B-protein already in the late fourth and fifth deeaaf the patient’s life.
Later onset forms of AD include mutations in thegamilin 2 (PSEN2) locus on chromosome

1 and in thdAPP locus on chromosome 21 that lead to the saoneased production offA

advanced
alzheimer's

Figure 2: Differences between normal brain and brai in an advanced stadium of Alzheimer’s diseas&everal regions
are remarkably reduced in an AD brain (right). Tbhetex (oval marking) and the hippocampus (recti@rguarking) show a
high level of neuronal loss including an overalueed weight of the whole brain. The fluid-filledmapartments (ventricles
— pentagonal marking) get bigger due to loss of mawh and healthy brain substance. Picture modifien:
http://www.alz.org/braintour/healthy vs_alzheimasp04.06.2014
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The late forms of AD are caused by a polymorphisnthie locus for the allele4 of the
Apolipoprotein E (apoE) but also by other enviromtaé factors which are not mentioned
heres®,

As mentioned before, AD is caused by abnormal amotifragments the proteinpA which
causes plaques in the patient’s brain. The accustifaoteins then lead to damage and death
of nerve cells in the areas responsible for memdoymation and orientation
(hippocampugf3®and cognitive function (corte¥)(see Figure 2) via unknown mechanisms.
Up to date there are only symptomatic therapiedabta for AD as the progress of the illness
cannot yet be reversed or stopped. The therapiab wi¢h the difficulties of cognitive
impairment in the patients including pharmacolaid psychotherapeutic treatmeéts

In recent years, inhibitors of the cholinesteraseame the standard therapeutic approach, as
they ameliorate the behavioral symptoms througlibinbn/delay of the breakdown of the
neurotransmitter acetylcholine in the human 5éé

The incidence rates of AD are very high in the agepopulation with over 5 million
American citizens being affected in 2613and this number will dramatically increase,
reaching a total estimated number of more than iBom patients in 2050 with a high

percentage of these being over 85 years offage

1.1.3 Modelling neurodegeneration in Drosophila melanogaster

Since | could not test human beings in my mastesif) | used a well-established model
organism to show the detrimental effects oebynuclein §-syny’ and amyloidB-protein
(AB)83° on neurons using the fruit flprosophila melanogast&t“*. Even though being a
small invertebrate animal, the fruit fly still has well-developed central nervous system
(CNS), including an accumulation of neuronal tissu¢he head, what we would call a brain.
This organism has several advantages in modelingodegenerative diseases like AD and
PD — it has a short life span, a great number @fgmy, a well-known anatomy and can easily
be manipulated via simple molecular methods aneétyetechniques.

In this Master thesis | used flies expressing thkl-type form of a-syn in their CNS -
modeling PD - and a truncated construct of the huAfagene (amino acids 1-42 $A2) -

for AD - under the control of the GAL4-UAS systeithis system has several conveniences
that help in the design ddrosophila studies. The proteins being under the controlhas t
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system can be expressed in a time-dependent mameaming the tight control of the
eventual detrimental effects of the translatedsganic construtt.

On the long way to new therapeutic agents agahestaforementioned neurodegenerative
illnesses, this model system is a very useful aggrotowards the development of new
substances to ameliorate the most severe symptdntheodiseases. Recently, a new
polyamine compound named Spermidine (spd) was desgteler conditions of elevated
cellular stress, leading to induction of autophagy increase of the lifespan of several model
organisms including yeasé&ccharomyces cerevisjamematodesGaenorhabditis elegans
and fruit flies?,

In the experimental work this thesis is based anwanted to show the beneficial effects the
polyamine spd has on the affected/damaged brala telthe model to regain a status of

functionality or at least alleviate the symptoms.

1.2 Spermidine — a natural polyamine

Spermidine (spd) is a natural biogenic polyamind$Cnumber: 124-20-9), precursor of
Spermine, that was discovered more than 300 yegosia samples of human serfien
(molecular structure — see Figure 3). It can badoin various food sources like leguminous
plants (beans, peas, lentils), especially in sggnbeand derived produtlsIn the human
body it is produced from a conversion of the amawid L-Ornithine (or L-Arginine, or
S-Adenosyl-L-Methionine) via the enzyme Ornithinedarboxylasel (ODC1, or
Arginine-Decarboxylase (ADC), or S-AdenosylmethimniDecarboxylase (AdoMetDC)) to
Putrescine and via the Spermidine-Synthase to Sgiewf?.

H
HQN/\/\/N\/\/NHQ

Figure 3: Molecular structure of the natural polyamine Spermidine.Picture modified from:
http://www.nature.com/nature/journal/v464/n7288/lmature08981 BX2.htmi June 2014
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Spd has an important role in several cellular pgses such as cell growth, proliferation and
survival. Alterations in the cellular polyamine &vhave been shown to be connected to
organismal aging and several disedses

This substance also reduces age-related oxidatoteip damage in the fruit fliprosophila
indicating that spd might be a general factor agjaitecline of cellular functiof% Spd also
mediates longevity through induction of autophagyyeast §. cerevisiag worms (.
elegan and flies®.

Based on these findings, expectations are alsatdddgowards assistance of the substance to
alleviate the most severe symptoms of neurodegiveraiseases via the mentioned

pathways.

1.3 Autophagy — a two sided sword in neurodegeneration

As mentioned earlier, neurodegenerative diseases atart with an abnormal amount of
certain proteins that accumulate and form aggregakech are then toxic to the cell. In many
scenarios, self-digestion of particular parts @f #éffected cell itself can help to avoide a rapid
progress of the iliness. This self-digestion idezhlautophagy - from the Greek auto-, "self"
and phagein, "to eat" — and is a basic cellular raeism to get rid of unnecessary or
damaged cell compartments or proteins.

There are some distinct forms of autophagy depdnaerheir substrate. Macro-autophagy,
Micro-autophagy and chaperone-mediated autophdwpsd three forms share the mechanism
of the proteolytic degradation of cellular orgaasliand proteins in the autolysosome, which
is a special form of the cellular lysosome. In Meartophagy, the cell engulfs cytoplasmic
components via this autophagosome-pathway, in Midaphagy the cellular cargo is directly
taken up by the lysosome and in chaperone-medattaphagy proteins and other cargo are
first targeted for breakdown by chaperone protégng. Hsc-70Y.

Up to date there are more than 30 autophagy-relgeees (ATG) identified in yeast and
many of these genes have conserved domains ooargletely conserved in molds, worms,
plants, flies and mammafs

If the regulation of autophagy does not work propéehis might lead to several serious health
problems, including cancer and neurodegeneratigseades. In neurodegenerative illnesses
like AD, PD, Huntington’s disease and Amyotroptateral sclerosis at least one decisive step

in the autophagic pathway seems blocked. In ADRIDcutophagosome-like structures accu-
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mulate in the cell which indicates impaired doweain processing of these vesicles.
Induction of autophagy in the affected cells redutzxicity of A3 anda-syn and can lead
towards neuroprotectiéh

There are several substances known to inhibit dude this cellular “clean-up” mechanism
including natural and synthetic substances. Orotieehand, there are drugs that are used to
inhibit high levels of autophagy (e.g. in cancelisjdike Chloroquine diphosphafe(CAS

No: 50-63-5), 3-Methyladenifg(CAS No: 5142-23-4), Bafilomycin &% (CAS No: 88899-
55-2), on the other hand, impaired or malfunctigrwitophagy can be induced by substances
like Rapamycif® (CAS No: 53123-88-9), Metformif (CAS No: 1115-70-4), Resverattol
(CAS No: 501-36-0) and Spermidine (CAS number: 2049).

Given these connections we came to the followingoliyesis that led us to the experiments

that are described in this master thesis.

1.4 Induction of Autophagy via Spermidine ameliorates symptoms of
Neurodegeneration in flies?

With the knowledge of the aforementioned facts camme up with the following hypothesis:

“Can the induction of the autophagic machinery a@dministration of spermidine ameliorate

the symptoms of neurodegeneration in the modelnisgaof the fruit fly?”

To test this hypothesis, we combined the connestpominted out earlier in the introduction. If
neurodegeneration was at least in parts causednpgiied autophagy, we assumed that
boosting autophagy might protect from toxic effemftprotein aggregates. Therefore we came
up with the substance that already showed simifacts in yeast cells — namely spermidine
(spd). Spermidine is able to induce autophagy naascriptional activation of several ATG-
genes that encode core-autophagic proteins in geadsbther organisms.

In our experiments we wanted to determine the e#pd has on the whole organism of the
transgenic fruitfly. Thus, we designed experimeéhtt gave us the opportunity to test several
scenarios that could elucidate the impact of spdimidtration on the organismal level (in
contrast to the cellular level that could be inigeded in yeast before).
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We assume that with the supply of spd to transgiie expressing amyloif-protein ora-
synuclein, the loss of important neuronal cells barstopped or at least be decreased. If the
autophagy can be induced, we hope to find a redaredunt of staining in the central
nervous system (CNS) — especially the brain —etitbated flies.

Also the hallmark symptoms of the individual illses — decreased lifespan, impaired loco-

motion and memory impairment — should be diminisiyedn addition of spd to the fly food.
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2. Materials and Methods

2.1 Materials

Chemicals, ingredients, fly food constituents aatl equipment were ordered from the
following companies: Biorad, Covance, Dianova, GEealthcare, Invitrogen/Life
Technologies, Merck-Millipore, Roche, Roth, Sigmlidich.

For all the experiments we used standard laboragupment, alongside with fly incubators
(25 °C, 12h:12h light:dark cycle) and a confocaklascanning microscope (SP8 from Leica).

2.1.1 Antibodies
The Antibodies used for the staining of the dissédlybrains are listed in the Table 1below.

The stained brains were scanned with a confocat Esanning microscope (SP8 from Leica).

Table 1: Used Antibody for staining of dissected flgrains. To show protein expression in the adult flybrair, aissected
brains and stained them with a commonly used festbpol. To compare intensities in the staining always used a co-

staining with an ubiquitinous synaptic protein edlBruchpilot.

Primary antibodies company

Rabbite-synuclein Sigma-Aldrich
Mouseea-AB-42 6E10 Covance

Mouseea-Nc-82 CD Creative Diagnostics, Wagh et al. 2006
Rabbite-BRP N-term Fouquet et al 2009
Secondary antibodies company

Goate-rabbit Cy3 Dianova

Goate-mouse Cy3 Dianova

Goate-rabbit Alexa 488 Invitrogen/Life Technologies
Goata-mouse Alexa 488 Invitrogen/Life Technologies
2.1.2 Fly food

The normal fly food was prepared according to Blowton media recipe
(http://flystocks.bio.indiana.edu/Fly_Work/mediaciges/media-recipes.htm)  with  minor
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modification. We used the standard corn meal medsupplemented with dry yeast.
Spermidine (spd) was prepared as a 2 M stock saoluti sterile distilled water, aliquoted in
4 mL portions and stored at —20 °C until they wiii@wvn for use. After food has cooled down
to 40 °C, spd was added to normal food to a conagom of 5 mM.

Spd-manganese-solution (spd- #ksolution) was prepared as follows:

10 % wi/v sucrose was dissolved in distilled wabkdill{pore), spd (from 2 M stock solution)
to a concentration of 5 mM was added and the pHmeasured. The alkaline pH of 10,8 was
adjusted using 1 M HCI until it reached the pH ¢ fexact pH of the spd- Mfisolution).
Afterwards, Mi* (from 2 M stock solution) to the concentration26f mM was added to the
solution. The solution must be clear to be usedrettrshould not be any yellow/brown
precipitate, which shows that ¥fnand spd formed a complex which titrates away lodtine
substances. For the sucrose2¥solution, 10 % w/v sucrose was dissolved and*Ma the

concentration of 20 mM was added.

2.2.3 Fly stocks

Flies used in the experiments were all with wlla8Kkground used normally in the Lab of
Prof. Dr. S.J. Sigrist. Used UAS-lines and GAL4eknare listed in Table 2 below. All flies
used in the experiments are from the F1 generation.

Table 2: List of used UAS- and GAL4 lines in the expéments.For all the crosses, parental flies of these $ipdaies

were mated and the F1 progeny was used.

UAS-line reference Sigrist-Lab Stock number
UAS _Tf;fg-:jr lijima et al. 2008 2361
UAS -48—42 lijima et al. 2008 2362

Sbtb
UAS —a-synuclein Bonini et al. 2005 1904
GAL4-lines
Elav*>-GAL4 Lin and Goodman, 1994 10
Appl-GAL4 (10G outcrossed) Torroja et al. 1999 2252
nSyb-GAL4* Bushey et al. 2009, Yu et all008

2010

w1118 — Hazelrigg et al, 1984
*... This stock was used with light modificationsetfiM3 Sb — balancer that was on tht 3
chromosome before was selected out so that the-4&8yIBl got homozygous.
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2.2 Methods

2.2.1 Survival in Carousels

For the survival experiments in carousels, two s@®ewere used: in schema YOUNG, one-
to-three day old flies were collected from big lextt males and females separated (40 flies
per vial) under C@anesthesia on the same day, let regenerate fos 24125 °C, then put at
29 °C for 24hrs and filled into vials of carousels tapping. Then dead flies were counted
every 24hrs at the beginning (in the first 2 daglsn every 12 hrs (for the following days). In
schema OLD, one-to-three day old flies were codlédrom big bottles, males and females
separated (40 flies per vial) under £&hesthesia on the same day, then aged at 25 I3 for
days, subsequently put at 29 °C for 24hrs and thpped into carousels — dead flies were
counted every 12hrs from the beginning. Each déaavés then subtracted from the total
amount of flies in the vial to determine the sualixate over a period of 6 to 8 days.

For the survival setup we used self-made carous®touctions made of empty fly food vials
and petridishes with a hole in the bottom parthef ¥ial and in the top part of the petridish. A
stripe of filter paper was led through both holesl aeached the lower part of the petridish
which was filled with approximately 30 mL of thecsase-Mr*solution. The filter paper-
stripes sucked the solution from this lower reseri@provide it to the flies in the top vial. In

this apparatus, 7 vials, each containing 40 ftesd be tested in one run.

2.2.2 Longevity LO

For the longevity experiments, the following twdwges were used: for the schema I, one-to-
three day old flies were collected from big bottt#dsnormal fly food and food with 5 mM
spd. Through the following steps, all flies colksttfrom spd-containing food were always
kept at that food and flies from normal food batieere kept at normal food. Males and
females were kept together in big vials for 24 tosmate, then separated under CO2
anesthesia and put in small vials (5-10 vials, i@8fleach), kept at 25 °C in a humidity
controlled incubator (70% humidity) with 12hrs:12hight:dark cycle and let age. Flies were
flipped on fresh food every 2-3 days and dead fiilese recorded for up to 80 days total. Flies
that got stuck to the food but were alive were gfarred into the fresh vial by using a brush,
but also flies that flew away were recorded andsmered as censored objects in the

computational analysis.
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For the schema Il, one-to-three day old flies wagain collected from big bottles of normal
fly food, males and females were kept togetherngnvials for 24 hrs to mate, then separated
under CO2 anesthesia and put into small vials (tdi8, 20 flies each). Again, the flies were
flipped every 2-3 days and dead flies were recordedip to 80 days total. Flies that got
stuck to the food but were alive were treated likentioned above and also flies that flew
away were recorded and considered as censoredsldjec this schema, one half of the total
number of vials was flipped on 5 mM spd-containiogd on day 29/30. The other half of the
vials was continuously kept on normal food. Fliesrevkept in an incubator as mentioned

before.

2.2.3 Climbing (Negative Geotaxis)

In the climbing experiments, one-to-three day didsfwere collected from big bottles of
normal fly food, separated on the same day (48 fher vial) and used in the same schema
than mentioned in “survival in carousels”. Accoglito the survival schemes, flies were
tested at different timepoints after stress app&ariror schema YOUNG, climbing abilities
were tested after 24, 72 and 96 hrs and for scl@biy flies were tested after 24, 48 and 72
hrs. For this experiment, the 40 flies were ane¢tde with CQ in the vial of the carousel,
separated on a pad in portions of 10-15 flies, iptd climbing vials (see fig. X) and let
regenerate for 30 minutes in a dark room with gl fturned on.

After regeneration, flies were tested for locomotand negative geotaxis in the red light by
tapping them on the bottom of the vial and let tredimb the vertical vial for 15 sec and 30
sec. The flies that could cross the height of 7(samema YOUNG) or 4 cm (schema OLD)
were recorded in the mentioned time.

These experiments were also performed with fliesnfthe longevity setup, were we tested
the flies on d2, d5 and then every 5 days. Agédies that could cross the height of 4 cm were
recorded. Each trial was at least triplicated.gstst 100 flies in for each genotype were tested.

2.2.4 Recombination of AB-42/a-synuclein with ODC1 in flies
In order to generate flies which contain the tweidl genes ODC1 combined witl-42 or
a-synuclein, we needed to perform a recombinatiorergthe fact that both genes are on the

same chromosome (ll) but in different flies. Tloliesma for the crosses is shown in Figure 4.
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The flies were collected right after hatching tovdhvahe chance to get the ones with the
darkest eye color, which have a high possibilithéwe the two desired genes recombined on
their third chromosome.

The following crosses (Figure 4) were set to obtaefinal recombined flies:

oDCl, Ap—42 ODCL, a-Syn
TM3 Shtb TM3 Shtb

As an example for both genotypes, crosses for thiesanclude:

cDC1 a—5yn
-4
oDc1 a—5yn

aDci - n.d.
M
x—5yn TM3 Ser

i Sort for +5er flies

4 0DC1, x—Syn n.d.
O ————— — (assumed genotype) ETTTTT———
TM3 Ser TM3 5bth

Sort for — Ser, + Sbtb flies

. ODEC1, a—5yn

stable stock &+
TM3 5bhth

Figure 4: Crosses for the generation of recombinanfiies. To obtain recombinant flies containing two desigeshes, we
needed to cross the single genotypes and, fomgettistable stock, stabilizing them with a balard@omosome for the

desired locus.

To verify the correct insertion of the desired geaéter the recombination, we performed a
PCR-analysis. The primers generated and usedssed n Table 3 below. The primer for the
ODC1 gene were used from the Sigrist-Laboratomperilist with the numbers: ODC1 fwd =
#61, ODC1 rev = #62.
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Table 3: Primer list for the verification of the correct generation of the recombined flies.

Name/number | sequence Tm | Fragment lenght
Syn fwd atctGATGTATTCATGAAAGGACTTT| 54,7

Syn rev atctTTCAGGTTCGTAGTCTTGATA | 55,5 422Nt

Graz AB42 fwd | ATCTgatgcagaattccgacatga 56,4

Graz AB42 rev | ATCTctatgacaacaccgccca 56 ,132 nt

The PCR programs that were used to confirm theecbrecombination are listed in Table 4

below.

Table 4: PCR-programs used for the genetic verificabn of the recombined flies

Genotype | Fragment length (nt) | Time (min) | Temperature (°C)| cycle
5 95
0,5 94

oDC1 1182 1 53 30 x
1 72
10 72

a-synuclein 420
5 95
0,5 94

AB-42 126 1 53 30 x
0,5 72
10 72

2.2.5 Brain dissections, staining and wholemount brain scanning

To determine, whether the level of protein amoutd@ined by the specific antibodies
(mentioned in 2.1.1 Antibodies, Table 1) in the fisain changes with time and stress, we
dissected the brains of adult flies (4- to 5-day-atult males and 13- to 15-day-old adult

females) according to a fast protocol. Dissectednisrwere collected in cold HL3, then fixed
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in PBS with 0,1 % Triton X-100 and 4% Formaldehyoie20 min at room temperature (RT),
washed in PBS with 1% Triton-X100 for 30 min at RVash brains with PBS with 0,3%
Triton-X100 (PBST) (4x15 min) at RT, pre-incubatern in PBST with 10% NGS (1h at RT
on shaker) and incubate with desired primary adifpan PBST with 5% NGS and
Sodiumazid (1:100) for 48 hrs at RT. Wash braingiragn PBST (3x20 min), incubate with
desired secondary antibody in PBST with 5% NGS &oadiumazid (1:100) for 24 hrs at RT,
then wash in PBST (4x20 min) at RT and incubateactashield (Vector Laboratories LTD.,
Peterborough, United Kingdom) for 24 hrs (to delayethe tissue) before mounting them on
glass slides sealed with nail polish. Keep braind & for short term or at -20 °C for long
term storage. Three brains of each genotype wexrensd by Confocal Microscopy (Leica
SP8), then pictures were analyzed by comparingntie@sities of stained areas in the central

brain for A3-42 or counting the dopaminergic neuronsdeynuclein.

2.2.6 Western blot analysis
To determine the expression of our proteins witl thilized driver lines, we performed
Western blot analysis with extracts from adulttfgads.

We followed the head extraction protocol from thgriSt-Laboratory from Dr. H. Depner. We

collected the flies, immediately froze them for es&l minutes in liquid nitrogen and then
decapitated them by vortexing for 1 minute. Onexgitilled metal plate (ice/liquid nitrogen),
the fly heads were collected with pre-chilled fgseand transferred into pre-chilled 1,5 mL
Eppendorf cups. Then 1 pL of extraction buffer (Z%®S with 10 % Triton X-100 in water)
per fly head was added and the heads were squigtied micropistil in the 1,5 mL cup until
the head is completely decomposed. Then 1 ul ofnbalesample buffer per head was added
and the mix was heated for 5 minutes at 95 °C.rAfis, incubate mix for 5 minutes at room
temperature, then centrifuge it for 2 minutes é&tdpeed (approx.. 17.000rpm) to pellet head
debris. Now the extract is ready for SDS-page.

We used W1118-extract as a negative, and sequanided a-syn/AlR42-flies as positive
controls. Because of the different size of the gigtwe had to use different extraction buffer
for AB-42 anda-syn. We got the recipe for the modified lysis/agtron buffer from Christine
Quentin, member of the Sigrist Lab group. We haduse a buffer with a very high
concentration of detergent - 500 mM TrisHCI (pH )9,then we added 1 % Sodium-
Deoxycholate and 0,1 % Triton X-100.
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We made 20 % Acrylamide-gels (with 1 % SDS) ana asnning buffer, we used a solution
of 25 mM TrisHCI (pH 8,3) with 192 mM Glycine ang20% SDS. The transfer buffer was
the same but without the 0,2 % SDS added.

We used the Lammli-buffer of the Lab in Graz whaintains 250 mM TrisHCI (pH 6,8),

20 % SDS, 60 % glycerol, a bit of bromphenolblued dmefore use 1/10 volume of
B-mercapto-ethanol has to be added. For detectien,used the Amersham ECL Prime
Western Blotting Detection Reagent from GE Healtbca
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3. Results

3.1 a-synuclein

3.1.1 Spermidine rescues manganese-induced death of a-synuclein-expressing
flies

Both environmental as well as genetic risk factoase been shown to contribute to the
pathology of Parkinson’s disease (PD). In this ciges expressing humasmsynuclein §-
syn) under the control of the UAS/Gal4-system hagen shown to die within 5-7 days upon
additional exposure to manganese tiina known risk factor for PB8. We applied this setup
to analyze whether spermidine (spd), which has shiowromote longevity in several model
organisms, is able to amelioratesyn-induced demise.

Using different pan-neuronal driver lines, we fouhet the supplementation of food with
5mM spd could delay organismal death inducedaksyn. However, the extent of the
protection is clearly depended on the respectiiveedused, which will be given attention to
later in the discussion section (see 4.1.1).

We performed the experiments with male and femlséds eparated between 1-3 days after
eclosion. Exposure of young flies (2-5 days) to?Manhanced death upon elav(x)-Gal4-
driven expression ai-syn as compared to similar treated wild type fhesh in males and in
females (Figure 5). Simultaneous application of spdld largely restore the survival of
syn-expressing flies. The periods of the highestue rate were mostly found in the middle
part of the experimental time-course. Between 82amd 144 hrs the difference between the
spd-treated animals and the ones without spd (antfat flies) was most prominent and
found with a P-value of less than 0, 01.
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Figure 5: Spermidine (spd) treatment rescuea-synuclein expressing flies upon manganese (¥t stress.Young wild
type ando-syn-expressing flies (2-5 days) were kept on 1Qrase supplemented with 20 mM Rrwith and without
addition of 5 mM spd and survival was determinedndicated time points. Expression @fsyn was achieved using the
UAS/Gal4 system and the pan-neuronal driver lis@(@)-Gal4. P-values of less than 0,01 (Syn vs. gpd at 108 hrs and
120 hrs and Syn + spd vs. w1118 + spd at 120 hrg) less than 0,001 (Syn vs. w1118 at 96 - 13ZahadsSyn + spd vs.
w1118+ spd at 96 hrs and 108 hrs) could be caledilaith the Two-way ANOVA with Bonferroni correctiomith an n=4

experiments (approximately 400-480 flies per gepety The comparison of w1118 vs. w1118 + spd wassigmificant at
any timepoint. Here, we show data of young magsfli

Concerning 14 days-aged flies, we could obtain gh levidence for a protective role of
spermidine for the female flies. We also testedythiegng animals (as mentioned before) that
could be rescued by spd-treatment, even thoughdlieyot show a specific rescue for only
the a-syn-expressing animals in comparison to the cofiiies (see Figure 6). Nevertheless,
we were able to calculate a P-value of less th@b fyr the aged flies. Expression @syn
was achieved by using the nSyB-Gal4 driver linecolhis more consistent over a longer
period of the lifetime of flies than the elav(x){&alriver line.
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Figure 6: 14 days-agedr-synuclein expressing flies are able to survive mganese (MR*) stress better when treated
with spermidine (spd).Younga-syn expressing flies were separated 1-3 days eflesure, subsequently kept at 25 °C for
13 days and then fed with a solution containing/d8ucrose with 20 mM M with and without 5 mM spd. The survival
rates were determined at several timepoints inglicabove. Expression afsyn was performed using the UAS/Gal4 system
and the pan-neuronal driver line nSyB-Gal4. P-valokless than 0,01 (Syn vs. Syn + spd at 1204dmnd)less than 0,001
(Syn + spd vs. w1118 + spd at 108 - 144 hrs, Symid18 at 120 hrs and 132 hrs and w1118 vs. wkl4pd at 108 —
144 hrs) could be calculated with the Two-way ANOW#h Bonferroni correction from an n=3 experimefapproximately
480-560 flies per genotype). Here, data of agedaferflies are shown.

3.1.2 Establishing a-synuclein expression in transgenic flies

To analyze whether the improved survivaloe$yn expressing flies upon supplementation of
food with spd is accompanied by a change-syn expression levels, we performed western
blot analyses of whole brain protein extracts.

In order to additionally prove the functionality tife used driver line we obtained a head
extract (following the head extraction protocol 2r2.6) of the F1 generation flies, which
could then be tested in a Western blot using aipemti-a-syn antibody for detection. As
can be seen in Figure 7, we were able to detect-Hya protein specifically in the extracts of
the used flies with the applied antibody. The grotens at the right height (around 14 kDa)
in the sample of the transgenic flies and the hiandbt visible in the w1118-control flies’

samples.
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Figure 7: Change in expression-levels ofi-synuclein upon spermidine (spd) treatmentHead extract samples from
distinct timepoints from flies that were treatedtii® manganese (M) stress setup were obtained and the protein amount
was determined via Western Blot analysis. We usédaatubulin as a reference protein and a specifsyn antibody to
detect the band in the samples. We also includetples from flies born on spd containing fly fooddasubsequently

stressed with manganese in this analysis.

3.1.3 Spermidine does not prolong the lifespan of D. melanogaster

Due to the fact that PD is a late-onset diseaseleads$ to a rapid worsening of life-quality,
we wanted to establish a probable scenario in wépchcan help to considerably improve the
lifespan and or the detrimental impact in a tranggdély model expressing humamsyn
under the control of the UAS/Gal4-system and themeauronal driver line APPL-Gal4.

We performed the experiments with mated male anthke flies separated two days after
eclosion and kept in vials containing normal flpdoor food with 5 mM spd. In this longevity
setup, dead flies were recorded every second keggetdata were computed and graphs were
calculated to show the possible effects spd hamyorg and aged flies.

In the graph in Figure Below the survival curves of the different genotypeer a period of
approximately 80 days are shown. Here, we show sameess as examples for the rescue of
thea-syn expressing flies upon spd treatment, mordtsesull be dealt with in the discussion

section.
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Some experiments did not show a consistent rescueather showed a possible detrimental
effect of spd when it was applied from the begignih the aging. As can be seen in Figure 8
A, B below we could on one hand show a possibleuiag effect of spd on the-syn
expressing flies but on the other hand we had antental effect on the control flies which
were killed earlier in time by spd. We could shdusteffect in both sexes as you can see in A
for the females and in B for the male flies. Thaprs are the result of one single experiment

with 180 flies per sex and genotype, which was aigmkseveral times (data not shown).
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Figure 8: No increase of the lifespan od-synuclein expressing flies upon administration o5 mM spermidine (spd) via
fly food. In the experiments we collected male and femads ftine day after eclosion, let them mate for 2dchseparated
them. Flies were kept in vials containing fly foaith or without 5 mM spd and survival was deterndinehen flies were
flipped on fresh food. Every second day, dead fliese counted until the last which took approxirha®) days.o-syn
expression was obtained by using the pan-neuroRBILAGal4 driver line. These curves resulted frora simgle experiment
with 180 flies per sex and genotype, which was atgubseveral times.
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3.1.4 Ability to overcome a certain height in negative geotaxis is enhanced upon
spermidine-treatment

As several environmental parameters play a critimal in the development of PD, we tried to
find an elaborate model for one of the most charetic symptoms of the disease, namely
the locomotion difficulties e.g. tremor and coomtion problems. Given the fact that there
are already existing tests for locomotion in theitfty model we decided to establish the
assay for negative geotaxisdrsyn expressin@®. melanogasterHere we examined the flies
for their ability to overcome a certain verticast@ince in a transparent plastic vial (we needed
to conduct the experiments under red light, as abhlight would influence the results).

We used young (3-5 d old) and aged (12-14 daysawioihals based on the data obtained from
the Mrf*-survival assays before. We used flies expressimgama-syn under the control of
the UAS/Gal4-system using the elav(x)-Gal4 drivee lfor experiments with young animals
and the nSyB-Gal4 driver line for the experimenithwaged animals. The optimal driver line
for each setup was subject to prior tests analogmtise pre-experiments for the Kirstress
setup.

We tested different conditions to find the optirhalght for the flies to start with a percentage
of at least 75% of flies that could overcome tleatel in the first run of the experiment. For
the young flies we set a height of 7 cm, but fa #dged flies we had to lower that height to 4
cm to obtain the desired starting values. Whilecessing the acquired raw data, we found
that the locomotor activity was enhanced in fliesiol were treated with 5 mM spd in
addition to being stressed with kfrcompared to the ones stressed wittF Mmly.

In Figure 9 below the obtained graphs are showrthéntop graph, the absolute climbing
ability is shown, which declines over time, andtie graph below there is the normalized
relative climbing ability. We wanted to show théateve rescue of the locomotion of thesyn
flies upon spd treatment which should be abovelgel of the control group to have a
significant restoration in the-syn disease model flies.

For the tested aged flies, the restoration upontsgatment is very prominent, even though
the young tested animals showed a less notablete¥fiée could still see a difference in the
spd-treated group (see Figure 9C and D at 72 hptim#, which this was nearly significant.
In the aged flies, the restoration is especiallnsat the 48 h-timepoint for male flies and at
the 72 h-timepoint for female flies (see Figure 1@ D). The graphs for the young animals
(Figure 9) are the result from 2 independent expenits with approximately 320 flies per sex
and per genotype. For the experiments with agedasiwe used approximately 360 flies per

sex and per genotype.
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Figure 9: No significant restoration of the climbirg ability in young a-synuclein flies upon acute manganese (Mt)

stress and spermidine (spd) treatmentYoung flies were separated 1-3 days after ecloaiwh tested on their ability to
overcome a height of 7 cm in a vertical vial atbeing stressed with 20 mM Mhin a 10 % sucrose solution with and
without addition of 5 mM spd. The ability to overne the height-level was tested in a red-lit chandtethe indicated
timepoints. Expression efsyn was achieved using the UAS/Gal4 system angdheneuronal driver line elav(x)-Gal4.. In
(A) and (B) the absolute climbing ability to surpdks 7 cm line is shown, whereas the normalizedruation ability is

shown in (C) and (D). These graphs are the resd@tinflependent experiments with approximately 328 per sex and per
genotype.
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Figure 10: Spermidine (spd) treatment significantlyimproves locomotion ability in ageda-synuclein expressing flies.
Young flies were separated 1-3 days after eclos&mge for 13 days and then kept in the stressisals containing 20 mM
Mn2*in a 10 % sucrose solution with and without additof 5 mM spd. Aged flies were tested in theiligbfo overcome a
height of 4 cm in a vertical vial in a red-lit chhaer at the indicated timepoints. Expression-afyn was achieved using the
UAS/Gal4 system and the pan-neuronal driver lingBiGal4. In (A) and (B) the absolute climbing alyilio surpass the 4
cm line is shown, whereas the normalized locomotbility is shown in (C) and (D). These graphs dre tesult of 2

independent experiments with approximately 36G flier sex and per genotype.

3.1.5 Staining intensity of wholemount brains of a-synuclein-flies is not
significantly changed upon spermidine administration

In PD, patients have to face progressive deficemndn several fields of their daily life.
During pathogenesis of the illness, accumulatingregates ofi-syn in the central nervous
system lead to damage of dopaminergic neurons abdtantial loss of this neuronal
population in the substantia nigra of the brain.ifestigate this process in more detail we
used the fruitflyD. melanogasteas model organism which has a very simple butoetdbd
central nervous system (CNS) including a specidliz&in structure. We hoped to find areas

in the brain which are connected to the variousabiginal patterns of the flies and are
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severely affected bg-syn expression showing signs of eventual damageoptilation of
neuronal cells, especially dopaminergic neurons.

After dissecting whole fly brains (see materialsl anethods - 2.2.5) we stained them with
appropriate antibodies (here: amtsyn) to scan them using a SP8 Leica confocal recope.
Given the non-constant staining signal of the BREhe fly brains, we decided to analyze the
signal of the antix-syn antibody alone to see whether the absolugmsities change upon spd
administration. In the picture (Figure 11) below eald see that the intensity of staining of
a-syn was reduced in the brain samples that werairaat from spd-fed flies (we show both
channels here). The level of staining was quité higthe a-syn expressing flies that were
treated with MA* only and was reduced in flies fed with spd (eitheutely together with
Mn?* or constantly via the fly food). Here, we showadfiom samples obtained from aged
female flies that were treated in the stress sedaptainly, we performed the same analyses
also with flies from the other conditions mentiortefore, but the acquired data sets are not

yet fully validated, therefore we will not give ther information here.

Nsyb / SYN (24 hrs) Nsyb / SYN (72 hrs) Nsyb f w1118

Figure 11: Signal intensity ofa-Synuclein decreases upon spermidine (spd)-adminigtion in samples of manganese

20mM Mn 2+
stress

a-synuclein

20mM Mn 2+
+5 mM Spd
stress

(Mn?*) stressed fruit flies.Flies were treated according to the #atress setup protocol followed by brain dissectian24
hrs and 72 hrs after treatment. Fly brains weri@ethwith antie-syn antibody and anti-BRP antibody and were scaimead

Leica SP8 confocal microscope.
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3.2 Amyloid-p-42 (AB-42)

3.2.1 Spermidine rescues AB-42 expressing flies in a manganese-dependent
survival setup

In an illness such as Alzheimer’s disease (AD),iremmental and genetic risk factors have
been shown to contribute to the development ofgagiical symptoms. Here, we used fruit
flies expressing the human Amylofd42 protein under the control of the UAS/Gal4-sygste
in an animal research approach. The flies have beewn to die within 5-7 days after being
additionally exposed to Mf, a known factor that increases physical stresshén flies’
metabolic systerf.

We adopted the setup from previously conductediesudo analyze if spd, a known
antioxidant which has already shown beneficial @ffaén several model organistfisis able

to ameliorate the detrimental effects ¢-A2-dependent decline in survival.

Using a pan-neuronal driver line, we could detdwit tsupplementation of 5 mM spd,
administered via food, is able to continuously ioyar the flies’ ability to survive upon high
metabolic stress rates, thus leading to a prolottgspan.

There is a prominent phenotype of antecent deatheof3-42 expressing flies and this effect
is significant in flies aged for 12-14 days an@lso seen in young (1-3d old — see Figure 12
males in A and females in B) animals. We could a&lsow a clear difference between male
and female flies, especially in young animals, eh#&e males showed a more distinct rescue
by spd than the females (see Figure 12). In thel #ges, females were the ones to show
better survival upon spd administration (see Fidiie

The presented graphs for young flies are the outcofat least 8 independent experiments
with a number of approximately 1.000 flies per sexl per genotype. For the aged flies, we
had an n=4 experiments with approximately 480 fliessex and per genotype. Here we were

able to determine a P-value of less than 0,00igarg 13.
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Figure 12: Administration of 5 mM spermidine (spd) rescues antecent death of young pA42 expressingD.
melanogaster upon acute manganese (M) stress.Young wild type and B-42-expressing flies (2-5 days) were kept on
10% sucrose supplemented with 20 mM 2Mwith and without addition of 5 mM spd and surviwveas determined at
indicated time points over a period of 5-7 dayspiession of B-42 was achieved by using the UAS/Gal4 system had t
pan-neuronal driver line elav(x)-Gal4. Male flie® ahown in(A), females are shown ifB). The graphs were generated
based on data of 8 independent experiments withoajpately 1.000 flies per sex and per genotypati§ical values: For
(A), we could calculate p-values of less than 0,05-42 vs. w1118 at 72 hrs), less than 0,01 (ff¥4& vs. A3-42 + spd at
84 hrs and 144 hrs) and less than 0,001 (foAR vs. A3-42 + spd at 96 - 132 hrs, fofAl2 vs. w1118 at 84 — 144 hrs and
for AB-42 + spd vs. w1118 + spd at 120 hrs) — the corsparbetween w1118 and w1118 + spd was not signtfiaaany
timepoint. For(B), we could calculate the following p-values: lésart 0,05 for B-42 + spd vs. w1118 + spd at 96 hrs and
120 hrs, less than 0,01 foAl2 vs. w1118 at 108 hrs, forpAd2 + spd vs. w1118 + spd at 108 hrs and a p-Vaksethan
0,001 for A3-42 vs. A-42 + spd at 96 hrs, forfAd2 vs. w1118 at 72, 84, 96 hrs and for w1118 118 + spd at 120 hrs.
These p-values were calculated using GraphPadanvitvo-way ANOVA analysis with Bonferroni correction
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Figure 13: spermidine (spd) treatment significantlyrescues 14 days-aged pAd2-expressingD. melanogaster in a
manganese (MA") stress setupYoung AB-42-expressing flies were separated 1-3 days efessure, kept at 25 °C for 13
days and then fed with a solution containing 10uirese with 20 mM M#t with and without addition of 5 mM spd. The
survival rates were determined at indicated timefsodover a period of 5-7 days as shown above. Ezfme of A-42 was
performed using the UAS/Gal4 system and the pamemal driver line elav(x)-Gal4. Male flies are show (A), females
are shown in(B). The graphs were generated based on an n=4 exasinfapproximately 480 flies per sex and per
genotype) and all the following p-values could tacalated using GraphPad with a Two-way ANOVA asaywith
Bonferroni correctionStatistical values-or (A), we could calculate p-values of less than 0,0542 vs. A3-42 + spd at 84
hrs and for 8-42 + spd vs. w1118 + spd at 144 hrs), less thah @or AB-42 vs. w1118 at 144 hrs and fop-42 + spd vs.
w1118 + spd at 48 hrs) and a p-value of less th@®10(for A3-42 vs. w1118 at 48 - 132 hrs and fgi-A2 + spd vs. w1118
+ spd at 72 — 132 hrs) - the comparison betweerl®hhd w1118 + spd was not significant at any tionep For(B), we
could calculate the following p-values: less thad50for AB-42 vs. A3-42 + spd at 108 hrs, forpAd2 vs. w1118 at 48 hrs
and for A3-42 + spd vs. w1118 + spd at 144 hrs, less thah f0)0AB-42 vs. A3-42 + spd at 84, 96 hrs and fop-42 + spd
vs. w1118 + spd at 72 hrs and a p-value less tt@01Gould be calculated forpA2 vs. w1118 at 72 - 132 hrs and fds-A
42 + spd vs. w1118 + spd at 84 - 132 hrs - the evimpn between w1118 and w1118 + spd was not gignif at any

timepoint.
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3.2.2 Establishing AB-42-transgene expression in D. melanogaster

To investigate the rescue phenotype of spd-treafied?2 flies more closely, we performed
more molecular methods on flies coming from thevabmentioned stress setup. We wanted
to determine an eventual change in the expresgweld of the different groups of flies
coming from the stress setup. Therefore, we usad bgtracts of B-42 expressing flies that
were collected under different conditions and dfecgnt timepoints to identify possible
effects, spd could have on protein expressionWeatern blot analysis. In order to also show
the functionality of the used driver line (elavwe took flies that did not have the transgenic
construct and were crossed with our driver linaebw1118) as control samples.

To determine the effect, spd has on the expredsiai or if the expression varies with time,
we used the F1 generation flies from a normal sahsetup of 20 mM manganese (¥
and 20 mM MA" with 5 mM spd solution, respectively. Here we eoled the flies at
timepoints where we believed the effects could iséle in a Western blot analysis (at 24 h
and 72 h after M#t application).

As shown in the Western blot in Figure 14, tH42 protein band is quite faint when using a
short exposure time (picture part below), therefare also show a longer exposure time
(above). We probed the membrane with the 6Ef812-antibody, and usedtubulin as the
loading control.

There is no difference between samples from fleekviith or without spd, as we could show
in the indicated box below. We had samples fromdifiner control (driver line elavX crossed
with w1118), samples from the transgene contrdd-& crossed with w1118 — undriven
transgene) and samples from the pan-neuronallyedrigonstruct (elavX>p:42). The
controls do not show signs offAd2 expression what shows that the transcripticstesy
(UAS/Gal4) is very tightly regulated.
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Figure 14: Successful establishment of transgenicpd2-expression inD. melanogaster. We performed a Western blot
analysis using an 42 specific antibody (6E10) to probe the obtaihedd extracts from flies that were collected at the
indicated timepoints (with and without spermidin€les were immediately frozen at -80 °C before beieated according
to the head extraction protocol. We used two gergetntrols which are the driver control (elavX>w8)hnd the transgene
control (w1118<A-42 —undriven construct) to compare them to thedlzrthe 4kDa—sized 42 protein. This upper band,
however, is quite faint, therefore we show two efiéint exposure times. The lower band shows thecatntbulin probed

loading control.

3.2.3 Administration of spermidine cannot prolong shortened lifespan of AB-42
expressing flies

AD, like PD, is a late onset and progressive neegederative disorder that leads to severe
deficiencies in several aspects of the patientity dde. In humans, one of the symptoms,
besides others, is a shortened lifespan of affquidiénts that get diagnosed in later stages of
the disease. To address the question whether spanealiorate the shortening of the lifespan,
we used a common setup using the fruit fly as amanmodel system. Our hypothesis
consisted on the presumption that spd might workneantioxidant during the flies’ life cycle,
as it had a beneficial effect in the aforementiokld*-stress setups.

Concerning this longevity setup, we used a diffesgproach for the administration of spd;
since flies could not be kept in the carousels8@rdays, we kept them on normal fly food
containing 5 mM spd.

We used F1l-generation animals expressifigd® pan-neuronally (elavX>H42) and the
driver control flies (elavX>w1118). Neither of theoould be rescued by administration of
5 mM spd in the food, as is shown in Figure 15. ARe42 expressing animals were severely
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affected in their physical fithess which led torardatically reduced lifespan compared to the
control group. Individual flies that became stuokthe food, escaped or were accidentally
killed were entered as censored data.

In the graphs in Figure 15 we show a representatvaenple figure for all of the experiments
that were performed. To sum it up, the tendency tvassame in every experiment, namely
the premature death of thsA2 expressing flies. Even with the fly food contag 5 mM
spd, this demise could not be decelerated or eog@ped.
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Figure 15: Spermidine (spd) cannot rescue the dranti@ally decreased lifespan of B-42 expressing flies in the
longevity setup.Young flies (born on food with or without additiaf 5 mM spd) were collected one day after eclosien,
mate for 24 h, separated in males and females anih vials containing normal fly food with or witiat 5 mM spd. Flies
were flipped on fresh food every second day anddéed flies were counted to calculate lifespan esirMale flies are

shown in (A), females in (B).The graphs here aréguepresentative example of the whole experinheatairrence and are
based on the data of approximately 180 flies pelasel per genotype.
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Given the results of the experiments with fly fammhtaining 5 mM spd, we carried out some
more experiments with 1 mM spd in the food and Vg® #&ried to treat flies not from the
beginning of their adult life but to give them 1 mdd 5 mM spd from their early middle
lifespan on (day 20 after eclosion). These exparm@nd the consequences that can be

learned from the graphs above will be talked aliothe discussion section.

3.2.4 Spermidine ameliorates manganese-mediated locomotor dysfunction in
AB-42 expressing fruit flies

Since one of the hallmarks of neurodegenerativeadiss such as AD and PD is the loss of the
ability control one’s locomotor functions e.g. ip@dadently walk or conduct simple daily
routines especially in later stages, we tried tal fa scenario where we could test these
locomotor difficulties in the fruitflyD. melanogaster
To determine whether the effect offA2 expression on locomotion that was seen in the
longevity experiments before could be restored tmr@mal level upon administration of spd,
we used the flies’ inherent property of negativetgeis, which makes them crawl towards the
top of a vertical vial. Given the results of priexperiments with the Mit-stress setup, we
used the same setting to test decline in locomatipon Mrf*-stress with or without the
addition of 5 mM spd.
In these locomotion experiments, we tested the lehm ability determining the different
capabilities of 8-42 expressing flies compared to the control grébg.were able to monitor
the decreasing locomotion skills of the affecteths&genic flies during the time course of the
experiments.
As shown in the graph belowfAd2 expressing flies were hardly able to overconeight
level of 7 cm (3-5 d old animals) or 4 cm (13-16ld) within 15 seconds. Furthermore, we
determined the restoration of the locomotor agtiupon spd administration.
As can be seen in Figure 16, we saw a progresseénd in the locomotion over time
depending on the age of the tested animals, ggawtith nearly 100% in the group of the
young flies (after 24 h of stress) crossing the -licm within 15 seconds leading to only 40%
of the flies crossing the line after 72 h of stress
With the aged flies, this decline was even moreials/ (as shown in Figure 17). The flies
were hardly able to climb the 4cm-line within 15eeds, even after only 24 h of Kfrstress.
After longer exposure to Mf, they were hardly able to move at all and onlyew tould
cross the line.
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These effects were very pronounced in female asintait not so obvious in males. The
graphs in both figures below are only showing dieden female flies and are the result of 3-4
independent experiments with 160-320 flies perasekper genotype.
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Figure 16: Restoration of climbing ability in young Ap-42 expressing flies upon administration of 5 mM sgrmidine
(spd). Young animals were separated 1-3 days after edoand were subsequently treated with a 20 mM massgan
containing solution with or without addition of SMirspd. The flies were tested on their ability temome a height of 7 cm
in a vertical vial at the indicated timepoints. (i) the absolute ability to cross the 7-cm-linesfown; in (B) the relative
ability is shown normalized to the 24 h value dof tontrol flies. These graphs only show data fardie flies and are the

result of 3-4 independent experiments with a totethber of approximately 160-320 animals and peptygre.
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Figure 17: Significant restoration of locomotion ativity in aged Ap-42 expressingD. melanogaster upon treatment
with 5 mM spermidine (spd). Young flies were separated 1-3 days after eclodienage at 25 °C for 13 days and
subsequently treated with a 20 mM manganese camgagolution with or without the addition of 5 mNda. The flies were
tested on their ability to overcome a height ofdin a vertical vial at the indicated timepoints.(A) the absolute ability to
cross the 4-cm-line within 15 seconds is shown{B the relative ability is shown normalized to tBé h value of the
control flies. In these graphs, only data for feanfliles is shown. The curves are the result ofiBéépendent experiments
with a total number of approximately 160-320 ansraér genotype. The computed P-value was les0t0@d for the three-

star significance shown here.
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3.2.5 High staining intensity in mushroom bodies of AB-42 expressing flies is
decreased upon spermidine treatment

AD is a progressive and late onset neurodegenerdlness that affects several fields of the
patient’s daily life. Besides the serious memorfjaits of the patients, another hallmark of
late stages of disease is the above mentioned oondeficiency that worsens during
pathogenesis and leads to complete physical depenpda others.

As we could observe before in the negative geotakithe fruit fly model system that we
used, the decline is obvious and very strong sbwaassume a neurological cause of this
phenotype. We conclude that the fast decline irortomtion has to come along with a
substantial loss of unknown neuronal populationthenfly brain responsible for movement
coordination.

To investigate this process in more detail we udedvery simple but elaborated central
nervous system of the fruit fly which also includgespecialized brain structure. We hoped to
find areas in the brain which are connected touheous behaviors of the flies and are
severely affected by expression of-A2 showing signs of eventual damage of distinct
populations of neuronal cells.

After the dissection of fly brains we stained tisswe with two different antibodies, one of
them reacting against the intrinsic synaptic protBruchpilot (BRP) and the other one
reacting against the transgenic construgtd® expressed in the flies’ central nervous system
via the elav(X) driver line. Flies were collectedrh the Mi3* stress setup at the timepoints
showing the most prominent results in prior expenis. We added one group of animals
consisting of flies that were born on spd contajrfimod and stressed with Mfnonly to show
whether the effect of spd just depends on the samabus application of Mh

We compared the staining intensities of the digskedtrains scanned in a Leica SP8
microscope. In the examined brains, the staininthefmushroom body was high in animals
expressing B-42 protein (elavx>-42) and this staining is not seen in animals efdbntrol
group (elavx>w1118).

Non-spd born animals fed with Mhonly, showed a very high intensity in the detattio
channel for A-42 (red) in their mushroom body areas, whereastfieed brains from flies
simultaneously treated with spd showed a much lamtensity in this region. Also the brains
of flies born on spd-containing food that were sgpeently stressed with Mhonly, exhibit a

lower staining level in this area.
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3.3 Recombined flies

3.3.1 Successful establishment of a transgenic D. melanogaster fly line
containing ODC1 and a-synuclein on the same chromosome

As we could show before, spd is a powerful protectd stress caused by manganese in a PD
and AD disease model of the fruit fi. melanogasterAs a consequence of this model we
wanted to determine a possible effect of the istdnspd-generating enzyme Ornithine-
Decarboxylase 1 (ODC1) on flies simultaneously egping either the major protein of PD or
AD, a-syn or A3-42, respectively.
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Figure 18: Verification of the concomitance of desed a-synuclein and ODC1 gene in one fly after recombiron.
Flies were obtained after several crosses from nmateand paternal genetic recombination during ewdpenesis. The
desired genes were traced by the eye color of 1Hfids after each crossing step. To confirm theceasful recombination of
the two desired genes, we performed a PCR with tfiereint primer pairs and gained distinct bandstfer amplified
fragments ¢-syn at 420 bp and ODC1 at 1274 bp).We used 7 uL kib GeneRuler DNA ladder from Fermentas as a
standard in the first lane followed by the samp&she newly generated recombined flies, the negatbntrol fora-syn
(w1118) and the-syn positive control (from the sequence verifieatk) in the top part of the picture. In the lovpart, after
the standard, the same samples were amplified theghODC1 primers followed by the negative controll{d8 which
contains the intrinsic ODCL1 of the fly which is seenthe upper band of the double-band seen inttie samples) and the
positive control for the ODC1.
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To address this question, we recombined the twopers’e genes on the same chromosome
under the control of the GAL4-UAS-system. After sl crosses, the flies were controlled
via an appropriate PCR-program to prove the cont@oe of the two desired genes. As can
be seen in Figure 18 above, the obtained stockpaaitive for both the UA®DCI1- and the
UAS-a-syn-gene. The obtained and sequence-verified fllese incorporated in the

laboratory’s stock collection to be used for furtkgperiments.

3.3.2 Successful establishment of a transgenic D. melanogaster fly line
containing ODC1 and AB-42 on the same chromosome

We assumed the same hypothesis for the AD-flies Weadid for the PD- flies in the chapter
before. If the intrinsic Ornithine Decarboxylas€@DC1) is able to help the fly produce as
much spd as it needs to be protected against thiéhkmncerning impact of the expressed
transgenic protein, we could mimic the effect of trally administered spd given in the
Mn?*-stress setup.

As mentioned above we recombined two genes onahe £hromosome in one fly. Again
after some crossing rounds, the flies were comttiolia a matched PCR-program to prove the
presence of the two desired genes. As shown inr&igy@ below, we got some positive stocks
(for both the UAS-ODC1- and the UASBAM2-gene) which were incorporated in the
laboratory’s stock collection (after sequence-veaiion) to be used in further experiments.
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Figure 19: Verification of the coexistence of desitd AB-42 and ODC1 gene in one fly after recombinatiorilies were
obtained after several crosses from maternal atetrpd genetic recombination during embryogenéltie desired genes
were traced by the eye color of the F1 flies affach crossing step. To confirm the successful rbgmation of the two
desired genes, we performed a PCR with the diffgmenter pairs and gained distinct bands for the #magdlfragments (8-
42 at 96 bp and ODCL1 at 1274 bp). We used 7 pLkif GeneRuler DNA ladder from Fermentas as a stanidathe first
lane followed by the samples of our freshly geregtdlies, the negative control w1118 and tH4® positive control (from
the sequence verified stock) in the top part of pieture. In the lower part, after the standaré #ame samples were
amplified with the ODC1 primers followed by the nega control (w1118 which contains the intrinsic OD of the fly
which is seen as the upper band of the double-baed in the other samples) and the positive cofurahe ODC1.

3.3.3 Recombined flies do not show the same survival rate in the manganese
stress setup than the flies treated with spermidine
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Since we were able to generate flies with a thiitbmosome containing both the disease-
causing A-42 ora-syn gene and the intrinsic, but now overexpre€38€1 gene, we tested
them in the same Mfistress setup as the other animals. This previeugpsrevealed a
beneficial effect of spd on the animals expressither A3-42 or a-syn, so we thought
introducing higher amounts of the intrinsic rataiting enzyme ODC1 would simulated these

effect under the same stress conditions.
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Figure 20: Flies with recombined chromosome containg ODC1 gene die faster in the manganese (M) stress setup.
Young wild type, A8-42-expressing, recombined (ODC1 an4& expressing) and ODC1 expressing flies (2-5 degsie
kept on 10% sucrose supplemented with 20 mM*Mwith and without addition of 5 mM spermidine anghdval was
determined at indicated time points over a perib8-@ days. Expression offA42, ODC1 and the recombination of these
genes was achieved by using the UAS/Gal4 systenthengdan-neuronal driver line elav(x)-Gal4. Thiagt was generated

based on the data of one preliminary experimerit gjifproximately 120 flies per sex and per genotype.

What we could find was that the ODC1 seemed to laaveffect on the animals but just with
the help of externally added spd, as can be seEmure 20. We also tested the flies that were
expressing the harmful jA42 protein at the same time, detecting that oy@ession of
ODC1 does not help the diseased animals survivieg\r?*-stress better. The curve of the
animals bearing the recombined chromosome w2 and ODC1 on it was even declining
faster indicating that these flies were dying mquéckly — even faster than the animals that
were just expressingfAd2.
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4. Discussion

4.1 a-synuclein

4.1.1 Spermidine rescues manganese-induced death of a-synuclein-expressing
flies

As there are manifold environmental and genetidofac contributing to the pathogenic
conditions of Parkinson’s disease (PD), we wantefd¢us on the ones that can be influenced
by human actions and appropriated use of speaitigd Given that we were working in an
animal model system, we had to mimic the effectBarkinsonism (that are normally caused
by specific metabolic stress factors in humans}henfruit flies we were using. These stress
conditions can be realized under different settimgsthe model system using various
substances to aggravate the health conditionsyin expressing flies approaching similar
symptoms as than the ones that are observed infauma

In these experiments we wanted to show the beakfdfect of spd on flies that are kept
under stress conditions. It is known that the ncostmonly used substance to induce morbus
Parkinson in flies is Paraquat, although, we ditl use that substance as it is poisonous to
humans and the environment causing severe healtiepns (including lung, heart and liver
damag®?). Instead we used Mhas a substance causing neurological alteratiofi@(and
humansy2.

What we could find out was, that flies that wererbon standard fly food and were acutely
stressed with 20 mM Mti only, were not able to survive that stress for enthian some days.
As we tried to ameliorate these symptoms, the tlielsnot really live longer but seemed to
die at later timepoints. We also tested flies thate born and raised on 5mM spd-containing
fly food and did not have any spd in the ¥tstress treatment afterwards. They did not react a
lot different to that stress treatment, than flileat did not have spd in the food before but
were treated with spd simultaneously to#n

Given that there were different sex-specific restditir males and females in the survival
curves, we only showed the coherent connected idathe results-part before (Figure 5,
Figure 6). Here we can say that the overall teng@fche survival curves for both sexes is
the same, namely towards a specific spd-resculeeai-syn expressing flies compared to the
control flies. The different behavior of the sexedhis setup needs to be evaluated further,

but we are can say that spd is able to rescuedaods, even if both react a bit differently.
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After several experiments with different driverds (elavX-Gal4 and nSyB-Gal4) in young
and aged flies we saw that we needed to decidehvdriger line to take for which purposes.
We saw, that the results in younger flies were mmesistent and reproducible with the
elavX-Gal4 driver line and in aged flies we hadtéeperformances with the nSyB-Gal4
driver line. Given that these two lines have algligdifferent expression pattern in the
developmental stages of the flies, we chose elaai-@r younger flies, as the expression of
this line is not consistent when the flies get olden 2 weeks. For the aged flies we had to
use a driver line that was being expressed ovemgelr period of time and also after the
eclosion of the adult animals — nSyB-Gal4 is thdughbe expressed longer in these stages,
the expression also continues in the aged animals .

To find out whether the effect of spd-treatment teado with an alteration of the expression
level of the a-syn-protein, we directed the studies towards WeskRlot analysis of the

proteome.

4.1.2 Establishing a-synuclein expression in transgenic flies

As spd can inhibit Histone-Acetyltransferases (HAdsd therefore leads to hypoacetylation
of histones which influences the protein expressibudlistinct regions of the genome, cells
can age in a healthy manner avoiding oxidativesstteHence, we collected flies to extract
the proteins from their central nervous system (LCNS order to determine possible
alterations ina-syn gene expression and oxidative damage stafigtizia computational
analysis of performed Western Blots.

The expression af-syn in the transgenic flies could be proven viasth\Western Blots, but
the alteration of protein levels was difficult tetdrmine. There is preliminary data for a slight
difference concerning the protein amount in théscélut the datasets are not yet validated.
We also had minor problems with the extractionhd proteins from the flies’ CNS, as we
were not able to detect any bands on the Westehmémbrane after the first trials. So we
decided to use another blotting membrane-mateh@hging from Nitrocellulose-membranes
to PVDF-membranes, even changing the pore-size @of#d um to a smaller size of 0, 2 um
in order to avoid the losing of any protein molesubecause of too large pore-sizes and too
small proteins. After several trials with differdpsis buffers and extraction methods we were
able to obtain the western blot shown in 3.1.2 eBithe hypothetical changedrsyn level in

the cells upon spd-administration, this might lead general changes inside the cells
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approaching a healthy way of cellular aging. Thenefwe also tested the animals upon their

overall lifespan — and if this could be prolonged.

4.1.3 Spermidine does not prolong the lifespan of D. melanogaster

In the longevity experiments with our flies we waahtto show the potential influence of spd
on the average lifespan of 40-60 days. We triedldtermine if the average lifetime of a
population can be changed upon the simple admaisir of the natural substance spd via the
fly food. As already mentioned before (see 3.1.8)amuld not find a definite answer to that
guestion as several rounds of experiments broumftraversial results. Some of the obtained
datasets looked quite promising but their eventuétome was being influenced by different
batches of fly food and seasonal changes.

We observed that the flies are an extremely s&esinodel organism, which makes it
relatively difficult to obtain reproducible longeyiresults — at least in our case. Some
collections of flies just lived longer than the eth and we also saw the phenomenon of early
hatching flies living longer/better than the latettched ones which makes a big difference in
a lifespan analysis. Even though, we synchronihedage of the flies by taking just one-day
old animals, we still found a difference in theaame of the experiments.

For thea-syn expressing flies, the applied concentratiob aiM spd in the fly food seemed
to not fulfill our expectations completely concemgia prolonged lifespan of the treated flies.
The next experiments are planned to be conductédaxdoncentration of 1 mM spd in the fly
food, that might change the outcome of the longetast, as 1 mM spd might be sufficient
over a long period of time and 5 mM might have b&sm much as a long term (lifelong)
treatment.

As PD is known to not only influence only the lies and the survival, but also the
locomotor abilities (as rigidity and tremor are thallmarks in humans), we set up an

experimental procedure to directly address thistijoe.

4.1.4 Ability to overcome a certain height in negative geotaxis is enhanced upon
spermidine-treatment

In the locomotion test of the transgeniesyn expressing flies, we could directly test the
climbing ability of the flies and get statisticallfilizable data.
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Here, we could show that the Kirtreatment in combination with spd-administraticad fa
big influence on this aspect of daily flies’ lif€lies that were tested under acute stress
conditions showed severe perturbances in theimation ability.

In the previous setups, the age-variation of thes ftlid not matter a lot, here in contrast, we
had to adjust the initial level of 7 cm for yourg$ (3-5 d old) to a height of 4 cm for the
aged flies (13-15 d old). The young flies starteithvan initial value of around 90 % of
animals to overcome the 7 cm and were declinintpéir ability to climb to about less than
70 % (in the w1118 control flies), but thesyn expressing flies started at just 75 % abitity
overcome 7 cm and were declining to about less e after several hours of Kfrstress.
Hence we had to adjust the height for aged fliesabse they were performing so poorly
already at the first timepoint (not even 50 % cooleétrcome the 7 cm level) in that same
setup so we decided to lower the height to 4 crgetoacceptable results (starting at around
70%). We stayed at these height levels for theedsfit age-groups also in the experiments
with the A3-42 expressing flies (mimicking AD).

As the locomotion center of the flies is locatedha CNS of the flies, we had the idea to also
examine the fly brains at the same timepoints thatused for the locomotion test in a

morphological approach in order to determine tlvellef protein staining.

4.1.5 Staining intensity of wholemount brains of a-synuclein-flies is not
significantly changed upon spermidine administration

Since PD’s main symptoms consist of the locomotidficulties and the finding ofi-syn
containing aggregates in the cell bodies of dopargin neurons, we tried to find these
stained regions in the responsible areas of thbrliyns. In these brain scans we were able to
detect a defined staining patternoe$yn within the cells but we were not able to digtiish
between eventual aggregates and just higher ityelnscause of possible higher expression
of the protein in the affected cell bodies.

After all, the method revealed a higher stainingmsity in the mushroom bodies and in the
cell body-regions, where the used driver line, eNehwas supposed to have a uniform pan-
neuronal expression, seemed to have local maximas.

Nevertheless we were interested in the differersge/een the indicated timepoints of the
Mn?* stress setup and the possible influence of thetigadment. We could find, that the

administration of spd seemed to lead to a loweatinad staining intensity ofi-syn in the
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whole fly brain. The housekeeping-gene Bruchpil@ttwe used as a control could not be
used for comparison purposes, as the intensitygesawithin aging of the flié&

With these results we can conduct further experimm@oming to a significantly valuable
number of stained brains so we can test the hypistioé spd reducing the amountwegyn in
the fly brain — either by influencing the expressibself or by inducing autophagy via
activation of ATG-genesTo address this hypothesis, we are currently deuadoa ref2p/p62
antibody that should be used as an autophagy-imauictdicator in the cells, as ref2p/p62 is a
key regulator upon autophagy inducfidtnWe are also currently working on analyses
concerning the loss of dopaminergic neurons upsyNn overexpression — using an anti-TH
antibody that stains dopaminergic neurons (alragshd but statistically not yet evalutated —
work in progress).

4.2 Amyloid-B-42 (AB-42)

4.2.1 Spermidine rescues AB-42 expressing flies in a manganese-dependent
survival setup

Given that AD patients have a reduced cellular atwe stress resistance capacity, we wanted
to find out if this fact can be ameliorated in diyrmodel by administration of spd in a ¥fa
stress setup. Some theories suggest that spd eshantmphagy and thus gives the cells the
possibility to better cope with stress. In thisupetwve used the Mii stress to mimic
intracellular reactive oxygen species generationclviieads to various damages within the
cell including oxidation of proteins and thus leaglio higher toxicity of 8-42 species.

Here, we could find that flies respond to spd adstiation positively showing better survival
upon Mr¥*-stress. We followed the experiments for approxatya8-9 days with countings of
dead flies every 24 hours for the first 2 days #reh every 12 hours for the following days
every day at the same time to synchronize the expats and make them comparable to the
others. As we could find out spd seems to enhdmeatress resistance capacity in fruit flies

but the pathways remain obscure.
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4.2.2 Establishing AB-42-transgene expression in D. melanogaster

To determine, whether the survival was due to aiced A3-42 protein amount in the fly
heads, we conducted a Western blot analysis wherdried to show a dosage-dependent
change in the amount of protein detected on the lmame.

Therefore we treated the flies for 24 h or 72 thwitn?* only or Mr?* and spd simultaneously
in the normal survival setup. We found that thees\a discrepancy between our hypothesis
and the actual outcome on the Western blot, namehg we not able to state, that spd might
help to reduce the amount of protein found in tek @and this protein reduction can also be
detected on the blot. The reasons for this divergdretween theory and reality might be
manifold. We think that here we might have to safmexpression and protein detection. On
one hand, continuous expression leads to a lota&im which can then be made visible on
the membrane, on the other hand, even if the esioress already stopped, the half-life of the
protein matters a lot in detecting it in a subseq¥estern blot. What we can see very well in
the blot is the clear absence of the transgenitepron the control groups; the flies, which
had a non-driven construct (elavX>w1118 an@gt42>w1118) did not show any detectable
traces of the desired proteins (neither APPL, rnb42).

We could also not prove the tested hypothesis spdt might alter the amount offAd2-
protein in the cell during stress-conditions. Chedry was that during oxidative stress @n
the cells might need more antioxidant substancash(as spd) to repair or prevent cellular
damage. In this case, we thought that upon spthied, the amount of detectabl@-A2 in

the cell might be lower than without spd. To préivat assumption we need to establish a very
sensitive assay in the future because it was nssiple to see any changes in the actual
Western blot analysis.

What makes the Western blot a bit difficult herehis fact that the protein cannot easily be
separated from the big bulk of other proteins inoamal SDS-page, due to its sizesyn
itself is very small and is said to forms aggregatethe cell, which might be one reason for
the difficult extraction. We needed to perform theparation in a 20% gel, not a precast
gradient gel and be very careful not to lose tis¢ beand of the marker (10 kD) during the
separation. After several attempts we were ablintbthe best extraction-buffer-separation
combination to finally even detect the bands vesibl Figure 14.

The band itself is rather dispersed what may betdube small size of the protein and the
difficult separation. Because of the correlatiobwsen A3-protein amount in the neurons and
patho-phenotype, we also wanted to determine thgplan and the possible effects spd could

have on that aspect of the life of the animals.
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4.2.3 Administration of spermidine cannot prolong shortened lifespan of AB-42
expressing flies

Since patients with diagnosed AD have a remarkaddiuced lifespan when the disease is
manifest*, we addressed this question by determining thedimidifespan of our flies
expressing B-42 protein in their central nervous system. Welatdind out that flies that
were growing on spd-containing fly food were depahg faster and had bigger larvae at the
same stages where the flies developing on normdbfild had smaller larvae. We think this
was due to the important role spd plays in theilfeation process in several model
organisms, which could also be true Br melanogastéf. Additionally we found that
cohorts of flies hatching from earlier laid eggsrevétter and tend to live longer than flies
hatching from eggs that were laid later in the expent. These earlier cohorts also had
slightly different survival curves during the lomity timecourse, but this phenotype needs
further investigations to be validated.

Additionally, we let the flies mate before separgtthem to use in the experiments, which
seems to have an influence on their stress leiMdAsed females seemed to be able to cope
better with stress when separated from males tharated females. Unmated females seemed
to die earlier when kept in big bottles (populargth ca. 150 animals) prior to dividing them
into portions of 20 flies (and putting them into aimvials) and starting the longevity
experiment.

As mentioned in 3.2.3, we could show that sperneidiministrations tends to kill flies
prematurely before they reach their average lifensppWe were able to show the possible
beneficial effect of spermidine in one single expent where we obtained a different
distribution towards spd-rescue in the survivalesr In 3.2.3 we show that spermidine can
rescue the B-42 expressing flies even to a higher extent thencontrol flies indicating a
specific rescue for “ilI” animals. Given this encaging data, we were keen on determining
the effect spermidine has on the locomotion abgitof the treated animals in climbing

experiments.

4.2.4 Spermidine ameliorates manganese-mediated locomotor dysfunction in
AB-42 expressing fruit flies

As the longevity experiments did not show any cstesit results, we wanted to examine

another aspect of the simulated disease in theseal) namely their ability to perform

normal locomotion skills e.g. crawling, climbingadaflying. Thus we tested the flies under
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acute stress conditions in the Mistress setup. Animals that were solely treateth Wit?*
were highly affected in their ability to climb theadicated vertical distance of some
centimeters in the plastic testing vial. In thidupewe had to adjust the climbing height
depending on the age of the flies and their treatme

We saw that young flies, even if they were stressttted with a higher percentage on the
first timepoint of the experiment than the ageddliSo we had to adjust the height of the
vertical climbing distance from 7 cm ( for the ygutiies) to 4 cm for the aged flies to start
with an acceptable percentage of around 70-80 teigroup of the aged flies.

We also had to perform the whole experiment in k daom that was just lit with red light,
otherwise the flies would start to climb to the appide of the vial just because of light
coming from above which would result in positiveopstaxis and not negative geotaxis.

We supposed that these locomotion difficulties riggave an organic cause and we decided
to investigate this more closely, so we dissectbdlafly brains to find the areas of higher

staining intensities indicating a higher proteinocamt of A3-42.

4.2.5 High staining intensity in mushroom bodies of AB-42 expressing flies is
decreased upon spermidine treatment

As mentioned before, the locomotion difficultiessebved in the flies expressing3A2
protein were very obvious and so we decided tostgate this phenotype more intensively.
We dissected whole fly brains and stained them thighappropriated antibody fofA2 and
Bruchpilot (BRP), a housekeeping neuronal protéiguitous in the presynaptic terminals of
the flies. At first we wanted to use the BRP-sigasila reference background signal, but this
signal is also changing with the age of the fliesl avithin the scanned brain tis§fie
Therefore we were just able to quantify the stanintensities as relative staining units
determining the relative change of th@-A2 signal related to the BRP-signal.
We found that the mushroom bodies could be seepn alearly and brightly stained in our
samples, which might be due to the used driver &lavX which generally has a higher
expression pattern in certain regions of the flgimreven if it is said to be a pan-neuronal
driver line. As this is a naturally occurring phemenon, we did not give that much attention
to it.
Since we were able to study the effects of transgerpression of B-42 anda-syn in
different experimental setups under the influencgpa-administration, we were interested in
a possible combination of the morbid genetic coodiind a possible intrinsic counterpart.
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ODC1, which is the intrinsic rate-limiting enzymerfthe synthesis of polyamins (as
spermidine and its precursors) in the fruit fly ahds a homolog in humans, was the
reasonable choice for a new set of experiments fivgh that carry both the morbid and the

beneficial genes on one chromosome under the sesmneofer.

4.3 Recombined flies

4.3.1 Successful establishment of a transgenic D. melanogaster fly line
containing ODC1 and a-synuclein or ODC1 and AB-42 on the same chromosome

As mentioned before we were interested in the gffee combination of the morbid and the
beneficial genes in one single fly might have om ghrvival of the animals. So we started the
procedure of the recombination of the gene in dyeSince the desired genes were on the
same chromosomes in different animals we needeagty the method of recombination and
could not use the combination method. With the aoatibn method, we would not have
been able to get the two genes under the same pgmdhat we could achieve with the
recombination. As it is known, in a recombinatioremt, parts of the chromosome can be
exchanged with parts that are flanked with a hogals region. Here, we exchanged parts of
the third chromosome of Ornithine Decarboxylas®©D(C1) containing flies with the ;42

or thea-syn locus, resulting in flies carrying both gemesthe same chromosome under the
same promoter.

During the recombination process we encounteredesammnor problems. One of these
problems had to do with the collection of the virdlies at each step of the crossing scheme.
As we were doing that kind of genetic experiment tfee first time, we had to figure out
which were the desired virgins we had to collegyring out which flies carried the right
markers.

We were always having 3-5 approaches of each agssep to ensure the desired outcome.
We always had single crosses (one male and onddgméich means that these two flies
had to mate, which is not always simple becaugbegpecific mating behavior. The mating
procedure between male and female fly always hdslitowv the right procedure, before the
female is able to lie fertilized edysThis could be one of the reasons why at leastobriee
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vials was never populated with eggs and larvaesrathuses include changes in air humidity,
temperature or different food batches.

As the recombination of the genes was successfel 8s3.1 and 3.3.2), we decided to test
these flies in one of our experimental setups cingothe one that seemed to yield the most

reproducible data — the Mhstress setup.

4.3.2 Recombined flies do not show the same survival rate in the manganese
stress setup than the flies treated with spermidine

Since we tested the flies with the recombined clmsome in the same stress setup as the
other animals, we wanted to determine the effearointrinsic overexpression of the rate-
limiting enzyme ODC1. Here, we tested the flied tiad one copy of the pathogenif-A2

or thea-syn gene on the same chromosome than the ODCeAeinterested in a possible
mimicry of the spermidine-effect that was observsefore in the oral administration-
condition under M#'-stress.

What we could find here, did not fulfill our expatibns of an effective mimicry of the
spermidine-effect that was seen before. We thotigittthe ODC1-overexpression might help
the flies to produce more spermidine intrinsicadlith the higher amount of ODC1 in the
cells. But the influence of the pathogeni@-A2 protein seemed to be stronger than we
thought and ODC1 was not able to counteract on #fi#ct, not even improving the
devastating conditions of these flies. Our hypathés that observations is that either the
amount of ODC1 enzyme or/and the intrinsic productf spermidine is not sufficient (either
because of short ODC1-half-life or because of umkmother reasons) or the production of
spermidine could even be too high so that it hanealeleterious effects on the animals and

hence is not able to counteract tHa42 patho-phenotype.
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6. Outlook

Given the dramatic impact, spermidine has on thé fty model in so many measurable
aspects of this organism, we suggest further imyasbns. Still, there are some characteristic
hallmarks of AD and PD that we did not tested pethis model organism, including the most
specific feature of Alzheimer’s — progressive meynimss. Data of lijima et & °show a
very obvious and strong phenotype, we are on thetwaest our specific f-42 expressing
flies in a very similar setup.

Nevertheless, we could show that the administratiboertain amounts of spermidine have
beneficial effects in several experimental setup®ur model. Given the results in several
experiments, that give us new insights in differesgulatory mechanisms, the data for the
longevity setup encourage us to work on an optitidnaof the established setup. We were
interested in a relative change of a lifespan esiten with different concentrations of
spermidine, as we think that the concentration of\d that we use in the stress setup might
not show the right outcome in the animals that khsurvive for a longer period of time. As
mentioned before, there are studies that show #&rax@rsial effect of spermidine when
applied in certain developmental stages or ovengdr period of time.

As the obtained data are missing some crosslindetgils, we consider this study as still
ongoing and not finished up to now. The acquireden gives a huge insight in the
organismal effects, spermidine has on fruit flibsf the mechanistic aspects need to be
investigated in further detail. We present a stating perception of spermidine
administration changing many aspects of AD and IR might even be applicable to human
patients, but the underlying molecular mechaniseedrto be clarified to make further steps

towards testing the substance in vertebrate madahassms, such as the mouse model.
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