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Abstract

Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the
loss of dopaminergic (DA) neurons in a specific region of the brain, namely the substantia
nigra pars compacta (SNpc). The E3 ligase parkin and the receptor tyrosine kinase Ret are
independently linked to the SNpc DA neuronal death in PD patients and animal models
respectively. Parkin is shown to play a role in maintaining mitochondrial integrity and
mitophagy of damaged mitochondria in cell culture. In contrast to its well-established roles in
vitro, mice lacking parkin display no DA neuron loss in the SNpc. On the other hand, the
neurotrophic factor glial cell-line derived neurotrophic factor (GDNF) and its receptor Ret
were shown to be important for the survival and maintenance of the SNpc DA neurons in
animal models. Mice without Ret in DA neurons display an age dependent and SNpc specific
DA cell loss reminiscent to PD patients. Correspondingly, a mutation in the intracellular
domain of the Ret receptor (MEN2B) renders it constitutively active, resulting in more DA
neurons specifically in the SNpc region of the mice. However, association studies performed
in humans did not find any polymorphism in the Ret gene that can be attributed to increased
PD risk. These observations suggest that defects in Ret signaling could be a secondary, but
not primary consequence in PD, where Ret might function along with other proteins that are
linked to PD. Recently, a study unveiled the pro-survival function of DJ-1 in Ret deficient
mice and a conserved interaction between DJ-1 and Ret mediated signaling in Drosophila.
These findings encouraged us to investigate for functional interaction and downstream
signaling of Ret and parkin.

In this study | used mouse genetics to investigate the functional cooperation and downstream
signaling of Ret and parkin in SNpc DA neurons. To investigate the cell survival and
maintenance function of parkin and Ret in the SNpc and its target region, the striatum
(nigrostriatal DA system), we crossed conditional (dopaminergic specific) Ret deficient mice
with complete parkin deficient mice. The double deficient mice thus obtained showed an
enhanced and progressive age dependent DA cell loss (specifically in the SNpc) and striatal
DA axon fiber loss compared to mice that only lack Ret, indicating cell survival and
maintenance function of parkin together with Ret in ageing mice. Interestingly, the adult
parkin and Ret double deficient mice showed significantly lowered total dopamine levels in
the striatum and reduced total cellular ATP levels and decrease in mitochondrial complex |
activity in the SN region. Taken together, these observations demonstrate that both Ret
signaling and parkin activity are essential for energy production and mitochondrial function to
maintain cellular physiology and morphology of the SNpc DA neurons in adult mice, which
would otherwise lead to a progressive and age dependent degeneration.

In another approach, we wanted to investigate neuroprotective effects of parkin on the
nigrostriatal system of ageing Ret deficient mice. In order to do this, we crossed transgenic
human-parkin overexpressing mice with Ret deficient mice. Interestingly parkin
overexpression in Ret deficient mice prevented SNpc DA cell body death and also protected
striatal DA axonal fibers and total DA amounts. These findings not only suggest redundant
functions of Ret and parkin, but also extend the knowledge about the neuroprotective
properties of parkin, which is here demonstrated in neurons with trophic insufficiency.

Furthermore, to investigate the role of parkin in the increased DA neuron numbers in MEN2B
mice, we crossed parkin deficient mice with MEN2B mice. Parkin deletion slightly but

1
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significantly normalized the SNpc DA neuron numbers and striatal DA fiber innervation in the
MEN2B mice. These findings demonstrate the functional interaction of constitutive active Ret
signaling and parkin for the establishment of nigrostriatal DA system.

Altogether, our observations reveal an important functional crosstalk of parkin and Ret to
maintain cellular ATP levels and proper mitochondrial function to promote the survival of
SNpc DA neurons. Considering the cell survival role and redundant functions of Ret and
parkin, striatal delivery of GDNF (or other Ret ligands) might be much more effective in PD
patients with parkin mutations.



Abstract

Zusammenfassung

Morbus Parkinson ist eine progressive neurodegenerative Krankheit, bei der dopaminerge
Neuronen in einer spezifischen Gehirnregion, der Substantia nigra pars compacta (SNpc)
absterben. Die E3-Ligase Parkin und die Rezeptortyrosinkinase Ret sind unabhéngig
voneinander mit dem dopaminergen Zellverlust in der SNpc bei Parkinson Patienten in
Verbindung gebracht worden. Fiur Parkin konnte gezeigt werden, dass es in Zellkultur bei der
Erhaltung der mitochondrialen Integritst und bei der Mitophagy in beschadigten
Mitochondrien eine Rolle spielt. Trotz der wichtigen in vitro Funktionen von Parkin zeigen
Mause, die mutant fir dieses Protein sind, keinen dopaminergen Zellverlust in der SNpc.
Andererseits wurde in Tiermodellen gezeigt, dass der neurotrophe Faktor glial cell-line
derived neurotrophic factor (GDNF) und sein Rezeptor Ret wichtig fir das Uberleben und
den Erhalt von SNpc dopaminergen Neuronen sind. Mause, die Ret nicht mehr in
dopaminergen Neuronen produzieren zeigen einen Parkinson-ahnlichen, altersabhangigen
und SNpc spezifischen Verlust von dopaminergen Neuronen. Ubereinstimmend damit fiihrt
eine konstitutiv aktive Mutation in der intrazellularen Doméane des Ret Rezeptors (MEN2B)
bei Mausen zu einer erhéhten Anzahl von dopaminergen Neuronen in der SNpc Hirnregion.
Dennoch konnten Assoziationsstudien im Menschen keine Polymorphismen im Ret Gen
finden, die mit erhdhtem Risiko an Morbus Parkinson zu erkranken zusammenhéangen
kénnten. Diese Beobachtungen weisen darauf hin, dass die Defekte in der Ret
Signalweiterleitung eher sekundare als primare Konsequenzen der Parkinsonerkrankung
sind, und Ret mit anderen Proteinen zusammenarbeitet, die mit Morbus Parkinson assoziiert
werden. Vor kurzem konnte eine Studie zeigen, dass das Protein DJ-1 in Ret mutanten
Mausen eine Uberlebensférdernde Wirkung hat und dass die DJ-1 und Ret
Signalweiterleitung in Drosophila miteinander interagiert. Diese Ergebnisse filihrten zu der
Idee, eine funktionelle Interaktion in der Signalweiterleitung von Ret und Parkin zu
untersuchen.

Fir diese Arbeit haben wir Mausgenetik benutzt, um eine mdgliche funktionelle Interaktion in
der Signalweiterleitung von Ret und Parkin in der SNpc Gehirnregion und deren Zielregion,
dem Striatum (nigrostriatales System) zu untersuchen. Um die Aufgaben von Ret und Parkin
im Uberleben von dopaminergen Neuronen und deren Erhalt genauer zu studieren, haben
wir konditionelle (dopaminerg-spezifische) Ret knock-out Mause mit komplett knock-out
Mausen fur Parkin gekreuzt. Diese Doppel-knock-out Mause zeigten im Vergleich zu Ret
knock-out Mausen einen verstarkten und mit dem Alter progredienten Zellverlust von
dopaminergen Neuronen der SNpc Region, und einen verstarkten Verlust von striatalen
Axonfasern. Dies deutet darauf hin, dass Ret und Parkin gemeinsame Funktionen im
Uberleben und im Erhalt von dopaminergen Neuronen in alternden Mausen haben.
Interessanterweise zeigten erwachsene Doppel-knock-out Mause signifikant reduzierte
Mengen an Dopamin im Striatum, reduzierte zellulare ATP-Mengen und reduzierte
mitochondriale Komplex | Aktivitat in der SN Region. Diese Beobachtungen zeigen, dass die
essentiellen Funktionen von Ret und Parkin in der Energieproduktion und  der
mitochondrialen Funktion fir die zellulare Physiologie und Morphologie der SNpc
dopaminergen Neuronen in erwachsenen Mausen benétigt sind, und somit eine progressive
und altersabhéngige Degeneration verhindern.

In einem weiteren Ansatz untersuchten wir mdgliche neuroprotektive Effekte von Parkin in

alternden Ret mutanten Mausen. Um dies zu erreichen, kreuzten wir Mause die, humanes

Parkin bilden mit Ret mutanten Mausen. Wir konnten zeigen, dass Uberexpression von
3
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Parkin in Ret mutanten Mausen den dopaminergen Zelltod in der SNpc Gehirnregion
verhindert, dass die striatalen dopaminergen Fasern geschitzt waren und die
Gesamtmenge an Dopamin unverandert war. Diese Ergebnisse weisen nicht nur auf
redundante Funktionen von Ret und Parkin hin, sondern erweitern auch das Wissen uber
die neuroprotektiven Eigenschaften von Parkin, wie wir sie hier in Neuronen mit trophischer
Insuffizienz zeigen konnten.

Zusatzlich haben wir die Rolle von Parkin in MEN2B Mausen untersucht, die normalerweise
eine erhohte dopaminerge Neuronenzahl aufweisen. Parkin-MEN2B Mause zeigten eine
milde, aber signifikante Normalisierung der dopaminergen Neuronen und der striatalen
dopaminergen Fasern. Diese Ergebnisse demonstrieren die funktionale Interaktion von
konstitutiv aktivem Ret und Parkin in der Etablierung des nigrostriatalen dopaminergen
Systems.

Zusammenfassend zeigen unsere Daten einen wichtigen funktionellen Crosstalk zwischen
Parkin und Ret bei der zellularen ATP Gesamtmenge und bei mitochondrialen Funktionen
um das Uberleben von dopaminergen SNpc Neuronen zu sichern. Wenn man die Zell-
Uberlebensfunktionen und die redundanten Funktionen von Ret und Parkin bertcksichtigt,
konnte man sich eine effektivere striatale Ubermittlung von GDNF (oder anderen Ret
Liganden) in Morbus Parkinson Patienten mit Parkin Mutationen vorstellen.
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1. Introduction

A. Parkinson's Disease: Genetics and Pathogenesis

1.1 Neurodegeneration in Parkinson’s disease (PD)

Neurodegeneration is a slow and progressive proedssh leads to the loss of structure and
function of nerve cells, and in some cases the tegurodegeneration also refers to the death
of the neurons itself. Based on the neuronal pdjomidhat are affected, neurodegeneration
can lead to specific pathological, behavioral ahdical phenotype as seen in Parkinson’s
disease (PD), Alzheimer’s disease (AD), Huntingtotisease, Amyotrophic lateral sclerosis
(ALS), Frontotemporal dementia (FTD) etc. Age okenand rate of progression may vary
from disease to disease and these might even ditier individual to individual with the
same neurodegenerative disease. In most casesilcdigjnosis is important to clinically
distinguish these diseases for e.g. from Parkissorand PD, from AD and FTD. Genetic
causes, protein misfolding and aggregation of tgxateins, oxidative stress, mitochondrial
dysfunction and energy failure, membrane damagaedsed axonal transport, and apoptosis
are some of the common features shared by moshefneurodegenerative disorders
(Bredeseret al., 2006). Most of the neurodegenerative diseasen sebe tightly linked with
ageing, since they are late-onset and are progeessith age (Rubinsztein, 2006);
mitochondrial mutations and oxidative stress mgjodntributes to the process of ageing (Lin
and Beal, 2006).

PD is the second most common neurological disoafter AD, affecting approximately 1%
of the population those who are over 60 years ef &P is a progressive neurodegenerative
disorder characterized by the loss of dopamine (Pwducing neurons specifically in the
substantia nigra pars compacta (SNpc) region ofothén resulting in decreased dopamine
(DA) levels in the striatum (illustrated in Figutel A and B). In PD, the DA neurons located
in the ventrolateral and caudal portions of the S more affected, unlike during normal
aging in which the dorsomedial part of SNpc is et (Fearnley and Lees, 1991). In most
cases of PD, the DA cell loss is associated withgtresence of eosinophilic intra neuronal
inclusions, called Lewy bodies in the DA soma arelrites. These Lewy bodies are
composed oéi-synuclein, neurofilaments and ubiquitin (Goldneaal., 1983) (Figure 1.1 C).
Symptoms of the disease only appear after the H@¥s$%0% of the SNpc neurons and
depletion of 80-85% of the DA content in the stnmat (Marsden, 1994). However, the
pathological changes of PD may appear much eandipr,to three decades before the
manifestation of any clinical sign§he cause of PD is probably multifactorial, with
contributions from genetic predisposition, envirantal toxins and ageing.
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A. Normal B. Parkinson’s
Disease
Caudate
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Figure 1.1 Neuropathology of Parkinson’s disease (M

A. Schematic representation of the nigrostriatathpay in normal individuals (shown in red). It is
composed of DA neurons whose cell bodies are sitligitthe substantia nigra pars compacta (SNpeyrsho
in black arrows); these neurons project (thickdsodid lines) to the basal ganglia and synapseeistitiatum
(i.e., putamen and caudate nucleus). The photogshpivs normal pigmentation of the SNpc region due t
the presence of neuromelanin within the DA neultims dark-brown pigment is not seen in rodents).

B. Schematic representation of the degeneratedstigatal pathway in PD patients (shown in red)efEhis

a substantial loss of SNpc DA neurons (depigmemiadir loss of neuromelanin can be seen in the area
marked with black arrows) that project to the pwtanidashed red line) and a much more modest loss of
those that project to the caudate (thin red solie))!

C. Immunohistochemical labeling of intraneuronaliisions, termed Lewy bodies, in a SNpc dopamigergi
neuron. Immunostaining with an antibody agaimstynuclein reveals a Lewy body (black arrow) with a
intensely immunoreactive central zone surroundea ligintly stained peripheral zone (photographtn t
left). Immunostaining with an antibody against ubiop yields more diffuse immunoreactivity withihe
Lewy body (photograph on the right). (Figure ob¢aifrom a review by Dauer and Przedborski, 2003).
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1.2 Dopamine (DA) and its metabolism

Dopamine (DA) is a catecholamine, which functiorss aa neurotransmitter in the central
nervous system (CNS) and as a hormone outsideNi® D the brain, DA is synthesized and
released by DA neurons. DA acts as a precursanarsynthesis of other neurotransmitters
namely epinephrine and norepinephrine. DA is sysitieel in the cytoplasm, by the action of
tyrosine hydroxylase (TH) and aromatic L-amino ad@tarboxylase (AADC) (illustrated in
Figure 1.2). After its synthesis DA is packaged tin presynaptic vesicles by VMAT2
(vesicular monoamine transporter 2) and in responsan action potential these DA filled
vesicles fuse with the presynaptic membrane t@asel®A in to the synaptic cleft, which then
binds to postsynaptic D1 and D2 receptors to gtedction. Unused synaptic DA is taken up
into the presynaptic terminal via DA transporteA{lD and re-stored in vesicles by VMAT2
(see Figure 1.3).

0
O/\')J\ OH  L-Tyrosine
NH
HO ‘

O, Tetrahydro-
biopterin N\

Step 1 ] Tyrosine hydroxylase
H,0, Dihydro- ,l
blopterin
0O
HO
OH  L-Dihydroxyphenylalanine
NH, (L-DOPA)
HO
\
Step 2 DOPA decarboxylase
P ) Aromatic L-amino acid decarboxylase
co, "i

HO .
NH
HO ‘

Figure 1.2 DA synthesis is a two-step process

Stepl. L-Tyrosine is converted to L-Dihydroxypheaignine (L-DOPA) by tyrosine hydroxylase (TH).
Step2. L-DOPA is then converted to DA by DOPA dbocaylase (which is an aromatic L-aminoacid
decarboxylase)
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Figure 1.3 Schematic representation of DA releasend uptake at the striatal DA synapse

DOPA = 3,4-dihydroxyphenylalanine; DA = DopamingyIXT2 = vesicular monoamine transporter 2; MAO =
Monoamine oxidase; DOPAC = 3,4-dihydroxyphenylaceitid; D1IR = D1 receptor subtype; D2R = D2
receptor subtype (which is also autoreceptor on tmesynaptic DA neuron). (Image source
http://www.nibb.ac.jp/annual_report/2004/img/240ipd)

Excess intracellular or synaptic DA should be ddgdarapidly to prevent oxidation and other
deleterious effects of this highly reactive compabuim case of excess intracellular DA levels,
monoamine oxidase (MAO) metabolizes DA to corresiooy aldehyde, which in turn is
converted to a nontoxic and diffusible metabolité-@ihydroxyphenylacetic acid (DOPAC)
by aldehyde dehydrogenase (ALDH). Catechol-O-mettaylsferase (COMT) in the synapse
converts the diffused DOPAC to homovanillic acidvVd) - the final end product of DA
metabolism. Small fraction of cytosolic DA, dueatatoxidation can also form highly reactive
DA quinones (DAQ), which can cause damage to tlis.dexcess of DA in the synapse can
be converted to 3-methoxytyramine (3-MT) by COMTeT3-MT then can diffuse to the
presynaptic neuron where it is metabolized by MACorresponding aldehyde and then by
ALDH to HVA (depicted in Figure 1.4 A and B). Presyptic DA neurons also possess auto
receptors for DA to regulate its own synthesiseasg, reuptake and degradation (shown in
Figure 1.3).
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A B
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DOF:;A ¢ HVA Monoamine oxidase (MAO), Catechol-O-melhyl-
Aldehyde dehydrogenase transferase (COMT)
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Figure 1.4 Enzymatic degradation of DA

A. Events of DA degradation occurring inside and algsthe DA neuron are depicted. Monoamine
oxidase (MAO), aldehyde dehydrogenase (ALDH) antk€aol-O-methyl-transferase (COMT) are the
key enzymes that play a role in forming Homovanidicid (HVA) - the end product of DA degradation
pathway. Double lines represent cell membranekthizows indicate enzymatic reactions and thin
arrows indicate diffusion.

B. Degradation pathway shown with chemical structures

1.3 Dopaminergic neurons

DA neurons comprise less than 1% of all neuronsh& brain. The DA neurons in the
mammalian brain are classified into nine distinetoell groups from A8 to A16, which was
introduced by Dahlstrom and Fuxe in 1964 (Dahlsteimd Fuxe, 1964), these cell groups are
distributed from the mesencephalon to the olfactomb (as illustrated schematically in
sagittal view of the adult rat brain in Figure 1.5)
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Figure 1.5 Distribution of DA neuron cell groups inthe adult rodent brain

The DA neurons in the mammalian brain are localizechine distinctive cell groups, distributed frotme
mesencephalon to the olfactory bulb, as illustraeldematically, in a sagittal view, in the adult baain. The
principal projections of the DA cell groups, A8 #il6 are illustrated by arrows. (Figure obtainednfro
Bjorklund and Dunnett, 2007). Midbrain comprisegtote DA cell groups — A8 in the retrorubral fi¢RIRF),

A9 in the substantia nigra pars compacta (SNpc)Adr@lin the ventral tegmental area (VTA); A1l agibup in

the posterior thalamus projects to the spinal ctivel hypothalamic cell groups periventricular nusl¢A14) and
arcuate nucleus (A12) sending projections to theitpry gland; cells of the zona incerta belongAt3 cell
group which diffusively innervates areas of the dtyyalamus; cells in the pre-optic area and rostral
hypothalamus comprises the A15 cell group; and A&k group are the periglomerular interneuronsha t
olfactory bulb.

1.3.1 Development of midbrain DA neurons

Midbrain DA neurons form roughly during the midpbwf embryonic development. These
neurons originate from a single group of cells #wases at the mesencephalic-diencephalic
junction. The multi-stage developmental processctvheads to the formation of the adult
midbrain DA neurons is marked by the identificatemd influence of distinct factors, both
extrinsic and intrinsic. The early progenitor cetsn be specified to become DA neurons
under the influence of extracellular secretary aligng proteins like sonic hedgehog (Shh),
transforming growth facto- (TGF{), fibroblast growth factor (FGF8), Wntl and Wnt5a.
The transcriptional factors which are identified® important for the development of DA
neurons include Nurrl, Lmxla/Lmx1b, Pitx3, Otx2, HEn2, Pax2/Pax3/Pax5/Pax7/Pax8,
Gli1/Gli2/Gli3, Gx2, Nkx etc., (Smidt and BurbackQ07). All these factors have specific
functional roles in the development of DA neurof, e.g. Nurrl for neurotransmitter
synthesis (Zetterstrorat al., 1997), Lmx1b for Pitx3 expression and Pitx3 i®wh to be
important for the development and survival of mesphalic DA neurons (Nunes al.,
2003). The DA neurons in the midbrain develop im tlstinct regions, the SNpc and the
VTA. In order to function properly, these neuroravigate and project their axons correctly
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to their target areas with help of attractive aedutsive path finding cues like Netrin-DCC
(deleted in colorectal cancer), Robo-Slit and sdmap—plexin—neuropilin (Pasterkamp and
Kolodkin, 2003; Smidt and Burbach, 2007) togeth@&hwonsecutive expression of certain
heparin sulphate proteoglycans (HSPG) (Holt andk&ino, 2005). The DA neurons
developed in the SNpc normally project to the néatsim, whereas the VTA neurons form
connections with striatal, cortical and limbic ae&ven though NTFs (GDNF, CDNF,
MANF etc.,) are able to protect and repair lesiolsdl systemin vivo, their role in the
development of DA neurons is not clear yet (revievby Andressoo and Saarma, 2008).
After the differentiation into DA neurons and edisting their connections in their target
striatal regions, the nigrostriatal pathway is liert modified during two phases of naturally
occurring programmed cell deaBurke, 2003). The first phase takes place shatftigr birth
and reaches its peak at postnatal day two. Whetleassecond phase of apoptosis occurs two
weeks after birth, and lasts for about a week. Thusajor fraction of SN neurons are eliminated
during naturally occurring postnatal cell death andg during this period that pro-survival or
trophic signals secreted by the target area (thatwein) might actively regulate the shaping of
nigrostriatal system with exact number of DA newo8everal trophic factors have been shown
to have neurotrophic effects on developing SN nesirand might therefore be candidates for
target-derived neurotrophic factors for SN neur@dBNF; GDNF and the related NRTN; NT-4
and fibroblast growth factor 2 (FGF-2) (Krieglste?®04; Smidt and Burbach, 2007).

Identification of different factors involved in tH2A neuronal formation not only improved
our understanding of the pre- and post-mitotic tgyaent of these neurons, but also
facilitated the development of novel approachesdéoive DA neurons from stem cells
(Wallén and Perlmann, 2003). Recent advancements l@en made to generate stem cells
from the fibroblasts of PD patients and these iedupluripotent stem cells (iPSCs) can be
programmed to develop DA neurons with the helpifiéent transcription factors (Chest

al., 2011; Junget al., 2012). The patient iPSC derived DA neurons alealde tools to
understand the disease and to develop diseaseyimgdifierapies.

1.3.2 Distribution of midbrain DA neurons

The mesencephalon contains two major DA neuroralgg A9 (in the SNpc) and A10 (in
the VTA) groups (shown in Figure 1.5). Neurons thelong to the A9 group are thought to
project to the dorsal striatum (in rodents) throubb nigrostriatal pathway, and the A10
group project to limbic and cortical areas to faire mesolimbic and mesocortical pathways
respectively. This is now considered as an overdiggtion, the SNpc neurons also have
cortical and limbic connections in addition to thsiriatal innervation. The A10 neurons of
the VTA also have connections to the ventral stmatand to the ventro-medial part of the
head of the neostriatum in rodents. The A8 growzores of the retrorubral field (which are
located dorso-caudal to the A9 group) also contethe striatal, cortical and limbic areas
(Bentivoglio and Morelli, 2005).

The number of DA neurons in the midbrain variesatyefrom rodents to primates and
humans. Total number of neurons (bilaterally) egpirgg the DA neuronal marker tyrosine
hydroxylase (TH) in the midbrain region of micenigarly 25000, rats is about 45000, non-
human primate (macaca monkey) is 165000 and hulaad®-50 of age) is 600000 (German
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& Manaye, 1993). More than 70% of the midbrain Tésitive cells of non-human primates
and humans are located in the SN, whereas thiepge is somewhat reduced (up to 60%)
in rodents. However, the number of TH expressingares decreases in non-human primates
and humans with age (Bogerts, Hantsch, & HerzeB3),%hese age-dependent changes are
not observed in rodents, perhaps due to their $if@tpan. The differences in the number of
DA neurons from rodents to primates already expl#ie increasing anatomical and
functional complexity of the brain in the latternlike in rodents, the mesencephalic neurons
of the primates innervate more to the cortical aréarodents, the cortical DA innervation is
largely confined to areas of the frontal, cingulatel entorhinal cortex; whereas in primates,
the mesencephalic DA neurons (the nigral neuronpaiticular) project to almost all cortical
areas (Williams and Goldman-Rakic, 1998; Erickssinal., 2000; Lewiset al., 2002;
Bentivoglio and Morelli, 2005).

The DA cell groups in the retrorubral field, SNpwa/TA regions can be divided in to dorsal
and ventral tier based on their connectivity andphology. The dorsal tier neurons innervate
to the dorsal and ventral areas of the striatungaidical and limbic areas (Gerfea al.,
1987a, 1987b; Lynd-Balta and Haber, 1994; Valenta., 2004b; Bentivoglio and Morelli,
2005). The dorsal tier neurons are round or fusifar shape, express calbindin (a calcium
binding protein) and relatively low levels of DADA transporter) protein. The ventral tier
neurons innervate to the striatum, dendrites oftnobghese cells extend ventrally to the
neighboring SNpr region (Prensial., 2009). The ventral tier neurons are angular apsh

in contrast to the dorsal tier neurons these dellsiot express calbindin, express high levels
of DAT protein and also express high levels of aannel protein GIRK2. As described, the
mesencephalic DA neurons exhibit complex innergapatterns; they differ in morphology
as well as molecular markers they express (reviewesjorklund and Dunnett, 2007). In
patients with PD, the ventral tier DA neurons tegpress high levels of GIRK2 preferentially
undergo degeneration (Yamagtal., 1990; Lianget al., 1996).

1.4 Genetics of PD

Identification of PD causing gene mutations is @hehe major advances in PD research.
Genetic causes contribute to 10% of all the PD g;a$® remaining and vast majority are
sporadic, without any family history and genetided¢s. Understanding the function of
monogenic forms of PD has provided valuable insightstudying the underlying molecular
mechanisms that lead to the selective neurodegereenprocess in PD. Monogenic PD-
causing genes exhibits autosomal dominant (AD) wipsomal recessive (AR) forms of
inheritance; mutations in-synuclein and LRRK2 cause autosomal dominant PBereas
parkin, DJ-1 and PINK1 are examples of autosonwdssive forms of the disease (more PD-
linked genes are shown in the Table 1.1). Recembrge-wide association studies (GWAS)
have confirmed thati-synuclein and leucine-rich repeat kinase 2 (LRRK&)ses PD and
microtubule-associated protein tau (MAPT) gene kExia risk factor to cause PD (Simén-
Sanchezt al., 2009). GWAS and exome approaches look promisingraviding novel PD-
associated loci in the near future. For exampleyas demonstrated recently that common
variants at the major histocompatibility compleasd I, DR alpha (HLA-DRA) (Hamzet

al., 2010); bone marrow stromal cell antigen (BSThy 8ARK16 loci as risk factors for PD
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(Satakeet al., 2009; Simon-Sanches al., 2009). Most cases of PD probably result from an
intricate interaction of environmental and gendtctors; however, there is very limited
information about gene-environment interactionsufaistudies must be aimed at collecting
information on both environmental exposures ancetiepolymorphisms in relevant genes in

large number of samples to enable the detectidhesie interactions.

Inheri-

Name of

Locus iEase Chromosome Gene protein Protein function Pathology
PARK1T  AD 4q21-23 SNCA a-synuclein Synaptic protein LB+
PARK2 AR 6025.2-g27 PRKN Parkin Ubiquitin-protein Pleomorphic
ligase (most LB-)
PARK3 AD 2q13 SPR? Aldo-keto Unknown Unknown
reductase?
PARK4  AD 4021-23 SNCA ¢-synuclein Excess of
a-synuclein protein
PARKS  AD 4p14 UCHL7  UCHL1 Hydrolyze small Unknown
C-terminal adducts of
ubiquitin
PARK6 AR 1p36-p35 PINK1 PINK1 Mitochondrial kinase  Unknown
PARK7 AR 136 DJ-1 DJ-1 Oxidative stress Unknown
protection
PARK8 AD 12p11-q13 LRRKZ  LRRK2 Muliple functions by  Pleomorphic
several domains (LB+, tau+,
ub+)
PARKS AR 1p36 ATP13A2 ATPase type Lysosomal protein Unknown
13A2
PARK11 AD 2q371 GIGYF2? GRB10inte- Unknown Unknown
racting GYF
protein 2
PARK13 AD? 2p12 oMy HtrA serine  Serine protease+ Unknown
HTRA2  peptidase 2
PARK14 AR 22913.1 PLA2G6 A2 phospho- Phospholipid Unknown
lipase remodelling+
PARK15 AR 22912913 FBXO7  F-box Phosphorylation- Unknown
protein 7 dependent

ubiquitination

Table 1.1 List of PD associated genes

PARK locus, mode of inheritance, chromosomal laxgtgene name, encoded protein, presumable funatidn
associated pathology of each of the identifiedsfme cases suspected) genes are listed (Tablaedbtmom

web, source: http://dx.doi.org/10.5124/jkma.20111520)
AD = Autosomal Dominant; AR =Autosomal Recessiv8H.= lewybody positive; tau+= tau positive; ub+ =
ubiquitin positive.

Five genes -a-synuclein, parkin, PINK1, DJ-1 and LRRK2 have betarly linked to PD
(discussed in this section) and a number of otlereg or genetic linkages have been
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identified that may cause PD (shown in the tablg.IThe identification of these genes has
led to new insights and direction in understandhng molecular mechanisms underlying PD
pathogenesis.

E46K
a-synuclein A30P A53
L Amphipathic region NAC region Acidic region
R1441C me 12020T
R1441G Y1699C G2019S
LRRK2 ’
~ ANK H LRR H ROC Kinase | WD20
| | | 2,527
860 984 1,278 1335 1510 1,511 18781879 21382142 2,498
G309D G386A W437X G440E
PINK1 A168P A217D H271Q | L347P G409V

0126P | | | |

Kinase

156

| 581
l 509

T313M  P416R E417G S419P

C253Y R256C (289G R334C G430D C441R

Parkin Ra2P K161N R275W G328E C43‘F
A82E c212y | | T415N

UBL

RING1 H IBR RING2

1 | Iy | 1 | | 465
1 79 238 293 314 377 418 449

L1oP  M2el E64D L166P
DJ-1

1 189

Figure 1.6 Important PD-related protein domains

Domains are always arranged from N-terminus to r@xteus. Numbers under the protein indicate domain
boundaries. Mutations that segregate with PD aretated at their approximate position (above) altmg
protein’s length. For parkin, the recently idertifi RINGO domain is not shown here. (Figure obtaiftech
Martin et al., 2011)

Genetic rodent models have made a significant imrion to the understanding of
physiological functions of the major PD-associafgdteins, namelyu-synuclein, parkin,
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PINK1, DJ1 and LRRK2 (Leet al., 2012). Details of these models are explainedhe t
coming sections (1.4.1-1.4.5) with a particular eéagis on the parkin protein. Several
research studies revealed that these PD-assogetes play important cellular roles, such as
to support function of mitochondria, the ubiquipreteasomal system, the autophagy-
lysosomal pathway and membrane trafficking (revigwg Corti et al., 2011; Farrer, 2006;
Martin et al., 2011; Shulman et al., 2011). Howevke precise functions of these genes in
health and disease remain poorly understood.

1.4.1 Alpha-synuclein ¢-synuclein)

a-synuclein is a small protein with 140 AA (19 kDencoded by the SNCA gene. Point
mutations (PARKZ1) or duplications or triplicatio(RARK4) of the SNCA gene are linked to
familial PD and other synucleinopathies.synuclein was identified to be the principal
component of Lewy bodies (cytoplasmic inclusionbserved in the surviving SNpc DA
neurons of PD patients, even before its associatitim PD was known (Spillantingt al.,
1997). a-synuclein belongs to synuclein family members thge with p andy synucleins,
identified in humans. All three synucleins are m@al proteins preferentially localized in the
presynaptic terminals under physiological condgiofGeorge, 2001). The-synuclein
missense mutations so far identified in PD patiemtglude Ala53Thr (A53T)
(Polymeropoulos, 1997), Glu46Lys (E46K) (Zarragizal., 2004) and Ala30Pro (A30P)
(Seidel et al.,, 2010). The mutant patients’ autopsies showed SNpc cell loss and
accumulation of thea-synuclein protein in SN neurons (together with eoteuronal
populations), a phenotype showing a strong ovewéh typical sporadic late-onset PD
(Gasser, 2009) with some exceptions.

Structurallya-synuclein protein consists of three discrete negji@epicted in Figure 1.6): (1)
an amino terminus (1-60 AA) — with apolipoproteimding motifs, which confers the-
helical potential (2) a central hydrophobic regi@i-95 AA) — the NAC (non-amyloigs
component), conferring thg-sheet potential (3) a highly acidic carboxy terasinsee the
Figure 1.8). The functional role of the two knowhpger splice variants of the SNCA gene
transcript have not been characterized well in hygical and pathological conditions
(Maroteauxet al., 1988; Maroteaux and Scheller, 1991; UEB®Aal., 1993). Deletion of a
stretch in the NAC region (71-82 AA) prevents aggteon ofa-synuclein overexpression,
whereas overexpression of the NAC leads to aggmegand neurotoxicityn vivo (Periquet
et al., 2007). The missense A53T and A30P mutations pteraggregation of the protein
(Dauer and Przedborski, 2003). Post translationadifications ofa-synuclein, specifically
phosphorylation and nitration, were shown to enbaaggregation (Giassost al., 2000;
Fujiwaraet al., 2002)

1.4.2 LRRK?2

Leucine-rich repeat kinase 2 (LRRK2) (also knowrDasdarin) is a large protein (288 kDa)
encoded by the PARKS8 gene in humans, mutationsisngene is associated with PD and
Crohn’s disease. LRRK2 is an enzyme that belonghddeucine-rich repeat kinase family.
Structurally, LRRK2 protein contains several domsaiwwhich include an ankyrin repeat
region, a leucine-rich repeat (LRR) domain, a RBag of complex protein) domain that
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shares homology with Ras-related GTPase superfam@BOR (C-terminal of Roc) domain, a
mitogen-activated protein kinase kinase kinase (MKR) domain, and a C-terminal WD40
repeat domain (shown in Figure 1.6). The LRRK2 grots localized in the Golgi apparatus,
lysosomes, synaptic vesicles and on the outer hotodrial memebran@iskup et al., 2006;
Galteret al., 2006; Simén-Sanchet al., 2006; Taymanst al., 2006; Higashet al., 2007) The
neuropathological observations in PD patients WRIRK2 mutations are quite variable, most
of them show LB pathology (as found arsynuclein mutants), whereas tau and ubiquitin or
LRRK2 positive inclusions were also observed, lagslcommon (Zimpriclet al., 2004;
Giassonet al., 2006). The exact role of LRRK2 in cells remaiaggely unknown; however,
recent studies suggest its potential function itogan-activated protein kinase (MAPK)
pathways, protein translation control, programmedl death pathways and activity in
cytoskeleton dynamics (reviewed by Webber and \\A€%19).

1.43DJ-1

Deletion or missense mutations in DJ-1 gene aredda cause familial PD in Dutch patients
(Bonifati et al., 2003). Levels of DJ-1 are found to be increasethe frontal cortex of PD
and AD patients compared to normal controls (Ghal., 2006). Pathological studies state
that none of the Autosomal Recessive Juvenile PR-JR) patients examined so far carries
DJ-1 mutations. However, DJ-1 is rarely seen inLiBs of sporadic PD patients (Neumaatn
al., 2004; Rizzuet al., 2004). The DJ-1 gene (park7) encodes a protein 889 AA, the
sequences of DJ-1 are conserved from prokaryotesukaryotes, hence named as DJ-1
superfamily (Bandyopadhyay and Cookson, 2004).c8irally DJ-1 contains a catalytic site
anda-helix at the C-terminal end (as shown in Figui®).1This catalytic site is very similar
to the monomer subunit of intracellular cysteineotpase of the bacteri®yrococcus
horikoshii (Du et al., 2000). However, a-helix at the C-terminal blocks the catalytic site
(Honbouet al., 2003; Leest al., 2003; Tao and Tong, 2003).

DJ-1 functions as a dimer and is ubiquitously egped in all cells and tissues of the body
including brain (Nagakubet al., 1997). Expression of DJ-1 increases in astrocgtesg
oxidative stress and sporadic PD (Rizzu et al.,4200uring oxidative stress astrocytes
mediate neuroprotective function, knockdown of Diklastrocytes results in loss of this
protective function due to deregulation of mitoctival complex | activity and inflammation
(Waaket al., 2009; Mullett and Hinkle, 2011). DJ-1 is localiz@ the cytoplasm, nucleus and
in mitochondria. It is also found to be secreteccbls and tissues including cancer cells and
astrocytes. DJ-1 is a multifunctional protein tHahctions in transcriptional regulation,
mitochondrial regulation and preventing oxidatitess reaction. Functionally, DJ-1 has been
shown to have chaperone and protease activity efnead in Ariga et al., 2013). Upon
exposure to growth factors, DJ-1 is translocatedhfthe cytoplasm to nucleus; this nuclear
translocation is dependent on critical cysteine &dxidation (Kimet al., 2012). Mutation or
irreversible oxidation (S¢H) of C106 results in loss of DJ-1's functions (EaAviléset al.,
2004; Kinumiet al., 2004). This C106 residue of DJ-1 is found to Welg@genetically
conserved throughout the DJ-1 superfamily. DJ-fbisd to be excessively oxidized in the
brains of patients with PD and AD (Cheti al., 2006). In addition to oxidation, DJ-1 also
undergoes sumoylation, S-nitrosylation and phospation. Oxidative stress-dependent

16



Introduction

acidic shift of DJ-1 results in excessive sumowlatf DJ-1 (Shinbat al., 2006). Nitrosative
stress leads to S-nitrosylation of C46 and C53dtess, this prevents dimerization of DJ-
1which is important for its function (lt@t al., 2006). Proteomic identification of p53
dependent phosphorylation of DJ-1 was reported ifRaiRoblicket al., 2008), however
biological function of this phosphorylation is nett clear.

1.4.4 PINK1

PINK1 (phosphatase and tensin (PTEN)-induced patdtinase 1) is a mitochondrial ser/thr
protein kinase (with 581 AA) encoded by the PINKdng (park6). Mutations in the PINK1
gene cause L-DOPA responsive PD with an early of\alente et al., 2004). However,
PINK1 mutations were so far not seen in post-mort brains. PINK1 is ubiquitously
expressed in all tissues of the body; high expoessf it is seen in skeletal muscle and testis
(Unoki and Nakamura, 2001; Nakajiraizal., 2003). PINK1 is expressed throughout the brain
(Taymanset al., 2006), its levels seems not to be altered duRDXgathogenesis (Blackinton
et al., 2007). Intracellularly, PINK1 is localized in m¢hondria and also in the cytoplasm.
Structurally, PINK1 consists of a mitochondrialgeting sequence (34 AA in length) and a
highly conserved protein kinase domain which shawgyh degree of homology to the ser/thr
kinases of the calcium/calmodulin family (Valemteal., 2004a) (shown in Figure 1.6). There
are two PINK1 isoforms found in human brain exsaaith molecular mass of 66 and 55
kDa. The smaller one (55 kDa) being the mature fdemved from the larger isoform (66
kDa) (Beilinaet al., 2005). However the ratio of 66:55 kDa PINK1 mwois seems to be
important for normal cellular functions. Reduced3®kDa ratio were detected in the SN and
cerebellar brain regions of PD patients and inutallsystems with disease causing PINK1
mutants overexpression (Weihoferal., 2008). PINK1 is involved in mitochondrial respens
to cellular and oxidative stress (Valemteal., 2004b). PINK1 together with parkin (another
PD-linked protein) plays an important role in regulg mitochondrial morphology and
function in response to mitochondrial stressorpimymoting mitophagy (discussed in 1.7.5.3)
(Exner et al., 2007; Denget al., 2008; Pooleet al., 2008; Parachoniak and Park, 2009;
Weihofenet al., 2009).

1.4.5 Parkin

Parkin is an E3 ubiquitin ligase encoded by th&k®aene. Deletion or missense mutations
can lead to loss of function of parkin and causBsJ®(Kitadaet al., 1998; Matsuminet al.,
1998). Parkin has also been shown to play an irapbmole in sporadic PD (Klein and
Schlossmacher, 2007; Klein and Lohmann, 2009).iRadn be inactivated due to nitrosative
or dopaminergic or oxidative stresses (Reviewe(Diawson and Dawson, 2010), which are
commonly seen in sporadic PD. Mutations in the ipagene can lead to changes in parkin
function that result in decreased catalytic agtjvilnusual ubiquitination, decreased solubility
or increased proteasomal degradaii@finklhofer et al., 2003; Wanggt al., 2005; Hampeet al.,
2006; Matsudeet al., 2006) Neuropathological studies of parkin mutant PDigras show
selective DA neuronal loss accompanied by gliasithe SNpc and locus coeruleus (Ishikawa
and Takahashi, 1998). Few parkin mutated PD patishowa-synuclein containing Lewy
body inclusions (Farrest al., 2001; Sasakét al., 2004; Pramstallest al., 2005); a hallmark
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of PD pathology and others lack these inclusioskikawa and Takahashi, 1998). There are
also cases reported with Tau-neurofibrillary tasdori et al., 1998; van de Warrenbusj
al., 2001).

Parkin is a cytosolic protein with 465 AA, consisiSan N-terminal ubiquitin-like (UBL)
domain (which resembles an ubiquitin monomer). UL domain has been implicated in
proteasome binding, substrate recognition, andlaégn of parkin stability and two RING
finger domains (RING1 and RING2) - which show zhlinding activity - at the c-terminal,
these RING domains are separated by an in betwegr(IBR) domain forming the RING-
IBR-RING (RBR) motif and this motif is responsildlar its E3 ligase activity and is found to
be highly conserved in eukaryotes (Beasesl., 2007) (structure shown in Figure 1.6). An
additional RING finger domain (RINGO) has been iifead between the UBL and RBR
motifs, which also show zinc-binding activity (Hosaet al., 2009) (not shown in the Figure
1.6). Binding to zinc ions confer proper 3-D comf@tion to parkin, mutations in the zinc
binding domain causes misfolding of parkin protgdooksonet al., 2003; Guet al., 2003;
Sriramet al., 2005; Exneret al., 2012). The RBR motif is cysteine rich, and isr@do
oxidative stress induced inactivation (Winklho@tral., 2003; LaVoieet al., 2007; Wonget
al., 2007; Schlehet al., 2008).

1.4.5.1 Ubiquitin ligase activity of parkin

The domain architecture of parkin resembles thangf E3 protein ligase which can catalyze
the covalent linkage of ubiquitin to lysine residugithin its substrate proteins in a process
called ubiquitination (Tanaket al., 2001; Trempet al., 2013). The process of ubiquitination
is a multi-step process, where a ubiquitin monofre@n the active E1 enzyme is transferred
to a conjugating E2 enzyme, from which the ubiquis finally transferred to a substrate
protein by the E3 ligase. The E3 enzymes typicadlyin a rather substrate-specific manner.
Being an E3 ligase, parkin can mediate differentlesoof ubiquitination, either poly- (K48 or
K63 or K27 linked) or monoubiquitination (revieweg Kulathu and Komander, 2012). The
fate of substrate protein is determined by the modleits ubiquitination. K48-linked
polyubiquitination (ubiquitin linkage via Lys48) dfhe substrate protein results in its
proteasomal degradation, whereas K63- or K27-linkgmblyubiquitination or
monoubiquitination of the substrate protein altéssfunctional properties to play a wide
range of regulatory functions implicated in sigtrahsduction, DNA repair, endocytosis, and
autophagy. Thus, parkin is a multifunctional E3a#g, which has the capability of performing
a variety of ubiquitin linkages and cellular furmets (reviewed by Kuang et al., 2013; Kulathu
and Komander, 2012).

1.4.5.2Neuroprotective functions of parkin

Parkin is shown to be protective when overexpressedl variety of stress induced-cellular
systems and in animal models of PD. Parkin protees against ceramide induced
mitochondrial swelling (Dariost al., 2003), kainic acid excitotoxicity (Staropetial., 2003),
manganese induced cell death (Higagthal., 2004)and dopaminergic toxicity (Jiang al.,
2004). Parkin overexpression reducegynuclein toxicity in rat, drosophila, and other
cellular models (Petrucelkt al., 2002; Yanget al., 2003; Yamadeaet al., 2005). Parkin

18



Introduction

overexpression also reduced mutant LRRK2-mediat#&d&uron toxicity inDrosophila (Ng

et al., 2009). Overexpression of parkin also protectedd®N\heurons in mice against chronic
MPTP toxicity (Yasudaet al., 2011; Shengt al., 2012). Whereas, parkin-deficient mice did
not show increased sensitivity to mutansynuclein toxicity (von Coellret al., 2006) or
MPTP or 6-OHDA intoxication (Perea al., 2005; Thomast al., 2007). A recent study also
uncovers protective role of parkin overexpressioAD mouse model, parkin overexpression
restored activity-dependent synaptic plasticity amdcued behavioral abnormalities in
APP/PS1 transgenic mice; parkin overexpressiondsmregulates APP protein expression,
decreasep-amyloid load and reduces inflammation (Hatgl., 2013).

All these findings show that overexpression of parknay provide a nonphysiologic
protection to a variety of stressors, but endogsnleuels of parkin do not participate in
neuronal survival to these various stressors (Readein Dawson and Dawson, 2010).
However, the exact molecular mechanisms throughchvigarkin overexpression exerts
protective functions are not known.

1.4.5.3Role of parkin and PINK1 in mitochondrial integrity and mitophagy

The functional interaction of parkin and PINK1 wast observed irDrosophila. Parkin and
PINK1 deficient flies show indistinguishable pheypss with reduced life span, apoptotic
flight muscle degeneration and subsequent motacitsefinterestingly, parkin overexpression
restored PINK1 deficient phenotype, but PINK1 oxeression could not compensate for
parkin loss, indicating that parkin and PINK1 atta common pathway with PINK1 acting
upstream of parkir{Greeneet al., 2003; Clarket al., 2006; Parket al., 2006; Yanget al.,
2006) Similar results were observed in cultured humeltsc parkin overexpression could
prevent mitochondrial alterations induced by PIN#&ficiency (Exneret al., 2007; Lutzet

al., 2009). In cultured cells, parkin and PINK1 knocWah show similar mitochondrial
defects including mitochondrial fragmentation, @ased mitochondrial membrane potential
and reduced ATP production (Exner al., 2007; Dagdeet al., 2009; Lutzet al., 2009;
Sandebringet al., 2009). Direct interaction between parkin and PINkas been observed in
SH-SY5Y cell lysate¢Geisleret al., 2010b) lysates from striatum and SN of rats (létral.,
2009), and human brain lysates (®hal., 2010). It has been shown that parkin marks PARIS
for proteasomabegradation to increase the expression of P@Cwhich is essential for
mitochondrial biogenesis (Shet al., 2011); so far, PINK1 is not implicated in thistipaay.
Parkin can also prevent proapoptotic BH3 domainiated cytochrome c release, whereas
PINK1 cannot (Bergeet al., 2009). All these additional roles of parkin argoe PINK1
independent protective functions of parkin.

Autophagy is a process in which cytoplasmic maténicduding organelles are sequestered in
an autophagosome, which later fuses with the lysesior eventual degradation. The process
of autophagy can be selective or nonselective.cBeteautophagy requires labeling of the
organelles (eg., via ubiquitination) and bindingaofaptor proteins that are required for the
initiation of autophagy. Dysfunction of autophagiechanisms has been reported in several
neurodegenerative disorders (reviewed in (Leving Kroemer, 2008; Chu, 2010; Garcia-
Arencibia et al., 2010; Komatsu and Mizushima, 2011). In cell adtunodels of PD,
dysfunction of selective autophagy of mitochond(ienitophagy’) has been reported
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(Narendraet al., 2008). Upon acute treatment of exogenous parkmessing Hela cells
with mitochondrial uncoupler - CCCP (carbonyl cydmnB-chlorophenylhydrazone), Narendra
et al 2008, have observed a robust recruitmentaokip to the uncoupled mitochondria.
However, prolonged CCCP treatment resulted in tearance of the damaged mitochondria
(mitophagy) in parkin-expressing cells compareddanal parkin non-expressing HelLa cells.
A recent study demonstrated that ER and impaireamondria contact regions serve as
initiation platforms for omegasome generation aotsequent bit-by-bit, parkin-mediated
mitophagy in parkin overexpressing HeLa and CO3% ¢éang and Yang, 2013).

A High AY

|/ Lysosome

Autolysosome

Figure 1.7 PINK1 and parkin induced mitophagy

(A) Under basal conditions (high membrane potentidjKR is imported into the mitochondria where it is
proteolytically processed and rapidly degraded.

(B) Under conditions of low membrane potential (for afjler CCCP treatment), the full length PINK1 gets
accumulated on the damaged mitochondria and recparkin. Then, parkin ubiquitinates outer
mitochondrial membrane proteins (like VDACS), allog adaptor proteins like p62 to link the
ubiquitinated cargo to autophagic machinery. Thusnaged mitochondria are surrounded by
autophagosomes, which then fuse with lysosome®rnmo fautolyosomes, ultimately resulting in the
degradation of their content. (Figure obtained fi&xmer et al., 2012).

Several studies have demonstrated the essentebfdlll-length PINK1 in CCCP-induced
mitochondrial recruitment of parkin and subsequeitbphagy (demonstrated in Figure 1.7).
In PINK1-silenced cells, PINK1 ko mouse fibroblastsd ‘kinase dead’ PINK1 mutant-
expressing cells, CCCP treatment does not resydarkin being recruited to the damaged
mitochondria (reviewed by Pilsl and Winklhofer, 2)1 PINK1-dependent mitochondrial
recruitment of parkin might also require other pnos. Upon PINK1-dependent recruitment
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of parkin to the damaged mitochondria, parkin ulligates mitochondrial outer membrane
proteins such as VDAC1 (Geisler al., 2010a) and mitofusin 1 and 2 (Geggal., 2010;
Glauseret al.,, 2011) and the type of ubiquitination can be eitdegradative or non-
degradative. Degradative ubiquitination (K48-linkedf mitofusin 1 and 2 prevents
mitochondrial fusion, leading to isolation of thandaged mitochondria to promote their
mitophagy. The non-degradative ubiquitination, ase of VDAC1 serves as a signal for the
autophagic machinery, for the recruitment of adagimteins like p62 which links the
ubiquitinated mitochondria to the autophagic maehinto form phagophores, which later
mature to autophagosome and fuse with lysosomerta futolyosome, which eventually
leads to degradation of their content (reviewedxmer et al., 2012). However, degradation
of mitofusinl or 2 seems not be a pre-requisitenidophagy as cells derived from MFN1/2
double ko mice show parkin mediated mitophagy (Kan@010). It was also shown that
VDACs (1, 2 and 3) can function redundantly, in #desence of all the three VDACs the
recruitment of parkin and subsequent mitophagynigaired in parkin overexpressing HEK
293 cells after CCCP treatment (Sairal., 2012).

Additionally, PINK1 and Parkin can also regulatetanhondrial trafficking and quarantine
damaged mitochondria by detaching them from theotubule network. In cells with healthy
mitochondria, Miro and its binding partners connadbchondria to microtubules, facilitating
trafficking of the organelles to various cellulacations. Upon mitochondrial damage, PINK1
is stabilized on the outer membrane, resultinghie tecruitment of Parkin forming the
PINK1/parkin/Miro complex, leading to subsequenbgphorylation and ubiquitination of
Miro for its proteasomal degradation; damaged rhiboclria thus segregated undergo
mitophagy (Youle and Kane, 2011).

1.4.5.4 Mitophagy is dispensable for mitochondriatnaintenance function of parkin

A recent study (Mdller-Rischartt al., 2013) revealed that parkin can perform its stress
protective function in the absence of mitophagydepending on NEMO (NkB essential
modulator), the core regulatory component of & kinase complex essential for classical
NF-xB signaling (Makriset al., 2000; Schmidt-Suppriagt al., 2000)Parkin can ubiquitinate
(K-63 linked) NEMO, leading to an increased expis®f OPA1, a mitochondrial GTPase
that plays a key role in mitochondrial inner menmarausion and preventing apoptosis
(Olichon et al., 2003; Frezzat al., 2006). Thus, parkin not only plays an importasiern
maintaining mitochondrial network by promoting foisi mechanisms, but also has a
prosurvival role. Consistent with this notion, OPA%erexpression could prevent parkin
silencing induced mitochondrial fragmentation inltured cells (Lutz et al., 2009).
Supporting the existence of two mutually exclusiviéochondria related protective functions
of parkin; in NEMO- or OPA1l-deficient cells, parkinduced mitophagy is not impaired
(Muller-Rischartet al., 2013).

Altogether, parkin is thought to act in differenayg to handle cellular stress. Under moderate
stress conditions, parkin can activate ®B-signaling pathway to deal with mild
mitochondrial defects. However, in severe stressditons when mitochondria are
irreversibly damaged, parkin eliminates damagedchibndria via mitophagy.
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1.4.5.5 Putative parkin substrates

In addition to the above discussed parkin substyaeveral studies have identified putative
substrates of parkin to provide more insights $0HB ligase function. The first identified
putative parkin substrate vitro is CDCre-1, which belong to a family of GTPasebleda
septins that are highly expressed in the nervostesy(Zhangt al., 2000). However there is
no in vivo evidence for CDCre-1 being a substrate for pa(Reriquetet al., 2005). Pael-R
(Parkin-associated endothelin receptor-like recgptorlso considered as a putative parkin
substrate. Pael-R is a G protein coupled transmamebprotein that is highly expressed in
oligodendrocytes and DA neurons. Overexpressidiuafan Pael-R makes it insoluble and is
shown to induce DA neurodegeneratiorDirosophila (Yanget al., 2003). Parkin with its E3
ligase function is thought to mark the Pael-R fegidation to protect DA neurons; however,
there is nain vivo evidence for this functional relationship. Parignshown to attach K-63
linked polyubiquitin chains to another protein edllsyniphilin-1 (interacting partner of
synuclein) (Limet al., 2005). Upon overexpression in cell culture, parkiyniphilin-1 andx-
synuclein forms protein aggregates (Chehgl., 2001)which are then cleared by autophagic
mechanisms.

FBP-1 €ar up stream element binding proteinaljd AIMP2 (Aminoacyl-tRNA synthetase-
interacting multifunctional protein type 2) are shlmoto accumulated in patients with AR-PD
due to parkin mutations and also in sporadic PCRFBinctions aan ATP-dependent DNA
helicase, wherea&IMP2 is reported to be present in Lewy bodies Eheoteins FBP-1 and
AIMP2 which are substrates of parkin undergo K-4B8kdd polyubiquitination for
proteasomal degradation and are reported to adatennot only in parkin null mice and
also in MPTP treated mice (in which parkin is imeaied due to S-nitrosylation) (Ket al.,
2005, 2006). Thes@ vivo reports suggest that FBP-1 and AIMP2 are likelpeédrue parkin
substrates (reviewed in Dawson and Dawson, 2010)

Parkin is thought to play a role in microtubulebdiiaation by ubiquitinating its substrates,
the o/ tubulin heterodimers and microtubules. Synaptotagkt and SEPT5_v2/CDCrel-2
(another member of the septin family) were als®mregal as parkin substrates, also found to
be accumulated in diseased brains (Ghal., 2003; Yanget al., 2005).In vitro studies report
that parkin can modulate the function of cyclin &aropoliet al., 2003) and RanBP2 (Um
and Chung, 2006) via its ubiquitination functionJ-D is also reported as a putative parkin
substrate, misfolded DJ-1 is attached to K-63 lthkelyubiquitin chains by parkin which
then forms aggregosome by binding to HDACG6 to feté autophagy (Olzmanat al.,
2007). Though the unmodified form efsynuclein doesn't interact with parkin, a rare O-
glycosylated form ofa-synuclein ¢Sp22) has been identified that interacts with asid i
ubiquitinated by parkin (Shimuet al., 2001)

Monoubiquitination substrates of parkin include HSBPPICK1 (a PDZ protein) and Eps15.
However, physiological function of this parkin-matid modification of HSP70 is not clear
(Moore et al., 2008); whereas, monoubiquitination of PICK1 redes the activity of acid-
sensing ion channels (Joeh al., 2007). Interestingly, parkin is reported to regel EGF
trafficking and promote PI3K signaling via its irdetion and subsequent monoubiquitination
of the UIM protein, Eps15 (Falloet al., 2006). Even though many vivo andin vitro
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substrates of parkin have been identified, thegergerally not sufficient data to demonstrate
a role for many of these putative substrates ikipanediated PD.

1.4.5.6 Parkin regulates EGF (Epidermal Growth Faadr) receptor turnover and
signaling

Recently, it has been shown that parkin regulakes ttafficking and signaling of the
epidermal growth factor receptor (EGFR) by monouhigating Eps15 (Fallomt al., 2006).
They propose that by monoubiquitinating Eps15, ipariterferes with the ability of the
Eps15 UIMs (ubiquitin interacting motifs) to bindbiguitinated EGFR, thereby delaying its
internalization and degradation, and thus promoRt@K—Akt signaling. However, there is
no data so far demonstrating the involvement of EGif the development and/or
maintenance of the DA system and therefore thetiquesrises on the specificity of the
parkin-Eps15 regulation for EGFR due its irrelevaintPD pathogenesis (Husnjak and Dikic,
2006). Functional interaction of parkin and Epsl#&hwother receptors which are having
critical functions in the DA system for examplegetlcDNF receptor Ret, needs to be
investigated, since all the receptor tyrosine kisasse the same fundamental endocytotic
machinery (Sorkin and von Zastrow, 2009).

1.4.5.7 Distinct properties of C- and N-terminallytruncated parkin mutants

Parkin mutants with pathogenic C-terminal trunaagiocannot associate with cellular
membranes, and thus are rapidly misfolded and ggtgd. In cell culture, after transient
expression larger fraction of the C-terminal part@etion mutants (W453Stop, E409Stop or
Q311Stop) was found in the detergent-insolubletiivac in contrast to the wild-type parkin,
which was found mostly in the detergent solubletfcaen (Hennet al., 2005). By indirect
immunofluorescence experiments it appeared that Gherminal mutants (W453Stop,
E409Stop or Q311Stop) were like scattered aggregateontrast to the wildtype parkin
which is homogenously distributed throughout théosgl (Henn et al 2005). Cell culture
studies also show that, transient expression aériinal missense mutations (R33Q, R42P,
K48A and V56E), located within the ubiquitin-likeohain (UBL), decrease the stability of
parkin; as a consequence, these mutants are ragediaded by the proteasome. Moreover,
there were reports about a smaller parkin isofaf@ kDa) which can be found in human
brain lysates and cultured cells, which origindtem an internal translation start site and this
isoform lacks the UBL domain (Hembal., 2005).

1.4.5.8 Parkin animal models

As described in previous sections, parkin-deficl@rasophila shows flight muscle phenotype
and mitochondrial abnormalities, but not DA neuigelgeration. Deletion of parkin in mice
(like for the PINK1 and DJ-1 ko deletion in micég@does not lead to DA neurodegeneration
(shown in the Table 1.2). However, decreased DAokgm levels and increased Glutathione
(GSH) levels were observed in the striatum of pa#® mice, suggesting a compensatory
mechanism that may protect SNpc DA neuronal logeese mice (ltieet al., 2003). Another
parkin ko mice, generated by deleting exon 7 showeddloss in LC but not in SNpc (Von
Coellnet al., 2004). Increase in extracellular DA concentraticas observed in the striatum
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of parkin ko mice, after quantitativa vivo microdialysis (Goldbergt al., 2003). Parkin ko
mice also exhibit behavioral abnormalities, inchgliimpaired exploration (thigmotaxis
behavior in the open field) and abnormal anxietgtesl behavior (Zhuet al., 2007).
However, the exon 2 deleted parkin ko mice didshmw any behavior alterations (Perez and
Palmiter, 2005). Amperometric recordings in acutiatl sections of parkin ko mice showed
a decrease in evoked dopamine release (Kith@h, 2009). Comparison between different
complete parkin ko mice generated is shown in tigd1.2.

Itier etal., 2003 Gokberg et al., 2003 von Coelln etal., 2004 Perez and Palmiter, 2005
Mutation Aexon 3 Aexon 3 Aexon7 Aexon 2
Histology No inclusions No inclusions Loaus cenleus cell No inclusions
No nigral cell loss (15) No nigral cell loss (12,18,24) loss (2,12,18)
No nigral cell loss (2,12,18)
No inclusions
Behavior Reduced bcomotor More slips traversingabeam  Reduced acoustic startle No robust differences in 25
activity (5-6) (2-4,7,18) response (9) behavioral tests (18-22)
Reduced bcomotor response  Somatosensory deficits
toamphetamine (6) (2-4,7)
Reduced alternance
in T-maze (5)
Neurochemistry  Increased DA and DOPAC in  Increased extracellular Reduced NE in olfactory No changes observed in NE,
limbic system (11) DAin stiatum (8,9) bulb and spinal cord (18) DA, DOPAC, HVA or &MT
Electrophysidogy Deficits in gutamate neuro- Decreased synaptic Not examined Not examined
transmission in hippocampus  excitability of striatal
(13) neurons (6-9)
Biochemistry Reduoed DAT andVMAT2in  Nomnal abundance of Not examined Not examined
stiatum PARKIN substrates
Decreased DA uptake in Reduced levels of mitochon-
cultured neurons drial and antioxidant
Increased levels of reduced proteins in ventral midbrain
glutathione in stiatum and
cultured neurons

Abbreviations: DA, dopamine; DAT, DA transporer, DOPAC, 3 4-dihydroxyphanylacetic acid; HVA, homovanilic acid; NE, nompinephrine; VMAT2, vesicular monoamine
transporter.

Table 1.2 List of parkin-deficient mouse models polished by different groups which have been analyzk
for different parameters - with age of analysis initated in parentheses (in months)

(this modified table belongs to the book of ‘Paskin’s Disease Genetics and Pathogenesis’ edit@edhyv.
Dawson from the chapter Mouse Models of Reced®ar&insonism written by Matthew S. Goldberg and Jie
Shen)

However, overexpression of wildtype human parkiotgeted DA neurons from MPTP
(Yasudaet al., 2011; Shengt al., 2012)and amyloid toxicity (Hongt al., 2013), whereas
overexpression of mutant human parkin in bbttosophila and mice led to progressive DA
neuron degeneratiq®anget al., 2007; Wanggt al., 2007; Luet al., 2009). Therefore, studies
on transgenic human parkin-overexpressing mice triighan attractive alternative to the
parkin-deficient models to demonstrate the physgickl functions of parkinn vivo and to
develop therapeutic strategies.
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1.4.5.9 Mitochondrial abnormalities in parkin-deficient mice

Mitochondria isolated from parkin ko mice, showeller@d respiratory chain activity

(Palacino et al 2004; Stichel et al 2007). Redueetioxidant capacity and increased
oxidative damage was also observed in aged parkimie (Palacino et al 2004). In one
study immuno-electron microscopic examinationsrahtireveal any mitochondrial damage in
the SN and striatal regions of aged parkin ko mi8échel et al 2007). In apparent
contradiction, another study reports severe mitodhal damage in astrocytes,
oligodendrocytes, microglia and neurons of the mesghalon in adult and aged parkin ko
mice (Schmidt et al 2011). It is important to nttet the later study did not perform immuno
EM to specifically label DA neurons; hence they htigave also looked at non-DA neurons
which led to discrepant outcomes.

1.5 Mitochondrial complex | inhibition and oxidative stress in PD

Mitochondrial dysfunction, decrease in Complexthaty and other respiratory chain defects
have been reported in brain, skeletal muscle aaelpts of PD patients (Mizureb al., 1989;
Parker Jret al., 1989; Bindoffet al., 1991). Similar observations have been reported in
several genetic and toxin-induced animal modelsPBf (already discussed in previous
sections). It was also known that the generic cempinhibitors, such as MPTP or rotenone
can induce Parkinsonism in humans and animals (ynpimates and rodents). Supporting
this hypothesis, expression of a yeast single-stiNADH dehydrogenase - Ndilp (that is
insensitive to MPTP and rotenone) protects DA nesifoom MPTP and rotenone toxicity
vitro andin vivo (Exner et al., 2012). However, deletion of a Complex | suburibtein
Ndufs4 (which is important for the assembly andctionality of complex 1) did not cause
DA neuron-specific degeneration in mice (Krgseal., 2008; Quintanat al., 2010; Choiet

al., 2011). Even more interestingly, the primary mabmeurons derived from the Ndufs4 ko
mice are still sensitive to the complex | inhib&#oMPP or rotenone (Chait al., 2008). This
argues for complex Il-independent actions of thesens, rotenone has also been shown to
cause microtubule disassembly (Retral., 2005; Choiet al., 2011). More recently, reasons
for these discrepant findings have been reporteiNdufs4 ko mice forms respiratory super
complexes with the stabilizing effect of complex &nd this leads to the sensitivity to
complex I inhibitors (Calvaruset al., 2012; Sterkyt al., 2012).

As a consequence of complex | inhibition, mitochweddATP production is decreased which
could then lead to an increase in ROS (reactivegemyspecies) formation, which affects
mMtDNA, ETC (electron transport chain) and otheraciitondrial proteins (reviewed in Abou-

Sleiman et al., 2006; Henchcliffe and Beal, 2008t &nd Beal, 2006). This hypothesis has
been used to explain the selective degeneratidheofidbrain DA neurons (which are at a
high risk of oxidative damage with low anti-oxidarvironment) in PD patients and animal
models. However, experimental evidence demonsgratidirect link between mitochondrial

defects and oxidative stress is rather weak. Indsederal mouse models with respiratory
chain defects resulted in apoptotic cell death euthany indications of ROS generation
(reviewed in Exneet al., 2012).
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1.6 Neuroinflammation in PD

The three predominant types of glial cells foundhie central nervous system (CNS) are the
astrocytes, oligodendrocytes and microglia. Theom@ajnction of these non-neuronal cells in
the CNS is to physically support the neurons angktulate local environment. However, in
PD pathogenesis only astrocytes and microglia h@en so far implicated (Teismashal.,
2003; Teismann and Schulz, 2004; Hirsthal., 2005). Astrocytes are known to regulate
potassium concentration in the extracellular cortmpant to regulate synaptic activity of the
neurons (Filosaet al., 2009). Upon neuronal dysfunction or degeneratasirocytes get
activated and increase the expression of Gliaillaoy acidic protein (GFAP), and there will
be enlargement of their cell body and extensionthaf processes into the injured area
(Eddleston and Mucke, 1993). Compared to astroctttesole of microglial cells in the brain
is less well understood (Teismann and Schulz, 2004groglia arises from macrophages
outside the nervous system and they are distirmeh fother cells of the nervous system.
During seizures, damage or neuronal dysfunctiogy timdergo proliferation, migration and
eventually acquire macrophage-like properties tvely participate in the clearance of dying
cells to prevent harmful effects of cell debris ahéreby protect the local environment
(Banati et al., 1993). Compared to other brain regions, SN istirely rich in resting
microglia (Kimet al., 2000) leading to further assumptions and impglcest about their role
in increasing the vulnerability of SNpc DA neurans€?D (Teismanret al., 2003; Andressoo
and Saarma, 2008). Post-mortem PD brains showechirmhs of increased inflammation in
the SN and striatum (Teismann and Schulz, 2004cHat al., 2005). However, observations
indicate increased density of microglia in the ®ion, rather than in the striatum (McGeer
et al., 1988).In contrast, the increase in astrocyte density ngktively mild, both in the SN
and the striatum (Mirz&t al., 2000). It is rather unclear whether activatedlgtells are
protective or harmful for neurons and the CNS. @ dne hand, activated glial cells might
secrete neurotrophic factors like GDNF or BDNF apport the dying or damaged neurons
(Batcheloret al., 1999; Hirsch, 2000). In contrast, they were alsown to secrete and release
a variety of toxic and pro-apoptotic molecules,-pritlammatory and pro-apoptotic cytokines
(including tumor necrosis factor alpha [TNf-interleukins [IL-13/2/4/6], interferony [IFN-

v]) that might accelerate the neurodegenerative gg®¢Hunotet al., 1999). More studies
need to be aimed at understanding the role of thkecells in disease pathology.
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Figure 1.8Genetics and etiology of Parkinson’s disease (PD)

Several pathogenic intracellular processes havegadeas putative contributors to neurodegeneratioRD.

Some of them are listed below.
i) Dominant PD genes:Mutations or multiplication ofi-synuclein genes forms aggregatedynuclein
protein. The aggregated protein forms oligomerst@dibrils) and insoluble aggregates that can impae
proteasome. In addition, insolubdesynuclein aggregates can recruit other functiqmateins leading to
their inactivation. Aggregate formation and prdtofis impair permeabilization of vesicles and adttiDA
storage leading to generation of oxidative strAggiregatech-synuclein is a principal component of Lewy
bodies. However, controversy exists regarding wéretiBs promote toxicity or protect a cell from hduan
effects or misfolded proteins by sequestering thieman insoluble compartment away from cellular
elements. Furthermore; synuclein protofibrils might directly act on sy vesicles to induce leakage of
dopamine into the cytosol. Free dopamine is pr@nauto-oxidize, generating oxidative stress; oxdiz
dopamine can covalently bind parkin and inactivtg€unction in the ubiquitin-proteasome pathwapeT
role of another PD-linked gene product LRRK2 rermaimclear; however, recently it is found to have
potential function in mitogen-activated protein &be (MAPK) pathways, protein translation control,
programmed cell death pathways and activity in siggteton dynamicsAnother dominant gene, UCH-L1
(Ubiquitin carboxy-terminal hydrolase L1) is a deiquitinating enzyme; mutations in this gene milgtaid
to proteasomal dysfunction and disruption in enduesdysosome pathway.
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i) Recessive PD gened:oss of DJ-1, PINK1 or Parkin activity decreasesooiondrial function and
contributes to oxidative stress. While DJ-1 tracates to mitochondria in response to oxidativesstre
PINK1 and Parkin cooperate and act in a similat paorly defined) pathway to regulate mitochondrial
maintenance and possibly morphology. Loss of famcthutations of some of these PD-linked genes might
decrease the activity of mitochondrial complexeand thereby lead to decreased ATP production;
Mutations in E3 ligase parkin can lead to accunnutabf its protein substrates namely CDCre-1, FRael-
etc., contributing to DA neuron degeneration. Motad in microtubule-associated protein tau (MAP&hg

is associated with PD (revealed recently by genasde association studies-GWAS) might contribute:to
synuclein aggregation (and Lewy body pathologyjmiation of Tau tangles and disruption of cytoslkalet
transport ultimately leading to DA neuron degerierat

iii). Mitochondrial toxins and oxidative stress: Inhibition of mitochondrial activity by complex |
inhibitors (like rotenone, paraquat or MPTP) or dgidative stress generators (rotenone) is sufftcten
cause Parkinsonism, further implicating the mitoudria in PD pathogenesis.

(Figure modified from a review by Farrer, 2006)
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B. GDNF/Ret Signaling in Midbrain Dopaminergic
Neurons

1.7 Neurotrophic factors (NTFs)

Neurotrophic factors (NTFs) are a family of proteithat play a very important role in the
development (growth and survival) and maintenanteneurons both in the central and
peripheral nervous system. NTFs are often sectataztlls of the target tissue. They bind to
specific receptors at the nerve terminals of thejesting neurons and are typically
transported retrogradely to the soma to inducewdedtular signaling. In some cases they are
also transported themselves to the nucleus to e@xpression of certain genes. In either
case, the resulting signaling effects enable prgpewth and innervation of the projecting
neurons. Hamburger and Levi-Montalcini (1949) fidetmonstrated the influence of certain
substances in the target regions that promoteuheval of projecting neurons, and removal
of a prospective target can lead to drastic lossenfrons that should have been projecting to
that target region (reviewed in Cowan, 2001).

NTFs belong to one of the three families; (1). o&wphins, (2). glial cell-line derived
neurotrophic factor family ligands (GFLs), and (8¢uropoietic cytokines (reviewed in Boyd
and Gordon, 2003). Ligands from each of these famihave their own distinct signaling
mechanisms with different functions; however tloglular responses overlap. These proteins
have been shown to have neuroprotective and ne@oeeative functions against
neurodegenerative diseases, neurotoxins and axgunaes.

Among the NTFs known, the glial cell line derive@umnotrophic factor (GDNF) which
belongs to GFLs has been shown to be a promisindidate to treat PD, due to its potent
trophic action on cultured DA neurons (lehal., 1993). GDNF is produced by neurons in the
striatum, a target region of the SNpc DA projectirgirons which is shown to influence the
development and maintenance of the nigrostriatalspgtem. GDNF that is expressed in the
striatum is largely (upto 95%) by the parvalbumastfspiking interneurons and to a much
lower extent (upto 5%) by cholinergic and somatistpositive interneurons. Other cell
populations like the medium spiny projection nesrdMSNs) - which are the vast majority
of striatal neurons that receive DA innervationg tistrocytes and microglial cells do not
express GDNF (Pascud al., 2012). It was also shown that DA neurons utilgteh (sonic
hedgehog) to regulate the expression of Acetylaeolind GDNF in striatal cholinergic and
fast-spiking interneurons. Conversely, Shh expogsbly DA neurons is repressed by signals
that arrive from cholinergic neurons and involvese GDNF receptor Ret on DA neurons
(Blesaet al., 2012).

Infusion of exogenous GDNF into respective braigiors can prevent neurotoxin-induced
damage of midbrain DA neurons in PD animal modédlenfac et al., 1995a, 1995b).
Subsequently, GDNF was found to be a potent surf@chor for motor neurons (Henderson
et al., 1994; Arenast al., 1995) and central noradrenergic neurons (Arehak, 1995). The
positive effects of GDNF in animal models of PD em@aged the initiation of several clinical
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trials. In the phase | and Il trials, GDNF andfémily members were directly infused into the
striatum or expressed by viral vectors in PD pasiemth the hope to slow down or inhibit
disease progression or even to cure the symptonfsrtunately, to date the efficacy of these
treatments could not be reproducibly demonstrgbedyaps due to differences in the study
design (Langet al., 2006; Manfredssod al., 2009). GDNF has been defined as an important
player in these processes, but our knowledge atsosiggnaling mechanisms in DA neurons is
very limited. In addition to its pro-survival role neurons, GDNF and the related GFLs have
additional functions in neuronal proliferation, magon, differentiation and synapse
formation (Paratcha and Ledda, 2008) and also @ilagial roles as morphogenetic factors in
kidney and spermatogonia development (AiraksinehZaerma, 2002).

1.8 Glial cell-line derived neurotrophic factor famly ligands
(GFLs)

Glial Cell-line Derived Neurotrophic Factor Familygands (GFLs) are distantly related to
TGF (transforming growth factoB) superfamily, with seven cysteine residues withilsir
relative spacing as other members of this famiin @t al., 1993). GFLs together with TG
belongs to the cysteine knot protein family andcfion as homodimers. GFLs are secreted
and activated by a variety of tissues and can toneceptors on projecting neurons and play
an important role in their development, supportihgir survival and maintenance in adult
animals (Airaksineret al., 1999). Glial cell line-derived neurotrophic fact@GGDNF) and
Neurturin (NTRN) were the first identified and br@mically purified GFL members, based
on their biological activity. The two other GFLstAdmin (ARTN) and Persephin (PSPN)
were identified by a database search and homologyng (Balohet al., 2000).

Like any other secreted proteins, GFLs are alsoetst in a precursor form, prepro-GFL.
Upon secretion, the signal sequence is cleaveorto pro-GFL. For complete maturation, the
pro-GFL might probably undergo proteolytic cleavalyeorder to raise GFLs concentrations
at the sites of release and to prevent diffusiatraecellular proteoglycans bind to the GFLs
with their heparin sulphate side chains (Hamilébal., 2001). However, very little is known
about the secretory and precursor activation meshmonf GFLs. Some studies also report
biological activity for pro-NTFs (Leet al., 2001).

1.9 GDNF family ligands (GFLs) signals via the Reteceptor
tyrosine kinase

Unlike other ligand-RTK (receptor tyrosine kinas#ynaling, GFLs first have to bind to
specific GFR: co-receptors to interact and activate Ret, whiels wriginally discovered as a
proto-oncogene (reviewed in Takahashi, 2001). Taéer&ceptor can only be activated if the
GFL is first bound to a novel class of proteinspkn as GDNF family receptar-(GFRw)
receptors, which are linked to the plasma membbgna glycosylphosphatidylinositol (GPI)
anchor. GFLs, acting as homo-dimers bring two mdes of GFR co-receptor together to
form a high-affinity complex. Subsequently, the GEERx complex (with two molecules
each) recruits two molecules of Ret and transphmstdtes the intracellular tyrosine kinase

domains of each Ret molecule (reviewed in Sariold &aarma, 2003). There are four
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different GFRx receptors (GF&L-4), which determine the ligand specificity of tG&Ru—

Ret complex. GDNF binds to GleR, and then forms a complex with Ret. Similarlyfdoe

binding to Ret, NRTN binds to Gk, ARTN to GFRi3, and PSPN to GRR (shown in
Figure 1.9). Additionally, NRTN and ARTN might csialk with GFR1, and GDNF might
also signal via GF& and GFR3 co-receptors (Airaksineet al., 1999; Balohet al., 2000;

Lindahlet al., 2001; Takahashi, 2001).

a4 O
!

GFRa1 GFRa2 \ / GFRa3 GFRo4
GPI anchor
f #

L Raft

Figure 1.9 GDNF-family ligands and Ret receptor in¢ractions

Glial cell line-derived neurotrophic factor (GDNfmily ligands (GFLs) forms homodimers to activitet
tyrosine kinase (TK) by first binding their cogna®NF-family receptor: (GFRy) receptors. Most preferred
ligand—receptor interactions that are known to ogiwysiologicallyin vivo are shown by black arrows. G&ER
proteins are attached to the plasma membrane ycasyl-phosphatidylinositol (GPI) anchor. All ti&FRo
proteins are predicted to have three cysteineglobular domains (1, 2 and 3), except for GBRwhich has
only two. Four tyrosine residues in the Ret inthatar part (Tyr905, Tyr1015, Tyr1062 and Tyr1096d balls)
serve as docking sites for different adaptors. @frhem (Tyr1l096) is in the carboxy-terminal endtloé long
isoform of Ret (grey). Membrane rafts are shownyellow. ARTN, artemin; NRTN, neurturin; PSPN,
persephin. (Figure obtained from Airaksinen andr®aza2002)

Ret was initially identified as an unusual rearehdgransforming gene in NIH3T3 cells
transfected with human lymphoma DNA (Takahashal., 1985). This transforming gene
resulted is formed due to the fusion of two unlmhk@NA fragments which occurred during
the transfection process. The resulting chimerimegencodes a fusion protein comprising an
N-terminal domain with a dimerizing motif fused & carboxy-terminal tyrosine kinase
domain (Takahashi and Cooper, 1987). Subsequethity,name RetRearranged during
transfection) was retained to designate the genedamg the receptor tyrosine kinase that

contains the kinase domain of the fused oncogenkaflashiet al., 1988; lwamotcet al.,
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1993). Ret homologues have been identified in higlned lower vertebrates, including
Drosophila (Hahn and Bishop, 2001). The human Ret gene &isdl to the chromosome 10
(10g11.2), with 21 exons in total. Loss-of-functionutations and point mutations in the Ret
gene can cause several diseases. For exampleofld®st function causes severe enteric
denervation leading to congenital aganglionic melgac (Hirschsprung's disease) and
constitutive activation mutations in Ret are resiole for dominantly hereditary endocrine
cancer syndromes (Kodane al., 2005). Based on the clinical symptoms, the migtip
endocrine neoplasia type 2 (MEN2) is divided ifitiee groups: multiple endocrine neoplasia
type 2A (MENZ2A), 2B (MEN2B) and familial medullaryhyroid carcinoma (FMTC)
(Hansford and Mulligan, 2000). In MEN2A, the disedss been linked to point mutations,
which are mostly located to cysteine residues énetktracellular cysteine-rich domain of Ret.
These point mutations introduce abnormal intermdégccysteine bridges, and cause an auto-
activation of Ret-MENZ2A by dimerization. In the easf Ret-MEN2B, the point mutations
are located in the intracellular domain of Ret (M%), where they cause an auto-activation of
Ret-MEN2B monomers. In FMTC patients, point mutasichave been found both in the
extracellular and the intracellular domains of Rtansford and Mulligan, 2000).

1.9.1 Structure of the Ret protein

Ret is a single transmembrane protein with thraecgtrally distinct domains: an N-terminal
extracellular domain which contains four cadhetke-kepeats with a calcium binding domain
and a cysteine-rich region; a hydrophobic transnram# domain and a typical cytoplasmic
tyrosine kinase domain at the C-terminal (see [Edui0). Considering their homology with
cadherins, the cadherin-like domains are thougptay a role in cell adhesion, however their
function is not very well defined (Andeesal., 2001). The calcium binding site, which might
be present between the second and third cadhkdardémains, is required for proper folding,
secretion and activation of the Ret receptor (Nozalkl., 1998; van Weeringt al., 1998;
Anderset al., 2001). The 16-cysteine residues of the cystdcteregion of the extracellular
domain are important for proper folding of the qgoe and for its binding to the GlRco-
receptor (Runeberg-Roos and Saarma, 2007). Mugationthis region can either cause
receptor misfolding, which could result in protailegradation leading to Hirschsprung’s
disease, or constitutive activation, which coulsluiein ligand independent activation of the
Ret receptor leading to endocrine neoplasia type(lEN2A) tumors (Dvorakovaet al.,
2005). The hydrophobic transmembrane domain, whiak originally thought just to be a
link for the extra and intracellular domains, wascently shown to be important for
dimerization of the Ret molecules to facilitate tf@mation of GFL/GFR/Ret signal
transduction compleRuneberg-Roos and Saarma, 2007). Transmembranamomatations
were found in some patients with MEN2 tumors (Kjeteal., 2006). The intracellular tyrosine
kinase domain (TK) split by the insertion of 27 amiacids. This domain of Ret is
homologous to that of other RTKs such as FGFR-1\AG#&#R-2 (Tuccinardiet al., 2007).
GFL-induced Ret dimerization juxtaposes the twoalgdit domains, allowing the trans-
phosphorylation of tyrosines which then act as duagkites for several intracellular signaling
effectors.
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Figure 1.10 Monomeric structure of the receptor tyosine kinase Ret(Obtained from a review by Drosten
and Ptzer, 2006)

1.9.2 Ret receptor isoforms

The natural alternative splicing of the Ret gensuilts in 3 different isoforms of the Ret
protein. The Ret51, Ret43 and Ret9 isoforms corbdin43 and 9 amino acids in their C-
terminal tail respectively (Myerst al., 1995). Ret51 and Ret9 are the most studied Ret
isoforms; they are conserved over a broad rangspeties and consist of 1114 and 1072
amino acids, respectively (Kodargtal., 2005). The cytoplasmic tyrosine kinase domain of
Ret9 contains 16 tyrosines, whereas the Ret51 risofmntains 18 tyrosines. Tyr1090 and
Tyrl096 are present only in the Ret51 isoform deddnger C-terminal tail (Arighét al.,
2005). The N-terminal extracellular domain of Rehtins nine N-glycosylation sites. The
fully glycosylated Ret protein is reported to haveolecular weight of 170 kDa although it is
not clear to which isoform this molecular weighttes (Takahaslat al., 1993).

Mice lacking the Ret9 isoform specifically show k&) abnormalities and enteric
aganglionosis, which are similar and almost as reeas in Ret-null mice; however, mice
which lack Ret51 showed no obvious developmentablpms (Schuchardit al., 1994).
Consistent with these reports, Ret9 expressiondcaadcue the Ret loss phenotype (Srinivas
et al., 1999; de Graafét al., 2001). These studies argue for the crucial rélRet9 during
development, but not Ret51. The Ret 51 isoform se@wnbe more important for inner-
medullary collecting duct cell survival in mice @est al., 2002) and in oncogenic
transformation (lwashit&t al., 1999). Taken together, it appears that the Ratkd Ret9
isoforms have distinct functions.
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1.9.3 Ret RTK intracellular signaling

Like the majority of receptor tyrosine kinases #&dd signaling pathways initiated by the Ret
receptor include the Ras-MAPK, PI3K-AKT, and phoslggase @ (PLCy) pathways. On
activation, Ret undergoes autophosphorylation waaellular tyrosine residues, which serve
as docking sites for downstream signaling effectteer with Src homology 2 (SH2) or
phosphotyrosine-binding (PTB) domains. Upon acibrgt at least 14 of the 18 tyrosine
residues in the intracellular domain of Ret canobee phosphorylated (Liet al., 1996;
Kawamotoet al., 2004; Knowlet al., 2006).

Autophosphorylation of the key residue Tyrl1062egquired for activation of Ras-MAPK and
PI3K-AKT pathways (Besset al., 2000; Hayashet al., 2000; Segouffin-Cariou and Billaud,
2000; Coulpieret al., 2002). This residue appears to be critical fot feaction, and mice
with a point mutation in Tyrl062 show a severe dofunction phenotype (Jijiwat al.,
2004; Wonget al., 2005; Jainet al., 2006a). Both FRS2 and Shc (Src-homologous and
collagen-like protein) adaptor proteins can bingohmsphorylated Tyr1062 of the activated
Ret receptor. Activated Ret has been shown todntexith FRS2 in lipid rafts, but with Shc
outside lipid rafts (Paratcha al., 2001), leading to differential downstream signglof Ret.

It has been shown that binding of Ret to Shc, mitARS2, is responsible for cell survival
effects of Ret in neuroblastoma cells (Lundgetnal., 2006). Ret stimulation by GPI-
anchored GFR in rafts promotes the binding of lipid-anchoredgibrs such as FRS2 and
the activation of Src. Binding of activated RetRBS2 results in subsequent recruitment of
GRB2 and SOS to activate the RAS-MAPK (ERK) pathwRgt stimulation by GFL bound
to soluble GFR outside the rafts initially activates signalingipaays that are mediated by
soluble adaptors, such as Shc, to recruit adaptaeips GRB2 and GAB2 for the activation
of the PISK-AKT pathway (reviewed in Sariola andaBaa, 2003). A recent study has
established a biochemical function and physioldgicke for the phosphorylation of Tyr687
in the juxtamembrane region of the Ret intracefldiamain (Perrinjaquedt al., 2010). SHP2

(a phosphotyrosine phosphatase) through its irtteraevith Tyr687 and association with
components of the Tyrl062 signaling complex isuited to phosphorylated Ret to activate
the PI3K-AKT pathway and promote survival and neumutgrowth in primary neurons
(Perrinjaquetet al., 2010). Phosphorylation of Tyr1096, which is preasenly in the long
Ret51 isoform, can also contribute to these patbwaye Grb2/Gab2 complex can also
assemble directly onto phosphorylated Tyrl096, roffe an alternative route to PI3K
activation by GDNF ligands. Three other adaptotgins: DOK4/5 (downstream of tyrosine
kinase 4/5), IRS1/2 (insulin receptor substratg a2l enigma, also bind to the same Tyr1062
site. However, binding of enigma to Ret is phosplation-independent (reviewed in Sariola
and Saarma, 2003).

Regarding the remaining autophosphorylation sités, (2013), it has been found that
phosphorylation of Tyrl015 leads to activation oftCR (Borrello et al., 1996).

Phosphorylation of Tyr900 and Tyr905 (which arespre in the kinase activation loop) are
known to contribute to full kinase activation (Knlew et al., 2006). A recent yeast-two-
hybrid screen identified a GTPase-activating prof&AP) for Rapl, Rap1GAP, as a novel
Ret-binding protein (Jiaat al., 2011). Like Src, RaplGAP was also found to requir
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phosphorylation of Tyr981 for Ret binding and siggsed GDNF-induced activation of ERK
and neurite outgrowth. In addition to tyrosine atosphorylation, Ret has been found to
undergo serine phosphorylation at Ser696 by prdteiase A (PKA). Mutation of Ser696
affected the ability of Ret to activate the smallRase Racl and stimulate formation of cell
lamellipodia (Fukudat al., 2002).

Ret-mediated activation of PI3K-AKT and RAS-MAPKgsaling might promote survival by
modulating several downstream targets, includiagdcription factors: p53, cCAMP response
element binding protein (CREB) and forkhead boxFOXO), transcription factor inhibitors:
the inhibitor kB of NF«B and pro-apoptotic proteins: caspases, BAD andoglgu synthase
kinase-3 (GSK3); however, these targets need teabdated in DA neurons. Whereas the
downstream signaling of other proteins (IRS1/2; Ddks; STAT3 or Enigma) that are
recruited to activated Ret is poorly understoodeihains to be determined whether all or a
subset of these putative downstream targets proswigval of DA neurons (Reviewed by
Aron and Klein, 2011).

1.10 Ret-independent signaling of GDNF

The expression patterns of GiclReceptors and Ret are not totally overlapping |§pret al.,
1997). This observation raised questions aboutrete GDNF receptors. GDNF, in absence
of Ret has been shown to activate signaling patBimaglecules like ERK/MAPK, PLE
CREB, and Src-family kinases (Poteryastval., 1999; Truppet al., 1999); these findings
strengthened the notion of the existence of alter@@DNF receptors. Another RTK, Met,
which is a receptor for hepatocyte growth factoGGEH, has been shown to be activated by
GDNF together with syndecans to trigger Src advatin the absence of Ret (Popsueta
al., 2003) (Figure 1.11A).

Another heavily discussed alternate GDNF recepsothe p140 isoform of Neural Cell
Adhesion Molecule (NCAM), which belongs to the inmaglobulin superfamily. GDNF has
low affinity for the p140 isoform of NCAM, but thiaffinity is enhanced the presence of
GFRol. Upon activation, NCAM acts on downstream sigmalmolecules like cytoplasmic
protein tyrosine kinases Fyn and FAK (Paratehal., 2003) (depicted in Figure 1.11B).
GDNF/GFR11/NCAM signaling has been shown to regulate neudrenarphology, cell
migration and synapse formation (reviewed in Ibai284.0). Genetic ablation of NCAM in
mice resulted in a mild loss of DA neurons in thellnain (SNpc and VTA), with impaired
DA signaling (Xiaoet al., 2009). Moreover, use of NCAM-blocking antibod¥ilpited thein
vivo and in vitro effects of GDNF in SNpc and VTA DA neurons (Chetoal., 2003)
suggesting a functional role of NCAM together W\eDNF/GFRu1 in DA neurons. Recently,
cell adhesion molecules integfid and N-cadherin have been shown to be involveden
independent GDNF signaling (Caa al., 2008b, 2010) (Figure 1.11C). It has also been
proposed that GDNF-Ret signaling can be modulatgechdparan sulphate proteoglycans
(HSPG). These extracellular structures immobiliZ2NE, raise its local concentration, and
thus enhance Ret activation (Hamilteh al., 2001; Barnettet al., 2002). The GDNF,
immobilized at the extracellular matrix (ECM), calso signal independent of Ret via HSPG
syndecan-3 (Bespalat al., 2011) (Figure 1.11C).
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Figure 1.11 Ret-independent signaling of GDNF

A. Met together with Syndecans functions as GDNF rexepet RTK, which is a receptor for hepatocyte
growth factor (HGF), can function as GDNF recepmgether with Syndecans to activate Src in a Ret
independent fashion. (Figure obtained from Saiwld Saarma, 2003).

B. NCAM, an alternate GDNF receptor: Similar to Rag NCAM p140 isoform also requires the co-receptor
GFRul for binding to GDNF. After activation, NCAM trigers downstream signaling via the FYN and
FAK kinases. (Figure kindly provided by Karstenlddk).

C. Integrin p1, N-cadherin and Syndecan-3 as putative Ret-imtigre GDNF receptors: The molecular
mechanisms underlying these ligand receptor intierss; requirement of GRH co-receptor for the
function of these putative receptors is not knofigure kindly provided by Karsten Tillack).

1.11 GFL-independent signaling of Ret

For embryonic sympathetic superior cervical gangii§CG) neurons, Nerve growth factor
(NGF)/tyrosine kinase receptor type 1 (TrkA) signglis essential for survival, however,
NGF/TrkA is dispensable for postnatal SCGs, whelBF via its ligand TrkA promotes the
activation of the Ret51 isoform in a GFL-indepertderanner thus inducing Ret-mediated
growth, metabolism and gene expression (Tsui-Patach al., 2002). TrkA and Ret do not
interact with each other, suggesting that TrkA nedily mediates phosphorylation of Ret,
although the exact mechanisms underlying functioni@raction of TrkA and Ret are not
clear (reviewed in Sariola and Saarma, 2003).

GDNF ligand-independent signaling of Ret can alstuo in the dominantly inherited cancer
syndromes MEN2A, MEN2B and FMTC, which arise dueptwnt mutations in the Ret
receptor (Santoret al., 2002). The MEN2A disease has been linked to powtations that
occur in the extracellular cysteine-rich domairRaft. These point mutations cause abnormal
intermolecular cysteine bridges leading to dimeérmaand subsequent autoactivation of the
Ret receptor independent of GDNF. Ret-MEN2A mediaetivation of AKT and MAPK
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pathways, leading to the survival of PC12 cellsh@ absence of growth factors (De Véa
al., 2000). In the case of MEN2B syndrome, the poiatation (Met918Thr) is located in the
intracellular domain of Ret, which leaves the réoeputo active even in its monomeric form,
without any interaction with GDNF/GFR. The Ret MEN2B variant has been shown to be
active already during its synthesis in the ER, #svalso demonstrated that the oncogenic
precursor of the receptor has the capacity to atthAKT, ERK and signal transducer and
activator of transcription 3 (STAT3) pathways fradhe ER (Runeberg-Roos and Saarma,
2007). In FMTC syndrome, point mutations have bieemd both in the extracellular and the
intracellular domain of Ret (Hansford and Mullig&®00). The Ret-FMTC mutants Y791F
and S891A have been shown to activate a Src/JAKISTpathway, independent of GDNF
(Plaza Menachet al., 2005).

1.12 Genetic animal models for understanding GDNF/BRal/Ret
signaling

Several genetic mouse models have been generategtutty the essential role of
GDNF/GFRy/Ret signalingin vivo. The first model was GDNF complete knock out (GDNF
/-) mice. These mice die after birth due to rergdresis and absence of the enteric plexus
(Moore et al., 1996; Pichekt al., 1996; Sancheet al., 1996). Surprisingly, the GDNF -/-
mice have been shown to develop a normal numbemegahization of mesencephalic DA
neurons. Experiments on embryonic (E14) slice cedtinave shown the importance of GDNF
in neurite outgrowth and DA neuronal survival vitro (af Bjerkénet al., 2007). These
observations suggest that the trophic dependencaggodstriatal neurons on GDNF after
exogenous administration of the trophic factor righ acquired during postnatal maturation.
In anin vivo study, GDNF function blocking antibodies enhancell death during the first
period of naturally occurring apoptosis in the SDo €t al., 2003). Striatal GDNF expression
has been shown to transiently increase the SN ragihber (Kholodilovet al., 2004).
Heterozygous GDNF mice (GDNF +/-) are viable andwsmormal development with few
behavioral alterations observed during their fpestnatal weeks; however, the nigrostriatal
DA system remains unaltered (Gertial., 2001). Inadequate GDNF levels have been shown
to increase the adverse phenotypes caused by ctadmiinistration of drugs of abuse. These
interesting findings led to the proposal of GDNF agotential target to treat addiction
(reviewed in Carnicella and Ron, 2009). Howevessl@f SNpc DA neurons have been
reported in aged GDNF +/- mice (Table 1.3; Bogealet2006). Similar results have been
observed in aged GFR heterozygous ko (GFR +/-) mice (Table 1.3; Boger et al., 2008;
Zaman et al., 2008). To address the physiologuattions of GDNF in catecholaminergic
neurons, Pascual et al. have developed a conditiGiaNF -/- mouse where GDNF
expression can be selectively decreased duringthembad, to avoid developmental
compensation, if any (Pascudl al., 2008). The conditional GDNF -/- mice showed a
selective and extensive catecholaminergic neurosal specifically the SNpc, VTA and LC;
these alterations correspond to behavioral chamgésese mice (Table 1.3; Pascual et al.,
2008).

Conditional Ret deletion resulted in a significaleicrease of SNpc DA neurons and striatal
fiber density of aged mice (12 and 24 months) agaied by inflammation and gliosis in
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the nigrostriatal system. In these mice viabilitiy reurons in the VTA and LC are not
compromised (Table 1.3; Kramer et al., 2007). Tihdifgs of Kramer et al., did not go in
line with the observations by another group (TdbR Jain et al., 2006), which reported no
differences in the adult (6—12 months of age) rstyratal DA neuronal numbers after
conditional ablation of Ret. The variable resultsaonditional Ret-deficient mice from these
two groups might be due to the fact that Jain @086 pooled animals of 6-12 months of age
for analysis. Inclusion of significantly youngerimals could obscure effects with 12 month-
old-mice which were selectively analyzed in Krameeal., 2007. Supporting the role of Ret
signaling in the DA system, MEN2B knock-in mice kRaveen shown to develop more DA
neurons specifically in the SNpc region (Mijatoeicl., 2007). A mouse model generated by
Tillack et al., (unpublished data), which expres$es-system transactivator protein under
control of the mouse TH promoter for enabling Rblaton specifically in DA neurons
during adulthood revealed no increase in DA neugederation compared to the originally
published conditional Ret-deficient mice by Kranegral., 2007. These results rule out the
argument of early embryonic compensation to expldhe different levels of
neurodegeneration observed with the Ret receptiozieiet mice and the conditional GDNF-
deficient mice.

Reference Animal model TH+ cells SN TH+ cells VTA TH -~ fibers (striatum)
Boger et al. (2006) GDNF?* 4 m: n.s.d. n.a.
8 m: n.s.d.
12m: 81! 12 m: 58'
20 m: 85"
Zaman et al (2008)'"  GFRat* 8 m:n.s.d.'” n.a. 8 m: n.s.d.
Boger et al. (2008)? 18m: 70" 18 m: n.s.d.'"
26 m: 83'@ 26 m: 60"
Jain et al. (2006) Ret”~; Dat-Cre 8-12 m: n.s.d. 8-12m: n.s.d. 8-12 m: n.s.d.
Kramer et al (2007) Ret™"; Dat-Cre 3 m: n.s.d. 12 m: 601 (dSt)
12 m: 75! 12 m: n.s.d. 72" (vSt)
24 m: 621
Pascual et al (2008) GDNF”~; Cre-EsR1 1 m% n.s.d. 1 m® n.s.d. 7 m®: 60" (dSY)
7 m®: 42! 7 m®: 34! 72t (vSY)

Table 1.3 List of mouse models with defective GDN&r GFRal or Ret signaling

+/- indicates heterozygous knockout mice; F/F iatis mice with both the alleles of desired geneefip F/-
indicates mice with only one allele of desired gemeich is floxed. Numbers indicate percentage wdtspect to
control animals. X m = age of the mice used forysia (months). X m$ = months after GDNF depleti(dtt)
dorsal striatum; (vSt) ventral striatum. n.a., =t mmalyzed; n.s.d., = no significant difference<0.05;
TP<0.01. (Table obtained from Pascual et al., 2011)

Taken together, these mouse lines suggest an iampoftinction of GDNF/GFRL/Ret
signaling in aged mice. These results also arga¢ @DNF can signal through ‘non-
canonical’ NCAM or other alternate receptors (Chiaal., 2003; Paratchet al., 2003; Cacet

al., 2008a). These receptors may compensate for genaé of Ret, and therefore provide an
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explanation for why the DA system loss is mildertire conditional Ret-deficient mice
relative to the conditional GDNF-deficient mice.

Even though several of the vivo and in vitro studies emphasize the importance of
GDNF/Ret signaling in the survival and maintenaot®A neurons (reviewed by Aron and
Klein, 2011), there is very limited information alidhe downstream signaling mechanisms
of Ret signaling through which it exerts its fuocis.

1.12.1 Mice deficient of Ret signaling in midbrain DA neurons - a
preclinical animal model for PD

The conditional Ret-deficient mice generated bymsea et al 2007 (DAT-Ret ko) display
several pathologic features of pre-symptomatic HDe conditional Ret-deficient mice
exhibit - an adult onset, specific and progressiggeneration of the SNpc DA neurons with
no alterations in VTA DA neurons; degeneration & Berve terminals in the striatum; the
presence of substantial neuroinflammation and iglimsthe degenerated nigrostriatal system;
and reduced levels of evoked dopamine releaseiatush. Their observations reveal that Ret
signaling is crucial for long-term maintenance of &ons and cell bodies. The Ret-deficient
mice showed significant degeneration of DA fibararvation at 9 months of age, which then
continued to progress until 24 months, indicatingear progressive pattern of axonal fiber
degeneration. However, the cell bodies startedetgederate later: significant cell body loss
was only observed at 12 months, which was foureldo be progressive with ageing until 24
months. The aged Ret-deficient mice displayed u@Ot@o loss of DA axons innervating the
striatum, while the loss of SN cell bodies was @b8d % in 24-month-old mice. This
suggests that SN DA axons are more dependent osigraling than the SN cell bodies.
Indeed, experimental evidence suggests that nepiot factors exert different actions at
nerve terminals and in the cell body (Zweigehll., 2005). The aged Ret-deficient mice (at 24
months) also showed neuroinflammation at the sftedlepeneration similar to that was
observed in post mortem brains of PD patients (faimet al., 2003; Teismann and Schulz,
2004; Hirschet al., 2005). They displayed an enhanced astrocyte itewnt to the striatum
and microglial recruitment to the SNpc regions oaly 24 months, not at 12 months
suggesting that these neuroinflammatory changesadiner post neurodegenerative effects
but not the primary causes of degeneration. Howdkiese mice don’t show other hallmark
symptoms of PD - as they exhibit no cytoplasmisynuclein containing inclusions; no
behavioral alterations; and no changes in strisitdl DA levels despite of striatal DA
innervation loss (Kramest al., 2007). In addition, mice without Ret signaling arot more
sensitive to MPTP toxicity, but they failed to shoggeneration of damaged dopaminergic
axon terminals after MPTP toxicity (Kowsleyal., 2007).

Since the Ret receptor is well demonstrated forciel survival signaling, it may not
contribute directly toa-synuclein accumulation. Moreover, one should aisasider the
changes in total DAT protein levels that were obsdrin the DA specific Cre expressing
mice (DAT-Cre) which were crossed with floxed R&et’™) mice to generate the Ret-
deficient (DAT-Ret ko) mice (Kramest al., 2007). In the DAT-Cre line, the Cre transgene
insertion in to the 5-UTR of one of the endogenddAT locus resulted in only one
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functional copy of DAT gene, which led to an ag@eledent decrease in DAT protein levels
along with increased striatal DA levels and hyptgvacbehavior in the mice (Parlagb al.,
2006; Krameret al., 2007; Turiaultet al., 2007). This could be the reason why Ret-deficient
(DAT-Ret ko) mice did not show decreased striatallBvels and behavioral changes despite
the age-dependent degeneration of nigrostriatal €Atem. Accordingly, it might be
worthwhile to generate an improved conditional Beficient mouse line to overcome
problems related to DA metabolism thereby genemateven better model for understanding
PD pathogenesis.

1.12.2 Constitutive active Ret signaling causes magtriatal DA system
enlargement in mice

Another interesting study revealed the importanicRet signaling for shaping the brain DA
system. A study published by Mijatovic et al (i80Z) used knock-in mice with the Ret-
MEN2B mutation to study the effects of constitutiRet activity on the brain dopaminergic
system. They found robustly increased concentrata@irdopamine (DA) and its metabolites
in the striatum and other brain regions (cortex hygothalamus). Moreover, in the SNpc of
homozygous MEN2B mice, they reported a 26% incra@aslee number of TH-positive cells
(but not in the VTA). These mice also showed mo#e ibnervation in the striatum. These
findings clearly suggest that Ret activity can havdirect biological function that actively
changes and shapes the brain dopaminergic systancen(Mijatovicet al., 2007). The most
likely explanation for the increased number of SNpd¢-positive cells in the homozygous
MEN2B mice is the role of GDNF-dependent signalinghe postnatal development of the
nigrostriatal DA system. It is known that the nigbs neurons undergo apoptosis during the
first three postnatal weeks and in mice overexpasst GDNF in the DA targets promoted
postnatal survival of nigrostriatal DA neurons dgrithe first phase of natural cell death by
suppressing apoptosis (Oo and Burke, 1997; Berlkk, 1998; Ocet al., 2003; Kholodilovet
al., 2004). Thus, the increased number of TH-posiBigpc neurons in MEN2B mice could
be because of the GDNF-independent signaling oftdatively active Ret, resulting in more
DA neurons. In a follow-up study Mijatovic et alrfner showed that the DA neuronal cell
bodies of the MEN2B mice were shown to be morestast (but not the striatal DA axons) to
the  neurotoxins  1-methyl-4-phenyl-1,2,3,6-tetraloygridine  (MPTP) and  6-
hydroxydopamine (6-OHDA); suggesting a protectiviteat of constitutive active Ret
signaling on the DA cell bodies of the SNpc, but na the DA axons in the striatum
(Mijatovic et al., 2011). Considering the significant role of condively active Ret signaling
on the development of DA system, MEN2B mice carahgerfect animal model to evaluate
the function of other candidate proteins that mésp aontribute to the establishment of
nigrostriatal DA system.

Despite the fact that Ret signaling has been shtmvrbe important during postnatal
development and also for the maintenance of theosiigatal DA system in aged mice,
association studies performed in humans did not &ny polymorphism in the Ret gene that
can be attributed to increased PD risk (Wirdefetddl., 2003; Luckinget al., 2010). These
observations suggests that defects in Ret signamegnot a primary cause of PD, but a
secondary consequence in PD pathogenesis in whatisR®ne of the many proteins that are
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altered. To get more insights into Ret signalind as role within the altered protein network
of PD, a study by Aron et al., 2010 investigateel filmctional interaction of Ret and the PD-
related protein DJ-1. In that study they crosseddbnditional Ret-deficient mice (Krameir
al., 2007) with DJ-1 complete knock-out mice (Pheairal., 2010), and showed that mice
lacking both DJ-1 and Ret in the DA system uponragdisplay an accelerated loss of SNpc
DA neurons without any enhanced striatal innervatioss compared to the single Ret-
deficient mice. DJ-I/Ret double loss-of-functionpeximents revealed interaction of DJ-1
with ERK signaling to control eye and wing develagrhin Drosophila. This study uncovers
thein vivo cell survival function for DJ-1 in mice and a cenged interaction between DJ-1
and Ret-mediated signaling Drosophila (Aron et al., 2010). These findings open up new
areas of research and highlight the current neadviestigate the function of Ret together
with other key players which are implicated in PIhis should enable the design of new
therapies that could potentially include customizieerapies for PD patients with specific
gene mutations to increase the efficacy of compsdikeé GDNF and its family members,
which are currently under clinical trials.
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2. The Thesis Project

Background infor mation

Parkin and the receptor tyrosine kinase Ret arepeaddently linked to the neurodegenerative
processes leading to the selective cell death bstantia nigra (SN) dopaminergic (DA)
neurons in Parkinson’s disease (PD) patients amchahnmodels respectively. Recessive
mutations of parkin, an E3 ubiquitin protein ligasguses PD, but mouse models lacking
parkin show no SNpc DA neuron loss (Itiegral., 2003; Goldbergt al., 2003), suggesting
additional embryonic compensatory mechanisms in ghekin deficient mice. However,
parkin overexpression protects the nigrostriatal §yatem in several toxin-induced models of
PD. Furthermore, cell culture studies have showrerde functions of parkin related to
ubiquitin proteasomal system, mitochondrial intggend mitophagy (Reviewed in Exner
al., 2012). On the other hand, mice lacking the GDBlceptor Ret in DA neurons develop
an age dependent and SNpc specific DA cell lossnisaent to PD patients (Kramet al.,
2007), but so far no mutations in Ret are linkedPiD. Moreover, a mutation in the
intracellular domain of the Ret receptor (MEN2B)ders it constitutively active, resulting in
more DA neurons specifically in the SNpc region tbé mice (Mijatovicet al 2007).
However, association studies performed in humatsdi find any polymorphism in the Ret
gene that can be attributed to increased PD rigkd@féldtet al., 2003; Luckinget al., 2008).
These observations suggest that defects in Redlsigrcould be a secondary, but not primary
consequence in PD, where Ret might function aloily @ther proteins that are linked to PD.
Consistent with this notion, a study performed bsoret al., in 2010 showed genetic
interaction of Ret receptor with a PD-linked pratddJ-1. In that study they could unveil the
pro-survival function of DJ-1 in Ret deficient mj@nd a conserved interaction between DJ-1
and Ret mediated signalingDrosophila (Aron et al., 2010).

Recently, parkin (another PD-linked protein) hasrbehown to enhance the signaling of a
receptor tyrosine kinase EGFR to promote cell-sadvby activating PI3K-AKT pathway
(Fallonet al 2006). However, there is no data so far demomsgréhe involvement of EGFR
in the development and/or maintenance of the DAtesys this arises the question on
specificity of parkin mediated regulation of EGFRtnce all the receptor tyrosine kinases use
the same fundamental cell survival mechanismsimsrtant to extend our understanding on
the functional interaction of parkin with other eptors which are having critical functions in
the DA system for example the GDNF receptor, Retrddver, findings from different
studies suggest that both GDNF/Ret signaling (Hayeisal., 2000) and parkin (Reviewed in
Exneret al., 2012) can act on the NF-kB pathway to meditaié survival functions, so far
there is no information about their functional cemgiion in this context. Considering these
different possible converging points of Ret signgland Parkin activity, in the current study |
want to investigate the downstream effects of padid Ret signaling and their possible
genetic and functional interaction if any, to praemthe survival of DA neurons using mouse
as a model organism.
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The main objectives of my project

1. To examine the long-term survival and mainteednaction of parkin and Ret signaling in
mouse SNpc DA neurons.

2. To investigate theén vivo neuroprotective effect of human parkin over exgigs on
trophically impaired Ret deficient DA neurons.

3. To study the influence of parkin in the estdbhient of SNpc DA neurons with constitutive
active Ret signaling.

4. To understand the common downstream signalingscpoints of Ret and parkin in DA
neurons and to study the effect of Ret signalingetioer with parkin on mitochondrial
integrity, the heavily discussed intracellular &trop PD.

My approaches

To accomplish my objectives, | used different tggrsc mouse models in which the function
of Ret and parkin are modulated.

Primarily, | generated new conditional Ret defitianice (DCB-Ret ko; Figure 4.1 A) which
is slightly different from the already publishedtRieficient (DAT-Ret ko) mice (Krameat

al., 2007). The newly generated DCB-Ret ko mice eara bacmid with an extra DAT
promoter upstream to Cre expressing gene to compefsr the undesirable age dependent
total DAT protein changes observed in the DAT-Re(Krameret al., 2007), which is due to
the knock-in of Cre expressing gene in to the eedogs DAT locus for DA neuron specific
conditional ablation of Ret.

1. To examine the long-term survival and mainteednaction of parkin and Ret signaling in
mouse SNpc DA neurons, | generated mice that latk Ret and parkin (DCB-Ret/parkin
ko; Figure 4.1 B) and investigated them in theuldtbod and during ageing.

2. In order to investigate tha vivo neuroprotective effect of human parkin over exgigs
on trophically impaired Ret deficient DA neuronsgénerated two mouse lines that over
express different forms of human parkin in Ret defit mice (DCB-Ret ko/wt h-parkin &
DCB-Ret koA h-parkin; Figures 4.16 A and B) and analyzed tldeming ageing.

3. To study the influence of parkin in the estdbhient of SNpc DA neurons with constitutive
active Ret signaling, | generated parkin deficiemte with constitutive active Ret mutation,
MEN2B (MEN2B/parkin ko; Figure 4.20) and analyz&ér in their adulthood.

4. To understand the common downstream signalingscpoints of Ret and parkin in DA
neurons, | looked for signaling and physiologichhiges in the nigrostriatal DA system of
Ret/parkin double ko mice. Whereas to study thectfdf Ret signaling together with parkin
on mitochondrial integrity, | analyzed for energypguction and mitochondrial activity in the
SN DA neurons of Ret/parkin double ko mice.
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Outcome

Here, for the first time | demonstrate biochemiaatl mild behavioral changes in the newly
developed conditional Ret deficient mice (DCB-Re) kn addition to the age dependent
nigrostriatal DA system degeneration as descrilmethé previously reported DAT-Ret ko
mice (Krameret al., 2007). More importantly, | provide genetic eafide that Ret and parkin
functionally interact to promote SNpc DA neuronsvstal in mice. Aging mice lacking Ret
and parkin show enhanced degeneration of DA neurortee SN and their axons in the
striatum. Interestingly, human parkin overexpressamuld protect the degenerating DA
system of the Ret deficient mice suggesting redoinfilenctions of Ret and parkin. Moreover,
parkin deletion partly normalized the enlarged D/&tem in mice with MEN2B mutation
suggesting the functional cooperation of Ret andipdor the development of nigrostriatal
DA system. | also provide the first vivo evidence for converging functions of Ret signaling
and parkin activity to maintain the proper cellwWerP levels and mitochondrial function in
the SNpc DA neurons. All together, these obseraati@veal an important crosstalk of Ret
and parkin to ensure proper mitochondrial functiorprevent degeneration of nigrostriatal
DA system. The knowledge about functional inte@cttand redundant functions of parkin
and Ret might help to develop novel strategies revgnt, to slow down or to treat PD;
particularly in PD patients with parkin mutatiofSPNF and other Ret activating ligands
might be more effective.
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3. Materials and Methods

A. Materials

Table 3.1 List of chemicals and reagents

Substance Company
2-Mercaptoethanol Invitrogen
3,4-Dihydroxybenzylamine Aldrich
Acrylamide Roth
Agarose BlOzym
Ammonium Persulfate (APS) Appli Chem
Bovine serum albumin (BSA) PAA
Bromophenol blue Carl Roth

Celvol® 205 Celanese chem
Protease Inhibitor Cocktail Tablets Roche
Coumaric acid Carl Roth

Di amino benzidine (DAB) Sigma-Aldrich
Disodium hydrogen phosphate (M O,) Carl Roth
DMEM Invitrogen
DMSO Carl Roth
dNTP Set, 100mM Solutions Fermentas
Ethidiumbromide Carl Roth
Ethylene diamine tetra acetic acid (EDTA) CarttiRo
Ethylene glycol Sigma-Aldrich

Flouromount G

Southern biotech

Ficoll Type 400 Sigma-Aldrich
Glutaraldehyde Fluka
Glycerol Carl Roth
Hydrochloric acid (HCI) Carl Roth
Hydrogen peroxide (yD,) Merck
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Ketamine UKE Apotheke
Luminol Carl Roth
Magnesium chloride (MgG) Carl Roth
Osmium tetroxide (Osg) Sigma-Aldrich
Paraformaldehyde (PFA) Appli Chem
Pepsin Appli Chem
perchloric acid Appli Chem
Ponceau S Sigma-Aldrich
Potassium chloride (KCI) Carl Roth
Potassium dihydrogen phosphate @rRIQ;) Merck

Rompun UKE Apotheke
sodium cacodylate Sigma-Aldrich
Sodium chloride (NacCl) Carl Roth
Sodium dodecyl sulfate Carl Roth
Sodium hydroxide (NaOH) Carl Roth
Sucrose Sigma-Aldrich
TEMED Carl Roth
Tris(hydroxymethyl)aminomethane Merck

Triton X-100 Carl Roth
Tween20 Carl Roth
Xylene cyanol dye solution Sigma-Aldrich

Table 3.2 List of buffers and solutions

Buffer name Constituents

1X Phosphate buffer saline 10 mM NaHPQy; 2 mM KHy,PQ,; 0.137 M NaCl; 2.7 mM
(PBS) KCI

1X Tris buffer saline 50 mM Tris pH 7.4; 150 mM NaCl

(TBS)

Tris buffer saline with Tween 0.1 % Tween20in 1 X TBS

(TBST)

46



Tail lysis buffers
buffer A

buffer B

10X TAQ buffer
Loading dye (for DNA)
50X Tris Acetate-EDTA
(TAE) buffer (1L)
Anaesthetic solution

4% PFA

Sucrose solution

Brain embedding solution

Celvol® mounting medium
Cryoprotection solution (1L)
Blocking solution

(for IHC)

Antibody carrier solution
(for IHC)

DAB solution
(for IHC)

Tissue homogenization buffer

(for Western blotting)

6X Loading dye (for proteins)

APS (10%)

Blotting buffer (1X)
(for Western blotting)

Blocking solution and
antibody carrier solution
(for Western blotting)

Materials and Methods

5 M NaOH; 0.5 M EDTA pH 8.0

1 M Tris HCI pH 5.0

1 M KCI; 1 M Tris HCI pH 9.0; 1 M MgGl

3 % (w/v) Ficoll Type 400; 0.05 % (w/v) bromophefblie;
0.05 % (w/v) xylene cyanol F

2 M Tris pH 7.8; 0.5 M NaOAc; 50 mM EDTA

120 pL ketamine 100mg/mL; 80 puL rompun 20mg/mL

1L PBS (warm up to 60°C); 40 g PFA; 400 uL 5M Na®H
150 pL 37% HCI pH 7.5; Cool down to 4°C before use

30 % (for IHC) and 80 % (for immuno-EM) of Sucrose
100mL PBS

mix egg yelow and sucrose 10 : 1 (g/g); use cold far
embedding (4C) to polymerize, add 0.5 mL glyceraldehyde
25 9% to 10 mL egg mix; mix well and allow 45 minrfo
polymerization at room temperature, then move the
embedded brains to dry ice after 30mins store thelds
until used at -88C

Celvol®205 125 g/L; glycerol 25 % (v/v); in 0.1 MBS pH
7.4

30 % glycerol (v/v); 30 % ethylene glycol (v/v)@l M PBS
pH 7.4

5 % BSA; 0.3 % Triton X-100 in TBS

2 % BSA; 0.1 % Triton X-100 in TBS

5 mL of H,0; Each tablet of DAB and 4@,

50 mM Tris HCL pH 7.5; 150 mM NacCl; 0.5 % Triton X
100; 1 tablet Protease Inhibitor cocktail EDTA frger 50
mL of buffer); 1 tablet of Phostop phosphatase hitbi
cocktail (for 10 mL of buffer)

125 mM Tris pH 6.8; 4 % SDS; 20 % v/v Glycerol 100%
200 mM 1M DTT; 0.02 % bromo phenol blue

1 gof APSin 10 mL ddyD

20 mM Tris; 150 mM glycerine; 0.1 % (w/v) SDS; 20 %
(v/v) methanol

5% BSA; 0.1 % Tween20 in TBS
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ECL (10mL)
(for Western blotting)

Blocking solution
(for immuno-EM)

Antibody carrier solution
(for immuno-EM)

Osmium (for immuno-EM)

HPLC lysis buffer

Table 3.3 List of kits
Kit name (order number)

Vectastain ABC (peroxidase)
Standard (PK-4000)

Pierce™ BCA protein assay kit
(Thermo Scientific #23225)

OxyBlot Protein Oxidation
Detection (S7150)

Complex | Enzyme Activity
Microplate assay (ab109721)

ATP (Colorimetric/Fluorometric)
Assay (ah83355)

Materials and Methods
0.1 M Tris pH 8.5; 3 uL of 30 % H202; 50 pL of 26tM
luminol(DMSO); 25 puL 90 mM coumaric acid(DMSO)

0.3 % BSA; 10 % horse serum in 1 X PBS pH-7.4
Note: No detergent

0.2% BSA; 1% horse serum; in 1 X PBS pH-7.4
Note: No detergent

1 % Osmium tetroxide in 0.1 M Cacodylate buffer

0.1 M perchloric acid (HCIO4); 0.5 mM disodium EDTA
100 ng/mL of 3,4 dihydroxybenzylamine

company purpose
Linaris antibodgnal enhancer
Thermo Scientific stimation of protein concentration
Millipore detection pfotein carbonylation
Abcam complex | activimeasurements
Abcam total agdlir ATP measurements
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B. Methods

3.1 Transgenic mouse lines

3.1.1 Animal housing

All animal (mouse) experiments were performed icoadance with the German Animal
Welfare Act and with the approval of local authiest of the city state Hamburg and the
animal care committee of the University Medical @erHamburg-Eppendorf (UKE). Mice
were housed in the mouse facility of the Center Ntwlecular Neurobiology Hamburg
(ZMNH) under constant conditions temperature (at@pand humidity (at 40-50%) in a 12 h
light-dark cycle with unrestricted access to foodl avater. All routine mouse work, like
changing the cages and bedding material, water fand supply, breeding, weaning,
collection of biopsies and marking mice for ideicsation was done by the animal care takers
of the UKE mouse facility.

3.1.2 Transgenic mouse lines

All transgenic mouse lines used in this study (€&8M4) were maintained on a C57BL/6J
inbred strain background.

Table 3.4 List of transgenic mouse lines

Name Type Description Reference
(abbreviation)

DAT-Cre BAC | transgenic | Cre recombinase expression by exogddailis | Parlato et al.,

(DCB) locus in the bacmid 2006
Ret floxed knock-in loxP conditional alleles flanking exon GPRet Kramer et al.,
(Ret™) gene 2006
Parkin ko knock out | exon 3 deletion resulting Ieerl., 2003

wt human parkin| transgenic | human parkin (full length) overexpressldven | Unpublished
(wt h-parkin) by mouse prion promoter

A human parkin | transgenic | human parkin (with 13 AA C-terminal tation) | Unpublished

(A h-parkin) overexpression driven by mouse prion promoter
MEN2B Knock-in constitutive active form of Ret exssion driven | Smith-Hicks et
by endogenous Ret promoter al., 2000

3.1.2.1 The Cre/loxP system was used to specifiyaiblate Ret in the mouse midbrain
DA neurons

The Cre/loxP system allows site-specific DNA recambon (excision and consequently
inactivation of the target gene) in defined cells tssues. Cre Recombinase is a Type |
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topoisomerase from bacteriophage P1 that catalffzessite-specific recombination of DNA
between loxP (locus of X-over P1, a 34-bp site radlynfound in the bacteriophage P1) sites.
Two mouse lines are required to achieve conditiayehe deletion. One is a conventional
transgenic mouse line with Cre specifically expeelss a defined tissue or cell type (we used
DCB) and the second is a mouse strain in whichalget gene (here Ret) is flanked by two loxP
sites in a direct orientation (“floxed allele"). &enbination occurs only in the Cre recombinase
expressing cells leaving the target gene actiteerremaining cells and tissues. In this study, we
crossed DAT-Cre BAC mouse line (DCB; a transgeime that carries a bacmid which expresses
Cre recombinase under the control of midbrain DAroas specific promoter, DATyith a
second mouse linthat carries floxed alleles of Ret (RetloxP conditional alleles flanking
exon 12 of Ret gendp obtain midbrain DA neurons specific conditiof&t knockout mice
(referred as DAT-Cre BAC/ Retor DCB-Ret ko; Figure 3.1).

loxP loxP

EXON11 EXON12 EXON 13
—l DAT-promoter H Cre }—

floxed Ret gene

bacmid with a Cre gene under the DAT Ret!x/x
promoter l

DAT-Cre BAC/Ret 'xx
(DCB-Ret ko)

¥

N
Cre EXON 11 EXON 13
—|_DAT-promoter | Cre T
DAT promoter driven specific Cre expression non-functional Ret gene in

midbrain DA neurons

Figure 3.1 lllustration of Cre/loxP system used fothe conditional ablation of Ret from midbrain DA
neurons

3.2 Mouse genotypingDNA extraction and PCR amplification)

DNA was extracted from mouse tails after incubatodreach tail biopsy with 10QL tail
lysis buffer A and heated for 20 min at 95 °C itharmocycler and subsequent neutralization
with 100 uL tail lysis buffer B. The resulting DNA solutionas kept at +4 °C for immediate
use or stored at -20 °C for later use. A PCR master(50 pL) was prepared using
homemade Taq DNA polymerase enzyme and 2 ul ofrgenDNA per reaction.
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The PCR master mix composition (for pD):
1 uL each of the reverse and forward primers 80, (see Table 3.5)
5 uL of 10X TAQ buffer (1X)
5 uL of dNTPs mix (1QuM),
1 uL Taqg DNA polymerase,
36 uL distilled water and

2 uL from the DNA solution

Sequence specific forward and reverse primers &R R, conditions and expected band(s)
sizes for each transgene are listed in Table $i8. Ret gene conditional alleles were tested
for germline recombination events using an addiid?CR, Ret. Amplified DNA was then
analyzed by agarose gel electrophoresis.

Table 3.5 Genotyping primers list

PCR — primers Primer sequence (5'-3") balfs) size

DCB
forward TCC CTG TGG ATG CCA CCT CTG ATG 500 bp 67 °C
reverse GCA GAA GGG GCA GCC ACACCATTC

Ret*
forward CCAACAGTAGCCTCT GTGTAACCCC 300bp&Rwt) 62 °C
reverse GCAGTC TCT CCATGG ACATGG TAG 350bp (Kpt

Ret®
forward CGA GTA GAG AAT GGA CTG CCATCT CCC 600 bp 72 °C
reverse ATG AGC CTATGG GGG GGT GGG CAC

parkin wt
forward CTC CTG GAC TCC CAT ATG GAG CcCC 300 bp 65 °C
reverse CCT TCT GTT GCT CCA CTG GCA GAG

parkin ko
forward GAA CGA GAT CAG CAG CCTCTGTTCC 350 bp 65 °C
reverse CCT TCT GTT GCT CCA CTG GCA GAG

MEN2B
forward CCT CTC ACACACCACAACC 300 bp (Ret)wt 60 °C
reverse GCT CAG TCT GAG ATG CTG GG 350bp (MEN2B)

(wt/A) h-parkin
forward ACC TGC AGG CAG GCAACGCTCAC 361 bp 64 °C
reverse GCA GGG AGT AGC CAA GTT GAG GG

3.3 Histology and Immunohistochemistry

For immunohistochemistry mice were perfused withSPBnd 4% paraformaldehyde.

Subsequently, brains were removed from the skolf fixed overnight in the same fixative
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and cyroprotected by incubating them in 30% sucsmation. Left and right brain halves
were embedded separately in egg yolk with 10% secend 5% glutaraldehyde, and kept
frozen at -80°C until analyzed. The 30 um thickooal sections were cut on a cryostat,
collected free floating, and then directly used $&aining or stored in a cryoprotection
solution at -20°C until utilized. For DA fiber staing, sections were premounted; for all other
staining procedures free-floating sections weralubeee floating or mounted sections were
blocked for 1 h in blocking solution (5% BSA, 0.3%iton X-100 in TBS) at room
temperature, and incubated with the first antibalilyted in carrier solution (2% BSA,
0.1%Triton X-100 in TBS) at 4°C overnight (see &aBI6).

For TH/GIRK2 cell body and astrocyte/microglia stag, the sections were washed three times
in TBS for 5 min andincubated at4’C overnightwith a species-specific biotin-coupled
secondary antibody (dilution 1:200 in antibody ibation buffer) from Vectastain ABC kits
(Linaris). After another three washes in TBS, sediwere incubated with a complex of avidin-
biotin (in which a part of biotin-binding sites aracant) coupled to horseradish peroxisade (HRP;
dilution 1:200 in TBS buffer; incubation 1 h at mdemperature). Finally, after three washes in
TBS, a substrate of HRP, the diaminobenzidine (DAB)ch is diluted in ddBD was added.
Sections were incubated until a brown precipitases ¥ormed that allowed specific visualization
of neurons or glial cells. The DAB exposure wasrofed to allow a high signal-to-noise ratio,
usually not more than 20 min. The sections wera thashed once with ddB for 15 min and
mounted on glass slides, then after air dryingy thee finally mounted with the Celvol®
mounting medium.

For TH/DAT fiber immunofluorescence staining, thectsons were washed three times in
TBS for 5 min after overnight primary antibody ibation and then the sections were
incubated in biotinylated secondary antibody (1:266-mouse or anti-rat, Linaris) diluted in
carrier solution for 2 h at room temperature, agaashed as described above, and treated
with streptavidin-Cy3 (1:500; Sigma) diluted in ar solution, for 2 h at room temperature.
For other immunofluorescence staining procedutes,sections were washed three times in
TBS for 5 min after overnight primary antibody it@iion and then sections were incubated
in respective secondary antibodies that are couggesither Alexa488 (Invitrogen) or Cy3
(Invitrogen) at a dilution of 1:500 in carrier sthn at 4°C overnight. After another three
washing steps, all the immunofluorescence stainectio®is were mounted in aqueous
mounting medium with anti-fading reagent (FluoromoG, Southern biotech).

Table 3.6 List of primary antibodies for immunohistochemistry

antibody (a-) Host clonality working dilution company/source
Ret Rabbit monoclonal 1:250 lab made
Parkin Goat polyclonal 1:500 AbD serotec
TH Mouse monoclonal 1:1000 Diasorin
DAT Rat monoclonal 1:500 Chemicon
GIRK2 Rabbit polyclonal 1:500 Almone labs
GFAP Rabbit polyclonal 1:500 Dako
Ibal Rabbit polyclonal 1:500 Wako
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3.3.1 Quantification of cell populations

For stereological analysis, unbiased counting ike&ato genotype and condition was
performed using the optical fractionator work floithe Stereolnvestigator software program
(MicroBrightField, Williston, Vermont, United Stageon 30 pum thick coronal serial sections
with a section interval of six for the midbrain (f&Nand VTA) using an oil immersion 63x

objective, a counting frame of 50 x hfh, and a grid size of 100 x 1@én.

3.3.2 Quantification of soma size

TH immunostained coronal sections were analyzeagusibright field microscope with a 63x
objective. Random cells were selected using opfraationator work flow and soma size was
determined using the ‘nucleator’ probe in the Sthereestigator software (MicroBrightField,
Williston, Vermont, United States). For each mou®0 to 150 cells were analyzed,
experimenters were blinded to the genotype of aaatnal.

3.3.3 Fiber density measurement

Striatal fiber density measurements were perfor@@gim thick coronal striatal sections as
described by Kowsky and others (Kowslkg al., 2007). Images of TH or DAT
immunofluorescent stainings were taken using aflugpescent upright microscope Axio
Imager.M1 (Zeiss, Goettingen, Germany) equipped aan&matsu camera C8484. Five
coronal striatal sections with a section interviasig, distributed between bregma +1.10 and
—0.10 mm were analyzed. For every section, thretu@s in the dorsal and two pictures in
the ventral striatum were acquired using an oil emion 63x objective. In order to
automatically delineate the fibers and to increths&e signal-to-noise ratio, the images were
first thresholded and subsequently quantified wéh automatic counting-grid macro
implemented in the Metamorph software (Moleculavibes, Sunnyvale, California, United
States).

3.3.4 Astrocyte and microglial density quantificatons

Every sixth section (30 um thick coronal) from #teatum and the midbrain was used to
determine the density of astrocytes (immunostaified GFAP) or microglial cells
(immunostained for Ibal) in the dorsal striatum &W respectively. For each section, the
area containing labeled cells was delineated amdages of dorsal striatum and 2 images of
SN were acquired using the upright microscope Akimager.M1 (Zeiss, Goettingen,
Germany). The number of cells was later determifiech the images obtained from 5
sections per animal by using the cell counter plugithe ImageJ program (NIH).

3.3.5 Fluorescence intensity measurements and caddization studies

To correlate protein expression levels in tissuthluorescence intensities (Figure 4.24 A
and B) and for co-localization studies (Figure 4,l#nmunofluorescent staining was
performed on 30 um coronal sections (of the regainaterest) from 3 different animals per
genotype. Multicolor images of RGB samples weraimlgtd with a Leica TCS SP2 confocal
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microscope system and 10x (0.3 NA) and 63x (oiRINR) objectivesimage stacks were
maximally projected and contrast and intensity lewsere uniformly adjusted using the
ImagedJ program (NIH). For fluorescence intensigasurements, intensity values of at least
150 cells from an animal was averaged represergemhean pixel intensities using Image
Studio Lite (from LI-COR). For co-localization sted, at least 150 cells were counted from
each animal using the cell counter plugin in thage program (NIH).

3.3.7 Immunoelectron microscopy

After perfusing mice with 0.9% saline and fixati{é% paraformaldehyde with 0.1%
glutaraldehyde), brains were removed from the skahd postfixed overnight in 4%
paraformaldehyde at 4°C. The brains were then dtit & vibratome in to 100 um thick
sections and incubated in 2.3 M sucrose (in PBS7 giovernight at 4°C. Sections were then
permeabilized by a process called cracking, in Withe sections were alternatively incubated
for 3 min in 2- methyl-butane (cooled below -100Cliquid N;) and 2.3 M sucrose (at
room temperature) for three times and then wadtree times with PBS, each wash for 5 min
and incubated in 0.3% H202 and washed with P8&ctions were blocked with 0.3% BSA
and 10% horse serum in 1X PBS for 30 min and theobated in mouse anti-TH antibody
(1:1000, Diasorin), diluted in carrier solution (PBS with 0.2% BSA and 1% horse serum)
for 48 h at 4°C. After primary antibody incubatiosections were washed with PBS and
incubated in HRP coupled anti-mouse secondary @ayi(1:500, Vectastain) diluted in
carrier solution for 2 h at room temperature arehttvashed with PBS before incubating the
sections in Vectastain ABC solution (Vector Laborats, Burlingame, California, United
States) for 2 h at room temperature. For browmstgj sections were washed with PBS and
incubated with diaminobenzidine (DAB) for 5 minlfmhing three PBS washes. The stained
sections were then rinsed three times in 0.1 Mwuodtacodylate buffer (pH 7.2—7.4) and
osmicated using 1% osmium tetroxide (Science Sesyibinchen, Germany) in cacodylate
buffer. Following osmication, the sections were yaihated using ascending ethyl alcohol
concentration steps, followed by two rinses in gtepe oxide. Infiltration of the embedding
medium was performed by immersing the sections inlamixture of propylene oxide and
Epon and finally in neat Epon and hardened at 60 Ulfrathin sections (60 nm) were
examined in EM902 (Zeiss, Germany). Pictures welkesrt with a MegaViewlll digital
camera (A. Trondle, Moorenweis, Germany).

3.3.7.1 Immunoelectron microscopy data analysis

Total number of mitochondria and percentage of @gdamitochondria per 100 |fnof
cytosolic area was analyzed from 1500+250*[Titd immunolabelled cytosolic area of SNpc
neurons obtained from two to three vibrotome sestiftor each animal. Mitochondria were
considered as damaged when the cristae are déstartdisrupted, when the outer membrane
is detached or when the outer membrane has protsigstichekt al., 2007). For estimating
the length of mitochondria, a minimum of 500 mitoodria were counted from 20-28 TH
immunolabeled SNpc neurons obtained from two tedhribratome sections per animal. We
classified the mitochondria into two groups basadteeir length, smaller than 0.5 pum and
larger than 0.5 um, slightly different from what svdescribed previously (Gautiet al.,
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2008). The analysis was done independently by twemnéners blinded to the genotype using
the ImageJ program (NIH).

3.4 Biochemical analysis

3.4.1 Tissue preparation for biochemical analysis

Mice euthanized through cervical dislocation, bsamere removed from the skull, quickly
frozen on dry ice and stored at -80°C until usdte Trozen brains were cut in to 1 mm thick
(for SN) and 2 mm thick (for striatum) coronal sect (2 mm rostral or caudal to the
interaural line); and tissue was punched out witinRdiameter sample corers (Fine Science
Tools, Heidelberg, Germany). The dissected SN #nmatiem samples were used for different
experiments as described.

3.4.2 Sample preparation for Western blotting

For mouse tissue, dissected SN and striatum sanfaes control and mutant mice were
homogenized in pre-cooled lysis buffer (50 mM THiSI pH-7.5, 150 mM NaCl, 0.5% triton
x-100) with appropriate amounts of protease andphatase inhibitor cocktail (Roche) using
Teflon Dounce. The homogenate was centrifuged @0@@ for 15 min at 4°C. Supernatant
obtained was used for western blotting proteinthensoluble fraction and for determination
of protein concentration using BCA (Pierce); wherefar detergent insoluble proteins the
pellets obtained after centrifugation were boileduffer containing 25 mM Tris pH 6.8, 1%
SDS, 4% glycerol and 5%-mercaptoethanol for 10 min at 95°C. For mammatialh lines,
cell pellets were lysed in 0.1% Triton X-100 in P&8h appropriate amounts of protease and
phosphatase inhibitor cocktails (Roche) by pipgttip and down then centrifuged at 20000g
for 15 min, supernatants were used for determimir@ein concentration using BCA (as
described in 3.4.2.1) and Western blotting (as mlesd in 3.4.3).

3.4.2.1 Estimation of protein concentration

Protein concentrations of brain tissue lysates SRdSY5Y cell lysates were determined
using the Pierce™ BCA protein assay kit (Thermea&ttiic) according to the manufacturer’s
instructions. Along with test samples, BSA standandth 5 different concentrations in the
range of 0-10 pg/puL were measured. All samplesssamadards were measured in triplicates.

3.4.3 Western blotting

Sodium dodecyl sulfate polyacrylamide gel electaypBis (SDS-PAGE) was used to

separate proteins according to their molecular eand the resolved proteins were then
transferred on to PVDF membranes for immunodetecttoHoefer SE 600/400 system with

1.5 mm spacers and 10 well Teflon combs were use@DS-PAGE. For resolving proteins

of my interest | casted mini gels until 3/4th oé ttotal volume between the glass plates with
10 % (w/v) resolving gels, after polymerizationtbé resolving gel, the remaining 1/4th of

the volume was filled with 4 % stacking gels (comsiion of resolving and stacking gels are
shown below). After adding the stacking gel 10 weadflon combs were placed, which were

removed after polymerization to create sample wells
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10% (w/v) resolving gel: 4.05 mL of ddH20

(10mL) 3.3 mL of 30% acrylamide
2.6 mL of 1.5 M Tris pH 8.8 with 0.4 % SDS
50 uL of 10 % APS
5 uL of TEMED

4% (w/v) stacking gel: 3.05 mL of ddH20

(5mL) 0.65 mL of 30% acrylamide
1.3 mL of 0.5 M Tris pH 8.8 with 0.4 % SDS
50 uL of 10 % APS
5 pL of TEMED

Striatal and SN protein lysates (with 3-5 pg/puLncentrations were mixed with equal
volumes of protein loading buffer and heated fomi at 95 °C before loading into the
sample wells of the gel. One well in each gel waléd with prestained protein molecular
weight standard to identify molecular weights (D&. Electrophoresis run was performed at
100 V until bromophenol blue (which was used in lbeding buffer) dye front reaches the
bottom of the separating gel. The SDS-PAGE gelaesd from the glass plates and incubated
in blotting buffer. To start the blotting procedurVDF membranes were activated by
incubation in methanol for 3-5 min and transfertedblotting buffer together with six
Whatmann blotting papers. For transferring the Ikesb protein from the gel to the
membrane, 3 sheets of Whatmann blotting papers placed on a semi dry transfer cell, on
top of the blotting papers PVDF membrane was placedhich the SDS-PAGE gel is placed
on which 3 sheets of blotting paper were placect lidhof the transfer apparatus is carefully
placed on the stack and connected to a power solmraesfer was carried out with 1 mA/Em
(for 1 blot: ~0.12 A) for 2 h and after which thiéi@ency was checked by staining the PVDF
membrane with a temporary Ponceau S staining. Manasrwere then blocked in appropriate
amounts of blocking solution (5% BSA powder in TBBfor 1 h at room temperature while
gently rocking on a horizontal shaker. Next, membgwere incubated with appropriate
amounts of primary antibody diluted (Table 3.7)carrier solution and placed on a rolling
mixer at 4 °C over night. After incubation in pringaantibody, the membrane was washed 3
times with TBS-T (5 min each wash) with constanitaan on a horizontal shaker.
Membranes were then incubated with respective H@dish peroxidase (HRP)-conjugated
secondary antibody (Jackson Immunoresearch) dilutechrrier solution for 1 h at room
temperature, the membrane was washed 3 times iIRTTESmin each wash) again followed
by one time in TBS. Immunodetection was achievethbybating the membrane for 3 min in
ECL solution. Finally, chemiluminescent signals &vdetected under the Image Reader LAS-
4000 system. The chemiluminescent signals weredsasepictures by the image reader at
pre-determined time points and later quantifieds@me cases) using the Image Studio Lite
(from LI-COR).
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Table 3.7 List of primary antibodies for Western bbtting

antibody (a-) host clonality working dilution company/source
Ret rabbit monoclonal 1:1000 lab made
Parkin mouse monoclonal 1:500 Santa Cruz
Biotechnology
TH mouse monoclonal 1:20000 Diasorin
B-actin mouse monoclonal 1:20000 Sigma Aldrich
phospho-AKT (Ser 473 mouseg monoclonal 1:1000 Sigihaling Technology
phospho-S6 (S235/236 rabbit monoclonal 1:1000 Sigihaling Technology
phospho-ERK1/2 rabbit monoclonal 1:1000 Cell Signaling Technolagy
(Thr202/Tyr204)
AKT (pan) rabbit monoclonal 1:1000 Cell Signalingchnology
S6 mouse monoclonal 1:1000 Cell Signaling Technolpg
ERK1/2 rabbit monoclonal 1:1000 Cell Signaling Teclogy
DAT rat monoclonal 1:500 Chemicon
NDUFAL10 rabbit polyclonal 1:1000 Santa Cruz Biotedbgy
Histone 3 (H3) rabbit monoclonal 1:1000 Cell SigmgITechnology
Opal mouse monoclonal 1:1000 BD Transduction
Laboratories
Drpl mouse monoclonal 1:1000 BD Transduction
Laboratories
Mfnl mouse monoclonal 1:1000 Abcam
Mfn2 rabbit monoclonal 1:1000 Sigma-Aldrich
COXll rabbit monoclonal 1:1000 Epitomics
COXIV rabbit polyclonal 1:500 Cell Signaling Techngjo

3.4.4 Detection of protein carbonylation

For detecting the carbonylation of proteins in colnand mutant mice (24 months old), SN

and striatum tissue samples were prepared (asiloeddn 3.4.1). After protein concentration

determination using BCA (as described in 3.4.215)g of protein per sample was used to
detect protein carbonylation using Oxyblot kit (Mibre) and rest of the procedure was
carried out as per the kit manufacturer’s instarcii

3.4.5 Striatal total dopamine measurements using HEZC-ECD system

Dissected striatal tissue from control and mutaitemvas homogenized in 0.1 M perchloric
acid containing 0.5 mM disodium EDTA and 100 ng/r8l4-dihydroxybenzylamine (internal
standard) and then centrifuged at 50,000 g for BO Rellets thus obtained were resuspended
in 200 pL neutralizing buffer (lysis buffer usedr f&estern blotting) for protein
determination using BCA (as described in 3.4.2ulhereas, the supernatants after filtering
through a 0.22 uM PVDF membrane were subjected RhCGH electrochemical detection
system analysis as described previously (Yang amél B2011) with the following
modifications, 3,4 dihydrobenzylamine (100 ng/mlsdie buffer) was used as internal
standard; flow rate of the mobile phase was 1.2mi/ the sample injection volume was
20uL. The applied electrochemical potentials wé&enditioning cell = +10 mV; analytical
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cell: E1 =+ 50 mV; E2 = 360 mV. The retention tsn& the measured metabolites were as
follows: DOPAC (3.80 min), 3,4-dihydroxybenzylami(#25 min), dopamine (6.88 min) and
HVA (10.30 min). The peak areas of Dopamine andngsabolites were normalized with the
peak areas of internal standard to obtain the ttadunt DA and its metabolites present in
the injected sample volume and the final valuesewepresented as nanogram per milligram
of striatal protein.

3.4.6 Measurement of Cellular ATP Levels in mouserhin tissue

Dissected SN tissue samples from control and mutace were homogenized in 200 pL of
pre-cooled ATP assay buffer provided in the kit FARssay Kit - Abcam) using Teflon
Dounce. Small volume of the homogenate was usegrfitein concentration determination
using BCA (as described in 3.4.2.1), whereas, oédhe homogenate was centrifuged at
140009 for 15 min and 50 pL of the supernatant wgzsl to perform fluorometric ATP assay
according to the kit manufacturer’s instructions.

3.4.7 Cell cultures and RNA interference

SH-SY5Y (human neuroblastoma cells; ATCC® CRL-2266&¢lls were cultivated in
DMEM supplemented with 15% FBS (Sigma) and maimadiat 37°C, 5% C©O For RNAI
intereference, cells were reversely transfectech wiite following stealth siRNA oligos
(Invitrogen): human Ret HSS109181; human Parkin H8S94 using Lipofectamine
RNAIMAX (Invitrogen). After 4 h medium was changedd cells were harvested 48 h post-
transfection using cell scraper, after a brief glrgation for 5 min at 1000 rpm in 4 °C the
cell pellets are immediately flash frozen in ligiNgand then stored at -80 °C until used.

3.4.8 Mitochondrial enrichment and Complex | activty (from SN tissue and
SH-SY5Y cell samples)

Dissected SN tissue samples were homogenized ih dnchsiRNA transfected cell pellets
(obtained from one 6 well plate) were lysed in O.Bihpre-cooled homogenization buffer
containing 320 mM Sucrose, 5 mM Tris pH-7.4, 2 mNBTA along with appropriate
amounts of protease inhibitor cocktail (Roche).efften strokes with Teflon dounce (for
tissue) or pipetting the pellet up and down fortBfes in the lysis buffer (for SH-SY5Y
cells), the lysates were centrifuged for 3 min B0@ to remove nuclei and other cell
particles. Supernatants were collected and cegadufor 10 min at 12,000g to pellet
mitochondria and synaptosomes. The crude pelletresisspended in 1 ml (for tissue) and
0.5ml (for SH-SY5Y cells) of homogenization buffeontaining 0.02% w/v of digitonin to
disrupt synaptosomal membranes and release trapgedhondria (Palacinet al., 2004).
The resuspended samples were centrifuged for 10ainih2,000g to pellet mitochondria,
which were again resuspended in 100 ul of the hemiagtion buffer, and protein content
was determined by BCA assay (as described in 3)42omplex | enzyme activity assay was
performed using the complex | enzyme activity mptate assay kit (Abcam) according to the
manufacturer’s instruction with 30 pg protein (fasue) and 50 pg protein (for SH-SY5Y
cells) from the enriched mitochondrial preparations
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3.5 Behavioral Experiments

Aged male mice (12 and 24 month old) were housdtvistually with free access to water
and food in a room with 12 h /12 h reversed dayvnaycle. All behavioral experiments were
conducted during the dark period in a quiet rooti AP lux light intensity.

3.5.1 Open field

To test the general activity of aging control andgtamt mice, animals were subjected to open
field behavioral assessment. Mice received no graining; the mice that were tested at 12
months were aged and tested again at 24 monthk. rBaase was placed into a 50 x 50 cm
arena enclosed by 40 cm high walls for 10 min dueit thorizontal activity was monitored by
an observer and by using the EthoVision softwareldds, Sterling, USA). The results
represent locomotory and thigmotactic behaviorlemin.

3.5.2 Elevated plus maze

Mice (24 month old) were placed in an elevated phasze with four 30 cm long and 5 cm
wide arms, connected by a 5 x 5 cm center. Two sipgcarms were bordered by 15 cm high
walls (closed arms), whereas the other two armen@ms) were bordered by a 2 mm rim.
The maze was elevated 75 cm from the floor andnithated with 3 lux to allow video
recording. The mouse was placed into the centandamne open arm and observed for 5 min.
The following parameters were obtained from therpeorded video with the software The
Observer (Noldus); entries and duration into theropnd closed arms (calculated when all
four paws were on an arm), entries into the enith®fopen arms (calculated when the mouse
reaches with its snout the end of an open arm)hesadl dipping events in the open arms
(Trullas and Skolnick, 1993).
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4. Results

A. Parkin deetion enhances nigrostriatal
degeneration in the aged Ret-deficient mice

4.1 Generation and characterization of Ret/parkin double-
deficient mice

In the process of generating Ret/parkin doubleetiit mice, we first had to generate
conditional Ret-deficient mice, since complete abfa of Ret would lead to embryonic
lethality. Using a conditional approach we ablaRet specifically from the midbrain DA
neurons during development, this is achieved bging mice carrying a floxed allele of Ret
(the Re™ mice; Kramer et al., 2006) with transgenic miceyiag a bacmid that expresses
Cre recombinase (as early as E13.5) undeddhamine transport€d DAT) promoter (the DCB
mice; Parlato et al., 2006; Turiault et al., 206¥)generate the DCB-R¥{ (referred to as
DCB-Ret ko) mice (Figure 4.1 A). The DCB Cre exgierg mice used in this study has
several advantages over the previously known DA&-[Bre (Kramer et al., 2007). In the
DAT-Cre line, the Cre transgene insertion in to TR of one of the endogenous DAT
locus resulted in only one functional copy of DA€ng, which led to an age dependent
decrease in DAT protein levels along with increasgatal DA levels and hyperactive
behavior in the mice (Kowsky et al., 2007; Parlet@l., 2006; Turiault et al., 2007). With the
use of BAC transgenesis approach, we could ex@essinder the exogenous DAT promoter
that is engineered in to the bacmid to ablate Retifically in the DA neurons leaving the
endogenous DAT locus remained intact and functientdout any age dependent changes in
DAT protein levels or alterations in striatal DA/éds or behavior changes. The DCB-Ret ko
mice thus generated were then crossed with geparkin-deficient mice (parkin ko) (ltier et
al., 2003) to obtain Ret/parkin double-deficientceni(referred to as DCB-Ret/parkin ko)
(Figure 4.1 B).

The DCB-Ret/parkin ko mice were viable and fertD@muble and single mutant mice of Ret
and parkin together with DCB or R&t control mice were allowed to age and used for
analyzing changes in the nigrostriatal DA systendiierent time points during the aging
process (at 3-6 months, 12 months and 24 montles)afl parkin which are highly expressed
otherwise were efficiently removed in the midbr&@A neurons of the DAT-Ret/parkin ko
mice as shown by immunohistochemical co-stainirggsRet and parkin with the DA cell
marker tyrosine hydroxylase (TH) in SNpc brain gew (Figures 4.2 A and B) and western
blotting of striatal brain lysates (Figure 4.2 @hereas the levels of DA neuron specific
proteins, TH and DAT did not change in the adult/pakin double ko and Ret, parkin single
ko mice when compared with DCB controls (Figure @)2
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A
l Ret Ix/1x
DAT-Cre BAC;Ret ¥ix
(DCB-Ret ko)
B X
DCB-Ret ko parkin ko

DCB-Ret/parkin ko

Figure 4.1 Schematic representations of the crosses made to obtain Ret/parkin double-deficient mice

(A) Generation of conditional Ret-deficient mouse: DAT-Cre BAC mice, obtained from Gunther Schitz

(Parlato et al., 2006) were crossed with Floxed G&etltxnx) mice (Kramer et al., 2007) to create DAT-Cre
Ix/I

BAC/Ret (DCB-Ret ko) mice which specifically lack Ret tmeir DA neurons.

(B) Generation of Ret/parkin double-deficient mice: The conditional Ret-deficient mice were crossechwit

parkin-deficient mice obtained from Alexis Bricei€l et al., 2003) to create double KO mice (DCB/parkin

ko) which are completely deficient for parkin armtk Ret specifically in the DA neurons. The Ret4rako

mice were analyzed at adult (3-6 months), middgr{ibnths) and late (24 months) ages.
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Figure 4.2 Characterization of Ret and parkin deletion in SNpc DA (TH) neurons of Ret/parkin double ko
mice

(A-B) Representative images of coronal sectionsnfi® month old control (DCB) and DCB-Ret/parkin ko
showing loss of (A) Ret and (B) parkin expressioi H stained DA neurons of the SNpc in the DCB-paattin
ko mice but not in the DCB control. Scale bar =.25.

(C) Western blot analysis of Ret and parkin expogsi striatal tissue lysates from 3 month old enaf the
indicated genotypes confirms the efficient deletidparkin and Ret proteins in their respective dkmuts. TH
and DAT expression seems not change across thaypesovhen normalized witBractin (loading control), 2
mice per genotype are shown.
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4.2 Parkin deletion enhances the age dependent progressive DA
neuronal lossin the SNpc of conditional Ret-deficient mice

To study the cell survival function of parkin in tRieficient mice, with decreased trophic
support. First, | investigated the number of DA moas in adult (3-6 month old) DCB-
Ret/parkin ko mice by stereological quantificatiwnTH antibody stained brain sections. As
reported previously for the single Ret ko (Krameale 2007) and parkin ko mice (Goldberg
et al., 2003; lItier et al., 2003), the DCB-Ret/parko mice also showed normal number of
DA neurons in the SNpc compared to age-matchedaomice (DCB) (Figure 4.3 B). To
study the effect of ageing in these mice, | analytee number of DA neurons in DCB-
Ret/parkin ko mice at 12 and 24 months of age ésestogical quantification of TH antibody
stained brain sections, by which | confirmed theagioal finding that the number of DA
neurons in the SNpc does not change in 12 and 24hudd parkin ko mice (Goldberg et al.,
2003; ltier et al., 2003) (Figures 4.3 A, C and Dhereas, | observed a progressive SNpc
DA neuron loss in the new DCB-Ret ko mouse modemfrl5% in 12 months old mice
(Figure 4.3 C) to 21% in 24 month old animals coragao the DCB control mice (Figures
4.3 A and D) similar to what has been reported tfee original DAT-Cre/Ré&t™ mice
(Kramer et al., 2007). However, the DCB-Ret/patinmice show an enhanced degeneration
of the SNpc DA neurons losing 19% at one year & 28 two years (Figures 4.3 A, C and
D). As reported for the single Ret ko mice (Kramaeal., 2007) the cell survival function of
Ret and parkin together seems also to be specifithe SNpc DA neurons; whereas, DA
neurons in the adjacent ventral tegmental area (M€gion remains unaltered in aged mice
(Figure 4.3 E). These findings for the first timtsow an essential cell survival function of
parkin in trophically impaired DA neurons of the |&iN

To address the survival function of Ret and paspacifically in the subgroup of SNpc DA
neurons that were reported to preferentially dieinhpatients; | stereologically quantified the
amount of high G-protein-activated inward rectifpatassium channel (GIRK2) expressing
DA neurons. | observed significant cell body lasshe 24 month old mice specifically in the
SNpc region but not in the VTA, this loss was uR2@8 in DCB-Ret ko and 27% in DCB-
Ret/parkin ko mice (Figures 4.3 F, G and H), whiglvery much similar to that of my TH
neuron quantifications of the 24 month old miceg(ife 4.3 D). The DA neurons loss in the
Ret/parkin double-deficient mice and single Ret waisspecific for the GIRK2 subgroup.
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Figure 4.3 Parkin deletion enhances the age dependent SNpc specific progressive DA neuronal loss in the
conditional Ret-deficient mice

(A) Representative images of coronal sections f&dhmonths old DCB, parkin ko, DCB-Ret ko and DCB-
Ret/parkin ko mice showing dopaminergic neuronhé@SNpc and VTA stained with TH antibody. Scaleba
250 pm.

(B-E) Stereological quantifications of the TH pagtneurons of the indicated genotypes in the (Bp&of 3-6
months old mice, n = 3 mice per genotype; (C) Shpl2 months, n = 3-4 mice per genotype; (D) Skipd
(E) VTA of 24 months old mice, n = 3-4 mice genotype.

(F) Representative images of coronal sections f2dnmonths old parkin ko, DCB-Ret ko and DCB-Retrar
ko mice showing GIRK2 positive neurons in the Sidpd VTA. Scale bar = 250 pm.

(G-H) Stereological quantifications of the GIRK2sjttve neurons in the (G) SNpc and (H) VTA of 24ntits
old mice of the indicated genotypes, n = 3-4 mieegenotype.

Data are represented as mean +/- SEM; n.s., nufisant, * p< 0.05, *** p < 0.001, Student’s t-test.

4.3 Parkin together with Ret is important for the maintenance of
DA innervation in aged mice

To understand the possible maintenance functionRef together with parkin in the
nigrostriatal DA system innervation; | labeled Diddrs in the striatum using TH antibody
and compared the fiber density in adult (3-6 mon#drsl aged (12 months and 24 months)
mutants with their respective controls (Figures A:#). Quantifications in the dorsal and
ventral striatum of adult mice performed togethethwkKumar Ponna, did not reveal any
significant alterations in the single parkin or Retmice as reported previously (ltier et al.,
2003; Kramer et al., 2007) or in the newly genatd&et/parkin double ko mice (Figures 4.4
B and E). | then quantified DA innervation in 12da24 months old mice. Parkin ko mice did
not exhibit any target innervation phenotype asorea previously (ltier et al., 2003);
whereas in the DAT-Ret ko mice, progressive DA ffibess was observed in the dorsal
striatum, which is 33% at 12 months and 48% at 2hths when compared to the DCB
control mice similar to what has been reported ipresty for the DAT-Ret ko mice (Kramer
et al., 2007) (Figures 4.4 A, C and D). In the Ratkin double-deficient mice this innervation
loss was even stronger and reached 51% in 12 ma@mts56% in 24 month old mice
compared to the DCB control mice (Figures 4.4 A,af@d D). The reduction of TH
innervations in the ventral striatum correspondedthe changes observed in the dorsal
striatum at 12 and 24 months (Figures 4.4 F andl89.enhanced innervation loss observed
in the 12 and 24 month old Ret/parkin double koemizas statistically significant when
compared to the single Ret ko midehen useddopamine transporter (DAT3s a second,
independent DA fiber marker to make sure that ttexipusly observed effects were not due to
downregulation of TH expression but due to the lnsBA fibers itself(Figures 4.4 H and ).
Parkin komice were used as controls, since they did not slroyDA fiber loss phenotype
(Figures 4.4 A-G), (Itier et al., 2003). Both DCRRo and DCB-Ret/parkin ko 24-month-
old mutants displayed a 35% and 49% reduction inTBAmunoreactive fiber density
relative to age-matched parkin ko control mice eetipely. Taken together data from the TH
and DAT fiber immunostaining demonstrate the imgace of parkin activity for the long-
term maintenance of DA axons deprived of Ret medi&tophic support
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Figure 4.4 Parkin along with Ret isrequired for the maintenance of striatal dopaminergic innervation in
ageing mice.
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(A) Representative images of coronal sections f&dhmonths old DCB, parkin ko, DCB-Ret ko and DCB-
Ret/parkin ko mice showing dopaminergic fiber inraion in the dorsal striatum immunofluorescemdlyeled
with TH antibody. Scale bar = 10 um.

(B-D) Quantifications of the TH fiber density inmdal striatum of the indicated genotypes in (B) Bw@nths old
mice, n = 3 mice per genotype (C) 12 months oldemic= 4 mice per genotype and (D) 24 months oltbm
= 4 mice per genotype.

(E-G) Quantifications of the TH fiber density innteal striatum of the indicated genotypes (E) 3<nths old
mice, n = 3 mice per genotype (F) 12 months oldefmic= 4 mice per genotype and (G) 24 months otekpmi =
4 mice per genotype.

(H) Representative images of coronal sections ffdnmonths old parkin ko, DCB-Ret ko and DCB-Ret{par
ko mice showing DA fiber innervation in the dorsafiatum immunofluorescently labeled with DAT aiity.
Scale bar, 10 pm.

(E) Quantifications of the DAT fiber density in dat striatum of 24 months old mice of the indicagedotypes,
n = 3-4 mice per genotype.

Data are represented as mean +/- SEM; n.s., nofisant, * p< 0.05, ** p< 0.01, *** p < 0.001, Student’s t-
test.

4.4 Ret and parkin double deletion leads to decrease in the levels
of DA and its metabolite DOPAC in the striatum of aged mice

In order to investigate the effect of nigrostridish system degeneration on striatal total DA
amounts, with the help of Barbara Finckh, | measutiee levels of total DA and its
metabolites (DOPAC and HVA) in the striatal lysateg using HPLC-ECD systenAs
reported already (Goldberg et al., 2003; Itierlet2003), aged parkin ko mice did not show
any changes in the levels of DA and its metabolitegshe striatum (Figures 4.5 A-F).
Consistent with the strong DA innervation loss e striatum, | also detected around 19%
less total dopamine in 12 months and 30% less im@dth old Ret single and Ret/parkin
knockout mice compared to control mice (i&tor DCB) (Figures 4.5 A and B). Also the
dopamine degradation product 3,4-Dihydroxyphenylacacid (DOPAC) was significantly
reduced in the 12 month and 24 month old Ret/pat&irble-deficient mice compared to their
age matched control mice (Figures 4.5 C and D). él@n no differences were observed in
the levels of the final end product of DA, homovtmiacid (HVA) at 12 or 24 months across
the genotypes (Figures 4.5 E and F). Importanttiid Inot observe any significant differences
in the total levels of DA, and its metabolites DAPAnd HVA of DCB when compared to
Ret™ mice at 24 months (Figures 4.5 B, D and F). Moeepthe Cre expressing DCB
control mice (when compared to KBt mice at 24 months) showed unaltered DA
metabolism, unlike the DAT-Cre mice (Aron et aD1P; Kramer et al., 2007); which gave us
the possibility to visualize changes in total DAdés in the striatum of Ret-deficient mice for
the first time, very well corresponding with the @all and fiber loss phenotypes (Figures 4.3
and 4.4). These observations suggest an imporénftar Ret in maintaining the total levels
of striatal DA, whereas parkin and Ret togetherpdaging a role in the metabolism of striatal
DA in aged mice.
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Figure 4.5 Ret and parkin double deletion leads to decrease in the levels of DA and its metabolite DOPAC
in the striatum of aged mice

(A-B) HPLC measurements of total DA levels of tihelicated genotypes in (A) 12 months old mice, % 6
mice per genotype and (B) 24 months old mice, A7=rdice per genotype

(C-D) HPLC measurements of total DOPAC levels ef ithdicated genotypes in (C) 12 months old mice,

7 mice per genotype and (D) 24 months old mice 4a7=mice per genotype

(E-F) HPLC measurements of total HVA levels of thdicated genotypes in (E) 12 months old mice, &+%
mice per genotype and (F) 24 months old mice, A7=dice per genotype

Data are represented as mean +/- SEM; n.s., mufisant, # p = 0.057, * g 0.05, Student’s t-test.
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4.5 Parkin deletion in Ret-deficient mice did not enhance gliosis
and inflammation in the single Ret-deficient mice

To support the idea that this is a progressivead®generative process which is just too slow
to detect dying neurons, | went ahead (with helpmif Annamneedi) to visualize gliosis and
inflammation in the nigrostriatal system of ageaenihich is thought to be an intrinsic part
of the degeneration process. | stained striatalSMdections for glial fibrillary acidic protein
(GFAP) positive astrocytes (Figures 4.6 A and BY aonized binding calcium adaptor
molecule (Ibal) positive microglia (Figures 4.7 AdeB).
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Figure 4.6 Enhanced gliosisin the striatum of aged Ret KO and Ret/parkin double ko mice

(A-B) Representative images of coronal sectionsf@? months old DCB, parkin ko, DCB-Ret ko and DCB-
Ret/parkin ko mice stained with GFAP antibody shayastrocytes in the (A) striatum and (B) SN. Stale=
250 pm.

(C-D) Quantifications of GFAP positive cells in tl€) striatum and (D) SN of 24 months old micetlud
indicated genotypes, n = 3-4 mice per genotype.
Data are represented as mean +/- SEM; n.s., mufisant, * p< 0.05, ** p< 0.01, Student’s t-test.

As reported previously for the single Ret ko migeoh et al., 2010; Kramer et al., 2007), |
observed enhanced gliosis in the striatum (FiguseG) and inflammation in the SN (Figure
4.7 D) of Ret single and Ret/parkin double-defitiarice compared to DCB controls and
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parkin ko mice. However, these changes in the Rediip double ko mice are further not
enhanced when compared with Ret single ko mice.iitreased number of astrocytes and
microglia observed in the striatum and SN respebti(Figures 4.6 and 4.7) of both the
Ret/parkin double ko mice and single Ret ko migedlly corresponded to the nigrostriatal
degenerative process as these changes were novabse the parkin ko and DCB control
mice which showed no nigrostriatal degeneratiogyfés 4.3-4.5).
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Figure 4.7 Enhanced inflammation in the SN of aged Ret KO and Ret/parkin double ko mice

(A-B) Representative images of coronal sectionsf@®l months old DCB, parkin ko, DCB-Ret ko and DCB-

Ret/parkin ko mice stained with Ibal antibody shayimicroglia in the (A) striatum and (B) SN. Schler =
250 pm.

(C-D) Quantifications of Ibal positive cells in th€) striatum and (D) SN of 24 months old micetlod
indicated genotypes, n = 3-4 mice per genotype.
Data are represented as mean +/- SEM; n.s., nafisant, * p< 0.05, Student’s t-test.

4.6 Parkin and Ret loss leads to behavioral abnormalities in aged
mice

Having observed cellular and physiological chariggle nigrostriatal system of the aged Ret
single ko mice and Ret/parkin double mutant miextri wanted to investigate behavioral
alterations in Ret ko and Ret/parkin double ko nnedative to controls and parkin ko mice at
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12 and 24 months. To measure alterations in gemetality and anxiety related behavioral
changes, | performed open-field test (in 12 andn®fths old mice) and elevated plus maze
(EPM) test (in 24 months old mice) respectively. the open-field test, | recorded the
horizontal activity of each mouse (from control amdtant groups) in an open-field arena
(50x50 cm arena with 40cm high walls on all thees)dfor 10 minutes. | then used the
Ethovision (Noldus) software to analyze movement #mgmotactic behavior (the tendency
to remain close to vertical surface, in this casthe border zone of the arena) of each mouse
from the 10 minutes video recording. At both 12 @4dmonths of age, parkin ko mice has
significantly moved less distance compared to DG@Btwls (Figures 4.8 A and C), as
previously reported by others (Zhu et al., 2007ave also observed similar alterations in
DCB-Ret ko and Ret/parkin double ko mice at 12 24dnonths. Both the single Ret ko and
Ret/parkin double ko mice also moved less distaooepared to DCB controls (Figures 4.8 A
and C). The discrepancy in the behavior of DCB-Retand DAT-Cre-Ret ko mice which
was published earlier (Aron et al., 2010; Kramerakt 2007) could be due to the use of
different Cre lines. In the current study we usediraproved Cre driver line to generate
conditional Ret ko mice without disturbing the egdnous DAT locus, resulting in unaltered
DAT protein levels, striatal total DA levels and hgperactivity in our DCB control mice.
Interestingly, the Ret/parkin double ko mice showstteased thigmotactic behavior, these
mice spent more time in the border zone duringtilaé when compared to single parkin ko,
Ret ko mice and DCB controls. However, this thigactit behavior was only significantly
changed in 12 months Ret/parkin double ko micesbotwed only a tendency in 24 months
old double ko mice (Figures 4.8 B and D), whichlddae due to less number of animals used
to perform the test at 24 months (n = 6-17 micegegiotype).

In the EPM test, | recorded the behavior of eaclisean an elevated plus maze with four 30
cm long and 5 cm wide arms, connected by a 5 x 5center. Two opposing arms were
bordered by 15 cm high walls (closed arms), whetbasother two arms (open arms) were
bordered by a 2 mm rim and the whole maze was &dvéb cm from the floor. The mouse
was placed into the center facing one open armbanth observation was recorded. Different
parameters were analyzed from the recorded viddotive software The Observer (Noldus);
entries into the open arms (calculated when alt filaws were on an open arm), entries into
the end of the open arms (calculated when the m@asdes with its snout the end of an open
arm) and head dipping events (calculated when these dips its head in the open arm) as
previously described (Trullas and Skolnick, 199B¢ss open arm entries and decreased
exploration in the open arm indicates anxiety. Pdemonth old parkin ko and Ret/parkin
double ko mice show less open arm entries (FiguBeEd and these mice rarely reached the
end of the open arms (Figure 4.8 F) compared t®®B controls; whereas, these differences
were not seen in the DCB-Ret ko mice (Figures 4a&F). In addition, parkin ko, DCB-Ret
ko and Ret/parkin double ko mice show less opentaad dipping events compared to DCB
controls (Figure 4.8 G). An abnormal anxiety-rafateehavior was already observed in a
previous study in parkin ko mice (Zhu et al., 20Hywever, in all the different parameters
analyzed, Ret/parkin double ko mice seems to shwonger behavior alterations when
compared to the Ret ko mice (which is statisticaltynificant or close to significance with a
p-value < 0.05) and a trend in enhancement of behalterations (with no statistical

significance) when compared to the parkin ko mkigyres 4.8 E, F and G).
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Figure 4.8 Parkin and Ret deletion leads to behavior abnor malitiesin aged mice

(A-D) Quantifications showing the horizontal actyvof aged mice of the indicated genotypes in therofield
test. Distance moved (in 10 min) by (A) 12 monthd éC) 24 months mice in 50*50 cm arena is showmeT
spent in the border zone of the arena (out of &) By (B) 12 months and (D) 24 months mice arevshm
=11-24 per genotype for 12months, n = 6-17 per tygmofor 24 months

(E-F) Quantifications showing the behavior durimgi® on an elevated plus maze of 24 months old widae
indicated genotypes. (E) open arm entries (F) nurabémes mouse reached the end of an open a@Ghhdad
dipping events, is shown. n = 7-11 mice per geratyp

Data are represented as mean +/- SEM; n.s., nufisant, § p = 0.07, # p = 0.057, *$0.05, ** p< 0.01, ***
p <0.001, test
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Taken together, the parkin, Ret single and Retipat&uble ko mice showed locomotory and
anxiety related behavior alterations. However, dhgiety related phenotype observed on the
EPM seems to be more parkin-dependent which iktsligand insignificantly) enhanced due
to Ret ablation in the Ret/parkin double ko mice.
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Figure 4.9 Parkin deletion resultsin smaller mitochondria in the SNpc DA neurons of aged mice

(A) Representative TEM photograph of TH immuno-lize DA neuron (darkly stained due to DAB reaction)
from the SNpc of 24 month old DAT-Cre BAC controbuse. Scale bar =5 pum.

(B) Higher magnification of the boxed region of (Mepicting normal (marked with white triangles) and
damaged (marked with black triangles) mitochondizale bar = 1 um.

(C-E) Quantifications of (C) total number of mitaefdria per 100 u?nTH+ cytosolic area, (D) percentage of
damaged mitochondria and (E) percentage of largixchondria (> 0.5 um, shown as light shaded bang)
smaller mitochondria (< 0.5 um, shown as dark sthddes) of 24 months old mice of the indicated ggpes, n

= 3-4 mice per genotype.

Data are represented as mean +/- SEM; n.s., nafisant, * p< 0.05, Student’s t-test.
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4.7 Parkin deletion leads to increase in smaller mitochondria in
mouse SNpc DA neurons

To understand the underlying causes of nigrostriltgeneration in Ret single and Ret/parkin
double ko mice, | wanted to investigate the ulttagtural changes of SNpc DA neuronal
mitochondria in the 24 month old mice.

To achieve that, | immunolabeled midbrain cororegltions from 24 month old DCB, parkin

ko, DCB-Ret ko and DCB-Ret/parkin ko mice with THtiaody for an electron microscopic

study performed with help of the ZMNH imaging fatgil(headed by Michaela Schweizer). |
used the high-magnification EM pictures (Figure@ A.and B) to examine morphological

changes in mitochondria between the different gsoop mice. | did not observe any

alterations in the percentage of damaged mitocli@nmér 100 prharea cytoplasm (Figure

4.9 C) or total number of mitochondria per 100%area cytoplasm (Figure 4.9 D) in parkin
ko (Stichel et al., 2007), Ret ko and Ret/parkimlie ko mice compared to DCB controls.
However, the percentage of smaller mitochondriae(simaller than 0.5um) is increased in
groups which lack parkin, the parkin ko and the/pakin double ko mice but not in the Ret
single ko mice when compared to DCB control miag\Fe 4.9 E).

4.8 No signs of oxidative stress or signaling abnormalities in the
Ret/parkin double ko mice

To investigate the role of oxidative stress in thigrostriatal degeneration in Ret single and
Ret/parkin double ko mice, | further detected timeoant of protein oxidation in the SN
(Figure 4.10 A) and striatum (Figure 4.10 B) lysatd 24 months old single and double
mutants using OxyBlot Protein Oxidation Detectioib tom Millipore).

To detect carbonylated proteins, | incubated thetemm lysates with DNPH (2,4-
dinitrophenylhydrazine), which then is converted®NP (2,4-dinitrophenylhydrazone) upon
binding to carbonylated proteins. The derivatizgshtes were subjected to western blot and
probed with anti-DNP antibody to detect proteinbcaylation (Figures 4.10 A and B).
Contradicting the previous finding from Palacinoatt (Palacino et al., 2004), | did not
observe any increase in protein carbonylation e 3N and striatum lysates obtained from
parkin ko mice. | also did not observe any incraasthe protein carbonylation in the DCB-
Ret ko and Ret/parkin double ko tissue lysates @vatpto DCB controls (Figures 4.10 A and
B).
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Figure 4.10 No indications of oxidative stressin the SN and striatum of aged Ret/Parkin double ko mice

(A-B) Western blot images depicting carbonylatedtpins detected by anti-DNP (2,4-dinitrophenylhydrze)
antibody following derivatization of the (A) SN an(B) striatum protein lysates with DNPH (2,4-
dinitrophenylhydrazine) provided in the OxyBlot Rrim Oxidation Detection Kit (from Millipore); 24 omths
old mice of indicated genotypes were used for §sap (n = 1 per genotype is shown)

To look for signaling changes due to Ret and paskigle and double deletion, | performed
western blot analysis with the SN (Figure 4.11 AJl atriatum (Figure 4.11 B) protein lysates
of 24 month old mice. | observed no alterationghe activation and amount of signaling
molecules namely AKT (protein kinase B), the ribmsb protein S6 (a component of the 40S
ribosomal subunit that might regulate translatiangl mitogen-activated protein kinase (ERK
kinase 1/2) during the slow progressiwesivo nigrostriatal degeneration process in the single
Ret and Ret/parkin double ko mice (Figures 4.11né B). | also did not observe any changes
in the levels of DA neuronal marker proteins, TH ioth SN and striatum) or DAT (in the
striatum) in these 24 month old mice (Figures 4Aland B). The protein levels of
mitochondrial NADH dehydrogenase (ubiquinone) lhalgubcomplex, 10 (NDUFA10), a
component of the complex | of the electron transpbain of mitochondria did not change in
the SN region (Figure 4.11 AB-actin protein levels served as loading control dbrthe
proteins mentioned above. It is possible that inWgstern blot probes, for which | carefully
punched out the SN/VTA region, other neuronal araglls in the SN and striatum regions
masked the mild signaling changes, which otheratagd have been detected.
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Figure 4.11 Ret and Parkin deletion does not lead to any detectable changesin the activation or amount of
key signaling proteinsin the SN and striatum of aged mice

(A-B) Western blot images depicting the expressibulifferent signaling proteins (as indicated alwan the

left) in the (A) SN and (B) striatum protein lysatef 24 months old mice of indicated genotypes (& per
genotype are shown)
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4.9 Morphological and physiological changes in the nigrostriatal
system of adult Ret/parkin double-deficient mice

To investigate the role of parkin in maintaining tsize of DA neuronal soma, together with
Kumar Ponna, | measured the TH immunostained DAaral soma size the SNpc of 24
months old mice using the nucleator probe of Stexestigator software (from MBF
bioscience). As reported earlier (Goldberg et2003), we did not find any decrease in the
TH soma size for parkin ko mice compared to DCBtiads (Figure 4.12 A). We could also
reproduce the previous findings of reduced soma s&izsingle Ret ko mice which was
originally reported for GIRK2 positive neurons imetSNpc (Aron et al., 2010), and in this
study we extend their findings to TH positive newalbbsoma. Since the GIRK2 positive
neurons in the SNpc are a subgroup of TH positie#s,cit could be that the cell size
phenotype is more general but not GIRK2 specifiactvhlwas overlooked in the previous
study (Aron et al., 2010). This reduced TH sonz& gihenotype observed in the Ret single
ko mice did not enhance in the Ret/parkin doublenkee (Figure 4.12 A).
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Figure 4.12 Parkin and Ret double deficiency causes early morphological and physiological changesin the
nigrostriatal DA system of adult mice, before any indications of neurodegener ation

(A-B) Quantifications of soma area measurement$tdfpositive neurons in the SNpc of (A) 24 monthd ol
mice and (B) 3-6 months old mice of the indicateda@ypes, n = 3 mice per genotype.

(C-E) HPLC measurements of (C) total DA levels (Dfal DOPAC levels and (E) total HVA levels in the
striatum of 3-6 months old mice of the indicateda@gpes, n = 5-7 mice per genotype.

Data are represented as mean +/- SEM; n.s., noifisant, # p = 0.09, * £ 0.05, * p< 0.01, *** p < 0.001,
Student’s t-test.
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In order to investigate the correlation betweenragand soma size reduction, | investigated
with the help of Kumar Ponna the TH stained DA neusoma size in the SNpc of adult (3-6
months) mice as mentioned above for the 24 momtbsxpected (and reported for the 24
months mice), parkin ko did not show any alteration TH positive soma size, compared to
DCB controls (Figure 4.12 B). However, the singlet Ro and Ret/parkin double ko mice
when compared to DCB controls, already show a @serén SNpc TH positive soma size in
their adulthood (Figure 4.12 B) before any signsuadnal or neuronal degeneration (Figures
4.3 and 4.4). As observed for the 24 months, thdt &ket/parkin double ko mice did not
show any additional soma size reduction phenotgmepared to that of the age matched Ret
single ko mice. The reduced cell soma size is sthiaearliest significant alteration found in
SNpc DA neurons of Ret-deficient mice.

These findings prompted me to look for further aesin the nigrostriatal DA system of the
adult single and double ko mice. By using HPLC-ES§}Stem, | measured the total levels of
DA and its metabolites in the striatal lysates dfila (3-6 months) single parkin ko, Ret ko
mice and double Ret/parkin ko mice along with colstf(Ret’™ and DCB mice). In the
parkin ko mice (as reported by Goldberg et al.,20er et al., 2003) and DCB-Ret ko mice,
| did not observe any significant differences ie tiotal levels of DA and its metabolites
(DOPAC and HVA). However, there is a trend of léstal DA levels in the DCB-Ret ko
mice (p value = 0.09) when compared to DCB contfleigure 4.12 C). The reduction of total
DA levels is statistically significant in the Retfsin double ko mice compared to DCB
controls (Figure 4.12 C). The adult Ret/parkin deltm mice did not show any alterations in
the total levels of DOPAC or HVA (Figures 4.12 DdaR). These early detectable changes in
the striatal DA levels of Ret/parkin double ko margues for a physiological role of Ret and
parkin in regulating dopamine synthesis or turnrove

410 Reduced total celular ATP levels and decreased
mitochondrial complex | activity isin the SN of adult Ret/parkin
double ko mice

The reduced cell size and DA levels observed irpRetin double-deficient mice could be
due to decreased energy supply. Since parkin has fleown to be a master regulator of
mitochondrial integrity (Corti and Brice, 2013; ®iland Winklhofer, 2012), | had a closer
look at the mitochondria function in all the mouseitants at adulthood. Indeed, when |
measured the total ATP levels in SN tissue lysateshserved a 20% reduction in the
Ret/parkin double but not in single parkin or Retrkice compared to DCB control mice
(Figure 4.13 A). Next, | wanted to know if the redd ATP levels in the double-deficient
mice and cells was due to a reduced respiratorynchetivity as suggested for parkin-
deficient mice (Palacino et al., 2004; Stichel let 2007). To investigate this, | performed
mitochondrial complex | activity assay in the ehed mitochondrial fractions from the SN of
the single and double mouse mutants. Only the imitodrial enriched fraction obtained from
the SN of Ret/parkin double-deficient mice showedighly significant 20% reduction of
complex | activity but not the SN mitochondrial pagations of the single parkin or Ret-
deficient mice when compared to DCB control micig(Fe 4.13 B).
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Figure 4.13 Parkin together with Ret deficiency leads to decrease in mitochondrial complex | activity and
total ATP levels in the SN of adult mice with no detectable changes in mitochondrial fission and fusion

protein levels

(A) Quantifications of mitochondrial complex | emag activity measurements in the enriched mitochiahdr
preparations obtained from the SN of 3-6 months mide of the indicated genotypes, n = 6-9 mice per

genotype.
(B) Quantifications of total cellular ATP levelsthe SN of 3-6 months old mice of the indicatedagpes, n =

5 mice per genotype.
(C) Western blot images depicting the expressiodiftérent mitochondrial proteins (as indicated ays on the
left) in the SN protein lysates of 3-6 months olitenof indicated genotypes; TH affidactin were used as

loading controls (n = 2 per genotype are shown).

(D) Quantifications of mitochondrial complex | emag activity measurements in the enriched mitochahdr
preparations obtained from the SH-SY5Y cell lysateated with control sSiRNA, parkin siRNA, Ret siRNind
Ret/parkin siRNA as indicated, lysates from 5 irefegent experiments were used for the assay.

Data are represented as mean +/- SEM<*QpO5, ** p< 0.01, *** p <0.001, Student’s t-test

However, the protein levels of key molecules inealvn mitochondrial fission (Drpl) /fusion
mechanisms (Mfnl, Mfn2 and Opal) did not changeénsingle or double mutant mice; TH
and B-actin were used as loading controls (Figure 4.13T® confirm these findings in a
well-controlled cellular system with the help of Mewildung, | performed mitochondrial

complex | activity assay in the enriched mitochaaldoreparations obtained from SH-SY5Y
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cells treated with siRNAs to knockdown the expressf parkin, Ret or both. | also observed
around 20% reduction of complex | activity in th&oohondrial preparations of parkin, Ret
single KD cells and Ret/parkin double KD cells qgared to the preparations from the cells
treated with control siRNA (Figure 4.14 D).

These observations all together suggests for teetime - as previously reported for PINK1
and parkin (Gautier et al., 2008; Gispert et 2102 Palacino et al., 2004) - an important role
of Ret alone and in cooperation with parkin in dleagng mitochondrial complex | activity
and ATP production in mice and SH-SY5Y cells with@ltering the levels of proteins
involved in fission/fusion mechanisms or proteimels of NDUFAL0, a critical subunit of
complex | (Figure 4.11 A).

B. Parkin overexpression prevents nigrostriatal
degeneration in the aged Ret-deficient mice

After revealing the cell survival function of pankin the tropically impaired DA system of
Ret-deficient mice by knocking out the parkin gerie,wanted to investigate the

neuroprotective function of parkin in the degenamatnigrostriatal DA system of Ret-

deficient mice by overexpressing parkin. To answes question, our lab obtained two
unpublished transgenic human parkin overexpressiogse lines (from the lab of Konstanze
Winklhofer, LMU, Munich). These transgenic mice exgs either full-length wildtype human
parkin (wt h-parkin) or C-terminal truncated humparkin (A h-parkin) under the mouse
prion promoter.

4.11 Characterization of transgenic human parkin overexpressing
mice

First we had to answer the question, if the patkansgenic mice express the human parkin
transgene under the control of the mouse prion ptemn the DA neurons of these mice.
Since our parkin antibodies which work in IHC déteaman and mouse parkin protein and
cannot distinguish between them. Thus, to allowiasddl determination of transgenic human
parkin expression in DA neurons we had to crosg#rkin transgenic mice (wt h-parkin and
A h-parkin) into the parkin-deficient background. tWVithe help of Kumar Ponna, |
immunohistochemically co-stained the coronal midbeections from parkin ko/wt h-parkin
and parkin koA h-parkin mice (with parkin ko and wildtype as cwoig) using a general
parkin and TH antibody (Figure 4.14 A). | then exstted the percentage of TH and parkin
double positive cells. | found that almost all DAunons of the ventral midbrain (SNpc and
VTA together) express wt h-parkin (93% of TH poagtneurons) and h-parkin (94% of TH
positive neurons) (Figure 4.14 B).
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Figure 4.14 Characterization of transgenic human parkin overexpression in midbrain DA neurons of
transgenic human parkin over expressing parkin ko mice

(A) Expression of wt h-parkin antl h-parkin in DA (TH) neurons of the SNpc in transigemice crossed with
parkin ko mice. Wildtype and transgenic mice but parkin ko mice show parkin expression. Scale=h256
pm.

(B) Quantification of TH positive cells expressitignsgenic wt h-parkin and h-parkin (n = 3 mice per
genotype, 150-200 cells analyzed/mouse.
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Figure 4.15 Characterization of transgenic wildtype (wt) and truncated (A) human parkin protein levelsin

the striatum and SN protein lysates
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(A-B) Western blot images in (A) showing the amoaofiparkin protein in triton x-100 soluble fractiaf the
SN protein lysates from wt, wt h-parkin amdh-parkin overexpressing mic@:actin was used as loading
control. Respective densitometric quantificatiorss@vshown in (B), n = 3 mice per genotype.

(C-D) Western blot images in (C) showing the amafrarkin protein in triton x-100 in-soluble fréan of the
SN protein lysates from wt, wt h-parkin aidh-parkin overexpressing mice; Histone 3 (H3) wasduas
loading control. Respective densitometric quardtfizns were shown in (D), h = 3 mice per genotype.

(E-F) Western blot images in (E) showing the amafnparkin protein in triton x-100 soluble fractiai the
striatal protein lysates from wt, wt h-parkin andh-parkin overexpressing micp:actin was used as loading
control. Respective densitometric quantificatioresevshown in (F), n = 3 mice per genotype.

(G-H) Western blot images in (G) showing amounpafkin protein in triton x-100 in-soluble fractiad the
striatal protein lysates from wt, wt h-parkin andh-parkin overexpressing mice; H3 was used as hopdi
control. Red asterisk indicates degraded samplep@&ttive densitometric quantifications were show(H), n =

3 or 4 mice per genotype.

Note: In some cases (in the wt h-parkin awdh-parkin lanes) an extra band observed below thmal parkin
protein band, which originates from an internah$lation start site in the human parkin transcaptl this
isoform lacks the UBL domain (Henn et al., 2005).

Next, | wanted to estimate the levels of transgémniman parkin in adult (3 months old) mice.
Therefore, | performed western blot analysis onofriX-100 soluble and insoluble protein
lysates of SN and striatum from wildtype (wt), wparkin andA h-parkin mice. In the Triton
X-100 soluble fraction of the SN, | observed ne&-fpld more parkin protein levels in wt h-
parkin and 2.5-fold more iA h-parkin compared to wildtype mouse parkin (Figudel5 A
and B). In the Triton X-100 soluble fractions oéthtriatum, | observed 2.5-fold more of wt
h-parkin and one-fold oA h-parkin compared to wildtype mouse parkin protkaels
(Figures 4.15 E and F). Concerning the Triton X-I¥bluble protein fractions of both SN
(Figures 4.15 C and D) and striatum (Figures 4.1%@r@d H), | did not find any major
differences in the levels of wt h-parkin andh-parkin; whereas wildtype mouse parkin was
completely absent in these fractions (Figures £1&8nd D; G and H). Taken together my
results show that the SN and striatal lysates fwirh-parkin transgenic mice contains more
soluble form of parkin protein, when compared t®AHt-parkin transgenic mice.

To test thein vivo neuroprotective potential of parkin against thephic insufficiency
induced neurodegeneration, we mated the newly ctarzed transgenic parkin
overexpressing mice wt h-parkin andh-parkin with DCB-Ret ko mice to obtain the DCB-
Ret ko/ wt h-parkin and DCB-Ret kb/h-parkin mice respectively (Figures 4.16 A and B).
The DCB-Ret ko/wt h-parkin and DCB-Ret koth-parkin mice were viable and fertile. These
mice were then aged (until 12 months) to studyinflaence of human parkin overexpression
on degenerating DA system of Ret-deficient mice.
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4.12 Transgenic overexpression of human parkin prevents DA cell
body lossin the SNpc of aged Ret-deficient mice

To study the effect of transgenic human parkin expression on DA cell bodies in wildtype
and Ret-deficient background, | stereologically mjifeed together with Kumar Ponna the
number of DA neurons in the TH antibody stainecoaf midbrain sections of 12 month old
control (Ret™), single transgenic parkin mice (wt h-parkin amd-parkin), single Ret ko
mice and human parkin overexpressing Ret ko micgBIRet ko/ wt h-parkin and DCB-Ret
ko/A h-parkin) (Figures 4.17 A-C). We found that thenfer of DA neurons in the SNpc and
in the VTA of mice with transgenic overexpressidmddtype or truncated human parkin (wt
h-parkin andA h-parkin) was similar to the R&t control mice (Figures 4.17 B and C). As
expected, in the aged (12 month old) Ret-defiarice we observed a significant 18% loss of
TH positive neurons in the SNpc region compareﬂetﬁ‘”X controls (Figure 4.17 B), whereas
the number of TH positive neurons in the adjacetAVregion (Figure 4.17 C) was
unchanged, which is consistent with my own resiitgure 4.3) and also others (Aron et al.,
2010; Kramer et al., 2007). To study the effectrahsgenic parkin overexpression in aged
Ret-deficient mice, we extended our stereologioalysis of midbrain TH positive neurons to
DCB-Ret ko/wt h-parkin and DCB-Ret koh-parkin mice. Compared to the DCB-Ret ko
mice, both DCB-Ret ko/wt h-parkin and DCB-Ret kdi-parkin mice at 12 months showed
significantly higher number of SNpc TH positive nens similar to what has been observed
in the wt h-parkinA h-parkin and R&t* controls (Figure 4.17 B).

Transgenic overexpression of wt h-parkinAoh-parkin in Ret-deficient background did not
alter VTA DA neuron numbers (Figure 4.17 C). Wsoatonfirmed these observations by
stereological quantification of GIRK2 subgroup ofADheurons in the coronal midbrain
sections of 12 month old DCB-Ret ko, DCB-Ret kohaparkin and DCB-Ret ka/ h-parkin
mice immunohistochemically stained with GIRK2 antly (Figures 4.17 D and E). These
results altogether suggest that human parkin opeession (either wt h-parkin @r h-parkin)
can prevent DA neuronal cell body loss in the agetideficient mice.
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Figure 4.16 Schematic representations of the crosses made for the generation of transgenic human parkin
over expressing Ret-deficient mice

(A) Generation of wildtype human parkin overexpiegsRet-deficient (DCB-Ret ko/wt h-parkin) mice: &h
conditional Ret-deficient mice (described in Figdr& A) were crossed with wt h-parkin overexpregsinice
(obtained from Konstanze Winklhofer) to obtain D&Bt ko/wt h-parkin mice.

(B) Generation of C-terminal truncated human parwerexpressing Ret-deficient (DCB-Ret kah-parkin)
mice: The conditional Ret-deficient mice (described Figure 4.1 A) were crossed with h-parkin
overexpressing mice (obtained from Konstanze Winildh to obtain the DCB-Ret k&/h-parkin mice.
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Figure 4.17 Transgenic overexpression of human parkin prevents DA neuronal loss in aged Ret-deficient
mice

(A) Representative images of coronal midbrain sestishowing DA neurons in the SNpc and VTA staiwét
TH antibody from 12 months old mice of indicatechgypes. Scale bar = 250 pm.

(B-C) Stereological quantifications of TH positimeurons in the (B) SNpc and (C) VTA of 12 months wiice
of the indicated genotypes, n = 3-4 mice per ggrety

(D-E) Stereological quantifications of GIRK2 pogéineurons in the (D) SNpc and (E) VTA of 12 morlds
mice of the indicated genotypes, n = 3-4 mice geOype.

Data are represented as mean +/- SEM; n.s., nofisant, * p< 0.05, ** p< 0.01, *** p < 0.001, Student’s t-
test
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4.13 Transgenic overexpression of human wildtype parkin
prevents DA innervation loss and maintains total DA levelsin the
striatum of aged Ret-deficient mice

Next, we wanted to investigate if parkin overexpi@s can also protect the striatal DA
innervation in the aged Ret-deficient mice. Witle tielp of Anil Annamneedi and Kumar
Ponna, | immunofluorescently labeled and quantifi®d fiber innervation in the coronal
striatal sections with antibodies against two irefefent DA markers TH and DAT in 12
month old mice overexpressing human parkin (wt tkipaor A h-parkin) in wildtype and
Ret-deficient background (Figure 4.18). Human paiwerexpression (wt h-parkin ar h-
parkin) did not influence DA (TH and DAT positive) the dorsal and ventral striatum when
compared to the REF mice. As reported earlier, the DCB-Ret ko mice shdwignificant
DA (TH and DAT) innervation loss relative to B&t controls, both in dorsal and ventral
striatum (Figures 4.18 A-E) (Aron et al., 2010; Kex et al., 2007). When compared to the
DA innervation (stained with TH and DAT) loss irethi2 month DCB-Ret ko mice, it was
only the full-length human parkin overexpressingt:-8eficient mice (DCB-Ret ko/wt h-
parkin) that showed significantly more TH and DA®sjiive innervation but not the C-
terminal truncated human parkin overexpressingdeétient mice (DCB-Ret k& h-parkin),
both in the dorsal and ventral striatum (Figurd84A-E).

To investigate the effect of parkin overexpressomtotal striatal DA levels of the Ret-
deficient mice, | measured the total DA levels @sdnetabolites in the striatum lysates of 12
month old Ré{™ control mice, parkin overexpressing mice (wt h-frarkA h-parkin), Ret-
deficient mice (DCB-Ret ko) and parkin overexpregdret-deficient mice (DCB-Ret ko/wt
h-parkin, DCB-Ret k& h-parkin) using HPLC-ECD system. To reduce the w@moof
animals needed for the experiment | used the dam 12 month old DCB-Ret ko and B&t
mice shown in the (Figures 4.5 A, C and E) as absmtagain; the preparation and HPLC
measurements for all the samples described hersmdRtgures 4.5 A, C and E) were done at
the same time.
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Figure 4.18 Transgenic overexpression of wt but not truncated human parkin prevents DA innervation
lossin aged Ret-deficient mice

(A) Representative images of coronal midbrain sestishowing DA innervation in the dorsal stainethwiH
antibody from 12 months old mice of indicated gepes. Scale bar = 10 um.
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(B-C) Quantifications of TH positive fibers in tiiB) dorsal striatum and (C) ventral striatum ofrh@nths old
mice of the indicated genotypes, n = 3-4 mice geogype.

(D-E) Quantifications of DAT positive fibers in ti{P) dorsal striatum and (E) ventral striatum ofri@nths old
mice of the indicated genotypes, n = 3-4 mice ge1ogype.

Data are represented as mean +/- SEM; n.s., mufisant, ** p < 0.01, *** p < 0.001, Student’s t-test.
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Figure 4.19 Transgenic over expression of wt but not truncated human parkin preservestotal DA levelsin
aged Ret-deficient mice

(A-C) HPLC measurements of (A) total DA levels, (B®Yal DOPAC levels and (C) total HVA levels in the
striatum of 12 months old mice of the indicatedagpes, n = 4-7 mice per genotype.
Data are represented as mean +/- SEM; n.s., nafisant, # p = 0.07, * p< 0.05, Student’s t-test.

The total DA levels in the striatum of parkin owexpressing mice, wt h-parkin amd h-
parkin did not alter when compared to ®&mice. As described previously, there was nearly
20% total DA loss in the striatum of DCB-Ret ko miand this DA loss was prevented only
in the DCB-Ret ko/wt h-parkin (with p value = 0.0But not in the DCB-Ret ka/h-parkin
mice. Whereas the total levels of DOPAC and HVAwé&d an increase in trend in theh-
parkin mice when compared to B8tmice (statistically not significant), this increases
significantly normalized and reached control (R8tlevels in the DCB-Ret ka/ h-parkin
mice. No major differences were observed in thelkewf DOPAC and HVA in mice with
other genotypes. It was only DCB-Ret ko/wt h-parkiice, but not the DCB-Ret ktv/h-
parkin mice that showed significant protection tifasal DA innervation and DA levels in
comparison to DCB-Ret ko mice. This could be exmdiby relatively low amount of soluble
parkin protein the\ h-parkin transgenic mice, particularly in the &iim with only one-fold
higher expression (Figures 4.15. E-H); whereagsh& SN there was nearly 2.5-fold higher
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amounts of parkin protein in theh-parkin transgene compared to wildtype mouseipankd
this is probably enough to show its protective @ffen the SNpc DA neurons. These
observations all together suggests that overexpress parkin seems to be neuroprotective
in trophically impaired Ret-deficient mice and aaaintain striatal total DA levels, prevent
age dependent DA cell body and innervation loss.

C. Parkin deletion partially normalizes the enlarged
nigrostriatal system in the adult MEN2B mice

Using two different approaches, we could show paakin is important for the maintenance
of nigrostriatal DA system in trophically impairé&kt-deficient mice. In a third approach, |
wanted to investigate if loss of parkin can normalihe DA system enlargement visible in
adult mice carrying a constitutive active form bktRet receptor with a mutation in the
intracellular domain (MEN2B mutation) (Mijatovic at., 2007). To answer this question, we
crossed parkin ko mice (ltier et al., 2003) with NEB mice (Smith-Hicks et al., 2000) to
generate MEN2B/parkin ko mice (Figure 4.20).

X

MEN2B parkin ko

MEN2B/parkin ko

Figure 4.20 Schematic representations of the crossesto generate parkin-deficient MEN2B mice

Mice with a constitutive active mutant of Ret (MEB)2were obtained from Frank Costantini (Smith-Hieks
al., 2000) and crossed with parkin-deficient miparkin ko) obtained from Alexis Brice (ltier et,a2003) to
create parkin-deficient MEN2B mice (MEN2B/parkin)ko

The MENZ2B/parkin ko mice were viable, but the miatenozygous MEN2B/parkin ko mice
where infertile. |1 analyzed DA system in these miceheir adulthood (3-6 months), as |

wanted to study the early developmental role okipan the enlarged DA system of MEN2B
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mice. Throughout these experiments (unless mert)jpreconsidered parkin ko mice as
control group, since previous studies (Goldbergl t2003; ltier et al., 2003) and the present
study (Figures 4.3-4.5) did not observe any sigaiit alterations in the DA system of these
mice.

4.14 Parkin deletion normalizes the increased number of SNpc DA
neuronsin the adult MEN2B mice

To study the effect of parkin deletion on increasachber of DA cell bodies in the MEN2B
mice, | stereologically quantified the number of DAurons in the coronal midbrain sections
of 3-6 month old parkin ko, MEN2B and MENZ2B/parkio mice stained with antibodies
against two different DA markers TH and GIRK2 (Figg14.21 A and D).

As described previously (Mijatovic et al., 2007 dnfirmed that adult homozygous MEN2B
mice show more DA neurons specifically in the SNpt% more TH positive cells; 31%
more GIRK2 positive cells) compared to parkin kocen{Figures 4.21 A, B, D and E).
However, in the MEN2B/parkin ko double mutant mitee number of DA neurons are
normalized (a reduction of 12% TH positive and 18¥RK2 positive cells) compared to
MEN2B mice (Figures 4.21 A, B, D and E). As repdrfeviously, the number of VTA DA
neurons is not increased in MEN2B mice and alsgsstiaaltered in MEN2B/parkin ko mice
when compared to parkin ko mice (Figures 4.21 CRnd

4.15 Parkin deletion dightly normalizes the increased DA
innervation and increases DA turnover in the striatum of adult
MEN2B mice

To study the effect of parkin deletion on increa8gl innervation of the MEN2B mice, |

labeled the DA innervation in the coronal striasgictions of 3-6 month old parkin ko,
MEN2B and MEN2B/parkin ko mice with antibodies agsitwo independent DA markers
TH and DAT. As reported previously (Mijatovic et.,aR007), | confirmed that adult
homozygous MEN2B mice show more DA innervation (44%re TH positive fibers and

56% more DAT positive fibers in the dorsal striajurompared to parkin ko mice (Figures
4.22 A, B, C and D). The increased striatal DA magons observed in MEN2B mice is
slightly but significantly reduced by 10 and 11%tlwe dorsal striatum of MEN2B/parkin ko
mice when stained with TH and DAT antibodies, resipely (Figures 4.22 A, B, C and D).
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Figure 4.21 Parkin deletion partly normalizes the increased SNpc DA neuron numbers in the MEN2B
mice

(A) Representative photomicrographs of coronal isest from 3-6 months old parkin ko, MEN2B and
MEN2B/parkin ko mice showing TH positive neurongtie SNpc and VTA. Scale bar = 250 um.

(B-C) Stereological quantifications of the TH pogtneurons in the (B) SNpc and (C) VTA of 3-@nmths
old mice of the indicated genotypes, n = 3-4 npieegenotype.

(D) Representative photomicrographs of coronal isest from 3-6 months old parkin ko, MEN2B and
MEN2B/parkin ko mice showing GIRK2 expressing newgan the SNpc and VTA. Scale bar = 250 um.

(E-F) Stereological quantifications of the GIRK2sjiive neurons in the (E) SNpc and (F) VTA of 3-énths
old mice of the indicated genotypes, n = 3-4 mieegenotype.

Data are represented as mean +/- SEM; n.s., mufisant, * p< 0.05, ** p< 0.01, Student’s t-test.
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Figure 4.22 Parkin deletion dlightly normalizesthe increased striatal DA innervation in the MEN2B mice

(A) Representative photomicrographs of coronal isast from 3-6 months old parkin ko, MEN2B and
MEN2B/parkin ko mice showing TH positive fibersthre dorsal striatum. Scale bar = 10 pm.

(B) Quantifications of the TH positive fiber derysih the dorsal striatum of 3-6 months old micehaf indicated
genotypes, n = 3-4 mice per genotype.

(C) Representative photomicrographs of coronali@estfrom 3-6 months old parkin ko, MEN2B and
MEN2B/parkin ko mice showing DAT positive fiberstime dorsal striatum. Scale bar = 10 um.

(D) Quantifications of the DAT positive fiber detyiin the dorsal striatum of 3-6 months old micetlo¢
indicated genotypes, n = 3-4 mice per genotypea Ret represented as mean +/- SEM; n.s., not signif * p
<0.05, * p<0.01, ** p<0.001, Student’s t-test.
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In order to investigate the effect of parkin deletin MEN2B mice on the striatal total DA
levels, | measured the total levels of DA and itetabolites in the striatum lysates of
MEN2B/parkin ko mice together with MEN2B, parkin lemd wildtype mice using HPLC-

ECD system. As already reported for the MEN2B n{idgatovic et al., 2007), | observed

very high levels of DA (Figure 4.23 A) and its mmtdtes DOPAC (Figure 4.23 B) and HVA
(Figure 4.23 C) in the striatum compared to parkan or wildtype mice. Whereas, the
MEN2B/parkin ko mice show only a very slight andignificant reduction of total DA levels

(Figure 4.23 A) and increase in the levels of DOP{@ure 4.23 B) and HVA (Figure 4.23
C) compared to MEN2B mice. However, the ratio & A degradation product HVA to DA

(HVA/DA) is significantly recovered in the MEN2B/gan ko mice compared to MEN2B

mice (Figure 4.23 D).

Taken together all these observations show thatdbparkin helps to normalize the enlarged
DA system of MEN2B mice suggesting an importantagencross talk of Ret and parkin

already during development and adulthood to estialorrect number of DA cell and their

innervation.
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Figure 4.23 Parkin deletion in MEN2B mice nor malizes DA turnover but cannot influence total DA or its
metabolites

(A-D) HPLC measurements of (A) total DA levels, (Bfal DOPAC levels and (C) total HVA levels and) (D
ratio of HVA to DA levels in the striatum of 3-6anths old mice of the indicated genotypes, n =mi& per
genotype.

Data are represented as mean +/- SEM; n.s., naifisant, * p< 0.05, ** p< 0.01, ** p<0.001 Student’s t-
test.
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4.16 MEN2B mutation in mice enhances Ret protein levels both in
the midbrain and striatum, and also leads to increased soma size
of midbrain DA neurons

To investigate the levels of Ret protein in MEN2BIaMEN2B/parkin ko mice, | performed
immunohistochemical staining and western blot asialypn the SN sections and striatum
lysates respectively and probed with antibody agaRet. Interestingly, for the first time |
could show that MEN2B mutation in mice does notydaad to enlarged DA system but also
to more Ret protein that is detected in the midb2A neurons (Figures 4.24 A and B) and
also in the striatum (Figures 4.24 C and D) conmgbacewildtype mice. However, parkin
deletion in MEN2B mice has a slight but insignifiteeffect on the increased Ret protein
levels both in midbrain (Figures 4.24 A and B) atrthtum (Figures 4.24 C and D).

A
wild type parkin ko

Ret, 3-6M

B c (37 D
&
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g2 i 0= 0.4
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SNpc, 3-6M striatum, 3-6M
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?3/ 300 % 200 r 1 wild type
§ 200 S 150 [ parkin ko
g £ 100 B MEN2B
o S |
v o Y 50 B MEN2B/parkin ko
+
= ol E o
SNpc, 3-6M VTA 3-6M

Figure 4.24 Ret-M EN2B mutation leadsto an increase in Ret protein levelsin the nigrostriatal system and
also increases neuronal soma size of the midbrain DA neuronsin mice
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(A) Representative images of coronal sections fBasmonths old parkin ko, MEN2B and MEN2B/parkin ko
mice showing Ret expressing neurons in the SNpomeg

(B) Quantifications of Ret signal pixel intensity the SNpc of 3-6 months old mice of the indicajedotypes,

n = 3 mice per genotype.

(C) Western blot images from 3-6 months old wildtyparkin ko, MEN2B and MEN2B/parkin ko mice
showing Ret expression in striatal protein lysafieactin was used as loading control. One mouse @eotgpe

is shown.

(D) Western blot quantifications of Ret express{onrmalized withp-actin) in the striatal protein lysates is
shown, n = 4 mice per genotype

(E-F) Quantifications of TH+ soma area of 3-6mandid mice of the indicated genotypes in the (EpSind
(F) VTA regions is shown, n = 3 mice per genotype.

Data are represented as mean +/- SEM; n.s., mufisant, * p< 0.05, ** p< 0.01, Student’s t-test.

Having observed a decrease in DA soma size in bhef3A neuron specific Ret-deficient
mice (Figure 4.12 A and B); | wanted to investigtite effect of MEN2B mutation on DA
soma size, together with the role of parkin. Towarsthis question | measured soma size of
TH labeled DA neurons in the midbrain coronal sewi(using the nucleator probe of the
Stereolnvestigator program) from adult parkin kazN2B and MEN2B/parkin ko mice. As |
have not observed any changes in the soma sizduitf and aged parkin ko mice (Figures
4.12 A and B), | considered parkin ko mice as miytcm group. My results for the first time
revealed an increase in the soma size of DA neurotise SNpc (Figure 4.24 E) and VTA
(Figure 4.24 F) of MEN2B and MEN2B/parkin ko micehen compared with parkin ko
control mice. However, the MEN2B/parkin ko mice diot show any significant decrease in
the size of DA neuronal soma when compared with KMBNnice (Figures 4.24 E and F).
These observations reveal an important functiomeairotrophic signaling mediated by Ret in
establishing and maintaining the soma size of DAroes in mice (Figures 4.12 A and B;
4.24 E); whereas, parkin deletion could not modutae Ret mediated function on DA cell
size.
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5. Discussion

In the present study, | demonstrate biochemical mnd behavioral changes in the newly
developed conditional Ret-deficient mice (DCB-Ref kigure 4.1 A) along with nigrostriatal
degeneration upon ageing (Figures 4.1-4.8), whiek described in the previously reported
Ret ko mice (DAT-Ret ko mice) (Kramet al., 2007). These findings make the DCB-Ret ko
mice an even exciting preclinical genetic mouse ehom understand etiologies and
pathogenesis of PD. More importantly, | report ttiegt survival and maintenance function of
Ret is tightly linked with parkin, a PD-related feim, in the SNpc DA neurons. Deletion of
parkin in Ret receptor deficient mice leads to ewked neurodegeneration phenotype with
increased SNpc DA cell body and innervation lodsenvcompared to mice that only lack the
Ret receptor (Figure 4.3 and 4.4). InterestingBns$genic overexpression of parkin prevented
the DA neurodegeneration phenotype of Ret-deficieite (Figures 4.17 and 4.18). Parkin
deficiency also normalized the enlarged DA systémlBN2B mice (Figures 4.21 and 4.22).
It was also shown that both, Ret signaling and ipaaktivity is essential for maintaining total
cellular ATP levels and complex | activity of thatachondria contributing to appropriate
cellular morphology and physiology of the SNpc DA&urons (Figures 4.12 and 4.13).
Altogether, these data demonstrates that parkirperates with GDNF/Ret signaling to
prevent degeneration of SNpc DA neurons in micentaintaining proper mitochondrial
function. Supporting my findings, cell culture expegents performed (on SH-SY5Y cells) in
collaboration with the lab of Konstanze WinklhofdtMU, Munich for the first time
demonstrated the role of Ret in maintaining mitoah@l integrity (Mekaet al., unpublished
data), which is somewhat similar to what has beeripusly reported for parkin (reviewed in
Exneret al., 2012). The findings in SH-SY5Y cells also comi& the requirement of Ret
signaling and parkin activity for mitochondrial cplex | activity and total cellular ATP
levels (Figures 4.13 D and 5.2). Moreover, it wasven that overexpression of parkin or
activation of the GDNF/Ret signaling can rescuentti@chondrial loss of function phenotype
of Ret or parkin (Figures 5.3 and 5.4). The newlycavered mitochondrial maintenance
function of GDNF/Ret signaling in SH-SY5Y cells hbsen shown to signal via the PI3K
pathway to activate the classical MB-pathway (Mekaet al., unpublished data), which is
also a downstream target of parkin signaling fomt@@ning mitochondrial integrity (Henet

al., 2007; Muller-Rischargt al., 2013; Figure 5.5).

5.1 Ret deficiency in mice also causes biochemical and behavioral
alterations along with age-dependent nigrostriatal DA
neur odegener ation

Previously, DAT-Cre mice were crossed with floxedt Rnice to generate midbrain DA

neuronal specific conditional Ret-deficient miceADRet ko (Krameret al., 2007). In the

DAT-Cre line, the Cre transgene insertion in to #&JTR of one of the endogenous DAT

locus resulted in only one functional copy of DA€ng, which led to an age-dependent

decrease in DAT protein levels along with increastiatal DA levels and hyperactive
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behavior in the mice (Parlagbal., 2006; Kowskyet al., 2007; Turiaultet al., 2007). It could

be the reason why the previously generated Retidafi (DAT-Ret ko) mice did not show
decreased striatal DA levels and behavioral chadgspite the age-dependent degeneration
of nigrostriatal DA system. To overcome this problee used new Cre expressing mice - the
DAT-Cre BAC (DCB) mice, for generating midbrain DAeuron specific conditional Ret-
deficient mice, DCB-Ret ko (Figure 4.1 A). The DQBice contain a bacmid that is
engineered to expresses Cre recombinase underogereus dopamine transporter (DAT)
promoter (Parlat@t al., 2006; Turiaultet al., 2007) which gave the possibility to drive the
expression of Cre under the DA neuron specific mt@m DAT without altering the activity
of endogenous DAT promoters and therefore the DG&: raontained normal DAT protein
levels; hence abnormal DA metabolism and subsedueimavioral changes were prevented
(Figures 4.2 C; 4.5 A-D; 4.8 and 4.11 B).

The conditional Ret-deficient (DCB-Ret ko) thus geated showed an age-dependent
decrease in striatal total DA levels (19% at 12 therand 30% at 24 months; Figure 4.5 A
and B) and displayed locomotory behavior alteration open field (at 12 and 24 months;
Figures 4.8 A and C) and mild anxiety-related b&braen the elevated plus maze (Figure 4.8
G) which were previously not described. The newkcavered biochemical and behavioral
alterations observed in the Ret single deficientemcorresponded very much with the
progressive DA nigrostriatal degeneration phenotgmifying the importance of trophic
signaling for normal physiology and behavior of thece. The DCB-Ret ko mice showed a
15% DA neuronal loss in 12 months old (Figure 4)&ad 21% loss in 24 month old animals
specifically in the SNpc but not in the adjacentA/fegion when compared to the DCB
control mice (Figures 4.3 D and E). This is comsiswith the already published DAT-Ret ko
mice (Krameret al., 2007), which also demonstrated that Ret signakndispensable for
VTA DA neuronal survival. When compared to SNpc DAurons, the VTA neurons are
shown to be less sensitivity to 6-OHDA treatmenariBso-Chineaet al., 2005) ora-syn
overexpression (Maingagt al., 2006). Moreover the presence of a functional KPAchannel
Kir6.2 was shown to promote cell death of SN, but WTA DA neurons in two
mechanistically distinct mouse models of dopamiiterdegeneration (Liss and Roeper,
2001). Remarkably, significant loss of VTA DA nensowas observed in a conditional
GDNF adult knockout mouse (Pascudl al., 2008), raising the possibility that Ret-
independent GDNF signaling (via NCAM or other alt#e receptors) is required for survival
of VTA neurons. It is possible that GDNF can sigtimbugh different receptors localized to
specific neuronal population to exert its functio®reover, | detected indistinguishable cell
loss percentage differences both in TH and G-pnateupled potassium inwardly rectifying
channel (GIRK2) stained SNpc neurons in the DCB#®atice (Figure 4.3 F-H), suggesting
no specific requirement of Ret signaling for GIRg@sitive DA neuronal subtype in the
SNpc which are more prone to degeneration in Pi2mist(Yamadat al., 1990; Lianget al.,
1996). These findings exclude the possibility ot Bignaling dependence specifically in the
GIRK2 DA neuronal subtype in the SNpc, at the saime confirmed my results obtained
from the TH staining (Figures 4.3 D and E).

Corresponding to the cellular changes, the striafainnervation is significantly decreased in
the aged mice upto 33% at 12months and 48% in 4heo@ths old mice when compared to
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the DCB controls (Figures 4.4 A, C and D). The ffilmss phenotype in the DCB-Ret ko mice
has been confirmed with an independent DA mark&T i 24 months old mice (Figures 4.4
H and 1). This striatal TH fiber degeneration phtype observed DCB-Ret ko mice is rather
uniform throughout the striatum, as the percentalgber loss observed in the dorsal side
corresponded very much to that of ventral sidehefdtriatum in these genotypes (Figure 4.4
F and G). These observations argue for differestalival or maintenance functions of Ret
in the DA axonal terminal of the striatum and ire tbell bodies of the SNpc. Moreover,
previous study on Ret-deficient mice showed thatldss of DA fibers starts at 9 months,
with no indications of cell body loss; the firsgsificant changes with respect to DA cell
bodies have been observed at 12 months (Kranalr, 2007). This increased or advanced
vulnerability of DA fiber innervation relative teelt body loss observed in Ret-deficient mice
could be due to several reasons. It is possiblelibth DA fiber terminals and cell bodies
require Ret signaling for maintenance, could ittt the DA fiber terminals are more trophic
signaling dependent than the DA cell bodies. Anofilausible justification is the very well-
known dying back hypothesis of degeneration in White axonal compartment is firstly
vulnerable, which then retrogradely proceeds tb lmailies. This situation can be explained
form the post-mortem histological observations DEftains (Bernheimeet al., 1973; Lach

et al., 1992). Typically at the onset of PD symptoms,riyea0-60 % SN cell bodies are lost
while the loss of striatal DA levels exceeds 80Dauer and Przedborski, 2003). Experiments
performed on MPTP animal models also support thegdypack model, monkeys when
treated with MPTP showed striatal terminal losst hiiecedes SNpc DA cell bodies loss
(Herkenhamet al., 1991); moreover in rats, protection of striatabm terminals prevented
loss of SNpc cell bodies after MPTP-treatment (&uwl., 2003). To solve this puzzle,
retrograde tracing experiments must be performeatktermine whether some DA cell bodies
in Ret-deficient mice are deprived of terminal irvagion, before the onset of SNpc cell body
degeneration.

| also detected neuroinflammation in the nigrosatisystem of 24 month old Ret-deficient
mice. | noticed an increased number of reactiveoegtes (by immunostaining with GFAP
antibody), specifically in the striatum but nottire SNpc region (Figure 4.6). The increase of
astrocytes in the striatum could be due to degéee @A fiber or dysfunctional post-synaptic
MSNSs. Since astrocyte recruitment was only obseimed4 month but not 12 month old
mice, it can speculated that the recruitment abasgtes is not the primary cause of DA fiber
degeneration which was already observed in 9 moidhRet-deficient mice (reported in
Krameret al., 2007). It could be that the signal which dritke recruitment of astrocytes
comes from the striatal DA axonal fibers or othestpsynaptic cells, but not from the SNpc
DA neuronal soma. Moreover, | observed microgledruitment (by immunostaining with
Ibal antibody) in the SNpc but not in the striatoh24 month old DCB-Ret ko (Figure 4.7),
which is in contrast with astrocytes recruitmemnewously, Krameret al., in 2007 reported
similar findings in 24 month old mice but not ineti2 month old DAT-Ret ko mice,
implying that microglial recruitment is also notetlprimary cause of SNpc DA neuron loss
which is already observed in 12 month old mice. &beer, microglial recruitment is required
to clear the apoptotic SN DA neurons to prevent dheumulation of cellular debris and
consequent harmful effects on the neighboring hgalA neurons and other cells. The

microglial recruitment in the aged Ret-deficientmis consistent with the observations made
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in the SNpc of PD patients’ brains (Teismagtnal., 2003). However, the exact role of
astrocyte and microglial recruitment to the sitenetirodegeneration is largely unknown and
it requires further studies to understand theirtiwoation before, during and after the
occurrence of degenerative process.

Taken together, these observations supports tlaetide selective age-dependent nigrostriatal
DA system is accompanied by inflammation and demeéatotal DA levels, behavioral
alterations in the Ret-deficient mice making themexciting preclinical genetic model to
study the neurodegeneration in PD

5.2 Parkin cooperates with GDNF/Ret signaling to prevent DA
neur odegener ation

In order to investigate tha vivo functional interaction of parkin and Ret, we getetlahree
different mouse model systems, in which we moddl#te normal physiological state of the
proteins, Ret and parkin.

The three mouse models generated and analyzed outhent study are:

1. Ret/parkin double-deficient mice: The conditioRat-deficient mice (DCB-Ret ko) which
are pre-disposed to PD-like DA neurodegeneratiomewaossed with complete parkin-
deficient mice mice which showed no histologicaéedtions (ltieret al., 2003) to obtain the
Ret/parkin double-deficient mice (DAT-Ret/parkin; Kagure 4.1 and 4.2). These mice were
analyzed at early (3-6 months) and late ages (aant224 months) to study the effect of
Ret/parkin double deletion on the nigrostriatal Bystem.

2. Ret-deficient/human parkin overexpressing mides conditional Ret-deficient mice which
are pre-disposed to PD-like DA neurodegeneratiagu(es 4-1-4-8; Krameet al., 2007;
Aron et al., 2010) were crossed with transgenic mice overduparkin either the wildtype
(wt h-parkin) or C-terminal truncated (h-parkin) form under the mouse prion promoter to
obtain two variants Ret-deficient/human parkin ex@ressing mice, one with wt h-parkin
(DCB-Ret ko/ wt h-parkin) and other with h-parkin (DCB-Ret koA h-parkin) (Figure 4.16

A and B). These mice were analyzed at 12 monthsrder to study the effect of parkin
overexpression on the nigrostriatal DA system o fRet-deficient mice which shows
significant signs of degeneration already at tigat a

3. MEN2B/parkin-deficient mice mice: The MEN2B muota(with a constitutive active
mutation in the intracellular domain of the Ret ggor) mice which show enlarged
nigrostriatal DA system (Mijatoviet al., 2007) were crossed with complete parkin-deficien
mice, which showed no histological alterationse(lgt al., 2003) to generate MEN2B mice
with parkin deficiency (MEN2B/parkin ko; Figure 9 These mice were analyzed during
their adulthood (at 3-6 months) in order to invgate the influence of parkin deletion on the
enlarged nigrostriatal DA system of the MEN2B mice.
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521 Parkin deletion exacerbates the nigrostriatal dopaminergic
neur odegener ation processin the aged Ret-deficient mice

To investigate the functional interaction of Ret grarkin, we generated Ret/parkin double-
deficient mice, by crossing the conditional Retideht mice with complete parkin
knockouts. The Ret/parkin double-deficient mice sthgenerated are viable, developed
normally and are fertile. The Ret/parkin doubleetieh did not show any histological
alterations in the SNpc DA neurons in adult (3-6nths old) mice (Figure 4.3 B). However, |
observed an enhanced loss of SNpc DA neurons iaghd Ret/parkin double-deficient mice
compared to mice that lack Ret alone. The DCB-Retip ko mice show an enhanced
degeneration of the SNpc DA neurons losing 19%Ramnbnths to 28% at 24 months (Figure
4.3A, C and D) which is slightly but significantgnhanced when compared to the cell loss
observed in single Ret-deficient mice with 15% los42 months old (Figure 4.3 B) to 21%
in 24 month old animals compared to the DCB contn@e (Figure 4.3 A and DWhereas,
the number of VTA DA neurons remain unchanged inn&hth old Ret/parkin double ko
mice as observed for the single Ret ko mice. Mogeodeletion of parkin along with Ret did
not increase the susceptibility of GIRK2 expressBigpc DA neurons to age-dependent
neurodegeneration, as | have not observed anyi@aaliioss of GIRK2 stained neurons in
the SNpc relative to the percentage of TH positek loss (Figure 4.3 F-H). Taken together
these results suggest a mild enhancement effgur&in deficiency on the SNpc DA neurons
of the Ret-deficient mice without GIRK2 subtype cfieity.

Remarkably, parkin deletion showed a much strongeact on the striatal fiber innervation
of the aged Ret-deficient mice. Whereas, parkiretd® alone did not cause any DA fiber
degeneration in adult and aged mice as reportexnt €ttal., 2003). In the Ret/parkin double-
deficient mice the TH innervation loss in the dbitaatum reached upto 51% in 12 months
and 56% in 24 months old mice which is consideralelyere when compared to the fiber loss
in DCB-Ret ko mice which was upto 33% at 12 mondmsl 48% at 24 months when
compared to the DCB control mice (Figures 4.4 Aar@ D; similar to the observations from
Krameret al., 2007). The enhanced fiber loss phenotype in teépRrkin double ko mice
compared to DCB-Ret ko mice has been confirmed aitlindependent DA marker, DAT in
24 month old mice. The fiber degeneration phenotipgerved is rather uniform throughout
the striatum, as the percentage of fiber loss ekbskein the dorsal side corresponds very much
to that of ventral side of the striatum in all tpenotypes (Figure 4.4 E-G). In the 24 month
old Ret/parkin double-deficient mice the nigrostaiadegeneration is also accompanied by
increased astrocyte recruitment in the striatum rrnaoglial migration in the SN which is
similar to what has been observed for the age redtdingle Ret-deficient mice with no
further significant enhancement (Figures 4.6 arfd Kkrameret al., 2007; Aronet al., 2010).

It can be speculated that the mild enhancememediA degeneration phenotype observed in
the Ret/parkin double-deficient mice compared t® gmgle Ret-deficient mice might not be
enough to enhance the astrocyte and microglialiteecent to striatum and SNpc respectively.

As reported already (ltieat al., 2003), aged parkin ko mice did not show any gearin the
levels of DA and its catabolites (HVA and DOPAC e striatum (Figures 4.5 A-F). Despite
the enhanced striatal fiber degeneration phenobgib at 12 and 24 months, Ret/parkin
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double-deficient mice (upto 19% in 12 month and 3@%4 month old mice) did not show
any further decrease in the striatal total DA lewghen compared to Ret single deficient mice
(Figures 4.5 A and B). However, | did not observy age related alterations in the total
levels of TH or DAT protein levels in the SN origtum of single parkin, Ret and Ret/parkin
double ko mice (Figures 4.11 A and B). Altogetlsrggesting an additional compensatory
mechanism in the Ret/parkin double ko mice to na@nthe striatal total DA levels despite of
DA neurodegeneration. However, in ageing mice (lath2 and 24 months) the total levels
of DOPAC a metabolite and intermediate of DA degtexh product which can only be
metabolized in the DA neuron terminals, was foumde significantly lowered only in the
Ret/parkin double ko mice but not in the singlekpaor Ret ko mice when compared to the
control (DCB) mice (Figures 4.5 C and D). This t&nexplained by the enhanced loss of DA
innervation observed in the striatum of Ret/padauble ko mice reaching a critical threshold
resulting in a decreased reuptake of DA and sulesgglecline in the total levels of DOPAC.

Interestingly, Ret and parkin single deletion ledstgnificant behavioral abnormalities with
respect to their horizontal activity in the opeeldi test performed on ageing mice, this
behavioral phenotype is already described for pakki (Zhuet al., 2007) and first described
for the Ret-deficient mice (Figures 4.8 A and Coweéver in the Ret/parkin double-deficient
mice, thigmotactic behavioral changes (anxietyteeldbehavior) have also been observed at
12 months (Figure 4.8 C) but not in 24months (Fegdar8 D), which could be due to less
number of animals used for performing the test (6-%£7 per group). Nevertheless, after
performing the most stringent anxiety related béral assessment on the elevated plus
maze (EPM), | observed increased anxiety relatbawer in the 24 month Ret/parkin double
ko mice, with preferentially less exploration oe thpen arms (Figure 4.8 E-G). However, the
single parkin ko mice which showed a trend (butistiaally insignificant) for thigmotactic
behavior in the open field test showed a signifiGxiety related behavior on the EPM with
less exploration on the open arms, consistent @atfier reports. Whereas the single Ret ko
mice did not show any significant changes on théMEf®mpared to controls except for
decreased number of head dipping events on theapeindicating slight changes in anxiety
related behavior (Figure 4.8 G). These behavidrahges observed on the EPM of Ret/parkin
double ko mice is significantly greater (close he { value = 0.05) when compared to Ret
single ko mice; and with an increasing trend (statal insignificant) when compared to the
parkin single ko mice, which could be again duetonber of animals used for performing
the test (n = 7-11 per group) (Figure 4.8 E-G). ldogr, the anxiety related phenotype
observed on the EPM seems to be more parkin depenghich is slightly (but
insignificantly) enhanced due to Ret ablation ia Bet/parkin double ko mice. The observed
changes in DA metabolism and behavioral chang&etfparkin double ko mice signifies the
functional interaction between parkin and Ret, hgvinfluence not only at the cellular and
physiological levels but also on the overall bebawaf the mice.

This parkin dependent nigrostriatal DA degenerafd@notype in the aged Ret-deficient
mice strongly signifies the functional cooperatim@iween parkin and Ret for the maintenance
of the nigrostriatal DA system in ageing mice, ontrast to another PD-linked protein DJ-1,
which has significant role only in the maintenaieDA cell bodies but not innervation of
the Ret-deficient mice (Aroet al., 2010). Under trophic deprivation the functionale of
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DJ-1 seems to be more restricted for cell body teasnce, whereas parkin has a more
general function both in the maintenance of DA beltlies and the striatal axonal terminals,
which can be explained by differential functionatoperties of DJ-1 and parkin in
mitochondrial maintenance and activation of survisignaling (reviewed in Exneet al
2012). These results also suggest that the nigatzdtiDA system of parkin-deficient mice
mice is more sensitive to trophic insufficiency Imatt for the previously described mutasnt
synuclein toxicity(von Coellnet al., 2006)or MPTP or 6-OHDA intoxicatioriPerezet al.,
2005; Thomast al., 2007)

5.2.2 Parkin over expression can complement for Ret lossin the nigrostriatal
DA system of mice

In order to understand the direct influence of parkn Ret signaling, we wanted to
investigate the effect of parkin overexpressiondegenerating nigrostriatal system of the
aged Ret-deficient mice. To achieve this, we ole@itwo mouse lines from the lab of
Konstanze Winklhofer at the LMU, Mdunich; which tsmenically overexpressed either
wildtype (wt h-parkin) or truncated human parkilA Q-parkin) under the mouse prion
promoter (Structures of wt and h-parkin are shown in the Figure 5.1). After cloégazing
the overexpression of human parkin (both wt ant-parkin) in the midbrain DA neurons
(Figure 4.14 and 4.15), we crossed the transgemte mith conditional Ret-deficient mice
(schematically shown in Figure 4.16 A and B). Thanhn parkin overexpressing Ret-
deficient mouse lines, DCB-Ret ko/wt h-parkin an€BRet koA h-parkin are viable,
showed normal development and are fertile. In otdenvestigate the function of parkin on
the degenerating nigrostriatal system of Ret-defitmice, we aged the mice until 12 months
and then euthanized for DA system analysis, atapes Ret-deficient mice shows significant
nigrostriatal degeneration (Figures 4.3-4.5; Krastei., 2007).

314 377 465

wt h-parkin | UBL I m IBR I
1 76 238 293 418 449

452

Ah-parkin [_UBL | [RNG] [BR[ [RINE[|

(W453stop)

Figure5.1 Structural differencesin wt h-parkin and A h-parkin (with a W453stop mutation)

wt h-parkin is full-length form of human parkin, eteas the\ h-parkin is a C-terminal truncation mutant which
is 13 amino acids shorter than its wildtype coyrdet.

At 12 months, the human parkin overexpressing riiteh-parkin andA h-parkin) showed
normal number of midbrain TH positive (DA) neuronghereas the Ret-deficient mice
showed an 18% loss in the SNpc TH positive neuféingure 4.17 A and B) as observed
earlier in this study (Figure 4.3 C) and by oth@sameret al., 2007). Interestingly, this loss
has been prevented when wt h-parkinAoh-parkin is overexpressed in mice with Ret-
deficient background, indicating neuroprotectivendiion of parkin on the degenerating
nigrostriatal DA system due to trophic insufficign®loreover these observations have been
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confirmed after analyzing the GIRK2 positive suhgraf DA neurons (Figure 4.17 D and
E).

Corresponding to the normal number of DA neuronth@midbrain region, the 12 month old
human parkin overexpressing mice (wt h-parkin andh-parkin) also showed no DA
innervation loss, when immunofluorescently staimath TH and DAT antibodies (Figure
4.18). However, the DA innervation loss observedtha striatum of Ret-deficient mice
(Figures 4.3-4.5; Kramet al., 2007), has been significantly prevented wheimparkin but
not A h-parkin is overexpressed in mice with Ret-defitibackground (Figure 4.18). In
accordance with these findings, the total stri@& levels measured using HPLC ECD
system also signifies normal striatal total DA lsverhen wt orA h-parkin is overexpressed
in wildtype Ret background. However, when overegpeel in the Ret-deficient background it
was only the wt h-parkin overexpression mice but it® A h-parkin counterpart which
showed a nearly normal total DA levels (with p walg 0.07) (Figure 4.19 A). These
discrepancies in the neuroprotective effect of wtl & h-parkin with respect to the DA
innervation and total DA content in the striatunm tee explained by the differential amounts
of transgenic parkin protein detected in the twansgenic parkin lines (wt and truncated)
(Figure 4.15). Even after C-terminal truncation 84top) all the functional domains of the
parkin protein will be still intact (shown in thegre 5.1); but, this truncation mutation was
earlier shown to affect the solubility and localiaa of the protein (Winklhofeet al., 2003;
Hennet al., 2005). Interestingly, truncated human parkinrexpression does not seem to be
toxic to the cells as we did not observe any IdsSNpc DA neurons or striatal innervation in
the A h-parkin mice compared to controls (Figures 444 418).

When | performed western blot on SN and striatisaute lysates, | observed differences in
the amount of parkin protein across the two tranggenouse lines in the Triton X-100
soluble fractions, but not in the insoluble franBo(Figure 4.15). In the SN Triton X-100
soluble fraction, compared to endogenous mousdmdhe wt h-parkin is nearly 6-fold and
A h-parkin is 2.5-fold more which seemed be adeqieagxert neuroprotective function in the
DA cell bodies that lack Ret (Figures 4.15 A and B) the striatal Triton X-100 soluble
fraction wt h-parkin is 2.5-fold highly expressedhich appears to be sufficient for its
neuroprotective effect unlike fax h-parkin which is just one-fold higher when congzhto
endogenous mouse parkin (Figures 4.5 E and F),jsamufficient to protect the Ret loss
dependent DA fiber degeneration and total DA |dsdken together, these observations reveal
the presence of higher amounts of soluble parkatepr in the wt h-parkin overexpressing
mice both in the SN and striatal regions when caegbdo theA h-parkin overexpressing
mice.

Altogether these findings support the previous @mpalof neuroprotective function of parkin
overexpression which was demonstrated in severdfllare and in vivo models. Parkin
overexpression protecteells against ceramide induced mitochondrial swel(Darioset al.,
2003), kianic acid excitotoxicity (Staropodét al., 2003), manganese induced cell death
(Higashiet al., 2004)and dopaminergic toxicity (Jiang al., 2004). Parkin overexpression
also reduceda-synuclein toxicityin vivo in rat, Drosophila, and other cellular models
(Petrucelliet al., 2002; Yanget al., 2003; Yamadat al., 2005). Parkin overexpression also
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reduced mutant LRRK2 mediated DA neuron toxicityDrosophila (Nget al., 2009). In
addition to its protective function against a viri@f environmental/misfolded protein
stressors, our findings show that parkin overexgoes can also compensate for trophic
insufficiency in SNpc DA neurons.

5.2.3 Parkin deletion can partly normalize the enlarged nigrostriatal DA
system of MEN2B mice

After observing the synergistic effect of Ret anarkn on the nigrostriatal system of
Ret/parkin double ko mice and complementary fumctbparkin when overexpressed in Ret-
deficient mice. We further wanted to investigate tble of parkin in the establishment of
enlarged DA system of the adult MEN2B mice. A cdoStve active mutation in the
intracellular domain of the Ret receptor (MEN2B}uked in more number of DA neurons
specifically in the SNpc region of the mouse midfravhich most likely arouse due to post
natal developmental role of the GDNF independentction of the Ret-MEN2B mutation
(Mijatovic et al., 2007). The mutant Ret receptor in the nigrottliaystem of MEN2B mice
also lead to an increase in the DA innervation suttsequent increase in the striatal levels of
DA and its catabolites (DOPAC and HVA). Here, instistudy we crossed the complete
parkin ko mice (Itieret al., 2003) with MEN2B mice (Smith-Hicket al., 2000; Mijatovicet
al., 2007) to obtain the MEN2B/parkin ko double mutamt¢e (Figure 4.20) to investigate the
effect of parkin deletion on the enlarged DA systdime MEN2B/parkin ko mice are viable
and developed normally, whereas the male homozyguutants are infertile for unknown
reasons.

Compared to parkin-deficient mice mice (which shdwermal number of DA neurons in the
SNpc and VTA midbrain regions; Figure 4.3), the MENmice showed a significant 21%
increase in TH stained neurons specifically in 8pc region but not in the VTA as
observed previously (Mijatoviet al., 2007). However in the MEN2B/parkin ko mice thid T
positive numbers in the SNpc was significantly legs12% when compared to MEN2B,
whereas the VTA TH neuronal numbers remained umeate@cross the genotypes. These
observations were furthermore confirmed by analtyz®IRK2 positive neurons in the
midbrain region (SNpc and VTA) of the parkin ko, MEB and MENZ2B/parkin ko mice
(Figure 4.21). Corresponding with the neuronal nersbin the SNpc, the DA fiber
innervation in the dorsal striatum (stained with @Rkl DAT) was also significantly higher in
the MEN2B mice (44% higher with TH and 55% highethwDAT) when compared with
parkin ko, which showed normal fiber density (Fegur.4). However in the MEN2B/parkin
ko mice the DA innervation is slightly but signiictly decreased (upto 10% less with TH and
11% less with DAT) when compared to MEN2B mice. \Wiether investigated the
consequences of these changes observed in ther2fvation on the striatal total DA levels
and its catabolites. MEN2B mice showed a massi@¥/dmcrease in the total DA levels and
along with a significant increase in its catabglittlVA and DOPAC (Figure 4.23 A-C).
However, parkin deletion could not alter the insexhlevels of DA and its catabolites in the
MEN2B/parkin ko, but showed a significant recoverythe ratio of HVA/DA levels when
compared to MEN2B mice (Figure 4.23 D). Interediinghe MEN2B mutation which
originally was reported to enhance the activityR#t receptor, also led to increase in the
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overall amount of Ret protein that can be detestedunofluorescently in the SNpc (Figure
4.24 A and B) and by western blot analysis in tti&teim tissues (Figure 4.24 C and D).
However, parkin deletion had no effect on the iasezl Ret protein levels (Figure 4.24 A-D).

These observations in the nigrostriatal DA systdrnthe MEN2B/parkin ko mice suggest a
specific role of parkin in the establishment of fRHEN2B mutation dependent nigrostriatal
DA system enlargement, predominantly in the SNpc D&uronal cell bodies. Parkin is
considered to be neuroprotective and anti-apoptpgchaps due to its influence on
mitochondria and the p53/caspase activation pathineasewed in Exneet al., 2012). This
might be the reason why MEN2B mice lose their excesmber of DA neurons in the
absence of parkin.

524 Role of Ret signaling and parkin activity in the neuronal and
mitochondrial mor phology of SNpc DA neurons

In addition to the physiological, behavioral andyrostriatal DA neuronal maintenance
function, we also demonstrate the influence of &ghaling on the soma size of SNpc DA
neurons. The GIRK2 subgroup of DA neurons in theogSNf aged Ret-deficient mice was
earlier shown to have significantly smaller someegjAronet al., 2010). However, in the
current study we extend our findings to all TH eg®ing neurons as we observe a reduced
neuronal soma size of the TH positive cells in 8ipc of aged and also in the adult Ret-
deficient mice and Ret/parkin double-deficient m{Eegures 4.12 A and B). Supporting this
notion we also observed larger soma size for thébrain TH positive neurons in adult
MEN2B mice (and also in MEN2B/parkin ko mice) witbnstitutive active mutation in the
Ret receptor (Figures 4.24 E and F). Thus we detradesan important and rather generalized
function of Ret signaling in DA neuronal developrm&nattain normal soma size. As reported
by others we did not observe any effect of parlaletion on the soma size of DA neurons in
adult and ageing mice (Goldbezgal., 2003; Figures 4.12 A and B).

To gain insights into the causes of neuronal dea¢hinvestigated mitochondrial morphology
specifically in the SNpc DA neurons of aged Rettkpasingle and Ret/parkin double-
deficient mice using immuno electron microscopytki?a Ret single and double deficiency
upon ageing did not lead to increased mitochonddamage or change in the total
mitochondrial number in the SNpc DA neurons (Figue9 A-D). However, we discovered
parkin dependent changes in the mitochondrial naggy, smaller mitochondrial
populations (with less than 0.5 um in size) araificantly higher in aged parkin single and
Ret/parkin double-deficient mice compared to ageche control and Ret-deficient mice
(Figure 4.9 E), a phenotype so far not reportegpéokin (Palacin@t al., 2004; Stichett al.,
2007; Schmidtet al., 2011), but well documented for DJ-1 deficient enidrrcheret al.,
2010). The smaller mitochondria in parkin knockomite might be due to a reduced fusion or
increased fission rate both tightly control by pariceviewed in Pilsl and Winklhofer, 2012;
Corti and Brice, 2013). This is consistent withulesfrom cultured cells and primary neurons
with parkin knock down leading to robust increasenitochondrial fragmentation (Pilsl and
Winklhofer, 2012). Apart from the changes in mitontrial morphology, | did not observe
any increase in protein carbonylation (indicatidroeidative stress; Figure 4.10) or changes
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in the activation or total amount of key signalimglecules in the SN and striatal regions of
aged (24 month old) parkin, Ret single and doublanice (Figure 4.11). Moreover, neither
in the adult single ko (parkin or Ret) nor in threutlle-deficient mice we found altered protein
levels of the pro-fission proteins Drpl or pro-fusiproteins Mfnl, Mfn2, or OPAL (Figure
4.13 C). Though parkin was reported to promoteuthiquitin-dependent degradation of Drp1,
Mfnl, and Mfn2 proteins and regulate OPAl exprasdiorough ubiquitinating NkB
essential modulator (NEMO) (Pilsl and WinklhofeQ12; Corti and Brice, 2013; Mduller-
Rischartet al., 2013). In addition the high number of non-dopamgic neurons and other
cells in our tissue lysates from the SN used foisiéfe blotting might have masked small
differences, if any. Alternatively, these observa$i raised a possibility that the most
important intracellular events that could lead énimodegeneration might be detectable during
adulthood before the start of neurodegenerativecgssy hence we looked for early
biochemical and physiological changes in adult nied lack parkin and Ret.

5.2.5 Ret signaling and parkin activity is essential for the maintenance of
physiological striatal DA levels, for cellular ATP levels and mitochondrial
complex | activity in the SN of adult mice

Interestingly, Ret and parkin deletion togethertieé significant decrease in the total striatal
DA levels in mice already during adulthood (at 3¥®nths) before any indications of
nigrostriatal neurodegeneration. These changesbeaseen exclusively in the Ret/parkin
double ko mice but not in the single parkin or Reticient mice (Figure 4.12 C). However, at
this age (3-6 months) there were no alteratiorthentotal levels of DA catabolites (DOPAC
and HVA,; Figure 4.12 D and E). Moreover the totedtpin levels of TH and DAT in the
adult mice did not change, which otherwise coulgehaxplained the decreased total DA
levels (Figure 4.2 C). The Ret/parkin double deleijas reported by some studies for parkin;
Palacinoet al., 2004; Stichelet al., 2007) might alter energy production which could
influence the activity of TH or other enzymes thah directly or indirectly influence striatal
DA levels.

When investigated for changes in cellular energgleeand mitochondrial activity in the adult
mice, | have observed a significant 20% reductiorcellular ATP levels (Figure 4.13 A),
corresponding with a decrease in mitochondrial dempactivity by 20% specifically in the
adult Ret/parkin double-deficient mice (Figure 4B8 but not in the age matched Ret and
parkin single ko mice. However, no changes in tRpression of mitochondrial NADH
dehydrogenase [ubiquinone] 1 alpha subcomplex suhON(NUFA10), a component of the
complex | of the electron transport chain of mitmictiria were seen (Figure 4.12A). The
changes observed with respect to total cellular AéMels and complex | activity observed in
mice have also been confirmed by cell culture erpamts performed together with the lab of
Konstanze Winklhofer at the LMU, Munich. The TH guzing SH-SY5Y cells lacking Ret
and parkin showed a decrease in total cellular A&#ls (Figure 5.2) and corresponding
decrease in complex | activity (Figure 4.13 D)he SH-SY5Y cells.
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Figure 5.2 Ret signaling and parkin activity is essential for maintaining cellular ATP levelsin SH-SY5Y
cells (data from the lab of Konstanze Winklhofer; Mekal unpublished data)

Graph represents the quantifications of cellulaPAgvels (%) in the SH-SY5Y cells treated with cohsiRNA
or mitochondrial uncoupler, CCCp or siRNAs to knaldwn parkin, Ret or both Ret and parkin as indidat
Data are represented as mean +/- SEM of four indkpe experimentsy p<0.01, *** p<0.001, Student’s t-
test.

However, these changes in total ATP levels and ¢exnipactivity were already reported for
the single parkin-deficient mice cells (Pilsl andn®thofer, 2012) and in this study we extend
these findings also to cells that are only deficien Ret. Furthermore, there was an enhanced
reduction in the total cellular ATP levels in thetfarkin double deficient cells compared to
cells that only lack Ret or parkin (Figure 5.2) eTdecreased cellular ATP levels and reduced
complex | activity observed in the Ret-deficient -SM5Y cells and Ret/parkin double-
deficient mice, for the first time reveal an imgort functional relevance of Ret with respect
to cellular energy metabolism and mitochondrialction which could ultimately lead to age-
dependent degeneration of nigrostriatal DA system.

Even though basic cellular model systems that [zakin showed decreased mitochondrial
membrane potential and ATP production along wittuoed mitochondrial complex | activity
(Pilsl and Winklhofer, 2012; Matswt al., 2013), similar to what has been observed in the
SHSY5Y cells that lack parkin; in animal modelsshdindings are rather discrepant, unlike
in this study some earlier reports suggest decdeasenplex | activity already in single
parkin-deficient mice mice (Palacira al., 2004; Stichekt al., 2007). Moreover Palacino et
al. (Palacinoet al., 2004) also showed increased protein carbonylatiosingle parkin ko
mice, which was not seen in our parkin-deficienteninouse lines (parkin ko and Ret/parkin
double ko). However a recent study performed in akadfish (Oryzias latipes) model,
showed that parkin/PINK1 double deletion could otdpd to mitochondrial complex |
activity loss, but not parkin or PINK1 single débet (Matsuiet al., 2013). These recem
vivo findings in medaka fish supports the requisitafadditional component deletion that is
involved in the functional network to visualize pghondrial abnormalities in parkin-
deficient mice animals, similar to what has beeseoted in our Ret/parkin double-deficient
mice (Figure 4.13 A and B). Thesevivo andin vitro findings, for the first time reveal an
important functional cooperation of Ret signalingdagparkin activity in maintaining total
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cellular ATP levels by preserving the complex liatt and thus might play a role in

maintaining physiological striatal DA levels in ddmice and ultimately preventing age-
dependent degeneration of nigrostriatal DA systdmseoved in the Ret/parkin double-
deficient mice. Decreased complex | activity obsdrin our animal and cellular models that
lack Ret and parkin fits very well with the exigjititerature obtained from several toxin-
induced (MPTP, rotenone) and genetic models (Déficidnt mice) of PD and also with the
data obtained from PD patients’ brains (Mizwet@l., 1989; Parker Jet al., 1989; Bindoff

et al., 1991), supporting the notion that Ret could be ohthose proteins whose function
might be altered in PD.

5.3. Convergent signaling pathways of Ret signaling and parkin
activity that deter mine mitochondrial morphology

5.3.1 GDNF/Ret signaling can prevent mitochondrial fragmentation
phenotypein parkin-deficient mice SH-SY5Y cells

Cell culture experiments performed on SH-SY5Y cafiscollaboration with the lab of
Konstanze Winklhofer (at the LMU, Munich) strongypports the functional interaction of
Ret and parkin observed in our mouse models. Aerteg by other studies parkin knock
down led to mitochondrial fragmentation in SH-SYB#®lIs (shown in Figure 5.3 A and B).
However, the fragmentation phenotype in parkindefit mice cells can be completely
prevented by treating the cells with GDNF and sleuBFRi1 — which possibly signals via
the Ret receptor (Figure 5.3 B and C). Moreovewdts also shown that GDNF/GER
treatment has no effect on parkin expression pesigggesting that the beneficial effects of
GDNF/GFRx1 are explicitly due to signaling changes, but hetause of transcriptional
activation of parkin expression (Figure 5.3 D).

Using specific inhibitors for PISK, MEK1 and MEK1&2gnaling pathways it was shown that
the GDNF/GFR1/Ret signals via the PI3K pathway but not the MK Ras-Raf-MEK-
ERK) pathway (Figure 5.3 B and C). Furthermore,egipental evidences also suggest that
the protective effect of GDNF/Ret signaling canréeerted by inhibiting the classical NiB
signaling pathway with B super-repressor {BAN) co-expression (Figure 5.3 E).
Additionally it was also shown that the classicdf-RB signaling pathway activation by
overexpressing IKK (NF«B pathway activator) alone is enough to rescue ghekin
dependent mitochondrial fragmentation phenotypgui 5.3 E).

The GDNF/Ret signaling particularly involving thelsble GFRi1 can activate PI3K
signaling pathway but not the MEK (or Ras-Raf-MERMK) pathway (reviewed in
Airaksinen and Saarma 2002). It was also shown @GlaNF/Ret can activate the N&EB
pathway in neuroblastoma cells through binding bé tadaptor protein SHC on the
phosphorylated Ret tyrosine 1062 recruiting GABId aactivating PI3K-AKT pathway
(Hayashi et al., 2000). Consistent with all these previous figdin the GDNF/soluble
GFRol/Ret signals via the PI3K signaling to activate ttlassical NReB pathway in
preventing the parkin deficiency dependent mitochiah network alterations.
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Figure 5.3 GDNF/GFRal/Ret signaling can prevent parkin deficiency induced mitochondrial
fragmentation (data from the lab of Konstanze Winklhofer; Medtal unpublished data)

(A) Photomicrographs representing tubular (nornaal)l fragmented (damaged) mitochondrial networkhh S
SY5Y cells immunofluorescently stained with TOM2ttiaody. Scale bar = 10 um.

(B) Representative photomicrographs of mitochaidnietwork immunofluorescently labeled with TOM20
antibody (green) and nuclei stained with DAPI (blua SH-SYS5Y cells after treatment with controRSIA ,
parkin siRNA , parkin siRNA in combination with GIPNGFRu1l alone and together with one of the
compounds LY294002 (PI3K inhibitor), PD98059 (MEKhibitor) and U0126 (MEK 1+2 inhibitor). Scale bar
=10 um.

(C) Quantifications showing the effect of contrdRNA, parkin siRNA, and parkin siRNA in combinatiavith
GDNF+GFRu1 alone and together with one of the compounds 1402 (PI3K inhibitor) PD98059 (MEK1
inhibitor) and U0126 (MEK 1+2 inhibitor) on mitochdrial network; white bars represent SH-SY5Y calith
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tubular mitochondrial network whereas black bapesent cells with fragmented mitochondrial netwd@kta
are represented as mean +/- SEM of at least fa@piendent experiments.

(D) Western blot image showing the efficient knalkvn of parkin protein after parkin siRNA treatrhaione
or together with GDNF and GDNF+ GER, but not in control siRNA treated SH-SY5Y cepsactin is used as
a loading control.

(E) Quantifications showing the effect of contrdRNA and parkin siRNA alone or together with
GDNF+GFR11 (with or without overexpressing AN, inhibitor of NF«B signaling pathway) and IKK
(constitutive activator of NikB signaling pathway) on mitochondrial network; vehtiars represent SH-SY5Y
cells with tubular mitochondrial network whereasdi bars represent cells with fragmented mitochiahdr
network. Data are represented as mean +/- SEMle&st four independent experiments.

5.3.2 Ret knock down induces mitochondrial network alterations in SH-
SY5Y cells, which can be prevented by parkin overexpression

In addition to decrease in cellular ATP levels aeduced mitochondrial complex | activity,
SH-SY5Y cells that lack Ret also exhibit mitochaatinetwork alterations. Ret knockdown
resulted in 56% of cells with fragmented mitochoadand 20% of cells with atypically
condensed mitochondria (Figure 5.3 C). The mitodniah fragmentation phenotype seen in
majority of the Ret-deficient cells is very mucimgar to what has been described for parkin,
whereas the condensation phenotype was first tibserged, in which the mitochondrial
tubules are thinner, highly curly and concentratezlind the nucleus (Figure 5.3 A and B). It
could be that the condensed state is an interngeébamn of mitochondria before they are
fragmented or a completely different phenotype.

The Ret deficiency dependent mitochondrial pheregyp(both fragmentation and

condensation) can be prevented by overexpressikignpes well as Ret but not by the kinase
dead form of Ret (Ret KiD). These findings for first time reveal an important role of Ret

signaling in the maintenance of mitochondrial swee and function. The redundant functions
of Ret and parkin shown here are in agreement thighfindings obtained from our parkin

overexpressing Ret-deficient mice (Figure 5.3 Cheme our results demonstrated the
neuroprotective function of parkin on the degeneganigrostriatal system of aged Ret-
deficient mice.

Inhibiting the classical NikB pathway (by overexpressingplkN) did not alter the Ret
deficiency dependent mitochondrial phenotypes, yingl that Ret signaling is upstream to
the NF«B signaling pathway. However, wt PI3K overexpresssignificantly reduced the
severity of Ret loss dependent mitochondrial netvadterations which again are reverted by
blocking the NF«B pathway (by co-expressingfkN). Overexpression of constitutive active
PI3K (PI3K myr) had a better protective effect dme tRet loss dependent mitochondrial
phenotype than wt PI3K overexpression. However,dffiect of PIS3K myr overexpression
was not further enhanced due to the addition of GIBY¥Ry1, implying that PI3K signaling
is the predominant downstream target of GDNF/@ERet signaling, which then activates
the classical NReB signaling to mediate the mitochondrial integritfrurthermore,
overexpression of a constutive active mutant ofRlee receptor (MEN2A) which can signal
independent of GDNF also reduced the severity @fléds dependent mitochondrial network
alterations, with a mild beneficial effect when GNGFRul is additionally provided (Figure
5.4 E).
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Figure 5.4 Ret knock down induces mitochondrial network alterationsin SH-SY5Y cells
(data from the lab of Konstanze Winklhofer; Medtal unpublished data)

(A) Photomicrographs representing tubular (normdfggmented (damaged) and condensed (damaged)
mitochondrial network in SH-SY5Y cells immunoflusoently stained with TOM20 antibody. Scale bar = 10
pm.
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(B) Representative photomicrographs of mitochondréwork in SH-SY5Y cells immunofluorescently lddx
with TOM20 after treatment with control and RetNiR Scale bar = 10 um.

(C) Quantifications showing the effect of contraRNA and Ret siRNA in combination with constructs
overexpressing Ret, Ret kinase dead domain (Ref) kil parkin on mitochondrial network; white bars
represent SH-SY5Y cells with tubular mitochondneatwork whereas black and grey bars represent witls
fragmented and condensed mitochondrial networkeasgely. Data are represented as mean +/- SEMregt
independent experiments.

(D) Relative Ret mRNA levels quantified by RT-P&R the samples used in Figure 5.4 C.

(E) Quantifications showing the effect of overexgsien of different constructs (as indicated) onoofibndrial
network alterations induced due to Ret knock dowBH-SY5Y cells; white bars represent SH-SY5Y ceilh
tubular mitochondrial network whereas grey and lolaars represent cells with condensed and fragmdente
mitochondrial network respectively. Data are repnésd as mean +/- SEM of three independent expetine

Altogether, these findings suggest a direct roleRef signaling on mitochondrial network
integrity and function in the TH expressing SH-SYB¥Ils, signaled via the PI3K/NEB
pathway.

5.3.3 Activation of NF-kB pathway, the common downstream effect of
GDNF/Ret signaling and parkin activity to promote mitochondrial integrity
and thus cdll survival

Recently, it was described that GDNF/Ret can atditlae NF«B pathway in neuroblastoma
cells through binding of the adaptor protein SHCtloa phosphorylated Ret tyrosine 1062
recruiting GAB1 and activating PI3K-AKT signalinglé&yashiet al., 2000). The PI3K/NFkB
pathway and the preservation of mitochondrial fiorcis an important additional pathway
besides activating the transcription factor CREB thg Ras/ERK pathway. For CREB
activation, SHC is also recruited to the phosplaied Ret tyrosine 1062 but binds to Grb2
and SOS (Hayaskhat al., 2000). Moreover, Ret tyrosine 1062 signaling ttouhe NF«B
pathway is also considered essential to ensurdethelopment and maintenance of the enteric
nervous system (ENS) and the inner ear neuronsammals, therefore this pathway is also
essential to prevent Hirschsprung’s disease (mégaabsease) and congenital hearing loss
(Ohgami et al., 2012). Constitutive active Ret mutations, suchtreess MEN2B mutation,
account for most of the inherited medullary thyroahcer incidents (Wella al., 2013) and
NF-kB signaling might contribute to the neoplastic sfanmation and anti-apoptotic function
of these cells (Pacifico and Leonardi, 2010), lems reasonable to speculate that
carcinogenic Ret enhances also in these cells ttoemondrial activity and thereby supports
the malignancy of these cancer cells. In this odniiewas suggested that oncogenic Ret
stimulates the NkB pathway not via the PI3K pathway but by the Ra§fREK1 pathway
(Ludwig et al., 2001). Wildtype and mutant Ret might use prefeaéip different signaling
pathways to alter mitochondria function which mighow on one hand to develop new drugs
to specifically interfere with disease-causing Renaling events or on the other hand
stimulate healthy Ret signaling pathways.

On the other hand, previous studies from the laKmistanze Winklhofer have identified a
stress-protective pathway regulated by parkin links NF«B signaling and mitochondrial
integrity (Hennet al., 2007; Mduller-Rischarit al., 2013). Inhibition of NFR<B pathway
activation by an«B super-repressorBAN) or a kinase-inactive IKK interferes with the
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neuroprotective activity of parkin (Hered al., 2007). Moreover, pathogenic parkin mutants
with an impaired neuroprotective capacity show duced ability to stimulate NkB-
dependent transcription (Hemhal., 2007). They have demonstrated parkin mediateshfin
(k63 linked) ubiquitination of NkeB essential modulator (NEMO), which is essential fo
canonical NF<B signaling. Subsequently, the mitochondrial guare$iphosphatase OPA1
is transcriptionally upregulated via NdB-responsive promoter elements for maintenance of
mitochondrial integrity and protection from stresduced cell death. However, parkin-
dependent stress protection is lost in the absehegher NEMO or OPA1, but not in cells
defective for the mitophagy pathway. Notably, inkpadeficient cells linear ubiquitination
of NEMO, activation of NR<B, and upregulation of OPA1l are significantly reeldicin
response to TNF-stimulation, supporting the physiological relevarmd parkin in regulating
the NF«B pathway for mitochondrial integrity and cell swal.

The newly discovered mitochondrial maintenance tioncof GDNF/Ret signaling in SH-
SY5Y cells has been also shown to signal via th@éKPRpathway to finally activate the
classical NF<B pathway (Mekeet al., unpublished data), which is also a downstreageta
of parkin signaling for maintaining mitochondrialtégrity (Hennet al., 2007; 2013) (Figure
5.5).

Taken together, the results from cell culture expents complement my observations from
different mouse lines that indicatevivo functional cell survival functions of Ret and parki
Since knockdown of Ret in cells alone already cleanthe mitochondrial morphology,
complex | activity and ATP levels significantly élparkin or PINK1, suggesting an essential
function of Ret to prevent mitochondrial inactiati Thus, Ret deletion seems to have
similar effects on mitochondria like the ionophd€CP, uncoupling the proton gradient
generated by the electron transport chain or tmeptex | inhibitors rotenone, paraquate, 6-
hydroxy-dopamine (6-OHDA) and 1-methyl-4-phenyl;3B,B-tetrahydropyridine (MPTP), the
last two also causing selectively DA neuron deaittn & PD like syndrome in animals and
humans. This supports the idea that the selectjeedapendent degeneration of DA neurons
of the SNpc accompanied by decreased striatal fibeervation and total DA levels,
behavioral alterations in the Ret-deficient micekegathem an exciting genetic model to
study the etiologies and pathogenesis of PD anecesdly defects in bioenergetics and
mitochondrial quality control, but also oxidativdaress and protein misfolding and
aggregation.

The synergistic effect of Ret and parkin doubleetieh on the nigrostriatal DA system of
aged mice, can be explained by the mitochondriaht®aance function of Ret and parkin
(shown in mice and cell culture) which might be maéetl by the NReB pathway (shown in
cell culture). These observations also demonstitzié Ret signaling and parkin activity
together are essential for proper energy metabodinth to maintain normal mitochondrial
function contributing to appropriate cellular phylsgy and morphology of the SNpc DA
neurons in adult mice, which would otherwise leadat progressive and age-dependent
degeneration. Our results here might be explairyea imoderate level of cellular stress in our
mice leading to the slow progressive neurodegeioergthenotype during aging and unlike
the chronic stress paradigms which are normallyleyen in cell culture experiment which

113



Discussion

results in high stress conditions in almost all tedls at the same time leading to a non-
biological situation (Pilsl and Winklhofer, 2012pfi and Brice, 2013). Data from the parkin
overexpressing Ret-deficient mice uncovers redundéamctions of Ret and parkin in the
maintenance of nigrostriatal DA system, which fitsry well with the cell culture data
showing the complementary functions of Ret and ipaik maintaining mitochondrial
integrity involving the NFR<B pathway. These findings also extend the neureptive
properties of parkin in a new direction, which usther demonstrated in neurons with trophic
insufficiency. Finally, the parkin-deficient mice B2B mice strengthens the possible
functional interaction of Ret and parkin is observalso during the establishment of
nigrostriatal DA system, in which parkin deficienegrmalized the enlarged nigrostriatal DA
system of MEN2B mice. Taking the facts from celltete experiments, it can be inferred that
the signaling effects of the constitutive activet Receptor in the MEN2B mice (which
resulted in more DA neurons) can be moderately mshed by parkin deletion in the
MEN2B/parkin ko mice which ultimately resulted metDA system normalization.

essese  KG3-linked ubiquitin chain
%%% K48-linked ubiquitin chain
%%% K27-linked ubiquitin chain

cytoplasm \

IKKy/NEMO
“TIKKB T IKKE

-

Vx \4 S‘V

DJ-1

—>[_Ras_| [ Pik ]

y v Al PINK1 \ l MAPK

L

-

mitochondiia

Figure 5.5 Downstream signaling events of Ret and parkin in SNpc DA neurons (only major ones are out-
lined)
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i) Cell survival pathways of PD-linked proteins parkin, PINK1 and DJ-1

Under mitochondrial depolarization (a severe stosglition), PINK1 which is stabilized on the mitmandrial
membrane recruits parkin to the damaged mitochantsi unclear mechanism. Upon recruitment parkin
prevents the fusion of damaged mitochondrial tubllg marking mitofusins - Mfnl and Mfn2 (through
attaching K48 linked polyubiquitin chains) for peasomal degradation (Gegal., 2010; Glauseet al., 2011);
subsequently, parkin attaches K27 linked polyultiquchains to VDACs (VDAC 1 or 3) to the isolated
damaged mitochondrial tubules (Geisétral., 2010; Sunet al., 2012). The K27 linked polyubiquitin chains
attached to the VDACs serves as signals for thdimgnof autosomal adaptor proteins like p62, whidhiates
the formation of phagophore around the damagedcinitadrial tubules to activate mitophagy (mitochaaidr
autophagy) (reviewed in Exnet al., 2012). In a PINK1 independent manner, parkigdts the mitochondrial
biogenesis repressor protein PARIS for proteasaiegiadation (by attaching K48 linked polyubiquitinains)
and thus initiates mitochondrial biogenesis to tagumitochondrial homeostasis (Sktral., 2011). Under mild
cellular stress conditions, parkin can also aatithe classical NkB signaling. Parkin can attach K63 linked
polyubiquitin chains to NEMO, which then lead tcethctivation of IKK3 which in turn marks Iga for
proteasomal degradation, finally releasing the p&B/complex which can translocate to the nucleusitate
transcription of genes (like OPA1) to maintain roliondrial integrity and to initiate anti-apoptosignaling
pathways (Miller-Rischargt al., 2013). Another protein DJ-1 can also protect ofitmdrial integrity by a
parkin/PINK1 independent mechanism (reviewed indfxhal., 2012).

ii) GDNF/Ret cell survival signaling together with DJ-1 and parkin

After the formation of the GDNF/GFR/Ret hetero multimeric complex, the critical tyresresidues in the
intracellular domain of the Ret receptor are phosyated, which subsequently activates the dowastre
signaling pathways such as the PI3K-AKT or the RASPK pathways, which ultimately lead to cell surgiv
(reviewed in Airaksinen and Saarma, 2002). The iRkel protein, DJ-1 has been shown to functiontract
with GDNF/Ret signaling to activate the RAS-MAPKtipaay to mediate cell survival (Arost al., 2011). The
current study, taking the support of cell cultuad (from the lab of Konstanze Winklhofer) suggebest
GDNF/Ret signaling and parkin together role in neimng mitochondrial integrity. Upon activation,
GDNF/Ret signaling acts via the PI3K-AKT signalitigactivate the downstream N#B- pathway, which is also
a target of parkin activity to induce several gettest are important for mitochondrial structure dndction
(Mekaet al., unpublished data).

5.4 Functional cooperation of Ret with PD-linked proteins, namely
parkin and DJ-1 to prevent DA neurodegeneration in mice

PD is a sporadically occurring neurodegenerativeordier; the potential risk factors
associated with the onset of the disease includetgepredisposition, environmental factors
and ageing. Remarkable progress has been madederstending the disease after the
identification of PD-linked genes. Monogenic PD siag genes exhibits autosomal dominant
(AD) or autosomal recessive (AR) form of inheritapnmutations iru-synuclein and LRRK2
causes autosomal dominant PD, whereas parkin, @t PINK1 are examples of autosomal
recessive forms of the disease (more putative Rketl genes are known). Recent genome-
wide association studies (GWAS) have confirmed thaynuclein and leucine-rich repeat
kinase 2 (LRRK2) are linked to PD and microtubuteeiated protein tau (MAPT) gene loci
was identified as risk a factor (Simon-Sancheeal ., 2009). However, the penetrance of these
PD causing genes is often incomplete; statingribaeveryone who carries the PD-associated
gene mutation develop the disease. This genetiati@ar suggests a possible interplay of
genetic, epigenetic or environmental factors thah altimately leads to the disease
development (reviewed by Farrer, 2006). Genetieembdnodels have made a significant
contribution to the understanding of physiologiftaiction of PD associated proteins namely

115



Discussion

a-synuclein, parkin, PINK1, DJ1 and LRRK2. Howevemne of these models could
recapitulate the typical characteristics of PD phltyy. Butin vivo and in vitro studies
revealed that these PD-associated genes play iampaibles in cellular functions, such as
mitochondrial functions, ubiquitin-proteasomal sysf autophagy-lysosomal pathway and
membrane trafficking (reviewed by Codi al., 2011; Dawsoret al., 2010; Farrer, 2006;
Martin et al., 2011; Shulmaset al., 2011).

On the other hand, a recent study discovered the¢ nvhich have genetically lost the
expression of the canonical receptor for glial tak-derived neurotrophic receptor (GDNF),
the receptor tyrosine kinase Ret, showed an age-call type-specific loss of SNpc DA
neurons reminiscent to the histological alteratiobserved in PD patients (Kramefr al.,
2007). Data from GDNF deficient mice support theeesial function of GDNF/Ret signaling
for maintaining the DA system (Pascuel al., 2008). In addition, mice carrying the
constitutive active MEN2B mutation in their Ret gewere shown to maintain more DA
neurons in the SNpc and DA innervations in theagim than wildtype mice (Mijatoviet al.,
2007). These findings are surprising considerirggftict that there are no familiar PD cases
reported so far with mutations in neurotrophic dastor receptors (Wirdefeldt al., 2003;
Lucking et al., 2010). However, reports suggests that infusiorexdgenous GDNF into
respective brain regions can prevent neurotoximed damage of midbrain DA neurons in
PD animal models (Tomagt al., 1995a, 1995b). The positive effects of GDNF il
models of PD encouraged the initiation of sevetadical trials, though the reasons for
inconsistent outcome is still debated (Lagigal., 2006; Manfredssomt al., 2009). These
observations suggests that defects in GDNF/Regabignare not a primary cause of PD, but a
secondary consequence in the PD pathogenesis ah\@t is one of the many proteins that
are altered. To get more insights on Ret signadimg to investigate its role in altered protein
network of PD, a study by Aroet al., 2010 investigated the functional interactiorReft and

a PD-related protein DJ-1. In that study they shibtat mice lacking both DJ-1 and Ret in
the DA system upon ageing display an acceleratesl & SNpc DA neurons without any
enhanced striatal innervation loss compared tithgle Ret-deficient mice. DJ-I/Ret double
loss-of-function experiments revealed interactiéridd-1 with ERK signaling to control eye
and wing development in Drosophila (Arenhal., 2010). Furthermore, in the current study |
report a functional interaction between Ret andiipashown in three different genetic mouse
models. Moreover cell culture experiments performedcollaboration with the lab of
Konstanze Winklhofer provided more mechanisticghts about the Ret/parkin functional
interaction and their contribution to energy metmsno, mitochondrial function and
morphology, which is shown to be mediated by thexdBFpathway (Mekaet al unpublished
data).

Thein vivo cell survival functions of parkin and DJ-1 is ombvealed in the absence of the
neurotrophic GDNF/Ret signaling. This might be expéd by compensatory mechanisms in
the classical knockout mice that keep up the sahasignal in DA neurons. Upon deletion of
Parkin or DJ-1 in addition to the Ret receptor,slgmaling intensity of survival pathways like
PI3K/NF«B and Ras/ERK are lowered below a critical threshehich eventually leads to
enhanced neurodegeneration. DJ-1 and parkin aledooisidered to be neuroprotective and
anti-apoptotic perhaps due to their influence otoatondria and the p53/caspase activation
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pathway (reviewed in Exnet al., 2012).This might also be the reason why the MEN#fice
in the absence of parkin lose their excess numb&Npc DA neurons.

Interestingly, in the Ret-deficient background D3ekems only to be essential for cell body
survival (Aronet al., 2010), while we found here that parkin is impottéor cell body and
axonal maintenance. Proper mitochondrial funct®adsential for the neuronal cell body and
the axon to provide enough energy for their prdpactioning. Both, parkin and DJ-1 have
been shown to protect mitochondria from toxic itsund ensure proper mitochondrial
morphology and membrane potentiation although gl signaling pathways (Exnetal.,
2012). Interestingly, the mitochondrial fragmerdatiand depolarization in DJ-1 deficient
cells can be rescued by parkin and PINK1 overespmasbut DJ-1 cannot prevent the parkin
or PINK1 deficient phenotype (reviewed in Exretral., 2012). Parkin, but not DJ-1, was
shown to promote mitochondrial biogenesis by fatilng the degradation of the
transcriptional repressor PARIS (parkin interactsulpstrate), which inhibits the expression
of the peroxisome proliferator-activated receptamgia coactivatordl (PGC-Li), involved

in the upstream control of mitochondrial biogenegshin et al., 2011). Perhaps most
important, parkin and PINK1, but not DJ-1, have rbeecently implicated in autophagic
clearance of mitochondria with poor membrane paenand axonal transport of
mitochondria by regulating the degradation of thieeo mitochondrial membrane Rho-like
GTPase Miro, leading to the release of mitochondraan the adaptor protein Milton
connecting them via kinesin heavy chain to micrateb (reviewed in Schwarz, 2013). The
function of parkin and PINKL1 to control kinesin-aégglent anterograde and dynein-dependent
retrograde movements of mitochondria might be irtgmdrto ensure a healthy pool of
mitochondria in the axons essential for axonal teaance. Under physiological conditions
the mitochondrial transport in parkin-deficient migeems not altered but under conditions of
mitochondrial damage the parkin-controlled mitoaihed transport mechanisms become
essential (reviewed in Schwarz, 2013). Under neopbic depletion in Ret-deficient mice the
observed changes of mitochondria might trigger #watch to the parkin-dependent
mitochondrial transport and allows revealing itsezgial function for axonal maintenance.

The enhanced DA cell and fiber loss and mitoch@hdiysfunction in the Ret/parkin double-
deficient mice has most likely a wide spread effatimouse brain physiology and behavior.
The reduced amount of energy and DA terminals cg@haa the lower level of dopamine in
the striatum (Figure 2) and dopamine release angptake. High ATP is required in DA
neurons for example for the vesicular monoaminasirarter VMAT2 responsible for the
dopamine uptake into presynaptic vesicles to deereéhe toxic oxidation-prone cytosolic
dopamine and for removing the toxic amounts of igaic from the cytosol into the
endoplasmic recticulum by high-affinity ATP-depenti&ransporters. The calcium is getting
into the cell by the sustained pacemaking actigityhe L-type Cavl1.3 calcium channels in
adult mice (Pilsl and Winklhofer, 2012). Thereforeduced ATP levels might alter the total
DA network which control many behaviors such as emgnt, memory, motivation and
emotions (Bjorklund and Dunnett, 2007; Leknes amac&y, 2008). Interestingly we could
detect first changes in motor and emotional behrawiour DCB-Ret ko and DCB-Ret/parkin
double ko mice consistent with the neurodegeneraittenotype (Aroret al., 2010; Kramer
et al., 2007).
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There is still the need for clinically relevant mwal models showing significant degeneration
and a related Parkinsonian phenotype including mand non-motor deficits (Meissnetral.,
2011). Having shown the neuroprotective effect wérexpressed parkin on the DA neuron
degeneration in Ret knockout mice this is a goatication that the Ret-deficient mice are a
reasonable model to test new protective strategggnst PD. However, the Ret/parkin
double knockout mouse model might be preferrechtestigate the molecular mechanisms
involved in neurodegeneration and protection bexaafsthe enhanced neurodegeneration
phenotype and the observed behavioral changes whitbe used as an additional readout.

The presented data raises the question if Retaitsss talks with other genes found to be
mutated in familiar forms of PD. Answering this gtien to some extent, in an ongoing study
in our lab, Karsten Tillack is investigating the nsequences of toxia-synuclein
overexpression in midbrain DA neurons with tropimsufficiency in the double mutant mice
(Ret ko/synA53T), which is generated by crossing tionditional synA53T mice (which
specifically overexpress human mutant A5@Bynuclein in midbrain DA neurons) with
conditional Ret ko mice. However there were no obsimorphologic differences or increase
in thea-synuclein accumulation in the Ret ko/synA53T matd2 months compared to single
mutant mice. However, all mutant and double mutaite showed comparably reduced
levels of DA in the striatum similar to what hasshedescribed in previous studies of Ret
single deficient mice and-synuclein overexpressing mice (Tofagisal., 2006; Krameet al.,
2007; Daheet al., 2009; Linet al., 2012). Moreover, there was an additional increddeA
metabolites in the striatum of synA53T and Ret waAS3T mice, which suggests an
unknown role ofi-synuclein in DA turnover. There was a clear tergesf DA fiber loss and
cell loss in synAS53T expressing mice which was er@re significant in Ret ko/synA53T
double mutant mice. Interestingly, the DA neuronsthe VTA were also more severely
affected in the Ret ko/synA53T double mutant mioempared to the synA53T single mutant
mice, although VTA neurons do not degenerate inaR® have been found to be insensitive
to a-synuclein toxicity in previous animal models (Magay et al., 2006). An even more
drastic change in the 24 month Ret ko/synA53T mae be expected when compared to the
existing data from the 12 month old mice, sincerageontributes to progressive phenotype.
However, none of the previous studies performedcbyssinga-synuclein mutant mice and
knockout mice of other PD-related proteins, likekpa(von Coellnet al., 2006; Sticheét al.,
2007) and DJ-1 (Ramsest al., 2010) resulted in a pronounced loss of DA neurons
Altogether, these results suggest a rather gesasaleptibility of Ret-deficient midbrain DA
neurons too-synuclein toxicity. It is also important to noteat some additional signaling
events in the VTA DA neurons that are triggered tlue-synuclein toxicity makes them
more vulnerable to degeneration in the absence ef, Rvhich suggests a novel
neuroprotective function of the Ret receptor in thielbrain DA neurons againatsynuclein
proteotoxicity. However, it requires further invgstion to understand the underlying
mechanisms causing the enhanced midbrain DA neludaadh in the Ret ko/synA53T mice,
and whether it is the PI3BK/NKB pathway or the RAS-MAPK pathway that is involvied
this context. Furthermore, investigating the doweeh signaling effects of NCAM and
integrins (alternate GDNF receptors) on mitochaadintegrity and cell survival pathways
would uncover new therapeutic possibilities or eWead to combinatorial approaches to

enhance DA cell survival.
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Although in a different context, it is worthwhil@vestigating the biochemical interaction
between parkin, Ret and Eps15 keeping in view gigus study that is published explaining
the role of parkin in regulating EGF receptor intdization together with Eps15 (Fall@h
al., 2006). Even though it was shown that the presehparkin can enhance the intracellular
survival signaling of EGFR by delaying its intenzation, there is not much known about the
importance of EGFR signaling in the development ammintenance of the DA system.
Considering the facts that all receptor tyrosineakes use the same cellular machinery for
signaling and internalization and having known dhkibe essential functions of Ret signaling
in DA system maintenance (Krametr al., 2007) it is important to investigate the role of
parkin in Ret receptor internalization and subsaguwmwnstream signaling together with
alternate GDNF receptors like NCAM and integrins.

In further studies with other PD-related proteimgiat can we expect for example from
Ret/PINK1 double-deficient mice? Since PINK1 is sidered upstream of parkin concerning
mitochondrial fission and fusion dynamics, transpand mitophagy - we can expect a similar
phenotype in Ret/PINK1 double-deficient mice asoregd here for the Ret/parkin mice. But
since there are a few functions of parkin not fotordPINK1, such as preventing cytochome
c release induced by proapoptotic BH3 domains|(Rild Winklhofer, 2012), these mice are
still worthwhile to be generated and analyzed teestigate parkin independent functions of
PINK1 which might show up under trophic insufficogn

In conclusion, all these findings suggest that,Rle¢ signaling pathway is an essential part of
the protein network altered in PD patients, funcdity in close vicinity to parkin and DJ-1
and also has the capacity to modulate toxic effettautanta-synuclein. Therefore Ret can
be suggested as one of the possible targets ahtitigle hit hypotheses leading to PD. The
tight cross talk of Ret with parkin to prevent neibondrial defects in DA neurons provides
new information how the neurotrophic signaling adtRnediates maintenance of cell bodies
and axons. Because of the close link of Ret to maiseases the Ret/PISK/NF-
kB/mitochondria link might shed new light on the mmllar mechanisms leading not only to
DA system related diseases such as PD, but alseiGadirschsprung’s disease and hearing
loss. Altogether, these findings opened up newsaodaresearch and the present need to
investigate the function of Ret together with otkey proteins which are implicated in PD to
design new therapies as well as to provide custednizerapies for PD patients with specific
gene mutations to increase the efficacy of compsdik@ GDNF and its family members,
which are currently under clinical trials.
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S.1 Introduction

S.A. Parkinson's Disease: Genetics and Pathogenesis

S.1.1 History of PD

Parkinson's disease (PD) was described in Ayurwbdaancient Indian medical system under
the name Kampavata, as early as 5000 BC. In Westethcal literature, PD was illustrated
by the famous physician Galen as "shaking palsyl4 AD. However a detailed medical
essay was published on the disease by a Londoordtarhes Parkinson in 1817 entitled "An
Essay on the Shaking Palsy". This essay establishefting palsy’ as a recognized medical
condition. Jean Martin Charcot, a French neurotogias the first to truly identify the
importance of Parkinson's work and named the disedier him. Spherical cytoplasmic
inclusions in PD patients’ brains were first idéetl by Frederic Lewy in 1912 which are
later named as Lewy bodies. Despite a lot of pregyne understanding the disease, much of it
remains a mystery. The chemical differences inkitans of PD patients were identified in
the 1960s. A Swedish pharmacologist, Arvid Carldsorthe first time described DA itself as
a neurotransmitter, which was until then thougist ps a precursor for norepinephrine (NE).
Further extending his findings, Carlsson (in 198@yld further elucidate the regulatory role
of DA in motor behavior. In his candid experime@arlson treated the animals with
reserpine, which potentially decreases the DA Eewelthe brain and thus leads to motor
impairments. By subsequent administration of L-DORA3,4-dihydroxyphenylalanine), a
DA precursor, he could completely restore the imgghimotor behavior in the reserpine in-
jected animals. Subsequently, DA deficiency is asred the cause of PD symptoms; but the
underlying mechanisms causing the death of the Dgdyxing neurons in specific brain
regions remained largely unknown. Discovery of DAufficiency in PD patients lead to the
first effective medical treatment of the diseaséhwi-DOPA. L-DOPA (or) Levodopa a
precursor of DA which can cross the blood brairribarL-DOPA was first administered in
1967 to treat the disease symptoms; barring ies effécts, this drug still remains as the "gold
standard” in PD medication. In the ancient timbe, Mucuna pruriens plant extract was used
to treat PD symptoms, and was later learned toaoori-DOPA (Katzenschlagest al.,
2004).

S.1.2 Symptoms of PD

PD symptoms can be broadly classified as motor reamttmotor symptoms. The type of
symptoms and the rate of disease progression nifgy significantly among the patients.

120



Supplementary Information

S.1.2.1 Motor Symptoms

These are the "cardinal” symptoms of PD, which \aséble from outside. They include:

bradykinesia (slowness of movement), rigidity, iresttremor, postural instability and other
physical symptoms may include gait problems andiced facial expression resulting in a
mask like face. These symptoms are mainly due &ldss of SNpc DA neurons and
subsequent reduction of striatal DA levels. They dae controlled or reduced by
administering DA and its agonists.

S.1.2.2 Non-motor Symptoms

These symptoms are DA-non-responsive and can haymastic impact on patients. They
include: cognitive impairment, depression and amyxisleep difficulties, hyposmia (loss of
sense of smell), constipation, speech and swallpwnoblems. These symptoms are related
to the degeneration of non-DA neurons including $keeotoninergic neurons of the raphe
nucleus, noradrenergic neurons of the locus cer(l@, or cholinergic neurons of the
nucleus basalis of Meynert.

S.1.3 Neuropathological staging (or Braak staging)f PD

Braak, with his coworkers proposed a neuropatholdgtaging hypothesis for PD (Braek
al., 2003). The classification of disease stages wasdon the presence of lewy body pathol-
ogy. According to this staging hypothesis, the dtaid PD nigral pathology occurs in the
midway (see Figure S.1.1). Whereas, the Lewy boséesn to appear first in the olfactory
bulb, medulla oblongata and pontine tegmentum,viddals in any of these stages are
clinically asymptomatic. With disease progressibewy bodies start to appear in the SN,
then in the midbrain areas and in the basal forebbafore they finally appear in the
neocortex. The pathological stages for PD, desdrilyeBraak share similarities to that found
in LBD described by Kosaka (reviewed in Kosaka &kis 1996). According to Braak stages,
Lewy body pathology precedes neuronal loss byast lene or more stages.

If Braak stages are to be believed then, non-maxtdrnon-DA symptoms should appear prior
to the ‘cardinal’ motor symptoms of PD. Due to @ely involvement of olfactory bulb and
brain stem one would expect olfactory dysfunctelaep disorders and depression. Patients in
the end stage may suffer from cognitive and psycbigroblems similar to those found in
LBD due to the involvement of cortex (Aarslaedal., 2001). Several studies which suggest
that autonomic symptoms, anxiety and depression pragede clinical PD (Shibet al.,
2000; Abbottet al., 2005), support this staging system. The Lewyyboathology did not
correlate with neuronal loss in the affected brameas in many PD cases; hence this
hypothesis needs further validation.
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Figure S.1.1 Braak stages of PD

A) The presymptomatic (stage 1-3) and symptomatic gghéstage 4-6) are shown. The presymptomatic
phase is marked when the Lewy bodies or neuritgeapin persons without any symptoms. The
asymptomatic phase is followed by the symptomatiasp when the neuropathological threshold in the
affected individual is exceeded (black arrow), lirstphase the PD-related symptoms starts to appear.
The increasing slope and intensity of the colorgdases (below the diagonal) is an indication of
increasing pathology in the vulnerable brain regitmentioned on the right hand side)

B) Diagram depicting the ascending pathological pregeghite arrows). The shading intensity of the
colored areas refers to panel A. (Figures adapted Braak et al., 2004)

S.1.4 Parkinsonism vs. Parkinson’s disease (PD)

Parkinsonism (Parkinsonian syndrome) is any camithat causes a combination of move-
ment abnormalities seen in PD, resulting from thes lor damage of DA producing neurons.
PD is the main neurodegenerative cause of ParkisrsonNot everyone who has

Parkinsonism symptoms has PD, other causes ofri@arksm can be due to the result of:
medications to treat psychosis and other major lpayrec disorders, repeated head trauma,
stroke, neurodegenerative disorders: such as raulsipstem atrophy (MSA), progressive
supranuclear palsy (PSP) and Lewy body dementi®jLB

S.1.5 Basal ganglia (or Basal nuclei)

The basal ganglia are a group of nuclei from diférareas of brain that forms an
interconnected uni-functional unit. Anatomicallipese nuclei are located at the base of the
forebrain which receives inputs from cortical lgyand sends information to thalamus and
other brain stem regions (McHaffgeal., 2005). The basal ganglia are involved in regntati
involuntary movements, procedural learning reldietaviors (like eye movements, bruxism
-gnashing of teeth etc.,), cognitive and emotidialctions (Mink and Thach, 1993). The
components of human basal ganglia system (illetran Figure S.1.2) include the
neostriatum (caudate and putamen) and the palatsiri- globus pallidus external (GPe) and
globus pallidus internal (GPi) segments, the suath& nucleus, the substantia nigra pars
compacta (SNpc) and substantia nigra pars rete(&Xpr) (Groenewegen, 2003). Although
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GPi and SNpr are anatomically apart they are fonelly identical with same kind of pre-
and postsynaptic connections.

The basal ganglia nuclei, neostriatum receives nstjmulatory input from almost all areas
of the layer 5 glutamatergic neurons of the coviexthe corticostriatal pathway. Whereas the
neostriatum receives another major source of ifqom the SNpc forming the nigrostriatal
DA system, these DA projections can either be aimiy or inhibitory, depending on the DA
receptor subtype expressed on the postsynaptiomgufhe neostriatum also receive inputs
from the striatal cholinergic interneurons; thesanons release acetylcholine. The cholinergic
input from the interneurons functions exactly opf@$o the DA inputs that come from the
SNpc. The coordinated action of all these diffeiaput mechanisms to the basal ganglia is
important for the initiation of movements

Caudate
nucleus

Putamen

Thalamus

Globus pallidus

(externa)

Subthalamic
Globus pallidus nucleus

(interna)

Substantia
nigra

Figure S.1.2 Components of the human basal ganglkystem

The components of human basal ganglia system sihenincludes: caudate and putamen (together cafled
neostriatum); the external and internal segmentglobus pallidus (together called as paleostriafuting
subthalamic nucleus; and the substantia nigra.ahmas which receives output from the basal ganglialso
shown (Figure obtained from suicidionuncamais.wogdp.com)

The neostriatum largely contains medium spiny nesifdISNs), which make up to 95% of
the total striatal neurons. These MSNs are divital two groups based on their direct or
indirect connections with the efferent nuclei o€ tBG (GPi/SNpr). One group of MSNs
directly innervate to the GPi/SNpr forming thdeect pathway and other group of MSNs
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which possesses short axons, makes connectiongheitheurons in the closely located GPe
region and these neurons in the GPe forms conmsctith the neurons in the STN, which
are connected with the GPi/SNpr regions to comphletendirect pathway of the BG(Obeso

et al., 2008)(illustrated in Figure S.1.3 A).

A B
Normal health Parkinson's disease
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Dorsal Striatum
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bPr;ier:n gtt:r; ©) Thalamus Thalamus
nuclei AV/VL/DM AV/VL/DM

Figure S.1.3 Schematic outline of basal ganglia gaways in (A) normal health and (B) Parkinson’s disase
(PD)

Premotor
brain stem O
nuclei

SNpc = substantia nigra pars compacta; SNpr = antiatnigra pars reticulacta; GPe = globus pallielkterna;
GPi = globus pallidus interna; STN = subthalamiclaus; AV = anteroventral nucleus of the thalamdis;=
ventral lateral nucleus of the thalamus; DM = dawedial nucleus of the thalamus

@ indicates excitatory projection§) indicates inhibitory projections. Green arrowsidate glutamatergic
connections; red arrows indicate GABAergic conrmetdj whereas the blue arrows indicate DA connestibm
(B) dotted blue lines indicate degenerated DA nealrgrojections. The thickness of arrows correspotod
activity - in (A) & (B) arrows with intermediate itkness indicates normal activity of the respectivgections;
in (B) thinner arrow lines indicate decreased digtiand thicker arrow lines indicate increased\amtiof the
respective connections. (Figure adapted from C&0€7)

The direct and indirect striatal projection neurane segregated mainly by the DA receptor
subtype (D1 or D2 subtype) they express (Gedeal., 1990). The D1 receptor mRNA is

restricted to those neurons which are directly eoted to the output nuclei of the basal
ganglia, these D1 receptor containing GABAergicroas selectively express substance P

124



Supplementary Information

and dynorphin. Contrarily, the MSNs that projectthe GPe contain D2 receptor mRNA,
these GABAergic neurons express enkephalin. Treralso a small proportion of MSNs
which express both D1 and D2 receptors (Thibetdt., 2013).

S.1.5.1 Direct pathway

The DA inputs from the SNpc to the D1R expressingNd are excitatory because this
subtype of DA receptors are coupled to the stinomjatG-protein (G); on the other hand
cortical (glutamatergic) inputs to these MSNs al®o a&xcitatory. Upon excitation these
neurons release GABA to reduce the strong actiotowically active GABAergic output
nuclei (GPiI/SNpr) on the thalamus, and some regminte brain stem. Upon decreased
inhibition, the thalamic nuclei release more gludéento stimulate certain areas of the motor
cortex to initiate movements.

S.1.5.2 Indirect pathway

The DA inputs that come from the SNpc to these M&hsinhibitory due to the presence of
the inhibitory G-protein (¢ coupled D2 receptors, whereas the cortical (ghatargic) inputs
are excitatory. Upon the action of DA, these MSNsdme depolarized and release less
GABA to the GPe, this results in the release of enGABA from the GPe neurons to the
STN. The glutamatergic STN neurons undergo depataon, which results in decreased
stimulation of the tonically active GABAergic outpauclei (GPi/SNpr). Upon decreased
stimulation of the output nuclei (GPi/SNpr) less BAis released to the thalamus, and some
regions of the brain stem. This finally leads toreased release of glutamate in the cortical
areas via the thalamocortical fibers to stimulatetan areas of the motor cortex to make
movements. The final action of the indirect pathwlapends on the availability of glutamate
and DA in the neostriatum.

S.1.5.3 Basal ganglia in PD

In PD, the degenerated nigrostriatal system resnltseduced DA levels in the striatum.
Decreased DA levels have different effects on thectland indirect pathways (illustrated in
Figure S.1.3 B). Due to reduced DA levels the dipathway becomes less inhibitory to the
GPi/SNpr output nuclei. This result in increaseth§j of the GABAergic projections those
come from the GPi/SNpr to the thalamic and soménbstem regions. This decreases the
stimulatory action of thalamus on the motor coitaraas.

Decreased DA levels leads to decreased inhibitthegteof the D2 receptor containing MSNs
on the GPe neurons, this leads to decreased relé&&BA from of the GPe neurons on the
STN glutamatergic neurons, which results in theasé of more glutamate from the STN to
the GPi/SNpr output nuclei (Figure S.1.3 B). Thepdmactive output nuclei release more
GABA to the thalamus and certain and brain stemasarevhich in turn leads to less
stimulation of the motor cortical areas. Thus, dased DA levels results in the slowing of
movements.
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S.1.6 Epidemiology of PD

In the general population, the prevalence of PEhaught to be around 0.3%, whereas, in
aged population (>60 years), this rises to arod There are approximately five million PD
sufferers across the world. Many epidemiologic Esiduggest that men are at a higher risk
to develop PD than women. This could be due to oprotective effects of estrogens in
women, a higher rate of occupational toxin exposisrevell as minor head trauma in men, or
recessive susceptibility genes on the X chromos(timzet al., 2002; Wooteret al., 2004).

A study on rats suggests that down regulation efdstermining gene — SRY gene (present
on the male specific - Y chromosome) specificalbcretased the expression of TH in the
SNpc DA neurons leading to motor deficits (Dewat@l., 2006). This observation provides
further evidence for male susceptibility in PD.

PD is largely sporadic, whereas the potential fesitors associated with the onset of this
disease include genetic predisposition, environaldattors and ageing; PD may perhaps be
multifactorial, due to a combination of two or mavé these factors (reviewed by Farrer,
2006). In the last decade, there has been a reblargeogress in the identification of genes
that are responsible for causing PD and relateardigss. Only 10% of the PD cases are due
to genetic causes, but studying the function ofdisease-linked genes and gene products has
helped the researchers to understand the moleocwahanisms underlying the disease.
However, the penetrance of these PD causing gene$tan incomplete; stating that not
everyone who carries the PD-associated gene mutdiwelop the disease. This genetic
variation suggests a possible interplay of genepgenetic or environmental factors that can
ultimately leads to disease development.

S.1.7 Role of environmental factors in PD

Several studies associate a number of environméatabrs with increased risk of PD,
including occupational exposure to pesticides, fiemetals, organic solvents, magnetic
fields, dietary intake of dairy products etc.; hoee their causal relationship have not been
well established. Among the association studieppnte on exposure to pesticides and
increasing risk of PD seem to be consistent. In0§9&liscovery of MPTP (1-methyl-4-
phenyl-1, 2, 3, 6,-tetrahydropyridine) induced SN)# neuronal degeneration and a resultant
Parkinsonism in humans strengthened the relatipnbbiween pesticides and PD. Other
pesticides namely, rotenone and paraquat werdrafdecated in PD (reviewed in Wirdefeldt
et al., 2011)). Based on these epidemiological istudifferent toxin-induced PD animal
models have been developed to study SNpc DA negevddgation. Moreover, blood urate
levels, use of NSAID (Non-steroidal anti-inflammatalrug), adiposity, and brain injury have
limited or conflicting evidence of relationship RD. On the other hand, cigarette smoking,
caffeine consumption, alcohol consumption, dietariake of Vitamin E (or other anti-
oxidants) and physical activity were reported tduee the risk of PD, but the physiologic
mechanisms for these relations are poorly undeds(@dirdefeldtet al., 2011). To make
further progress in understanding the role of emnmental factors in PD, larger studies with
more precise quantifications should be performed.
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S.1.8 Genetic animal models of PD

S.1.8.1a-synuclein animal models

Overexpression af-synuclein inDrosophila andC. elegans also leads to loss of DA neurons.
Lewy body-like inclusions with progressive DA nenabloss and L-DOPA responsive motor
defects were observed insynuclein overexpressingrosophila (Feany and Bender, 2000);
whereas, Lewy body inclusions and progressive DArawal loss was not observed an
synuclein  expressing.. elegans (Lakso et al., 2003; Kuwaharaet al., 2006). Since
Drosophila andC. elegans do not contain endogenoussynuclein, these models cannot be
considered as relevant systems to study the in fuxotion ofa-synuclein. Several mouse
models have been developed to study the functieasyhuclein in vivo. However, knocking
out a-synuclein in mice did not result in any signifitagffect on the development or
maintenance of DA system (Abeliovica al., 2000; Chandraet al., 2004). Several
researchers have developed transgen&ynuclein-overexpressing mice under different
promoters. The phenotypic outcome in these micédaneavily and is mostly promoter
dependent (Chesselet, 2008). Nevertheless, sortfeeeé mouse models serve as excellent
models of a-synuclein-induced neurodegeneration. One such Mmisd¢éhe mouse prion
promoter (mPrP) driven A53T mutamtsynuclein overexpressing mice, these mice exhibit
synuclein pathology that is very similar to whatoigserved in humans, which include
synuclein aggregation, fibrils formation and trutma, and post translation modification @f
synuclein like phosphorylation and ubiquitinatiantimately leading to progressive age-
dependent neurodegeneration (Giasgah., 2002; Leeet al., 2002; Chesselet, 2008).

The toxicity ofa-synuclein seems to occur due to mitochondrial wystion and proteasomal
and lysosomal impairments and disruption of ER-Galgfficking (Tanakaet al., 2001;
Cuervoet al., 2004; Coopeket al., 2006; Martinet al., 2006). Mouse DA neuronal toxicity
induced by mitochondrial toxins seems to be depande the expressions levels of
synuclein. Mice deficient ad-synuclein are more resistant to MPTP and otheochiindrial
toxins (Dauer and Przedborski, 2003; Klivemyial., 2006) compared to wildtype, whereas
mice overexpressing-synuclein are more sensitive to paraquat and othiéochondrial
toxins (Norriset al., 2007). Transgenic human A58¥synuclein overexpressing mice exhibit
mitochondrial defects (Martiat al., 2006). Consistent with these findings, SN anictstm of
PD patients witha-synuclein aggregates also exhibit decreased notalial complex |
activity (Devi et al., 2008). All these studies provide a direct linkivileen a-synuclein
toxicity and mitochondrial dysfunction.

In the context of functional interaction betweesynuclein and parkin (another PD-related
gene product), it has been shown that wildtypernmitmutant parkin could protect the DA
neurons from the proteasome inhibition mediatedratenicity of mutanta-synuclein.a-
synuclein has been shown to interact with synpfiliiEngelenderet al., 1999) and
syniphilin-1 is a knownin vitro substrate of parkin, an E3 ubiquitin ligase (Chehgl.,
2001). All these finding argue for a coordinateddtion of different proteins that are linked
to PD.
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S.1.8.2 LRRK2 animal models

As observed for-synuclein, overexpression of LRRK2 Drosophila and C. elegans also
leads to DA neuron degeneration (Lét1 al., 2008; Nget al., 2009; Sahaet al., 2009;
Venderovaet al., 2009); whereas, no Lewy body-like inclusions wknend in these models
as they do not expresssynuclein. In mouse, LRRK2 deficiency doesn’'t setanbe
important for the development or maintenance ofrtliwous system, in contrast to what was
observed inDrosophila (Lee et al., 2007; Sakaguchi-Nakashingh al., 2007; Imaiet al.,
2008; Wanget al., 2008; Andres-Mateost al., 2009). Transgenic expression of LRRK2WT,
LRRK2 R1441C, LRRK2 G2019S or conditional expressi LRRK2WT, LRRK2 G2019S
or knock-in of LRRK2 R1441C in mice doesn’t leadD@ neurodegeneration (reviewed in
Dawson et al., 2010). The exact reason for theseraepancies in mice and humans with
respect to LRRK2 mediated DA neuron loss is unclear

S.1.8.3 DJ-1 animal models

SeveralDrosophila models have been generated to study the physialofyinctions of DJ-1.
Drosophila mutants that lack both the orthologs of DJ-1 (RJahd DJ-1b) are sensitive to
oxidative stress and displayed motor deficits adliced lifespan without showing any DA
neurodegeneration (Parkt al., 2005; Lavara-Culebras and Paricio, 2007) However,
transgenic RNAI dependent knock down of DJ-1 resulin age dependent loss of DA
neurons (Yangt al., 2005). In mice, DJ-1 deficiency has no impactioe SNpc DA neurons
and total DA levels in the striatum; however, soshadies report decreased mitochondrial
dysfunction in DJ-1 ko mice (Goldbedtjal., 2005; Andres-Mateoat al., 2007; Phanet al.,
2010). DJ-1 mutant mice and flies have decreasédchondrial complex | activity (Haet

al., 2010; Giaimest al., 2012) it was also shown that DJ-1 binds to complsubunits to
ensure proper mitochondrial function (Hayaettal., 2009).

S.1.8.4 PINK1 animal models

Drosophila PINK1 deficiency causes mitochondrial abnormaditleading to apoptosis of
flight muscle cells and behavioral deficits (Claatkal., 2006; Parket al., 2006). The flies
lacking PINK1 contain swollen mitochondria and prod less ATP. Whereas, PINK1 ko
mice did not show any histological or physiologiedterations in the DA system except for
mild changes in striatal DA transmission (Gautgeral., 2008; Gispertet al., 2009). In
drosophila and mouse models of PINK1, complex ivagtis found to be decreased (Gautier
et al., 2008; Moraiset al., 2009). This PINK1 dependent mitochondrial phgpetcan be
rescued by expressing Ndilp (a yeast complex Ivatgnt) (Haddadet al., 2012). Vitamin
K2 (which serves as an electron carrier in bactewas also reported to rescue the
mitochondrial morphology and maintenance of ATPdpiagion in the PINK1 fly model (De
Strooperet al., 2012).
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Abbreviations

AA
AADC
AD
ALDH
AR-JP
ARTN
ATP
BDNF
bp
BSA
CDNF
CNS
COMT
DA
DAB
DAT
ddH,O
DNA
DOPAC
dNTP
e.g.
EGFR
ERK
Eps15
et al.,
FGF8
FMTC
FTD
GABA
GAB1/2
GDNF
GFAP
GFLs
GFRuo
GIRK2
Glu
GMR
Gpe
Gpi
GPI
Grb2
GTP
h
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Amino acid

L-amino acid decarboxylase
Alzheimer’s disease
Aldehyde dehydrogenase

Autosomal recessive juvenile Parkinsonism
Artemin

Adenosine triphosphate

Brain derived neurotrophic factor

Base pair

Bovine serum albumin

Cerebral dopamine neurotrophic factor
Central nervous system
Catechol-O-methyl transferase
Dopamine

Di-amino-benzidine

Dopamine transporter

Double-distilled water

Deoxy ribose nucleic acid
3,4-Dihydroxyphenylacetic acid
Deoxyribonucleotide triphosphate
Example given

Epidermal growth factor receptor
Extracellular signal-regulated kinases
Epidermal growth factor receptor pathwayssake 15
et alii

Fibroblast growth factor 8

Familial medullary thyroid carcinoma
Frontotemporal dementia

Gamma aminobutyric acid
Grb2-associated binding protein

Glial cell derived neurotrophic factor
Glial fibrillary acidic protein

Glial cell derived neurotrophic factor famiigands
GDNF family receptor:

G protein-activated inward rectifier potasaichannel 2
Glutamate

Glass multimer reporter

Globus pallidus, external segment
Globus pallidus, internal segment
Glycosyl phosphatidylinositol

Growth factor receptor bound protein 2
Guanosine triphosphate

Hour(s)
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h-parkin
HPLC-ECD
HRP
HVA
Ibal
IBR

IL

INF
JAK-STAT
JNK

Kb

KDa

ko

L

LB
L-DOPA
LC
LRRK2
MANF
MAO
MAPK
MEKK1
MEN2
min
MPTP
MSN
3-MT
NCAM
NE
NF-«B
NGF
NRTN
NSE
n.s.

NT
PARIS
PBS
PCR

PD

PFA

pH

PI3K
PINK1
Pitx3
PKA
PSPN
p75NTR
PTB
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Human parkin

High-performance liquid chromatographyect&rochemical detection

Horse radish peroxidase

Homovanillic acid

Inonized calcium binding adaptor protein 1
In between RING domain

Interleukin

Interferon

Janus-activated kinase-signal transdwetiyator of transcription

¢c-JUN N-terminal kinase

Kilobase(s)

Kilodalton(s)

Knockout

Liter

Lewy Body

L-3,4-dihydroxyphenylalanine

Locus Coeruleus

Leucine-rich repeat kinase 2

Mesencephalic astrocyte-derived neurotrofifator
Monoamine oxidase

Mitogen-activated protein kinase
Mitogen-activated protein kinase (MAPK) kireakinase 1
Multiple endocrine neoplasia 2

Minute(s)
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine
Medium size spiny neuron
3-methoxytyramine

Neural cell adhesion molecule
Norepinephrine

Nuclear factoB

Nerve growth factor

Neurturin

Neuron-specific enolase

Non-significant (p>0.05, Student's t-test)
Neurotrophin

Parkin interacting substrate

Phosphate buffered saline

Polymerase chain reaction

Parkinson’s disease

Paraformaldehyde

Potential hydrogen

Phosphoinositide-3 kinase

PTEN homolog-induced putative kinase 1
Paired-like homeodomain transcription fa@or
Protein kinase A

Persephin

p75 neurotrophin receptor
Phosphotyrosine-binding (domain)
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PTEN
Ret
RING
ROS
RTK
SH
Shh
SN
SNpc
SNpr
STN
TAE buffer
TBS
TGF
TH

Tm
TNF
Trk
UBL
UCH
UPS
UTR
VS.
VDAC
VMAT
VTA
wit
6-OHDA
°C

%
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Phosphatase and tensin homolog
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