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Abstract

1 ABSTRACT

Parkinson’s disease (PD) is the most common neurodegenerative movement
disorder with a typical onset in the 7" decade of life. The pathological
hallmarks of the disease are the preferential loss of the dopaminergic neurons
of the substantia nigra pars compacta and the presence of Lewy bodies in
surviving neurons. Clinically the disease is characterized by severe motor
symptoms as rigidity, resting tremor, bradykinesia, and postural instability
(Abou-Sleiman et al., 2006b). To find out more about the role of the PD-linked
gene Pink1 in the pathogenesis of the disorder, in this research project a
knockout mouse model for the Pink1 (PARKG6) gene was successfully
generated and analyzed. To find out important regions of Pink1 function, a
detailed expression analysis of Pink1 during murine embryonic development
and in the adult brain was performed. It revealed that Pink1 is ubiquitously
expressed, with an age of onset around E9.0. From E10.0 on, Pink1 starts to
show a differential expression pattern, with remarkably high levels of Pink1 in
some areas of the organism including the developing heart, liver, kidney, and
neural tissues. In the adult brain, strong expression of Pink1 can be seen in
the striatum and substantia nigra pars compacta. Pink1 deficient mice
emerged to be viable and fertile without any obvious signs of abnormality in
body weight, posture, morbidity or mortality. Analysis of Pink1 function in
mitochondria revealed no changes in mitochondrial morphology, but an
impairment of complex | activity in the absence of Pink1. Pink1 mutant mice
were further analyzed with regard to characteristical features of PD and it was
found that they exhibit normal levels of striatal dopamine and do not show
reduced numbers of nigral dopaminergic neurons or motor dysfunctions.
Furthermore, Pink1 deficient mice show a slight increase in levels of cortical
serotonin. Regarding PD-specific non-motor symptoms, Pink1 mutants exhibit
no signs of anxiety or depression-like behavior. However, they display a deficit
in social discrimination, which does not result from memory dysfunctions, but
rather from an impairment in olfaction, which is one of the early-indicative
symptoms known from Parkinson’s disease patients. Taken together, the

generated Pink1 knockout mouse line does not recapitulate typical
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parkinsonian symptoms. However, it provides a genetic link of complex |
impairment and PD. Moreover, the observed deficiency in cognitive function
and olfaction might characterize this mouse line as a very promising model for

the study of early-indicative, non-motor symptoms of Parkinson’s disease.



Zusammenfassung

Zusammenfassung

Die Parkinson’sche Krankheit (Parkinson’s disease, PD) ist die pravalenteste,
neurodegenerative, motorische Krankheit der Welt. Sie tritt typischerweise in
der 7. Dekade des Lebens auf. Die charakteristischen pathologischen
Symptome der Krankheit sind der bevorzugte Verlust der dopaminergen
Neuronen der Substantia Nigra pars compacta und die Entstehung von
Proteineinschlissen, genannt Lewy bodies, in den Uberlebenden
Nervenzellen. Klinische Charakteristika der Krankheit sind schwere
motorische Beeintrachtigungen wie Rigiditat, Ruhetremor, Bradykinesie und
Haltungsinstabilitat (Abou-Sleiman et al., 2006b). Um mehr Uber die Funktion
des Parkinson-assoziierten Gens Pink1 in der Pathogenese der Krankheit
herauszufinden, wurde in dieser Arbeit erfolgreich ein Pink1 (PARK®6)
Knockout Mausmodell generiert und analysiert. Zunachst wurde eine
detaillierte Expressionsanalyse von Pink1 wahrend der Embryonalentwicklung
und im adulten Maushirn durchgefuhrt, um die Regionen zu entdecken, die
von besonderer Wichtigkeit fur die Funktion von Pink1 sind. Dabei wurde
herausgefunden, dass Pink1 ab dem Embryonalstadium E9.0 ubiquitar
exprimiert ist. Ab E10.0 beginnt das Expressionsmuster von Pink1
spezifischer zu werden und einige Bereiche des Organismus weisen
auffallend starke Pink1 Expression auf. Dazu gehdéren unter anderem das sich
entwickelnde Herz, Leber, Nieren und neurales Gewebe. Im adulten Maushirn
wurde unter anderem starke Expression von Pink1 im Striatum und in der
Substantia Nigra pars compacta detektiert. Pink1 defiziente Mause stellten
sich als uUberlebensfahig und fruchtbar heraus. Sie weisen keine
offensichtlichen Zeichen von Abnormalitat beztglich des Kérpergewichts, der
Haltung, der Morbiditat und der Sterblichkeit auf. Die Analyse der Funktion
von Pink1 in Mitochondrien zeigte, dass die mitochondriale Morphologie in
Abwesenheit von Pink1 nicht verandert ist. Es wurde jedoch eine
Beeintrachtigung der Aktivitat von Complex | festgestellt. Eine weitere Analyse
der Pink1 Mutanten bezlglich Parkinson-charakteristischer Symptome zeigte
unveranderte Mengen an striatialem Dopamin, eine unveranderte Anzahl an
dopaminergen Neuronen der Substantia Nigra und unverandertes

motorisches Verhalten. Des Weiteren wurde eine schwache Erhdhung der
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festgestellt. Daruber hinaus wurden die Pink1 Mutanten bezuglich Parkinson-
spezifischer nicht-motorischer Symptome untersucht. Dabei zeigte sich, dass
Pink1-defiziente Mause keine Anzeichen von Angstverhalten oder Depression
aufweisen. Allerdings zeigen sie eine Stérung des Sozialverhaltens. Pink1
Knockouts konnten nicht zwischen einer bekannten und einer unbekannten
Maus unterscheiden. Die Ursache flir diesen Phanotyp ist jedoch nicht eine
Stérung des Erinnerungsvermogens sondern eine olfaktorische Dysfunktion,
welche als eins der frih auftretenden, nicht motorischen Symptome der
Parkinson’'schen Krankheit bekannt ist. Zusammenfassend Ilasst sich
feststellen, dass die in dieser Arbeit generierte Pink1 Knockout Mauslinie nicht
die charakteristischen Symptome der Parkinson’schen Krankheit aufwies. Es
konnte jedoch eine genetische Verbindung zwischen Defiziten der Complex I-
Aktivitat und der Parkinson’schen Krankheit hergestellt werden. Daruber
hinaus charakterisiert die beobachtete Stérung der kognitiven Funktion und
Olfaktion diese Mauslinie als vielversprechendes Modell um frihe, nicht-

motorische Symptome der Parkinson’schen Krankheit zu untersuchen.
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2 INTRODUCTION

2.1 Morbus Parkinson

Morbus Parkinson, also called Parkinson’s disease (PD) was first described by
James Parkinson in 1817 (Jefferson, 1973). It is a major neurodegenerative,
progressive movement disorder with mainly late onset and a prevalence of
1.8% in individuals over 65 years (de Rijk et al., 2000). However even juveniles
and children can be affected. Clinical characteristics of PD are severe and
progressing motor disturbances like bradykinesia, tremor at rest, muscle rigidity,
and impaired balance. These motoric manifestations appear late in the progress
of the disease, when about 60-70% of the dopamine fibers in the caudate
putamen and at least 50% of the dopaminergic neurons in the substantia nigra
pars compacta are already lost (Orth & Schapira, 2002; Terzioglu & Galter,
2008). In addition to the motor symptoms, other, non-motoric dysfunctions were
implicated in Morbus parkinson, which include insomnia, depression, anxiety,
slowness of thinking, dementia, hallucination, decreased motivation, olfactory
dysfunction, and autonomic and cognitive impairments (Hughes et al., 2000;
Juri et al., 2008; Madeley et al., 1991; Matuja & Aris, 2008; Mindham, 1970;
Verbaan et al., 2007; Verbaan et al., 2008). Over a long period of time, these
non-motor impairments were not regarded as associated to the disease, and
they usually manifest themselves rather early compared to the characteristic
motor dysfunctions (Poewe, 2008). The neuropathological hallmarks of PD are
predominantly characterized by the loss of the neuromelanine containing
dopaminergic neurons of the substantia nigra pars compacta (Forno, 1996).
This leads to an intense depletion of dopamine in the striatum, a central
component of the basal ganglia that is responsible for induction and control of
movement. The surviving neurons may contain Lewy bodies, which are
eosinophilic, intracytoplasmic, proteinaceous inclusions mainly consisting of a-
synuclein. Furthermore dystrophic neurites called Lewy neurites can be found in
the brainstem and cortical areas of PD patients (Jellinger, 2003; Spillantini et
al., 1997). Beyond the dopaminergic nigrostriatal system, several other brain

areas are affected in PD patients. These include for example the noradrenergic
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neurons of the locus coeruleus, the serotonergic raphe nuclei of the brain stem,
the dopaminergic VTA neurons, and in later stages of the disease also the
dorsal vagal nucleus, the hypothalamus, olfactory bulb, and large parts of the
cortex (Ansari & Johnson, 1975; Belin & Westerlund, 2008; Braak et al., 2003;
Doty et al., 1988). Up to now PD is known to be non-curable with slow but
irreversible disease progression. Different drug treatments were found to
ameliorate the symptoms, but they are not capable of arresting or slowing down
the pace of neurodegeneration. Although there is fairly good knowledge of the
pathology and pathophysiology of the disease, the molecular pathways that
lead to PD with all its multifaceted symptoms are unidentified so far. There is
evidence that the disease may result from either environmental exposures,
hereditary deficiencies, or a combination of both. Based on the discovery of
parkinsonism-inducing toxins and the study of post mortem PD brains, the

following molecular mechanisms were implied in the pathology of the disease.

2.1.1 Molecular mechanisms implied in Parkinson’s disease
2.1.1.1 Protein degradation and the ubiquitin proteasome
system (UPS)

Impaired protein folding results in an increase in misfolded proteins, which are
generally cytotoxic and need to be removed by protein degradation. This can
either happen via the autophagy-lysosomal pathway, or the ubiquitin-
proteasome system (UPS). The autophagy-lysosomal pathway is able to
degrade oligomers and aggregates of proteins as well as cell organelles.
Damaged proteins are encircled by double-membrane bound
autophagosomes, which then fuse with lysosomes to form autophagosome-
lysosomes. These include acidic hydrolases originating from the lysosomes
that digest the incorporated proteins (Rubinsztein, 2006). In the UPS, wrongly
folded or damaged proteins get polyubiquitinated by the ubiquitination
enzymes, E1, E2, and E3. Polyubiquitination at specific sites targets
eukaryotic proteins for ATP-dependent proteolytic degradation via the 26S

proteasome (Tanaka et al., 2004). This degradation pathway predominantly
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removes short-lived nuclear and cytosolic proteins, and misfolded proteins in
the endoplasmic reticulum (Rubinsztein, 2006). One important factor for nigral
neuron death is deficient protein degradation and dysfunctional regulation of
the UPS (McNaught et al., 2001; Olanow, 2007; Vu & Sakamoto, 2000). The
presence of Lewy bodies in PD brain is strong evidence of impaired protein
degradation. In addition, impairment of the 26S proteasomal activity was
shown in PD substantia nigra (McNaught & Jenner, 2001). Furthermore, the
26S proteasome is an ATP-dependent enzyme. Hence, its function is affected
by disturbances in the energy production of a cell, which takes place inside

the mitochondria.

2.1.1.2 Mitochondrial impairment and oxidative stress

Impaired mitochondrial function seems to be another important factor in the
pathogenesis of PD. Mitochondria are plenteous cell organelles that can be
found in every eukaryotic cell. Their most important function in cell biology is
the production of energy. This occurs via an electron transport chain of
complexes |-V of the mitochondrial respiratory chain, where oxidative
phosphorylation of ADP to ATP takes place (Schapira, 2007). PD patients
were shown to exhibit decreased activity of complex | of the mitochondrial
respiratory chain (Schapira et al., 1989), and a decrease in complex | proteins
(Hattori et al., 1991; Mizuno et al., 1989). Another important function of
mitochondria is the mediation of apoptotic cell death signals. Additionally,
some neurotoxin-studies showed that dopaminergic neurons are more
susceptible than other neurons. These studies included neurotoxins like 6-
OHDA, MPTP (Schober, 2004), rotenone (Betarbet et al., 2000; Bossy-Wetzel
et al., 2004), paraquat (Castello et al., 2007), or maneb (Schober, 2004),
which induce distinct features of PD in animal models. All of these toxins
affect mitochondria. They cause mitochondrial dysfunction in such that they
inhibit complexes | or Il of the mitochondrial respiratory chain (see Figure 1),
leading to oxidative stress. Oxidative stress is another substantial influence on
nigral neurodegeneration (Gotz et al., 1990). Reactive oxygen species (ROS)

are radicals generated by a myriad of biochemical reactions. An important
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portion of ROS is formed e.g. in the mitochondria. Inside these cell organelles,
the main part of the total oxygen consumption occurs. 1-4% of these oxygen
molecules are partially reduced in mitochondria and thus form ROS, which are
then able to oxidize macromolecules as e.g. lipids, proteins, or nucleic acids.
The consequence of these oxidations can be cellular dysfunction,
mutagenesis, and cell death (Nakabeppu et al., 2007). Under normal
conditions, the ROS are eliminated by intracellular antioxidant systems. If
these systems are impaired as a result of aging or disease, insufficient
scavenging of ROS results in oxidative stress. Many senescent organisms
show for example a decline in reduced glutathione during aging, protein
carbonyl concentrations increase with age in all human tissues, and oxidative
damage to mitochondrial DNA increases up to 15-fold compared to nuclear
DNA (Lotharius & Brundin, 2002). During aging, it seems that all tissues
undergo a progressive increase in oxidative stress that could be due to a
failing capacity to scavenge free radicals. In certain neurodegenerative
diseases, this age-dependent increase in ROS seems to be heightened
(Lotharius & Brundin, 2002). Different indicators of oxidative stress were also
proven to manifest in various symptoms related to PD: High levels of iron
(Dexter et al., 1989b; Youdim et al., 1989), lipid peroxides (Dexter et al.,
1989a), hydroxynonenal-modified proteins (Yoritaka et al., 1996), 8-hydroxy-
deoxy guanine (Shimura-Miura et al.,, 1999), and decrease of glutathione
(Chinta et al., 2007; Di Monte et al., 1992; Perry et al., 1982) were shown to
be involved in neurodegeneration in PD. The metabolism of dopamine itself
gives rise to various molecules that can act as endogenous toxins if not
handled properly. Dopamine can be enzymatically deaminated by monoamine
oxidase (MAO) into its non-toxic metabolite 3,4-dihydroxyphenylacetic acid
(DOPAC) and hydrogen peroxide. Alternatively, it can auto-oxidize into toxic
dopamine-quinone species, superoxide radicals, and hydrogen peroxide.
Superoxide can then be further converted into hydrogen peroxide or reactive
peroxinitrite radicals. The normally harmless hydrogen peroxide can also be
further metabolized into cytotoxic hydroxyl radicals in a reaction catalyzed by
iron, which is present in the substantia nigra in higher amounts than in other
brain regions (Lotharius & Brundin, 2002). Hence, nigral dopaminergic

neurons are particularly exposed to oxidative stress. In addition, oxidative
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stress was also found to increase oligomer formation of a-synuclein. These
oligomers impair membrane structures such as mitochondria or synaptic
vesicles, which are normally transported along microtubules to release their

cargo only at the synapse (Rochet et al., 2004).

Figure 1: Schematic overview of molecular and intracellular pathways of dopaminergic
neurotoxins that cause PD-like features in animal models.

MPTP (black vesicles) easily crosses the blood-brain barrier, is taken up into astrocytes and
converted into its active form, MPP" (blue vesicles), via catalyzation by MAO-B (monoamine
oxidase-B). MPP" is released into the extracellular space and specifically uptaken into
dopaminergic neurons by the dopamine transporter (DAT). There it is either concentrated in
mitochondria, where it irreversibly inhibits complex | activity, or is sequestered into synaptic
vesicles (blue vesicle with orange boundary) by VMAT (vesicular monoamine transporter). 6-
OHDA (red vesicles), when injected stereotactically into the brain, is selectively taken up by
dopaminergic neurons via transport by DAT. There it can also be accumulated in mitochondria
and inhibit complex I. Agricultural toxins as e.g. rotenone, maneb (green vesicles), and
paraquat, enter dopaminergic neurons and accumulate in mitochondria as well, where they
inhibit mitochondrial respiration which leads to generation of reactive oxygen species (ROS)
and less ATP synthesis. Adapted from (Schober, 2004). DA; dopamine; MPTP: 1-methyl-4-
phenyl-tetrahydropyridine; MPP™: 1-methyl-4-phenylpyridinium ion; 6-OHDA; 6-hydroxy
dopamine; C | — C V: complexes |-V of the mitochondrial respiratory chain.
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2.1.1.3 Microtubules and cytoskeletal transport

As mentioned above, long-term, systemic administration of rotenone, a widely
used pesticide, leads to selective degeneration of nigral dopaminergic
neurons and PD-like locomotor symptoms in animal models (Betarbet et al.,
2000). Rotenone functions in two different ways in the cell. In addition to
inhibiting complex | of the mitochondrial respiratory chain (Chance et al.,
1963), it also depolymerizes microtubules (Brinkley et al., 1974; Marshall &
Himes, 1978). MPTP, another complex | inhibitor and PD toxin, also exhibits
the ability to depolymerize microtubules (Cappelletti et al., 1999; Cappelletti et
al., 2001; Cappelletti et al., 2005). Furthermore it was shown that the PD-
linked protein a-synuclein can directly interact with free tubulin. In addition,
Lee et. al. could show that overexpression of a-synuclein leads to disruption of
the microtubule network and microtubule-dependent trafficking, as well as
Golgi fragmentation and neuritic degeneration, two commonly known
downstream effects of microtubule dysfunction (Lee et al., 2006). Another
important discovery with respect to the involvement of microtubule in PD
pathogenesis was the finding that parkin, the gene corresponding to PARK2-
linked parkinsonism, encodes for a protein-ubiquitin E3 ligase that strongly
binds to microtubules (Feng, 2006). Moreover, Leucine rich repeat kinase 2
(LRRK2), another gene causing familial PD, was shown to be localized to
membraneous and vesicular structures and the microtubule network (Biskup
et al., 2006). In 2005, Ren and coworkers found out, that midbrain
dopaminergic neurons are selectively more vulnerable than non-dopaminergic
neurons to microtubule-depolymerizing agents such as rotenone, colchicine,
or nocodazole. One important function of microtubules is the axonal transport
of synaptic vesicles via microtubule-based motor proteins. Microtubule
depolymerization disrupts vesicular transport which then leads to the
accumulation of vesicles in the soma (Ren et al., 2005). Because
neurotransmitter-containing vesicles are innately leaky, this increases
cytosolic concentrations of the neurotransmitter (Feng, 2006). In dopaminergic
neurons these vesicles are loaded with dopamine, whose oxidation produces
large quantities of ROS (see 2.1.1.2 Mitochondrial impairment and oxidative

stress) and might initiate cell death (Hastings et al., 1996). Like these, various
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circumstances might form vicious circles inside nigral neurons that will finally
lead to cell death, and hence clinical manifestations of Morbus parkinson. As
mentioned above, the disease might result from a combination of environmental

exposures and hereditary deficiencies of the following genes.

2.1.2 Familial Parkinson’s disease

PD was long considered to be a nongenetic disorder of sporadic origin. But
during the last decade linkage analysis and candidate/gene association studies
provided findings from different geographical areas, that strengthened the
hypothesis that genetic susceptibility plays an important role in PD. Up to the
present, 13 genetic loci have been associated with familial PD (Belin &
Westerlund, 2008; Mizuno et al., 2008). The corresponding genes of 9 of these
loci have been discovered so far, implicating 8 specific genes in PD

pathogenesis ( see Table 1: Genetic causes of Parkinson’s disease).

PARK locus gene chromosome form of PD
PARK1 a-synuclein 4921 AD
PARK2 Parkin 6qg25.2-q27 AR J
PARK3 unknown 2p13 AD
PARK4 a-synuclein 4921 AD
PARKS UCH-L1 4p14 AD, idiopathic
PARK6 PINK1 1p35-p36 AR, EO
PARK7 DJ-1 1p36 AR, EO
PARKS8 LRRK2 12912 AD, idiopathic
PARK9 ATP13A2 1p36 Kufor-Rakeb syndrome,

EO PD
PARK10 unknown 1p32 idiopathic
PARK11 unknown 2q36-q37 AD, idiopathic
PARK12 unknown X familial
PARK13 HTRA2/0MI 2p13 idiopathic

Table 1: Genetic loci associated with Parkinson’s disease.

13 genetic loci (PARK1-13) implicated in PD have been discovered so far. UCH-L1: ubiquitin
C-terminal hydroxylase 1; PINK1: PTEN induced kinase; LRRK2: leucine rich repeat kinase 2;
ATP13A2: ; HTRAZ2: high temperature requirement A2; AD: autosomal dominant; AR:
autosomal recessive; J: juvenile; EO: early onset.
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a-synuclein, which corresponds to PARK71 and PARK4 induced PD, was the
first of the 8 genes discovered (Polymeropoulos et al., 1997). It is abundantly
expressed, it can be found in the cytosol, binds to lipids, and is natively
unfolded (Vekrellis et al., 2004). In presynaptic nerve terminals, a-synuclein
exists in an equilibrium of different states, namely free or plasma
membrane/vesicle-bound (McLean et al., 2000). a-synuclein might be involved
in synaptic vesicle recycling, storage, and regulation of neurotransmitters
(Vekrellis et al., 2004). An important function of a-synuclein is its tendency to
form aggregates in vitro (Giasson et al., 2000), and mutant a-synuclein protein
was shown to form insoluble fibrils (Serpell et al., 2000). These findings imply
the misfolding, accumulation and subsequent aggregation of a-synuclein to be
important in PD pathogenesis. a-synuclein toxicity is discussed to result from a
toxic gain-of-function. Several transgenic mouse lines expressing a-synuclein
under various different promotors habe been published. Widespread pathology
in the central nervous system was reported, however, none of these mutant
mouse models were able to replicate the selective cell death of nigral
dopaminergic neurons (Maingay et al., 2005). Overexpression of wildtype a-
synuclein resulted in a-synuclein and ubiquitin-immunoreactive granular
inclusions in the cytoplasm and nuclei of cortical and nigral neurons,
dopaminergic terminal loss in the basal ganglia, and motor impairments
(Masliah et al., 2000). Three different mouse lines used catecholaminergic
neuronal expression of transgenic a-synuclein, however, none of them showed
PD-specific nigral pathology (Matsuoka et al., 2001; Rathke-Hartlieb et al.,
2001; Richfield et al., 2002). But the mice showed increased striatal levels of
the dopamine transporter (DAT), and enhanced neurotoxicity upon MPTP
treatment (Richfield et al., 2002). Furthermore, several mouse models
overexpressing a-synuclein with point mutations (A30P and/or A53T) were
reported. Their symptoms included age-dependent dopamine decrease and
motor impairments (Richfield et al., 2002), age-dependent motor impairment
and intracytoplasmic neuronal accumulation of a-synuclein and pathological
neuronal accumulation of ubiquitin in several areas including striatum and
dorsal midbrain. But as in the other overexpressor mouse models, no
dopaminergic cell death could be seen (Giasson et al., 2002; Lee et al., 2002).

Furthermore an a-synuclein knockout mouse line was published as well. These
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mice are viable and fertile. They showed a reduction in the synaptic vesicle
reserve pool in the hippocampus, but just a slight decline in striatal dopamine
levels (Abeliovich et al., 2000).

Parkin was found to be the gene corresponding to the PARKZ2 locus (Abbas et
al., 1999). In contrast to common sporadic PD, were Parkin was found to be a
component of classical Lewy bodies, analysis of post mortem brains with
PARKZ2 PD did not show any Lewy bodies in affected brain regions (Farrer et
al., 2001). Parkin functions as a ubiquitin E3 ligase, which is another indication
for dysfunctions in the ubiquitin-proteasome system in PD. Mammalian Parkin
protein is localized in the cytoplasm of postmitotic cells, as well as associated to
the outer mitochondrial membrane (see Figure 3), although only a low
percentage of Parkin showed this association under normal conditions (Darios
et al., 2003). Furthermore Parkin was shown to localize to mitochondria, and it
improves mitochondrial biogenesis by regulation of mtDNA transcription and
replication in proliferating tumor cell lines (Kuroda et al., 2006). Parkin seems to
have a neuroprotective role, which could also be confirmed in different rodent
models (Casarejos et al., 2006; Klein et al., 2006; Vercammen et al., 2006).
Loss-of-function mutations of the Parkin gene are the most frequent cause of
early onset autosomal recessive parkinsonism. Several mouse models with loss
of Parkin function or protein have been published so far (Goldberg et al., 2003;
Itier et al., 2003; Palacino et al., 2004; Von Coelln et al., 2004). Parkin deficient
mice showed motor and cognitive deficits, and inhibition of amphetamine-
induced dopamine release (ltier et al., 2003). Another mouse model lacking
Parkin displayed grossly normal brain morphology, increased striatal
extracellular concentrations of dopamine, but no alterations in the latencies for
remaining on the rotating rod (Goldberg et al., 2003). Furthermore these
animals showed decreased abundance of a number of proteins involved in
mitochondrial function or oxidative stress, and decreased levels of proteins
involved in protection from oxidative stress, lower serum antioxidant capacity,
increased protein and lipid peroxidation revealing an essential role for Parkin in
the regulation of mitochondrial function. But electron microscopic analysis of

these mice did not reveal any gross morphological abnormalities of striatal
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mitochondria (Palacino et al., 2004). Von Coelln et al. found that their Parkin
null mice showed a loss of catecholaminergic neurons in the locus coeruleus,
an accompanying loss of norepinephrine in discrete regions of the central
nervous system, and a reduced startle response. Striatal levels of dopamine,
and its metabolites DOPAC and HVA, however, were unaffected in these mice
(Von Coelln et al., 2004). Although some of these Parkin deficient mouse
models even showed changes in or impairment of the dopaminergic system,
neither of them displayed a loss of nigral dopaminergic neurons in different
stages of age. This suggests that Parkin is not essential for the survival of nigral

neurons in mice.

Mutations in the PARK3 locus correspond the ubiquitin C-terminal hydroxylase
1 (UCH-L1), and were only detected in one German family. Affected family
members display clinical signs of idiopathic PD, including early olfactory
dysfunction and late cognitive impairment (Leroy et al., 1998). UCH-L1 is one of
the most abundant proteins in the brain, solely localized to neurons, and can in
addition to its role as a ubiquitin hydroxylase also function as an E3 ligase
(Wilson et al., 1988). These functions of UCH-L1 further validate a role of
distraction in protein degradation via the UPS in the pathogenesis of Morbus
parkinson. Knockout mice for the gene UCH-L1 were first published as gracile
axonal dystrophy (gad) mice (Yamazaki et al., 1988). These animals exhibited
progressive symptoms such as ataxia beginning at about 80 days of age,
followed by tremor, difficulty in moving, and muscular atrophy of the hind
limbs. Pathologically, they showed neuroaxonal dystrophy and degeneration
in the gracile nucleus of the medulla oblongata and the gracile fascicules of
the spinal cord, and they died around 5 to 6 months of age (Yamazaki et al.,
1988). In 1999, UCH-L1 was discovered as the mutated gene in the gad
mouse model. But since clinical and pathological symptoms of the mice were
not consistent with PD pathology, it was suggested that these discrepancies
might result from the different mutations which may cause different
phenotypes (Saigoh et al, 1999). In 2007, transgenic mice carrying the

humanized point mutation in the UCH-L1 gene were reported to exhibit age-
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dependent loss of nigral dopaminergic neurons and accumulation of insoluble
UCH-L1 protein in the midbrain (Setsuie et al., 2007).

Pink1 (PARK®6) linked parkinsonism is characterized by an early onset of
recessively inherited disease. Heterozygous Pink1 mutations are more frequent
in sporadic PD patients than in controls, hence Pink1 might be a risk-factor for
development of the disorder (Abou-Sleiman et al., 2006a). Pink1 was also seen
in the characteristic protein inclusions of PD patients and patients with DLB
(dementia with Lewy bodies) (Murakami et al., 2007). Pink1 protein consists of
a serine-threonine kinase domain and a mitochondrial targeting motif, it was
shown to localize to mitochondria (see Figure 3), and it was the first gene
directly implicating mitochondrial function in the pathogenesis of PD. For more
detailed information, see 2.2 PTEN induced kinase 1 (Pink1).

Patients carrying mutations in DJ-1 (PARK?) display early-onset parkinsonism
due to a loss of function of DJ-1 protein, which is comparable with Parkin- and
Pink1-linked forms of the disease. DJ-1 was just occasionally found in the
haloes of Lewy bodies, but it is an essential component of neuronal protein
inclusions in diseases typically characterized by tau aggregation (Neumann et
al., 2004). DJ-1 is involved in oncogenic mechanisms, control of gene
transcription, regulation of mMRNA stability, fertilization, and it can function as an
antioxidant (Bonifati et al., 2003; Mitsumoto & Nakagawa, 2001). In humans it is
expressed ubiquitously, and its expression in the brain is mainly astrocytic. DJ-1
physiologically forms homodimers, and is partially localized to the mitochondrial
matrix and inter membrane space (Vila & Przedborski, 2004; Zhang et al.,
2005). It was shown that DJ-1 has a protective role and is involved in sustaining
the function of the mitochondrial complex | under oxidative stress conditions in
vitro (Taira et al., 2004), which is another hint that interconnects mitochondria
with PD (Figure 3). In the case of DJ-7-linked parkinsonism, the disease is also
caused by loss-of-function mutations (Goldberg et al., 2005). Several DJ-1
deficient mouse models were reported since 2005. DJ-17" mice showed

reduced evoked dopamine overflow in the striatum, absence of corticostriatal
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long-term depression, and hypoactivity in the open field (Goldberg et al., 2005).
Another knockout mouse model of DJ-1 displayed normal levels of striatal
dopamine, hypolocomotion when subjected to amphetamine challenge, and
increased striatal denervation and dopaminergic neuron loss induced by MPTP
(Kim et al., 2005). Chen et al. reported that DJ-1 deficiency in mice led to age-
dependent and task-dependent motoric behavioral deficits, increased
dopamine reuptake rates, and elevated tissue dopamine content (Chen et al.,
2005). Further symptoms of DJ-1 deficient mice included subtle locomotor
deficits (Manning-Bog et al., 2007), a deficit in scavenging mitochondrial H,O»
(Andres-Mateos et al., 2007), hypoactivity and mild gait abnormalities
(Chandran et al., 2008). But none of these mouse models lacking functional
DJ-1 protein was able to recapitulate the parkinsonian symptom of
dopaminergic neuron loss in the substantia nigra (Andres-Mateos et al., 2007;
Chandran et al., 2008; Chen et al., 2005; Goldberg et al., 2005; Kim et al.,
2005; Yamaguchi & Shen, 2007).

LRRK2 (leucine rich repeat kinase 2), the gene corresponding to PARKS8-linked
PD, was discovered in 2004 (Zimprich et al., 2004). Mutations in LRRK2 are the
most abundant genetic cause in familial as well as sporadic PD. LRRK2
mutations are discussed to result in a toxic gain of function. LRRK2 can be
localized to the halo of Lewy bodies, but it is not a major component of these. It
is expressed in the brain with highest levels of expression in the striatum (Galter
et al., 2006; Higashi et al., 2007). LRRK2 protein was assumed to play a role in
cytoskeletal process regulation and seems to be associated with intracellular
membraneous structures like golgi, endoplasmic reticulum, lysosomes, and
mitochondria (Schiesling et al., 2008). In the case of LRRK2 mutant mice have

not been reported so far.
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Figure 2: Connections of common pathways underlying PD pathogenesis.

Mutations in a-synuclein, Parkin, UCH-L1, Pink1, and DJ-1 are associated with familial forms
of PD through pathogenic pathways that may commonly lead to deficits in mitochondrial and
UPS function. PINK1, parkin, and DJ-1 may play a role in normal mitochondrial function,
whereas parkin, UCH-L1, and DJ-1 may be involved in normal UPS function. a-synuclein
fibrillization and aggregation is promoted by pathogenic mutations, oxidative stress, and
oxidation of cytosolic dopamine (DA), leading to impaired UPS function and possibly
mitochondrial damage. a-synuclein may normally be degraded by the UPS. Some
environmental toxins and pesticides can inhibit complex-l and lead to mitochondrial
dysfunction, whereas alterations in mitochondrial DNA (mtDNA) may influence mitochondrial
function. Impaired mitochondrial function leads to oxidative stress, deficits in ATP synthesis,
and a-synuclein aggregation, which may contribute to UPS dysfunction. Oxidative and
nitrosative stress may also influence the antioxidant function of DJ-1, can impair parkin
function through S-nitrosylation, and may promote dopamine oxidation. Excess dopamine
metabolism may further promote oxidative stress. Mitochondrial and UPS dysfunction,
oxidative stress, and a-synuclein aggregation ultimately contribute to the demise of DA
neurons in PD. Red lines indicate inhibitory effects, green arrows depict defined relationships
between components or systems, and blue dashed arrows indicate proposed or putative
relationships. Adapted from (Moore et al., 2005). UPS: ubiquitin proteasome system.

ATP13A2 corresponds to the PARK9 locus and was initially described as cause
of the Kufor-Rakeb syndrome (Ramirez et al., 2006). It displays an early onset
of symptoms and rapid disease progression. ATP13A2 in its wildtype form is

located in lysosomes, whereas mutant protein is found in the endoplasmic
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reticulum and degraded via the ubiquitin-proteasome pathway. These findings
further strengthen the hypothesis that protein degradation is involved in PD

pathogenesis. No ATP13A2 mutant mice have been reported up to now.

Omi/ HtrA2 (high temperature requirement A2) is a serine protease of the HtrA
family of oligomeric proteases. It is expressed as a 49 kDa proenzyme, that is
targeted to the mitochondrial inter membrane space (IMS) where it undergoes
proteolytic cleavage, thereby losing its N-terminal mitochondrial localization
signal (Vande Walle et al, 2008). However, a fraction of endogenous
Omi/HtrA2 was detected in the nucleus of resting cells (Martins et al., 2002),
and after apoptotic stimulation, Omi/HtrA2 is released into the cytosol, where it
is able to induce caspace-dependent apoptosis (Hegde et al., 2002). Under
non-apoptotic conditions it is involved in maintaining mitochondrial
homeostasis. The mouse mutant mnd2 (motor neuron degeneration 2), which
corresponds to a missense mutation in the protease domain of the
mitochondrial serine protease Omi/HirA2, exhibits muscle wasting,
neurodegeneration, involution of the spleen and thymus, and premature
lethality. Degeneration of striatal neurons, with astrogliosis and microglia
activation begins at around 3 weeks of age, and other neurons are affected at
later stages (Jones et al., 2003). Another mouse line carrying mutations in the
Omi/HtrA2 gene displays loss of striatal neurons and premature lethality.
Because of the parkinsonian phenotype of these mice, Strauss et al. tested
Omi/HtrA2 for linkage to PD. They performed a mutation screening for the
Omi/HtrA2 gene in German PD patients and were able to confirm the link by
identifying a novel heterozygous missense mutation and a novel polymorphism
that was associated with PD (Strauss et al., 2005). Concerning Omi/HtrA2,
another mouse model, completely lacking expression of the gene, was reported
in 2004. These animals show no evidence of reduced rates of cell death. On
the contrary they display loss of a population of neurons in the striatum, which
results in a neurodegenerative disorder with a parkinsonian phenotype and
premature death of the mice around 30 days after birth (Martins et al., 2004).

Liu et al. established a transgenic mouse model with neuron-specific
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overexpression of Omi/HtrA2. These mice showed normal development without

any sign of apoptotic cell death (Liu et al., 2007).
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Figure 3: PD genes and their involvement in mitochondria.

Aggregation of a-synuclein might be an upstream actor of mitochondrial alterations. Parkins
associates with the outer mitochondrial membrane (OMM) and was shown to be involved in
mitochondrial biogenesis by regulation transcription and translation of mtDNA. Pink1 has an
N-terminal mitochondrial targeting motif and is localized to mitochondrial membranes,
whereas oxidation of a key Cys-residue in DJ-1 leads to its relocalization to mitochondria.
LRRK2 resides diffusely throughout the cytosol, but is partly associated with the OMM.
HtrA2/Omi is localized in the IMS, from where it is released upon apoptotic stimuli. Adapted
from (Bogaerts et al., 2008). IMM: inner mitochondrial membrane.

2.2 PTEN induced kinase 1 (Pink1)

Pink1 was first discovered in 2001 as a gene being transcriptionally activated in
PTEN overexpressing cancer cell lines (Unoki & Nakamura, 2001). In 2004,
Valente and colleagus identified Pink1 as the gene responsible for PARKG6-
linked parkinsonism (Valente et al., 2004a). Pink1 exhibits high homology
throughout different species. Human Pink1 protein consists of 8 exons spanning
1.8 kb, resulting in a 581 amino acid protein. The N-terminal region of Pink1
contains a predicted cleavable mitochondrial targeting motif for driving

interaction with the mitochondrial protein import machinery (Figure 4). Early
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studies in mammalian cell lines propose this motif sufficient to drive
mitochondrial import (Mugit et al., 2006; Silvestri et al., 2005). For proteolytic
cleavage of the mitochondrial targeting motif, there are several possibilities
discussed to date, as cleavage occurs within the first 100 amino acids (Beilina
et al., 2005; Muqit et al., 2006), and protein fragments containing the N-terminal
34 or 77 amino acids were shown to be sufficient for mitochondrial targeting
(Muqit et al., 2006; Silvestri et al., 2005). Overexpression of Pink1 protein in
vitro revealed two different proteolytically processed forms (~45kDa and
~55 kDa) in addition to the full length protein (about 66 kDa) of Pink1. These
findings support the possibility that processing occurs at multiple cleavage sites.
Cellular localization studies of recombinant and endogenous Pink1 protein in
mammalian cells showed that Pink1 exists in both the mitochondria and cytosol
(Beilina et al., 2005; Gandhi et al., 2006; Haque et al., 2008; Plun-Favreau et
al., 2007; Pridgeon et al., 2007; Silvestri et al., 2005), and it was also observed
in Lewy bodies and in aggresomes (Gandhi et al., 2006; Muqit et al., 2006).
However, by what mechnism Pink1 gets imported into the mitochondria and
where it is localized submitochondrially, is still unclear and discussed
controversial. Outer membrane removal and protease sensitivity assays, as well
as immuno-gold electron microscopy of recombinant Pink1 in cell lines detected
the protein on the inner mitochondrial membrane (IMM) (Muqit et al., 2006;
Silvestri et al., 2005). Another group could verify localization of recombinant
Pink1 in the mitochondrial intermembrane space (IMS) of human embryonic
kidney 293 cells (Pridgeon et al., 2007). But in rat brain, Pink1 seems to be
localized in the mitochondrial outer and inner membranes (Gandhi et al., 2006).
Secondly, Pink1 contains a serine-threonine kinase domain, that spans the
biggest part of the protein (Figure 4). It was shown to be capable of in vitro
autophosphorylation (Beilina et al., 2005; Silvestri et al., 2005), and the kinase
activity of Pink1 is essential for protective Pink1 effects (Haque et al., 2008;
Petit et al., 2005). However, Pink1 mutations are distributed all over the protein,
not just inside the kinase domain (Figure 4). It is possible that they all affect

kinase activity, but they might also alter Pink1 function in other ways.
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Figure 4: Schematic drawing of Pink1 protein strucure with functional domains.

(A) Pink1 mouse (upper row) and human (lower row) amino acid sequence with
corresponding exons (alternating underlined and non-underlined) and mutation sites found in
PARK®6-linked PD patients (pink). (B) Schematic drawing of Pink1 protein structure. Light
blue: Mitochondrial targeting motif; orange; kinase domain; Pink arrows accentuate PD
mutations; black arrows show the two putative proteolytic cleavage sites.
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2.2.1 Pink1 and apoptosis

A major part of both, the extrinsic and intrinsic apoptosis pathways, is
regulated via mitochondria (Zhivotovsky & Kroemer, 2004). Adult neurons are
usually programmed to survive throughout lifespan, and premature death of
neurons is the cause of several neurodegenerative diseases. Under normal
conditions, adult neurons are protected from undergoing cell death by intrinsic
antiapoptotic mechnisms, which become activated in response to cellular
stress (Mills et al., 2008). Hence it was suggested that Pink1 might play a
critical role in mitochondria-triggered apoptosis. In 2005, Petit and colleagues
discovered that recombinant Pink1 prevents basal and induced apoptosis in
neuronal cell lines, an effect which was abolished by PD-related mutations
(Petit et al., 2005). Furthermore, expression of recombinant wildtype but not
PD-associated mutant forms of Pink1 blocks mitochondrial cytochrome c
release and subsequent apoptotic cell death triggered by proteasomal
inhibition or opening of the mitochondrial permeability transition pore (mPTP)
in mammalian cells. An N-terminal deletion mutant lacking the mitochondrial
targeting motif also failed to block cytochrome c release initiated by UPS
inhibition (Wang et al., 2007).

2.2.2 Pink1 deficient Drosophila models

Removal of Pink1 in Drosophila leads to male sterility, energy depletion,
apoptotic flight muscle degeneration, defects in mitochondrial morphology,
and increased sensitivity to oxidative stress (Clark et al., 2006; Park et al.,
2006; Wang et al., 2006; Yang et al., 2006). Some of the Drosophila models
also showed selective degeneration of dopaminergic neurons accompanied by
locomotive disturbances, or even embryonic lethality (Park et al., 2006; Wang
et al., 2006; Yang et al., 2006). Furthermore lack of Pink1 in the drosophila
eye resulted in ommatidial degeneration of the compound eye (Wang et al.,
2006). Parkin deficient Drosophila exhibit a strikingly similar phenotype.
Several of the described phenotypes of Pink1 deficiency, including
mitochondrial defects, could be rescued by overexpression of Parkin. But

Pink1 expression in Drosophila lacking Parkin was not sufficient to ameliorate
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the symptoms (Clark et al., 2006; Park et al., 2006; Yang et al., 2006). This
suggests that Pink1 and Parkin function, at least in part, in a common
pathway, with Parkin acting downstream of Pink1. In addition, Bcl2 was
sufficient to ameliorate part of the phenotypes (Park et al., 2006), and
antioxidants could protect against dopaminergic neuron loss (Wang et al.,
2006). This suggests that Pink1 plays a key role in maintaining neuronal
survival via an oxidative stress pathway, which needs to be confirmed in other

models, as e.g. murine animal models.

2.2.3 Pink1 mouse models

In 2007, Zhou and colleagues reported the generation of an RNAiI mediated
knockdown of Pink1 in the mouse. However they could not observe
degeneration of dopaminergic neurons in the substantia nigra pars compacta.
Neither did they find significant differences in the concentrations of dopamine
and its metabolites (DOPAC and homovanillic acid) in the striatum (Zhou et
al., 2007). Another Pink1 deficient mouse model was published in 2007. In this
Pink1 knockout model exons 4-7 are deleted. Likewise, these Pink1 mutant
mice showed normal numbers of substantia nigra dopaminergic neurons and
levels of striatal dopamine. But the mutant mice exhibited a marked decrease
in presynaptic evoked dopamine release and impaired synaptic plasticity of

striatal medium-sized spiny neurons (Kitada et al., 2007).

Striatum PINK1 | . .
Figure 5. Schematic model for PINK1

function at the nigrostriatal and
corticostriatal heterosynapse.
The model illustrates the neuromodulatory
role of the nigrostriatal input at
DA Release | glutamatergic corticostriatal synapses of
striatal medium spiny neurons (MSN).

Substantia Nigra

Simultaneous activation of convergent

l nigrostriatal dopaminergic and

AMPA Receptor corticostriatal glutamergic inputs induces

s E“A"g‘;‘c'zgfgrp“” synaptic release of dopamine and
LTP| glutamate, and activation of postsynaptic

LTD ) D1/D2 and NMDA/AMPA receptors,

respectively. Acti-vation of D1 receptors is
necessary for the induction of long-term potentiation (LTP) at corticostriatal synapses,
whereas activation of both D1 and D2 receptors is necessary for induction of long-term
depression (LTD). In the absence of PINK1, impaired dopamine release from nigrostriatal
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terminals leads to reduced activation of postsynaptic D1 and D2 receptors, and consequent
defects in both LTP and LTD. Adapted from (Kitada et al., 2007).

Furthermore, these mice were examined for impairment of mitochondrial
function at the age of 3-4 and 24 months (Gautier et al., 2008). They showed
reduced striatal Aconitase activity, no gross changes in the ultrastructure and
number of striatal mitochondria, but impaired mitochondrial respiration in the
striatum at 3-4 and 24 months of age. In the cerebral cortex, impaired
mitochondrial respiration could be detected only at 24 months of age or at 3-4
months of age only upon induction via cellular stress, such as H,O, exposure
or heat shock (Gautier et al., 2008).

2.2.4 Pink1 and mitochondrial dynamics

The before mentioned Pink1 deficient Drosophila models (2.2.2 Pink1
deficient Drosophila models) showed enlarged mitochondria with disintegrated
cristae, which gave the first hints that Pink1 might have a function in
mitochondrial dynamics (Clark et al., 2006; Park et al., 2006; Wang et al.,
2006; Yang et al., 2006). Mitochondria are ubiquitous cell organelles in
eukaryotic cells, where oxidative phosphorylation generates ATP to provide
the energy a cell needs. In various cell types they form a network of
interconnected mitochondrial tubules that is maintained by an equilibrium of
fission and fusion processes (Nunnari et al., 1997; Okamoto & Shaw, 2005).
However the dynamic nature of mitochondrial morphology is reflected by
differences in their number, size, and positioning in different cell lines, tissues,
and organisms. Mitochondria have been intricately linked to the process of
apoptosis, and there is growing evidence that this involves the participation of
mitochondrial morphology components via regulation of fission/fusion
dynamics (Frazier et al., 2006). Several proteins are involved in the process of
mitochondrial dynamics. These include for instance Dynamin related protein 1
(Drp1), which promotes mitochondrial fission and was shown to genetically
interact with Pink1 (Yang et al., 2008), or Optic Atrophy 1 (OPA1), which is

needed for fusion of mitochondria. OPA1 protein is found in the cell in several
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constitutions of variable size, which are generated by proteolytic cleavage of
the full length protein. These isoforms of OPA1 show different abundance in
relation to each other, which changes upon mitochondrial dysfunction.
Proteolytic processing of OPA1 was suggested to play a key role in inducing
mitochondrial fragmentation and thereby regulating mitochondrial morphology
(Duvezin-Caubet et al., 2006). Up to now, the influence of Pink1 on
mitochondrial morphology was assessed in different models lacking Pink1. As
mentioned above, in Drosophila it was shown that Pink1 deficiency leads to
swollen mitochondria with fragmented cristae, and this phenomenon could be
rescued by overexpression of Parkin, Drp1, or downregulation of OPA1 (Clark
et al., 2006; Deng et al., 2008; Park et al., 2006; Park et al., 2009; Poole et al.,
2008; Wang et al., 2006; Yang et al., 2006; Yang et al., 2008). In contrast to
these results, Gautier and coworkers observed clearly defined, intact cristae
and outer membranes in striatal mitochondria of Pink1”mice (Gautier et al.,
2008). Furthermore siRNA silencing of Pink1 in human HelLa cells lead to
fragmented mitochondria when grown in low-glucose media (Exner et al.,
2007). The same effect was seen in fibroblast cells from human PD patients
carrying mutations in the Pink1 gene and in Pink1 deficient SH-SY5Y cell lines
(Exner et al., 2007; Lutz et al., 2009), suggesting that Pink1 rather plays a role

in mitochondrial fusion.

Taken together, the analysis of toxin induced models and genetically
engineered mouse models of PD helped to establish the molecular aetiology of
the disease. However, none of the transgenic mouse models completely
replicates the symptoms of PD. Therefore, new mouse models are needed to
unravel the in vivo function of more recently discovered PD genes, to combine
them with exposure of environmental risk factors, and to generate mouse

models targeting two or more PD genes at once.
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2.3 Aim of study

The fundamental aim of this thesis was the generation of a Pink1 knockout
mouse model, and the consequential characterization of this mouse model
with respect to the involvement of Pink1 in the pathogenesis of Morbus

parkinson.

A conditional knockout model of Pink1 in the mouse was thought to be
advantagous to avoid possible embryonic lethality of a complete gene
knockout. In this project the Cre/loxP system was used. This technique is not
only convenient for conditional models, it additionally allows generation of a
complete knockout derived from the conditional. Cre deleter mice were
planned to cross with conditional Pink1 mutants to yield a complete Pink1
knockout mouse line. If Pink1 knockout mice emerged to be viable, as well as
capable of reproduction, the use of a conditional model would be obviated and
the project would be continued with the analysis of the complete Pink1
knockout mouse line. To allow a quick preliminary investigation of putative
Pink1 functions, it was planned to generate mouse embryonic fibroblast (MEF)
cell lines from Pink1 knockout mice, the analysis of which would be verified in
the mouse model afterwards. In this approach, Pink1 MEF cell lines were
planned to be analyzed for their mitochondrial morphology, intending to
unravel involvement of mitochondrial function in PD pathogenesis. In order to
assess characteristical PD-like symptoms, Pink1 knockout mice were planned
to be analyzed in terms of their motoric behavior, quantities of nigral
dopaminergic neurons, and the dopaminergic, serotonergic, and
noradrenergic system. Furthermore it was planned to analyze some non-
motor symptoms of PD as e.g. anxiety and depression-like behavior and
cognitive impairment. These analyses aimed to disclose Pink1 function with
regard to characteristical clinical symptoms seen in Parkinson’s disease

patients.
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3 MATERIAL

3.1 Instruments

autoclave

balances

bottles for hybridization
cassettes for autoradiography
centrifuges

chambers for electrophoresis (DNA)
confocal microscope

cryostat

developing machine

digital camera

DNA sequencer

freezer (-20°C)

freezer (-80°C)

fridges (4°C)

gel-/blottingsystem “Criterion” (protein)

gel-/blottingsystem “Xcell SureLock™
Mini-Cell” (protein / RNA)

glass pipettes
glassware
HPLC machine

HPCL column Bischoff Pronto Sil 120-
3C18 AQ (150 x 4 mm)

ice machine

incubators (for bacteria)

incubators (for cells)
laminar flow
light source for microscopy

liquid szintillation counter

Aigner, type 667-1°5T
Sartorius, LC6201S, LC220-S
ThermoHybaid

Amersham, Hypercassette

Sorvall, Evolution RC;
Eppendorf, 5415D, 5417R,;

Heraeus, Varifuge 3.0R, Multifuge
3L-R

MWG Biotech; Peqglab

Zeiss ISM 510

Mikrom, HM560

Agfa, Curix 60

Zeiss, AxioCam MRc

Applied Biotech, DNA Analyzer 3730
Liebherr

Heraeus HFU 686 Basic

Liebherr

BioRad

Invitrogen

Hirschmann
Schott
Bischoff
Bischoff

Scotsman, AF 30

New Brunswick Scientific, innova
4230

Heraeus

Nunc Microflow 2
Leica KL 1500
Hidex, Triathler
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luminometer

magnetic stirrer / heater
microscope

microwave oven

Neubauer counting chamber

oven for hybridization

paraffin embedding machine
PCR machine

pH-meter

photometer

pipetteboy

pipettes

power supplies for electrophoresis

radiation monitor

rotating rod apparatus
shaker

slide warmer

sonifier

stereo microscope
thermomixer
ultramicrotom
UV-DNA/RNA-crosslinker

UV-lamp
vortex
water bath

water conditioning system
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Berthold, Orion |
Heidolph, MR3001
Zeiss Axioplan 2
Sharp R-937 IN
Brand

Memmert, UM 400;
MWG-Biotech, Mini 10;
ThermoElectron, Shake’n’Stack

Leica, EG1160

Eppendorf, MasterCycler Gradient
InoLab, pH Level 1

Eppendorf, Biophotometer 6131

Eppendorf, Easypet;
Hirschmann, Pipettus akku

Gilson; Eppendorf

Consort, E443;
Pharmacia Biotech, EPS200;
Thermo, EC250-90, EC3000-90

Berthold, LB122

Bioseb, Letica LE 8200

Heidolph, Promax 2020

Adamas instrument, BV SW 85
Branson sonifier, cell disrupter B15
Zeiss, Stemi SV6

Eppendorf, comfort

Microm, HM 355S

Scotlab, Crosslinker SL-8042;
Stratagene, UV-Stratalinker 1800

Benda, N-36
Scientific Industries, Vortex Genie 2

Lauda, ecoline RE 112;
Leica, HI1210;
Memmert, WB7

Millipore, Milli-Q biocel
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3.2 Chemicals

o-*P-dCTP

B-Mercaptoethanol
[a-thio®*S]-UTP

1 kb + DNA Ladder
3,3’-diaminobenzidine (DAB)
acetic acid

acetic anhydride

agarose (for gel electrophoresis)
ammonium acetate

ampicillin

Ampuwa

antifade solution, Aqua Poly/Mount
ascorbic acid

bacto agar

bacto peptone

bicine

boric acid

bovine serum albumin (BSA, 20 mg/ml)

bromphenol blue

calcium chloride

carrier DNA

chicken serum

chlorobutanol

Complete® Mini (protease inhibitors)
cresyl violet acetate

Criterion™ XT Bis-Tris-gels, 10%
(protein)

dextran sulphate
3,4-Dihydroxybenzylamine (DHBA)
dithiotreitol (DTT)

DMEM

DMSO

dNTP (100 mM dATP, dTTP, dCTP,
dGTP)

Amersham
Sigma, Gibco
Amersham
Invitrogen
Sigma

Merck

Sigma

Gibco Life Technologies, Biozym
Merck

Sigma
Fresenius
Polysciences Inc.
Sigma

Difco

BD Biosciences
Fluka

Merck

NEB, Sigma
Sigma

Sigma

Sigma

Perbio

Sigma

Roche

Sigma

BioRad

Sigma
Merck
Roche
Gibco

Sigma
MBI
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EDTA

EGTA

Eosin Y

ethanol absolute
ethidiumbromide
ethylene glycol
fetal calf serum (FCS)
Ficoll 400
formamide
gelatine

glucose

glycerol

HEPES

human chorion gonadotropin
(hCG/Ovogest)

hydrochloric acid (HCI)
hydrogen peroxide, 30%
isopropanol

kanamycin

Lipofectamin™ 2000
magnesium chloride (MgCl,*4H,0)
Mannitol

MEM nonessential aminoacids
MES hydrate

methanol

mineral oil

MOPS

Nonidet P40 (NP-40)

NuPAGE® Novex Bis-Tris gels, 10%
(protein)

1-octanesulfonic acid sodium salt

Opti-MEM® | Reduced-Serum medium
(1x)

orange G

PBS (for cell culture)

perchloric acid
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Sigma
Sigma
Sigma
Merck
Fluka

Sigma

PAN, Hybond

Sigma
Sigma
Sigma
Sigma
Sigma
Gibco
Intervet

Merck
Sigma
Merck
Sigma
Invitrogen
Merck
Sigma
Gibco
Sigma
Merck
Sigma
Sigma
Fluka

Invitrogen

Sigma
Invitrogen

Sigma
Gibco
Merck
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PIPES

polyvinylpyrrolidone 40 (PVP 40)
potassium chloride (KCI)
potassium ferricyanide (KsFe(CN)g)

potassium ferrocyanide
(K4FG(CN)6'3H20)

potassium hydroxide (KOH)

potassium phosphate (KH2PO4°H,0,
KoHPOy)

protease inhibitor

pregnant mare’s serum gonadotropin
(PMSG)

Quick Start Bradford Protein Assay
RapidHyb buffer

RNaseZAP®

Roti-HistoKit® Il

Roti-Histol®

saccharose

salmon sperm DNA

SeeBlue® Plus2 Prestained protein
ladder

skim milk powder
SmartLadder DNA marker
sodium acetate (NaOAc)
sodium chloride (NaCl)
sodium citrate

sodium desoxycholate
sodium dodecylsulfate (SDS)
sodium hydroxide (NaOH)

sodium phosphate (NaH;PO4*H-0,
NazHPO4)

spermidin
sucrose
triethanolamine
TriReagent

Tris (Trizma-Base)

Sigma
Sigma
Merck, Sigma
Sigma
Sigma

Sigma
Roth

Roche
Intervet

Bio-Rad
Amersham
Sigma
Roth

Roth
Sigma
Fluka

Invitrogen

BD Biosciences
Eurogentec
Merck, Sigma
Merck

Sigma

Sigma

Merck

Roth

Sigma

Sigma
Sigma
Merck
Sigma
Sigma
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Triton-X 100
Trizol

tRNA
trypsin
tryptone
Tween 20

yeast extract

Biorad
Invitrogen
Roche

Gibco

BD Biosciences
Sigma

Difco

3.3 Common and stock solutions

loading buffer for agarose gels

paraformaldehyde solution (PFA, 4%)

PBS (1x)

SSC (saline sodium citrate, 20x)

sucrose solution (20%)
TAE (10x)

TBE (10x)

TBS (10x)

TBS-T (1x)

TE (Tris-EDTA)

Tris-HCI
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15% Ficoll 400
200 mM EDTA
1-2% orange G
4% PFA w/v in PBS

171 mM  NaCl
34mM KCI
10 MM Na;HPO4
pH 7.4

3M NaCl

0.3 M sodium citrate
pH 7.0

20% sucrose w/v in PBS
0.4 M Tris base

0.1 M acetate
0.01M EDTA

0.89 M Tris base
0.89 M boric acid
0.02M EDTA

0.25M Tris-HCIpH 7.6
1.37 M NaCl
1x TBS
0.05% Tween 20
10 mM  Tris-HCIpH 7.4
1mM EDTA
1M Tris base
pH 7.5
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3.4 Consumables and others

cell culture dishes
centrifuge tubes 15 ml, 50 ml

cleaning columns

coverslips for sections on slides

coverslips for MEF cell culture
cuvettes for electroporation
developer (in situ hybridization)
embedding pots

films for autoradiography

films for chemiluminescence detection
filter paper

filter tips 10 wl, 20 pl, 200 pl, 1 ml
fixer (in situ hybridization)

gloves

nylon membrane for DNA transfers
one-way needles

one-way syringes

Pasteur pipettes

PCR reaction tubes 0,2 ml

Phase Lock Gel™, heavy

pipette tips

plastic pipettes

PVDF membrane for Western blotting
reaction tubes (0.5 ml, 1.5 ml, 2 ml)
slides

tissue cassettes

tissue embedding molds

Nunc
Falcon

Amersham, MicroSpin S-300
Roche

Menzel Glaser, 24 mm x 50 mm;
24 mm x 60 mm

Menzel Glaser, 12 mm #1
Biorad, 0.4 cm cuvettes
Kodak D19

Polysciences, Peel-A-Way

Kodak, Biomax MS, Biomax XAR,
Biomax MR

Amersham, Hyperfilm

Whatman 3MM (Kat.-Nr.:3030 917)
Art, Starlab

Kodak fixer (Kat.-Nr.: 197 1720)

Kimberley-Clark, Safeskin PFE
Safeskin, Nitrile

Amersham, Hybond N Plus
Terumo, Neolus 20G, 27G
Terumo, 1ml, 10ml, 20ml, 50ml
Brand

Biozym

Eppendorf

Gilson

Greiner, 1 ml, 5 ml, 10 ml, 25 ml,
50ml

Pall Biosciences

Eppendorf

Menzel Glaser, Superfrost Plus
Merck

Polysciences, Inc.
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3.5 Molecular biology

3.5.1 Kits for molecular biology

DNA Highspeed Maxi Prep Kit
DNA Mini Prep Kit

ECL Detection Kit

PCR Purification Kit

QIAquick Gel Extraction Kit
RediPrime™ || DNA Labeling Kit
RNeasy Mini Kit

SuperScript™ Il First-Strand Synthesis

System for RT-PCR
Vectastain Elite ABC Kit
Wizard Genomic DNA Purification Kit

3.5.2 Work with bacteria

3.5.2.1 E.coli bacteria strain

DH5a

3.5.2.2 Solutions

Ampicillin selection agar
Ampicillin selection medium

CacCl, solution

Kanamycin selection agar
Kanamycin selection medium

LB (lysogeny broth, (Bertani, 2004))
agar

LB (lysogeny broth, (Bertani, 2004))
medium
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Qiagen, Sigma
Qiagen, Sigma
Amersham/GE
Qiagen
Qiagen
Amersham/GE
Qiagen

Invitrogen

Vector Labs

Promega

Gibco Life Technologies

LB agar with 100 pg/ml ampicillin
LB medium with 50 ug/ml ampicillin
60 mM CacCl,
15% glycerol
10mM PIPES pH 7.0
autoclave or filter sterile
LB agar with 50 pg/ml kanamycin
LB medium with 50 ug/ml kanamycin
98,5%
1,5%
109
59
59

LB medium
Bacto agar

Bacto peptone
yeast extract
NaCl
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ad1l H)O

3.5.3 Solutions for Southern blot analysis

Lysis buffer for genomic DNA
extraction

Church buffer

Hybridization Buffer
Denaturation solution
Neutralization solution

Stripping solution
Wash solution |

Wash solution |l

Wash solution Il

3.5.4 Western blot analysis

3.5.4.1 Solutions

Blocking solution

Laemmli buffer (5x)

0.1 M TrispH 8.5
5mM EDTA
0.2% SDS
0.2M NaCl
0.1 mg/ml Proteinase K

05M Na2HPO4
05M NaH2P04
1% BSA
7% SDS
1mM EDTAPpH 8,0
0.1 mg/ml salmon sperm DNA

Rapid Hyb Buffer, Amersham/GE;
Church Buffer

0.5M NaOH
1.5M NaCl

0.1M Tris-HCIpH7.5
0.5M NaCl

04 M NaOH

2x SSC
0.1% SDS

0.5x SSC
0.5% SDS

0.5x SSC
1% SDS

4%  skim milk powder
in TBS-T
313 mM  Tris-HCI pH 6.8
50% glycerol
10% SDS
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MES running buffer (10x, for
NuPAGE gels)

MOPS running buffer (10x, for
Criterion gels)

NuPAGE transfer buffer (10x, for
NuPAGE gels)

NuPAGE transfer buffer (1x, for
NuPAGE gels)

RIPA buffer

Tris glycine blotting buffer (10x)

Tris glycine blotting buffer (1x)

3.5.4.2 Antibodies

0,05% bromphenolblue
25% -mercaptoethanol

500 MM MES
500 mM  Tris
1% SDS
10mM EDTA
pH 7.2

500 mM MOPS
500 mM  Tris
1% SDS

10mM EDTA

pH 7.7

250 mM bicine

250 mM  bis-tris

10mM EDTA

0.05 mM chlorobutanol

10% 10x transfer buffer
10% Methanol
50 mM  Tris-HCI pH 7.4
1% NP-40
0,25% sodium desoxycholate
150 mM NaCl
1mM EDTA

0.25M Tris
1.92 M glycine

10% 10x blotting buffer
10% methanol

antibodies organism | dilution company
anti-Pink1, polyclonal rabbit 1:1.000 Abcam
anti-Pink1, polyclonal rabbit 1:1.000 Novus Biologicals
anti-Omi/HtrA2, monoclonal |rabbit 1:2.000 Abcam
anti-OPA1, polyclonal rabbit 1:1.000 Kind gift of W.
(Duvezin-Caubet et al., Neupert (LMU
2006) Munchen)
anti-B-Actin, monoclonal mouse 1:10.000 Abcam
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anti-ShcA, polyclonal rabbit 1:1.000 Abcam
anti-mouse, polyclonal, goat 1:10.000 Dianova
peroxidase-conjugated
anti-rabbit, polyclonal, goat 1:5.000 Dianova
peroxidase-conjugated
3.5.5 HPLC analysis
extraction buffer 100l 0,5M EDTA pH 8,0
1,43 ml  70% perchloric acid
100 I 0,1 mM ascorbic acid
250 yI 0,02 mg/ml DHBA
(internal standard)
ad 0,11 HO
probe run buffer 7.54 g/l NaOAc
7.28 g/l citric acid
57 mg/l EDTA
114 mg/l 1-octanesulfonic acid
sodium salt
2mM KCI
pH 4.3
3.5.6 Mitochondria extraction
RSB buffer 10 mM HEPES
1mM EDTAPpH 8,0
210 mM  Mannitol
70 mM Saccharose
1 tablet protease inhibitor
3.5.7 Enzymes
DNase | (RNase-free) Roche

PCR-Mastermix 5x
proteinase K

restriction enzymes

Eppendorf, 5 PRIME

Roche

Roche, MBI, NEB, Promega
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RNA polymerases (T7, SP6)

RNase A

RNasin RNAse inhibitor

T4 DNA ligase

Roche

Serva

Roche

NEB

3.5.8 Vectors and plasmids

name of plasmid

construct from

description

Pink1 cl 7.13

Barbara di Benedetto

Contains complete targeting construct
for conditional Pink1 knockout with all

three homologous arms

P1-Pink1 ISH

Barbara di Benedetto

In situ probe for Pink1; contains part of
Pink1 exon 8 and 3’-UTR; Genebank
accession: Pink1-3’'UTR/BC607066-
1649-2332 bp

P2-Pink1 SB

Barbara di Benedetto

contains Pink1 3’-Southern blot probe
which is 680 bp long, starting 97 bp
upstream of the end of exon 7, ending
583 bp downstream the end of exon 7 in
intron 7 (digested with EcoRlI)

pMSSVLT

(Schuermann, 1990)

contains SV40 largeT antigen, used for

immortalization of MEF cell lines

pKJ-1 Neo

(Adra et al., 1987)

contains neo resistance cassette, used
for Southern blot probe (digested with
Pstl)

lenti-GFP mDsRed

kind gift of Ravi
Jagasia and Chichung
Lie

contains cytosolic GFP and
mitochondrial DsRed for production of

lentiviruses

pMDL

Chichung Lie

structural lentiviral packaging system;
contains gag, coding for virion main

structural proteins; pol, responsible for
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retrovirus specific enzymes; and rev,
which encodes a post-transcriptional

regulator for efficient gag and pol

expression

pVSVG Chichung Lie envelope construct for production of
lentiviruses

pRSV-Rev Chichung Lie transfer vector for production of

lentiviruses; contains Rev cDNA

3.5.9 Oligonucleotides

3.5.9.1 Oligonucleotides for PCR amplification

name sequence conditions | size of product
Cre forw 5-GAT CGC TGC CAG GAT ATA CG -3 95°C 30 sec 450 bp
60°C 30sec 35x | (genotyping Cre deleter,
Cre rev 5-CAT CGC CAT CTT CCA GCA G-3 72°C 30 sec mutant allele)
expgk3 5'-CAC GCT TCA AAA GCG CAC GTC TG-3' | o0 60 cec 280 bp
3 (alternative genotyping
5-GTT GTG CCC AGT CAT AGC CGAATA | 1q aouse | Emkt conditional
exneo2 ) 72°C 60 sec knockout mice, mutant
G-3 allele)
Dat Creup |5-TCC ATA GCC AAT CTC TCC AGT-3 95°C 30 sec 400 bp
58°C 45sec 35x | (genotyping Dat Cre
Dat Cre low 5-GTT GAT GAG GGT GGA GTT GGT C-3’ 72°C 60 sec mice, wildtype allele)
05°C 30 sec 600 bp, with Dat Cre
Dat Cre , ) . up
5-GCC GCA TAA CCA GTG AAA CAG C-3 58°C 45sec 35x )
down 72°C 60 sec (genotyping Dat Cre
mice, mutant allele)
ex1f 5-ATC CAG AGG CAG TTC ATG GT-3’ 94°C 30 sec 580 bp wildtype, 206
60°C 60sec 35x | bp knockout
ex4r 5-GGA AAA CCC GGA TGA TGT TA-3 72°C 120 sec (for RT-PCR)
ex8 f 5-CAG CCACTC TGC TGG CTG ACA G-3 oG 30 co 671 bp (wildtype and
5-GGC ATG GAG ACT GTC TTT AAT GCT 60°C 60sec 35x | Mutantallele)
3-UTRr 729G 120 sec (for RT-PCR and P1-

C-3

Pink1 ISH)
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3.6 Histological methods
3.6.1 Solutions for RNA in situ hybridization on paraffin
sections

ammonium acetate stock solution 3M NH;OAc

(10x)

chamber fluid 50% formamide
2x SSC

hybridization mix 50% formamide
20 mM  Tris-HCI, pH 8.0
300 mM NaCl
5mM EDTA, pH 8.0
10% dextrane sulphate
0.02% Ficoll 400
0.02% PVP40
0.02% BSA
0.5 mg/ml tRNA
0.2 mg/ml carrier DNA, acid cleaved
20mM DTT

NTE buffer (5x) 0.5M NacCl
10 mM  Tris-HCI (pH 8.0)
5mM EDTA (pH 8.0)
autoclave

proteinase K buffer (PK buffer) 50 mM  Tris-HCI (pH 7.6)
5mM EDTA (pH 8.0)
autoclave

triethanolamine solution 0.1 M triethanolamine
pH 8.0 (with HCI)

3.6.2 Antibodies for Immunohistochemistry

antibodies organism dilution company
Anti-Tyrosin Hydroxylase rabbit 1:10.000 |Pel-Freeze®
biologicals
Anti-NeuN mouse 1:500 Millipore
Anti-mouse, polyclonal, goat 1:300 Dianova
peroxidase-conjugated
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Anti-rabbit, polyclonal, goat 1:300 Dianova
peroxidase-conjugated
3.6.3 Antibodies for Immunocytochemistry
antibodies organism dilution company
Anti-GFP, polyclonal chicken 1:200 Aves
Anti-DsRed/RFP, polyclonal rabbit 1:200 Chemicon
Anti-chicken, Cy™2-conjugated | donkey 1:250 Dianova
Anti-rabbit, Cy"™3-conjugated | donkey 1:250 Dianova
3.6.4 LacZ staining solutions
LacZ fix 4% PFA
5mM EGTA
10mM  MgCl;
in PBS
LacZ staining solution 0.1% X-gal
prepare fresh, protect from light 5mM potassium ferricyanid
5mM potassium ferrocyanid
in LacZ wash buffer
LacZ storage solution 5mM EGTA
1mM  MgCl,
in PBS
LacZ wash buffer 0.02% NP-40
0.01% sodium desoxycholate
5mM EGTA
2mM  MgCl,
in PBS
3.6.5 Counterstaining solutions
cresyl violet staining solution 0.5% cresyl violet acetate
2.5mM sodium acetate
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0.31% acetic acid
ad 500 ml H>O
filter before use

3.7 Cell culture
3.7.1 Embryonic stem cell lines

TBV2 wild type, originates from the mouse
strain 129/S2

3.7.2 Mouse embryonic fibroblast cell lines

All mouse embryonic fibroblast cell lines were self-generated from E12-15
embryos of Pink1 ko and Pink1 cko mouse lines. See 7.1 Overview of

generated MEF cell lines for complete list of all cell lines.

3.7.3 Solutions

feeder medium 10% FCS
in DMEM

ES cell medium 90% DMEM
10% FCS (PAN)
9x10° U  Lif
MEF cell medium 90% DMEM
10% FCS
1% Penicillin/Streptomycin

freezing medium (1x) 50% FCS (PAN for ES cells)
40% DMEM
10% DMSO

freezing medium (2x) 50% FCS (PAN for ES cells)
30% DMEM
20% DMSO

gelatine solution 1% gelatine
in H20
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3.8 Mouse lines
3.8.1 Wild type mice

C57BIl/6J
CD1

wild type mice
wild type

3.8.2 Cre recombinase expressing mice

Cre deleter

3.8.3 Transgenic mice

Pink1 cko

Pink1 ko

Cre deleter mouse line, Cre
expression is X-linked and occurs
during early embryogenesis before

implantation

Pink1 conditional knockout, mouse
line with floxed Pink1 exons 2 and 3,
and neo resistance cassette flanked
by FRT sites lying between the first
loxP site and exon 2 of the Pink1
locus (5.2.1 The conditional Pink1

knockout construct)

Pink1 knockout mouse line, Pink1 cko
after breeding with Cre deleter line,
exons 2 and 3 of the Pink1 locus are

missing throughout the whole body
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4 METHODS
4.1 Molecular biology
4.1.1 Cloning and work with plasmid DNA

4.1.1.1 Preparation of plasmid DNA

For the extraction of plasmid DNA the following kits were used: Qiagen DNA
Highspeed Maxi Prep Kit, Qiagen DNA Mini Prep Kit and Sigma GenElute HP
Plasmid Maxiprep Kit.

For mini-prep one colony was inoculated in 6 ml LB medium containing the
appropriate selection marker and incubated over night. 4 ml of the culture was

used for preparation of plasmid DNA following the manufacturer’s instructions.

In case of maxi-prep one colony was inoculated over day in 5 ml LB medium
containing the corresponding selection marker. 200 ml of LB medium with
selection marker were inoculated with 1 ml preculture and incubated
overnight. The whole culture was used for plasmid preparation following the

manufacturer’s instructions.

The concentration of DNA was determined by measuring the optical density
(OD) at a wavelength of 260 nm in a photometer with one ODyg

corresponding to 50 ug double stranded DNA per ml.

4.1.1.2 Restriction digestion of plasmid DNA

The amount of restriction enzyme used was usually 2-10 U of enzyme per ug
of supercoiled DNA. Exact enzyme concentrations were determined
depending on to the amount of plasmid DNA, and the restriction digestion
efficiency of the enzyme used. Reaction conditions were adequately adjusted
to the chosen enzyme’s requirements and manufacturer’s instructions.
Restriction digestions were incubated from 2 hours to overnight at the

appropriate temperature of the chosen enzyme.
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4.1.1.3 Separation and isolation of DNA fragments

For separation of vector fragments gel electrophoresis was used. In general
0.8% agarose in 1x TAE gels were used, containing ethidium bromide to
visualize the DNA via UV light. The gels were run using 1x TAE buffer.
Restriction digestions were supported with 5x loading buffer and applied to
gels. In general, smart ladder was used as length standard. Needed
fragments were cut out of the gel with a clean scalpel after separation by gel
electrophoresis. To avoid DNA damage, gels were visualized just short-time
using long wave UV radiation (366 nm) while cutting out the needed fragment,

pictures of gels were taken afterwards at short wave UV radiation (254 nm).

Qiagen Gel Extraction Kit was used for DNA extraction from agarose following
manufacturer’s instructions. Concentration of DNA fragments was determined

by measuring the optical density (4.1.1.1 Preparation of plasmid DNA).

4.1.2 Analysis of genomic DNA

4.1.2.1 Isolation of genomic DNA

Mouse tail tips were incubated in lysis buffer for 3-5 hours at 55°C, until they
were termed as digested by eye. In case of DNA preparation from mouse
embryos, the tissue was put into lysis buffer and cut in pieces as small as
possible using scissors, before incubation over night. Genomic DNA from ES
cells and mouse tissue was isolated using Promega’s Wizard genomic DNA

purification kit following the manufacturer’s instructions.

4.1.2.2 Southern Blot analysis

10-20 ug of genomic DNA were digested with the appropriate restriction
digestion enzyme (20-50 U depending on the digestion ability of the enyzme)
in a total volume of 30 ul digestion mix. Restriction digestion mix consisted of

the adequate enzyme with its appropriate digestion buffer, 3.3 mM spermidine
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for better digestion accuracy, and RNase A to remove all residual RNA.
Restriction digestion mix was added to the DNA probes and incubated for
2 hours up to overnight (depending on the digestion ability of the used
enzyme) at 37°C. Digested DNA probes were separated by gel
electrophoresis using 0.8% agarose in 1x TBE for 14 to 20 hours at 40-65 V.
Duration of gel runs and amount of voltage were adjusted depending on the
length of the expected bands. Run gels were photographed to control the
restriction digestion efficiency. Gels were rinsed in water to wash off removing
TBE buffer, and then incubated in 0.25 M HCI for 15-30 min at RT on a
shaker, to gain a better blotting efficiency of large-sized DNA fragments.
Afterwards, gels were rinsed in water again. To denature and in the next step
neutralize the DNA fragments, gels were agitated 2x 15-20 min in
denaturation solution, rinsed in water again, and agitated again for 2x 15-
20 min in neutralization solution. Single stranded DNA was then blotted
overnight via capillary transfer on a nylon membrane using 20x SSC. After
DNA transfer the membrane was briefly rinsed with 2x SSC and UV cross-
linked. If not used for immediate hybridization, the membrane was dried, put

between whatman papers, enclosed in plastic foil, and stored at 4°C.

After crosslinking the membrane was prehybridized at 65°C for at least one
hour in a hybridization bottle containing 10 ml Rapid Hyb Buffer or Church
Buffer to reduce unspecific binding of radioactive probe. For radioactive DNA
labeling with o-*?P-dCTP, 50-80 ng of DNA probe was labeled via the
Rediprime Il kit following manufacturer’s instructions. Radioactively labeled
reaction mix was centrifugated through a Microspin S-300 column to remove
left over nucleotides and radioactively labeled DNA fragments < 100 bp. To
determine the labeling efficiency, the activity of 1 pl of cleaned up probe was
measured in a liquid scintillation counter. After prehybridization, hybridization
buffer was poured out of the hybridization bottle, and filled up with fresh buffer
to a total of 10 ml again. radioactively labeled probe was denatured at 95°C
for 5 min, chilled on ice, and 500.000-1.000.000 cpm probe/ml hybridization
buffer were added to the buffer, mixed thoroughly, and poured back into the
hybridization bottle. The membrane with the single stranded DNA probes was

hybridized either 5-6 hours or over night at 65°C. Residual probe was frozen
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at -20°C for up to three weeks. Probes were thawn at RT and the amount of

radioactivity was measured again before reuse.

To eliminate unspecifically hybridized probe, the membrane was washed with
wash solution Il for 40 min at 65°C. The following washing steps were carried
out at 65°C for 30 min each, using either wash solution Il or Ill. Number of
washing steps and appropriate use of the different washing buffers were
adjusted by determining the amount of radiation left on the membrane after
each washing step. In case of very resistant background signal the washing
temperature was adjusted to 70 or 75°C. The washed membrane was
wrapped in plastic foil and exposed to an autoradiography film for 1-3 days at -
80°C. In case of weak signals the Biomax MS film was used together with a
Biomax screen to intensify the signal six times compared to a conventional
film without enhancer screen. After exposition the film was developed in a
developing machine. If signals were too weak or too strong, another film was
exposed again for 2 hours to 5 days depending on the intended signal

intensity.

For additional hybridization with another probe, the signal of the former
hybridization was removed by a 20 min incubation at RT in stripping solution.
Thereafter the membrane was rinsed with 2x SSC, prehybridization and

hybridization were performed as described above.

4.1.2.3 Polymerase Chain Reaction

For amplification of DNA fragments from either genomic DNA or vector DNA,
polymerase chain reaction (PCR) was performed. About 20-400 ng of DNA
template were used with the appropriate primers and a 5x PCR mastermix in

30 pl total reaction volume.

After initial denaturation of the template DNA into single strands at 95°C, the
PCR was performed for 25 to 35 cycles, each consisting of the following

steps:
e 30-60 s of DNA denaturation at 95°C

e 30-60 s of annealing at the primer pair specific temperature
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e 60-90 s of primer elongation at 72°C, depending on product size

After a final elongation phase for 10 min at 72°C, the samples were chilled at
4°C until processing. For optimal results the cycle times and the annealing
temperature were adjusted for each primer pair (sequences can be found

under 3.5.9.1 Oligonucleotides for PCR amplification).

PCR products were separated in a 0.8% agarose in 1x TAE gel (4.1.1.3
Separation and isolation of DNA fragments), visualized on a UV desk with

short wave UV radiation (254 nm), and photographed for documentation.

4.1.3 Analysis of RNA

Only RNase free solutions, chemicals, and tubes were used for work with
RNA to avoid RNA degradation by RNases. For pipetting cleaned pipettes and
separate filter tips were used. The equipment used was either commercially
purchased RNase-free plastic ware treated with RNaseZAP®. Glass
equipment was baked at 180°C for at least 4 hours before use. The working
space was cleaned with RNaseZAP® or 100% ethanol and fresh MilliQ water
before use. Samples were kept on ice, handled with clean gloves and
exposed to air as short as possible to prevent RNA degradation or RNase

contamination.

4.1.3.1 Sample preparation and isolation of RNA

For sample preparation from mouse tissue, the animal was asphyxiated with
CO,, decapitated, and the tissue of interest was rapidly dissected. The tissue
or further dissected parts were immediately frozen on dry ice or liquid nitrogen
to prevent the degradation of RNA. Samples were either stored at -80°C or

homogenized with TriReagent or Trizol in a glass homogenizer.

ES or MEF cell samples were trypsinized, detached from their cell culture
dishes, washed with 1x PBS, and cells pellets were homogenized with
TriReagent or Trizol immediately. After homogenization the samples were

either stored at -80°C or further processed right away.
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Total RNA was extracted from homogenized samples following manufacturer’s
instructions. For higher purity, Phase Lock Gel™ heavy was applied following
manufacturer’s instructions for separation of aqueous and organic phases.
Total RNA was resuspended in RNA storage solution and probe
concentrations were determined using a photometer, where an ODys of 1
corresponds to 40 ug RNA per ml. If not processed immediately, isolated RNA

was stored at -80°C.

4.1.3.2 Reverse transcription of mRNA into cDNA

cDNA was generated by reverse transcription (RT-PCR) of mRNA by the
reverse transcriptase SuperScriptll™. 5 pug of RNA were incubated with
oligo(dt) primer, dNTPs, SuperScriptll™, and corresponding buffers at 42°C
following manufacturer’s instructions. Afterwards the RNA template was

removed by RNase H digestion, and cDNA samples were run on an agarose

gel.

4.1.4 Analysis of protein

4.1.4.1 Western blot analysis

For detection of proteins with specific antibodies, Western blot analysis was
carried out. Protein samples were applied to an SDS polyacrylamide gel for
electrophoretical separation (SDS-PAGE) according to their size (Laemmli,
1970). Commercially available gel systems from Invitrogen (NUPAGE® Novex)
and Biorad (Criterion™ XT) were used. Amounts of protein used varied
between 5 and 20 ug of total protein. Protein samples were mixed 1:5 with 5x
Laemmli buffer, denatured at 95°C for 3-5 min, chilled on ice and an equal
amount of protein was loaded into the pockets of the gel, together with an
adequate molecular weight marker depending on the expected protein band
size. Gel electrophoresis was performed at 200 V for 1-1.5 hours. Afterwards
the gel was blotted on a PVDF membrane, which had been soaked in 100%
methanol for activation. Gels were blotted either 1 hour at 30 V with the

Invitrogen module, or 2 hours to overnight at 50 V using the Biorad apparatus.
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In case of blotting times of more than 2 hours, it was performed at 4°C,
instead of RT.

To prevent unspecific binding of the antibodies, membranes were blocked with
4% skim milk or BSA in TBS-T for 1 hour (RT) to overnight (4°C). Afterwards
membranes were incubated with the first antibody in TBS-T for 1 hour. To
remove unbound antibody membranes were washed three times in TBS-T for
10 min. Thereafter membranes were incubated with the second horseradish-
peroxidase-conjugated antibody in TBS-T for 45 to 60 min and washed again
three times in TBS-T for 10 min. The detection reaction was initiated with ECL
detection reagent following manufacturer’s instructions. Then membranes
were exposed on chemiluminescent films for 5 s to 10 min depending on the

signal intensity. Films were developed using a developing machine.

4.1.4.2 Sample preparation for HPLC analysis

Dissected tissue samples (see 4.6.1 Dissection of cortex, hippocampus,
striatum, and ventral midbrain) were thawn on ice, weighed, and the weight of
each sample was calculated and recorded. 500 ul extraction buffer was added
per sample and they were homogenized using a pestle with mini motor.
Additional 500 pl of extraction buffer were added, samples were mixed via
pipetting, and centrifuged at 14.000 rpom and 4°C for 15-20 min. Supernatants

were sterile filtered using a 0,2 um filter and stored at -80°C.

For measurements of protein content cell pellets were washed with 500 pl
water (MiliQ) and centrifuged at 14.000 rpom and 4°C for 10-15 min. Pellets
were suspended in 200 pl 0,1M Tris HCI, pH 8,0 and thoroughly homogenized
via a pestle with mini motor. 50 pl protein suspension were mixed with 50 pl
6N NaOH and further diluted 1:5 to 1:20 with water depending on the intensity
of reaction color in bradford reagent. 10 ul per sample were mixed with 1 ml
bradford reagent, incubated for 5 min at RT, and optical densities were

measured in a photometer at 595 nm.
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4.1.4.3 Quantification of neurotransmitters via HPLC analysis

For the quantification of catecholamines an HPLC machine with an
electrochemical detector was used. It contained an automatic probe supplier
and the column oven was used at a temperature of 32°C. A sample run was

carried out with a flow rate of 0,7 ml/min.

4.2 Embryonic stem (ES) cell culture

Embryonic stem cells are pluripotent cells. Thus they are able to differentiate
into all different cell types in vitro as well as in vivo. They can be obtained from
blastocysts because the inner cell mass of a blastocyst consists of ES cells
which will form the embryo, while the outer cells contribute to extraembryonic
tissue. This ability of ES cells enables them for various experiments, which is
why they are used very diversely in scientific research. One important
possibility is the genetic modification of organisms as e.g. the mouse.
Genetically modified mouse ES cells can be injected into wildtype blastocysts.
When these are then implanted into pseudo-pregnant foster mother mice, they
will give birth to chimeras consisting partly of wildtype cells (originating from
the inner cell mass of the wildtype blastocyst) and genetically modified cells
(originating from the ES cell which were injected into the wildtype blastocyst).
If the genetically modified ES cells develop into germ cells of the chimeras,
these can be crossed to wildtype mice to pass on their genetic modification to
the next generation. These animals now exhibit the genetic modification in all
of their cells. With this technique new, genetically modified mouse lines can be

created.

Unless you want to generate a specific celltype out of ES cells, it is particularly
important to keep them in a pluripotent and consequentially undifferentiated
state, which means ES cells need to be cultured under special conditions
(Smith et al., 1988; Williams et al., 1988). Therefore the cultivating medium
was supplemented with leukemia inhibiting factor (LIF) and specially tested
fetal calf serum (FCS), and ES cells were grown on mitotically inhibited

fibroblast cells (see 4.2.1 Preparation of feeder cells). Furthermore, their
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growth and condition was watched every day, and they were splitted every 1-
3 days. The exact time intervals between splitting were estimated depending
on their confluency to avoid either extinction of a cell line by too high dilution,
or confluent growing resulting in cell differentiation. In general culture dishes
with ES cells were kept in an incubator under a 5% CO, atmosphere at 37°C.
For passaging, picking, and any other experiments, cells were worked at
under a sterile cell culture hood, trying to keep them out of the incubator as

short as possible.

TBV2, the mouse ES cell line used, was created at the Institute of
Developmental Genetics of the Helmholz Zentrum Minchen by Veronique

Blanquet and originates from the mouse strain 129/S2.

4.2.1 Preparation of feeder cells

Feeder cells are mitotically inactivated primary mouse fibroblast cells. They
need to be resistant for the chosen selection marker used in later
transfections. Primary neomycin resistant fibroblasts were obtained from
embryos of the transgenic mouse strain C57BI/6J-Tg(pPGKneobpA)3Ems/J at
the age of E14.5 to E16.5 under sterile conditions. Cultivated primary
fibroblasts were expanded for two passages and grown on 10 cm cell culture
dishes until confluence. For mitotical inactivation, cells were incubated with
medium containing 10 pg/ml mitomycin c for 2 hours at 37°C. After intensive
washing with PBS, feeder cells were trypsinized and plated on a fresh cell
culture dish or frozen in 1x freezing medium at -80°C for further use. Feeder
cells were plated at a density of 2-2.5 x 10* cells/cm? at least one day before

plating of ES cells to be able to see any feeder cell contamination prior to use.

4.2.2 Splitting of ES cells

For expansion, ES cell densitiy was controlled every day and ES cells were
splitted regularly every 1-3 days before they started growing confluent. At this

stage the cells should form round, distinct, light breaking colonies. After visual
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control of the cells via microscope, medium was removed and the cells were
washed with PBS. To detach them from the surface they were treated with
trypsin 5 min at 37°C. The reaction was stopped by adding at least an equal
amount of medium to the cells and the suspension was resuspended carefully
by pipetting up and down several times. The cell suspension was splitted on
fresh culture dishes in a dilution depending on the desired amount of cells per
dish. Since this procedure is very stressing for ES cells and can harm them, it
was always performed as carefully and quickly as possible. In case of
specifically vulnerable ES cell lines, the cell supsension was centrifuged 4 min
at 1200 rpm, the trypsin containing medium was sucked of carefully without
touching the cell pellet, cells were resuspensed in fresh medium, and

distributed on fresh feeder coated cell culture dishes.

For determination of cell number, 10 yl of cell suspension were pipetted in a
Neubauer counting chamber. ES cells were counted in each of the four
quadrants, and for averaging, numbers were added and divided by four. The
averaged counted cell number multiplied by 10* corresponds to the number of

cells per ml cell suspension.

4.2.3 Freezing and thawing of ES cells

ES cells can be conserved for later use by freezing at very low temperatures.
Cells were trypsinized (4.2.2 Splitting of ES cells), and the reaction was
stopped by adding medium. 10 pl of cell suspension were counted while the
remaining suspension was centrifuged 4 min at 1200 rpm. The cell pellet was
carefully resuspended in precooled 1x freezing medium, and splitted to an
appropriate number of cryovials (usually 10 cells in 1 ml freezing medium per
vial). ES cells survive the freezing process best when the temperature
decreases very slowly. Therefore the vials were frozen in an isopropanol
containing freezing container, which when frozen takes several hours until it
reaches the final temperature of -80°C. During the next 1-3 days the vials
were transferred into liquid nitrogen for long term storage or remained at -
80°C for storage of 3 to 6 months at the most. Cells on a 96-well plate were

trypsinized with 30 pul trypsin and resuspended in 70 yl medium to stop the
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reaction. An equal amount (100 ul) 2x freezing medium was added to achieve
a final contrencation of 1x freezing medium. For slow temperature decrease
during the freezing process, 96-well plates were wrapped in cellulose and put

in paperback boxes at -80°C.

For thawing, either cryovials or multi-well plates were wrapped in a plastic bag
and put into a 37°C water bath. After thawing cells in cryo vials were
resuspended in at least 5 ml of prewarmed medium. To remove the cell-toxic
DMSO from the medium they were centrifuged, resuspended in fresh medium
and plated on an appropriate amount of cell culture dishes. Cells in multi well
dishes were centrifuged after thawing. Very carefully the freezing medium was
sucked off. Fresh, prewarmed medium was added to the wells and cells were
pipetted carefully to resuspend them. In both cases the medium of freshly
thawed cells was changed early the next day to eliminate all residual traces of
DMSO.

4.2.4 Electroporation of ES cells

When cells are electroporated at a certain voltage, their cell membranes
become permeable for a short time. During this time, foreign DNA can enter
the cells. This method can be used to plant DNA into the ES cells. Circular
plasmids stay transiently in the cells, while linearized DNA can be stably
integrated into the genomic DNA of a cell. For genomic manipulation in a
certain locus, vector constructs are cloned with long (several kb) homologous
arms surrounding the genetically modified part of the gene of interest. If
homologous recombination takes place, the genetically manipulated gene is

then stably inserted into the genome.

For each single electroporation 5 x 10°- 10" ES cells were electroporated.
Cells were trypsinized, centrifuged 4 min at 1200 rpm, washed with PBS,
centrifuged again and resuspended in 800 pyl PBS containing up to 50 ug of
the appropriate DNA for electroporation. The cell-DNA suspension was

transferred into a precooled electroporation cuvette and electroporated with
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300 V and 500 pF for 2 ms. After electroporation cells were incubated on ice
for 5 min, then diluted with 1000 yl medium, and plated on an appropriate
number of feeder cell culture dishes (10" cells on 3 10 cm-dishes). The
medium was changed the next day, selection was started on the second day

after electroporation.

4.2.5 Selection and picking of recombined clones

To select ES cell clones with stably integrated modified DNA, the appropriate
antibiotic was added to the medium. When a neomycin resistance cassette
was cloned into the vector, Geneticin (G418, a neomycin analog) can be used
for selection at a concentration of 100 — 150 pg/ul. Only cell clones with the
neomycin resistance cassette are able to produce the neomycin resistance
gene and therefore survive and form colonies, while all cells without
resistance should die during selection. Selection medium was used for 7 days.
Many vector constructs are cloned with a diphteria toxin A gene downstream
(3’) to the end of the 3’-homologous arm. Gancyclovir was added to the
medium 4 days after electroporation. This drives the expression of the toxic
substance in all cell clones that have integrated any 3’-part of the vector
backbone, and leads to cell death of clones with unspecific integration
anywhere in the genome. During selection ES cells do not need to be splitted
since a lot of cells are expected to die. So the surviving colonies should be so
few that there is no likeliness for them to grow confluent and differentiate. But
it is very important to keep a steady concentration of antibiotic, therefore cells

were supplied with fresh medium every day.

After 7 days of selection and 3 days of gancyclovir treatment, the remaining
ES cell clones formed round, light breaking, conspicuous colonies. To pick
these colonies, medium was removed from the cell culture dishes, and
colonies were picked with a 20 ul pipette into a pointed shape 96-well plate.
After a maximum time of 45 minutes the clones were trypsinized with 30 pl
trypsin, 70 pyl was added to stop the enzymatic reaction, cells were carefully
pipetted up and down several times to detach and dispense them, and the

suspension was pipetted on a fresh feeder-coated 96-well plate. Medium was
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changed early the next day to remove trypsin from the medium. The clones
were carefully observated the next days, and they were splitted either 1:2 or
1:3 depending on their density on two feeder coated 96-well plates two days
after picking. Cell densities were controlled every day and over the next days
there were synchronized and expanded to two copies on feeder-coated 96-
well plates for later use of cells and two copies on gelatine coated 96-well
plates to avoid any feeder cell contamination for DNA extraction. ES cells on
feeders were frozen in 1x freezing medium at -80°C (4.2.3 Freezing and
thawing of ES cells), while cells on gelatine were allowed to grow 100%

confluent, washed with PBS and frozen at -20°C for genomic DNA extraction.

4.2.6 Screening for positive homologous recombination

Gelatine coated cell plates were either used directly or thawn for 30 min at RT
for genomic DNA extraction (see 4.1.2.1 Isolation of genomic DNA). Genomic
DNA was screened by southern blot (4.1.2.2 Southern Blot analysis) for

confirmation of homologous recombination.

4.3 Mouse embryonic fibroblast (MEF) cell culture

Mouse embryonic fibroblast (MEF) cells are less vulnerable than ES cells.
Since they are already differentiated, they do not need specific culture
conditions or media additives. For MEF cell survival it is important that the
cells have physical contact to each other. They grow in very flat, blotch-like
shapes and can form long processes which reach their neighboring cells.
When MEF cells are confluent, they start growing on top of each other, but at

a certain density they start dying.

In general MEFs were grown on plain cell culture dishes in a 37°C incubator
under a 5% CO, atmosphere. In general, medium was supplied with 10% FCS
and 1% penicillin/streptomycin. Cell density and condition was controlled
regularly and cells were splitted every 1-7 days depending on their density.

For best conditions cells were kept at 40-90% confluency.
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4.3.1 Generation of MEF cell lines

For the generation of MEF cell lines, mouse breedings pairs were set up and
vaginal plugs of the females were controlled and recorded. 12-15 days after
fertilization, female mice were asphyxiated with CO,. Uteri were taken out, put
in 1x PBS and cooled on ice. Since dissection has to be done under the
microscope, all instruments and surroudings were cleaned thoroughly with
100% ethanol, dissection was performed in comercially available, sterile
petridishes filled with sterile 1x PBS. Embryos were dissected out of the uteri.
Heads were excised from the rest of the bodies, collected for genomic DNA
extraction and genotyping, and either straightly processed or frozen at -20°C.
Torsos were opened ventrally, and all inner organs and large blood vessels
were removed under the microscope. Residual tissue was immediately
transferred under a sterile cell culture hood and collected in 6-well cell culture
plates. The tissue was minced with scalpels, while using a fresh, sterile
scalpel for every embryo. During mincing the scalpel causes a lot of scratches
on the bottom of the cell cultures dishes. The irregular surface of the wells is
not only harmless, but even wanted, because in this condition fibroblasts
attach better to the bottom of the culture dish. 1 ml of medium, containing 50%
FCS, was added to every well, and cell culture dishes were put in a 37°C
incubator with a 5% CO, atmosphere. On the next day, medium was carefully
sucked out of the wells via pipettes with 1 ml tips and replaced by fresh
medium. On the second day, large, unattached parts of tissue were removed
from the cultures and medium was changed. Over the next 7 days, the FCS
content of the medium was gradually reduced from 50% to 10%. The
scratches on the bottom of the cell culture dishes create several different
compartments, in which fibroblasts grow differently all over the well. In case of
highly diverse distribution of cell densities, cells were tryplated by trypsination
and seeding on fresh 6-well dishes without dilution. Cell confluency was
controlled every day and as soon as the fibroblasts were grown dense
enough, cells were splitted on 10 cm dishes. The exact time point of splitting

was chosen independantly for every single cell line in regard to its cell density.
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4.3.2 Splitting of MEF cells

MEF cells density and condition was controlled every 1-2 days. They were
splitted every 1-7 days depending on the cell density, trying to keep them
always between 40% and 90% confluency. When MEFs were highly confluent
or starting to grow on top of each other, they were splitted to a desired amount
of fresh cell culture plates. Splitting procedure was performed as in 4.2.2
Splitting of ES cells.

4.3.3 Freezing and thawing of MEF cells

Preservation at very low temperatures is also possible for MEF cells, as for ES
cells. MEF cell freezing and thawing was performed as in 4.2.3 Freezing and
thawing of ES cells. MEF cells were kept at -80°C for up to 12 months for

working stocks, and frozen in liquid nitrogen for conservation.

4.3.4 Immortalization of MEF cell lines

Primary MEF cell cultures grow nicely and with a high growth rate until about
5-15 passages after MEF cell preparation from the embryo. Soon their growth
rate slows down dramatically until cell densities are very low and all cells die.
To work with established cell lines, which can be passaged over a very long

period time without extinction, primary MEF cells can be immortalized.

4.3.4.1 3T3cells

For immortalization of primary MEF cell lines, two different methods were
used. The first method was modified from the 3T3 method (Todaro & Green,
1963). Primary fibroblast cultures were controlled every day and splitted every
3-10 days according to their cell density. Usually 5-15 passages after MEF cell
generation, the growth rate of fibroblasts slows down very fast, until they die.

To prevent cell death and to high dilution of cells, MEFs were either splitted or
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tryplated every 3-10 days for a time period of at least 6 months. During this
time, spontaneous mutation can occur, leading to cancerous growth behavior
of the cells and thus immortalization. A negative effect of this method is, that
one cannot be sure what kind of spontaneous mutation might have occured in
the cells genome, and cell lines might show a great variety. Hence different
cell lines, can prove not be genetically equal, although they underwent the
same protocoll. It is therefore not always convenient to compare e.g. knockout
and control cell lines which were immortalized by this method. Therefore we

decided to use another immortalization method in parallel.

4.3.4.2 SVA40 largeT antigen transfection

For this kind of immortalization, MEFs were transfected with SV40 largeT
antigen (Jensen et al., 1963; Koprowski et al., 1963) via LipofectaminT'VI 2000.
For this purpose, MEFs were splitted on 6 cm cell culture dishes and grown
until they reached 70-90% confluency. 5 ug of sterile DNA (SV40 largeT
antigen, unlinearized plasmid) was added to 500 pl of Opti-MEM® | Reduced-
Serum medium (1x), 12,5yl Lipofectamin™ 2000 were added to another
500 yl of Opti-MEM® | Reduced-Serum medium (1x), and both were
incubated for 5 min at RT. The two solution were pipetted together, mixed
gently and incubated for 20 min at RT so that Lipofectamin™ 2000 can form
complexes with the DNA. Medium was removed from cell culture dishes, they
were washed with 1x PBS and supplied with 4 ml fresh, prewarmed medium
and 1 ml of the transfection mix, and put back into a 37°C incubator under

5% CO, atmosphere. Medium was changed the next day.

Established MEF cell lines of both methods of immortalization were passaged
for at least 6 months until they were at passages between 40 and 55, before

they were used for any kinds of experiments.
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4.3.5 Isolation of mitochondria from MEF cells

MEF cells were cultured in big cell culture flasks (175 cm?) or cell culture
dishes until they reached 70-80% confluency. Cells were trypsinized (4.3.2
Splitting of MEF cells), washed with 1x PBS, collected in eppendorf tubes, and
either frozen at -80°C or further processed immediately. An equal amount of
5 mM EDTA in 1x PBS was added to the cell pellet, and the suspension was
centrifuged at 750 g for 10 min at 4°C. Cells were kept on ice during all
following steps. The cell pellet was resuspended in 1 ml RSB buffer,
centrifuged at 750 g for 10 min at 4°C, and resuspended again in 1 ml RSB
buffer. Now cells were homogenized by passaging them carefully, through a
25G needle fitted to a 5 ml syringe, while trying to avoid any bubbles. The
homogenate was centrifuged at 2.000 g for 10 min at 4°C. The remaining
pellet, consisting of nuclei and whole cells, was resuspended again in RSB
buffer for further homogenization steps. After centrifugation the post-nuclear
supernatant (PNS) was centrifuged at 16.500 g for 10 min at 4°C. The post-
mitochondrial supernatant (PMS) was removed by pipetting into another
eppendorf cup, and the remaining crude mitochondria pellet was resuspended
in 40-80 pl RSB buffer and stored on ice. The leftover nuclei-cell pellet from
the first homogenization step was homogenized again and the whole
procedure from homogenization to resuspension of crude mitochondria pellets
was performed again for 3-4 times until almost no crude mitochondrial pellet
was left. Crude mitochondria resuspensions of the same cell lines were
pooled and protein concentrations were determined via Quick Start Bradford

Protein Assay following manufacturer’s instructions.

4.4 Lentiviruses

4.4.1 Generation of lentiviruses

HEK 293 cells were were cultured on twelve 10 cm culture dishes until
confluency. 12 ml Opti-MEM® | Reduced-Serum medium (1x) was mixed with
600 pl Lipofectamin™ 2000 and incubated for 5 min at RT. Another 12 ml
Opti-MEM® | Reduced-Serum medium (1x) were mixed with 90 ug of GFP
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mDsRed, 60 ug pMDL, 22,8 ug pRSV-Reyv, and 30 ug pVSVG DNA (see 3.5.8
Vectors and plasmids). Lipofectamin solution and DNA-Opti-MEM® solution
were pipetted into a 15 ml tubes, each tube containing 3 ml of both solutions.
Tubes were gently inverted 3-4 times and incubated 20 min at RT. After
inbucation 2 ml of the mix was added dropwise to each of the twelve 10 cm
culture dishes. Dishes were gently shaken and put in a 37°C incubator under
5% CO, atmosphere. 5 hours after infection cells were supplied with fresh
medium, and incubated for another 2 days. After the 2 day incubation media
containing virus particles were transfered into 50 ml conical tubes, centrifuged
3 min at 2000 rpm, supernatants were filtered through a 0,22 um pore filter,
and centrifuged at 4°C and 19.400 rpm for 2 h. Pellets containing the viruses
were dissolved in 700 yl PBS per tube and incubated over night for better
resolution. On the next day solutions in all tubes were mixed by pipetting up
and down 30 times, transfered to one ultracentrifugation tube, and centrifuged
again at 4°C and 19.400 rpm for 2 h. The pellet was resuspended in 50 pul cold
PBS by pipetting up and down several times. The suspension was transfered
to a fresh tube, 50 pl of PBS was used to wash the previous tube and added
to the fresh one. After a quick spin the left over supernatant was portioned into

5 ml aliquotes and the solution containing virus particles was frozen at -80°C.

4.4.2 Viral infection of MEF cell lines

For infecting MEF cells with lentivirus, cells were cultured until they reached
60-80% confluency. Coverslips were baked at 180-20°C for at least 4 hours to
prevent any contamination. Under a cell culture hood, coverslips were
carefully put into 24-well cell culture dishes with sterile tweezers, putting a
single coverslip into every well. MEF cells were trypsinated (4.3.2 Splitting of
MEF cells), 10 yl of cell suspension was counted while the rest was
centrifuged, trypsin containing medium was sucked off, and cells were
resuspended in fresh, prewarmed medium. 5 x 10°® cells were seeded into
each well in a total volume of 1 ml medium, the dish was moved carefully to
distribute cells equally over the coverslips, and was put back into an incubator

for over night. Usually 3 to 6 wells were seeded with cells of the same MEF
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cell line. On the following day 400 pl fresh medium were mixed with 2 pl of
virus solution, and 1-10 pl of this mixture was added to each well depending
on the virus titer (using always 1 virus particle per cell). After two days of
incubation cells were washed with PBS and coverslips were either mounted
on slides directly or further processed performing immunohistochemistry for
GCP and DsRed (4.6.8 Immunocytochemistry on MEF cells).

4.4.3 Determination of virus titer

For titer determination 5 x 10* HEK 293 cells were plated on coverslips, the
procedure being the same as in 4.4.2 Viral infection of MEF cell lines. When
infecting the cells with virus, a concentration series was done, and the
following volumes of virus-medium mixture were pipetted into one well: 200 pl,
100 pl, 20 pl, 10 pl, 1 pl, 0,5 pl, 0,1 pl, 0,05 yl, 0,005 pl, and 0,0005 pl. After
two days in the incubator, cells were washed with PBS, coverslips were either
mounted on slides directly or further processed performing
immunohistochemistry depending on fluorescence signal intensity of the
infected cells. Infected cells of different virus concentrations were counted

under a fluorescence microscope and the titer was calculated and recorded.

4.5 Animal husbandry

45.1 Animal facilities

All mice were kept and bred in the Helmholtz Zentrum Mdnchen animal facility
in accordance with national and institutional guidelines. Mice were group
housed in open cages with a maximum of five mice per cage. They were
maintained with food and water ad libitum on a 12 hours light/dark cycle with a

temperature of 22 + 2°C and relative humidity of 55 + 5%.

Mice were bred in single or double matings and pups were weaned and
separated by gender at the age of three to four weeks. They were numbered

by earmarks for identification. Tail clips were taken for genotyping and stored
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at -20°C or processed right away for DNA extraction (4.1.2.1 Isolation of

genomic DNA).

4.5.2 Blastocyst injection and embryo transfer

For mouse blastocysts (E3.5) production female C57BL/6 mice were
superovulated to increase the number of ovulated oocytes. Superovulation
was performed with analoga of the gonadotropins follicle-stimulating hormone
and luteinizing hormone. The hormones were injected intraperitoneally
between noon and 1 pm, starting with 7.5 |.LE. of pregnant mare’s serum
gonadotropin (PMSG) to induce follicle maturation. 48 hours later 7.5 I.E. of
the ovulation initiation hormone human chorion gonadotropin (hCG/Ovogest),
were injected. After hCG injection, female mice were mated with one
C57BL/6J male for one day. The uteri of pregnant females were dissected
3 days post coitum and blastocysts were flushed with M2 medium. Isolated
blastocysts were fixed with one capillary of a micromanipulator, while 10-20
mutant ES cells were injected into the blastocoel with a second capillary, to

contribute to the inner cell mass.

Pseudo-pregnant CD1 females were used as foster mothers for the modified
E3.5 embryos. To achieve pseudo-pregnancy, CD1 females were mated to
sterile, vasectomized males. Foster mothers were put under anesthetic
(dosage dependent on body weight, normally 0.25 ml of 1% ketamine and
0.1% rompun in isotonic saline solution), their retroperitoneal cavity was
opened, and ovaries and uteri were dissected for embryo transfer. The
proximal sides of the uterus were perforated with a thin cannula and up to 10
manipulated blastocysts per side were transferred to the uterus through this
opening. The surgery field was closed again with clips and the foster mothers
were kept on warming plates until awakening. To prevent blindness of the
mice and avoid dehydration of their cornea, eyes were kept wet with

0.9% NaCl during surgery.
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4 5.3 Establishment of new mouse lines

Chimeric mice were born 14-16 days after embryo transfer. C57BL/6J cells
from the blastocyst code for black fur color, while the modified TBV2 ES cells
give rise to mice with agouti fur color. With this technique chimeric mice show
a mixture of black and agouti fur, and the percentage of agouti fur color gives

information of the amount of contribution of mutant ES cells to the chimera.

High-percentage brown fur chimeras were mated to wild type C57BIl/6J mice
to obtain offspring with germline transmission of the modified allele. The first
indication for positive germline transmission is the presence of brown pups in
the offspring of the chimera, indicating that mutant ES cells have populated
the gonads. But nevertheless offspring has to be controlled for germline
transmission of the modified gene, therefore offspring was screened by

southern blot for confirmation.

4.6 Histological methods

4.6.1 Dissection of cortex, hippocampus, striatum, and ventral

midbrain

Mice were asphyxiated with CO, and brains were dissected removing bones
and meninges. Afterwards dissections of different brain regsion was carried
out under the microscope using very sharp, thin-tipped tweezers. Tissue of
cortex, hippocampus, striatum, and ventral midbrain was carefully dissected,
trying to avoid any contamination with tissue from surrounding brain regions.
Tissue was collected in preweighed eppendorf cups and fast frozen in liquid

nitrogen and stored at -80°C or further processed immediately.

4.6.2 Perfusion

Mice were asphyxiated with CO, and the thoracic cavity was opened via

scissors to dissect the heart. A blunt needle was inserted through the left
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ventricle into the ascending aorta and the right atrium was opened by a small
cut. Vessels were rinsed with PBS using a pump, until the liver was observed
to become pale. For perfusion 4% precooled, fresh diluted PFA/PBS was
pumped through the animal for 4-6 min until its body was stiff. The mouse was
decapitated and the brain was carefully dissected removing bones and
meninges. Brains were postfixed in 4% PFA/PBS for 1 hour to overnight at

4°C, depending on the subsequent procedure.

4.6.3 Paraffin sections

For paraffin sections brains were postfixed overnight at 4°C after perfusion,
then dehydrated in an ascending ethanol scale, equilibrated and embedded in

paraffin. Using an automated embedding machine, the following program was

used:
step reagent t([aorg?. [tr'nr?:’] remarks

dehydration 30% EtOH RT 90

dehydration 50% EtOH RT 90

dehydration 75% EtOH RT 90

dehydration 85% EtOH RT 90

dehydration 95% EtOH RT 90

dehydration 100% EtOH RT 90

dehydration 100% EtOH RT 60 under vacuum
clarification Roti-Histol RT 60 under vacuum
clarification Roti-Histol RT 60 under vacuum
paraffination 50;)/(‘;(2 cggg';’itr?l / 65 60 under vacuum
paraffination paraffin 65 60 under vacuum
paraffination paraffin 65 480 under vacuum
embedding paraffin 65 to RT

Paraffin embedded tissue was stored at 4°C until cutting with the microtome.
Paraffin blocks with embedded brain tissue were mounted on a tissue
cassette with paraffin and cooled at 4°C for at least 30 min. Afterwards they

were fixed on the microtome. 8 um thick sections were cut and put into a

65




Methods

water bath (37-42°C) for flattening. Usually sections were mounted on slides
in series of 8 and dried first on a heating plate for 1-3 hours and afterwards at
37°C over night. Dry slides were directly used for experiments or stored in

object slide boxes at 4°C.

4.6.4 Frozen sections

For frozen sections, brains were postfixed for 1-4 hours at 4°C after perfusion
and equilibrated in 20% sucrose in 1x PBS at 4°C overnight. For longer

storage 0.01% sodium azide in 20% sucrose/PBS was used.

To generate frozen sections on the cryostat the tissue was fast frozen at -
50°C on an object holder with freezing medium. Horizontal sections of 40 ym
thickness were cut with an object temperature of -14°C to -16°C, and a blade
temperture 2°C below the temperature of the object. Series of 12 were

collected free-floating in cryoprotection solution and stored at -20°C.

4.6.5 Radioactive in situ hybridization on paraffin sections

For the detection of mMRNA expression in embryos and in the brain, radioactive
in situ hybridizations (ISH) were performed on paraffin sections. During the
whole procedure RNase free solutions and materials were used to avoid
degradation of MRNA and the RNA probe.

To detect the mRNA of a desired gene, a probe containing cDNA information
of the gene of interest is labeled with radioactive sulfurus (**S). Radioactively
labeled RNA probes were generated by in vitro transcription with an
appropriate  RNA polymerase in the presence of [a-thio358]-UTPs. As
templates, plasmids containing part of the cDNA of the gene to analyze and
promoters for the RNA polymerases T7 and SP6 were linearized shortly

behind the end of the cDNA sequence with an appropriate restriction enzyme.
One 1x transcription reaction consisted of the following ingredients:

3yl 10x transcription buffer
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3yl dANTP mix (rATP/rCTP/rGTP 10mM each)
1yl 0.5MDTT
1yl RNasin (RNase inhibitor; 40 U/ul)
1,5 ug linearized plasmid DNA template
3yl [o-thio-**S]-UTP (12.5 mCi/mM)
ad 30 Il HO

1yl RNA polymerase (T7 or SP6; 20 U/pl)

The reaction was incubated at 37°C for 3 hours in total. After one hour
additional 0.5 yl of RNA polymerase was added. The DNA template was
destroyed by adding 2 pl of RNase-free DNase | and incubation at 37°C for
15 min after transcription. Probes were purified via the RNeasy Mini Kit
following manufacturer’'s instructions and activity was measured in a liquid

scintillation counter.

Before hybridization paraffin sections were dewaxed and pretreated with the

following treatment:

step time solution remarks
dewaxing 2 x 15 min Roti-Histol
rehydration 2 x5 min 100% Ethanol
rehydration 5 min 70% Ethanol
rehydration 3 min H-O
fixation 20 min 4% PFA in PBS onice
wash 2 x5 min 1x PBS
permeabilization | 7 min Zoﬁrﬂﬁg'nzgogel'(”gjﬁef n
wash 5 min 1x PBS
fixation 20 min 4% PFA in PBS onice
wash 5 min 1x PBS
ribosomes HCl rapidly stirring
wash 2 x5 min 2x SSC
dehydration 1 min 60% Ethanol
dehydration 1 min 70% Ethanol
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dehydration 1 min 95% Ethanol

dehydration 1 min 100% Ethanol

Slides were air dried dust free. To each slide 100 pl hybridization mix were
added and cover slips were put on top to prevent evaporation. Slides were

prehybridized for at least 1 hour at 57°C.

For hybridization, the labeled probe was diluted to a concentration of 35,000 -
45,000 cpm/ul in hybridization mix. The radioactive hybridization mix was
denatured for 2 min at 90°C and cooled on ice for 2 min. Prehybridized slides
were dispensed from their cover slips and 90 ul radioactive solution were
added to each slide. Slides were covered with fresh coverslips again and kept

at 57°C in a humid chamber with chamber fluid overnight.

The following day cover slips were removed and slides underwent the

following treatment:

step time solution temp.
wash, low 4 x 5 min 4x SSC (radioactive waste) RT
stringency
RNA digestion 20 min 20 yg/ml RNase A in 1x NTE buffer 37°C
wash 2 x5 min 2x SSC/1mM DTT RT
wash 10 min 1x SSC/1mM DTT RT
wash 10 min 0.5x SSC/1mM DTT RT
wash 2 x 30 min 0.1x SSC/1mM DTT 64°C
wash 2 x 10 min 0.1x SSC/1mM DTT RT
dehydration 1 min 30% Ethanol in NH4;OAc solution (1x) RT
dehydration 1 min 50% Ethanol in NH4OAc solution (1x) RT
dehydration 1 min 70% Ethanol in NH4OACc solution (1x) RT
dehydration 1 min 95% Ethanol in NH4OAc solution (1x) RT
dehydration 2x1 min | 100% Ethanol in NH4OAc solution (1x) | RT

Slides were air dried for at least 30 min and exposed to an autoradiography
film (BioMax MR) at RT for 2-3 days. After developing the film slides were
dipped in a prewarmed photo emulsion (diluted 1:1 with H,O) and stored at
4°C in the dark room to avoid light exposure of either photo emulsion or
emulsion coated slides. The storage time was between 3 and 6 weeks,

depending on the signal intensities on the film. For development slides were
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equilibrated to RT for at least one hour, incubated in developer for 5 min,
rinsed with tap water and incubated in fixer for 7 min. Afterwards they were
rinsed again for 20 — 30 min in cold, running tap water. Remaining photo
emulsion on the backside of the slides was scratched away with a razor blade

and slides were air dried.

4.6.6 Nissl staining (cresyl violet)

After development dried slides were Nissl stained with cresyl violet according

to the following protocol:

step time solution remarks
staining 1-5min cresyl violet staining solution
wash H-,O
clearing 1 min 70% Ethanol until slide is
clear
clearing 10 — 60 sec | 96% Ethanol + 0.5% acetic acid
dehydration 2x 1 min 96% Ethanol
dehydration 2 X2 min 100% Ethanol
embedding | 2x 10 min Roti-Histol

Slides were embedded in Roti-Histokitt I, covered carefully with cover slips to

avoid air bubbles, and dried over night under the hood.

4.6.7 Immunohistochemistry (DAB-staining) on free floating

sections

Frozen free floating sections were taken out of their cryo protection solution
and best washed overnight in 1x PBS at RT. On the next day they were

treated according to the following protocol:

step time solution remarks
wash 3 x 10 min 1x PBS

incubate 10 min 0.1% H,0, 1x PBS
wash 2 x 10 min 0.1% Triton-X/PBS (1x)
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blocking 2h 2% fetal calf serum in 0.1% Triton- RT
X/PBS
1% antibody | over night | 1% antibody in 0,1% Triton-X/PBS 4°C
wash 6 x 10 min 0.1% Triton-X/PBS
2" antibody 45 min 2" antibody (1:300), 0.1% Triton- RT
X/PBS
wash 6 x 10 min 0.1% Triton-X/PBS
intensifying with | 45 min ABC (1:300) in 0.1% Triton-X/PBS; | RT, keep
ABC-solution prepare 30 min before use dark
wash 4 x 10 min 0.1% Triton-X/PBS
wash 2 x 10 min 0.1M Tris-HCI
DAB-staining 2-20 min 0.05% DAB, 0.02% H20; in Tris- | keep dark
HCI; prepare fresh and put on
sections immediately
wash 10 min Tris-HCI
wash 10 min 1x PBS

After the immunohistochemistry staining, sections were mounted on slides out
of 1x PBS and air dried. Then they were embedded in Roti-Histokitt I, covered
carefully with cover slips to avoid air bubbles, and dried over night under the
hood.

4.6.8 Immunocytochemistry on MEF cells

In general, MEF cells are not specifically vulnerable compared to other cell
lines. But in this case, we wanted to observe the mitochondrial morphology of
the fibroblasts. Mitochondria are very sensitive and react very fast on
changing conditions. Therefore only prewarmed (37°C) medium and solutions
were used, and the cells were kept out of the incubator as short as possible.
Coverslips were baked at 180-20°C for at least 4 hours. Under a cell culture
hood, coverslips were carefully put into 24-well cell culture dishes with sterile
tweezers, putting a single coverslip into every well. MEF cells were trypsinated
(4.3.2 Splitting of MEF cells), 10 pl of cell suspension was counted while the
rest was centrifuged, trypsin containing medium was sucked off, and cells
were resuspended in fresh, prewarmed medium. 5 x 10° cells were seeded

into each well in a total volume of 1 ml medium. Usually 3 to 6 wells were
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seeded with cells of the same MEF cell line. After infection with lentivirus
(4.4.2 Viral infection of MEF cell lines), cells were tried to keep in the dark to
circumvent reduction of fluorescence, and were either mounted directly or

underwent the following protocol:

step time solution remarks
fixation 10-15 min 4% PFA in medium RT
wash 3 x5 min 1x PBS
permeablize 5 min ice cold acetone at4°C
wash 3 x5 min 1x TBS
blocking 30 min 3% BSA, 0.2% tritonX100 in RT
1x TBS
primary antibody 1 hour or 1% antibody in 3% BSA, 0.2% RT (1 h)
over night tritonX100 in 1x TBS or4°C
(o.n.)
wash 3 x5 min 1x TBS
secondary 2 hours 1: 333in 1x TBS RT
antibody/ies with
fluorecent tag
wash 3 x5 min 1x TBS
DAPI 5 min 1:2000 in 1x TBS
wash 3 x5 min 1x TBS

To mount the cover slips, TBS was removed carefully, 1 drop of antifade was
added directly on the slide, and cover slips were put upside down on the slide.
After 1-3 minutes they were sealed with colorless nail polish, dried in the dark

at RT over night, and stored in a box at 4°C.

4.6.9 LacZ staining of mouse tissue

A common reporter in various applications is the lacZ gene which encodes the
enzyme B-galactosidase (LacZ). This enzyme converts X-gal to galactose and
a blue water-insoluble indigo dye. For the detection of lacZ expression in mice
it is important to maintain the activity of LacZ in the tissue. Therefore all
solutions used for LacZ staining were substituted with MgCl, and EGTA and
staining was performed as soon as possible. Brains were fixed via perfusion of

the mice with LacZ fix. Brains were stored overnight at 4°C in 20% sucrose.
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Then they were immediately sectioned and collected free-floating in LacZ
storage solution. Free floating sections were washed for 15 min with LacZ
wash buffer and transferred to freshly prepared LacZ staining solution.
Sections were kept light shielded and were incubated overnight at 37°C. The
staining reaction was stopped by washing the sections in 1x PBS. Slides were

used immediately to take pictures.

4.6.9.1 Stereological quantification of dopaminergic neurons

in the substantia nigra

After immunohistochemistry on free floating sections, the mounted sections
were observed under the stereo microscope for cell countings. Out of the
twelve series originating from one mouse brain, two series with an interval of
six were chosen randomly for every brain. Stained cells of the substantia nigra
were counted blind using the Stereo Investigator software, descending from

dorsal to ventral. The following settings were used:

Serial section manager

block advance 40 ym
mounted sections thickness 25 um
evaluation interval 6
Z axis value 0

Optical fractionator

x-value 150 ym
y-value 150 ym
desired sampling sites 10 (or lower value as given by the

program for most dorsal sections with
small substantia nigra area)

fixed distance 3 um
optical disector height 20 um
mounted section height 25 um
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Numbers of cells per brain were calculated by Stereo Investigator software

and recorded.

4.6.9.2 Quantification of mitochondrial morphology

MEF cells conserved on slides were observated under a confocal microscope.
For quantification, cells were divided into three different subtypes, namely

cells with tubular, intermediate, and fragmented mitochondria:

defined mitochondrial morphology longest mitochondrial tubule per cell
tubular mitochondrion =5 um
intermediate 5 ym > mitochondrion < 0,5 ym
fragmented 0,5 ym > mitochondrion

For each experiment and cell line 65-100 cells were counted blind. The
longest mitochondrial tubule in each counted cell was determined by eye and

its length was measured using LSM Image Browser 510 software.

4.7 Behavioral testing

At the age of three to four months mice were transferred to a seperate room.
After a minimum of one week of habituation, the animals went through the

following tests:

e open field

e accelerating rotarod
e forced swimming

¢ tail suspension

e social discrimination
e object recognition

e odor preference
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e odor sensitivity

e odor discrimination

For each test, 10 to 12 mice for each sex and genotype (males and females,
wildtypes and Pink1 ko) were tested. All animals were generated by crossings
of F,/F3 Pink1™" mice with a mixed C57BL/6J / 129S2 background and their
maximum difference of age was 2 weeks. Mice were housed in groups with
mixed genotypes. Behavioral testing occured during the light cycle and was

performed by the same investigator without knowledge of genotypes.

Data were statistically analyzed using SPSS and GraphPad Prism software.

The chosen level of significance was p < 0.05.

All test were carried out under light conditions of 200 lux unless mentioned

else.

4.7.1 Open field test

For the open field a 50x50 cm hard plastic arena with 50 cm high walls was
used. The test animal was put in one corner of the area, and its movement in
the open field was recorded by a camera for 10 min. For evalutation the time
the mouse spent in the 16% and 45% center, and the time it stayed close to
the walls was considered. The open field was disinfected after each animal

was tested.

4.7.2 Accelerated rotarod

Motor coordination and balance was assessed using a rotating rod apparatus.
The rod was made of hard plastic material covered by soft black rubber foam,
with a diameter of approximately 4.5 cm, and lane widths of 5cm. Each
animal was tested three times with intertrial intervals of 15 min. Per each trial,
three mice were placed on the rod leaving an empty lane between two mice.
In the beginning of each test trial the rod was rotating at a constant speed of

4 rpm, to allow positioning of each mouse in its respective lane. After
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positioning all mice the trial was started, and the rod accelerated from 4 rpm to
40 rpm over a time period of 5 min. Fall off latency and speed were observed
and recorded. Passive rotations were counted as a fall off and the respective
mouse was carefully removed from the rod. The rotarod was disinfected and

dried after each trial.

4.7.3 Forced swim test

In the forced swimming test, mice were put into a glass beaker filled with
water (25 £ 1°C) to a depth of 21 cm (Ebner et al., 2002). The beaker had a
24.5 cm diameter and a volume of 10 I, and light conditions were adjusted to
30 lux. Inside the cylinder, the mice are not able to climb or jump out, thus
they are forced to swim. A trained observer registered the behavior of each
mouse for 6 min with a hand-held computer. Behavior of the test animals was
recorded according to three different indicators. One indication of behavior
was struggling, defined as movement of the forelegs and thereby braking the
water's surface. Second, swimming was monitored, defined as movement in
the cylinder caused by motion of forelegs and hindlegs without breaking the
water surface. Third, floating of the animals was recorded, defined as minimal
limb movement of the animal without changing its position inside the cylinder,
just to keep its equilibrium. Furthermore spraying of toes was used as another
indication of floating, which makes it easier for the observer to recognize. For
every mouse fresh water was used, and the animals were dried and put into a

fresh cage after each test trial.

4.7.4 Tail suspension test

For the tail suspension test, the animals tail was fixed with a clothespin on top
of a slit of a hard plastic cube so that the mouse was hanging head down
underneath the slit. For 6 min the animal was watched by a trained observer
using a hand held computer. Behavior of the mice was recorded and analyzed

considering frequency and duration of periods of activity and immobility,
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latency to the first period of immobility, and total, mean, and maximum

durations of activity and immobility.

4.7.5 Social discrimination test

In the social discrimination test the mice have to discriminate between a
known and an unknown mouse. Each animal was put into an empty, cleaned
cage 2 hours prior to testing. During a test phase of 4 min the test animal and
an ovarectomated mouse were placed into a clean, disinfected test cage.
2 hours later the same, now for the test animal known mouse, and another
ovarectomated, unknown mouse were placed into the test cage again for
4 min. The time the test animal spent with exploring each of the two mice was
recorded. Exploration of another mouse was defined as sniffing, grooming,
physical contact of the two animals without any movement, and crawling over

and under the other animal.

4.7.6 Object recognition test

To assess the animals memory they went through an object recognition test.
The test area consisted of a disinfected, empty cage. During three 5 min
sample phases with intervals of 15 min, the mice were presented with two
equal metal cubes. 3 hours after the end of the third sample phase the test
animal was put again into the test area for a test phase of 5 min. This time the
two objects were one of the now known metal cubes from the sample phases
and an unknown plastic cube. 24 hours after the end of the last sample phase
the animal was tested again for 5 min. In the second test phase one of the two
objects in the cage was again the metal cube, the second one was a counter
of blue color. The time the animal spent exploring each of the two different

objects was documented during each of the two test phases.
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4.7.7 Odor preference test

To find out whether the mice were able to discriminate between two different
odors, an odor preference test was performed. The test environment consistet
of an empty, disinfected cage with two holes in the bottom. In one of the holes
an eppendorf cup with clean cage wood shavings was put, the second hole
contained an eppendorf cup with cage wood shavings from a cage of mice
who were unfamiliar to the test animal. The test animal was put into the cage
for 10 min, and the time it spent olfactorily exploring each of the two eppendorf

cups was recorded.

4.7.8 Odor sensitivity test

To get a more detailed analysis of the mice’ smelling abilities, an odor
sensitivity test was carried out. First of all, each mouse was trained to
recognize and pick a specific odorant. For the Pink1 mouse line two different
odorants, apple and strawberry, were used. The odorant was applied to cage
wood shavings. For training and test sessions mice were put in an empty,
disinfected cage. Mice were seperated by a synthetic, see-through plate from
two small bowls each containing cage wood shaving. For the training
sessions, one alternating of the two bowls contained cage wood shavings with
the specific odorant the respective mouse was supposed to be trained to, and
a piece of chocolate underneath the cage wood shavings, while the other bowl
did not contain chocolate or odorous shavings. At the beginning of each
session the seperating plate was taken away to let the mouse start to dig.
Mice were trained to recognize their specific odorant and dig in the
corresponding bowl to receive the chocolate. During the test sessions, one
bowl contained plain chage wood shavings while the shavings in the other
contained either apple or strawberry odorant, respectively. To circumvent that
the mice just orient towards the smell of chocolate, both bowls contained a
piece of chocolate during test sessions. Starting from the same concentration
of odorant for every test animal, concentrations were lowered in binary steps
and the maximum number of steps where the test animal was still able to pick

the bowl containing odorous cage wood shavings was recorded.
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4.7.9 Odor discrimination test

In the odor discrimination test mice have to discriminate between binary
mixtures of odorants. The same odorants as in the odor sensitivity test were
used, apple and strawberry. As explained above, every mouse was trained to
one of the two odors. The test was carried out like the aforementioned odor
sensitivity test, but in this test mice had to choose between binary mixtures of
the two odorants. Starting at 100% of apple in one bowl and 100% of
strawberry in the other, concentrations of binary mixtures were lowered. This
means the concentration of the odorant in both bowls was decreased, while
the concentration of the respective other odorant was increased in both bowls.
From 100% meaning single odorants in both bowls concentrations were
decreased to 70% (meaning 70% apple with 30% strawberry in one bowl and
70% strawberry with 30% apple in the other), 55%, 53%, 51%, and 50%. At
the concentrations of 100%, 70%, 55%, and 53% mice had 12 trials, at the
concentrations of 51% and 50% they had 20 trials. The number of trials the
test animals made the correct choice were recorded, and the percentage of

correct choices was calculated.
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5 RESULTS

5.1 Pinkl expression in the wild type mouse

At the beginning of this project very few things were known about Pink1. In
2004 it was discovered to be the gene responsible for PARK6 linked familial
parkinson’s disease (Valente et al.,, 2004a). At that time it was still called
PTEN induced putative kinase 1 because its phosphorylation capability was
not proven yet. Furthermore it was predicted to have an N-terminal
mitochondrial targeting motif. | wanted to know more about the areas of high
importance for Pink1 function. Therefore | carried out a detailed expression
analysis of Pink1 mRNA during mouse embryonic development and in the
adult mouse brain. To visualize Pink1 mRNA expression on mouse tissue |
used radioactive in situ hybridization (4.6.5 Radioactive in situ hybridization on
paraffin sections) with a Pink1-specific probe (P1-Pink1 ISH) on 8 um thick

paraffin sections of CD-1 mouse brain and embryos.

5.1.1 Pink1 expression during embryonic development

At the earliest stage examined, E7.5, Pink1 expression could not be observed
(data not shown). From E9.0 onwards, Pink1 is ubiquitously expressed
throughout the whole embryo. At this early stage, the overall expression
intensity is lower than in later stages (Figure 6 A). Actually it is near to the
detection limit by in situ hybridization method. From E10.0 onwards, Pink1 is
differentially expressed in the developing embryo (Figure 6 B’), however it can
be observed in all organ systems. At this stage, strong in situ hybridization
signals can be observed in the developing neural structures and the
developing heart. Particularly the mantel layer of the neural tube shows a
strong signal (Figure 6 C’). Furthermore, intense expression is observed in the
dorsal root ganglia and the ventral horns of the spinal cord (Figure 6 B’). This
differential expression can still be seen during later stages like E13.0 (Figure
6 D’) and E14.0 (Figure 6 E’). Here Pink1 expression is observed throughout

the whole developing brain. In the forebrain it is especially strongly expressed
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in dorsal layers of the cortex and the strongest expression domain can be
found in the developing hypothalamus (Figure 6 F’). The dorsal midbrain
shows moderate expression whereas in the hindbrain the cranial nerve nuclei,
the pontine nuclei and the developing raphe nuclei show high expression.
Apart from the brain, Pink1 is found in the olfactory epithelium, gonads (data
not shown), the tongue, heart, lung, kidney, liver and mesenchyme of the
developing limbs. In the P1 mouse brain Pink1 mRNA is mainly found in the
outer layers of the developing olfactory bulb, the uppermost layers of the
cortex, hippocampus, ventral midbrain and hindbrain (Figure 6 G’, H’).
Furthermore high levels of expression are found in the centromedial and
dorsomedial thalamic nuclei, while the anterior ventromedial thalamic nuclei
show even more intense signals (Figure 6 H’). A particularly strong expression
in the midbrain can now be seen in the red nucleus (Figure 6 H’) whereas in
the hindbrain the nucleus trochlearis is conspicuously strongly labelled (data
not shown). Additionally, in the hindbrain the granular layer of the cerebellum

exhibits striking Pink1 expression (Figure 6 H’ and data not shown).
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Figure 6: Pink1 expression during mouse embryonic development.

Radioactive in situ hybridization with Pink1-specific probe on CD-1 wildtype sections.
(A) Coronal section of a E9.0 embryo. Pink1 is ubiquitously expressed throughout the whole
embryo. (B, B’) Sagittal section of an E10.5 embryo, (C, C’) Higher magnification of B, B’
shows ubiquitous expression of Pink1. Specifically strong expression can be seen in the
mantelzone of the developing mouse brain, dorsal root ganglia and ventral horns of the spinal
cord. (D, D’) sagittal section of an E13.0 embryo. Areas of strong Pink1 mRNA signals are the
developing brain, especially the developing hypothalamus, and the dorsal root ganglia. (E,
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E’) Sagittal section of an E14.0 embryo. Specifically the dorsal layers of the cortex show high
levels of Pink1 expression. (F, F’) High magnification of the developing hypothalamus of an
E13.0 embryo. (G, G, and H, H’) Coronal and sagittal section of P1 mouse brain,
respectively. Pink1 shows ubiquitous expression throughout the whole mouse brain. In the
centromedial and dorsomedial thalamic nuclei very high levels of Pink1 can be seen, in the
anterior ventromedial thalamic nuclei they are even higher. Further areas of strong expression
are the uppermost layers of the cortex, the hippocampus, ventral midbrain, specifically the red
nucleus, and the hindbrain, in particular the granular cells of the cerebellum. (B, C, D, E, F, G,
and H) are corresponding brightfield images of Nissl stained sections to darkfield images of
(B, C,D,FE, F,G, and H), respectively.

5.1.2 Pink1 expression in the adult mouse brain

In the adult mouse brain Pink1 is ubiquitously expressed but with remarkable
distinct expression levels differing regionally. In the forebrain the olfactory
bulbs are generally weakly labeled, however, the mitral cell layer exhibits
strikingly strong staining (Figure 7 F’). Pink1 mRNA is particularly found
throughout the cortex with high levels in the piriform cortex. In the
hippocampus strong expression is confined to the pyramidal layers of regions
CA1-3 and the granular layer of the dentate gyrus. In addition, the differential
and strong expression of Pink1 observed in the perinatal thalamus continues
in the adult brain (Figure 7 B’). The nuclei showing strongest expression are
the latero-dorsal and ventrolateral thalamic nuclei; the anterodorsal thalamic
nucleus to an even higher extend (Figure 7 B’ and data not shown). The
amygdala and, remarkably with regard to PD the striatum, exhibit only

moderate levels of Pink1 expression (Figure 7 A’, F’).

In the midbrain region, superior and inferior colliculi, the parabrachial nucleus,
the nuclei of the cranial nerves Ill and 1V, and the dorsal raphe exhibit intense
Pink1 expression (Figure 7 B’, C’). Interestingly there is strong expression in
the substantia nigra pars compacta, while it is remarkably weaker in the

adjacent substantia nigra pars reticulata (Figure 7 G’).
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Figure 7: Expression of Pink1 in the adult mouse brain.

Radioactive in situ hybridization with Pink1-specific probe on CD-1 wildtype sections. (A, A’,
B, B’, C, C’, D, D’) Coronal sections through the adult mouse brain, going from anterior (A,
A’) to posterior (D, D’). Ubiquitous Pink1 signal can be seen. High levels of expression are
displayed in the cortex, hippocampus, thalamus, the molecular layer of the cerebellum and the
cerebellar nuclei.The midbrain shows specifically strong signal intensities in superior and
inferior colliculi, parabrachial nucleus, the nuclei of the cranial nerves Ill and 1V, and the dorsal
raphe. (F, F’) Sagittal section through the adult mouse brain. As can be seen on the coronal
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sections, the cortex, hippocampus, thalamus, molecular layer of cerebellum, and cerebellar
nuclei show strong expression of Pink1. Furthermore high levels of expression can be seen in
the mitral cell layer of the olfactory bulb and in the trigeminal nucleus. (G, G’) Higher
magnification image of coronal section through substantia nigra. High levels of Pink1
expression are displayed in the substantia nigra pars compacta while the adjacently lying
substantia nigra pars reticulata shows only moderate signal intensity. (H, H’) Higher
magnification image of coronal section through the midbrain. The pontine nuclei exhibit high
levels of Pink1 expression. (E) High magnification image of the cortex. On the cellular level
can be seen, that Pink1 is specifically strongly expressed in neurons (black arrows). But no
specific expression could be seen in glial cells (black arrowhead). Furthermore it seems to be
restricted to certain specific neuronal populations and is absent from endothelial cells (gray
arrowhead). (A, B, C, D, F, G, and H) are brightfield images of Nissl stained sections
corresponding to darkfield images of (A’, B’, C’', D’, F’, G’, and H’), respectively.

The hindbrain displays remarkable levels of expression in the pontine nuclei
(Figure 7 H’), tegmental nuclei, the cochlear nucleus, the trigeminal nucleus,
the molecular layer of the cerebellum and the cerebellar nuclei (Figure 7 D’, F’
and data not shown). On the cellular level, Pink1 shows a strongly neuronal
expression (see black arrows in Figure 7 E). It could only be seen very weakly
in glia (black arrowheads in Figure 7 E) and it is absent from endothelial cells
(see gray arrowhead in Figure 7 E, respectively). However, only a subset of
neurons seems to express Pink1 at high levels (Figure 7 E, black arrows). In
sum this adult expression pattern is highly similar to the one observed
perinatally, indicating that there are no striking developmental changes

occurring postnatally.

5.2 The Pinkl1 conditional knockout mouse line

5.2.1 The conditional Pink1l knockout construct

The targeting construct for the conditional Pink1 knockout was planned to
remove exons 2 and 3 of the Pink1 locus. On RNA levels this leads to a shift
of the open reading frame and thereby forms a stop codon. On the protein
level only a truncated form of Pink1 will be left, which simply consists of the

aminoacids encoded by the first of the eight exons.

Deletion of a gene in the whole mouse organism can lead to lethality when the
gene of interest has a basic function in cellular biology or development, which

cannot be substituted by another enzyme. To circumvent such happening,
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conditional knockouts can be generated by using e.g. the Cre/loxP system.
This provides the possibility of a controlled knockout in a chosen area or cell
type of the organism and at specific developmental stages, depending on the
promotor of the Cre recombinase. Hence the targeting strategy of the Pink1

locus was planned and generated as a conditional knockout.

To generate the targeting vector construct 129/0la genomic DNA fragments
were amplified by PCR. To ensure that the frequency of homologous
recombination is as high as possible, the construct was planned in three parts
with long homologous arms (Figure 8). For the 5 homologous arm a 3 kb
fragment starting 1366 base pairs downstream of the end of exon 1 containing
part of intron 1 was inserted. 4369 base pairs downstream of exon 1 a 2 kb
floxed arm was inserted. The floxed arm is flanked by two loxP sites.
Furthermore it consists of a phosphoglycerat kinase promotor (pgk) driven
neomycin resistance cassette flanked by two FRT sites, and exons 2 and 3.
The neomycin resistance cassette was cloned in front of exon 2 to screen for
positive integration of the construct in the Pink1 locus. In case of creating a
genetically mutated mouse, a leftover neomycin resistance cassette might
influence the surrounding genes. Therefore two FRT sites were cloned into
the construct surrouding the neo-cassette. Thereby it can be removed via flp-
mediated recombination. Furthermore two loxP sites were cloned in the same
orientation into the construct. In between the two loxP sites lies the neomycin
resistance, the FRT sites and exons 2 and 3 of the Pink1 locus. If Cre
recombinase is present in cells, it binds to loxP targets on the chromosome
and deletes the interjacent DNA containing exons 2 and 3 via recombination.
For the 3’ homologous arm a 3.9 kb fragment containing exons 4, 5, 6, and
part of exon 7 was added to the end of the homologous arm, 504 base pairs
downstream the end of exon 3. The three arms were cloned together in one
vector for homologous recombination. This vector contains a diphteria toxin A
gene at the 3’-end of the insertion site, for negative selection against random
integration after homologous recombination. When gancyclovir is applied to
cells containing this domain they will express the toxic substance and die.
Thereby ES cell clones containing an insertion of vector backbone on the 3’-

end of the homologous arms will be eliminated.
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Figure 8: Schematic drawing of Pink1 targeting strategy.

5’ homologous arm, floxed homologous arm, and 3’ homologous arm are shown as white
arrows. An FRT-flanked neomycin resistance cassette was inserted before exon 2. LoxP sites
flank the FRT-flanked neo cassette and exons 2and 3. A 3 probe for Southern blot
verification lies at the beginning of intron 7, outside the homologous arms. An ISH probe lies
in exon 8.

5.2.2 Generation of the conditional Pink1l knockout mouse

The linearized DNA was electroporated into ES cells (ES cell line TBV2) (4.2.4
Electroporation of ES cells). After selection with G418, 600 surviving clones
were picked (4.2.5 Selection and picking of recombined clones). The 600
clones were synchronized and expanded to have two copies seeded on
feeder cells and two copies on gelatine. The copies on feeder cells were
frozen in freezing medium at -80°C, the copies on gelatine were frozen without
any medium at -20°C for preparation of genomic DNA (4.2.3 Freezing and
thawing of ES cells). The clones were screened by Southern blot (4.1.2.2
Southern Blot analysis) for homologous recombination. Genomic DNA was
digested by the restriction enzyme Scal and hybridized with radioactively
labelled probe P2 (Pink1-3’-probe). This should result in a band of 6,8 kb
corresponding to Pink1 wildtype allele and a band of 8,7 kb corresponding to
floxed Pink1 (see schematic drawings in Figure 9). Seven clones were found

to be possibly genetically modified by homologous recombination, and called
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Pink1 3.1-3.7. The feeder-cell-plate copies of these seven clones were thawn
and expanded. After expansion they were screened again by Southern blot.
One aliquot of genomic DNA was digested with Scal and hybridized with P2-
Pink1 SB probe for verification. Another aliquot was digested with Bsml,
hybridized once with a neo probe, and once with P2-Pink1 SB probe to further
confirm the 3’ integration. Clones Pink1 3.4, 3.5, and 3.7 showed a band of
8,6 kb for the targeted allele with either probe. A third aliquot was digested
with Mfel (also called Munl) and hybridized with neo probe as well to confirm
the 5’ integration. In this case the the floxed allele showed a band of 7,3 kb
(see Southern blot in Figure 10 B). From the originally seven clones, only
clones Pink1 3.4, 3.5, and 3.7 showed the expected bands for the floxed allele
in all different Southern blots and were thus suggested to be positive for 3’

and 5’ integration of the targeting construct into the Pink1 locus.
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Figure 9: Schematic drawings of Pink1 wildtype (A) and floxed alleles (B), and Southern
blots confirmations of clones Pink1 3.3, 3.5, and 3.7 (C).

Schematic drawings include restriction sites for Scal, which was used for genomic DNA
digestion. Southern blots examples of clones Pink1 3.3, 3.5, and 3.7 shown in this figure
exhibit the Pink1 wildtype band of 6,8 kb as well as the Pink1 floxed band of 8,7 kb.

The floxed arm of the construct contains the information for the parts to be
ectopically inserted into the Pink1 locus, namely the neomycin resistance, the
frt sites, and the loxP sites. Since the 2" 1oxP site lies 2 kb further 3’ than the
rest of the inserted DNA, it can happen that this loxP site is not inserted into

the locus while homologous recombination of the rest of the construct takes
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place. The insertion of the 2™ loxP site creates a HindlIl digestion site. Thus to
confirm the insertion of the 2™ loxP site, Hindlll was chosen as enzyme to
digest genomic DNA for southern blotting. When using the neo probe for
hybridization, this would only lead to a band of 4 kb in case of complete
homologous recombination, while without the loxP site, a band of 7 kb can be
seen on the film. In several experiments clones 3.4 and 3.7 showed a band of
7 kb, while only clone 3.5 exhibited the specific band of 4 kb, and could
therefore be validated as positive for homologous recombination of the

complete targeting construct (Figure 10 C).
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Figure 10: Verification of ES cell clones Pink1 3.4, 3.5, and 3.7 via Southern blot.

(A) Schematic drawing of targeted Pink1 with restriction sites of enzymes used for genomic
DNA digestion. (B) Southern blot of clones 3.4, 3.5, and 3.7. Genomic DNA was digested with
Mfel, for hybridization the neo-probe was used. (C) Southern blot of clones 3.4, 3.5, and 3.7.
Hindlll was used for restriction digestion of genomic DNA, and P2-Pink1 SB probe was used
for hybridization.
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Clone 3.5 was injected into blastocysts from C57BL/6J mice and these were
implantated into the uteri of pseudo-pregnant foster mothers (4.5.2 Blastocyst
injection and embryo transfer). These gave birth to 2 female chimeras with 5%
and 85% chimerism, and 8 male mice with 85%-100% chimerism. The male
animals were crossed with C57BL/6J females. The offspring was screened for
germline transmission of the mutated Pink1 allele via southern blot analysis
using the restriction enzyme Scal for digestion of genomic DNA and P2 for
hybridization. Four of the eight male chimeras showed germline transmission

and gave birth to mice with Pink1"* genotype.

5.2.3 The Cre deleter mouse line

In this mouse line the Cre gene is under the transcriptional control of a human
cytomegalovirus minimal promotor. Cre expression is X-chromosome-linked
and occurs during early embryogenesis before implantation (Schwenk et al.,
1995). This mouse line was backcrossed several generations to be in a
complete C57BL/6J background. If this mouse line is crossed to a conditional
knockout mouse line with a floxed gene of interest, the gene should be
irreversibly deleted in all cells of the F1 generation. The Cre deleter mouse
line can be used for crossing with conditional knockout mouse lines to receive
a complete knockout of the targeted gene. Hence | decided to cross it with the
Pink1 conditional mouse line for the generation of a complete knockout mouse

line of the Pink1 gene.

5.3 The Pinkl1l knockout mouse

When Cre recombination occurs in the Pink1 cko mouse line, the FRT sites,
the neomycin resistance cassette and exons 2 and 3 are removed, leaving
just one loxP site between exons 1 and 4. This generates a frame shift in the
Pink1 coding sequence, which thereby creates a stop codon shortly after

exon 1, and thus leads to a truncated Pink1 protein.
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Figure 11: Schematic drawing of floxed Pinkl allele before (A) and after (B) Cre
recombination.

Heterozygous male offspring (Pink1"*

) of the chimeras was crossed with Cre
deleter females for the generation of Pink1 complete knockout animals. Since
the Cre recombinase gene of the deleter line is located on the X-chromosome,
| used mainly homozygous female deleter animals for breeding to get 100%
Cre positive offspring. Mice with Pink1*" genotype were intercrossed with
each other to generate the first mice with a complete Pink1 knockout (Pink17),
and later Pink1** animals were crossed with Pink1”" animals over a total time
period of 1.5 years to generate a breeding cohort of 30 breeding pairs with
Pink1* genotype. For best conditions in behavioral phenotyping a cohort of
60 animals is needed: 15 wildtype male mice, 15 wildtype female mice, 15
knockout male mice, and 15 knockout female mice. For accurate results |
chose to intercross only heterozygous Pink1*" mice so that wildtype controls

and Pink1 mutant animals are littermates.

Expression of Cre recombinase can have several different, unwanted
secondary effects influencing an organism (Schmidt-Supprian & Rajewsky,
2007). Therefore during these breedings | tried to breed out the Cre to
generate a Pink1 knockout mouse line without any Cre left in its genome.
Because of time restrictions, in some offspring of the first breeding cohorts the
Cre gene was still present. Genotypes were screened for Cre, recorded and

taken into account for experimental results.

Pink1” mice manifested to be viable and fertile. | therefore chose to

concentrate on the analysis of the complete Pink1 knockout mouse line.
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5.4 Analysis of the Pink1l knockout mouse line

5.4.1 Verification of Pinkl inactivation

To prove the knockout of the Pink1 gene on the RNA level, an RT-PCR was
carried out (4.1.3.2 Reverse transcription of mRNA into cDNA). The primers
were constructed to lie in exon 1 and exon 4 to screen for missing exons 2
and 3 (for primers see 3.5.9.1 Oligonucleotides for PCR amplification). The

following PCR program was used:

3 min 94°C
30 sec 94°C

1min  60°C 35 cycles
2 min 72°C
10 min 72°C
o0 4°C

In the wildtype the expected band of 590 bp could be seen and the mutant
band of 206 bp confirmed the missing exons 2 and 3 on the RNA level (Figure
12 B). Although the amount of tissue used and the RNA probe preparations
did not differ from each other, the exhibited mutant band was conspicuously

weaker than the wildtype band.

To find out more about this effect and its cause, additional RT-PCRs with
primers in exon 8 and in the 3'-UTR (Figure 12 C), and primer pairs spanning
exon 6, and exon 7 (data not shown) were performed (for primers see 3.5.9.1
Oligonucleotides for PCR amplification). Both knockout and controls showed
the same band height, as expected. Again, in case of the knockout samples
were the band intensities strikingly weaker than those from the wildtype
samples. This suggests a very low abundance of Pink1 mutant mRNA, which
might result from instability and/or rapid degradation of the truncated Pink1
RNA. Thus, it seems that Pink7 mRNA deficient of exons 2 and 3 is very

unstable and/or rapidly degraded in the cell.
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Figure 12: Confirmation of Pinkl knockout via RT-PCR on Pinkl wildtype and
knockout.

(A) Schematic drawing of Pink1 wildtype (wt) and knockout (ko) cDNA with primers used. (B)
RT-PCR on Pink1 ko and wt with primers in exons 1 (RT ex1f) and exon 4 (RT ex4r). A band
of 590 bp can be seen in the wildtype samples, while the knockout samples show the excised
band of 206 bp, which is very weak. (C) RT-PCR on Pink1 ko and wt with primer in exon 8
and the 3'-UTR. All samples show the expected band of 671kb, but again the knockout band
is strikingly weak in comparison to the wildtype.

5.4.2 Analysis of Pink1 function in cell biology
5.4.2.1 Generation of mouse embryonic fibroblast (MEF) cell
lines

In vivo investigations of animal models are very important, as they give a
variety of opportunities for research purposes in a natural environment. Such
experiments can be rather time consuming, and restrictions occur because of
the amount of animals and tissue needed. Thus, in addition to the analysis of

the Pink1 knockout mouse, | decided to find out more about the function of
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Pink1 by performing cell culture experiments, the results of which would then

be confirmed in the mouse model afterwards.

Heterozygous breeding pairs (Pink1* genotype in case of the Pink1 knockout
line and Pink1"* genotype for Pink1 conditional knockouts) were set up, and a
total of 56 mutant and wildtype cell lines, originating from the same offspring,
were generated out of E12-15 embryos (for exact description of all cell lines
generated see 7.1 Overview of generated MEF cell lines, for method of
generation see 4.3.1 Generation of MEF cell lines). Heads of embryos were
used for genotyping as fast as possible. As soon as the genotypes were
known and there were pairs of homozygous mutant and wildtype cell lines
originating from one female, one to four lines per genotype were chosen for
immortalization (4.3.4 Immortalization of MEF cell lines). Primary cells were
frozen in cryovials (4.3.3 Freezing and thawing of MEF cells) and stored in

liquid nitrogen. The following MEF cell lines were successfully immortalized:

cell line genotype of cell method of genotype of

line immortalization breeding pair
AR170/7 Pink1™"* 3T3 Pink1"™"
AR170/9 Pink1™ 3T3 Pink1™"
AR170/6T Pink1™ SV40 large T antigen Pink1""
AR170/7T Pink1™* SV40 large T antigen Pink 1™
AR367/5T Pink1™ SV40 large T antigen Pink1*"
AR367/6T Pink1™* SV40 large T antigen Pink1™"
AR 2.3T Pink1™* SV40 large T antigen Pink1"
AR 2.4T Pink1™* SV40 large T antigen Pink1”
AR 2.6T Pink1™* SV40 large T antigen Pink1"
AR 2.8T Pink1” SV40 large T antigen Pink1"

Table 2: Overview of successfully immortalized Pink1l MEF cell lines.
Pink scripture stands for a Pink1"* genotype, purple scripture for Pink1”, light blue for Pink1"",
dark blue indicates a Pink1” genotype, and black scripture confers to Pink1*"* genotype.
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In the case of cell lines transfected with SV40 largeT antigen, a ‘T’ was added
at the end of the cell line name for discrimination. Furthermore all cell lines

were labeled and recorded with their passage number.

5.4.2.2 Pinkl deficiency does not lead to changes in

mitochondrial morphology

Mitochondria are indespensable for cell survival and omnipresent in eukaryotic
cells. Their primary function is oxidative phosphorylation to generate ATP and
thereby provide the cell with energy for intracellular metabolic pathways.
Previous studies have associated mitochondrial disorders and impaired
mitochondrial fission and fusion with several neurodegenerative diseases
(Chan, 2006). Since Pink1 was shown to localize to mitochondria and was
implicated in mitochondrial dysfunction (Clark et al., 2006; Gandhi et al., 2006;
Pridgeon et al., 2007), Pink1 MEF cells were analyzed for mitochondrial
morphology.

For the analysis of mitochondrial morphology, a lentivirus carrying the lenti-
GFP mDsRed plasmid was used, which carries different fluoresceing proteins
(see Figure 13). The virus contains two long terminal repeat domains (LTR),
which flank the other domains and are responsible for the regulation of
transcription and binding of transcription factors. The first LTR domain is
followed by a cytomegalovirus promotor (CMV), which drives the expression
of the following genes. Downstream of the CMV lies a cytosolically targeted
green fluorescence protein (GFP), an internal ribosomal entry site (IRES) and
a mitochondrially targeted DsRed (mDsRed). The IRES mediates binding of
mRNA to the ribosomes, and the expression of the mDsRed leads to red
fluorescing mitochondria. Downstream of this the virus contains a woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE) to facilitate RNA
transport from the nucleus to the cytosol. At the 3’ end lies the second LTR

domain.
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2 CMV GFP | IRES mDsRed | wPRE 3

Figure 13: Schematic drawing of lentiviral construct.

The vector contains two long terminal repeat domains (LTR), and a cytomegalovirus promotor
(CMV). After the CMV lies a cytosolic green fluorescence protein gene (GFP), an internal
ribosome entry site (IRES), and a mitochondrially targeted red fluorescence drFP583
(mDsRed). This is followed by a woodchuck hepatitis virus posttranscriptional regulatory
element (WPRE), and the second LTR domain.

After viral infection with GFP mDsRed lentiviruses (see 4.4.2 Viral infection of
MEF cell lines) and immunohistochemistry for GFP and DsRed 2 days after
infection (4.6.8 Immunocytochemistry on MEF cells) mitochondrial morphology
of Pink1 knockout and control MEF cells was quantified. Cells were divided
into three different subtypes according to the length of their mitochondrial
tubules, which were termed fragmented, intermediate, and tubular (for exact
definition see 4.6.9.2 Quantification of mitochondrial morphology). Figure 14
shows the results of two different experiments in which MEF cells were
counted blind. 94% of counted Pink1** MEF cells and 95% of counted Pink1”
MEF cells exhibited mitochondria with intermediate morphology, while tubular
mitochondrial morphology was seen in 6% and 5% of counted cells,
respectively. Fragmented mitochondrial morphology was not detected in cell
lines with either genotype. Thus, the lack of Pink1 does not lead to major

morphological defects of mitochondria in MEFs.
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Figure 14: Pinkl deficiency does not lead to dramatic alterations in mitochondrial
morphology in MEF cells.

(A) Bars show the percentage of cells counted of different mitochondrial morphology:
Intermediate at least one mitochondrial tubule between 0,5 um and 5 ym, but none more than
5 uym (white); tubular at least one mitochondrial tubule of 5 ym or more (grey). Fragmented no
mitochondrial tubule longer than 0.5 ym. Cells with fragmented morphology could not be
detected. Error bars represent standard error of means (not significant, p = 0.935, student’s t-
test) (B) Representative wildtype MEF cell infected with GFP mDsRed lentivirus. (C)
Representative example of Pink1 knockout MEF cell infected with GFP mDsRed lentivirus.
Cytosolic GFP can be seen in green, red signals visualize mitochondria.

5.4.2.3 Ablation of Pinkl does not change OPA 1 (Optic

Atrophy 1) processing

The dynamics of mitochondrial fusion and fission are maintained by the help
of various proteins. OPA1 is one these proteins, which was shown to be
mandatory for mitochondrial fusion. Distraction of mitochondrial membrane
potential yields rapid proteolytic processing of large OPA1 isoforms followed
by mitochondrial fragmentation, and OPA1 processing was shown to connect
changes of mitochondrial morphology with mitochondrial dysfunction
(Duvezin-Caubet et al., 2006). Thus | decided to investigate, whether a lack of
Pink1 has an influence on the processing of OPA1. Cell lysates of Pink1 MEF
cells were used for Western blot analysis using an antibody against OPA1.

The analysis showed that the quantities of occurance of different OPA1
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isoforms are not changed in Pink1 knockout cells. Accordingly Pink1

deficiency has no effect on proteolytic processing of OPA1 in MEF cells.

- = Figure 15: Proteolytic processing of
A VA SN ST OPA1 is maintained in Pinkl knockout
¢ ¢ ¢ g€ MEF cells.

-100kpDa Cell lysates of Pink1 mutant and control MEF
OPA1 m cells were applied to a 10% SDS
polyacrylamide gel and detected with an
=75 kDa OPA1 specific antibody. No changes can be
seen in the ratio of different OPA1 isoforms.
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5.4.3 Parkinson’s disease mutations in Pinkl affect Complex |

activity in mitochondria

The involvement of Pink1 in synaptic and mitochondrial function was analyzed
in a collaborative effort with the laboratory of Bart De Strooper MD, PhD, at
the KU Leuven, and especially Vanessa A. Morais, PhD. In this approach,
corresponding wt and KO pairs of the Pink1 MEF cell lines, and tissue of
corresponding wt and KO pairs of the Pink1 KO mouse line were used
together with Pink1 Drosophila mutants (Morais et al., 2009). It was found that
previously characterized Pink1 B9 null mutant Drosophila (Park et al., 2006)
show defects in mobilizing the reserve pool (RP) of vesicles which is released
upon high frequency stimulation, which is, at least in part, caused by synaptic
ATP depletion (Morais et al., 2009). By using a mitochondrially targeted
eGFP, no dramatic morphological alterations of mitochondria could be
detected in Pink1 deficient MEF cells, Pink15°® mutant neuromuscular junctions
(NMJ), Pink1 knockout mouse liver, or brain mitochondria (Morais et al.,
2009). Furthermore it was found that the mitochondrial membrane potential
(wm) is decreased in Pink1 deficient fly NMJ and MEF cells, and that Pink1
deficient mitochondria have a lowered threshold for opening of the
mitochondrial permeability transition pore (PTP). They are more susceptible to
Ca*-dependent apoptotic stimuli, and release more cytochrome c in response

to cBID, which induces PTP-dependent mobilization of cytochrome ¢ from the
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cristae stores (Morais et al., 2009). When assessing the activities of
Complexes I-V of the mitochondrial respiratory chain, a significant reduction in
Complex | activity was found in Pink1 deficient fly brain and muscle enriched
mitochondrial fractions, and in mouse fibroblasts and brain absent of Pink1.
This means that ablation of Pink1 results in a primary defect in the catalytic
activity of Complex |. Rescue experiments showed that human Pink1 fully
complemented Complex | enzymatic activity, while two PD Pink1 clinical
mutations and an artificial kinase inactivated form did not. Thereby the

relevance of Complex | deficit in PD was confirmed (Morais et al., 2009).

5.4.4 Analysis of neuronal systems
5.4.4.1 The number of nigral dopaminergic neurons is normal

in Pink1 knockout mice

One characterisic of Parkinson’s disease is the death of dopaminergic
neurons in the substantia nigra pars compacta. In order to determine whether
Pink1 knockout mice display these parkinsonian characteristics, numbers of

TH-positive neurons in the substantia nigra were quantified.

Brains of 6 months and 19 months old mutants and wildtype littermate controls
were perfused (4.6.2 Perfusion), cryosectioned (free floating, 40 um thick)
(see 4.6.4 Frozen sections), and immunohistochemically stained with an anti-
TH antibody (4.6.7 Immunohistochemistry (DAB-staining)). No gross

differences in tissue and cell structure were observed (Figure 16).
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Figure 16: Ventral tegmental area and substantia nigra dopaminergic neurons of Pinkl
wildtype and knockout mice.

Immunohistochemistry for tyrosine hydroxylase (TH) was carried out on 40 um thick horizontal
brain cryo sections of 6 months old Pink1™* (A) and Pink1” (B) mice. Detail shows magnified
image of substantia nigra and ventral tegmental area.

Stereological counting of the TH-positive substantia nigra neurons (4.6.9.1
Stereological quantification of dopaminergic neurons in the substantia nigra)
and statistical evalutation did not display significantly reduced numbers of
neurons in 6 months (Figure 17 and 7.2 Stereological countings of TH-positive
nigral neurons) or 19 months old Pink1 mutant mice (see 7.2 Stereological
countings of TH-positive nigral neurons). Thus, Pink1 does not seem to be

essential for the survival of nigral dopaminergic neurons.
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5.4.4.2 Quantitative analysis of catecholamines in Pinkl
knockout brains revealed elevated cortical levels of

serotonin (5HT)

Human PD patients show cell death of dopaminergic neurons (mainly those of
the substantia nigra pars compacta). Subsequently, this leads to a depletion of
dopamine in the regions where those neurons project to (the striatum in case
of the substantia nigra pars compacta neurons). This lack of neurotransmitter
is a cause of several motor dysfunctions PD patients are suffering from.
Furthermore, other cell populations were shown to be affected in PD, as for
instance the noradrenergic neurons of the locus coeruleus and the

serotonergic neurons of the dorsal raphe nucleus (Shen & Cookson, 2004).

To find out whether the quantities of these neurotransmitters and some of their
metabolites are altered in brains of Pink1 mutant mice, HPLC analyses of
different brain regions were carried out. Tissue of cortex, hippocampus,
striatum, and ventral midbrain was dissected from brains of six months old
Pink1 knockout mice and littermate controls (4.6.1 Dissection of cortex,
hippocampus, striatum, and ventral midbrain), and further processed for HPLC
analysis of serotonin (5HT), 5-hydroxyindole acetic acid (5-HIAA),
noradrenaline (NA), dopamine (DA), and 3,4-dihydroxyphenylacetic acid
(DOPAC) (see 4.1.4.2 Sample preparation 4.1.4.3 Quantification of

neurotransmitters via HPLC analysis).

First | wanted to see whether Pink1 mutants show any changes in the
quantities of dopamine. In order to have a closer look into the nigrostriatal
system of dopaminergic neurons, quantities of neurotransmitters in ventral
midbrain and striati were assessed. (Figure 18 C, D). Additionally, the
mesocortical system, which is afferent to cortex and hippocampus, and
contains dopaminergic neurons originating from the VTA, was analyzed.
Therefore, levels of dopamine and DOPAC in the cortex and hippocampus
were quantified. It was found that the amounts of DOPAC in cortex and
hippocampus, as well as amounts of dopamine in hippocampus, were below

the limit of detection. The quantities of striatal dopamine were found to be
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about 10-fold higher than in the other brain regions. Furthermore, compared to
controls, Pink1 mutants did not show significant differences in the contents of
neurotransmitter in any of the assessed regions of the mouse brain (Figure 18

A, C, D and 7.3 Quantification of neurotransmitter contents via HPLC).
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Figure 18: Serotonin, 5-HIAA, noradrenaline, dopamine, and DOPAC quantification via
high performance liquid chromatography.

Contents of neurotransmitters and metabolites were determined from cortex (A),
hippocampus (B), striatum (C), and ventral midbrain (D) of 6 months old Pink1 wildtype and
mutant mice. Pink1 mutants showed slightly, but significantly elevated levels of serotonin in
the cortex (*p = 0.032, two-tailed t-test). No differences between Pink1 knockout and control
mice could be detected in all other areas and neurotransmitters assessed. Black lines show
means, n = 7 (ko), 8 (wt).

The loss of noradrenaline occurs constantly in the progress of PD. This can
worsen the proceeding of the disease, either by increasing vulnerability of

dopamine-containg neurons, or by reducing their recovery after damage.
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(Fornai et al., 2007). Hence | wanted to know whether the noradrenergic
system is affected in Pink1 knockout mice. The amount of noradrenaline per g
tissue were assessed in cortex, hippocampus, striatum, and ventral midbrain
of the test animals. Statistical analysis revealed no significant differences
between mutants and control mice in the quantities of noradrenaline (Figure

18 and 7.3 Quantification of neurotransmitter contents via HPLC).

In addition, | wanted to analyze levels of serotonin and its metabolite 5-HIAA,
especially in the cortex and hippocampus, where many of the serotonergic
neurons of the raphe nuclei project to. HPLC analyses for serotonin and 5-
HIAA and statistical analysis revealed slightly, but significantly higher levels of
cortical serotonin in the mutants compared to controls (Figure 18 A, p = 0.032,
two-tailed t-test). No significant differences could be observed in any of the
other brain regions (Figure 18 A-D, and 7.3 Quantification of neurotransmitter
contents via HPLC).

5.4.5 Behavioral analysis of Pink1 knockout mice

To determine whether Pink1 deficiency leads to behavioral obnormalities
related to parkinsonism, large cohorts of 10-12 mice per gender and genotype
(10 Pink1*"* males, 12 Pink1” males, 11 Pink1** females, 12 Pink1” females)
went through nine behavioral tasks to evaluate motor ability, anxiety- and
depression-like behavior, memory, and smelling. If not stated differently,
behavioral testing of Pink1 knockout mice and corresponding wildtype

littermates was carried out at the age of 3-9 months.

5.4.5.1 Pink1l mutants show no sign of motor dysfunction or

anxiety-like behavior in the open field

Human Parkinson’s disease patients usually exhibit a variety of motor
disturbances as e.g. impaired balance, rigidity, bradykinesia, or tremor at rest.
To test for dysfunctions in their motoric behavior, Pink1 animals were tested in

the open field test. In addition to locomotor deficits, the open field test can give
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hints about anxiety-related behavior. Adult Pink1 wildtype and mutant animals
were analyzed for 30 min in respect to the total distance they travelled, their
mean velocity and the time they spent in different areas of the open field
(4.7.1 Open field test). The amount of travelling in the area of the open field,
which can give hints about the animals’ motor function, did not differ
significantly between Pink1 knockout animals and their wildtype littermates.
(Figure 19 A). Mutant animals of both genders seem to show a tendency to
spend more time in the 16% center (see Figure 19 B and 7.4.1 Overview open
field test) and 45% center of the open field (7.4.1 Overview open field test),
which would define them less anxious than their wildtype littermates. But
statistical analysis via 2-factorial ANOVA revealed p-values above 0.05 for
interaction, gender or genotype in all parameters investigated. Hence | could
not detect an anxiety-like behavior of Pink1 mutants in the open field.

Furthermore they did not travel significantly less than the controls in this test.

A distance travelled arena B time spent in center
- 250_
E e n.s. n.s.
T,‘,’ 2004 T
T 600007 )
-
o= £ 1507
S £ 40000- S
c £ &
a= S 100
@ 2
T 20000 il
g
e o- — 0-
male female male female

M rinkt ¥ male B rink1 *'* female
1 pinkt - male [ Pink1 7 female

Figure 19: Pinkl knockout mice did not show anxiety-like behavior or motor
dysfunctions in the open field test.

Depicted parameters are the total distance travelled by the animals (A), and the time they
spent in the 16% center (B) of the open field. 2-factorial ANOVA could not show any
significant differences between mutant and wildtype animals in the total distance travelled the
arena of the open field. There seem to be a tendency for the mutant animals to spent more
time in the 16% center of the arena than their wildtype littermates, but 2-factorial ANOVA
revealed no statistically significant difference. Columns show means, error bars represent
SEM, n =10-12.
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To further assess the motoric behavior of Pink1 ko animals in more detalil,
they were tested on the accelerated rotarod, which examines motor
coordination and balance. Pink1 mice were tested how long they are able to
stay on a rotarod accelerating from 4 rpm to 40 rpm over a period of 300 s. To
exclude extrinsic influences on motor coordination, body weight of the test
animals was measured prior to the accelerated rotarod and revealed no

significant differences between genotypes (data not shown).
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Figure 20: Pink1 knockout mice on the accelerated rotarod.

Pink1 males (A) and females (B) had three trials on the accelerating rotarod (RM-2-way
ANOVA, n.s. p > 0.05). (C) shows the mean latency to fall from the rotating rod of all three
trials. 2-factorial ANOVA revealed no significance for interaction, genotype or sex differences

in the latency to fall from the accelerating rotarod (n.s. p > 0.05). Depicted are means with
error bars representing SEM, n = 10-12.
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Pink1 mutants did not differ from their wildtype littermates in the latency to fall
from the rotating rod (males: Figure 20 A, repeated measures (RM) 2-way
ANOVA, n.s.p=0.499; females Figure 20 B, RM-2-way ANOVA,
n.s. p =0.514, and 7.4.2 Overview accelerating rotarod). Also evaluation of
the mean latency to fall from the rotating rod (Figure 20 C) produced a p-value
above 0.05 (2-way ANOVA, n.s. p =0.367). Thus, Pink1 knockout mice did

not show any disturbances in their balance in this test.

5.4.5.2 No depression-like behavior can be seen in Pinkl

deficient mice

In addition to the known motoric dysfunctions in Parkinson’s disease, many
patients suffer from early-indicative features. The discussion and evaluation of
these symptoms came up rather recently in the debate about PD. These
manifestations include e.g. sleep disturbances, slowness in thinking,
decreased motivation, cognitive impairments, and depression. To evaluate the
behavior of Pink1 mutant mice in relation to the above mentioned symptoms,
they were tested in the forced swim test, which can gives hints about

depression-like behavior.

In the forced swim test, mice are placed in a beaker of water where they
cannot escape, thus they are forced to swim (4.7.3 Forced swim test). Their
behavior is divided into three forms, namely swimming, struggling, and floating
(defined as immobility), and recorded. Although the graph looks like Pink1
mutant mice struggled less than the controls, 2-factorial ANOVA did not reveal
p-values below 0.05 (Figure 21 B and 7.4.3 Overview forced swim test).
Furthermore the time the animals spent swimming or floating did not differ
between genotypes or genders (Figure 21 A, C and 7.4.3 Overview forced

swim test).
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Figure 21: Pink1 mice did not show depression-like behavior in the forced swim test.
Pink1 knockout and littermate control mice were put in a beaker filled with water and their
behavior concerning swimming (A), struggling (B), and immobility (floating) (C) was recorded.
Statistical analysis revealed no significance for interaction, gender or genotype (2-way
ANOVA). Columns show means with error bars representing SEM (n = 10-12).

Another behavioral test that can give information about depression-like
phenotypes is the tail suspension test. In this test mice are fixed on the tail,
hanging upside down in the air, and their behavior concerning activity and
immobility is recorded (4.7.4 Tail suspension test). Pink1 knockout females
showed a tendency to a higher duration of immobility than their wildtype
littermates, but statistical analysis via a 2-factorial ANOVA did not classify this
difference significant. Likewise, no significant differences between male
mutant and control mice could be detected. (Figure 22). Hence, in the tail
suspension test, as well as in the forced swimming test, Pink1 deficient mice

did not show any depression-like behavior.
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Figure 22: Pinkl knockout displayed no depression-like phenotype in the tail
suspension test.

No significance could be determined for the total duration of immobility during tail suspension
(2-way ANOVA, n.s. p > 0.05). Columns show means with error bars representing SEM
(n=10-12).

5.4.5.3 Ablation of Pinkl leads to cognitive dysfunctions

In addition to depression-like behavior, | wanted to assess another one of the
early PD symptoms, which is cognitive impairment, in the Pink1 mutant mice.
To assess their social behavior, Pink1 mice underwent a social discrimination

test.

In the social discrimination test the animals undergo a sampling phase where
they can explore and get to know another mouse. Later they are presented
again with this now known mouse and another, novel mouse. Normally they
should take more time to olfactorily investigate the unknown animal (4.7.5
Social discrimination test). While Pink1 wildtype male mice did distinguish
between a known and an unknown mouse, their mutant littermates did not
spend significantly more time exploring the unknown mouse, showing that
they are not able to discriminate (RM 2-factorial ANOVA, interaction p = 0.027,
followed by Bonferroni post-hoc test, p < 0,01 for familiar vs. novel subject in
Pink1 wildtypes, p > 0.05 for fam. vs. novel subj. in Pink1 mutants, Figure 23
A, and 7.4.5 Overview social discrimination test). Further statistical evalutation
of the test results revealed, that also the difference between the novel and the
familiar subject showed a p-value below 0.05 which was considered significant

(Figure 23 B, t-test, p = 0.011, see 7.4.5 Overview social discrimination test),
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as well as the proportion of the novel subject within the sum of novel and
familiar subjects (Figure 23 C, p = 0.027, see 7.4.5 Overview social
discrimination test). Thus, Pink1 mutant mice are not able to discriminate

between a familiar and an unknown mouse.
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Figure 23: Pink1 ko mice cannot distinguish between familiar and novel mice.
Evalutation of social discrimination test. (A) The graph shows the time the test animals spent
in olfactory investigation of another mouse during sampling phase and test phase. Repeated-
measures 2-factorial ANOVA revealed significant interaction (*p = 0.027). Bonferroni post-hoc
test showed that wildtype mice could discriminate (p < 0,01) while mutant could not (p > 0.05).
(B) illustrates the difference between investigation time of unfamiliar and familiar mouse. An
unpaired student’s t-test revealed a p-value of *p =0.011 for the difference of the means
which is considered significant. (C) Proportion of investigating the unfamiliar within the sum of
investigation time of familiar and unfamiliar animals. The difference between means of the two
genotypes was considered significant as a p-value of *p =0.027 was calculated using an
unpaired student’s t-test. Depicted are means, error bars show SEM, n = 10-12.
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5.4.5.4 Memory function is normal in Pink1l mutants

One possible reason for the cognitive impairment of the Pink1 knockout mice
could be a memory deficit. Thus the animals were tested in an object
recognition test which assesses their ability to memorize. In the object
recognition test, mice underwent three sampling phases with always the same
object to explore. During the test phases which take place 3 hours and
24 hours after the sampling phases, they are presented with the known and a
novel object, and the time they olfactorily explore each of the two objects is
recorded. Pink1 knockout and wildtype littermate animals of both genders
showed no memory deficits as they were able to discriminate between familiar
and novel objects 3 hours (Figure 24 A and C) as well as 24 hours (Figure 24
B and D) after the sampling phases. Genders were pooled and repeated-
measures 2-factorial ANOVA revealed statistically significant differences
between the investigation time of familiar versus novel objects (p < 0.0001
after 3 hours, and p =0.0033 after 24 hours), but not between the two
genotypes or for interaction (Figure 24 and 7.4.6). Furthermore, the proportion
of the novel object within the sum of novel and unknown object did not show
significant genoptype differences (p =0.398 after 3 hours, p =0.583 after
24 hours, see 7.4.6 Overview object recognition test). Hence, Pink1 deficiency
does not influence the ability of the mice to memorize; it neither affects short
term nor long term memory. Thus, this test showed that the observed deficit in

social behavior of Pink1 mutant mice is not caused by a memory dysfunction.
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Figure 24: Pinkl knockout mice are able display no short term or long term memory
deficit.

Object recognition test of Pink1 knockout and control mice, pooled genders, 3 hours (A) and
24 hours (B) after the sampling phases. Repeated measures 2-way ANOVA revealed no
significant results for interaction or genotype, but a p-value of ***p < 0.0001 for the difference
between familiar and novel objects 3 hours after sampling phases, and p-value of **p = 0.0033
for the discrimination between objects 24 hours after sampling phases. The proportion of the
novel object within the sum of familiar and novel objects did not reveal statistically significant
differences between knockout and control mice 3 hours after sampling phases (C) or 24 hours
after (D) (2-tailed t-test, p = 0.398 for 3h and p = 0.583 for 24 h). Depicted are means with
error bars representing SEM (pooled genders, n = 21-24).

5.4.5.5 Odor preference test

Another possible reason for the social impairment of Pink1 mutants could be a
deficit in their smelling ability. In order to assess whether they are able to
smell properly, Pink1 wildtype and mutant males underwent an odor
preference test (4.7.7 Odor preference test). Usually the test animals are
expected to spent more time on ofactorily exploring the used cage wood
shavings (defined as odorous), than the fresh cage wood shavings (defined as
non-odorous). It seems that Pink1 mutants and controls are capable of

discriminating between odor and no odor (2-way ANOVA, p <0.05,
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considered not significant for Interaction, genotype, and odor vs. no odor, see
7.4.7 Overview odor preference test). But unexpectedly they explored the non-
odorous object longer than the odorous one. This odor test is a very short,
preliminary test. It does not allow to draw any conclusions about the detection
limit of smells. Furthermore, it might not be sensitive enough to detect very
small variances in test animals’ smelling abilities. Thus, additional, more

specific odor tests were performed.

Figure 25: Odor
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5.4.5.6 Odor detection sensitivity

The odor preference test did not lead to satisfying results concerning the mice’
smilling ability. Therefore they underwent two other tests concerning their
smelling ability at the age of 24 months. One of these tests is the odor
detection sensitivity test. Here the animals are trained to recognize and pick
one specific odorant at any time. Between two different bowls, one containing
cage wood shavings without any specific odor, the other one containing the
odor the mouse was trained to in decreasing concentrations, the mouse needs
to pick the right bowl. While the wildtype mice reached a binary dilution step of
27 (mean, SEM = 0.95), Pink1 knockout mice could only detect their trained
odorant until 22 dilution steps (mean, SEM = 1.50. See also 7.4.8 Overview

odor sensitivity test). Statistical evaluation via an unpaired t-test assuming
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equal variances resulted in a p-value of p=0.029, which is considered
significant. Thus, Pink1 mutant mice show a significantly lower sensitivity in

the detection of odor as the control animals.

Odor sensitivi
ty Figure 26: Odor sensitivity

test.

Wildtype mice could detect

the odorant until a maximum
—— binary dilution step of 27
(mean), Pink1 knockouts
only reached step 22
(mean). Graph showing
means with SEM. The
asterisk stands for a p-value
below 0.05, considered
significant.
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5.4.5.7 Discrimination of binary mixtures of odorant

To further verify a dysfunctional olfactory system in Pink1 mutant mice, they
went through another odor test. In this test the mice need to discriminate
between two odors and find the one they were trained to. The two bowls
contain different binary mixtures of the two odors. While every mouse is only
trained to recognize one specific odor at any time, they vary between the two
odors used from one animal to the other. Also in this test mice deficient of
Pink1 showed smelling problems compaired to their wildtype littermates. At
the binary mixtures of 100%, 70%, 55% and 53%, mice of both genotypes
were still able to discriminate between the two odors and recognize their
trained odor. At the control level of 50% binary mixtures, all mice behaved as

expected, as the percentage of their correct choices should lie close to 50%.
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A Discrimination of binary mixtures of odorants
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Figure 27: Discrimination of binary mixtures of odorant.

Percentage of correct choice in different percentages of odorant in binary mixture. Bars show
means with error bars picturing SEM. (A). Scatter dot blot of 51% binary mixture showing
means with error bars representing SEM (B). wt = wildtype,mt = Pink1 mutant mice. Asterisks
indicating p = 0.024, considered significant.
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But at a binary mixture of 51%, wildtype animals made the correct choice in
72% of the trials, while Pink1 mutant mice reached only 55% correct choices.
Again the p-value was below 0.05 and considered significant (p = 0.024,
unpaired t-test assuming equal variances. See also 7.4.9 Overview odor
discrimination test). Consequently, Pink1 knockout mice show a decreased
ability to discriminate between binary odorant mixtures when their

concentrations are just above equal destribution of both odorants.

On the surface, Pink1 knockout mice seem have no olfactory problems
compaired to their wildtype littermates. But when it comes to detection of very
low concentrations of odorant, or discrimination of rather similar binary
mixtures of odorant, their ability of olfaction seems to be impaired. This

impairment is a presumable reason for their problems in social discrimination.
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6 DISCUSSION

6.1 Pinkl1 expression in the mouse

6.1.1 Pink1 expression during embryonic development

In this work a detailed analysis of the expression of the PD associated gene
Pink1 was performed using radioactive in situ hybridization technique. This is
the first study of the developmental expression pattern of Pink1. At the earliest
stage of analysis, E7.5, no specific Pink1 expression could be observed in the
mouse embryo. This leads to the suggestion, that Pink1 is not expressed
during early embryonic development. Pink1 expression was first detected
around E9.0. At this stage, the gene is expressed ubiquitously throughout the
whole embryo. The pattern of expression stays ubiquitously during
development, but it starts to be specifically stronger in defined regions from
E10.0. onwards (Figure 6). Regions of strong Pink1 expression during
development are e.g. the developing heart, liver, and brain. These are areas
which are particularly energy consuming. Since mitochondria are the cell
organelles supporting cells with their required energy, and Pink1 was shown
to localize to mitochondria (Silvestri et al., 2005), this would support a role of
Pink1 in mitochondrial function. Other areas of strong Pink1 expression during
embryonic development are the thalamus, and the hypothalamus, where
Pink1 is even more abundant. It should be considered that the time of onset of
Pink1 expression is around E 9.0, and it is particularly strongly expressed in
developing neural tissue. These findings might imply Pink1 in specification
and differentiation of neurons in the brain, which starts around E9.5-E10 in the
mouse (Prakash & Wurst, 2004). In addition, | confirmed Pink1 expression in
the mesencephalic flexure, which is the area where midbrain dopaminergic
neurons, including those neurons predominantly affected by
neurodegeneration in PD, arise from (Prakash & Wurst, 2004). Interestingly,
the developmental expression pattern of Pink1 mainly resembles that of DJ-1
during development (Rothig et al., submitted). Considering that Pink1 and DJ-
1 were shown to be inherited in a digenic manner (Tang et al., 2006), and both

proteins localize to mitochondria (Silvestri et al., 2005; Zhang et al., 2005), this
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finding allows the suggestion that these two PD related genes might function

in the same or at least similar pathways.

6.1.2 Pink1 expression in the adult mouse brain

In the expression analysis of Pink1 in the adult mouse brain | could confirm
results of other studies, which report distinct areas of strong Pink1 expression
in the cortex, thalamus, hippocampus, substantia nigra, striatum, and pons
(Blackinton et al., 2007; Taymans et al., 2006). Furthermore | could verify
findings of strong Pink1 expression in regions CA1-CA3 of the hippocampus,
while in the dentate gyrus expression levels are strong, but not as intense
(Blackinton et al., 2007). Cerebellar Pink1 expression manifested relatively
weakly in the purkinje and granule cell layer compared to the molecular layer
and the cerebellar nuclei, confirming findings of other groups (Taymans et al.,
2006). Again specific Pink1 expression in the hypothalamus was detected,
which | observed previously during development. This finding might be of
interest with regard to PD, as a group of neurons in the zebrafish
hypothalamus was found to be specifically vulnerable to MPTP treatment
(Wen et al., 2008). These neurons could also be specifically vulnerable to
other parkinsonism-inducing incidents, hence anti-apoptotic factors such as
Pink1 would be very important for them. Starting in later developmental stages
and staying until adulthood, the thalamus manifested to be another region of
marked Pink1 expression. Defined thalamical nuclei as the anterior
ventromedial thalamic nuclei around birth and the anterodorsal thalamic
nucleus in the adult brain showed even more intense expression than other
parts of the thalamus. In addition, | found high levels of Pink1 in areas where
other studies reported only mild expression, including the substantia nigra,
dentate gyrus of the hippocampus, and superior and inferior colliculi (Taymans
et al., 2006). Most strikingly, in the PD related substantia nigra pars compacta,
levels of Pink1 are strikingly high, while the neighboring substantia nigra pars
reticulata exhibits only moderate expression. In other studies in mouse brain,
both regions of the substantia nigra showed medium Pink1 occurence

(Taymans et al., 2006). In rat brain the effect | observed was also seen, but
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not as distinct (Taymans et al., 2006). In my study, Pink1 was found to be
specifically strongly expressed in neuronal cells, while glia did not show
specific signals, and Pink1 was absent from endothelial cells (Figure 7 E).
These results verify others from studies of Pink7 mRNA in mouse, rat, and
human brain, but there are also opposing findings of Pink1 protein in glial and
endothelial cells (Gandhi et al., 2006). It might be that expression of Pink1
protein depends on other factors than just the amount of mRNA, which would
explain the differences between Pink1 mRNA and Pink1 protein expression.
The contradictory findings | observed could be explained by the different
techniques used for expression analysis. In this approach, radioactive in situ
hybridization was used, which is a very sensitive method, that can detect more
distinct patterns than other methods. Furthermore, tissue of rat and human
brain was investigated in some of these analyses, hence another reason for

disagreements might be species differences in the expression of Pink1.

6.2 Generation of the Pink1 knockout mouse line

In 1997, a-synuclein was found to be the gene corresponding to PARK1-linked
parkinsonism (Polymeropoulos et al., 1997). This discovery demonstrated for
the first time that a specific mutation can cause a well-defined form of
parkinsonism. In addition, it led to the identification of a-synuclein as the main
component of Lewy bodies, providing further insight in important factors in the
underlying mechanisms of PD pathogenesis. In the following years, several
other of the PD causing loci were mapped to yield specific genes. The
discovery of these genes, the subsequent generation of genetically
engineered animal models, and their analysis provides a great opportunity to
investigate the mechnisam of neurodegeneration in PD. Animal models of
parkinsonism represent an excellent possibility to accelerate the progress in
this field. They allow an investigation in respect of underlying mechanisms of
neuronal degeneration and dysfunction, factors that predispose to the
disease. In addition, animal models also provide possibilities to modify

disease progression. At the beginning of this research project, no Pink1
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deficient animal models had been published. Therefore mice with a deletion of

the PD-related gene Pink1 were generated in this research project.

Complete knockout models can be embryonically lethal when the gene of
interest either has a basic role in cellular or developmental biology. Embryonic
lethality or the death of test animals early after birth limit the functional
characterization of a gene of interest; they can even exclude it. In order to
avoid this, conditional knockouts can be generated via specific systems as
e.g. the Cre/loxP or flp/FRT system. A complete knockout can still be
achieved from the conditional e.g. by crossing a the conditionally targeted
mouse line with a line expressing Cre in the zygote or in all cells of the
organism. At the beginning of this research project, no detailed information
about Pink1 function was available. It was predicted from its amino acid
sequence to contain a serine-threonine kinase domain and a mitochondrial
targeting motif, and recombinant Pink1 was shown to colocalize with
mitotracker, suggesting a mitochondrial localization (Valente et al., 2004a).
Hence it seemed possible that Pink1 executes an important function in
mitochondria. Mitochondria are indispensable for every kind of cell because
they generate the energy for all occuring cellular processes. Consequentially,
embryonic lethality of Pink1 knockout mice appaered likely. Thus, the
targeting strategy of Pink1 was planned to generate a conditional knockout. In
contrast to conventional gene deletion, a conditional knockout mouse can be
combined with any Cre expressing mouse line. This generates a knockout of
the gene of interest at defined developmental stages. Another advantage of
conditional mutagenesis is the possibility to study the function of a gene only

in a determined kind of cell type.

After electroporation of the targeting construct DNA into ES cells, 3 clones out
of 600 were found to be positive for homologous recombination, which is in
the expected range of ca. 0.5% positive clones per electroporation. These
clones had been verified by Southern blot screening using various probes and
digestion enzymes to confirm the correct insertion of the targeting construct on
the 3’-and 5-end. But in the end two of these assumedly positive clones
proved themselves negative, because they did not contain the second loxP

site lying almost 2 kb further downstream than the rest of the recombinant
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DNA (see Figure 10 C). Finally the remaining clone was found to be positive
for complete homologous recombination and was used for injection into
blastocysts to generate mice. The Pink1 conditional (floxed) mice were cross-
bred with mice of a Cre deleter line to yield a complete knockout. Pink1”" mice
turned out to be viable as well as capable of reproduction. Therefore this
project was continued with the analysis of the complete knockout mice. The
finding that Pink1 expression in the wildtype mouse starts around E9.0, and
shows remarkably strong signals in developing neural tissue lead to the
hypothesis, that Pink1 might be important for neurogenesis in the developing
brain (see 6.1.1 Pink1 expression during embryonic development). But Pink1
mutant mice proved to be viable throughout adulthood. Furthermore they
show no obvious alterations of brain morphology. This indicates that Pink1
has no obvious and drastic effect on the development of the brain.

Furthermore it does not seem to be relevant for neuronal cell survival.

6.3 Removal of Pink1l exons 2 and 3 leads to Pink1l knockout

To verify the knockout of Pink1, RT-PCR on mouse brain RNA and RNA from
MEF cells was performed. Primers were designed to lie in exons 1 and 4,
spanning the two exons to be removed in the knockout. Bands of the expected
size confirmed the knockout in samples with Pink1”" genotype on the mRNA
level. All band intensities of truncated mRNA were comparably weaker than
the intensities of wildtype Pink1 mRNA, suggesting only very low abundance
of mutant mRNA as well. Thus, the removal of Pink1 exons 2 and 3 as

planned in the targeting construct leads to a Pink1 knockout.

6.4 Generation of mouse embryonic fibroblast cell lines

Working with mouse models provides a unique opportunity to study various
processes in an animal organism that is highly homologous to the human
organism. However, there are some disadvantages of this model system.
Performing experiments in the mouse can be rather time consuming, because

in the mouse one cycle of generation takes three months. Another option for
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research is to perform cell culture experiments. Working in vitro is not an
alternative to the mouse organism, but it provides an option of a quick,
preliminary analysis which can then be confirmed and/or continued
subsequently in the mouse model. In order to assess questions and obtain
conclusions in a fast, preliminary way, | generated 56 mouse embryonic
fibroblast cell lines from Pink1 knockout mice. To ensure the use of adequate
controls, heterozygous animals were used for the breedings so that pairs of
mutant and control cell lines were always originating from the same offspring.
To keep these cell lines in culture over a long time range, selected pairs of
MEF cell lines were immortalized. Immortalization of primary cell lines can be
performed in several ways. While transfection with largeT Antigen can lead to
side effects originating from the inserted DNA, the 3T3 method is based on
spontaneous mutation of the cells, which can be of different origin in every
single cell line. In this project | wanted to be aware of possible side effects,
therefore | chose to use both method for immortalization of MEF cells in

parallel.

6.5 Absence of Pinkl does not alter mitochondrial

morphology or OPA1 processing

Pink1 seems to play a role in the regulation of mitochondrial function involved
in PD pathogenesis. This hypothesis is supported by several studies that
demonstrate mitochondrial localization of recombinant, tagged Pink1 in
mammalian cell lines (Beilina et al., 2005; Clark et al., 2006; Gandhi et al.,
2006; Petit et al., 2005; Valente et al., 2004a), as well as endogenous Pink1 in
Drosophila and human tissue (Clark et al., 2006; Gandhi et al., 2006). To find
out more about the influence of Pink1 on mitochondrial dynamics, the
mitochondrial morphology was analyzed in the presence and absence of
Pink1. In three different pairs of Pink1 mutant and corresponding wildtype
MEF cell lines no alterations of mitochondrial morphology could be observed
(see 5.4.2.2 Pink1 deficiency does not lead to changes in mitochondrial
morphology). Furthermore, the abundance of different isoforms of OPA1 was

analyzed, because OPA1 gets proteolytically processed into smaller isoforms
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when the mitochondrial membrane potential is disturbed. This effect directly
connects changes in mitochondrial morphology with mitochondrial dysfunction
(see 2.2.4 Pink1 and mitochondrial dynamics and (Duvezin-Caubet et al.,
2006). In this research project | could show that proteolytic processing of
OPA1 is not changed in Pink1 mutant MEF cells compared to control cell lines
(5.4.2.3 Ablation of Pink1 does not change OPA 1 (Optic Atrophy 1)
processing). Most of the reported Pink1 deficient fly models e.g. exhibit rather
severe phenotypes, including swollen or enlarged mitochondria (Clark et al.,
2006; Park et al., 2006; Yang et al., 2006). One reason for the observed
findings in this project, contradicting to some published data, might be species
differences. Despite the conservation of important constitutive cell processes
in Drosophila and mammals, there are subtle but important differences
between different organisms which might result in observations in mice, that
are not relevant to human disease and vice versa (Mugit & Feany, 2002). The
differences between a fly and the organism of a mammal would even be more
pronounced. Thus, the differences between the reported, severe mitochondrial
phenotypes in Pink1 deficient Drosophila models and the results of this work
could result from species differences. Furthermore, different cell types likely
have different energy requirements. In some Drosophila models of Pink1
deficiency, the drastic effect on mitochondrial structure was only demonstrated
in muscle tissue (Clark et al., 2006; Park et al., 2006). Moreover, in several of
the reported experiments, a knockdown strategy was used to generate a lack
of Pink1 protein. Pink1 downregulation represents a rather acute model of
protein deficiency, whereas knockout cells or organisms lack Pink1 from the
moment they exist on. This can result in functional substitution of Pink1 by
other proteins over a range of time, during which the cell or the organism
deals with the situation even better over time and new equilibria of cellular
processes are formed. This might not or only partially resemble the situation in
acute knockdown models. This notion is supported by the fact that in primary
cortical neurons after lentiviral mediated knockdown a mitochondrial
fragmentation could be observed (Lutz et al., 2009). However this phenotype
vanishes with time suggesting the presence of compensatory mechanisms
(Kloos, personal communication). In addition, clearly significant differences in

mitochondrial morphology of Pink1 deficient HeLa cells and human fibroblasts

121



Discussion

were only observed under low-glucose cirumstances (Exner et al., 2007). In
addition to Pink1 deficiency, the use of low glucose media represents another
stressing factor for the cells. Another possible reason for the observed
contradictory results could be that the influence of Pink1 deficiency on
mitochondrial morphology might come into appearance only under stress

conditions.

6.6 Pinkl and mitochondrial complex | activity

Evidence suggests impairment of the mitochondrial respiratory chain in
sporadic and toxin induced PD. However the most suggestive link to
mitochondrial dysfunction comes from the study of genetic forms of PD, where
it was reported that pathogenic mutations in the mitochondrial protein Pink1
are sufficient to cause the disease (Valente et al., 2004a; Valente et al.,
2004b). While several previous studies show compromised mitochondrial
function in loss of Pink1 function animal models, the exact mode of action of
Pink1 remained unclear. In a collaborative work was shown that Pink1
deficiency causes defects in reserve pool (RP) mobilization during intense
stimulation. Furthermore a key defect in the electron transfer chain at the level
of complex | caused by Pink1 loss of function was demonstrated in mouse
brain, in Drosophila brain, and muscle enriched tissues (see 5.4.3 Parkinson’s
disease mutations in Pink1 affect Complex | activity in mitochondria).
Moreover, this deficit is rescued when Pink1 is reintroduced. The lack of
complex | activity could be an explanation for the phenotypes associated with
Pink1 loss of function. Complex | loss can lead to a reduction of the
mitochondrial electrochemical gradient and hence promote opening of the
voltage dependent mitochondrial permeability transition pore (PTP), which can
then cause an increase of cytochrome c release and thus cell death (Irwin et
al., 2003). Loss of complex | in synaptic mitochondria may also result in RP
mobilization defects during intense stimulation. The RP defect observed in
Pink1 mutants is very reminiscent to, albeit not as severe as that observed in
Drp1 mutants (Verstreken et al., 2005). Drp1 mediates mitochondrial fission

and its overexpression in neurons results in excess synaptic mitochondria (Li
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et al., 2004). Loss of Drp1 leads to depletion of synaptic mitochondria and
decreased local mitochondrial ATP production which is critical for RP
mobilization (Verstreken et al., 2005). Consistent with this hypothesis, ATP
levels in Pink1 mutant Drosophila and SH-SY5Y cells are reduced compared
to controls (Clark et al., 2006; Lutz et al., 2009), which provides an
explanation for the neuronal defects observed in Pink1 mutants. Moreover,
feeding the synapses with ATP rescued the RP mobilization deficit. This
indicates that energy demands requiring strong mitochondrial function are
reduced in Pink1 mutant synapses. The observed results are also consistent
with data on genetic interactions between Drp1 and Pink1. In some cases loss
of Drp1 function worsened, while adding a copy of Drp1 alleviated Pink1 loss
of function phenotypes (Poole et al., 2008; Yang et al., 2008). But other
groups also reported a mitigation of Pink1 loss of function phenotypes upon
expression of a dominant negative form of Drp1 (Lutz et al., 2009). While
some of these data indeed suggest a synergistic effect of Drp1 and Pink1
deficiency, they are still quite controversial, and they do not necessarily imply
a direct role of Pink1 in mitochondrial fission. The impairment of complex |
observed on collaboration could also be another explanation for the
discrepancies between this work and others dealing with the effect of Pink1 on
mitochondrial morphology. Any kind of mitochondrial dysfunction is
accompanied by its fragmentation (Dimmer et al., 2008; Rojo et al., 2002).
Thus, is seems very likely that the reported mitochondrial fragmentation
and/or exceeding fission resulting from deficiency of Pink1 is an
epiphenomenon of the primary mitochondrial dysfunction sustained by

reduced complex | activity.

6.7 Ablation of Pinkl has no effect on the numbers of nigral

dopaminergic neurons and levels of striatal dopamine

In order to have a closer look into the nigrostriatal system of Pink1 knockout
mice, TH-positive substantia nigra neurons were examined. Pink1 mutants did
not show any gross abnormalities in the neuronal structure and tissue

organization in this area (see Figure 16). As in other Pink1 deficient mouse
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models and most other models of familial PD (Abeliovich et al., 2000; Andres-
Mateos et al., 2007; Chandran et al., 2008; Chen et al., 2005; Goldberg et al.,
2003; Goldberg et al., 2005; ltier et al., 2003; Kim et al., 2005; Kitada et al.,
2007; Masliah et al., 2000; Matsuoka et al., 2001; Palacino et al., 2004;
Rathke-Hartlieb et al., 2001; Von Coelin et al., 2004; Yamaguchi & Shen,
2007; Zhou et al., 2007) the number of dopaminergic neurons in the
substantia nigra pars compacta is not reduced in the Pink1 knockout mouse
model described in this work. To verify these findings, the amounts of
dopamine and its metabolite DOPAC were measured in cortex, hippocampus,
striatum, and ventral midbrain of Pink1 mutant and control mice. Most
importantly with respect to PD, the absence of Pink1 did not change levels of
dopamine or DOPAC in the striatum, as well as in other brain regions
assessed. These results are in agreement with other results from Pink1
deficient mice (Kitada et al., 2007; Zhou et al., 2007). Consistent with the
unaltered numbers of TH-positive nigral neurons and normal levels of striatal
dopamine, Pink1 mutant mice did not show any deficits in the balance or the
distance they traveled in the open field. Also they did as well as the controls
on the accelerated rotarod. Thus, it looks like the nigrostriatal system of
dopaminergic neurons is not affected in general by Pink1 deficiency. This
effect was also observed in a variety of other familial PD mouse models
(Abeliovich et al., 2000; Goldberg et al., 2003; Perez & Palmiter, 2005;
Richfield et al., 2002; Yamaguchi & Shen, 2007; Zhou et al., 2007), as they
showed an absence of motor dysfunctions. Since PD is an age-related
disease, it seems likely that a variety of circumstances is needed to overcome
a certain threshold upon which the death of nigral dopaminergic neurons is
initiated. These circumstances could be a combination of genetic events, age-
related factors, and environmental impacts, where the focus lies probably on
the latter, as an aged triple knockout mouse model of PD genes Pink1, Parkin,

and DJ-1 did not show nigral degeneration as well (Kitada et al., 2009).
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6.8 Pinkl deficient mice show slightly elevated levels of

cortical serotonin

Neurodegeneration in PD can affect several neuronal systems in different
areas of the brain. In addition to the specific degeneration of nigrostriatal
dopaminergic neurons, the affected areas can include for instance the cortex
and hippocampus, were the serotonergic dorsal raphe neurons and the
noradrenergic neurons of the locus coeruleus project to (Leranth & Hajszan,
2007; Shen & Cookson, 2004). To find out whether any of these systems
might be affected in Pink1 mutant mice, the contents of serotonin (5HT) and
its metabolite 5-HIAA, and noradrenaline, were also measured in cortex,
hippocampus, striatum, and ventral midbrain of Pink1 mutant and control
mice. Most of the assessed neurotransmitters were not altered in any of the
different brain regions. But interestingly, the HPLC analysis revealed that
levels of serotonin were slightly, but significantly elevated in mutant mice (see
5.4.4.2 Quantitative analysis of catecholamines in Pink1 knockout brains
revealed elevated cortical levels of serotonin (5HT)). Quantities of cortical 5-
HIAA, a metabolite of 5HT, are not significantly lower in mutants than in
wildtype animals. Thus, a deficit in serotonin turnover can be excluded as a
cause for the elevated levels of 5HT. It was reported that serotonin by itself is
involved in the regulation of dopamine release via actions on complex
neuronal circuitries, both directly and indirectly (Di Matteo et al., 2008). The
increase of serotonin could be the cause of another to date unknown event in
PD pathogenesis. Moreover, it might also stand in relation with the observed
RP mobilization defects during intense stimulation. However, it should be
taken into consideration that there is just a very slight difference between the
serotonin levels in Pink1 mutant and wildtype mice. Thus, for a more accurate
interpretation this experiment would need to be repeated with a higher number
of animals. Furthermore, since PD is an age-related disease, it would also be
very important to monitor this circumstance in aged animals and find out

whether the effect increases with age.
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6.9 Pinkl and early PD symptoms

In addition to the characteristic symptoms of Morbus Parkinson, non-motoric
deficits were reported to be implicated in the disease as well. These include
e.g. insomnia, depression, anxiety, olfactory dysfunction, slowness of thinking,
dementia, hallucination, reduced motivation, and cognitive impairments
(Hughes et al., 2000; Juri et al., 2008; Madeley et al., 1991; Matuja & Atris,
2008; Mindham, 1970; Verbaan et al., 2007; Verbaan et al., 2008). Most of the
abovementioned deficits emerge prior to the characteristic PD symptoms nigral
degeneration and motor dysfunctions (Poewe, 2008). To assess some of these
non-motor symptoms in Pink1 deficient mice, they underwent a battery of
different behavioral tests. Open field, forced swimming and tail suspension tests
revealed that Pink1 mutants do not display any anxiety phenotype or
depression-like behavior. Another important early-indicative PD symptom is
cognitive impairment. In the case of the Pink1 mutant mouse line generated in
this project, this was assessed via a social discrimination test. | could show that
mice lacking Pink1 cannot discriminate between a known and an unfamiliar
mouse. One possible circumstance underlying this dysfunction could be
dysfunctional memory. Therefore an object recognition test was carried out. In
this test mutant mice performed as well as controls and showed, that they were
able to discriminate between known and unknown objects even 24 hours after
the sampling phase. This means, that Pink1 deficient mice show normal short-
term and long-term memory. Hence, | could exclude an insufficiency in memory
function as a possible cause for the social discrimination deficit. Another
possible reason for this deficit could be an impairment in olfaction or olfactory
discrimination. In order to assess this feature, Pink1 mice were tested in an
odor preference test, which gave only very unsatisfying results, as it is very
preliminary and not specific enough to reveal slight differences in olfaction.
Thus the animals underwent two additional, more specific odor tests. The odor
sensitivity test and odor discrimination test revealed that Pink1 knockout mice
show no deficit when they need to discriminate between clear, strong odorants
or have to detect high concentrations of odorant. But when it comes to a range
where the maximum sensitivity of their olfactory system is needed, their ability

of olfaction is impaired. Thus, Pink1 knockouts do show an olfactory
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dysfunction. This impairment could be a possible cause for the observed
phenotype in social discrimination. Furthermore, it was shown that olfactory
bulbectomized rats show a lower rate of serotonin synthesis (van der Stelt et
al., 2005) and serotonin increases the excitatory response to odorous
stimulation in moths (Kloppenburg et al., 1999). Thus, it might also be possible
that the beforementioned increase in cortical serotonin is an attempt of the

organism to overcome olfactory deficits.

6.10 Conclusion and outlook

In this work a Pink1 (PARKG6) conditional and complete knockout mouse line
was successfully generated. A detailed expression analysis of Pink1 showed
that it is ubiquitously expressed, with high occurance in the overall mouse
brain, strong expression in the PD-implicated substantia nigra pars compacta,
and specifically striking neuronal expression. These findings suggest that the
Pink1 knockout mouse line is an adequate model for the study of Parkinson’s
disease. The complete Pink1 knockout mouse line proved to be viable and
fertile and was therefore analyzed to find out more about the function of Pink1
in respect to the pathology of Parkinson’s disease. Alterations of mitochondrial
morphology have been observed in Drosophila and in vitro models before, but
could not be detected in the Pink1 mutant mouse embryonic fibroblast cell
lines generated in during this work. Possible explanations for this finding might
be species differences in the function of Pink1 in mitochondria, a possible
functional substitution of Pink1 because of the non-acuteness of this mouse
model, or the possibility Pink1 does not have a direct impact on mitochondrial
morphology. Changes in mitochondrial dynamics might rather be a secondary
effect to the until now unknown primary functions of Pink1 in mitochondria. A
collaborative analysis yielded the discovery of defects in RP mobilization upon
intense stimulation and impaired complex | activity in the absence of Pink1.
This provided genetic evidence that mutations found in a subset of autosomal
recessive PD are similarly resulting from a similar central pathogenic event,

the impairment of complex | activity. This impairment is likely the underlying
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primary event of influences on mitochondrial dynamics, and thereby a reason

for contradictory results in the area of mitochondrial morphology.

Up to now, no described rodent model for PD was capable of reproducing all
key symptoms of the disease that can be found in human patients: slowly
progressing motor dysfunctions combined with loss of striatal dopamine fibers
and dopamine neuron loss in the substantia nigra accompanied by Lewy body
pathology. Several toxins as for instance MPTP or rotenone are known to
cause parkinsonian-like symptoms as well. In particular those substances with
a high specificity for dopaminergic neurons induce many of the characteristic
features of PD. But these are of less importance in the process of
understanding the pathoaethiology of PD, since only very few PD cases are
caused by toxins. It is rather suggested, that a combination of environmental
and genetic factors might lead to the disease. Therefore it can be of particular
interest to combine genetic and toxin-induced models. The study on Pink1 and
mitochondrial morphology could be followed up e.g. with challenging
experiments using substances as paraquat and rotenone, or by analyzing
mitochondrial morphology and/or complex | under oxidative stress conditions.
Furthermore, to be closer to the situation in the living brain, it is needed to
assess mitochondrial morphology in neurons and in the mouse brain. This
could be realized with primary neuronal cultures and knockdown of genes of

interest via lentiviral injections into the brain of Pink1 knockout mice.

A characteristical PD-like phenotype with degeneration of dopaminergic
neurons in the substantia nigra and altered levels of dopamine in the striatum
and ventral midbrain could not be observed in Pink1 knockout mice.
Confirming the missing organic phenotype, no impairment of motoric behavior
could be detected in Pink1 mutant mice. An evaluation of the levels of specific
neurotransmitters in different brain regions showed an increased amount of
cortical serotonin in Pink1 deficient mice. This result could be connected with
the dysfunctional RP mobilization, as serotonin can be involved in the
regulation of dopamine release. Moreover, the upregulation of serotonin might
also be an effort of the organism to overcome detected olfactory deficits. To
further verify this finding and find out more about a possible connection to the

vesicular dopamine release, it would be necessary to repeat this experiment

128



Discussion

with a greater number of test animals and find out if the effect increases with

age.

This work was the first study where Pink1 deficient mice were screened for
cognitive impairment. Since this is one of the early-indicative symptoms of
Parkinson’s disease, which can arise a long time before the typical motoric
symptoms, this is of particular interest for PD. The analysis of Pink1 mice
revealed that Pink1 mutants do show deficits in social discrimination, which
are not caused by memory defects, but rather by an impairment in olfaction.
Many PD patients display non-motor defects that emerge considerably early in
the progress of the disease. The cognitive impairment observed in Pink1
deficient mice verifies this mouse model as a very promising candidate for
studies on early non-motor symptoms of Parkinson’s disease. Nevertheless, it
would be very important to find out more about the molecular events

underlying the observed olfactory impairment in further studies.

The fact that Pink1 function in mice is non-essential for the survival of nigral
neurons suggests that additional factors contribute to nigral degeneration, one
of the main characteristics of PD. Furthermore, regarding all reported data
about other PD mouse models, it appaers that the mere absence or genetic
modification of one of the familial PD genes is not sufficient to induce PD
characteristic symptoms as e.g. the death of nigral dopaminergic neurons and
subsequent motor dysfunction in mice. Different factors implied in PD
pathogenesis, as e.g. UPS impairment, oxidative stress, mitochondrial
dysfunction, and problems in cytoskelettal transport, might all share one
downstream target or pathway. If several of these critical factors occur
simultaneously, vicious circles could be initiated. Thereby a threshold could be

exceeded, which would subsequently lead to neuronal degeneration.
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7 APPENDIX

7.1 Overview of generated MEF cell lines

cell line breeding pair | preparation |genotype| immortalization
(male / female) date Pink1

AR365/1 475/ 365 31.08.2006 +/-

AR365/2 475/ 365 31.08.2006 +/-

AR365/3 475/ 365 31.08.2006 +/+

AR365/4 475/ 365 31.08.2006 +/-

AR365/5 475/ 365 31.08.2006 +/+

AR365/6 475/ 365 31.08.2006 +/-

AR365/7 475/ 365 31.08.2006 +/-

AR365/8 475/ 365 31.08.2006 +/+

AR365/9 475/ 365 31.08.2006 +/-

AR365/10 475/ 365 31.08.2006 +/-

AR365/11 475/ 365 31.08.2006 +/-

AR112/1 475/112 11.10.2006 I/+

AR112/2 475/112 11.10.2006 -/-

AR112/3 475 /112 11.10.2006 +/-

AR138/1 476 /138 11.10.2006 +/-

AR138/2 476 /138 11.10.2006 +/-

AR138/3 476 /138 11.10.2006 +/-

AR170/1 475/170 30.10.2006 +/-

AR170/2 475/170 30.10.2006 +/-

AR170/3 475/170 30.10.2006 +/-

AR170/4 475/170 30.10.2006 -/-

AR170/5 475/170 30.10.2006 -/-

AR170/6 475/170 30.10.2006 -/- largeT

AR170/7 475/170 30.10.2006 +/+ 3T3 & SV40 largeT

AR170/8 475/170 30.10.2006 -/-

AR170/9 475/170 30.10.2006 -/- 3T3

AR325/1 475/ 325 29.01.2007

AR325/2 475/ 325 29.01.2007 +/+
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AR325/3 475/ 325 29.01.2007 +/-
AR325/4 475/ 325 29.01.2007
AR325/5 475/ 325 29.01.2007
AR367/1 476/ 367 29.01.2007 ++
AR367/2 476 / 367 29.01.2007 +/+
AR367/3 476 / 367 29.01.2007
AR367/4 476 / 367 29.01.2007 +/-
AR367/5 476 / 367 29.01.2007 -/- largeT
AR367/6 476 / 367 29.01.2007 +/+ largeT
AR367/7 476 / 367 29.01.2007 +/-
AR367/8 476/ 367 29.01.2007 ++
AR1.1 1357 /1224 02.11.2007 +/+
AR1.2 1357 /1224 02.11.2007 |7+
AR1.3 1357 /1224 02.11.2007 I/+
AR1.4 1357 /1224 02.11.2007 ++
AR1.5 1357 /1 1224 02.11.2007 |7+
AR1.6 1357 /1224 02.11.2007 |/+
AR1.7 1357 /1 1224 02.11.2007 |7+
AR1.8 1357 /1224 02.11.2007 I/+
AR1.9 1357 /1224 02.11.2007 ++
AR2.1 1360/ 1350 02.11.2007 I/+
AR2.2 1360 /1350 02.11.2007
AR2.3 1360/ 1350 02.11.2007 +/+ largeT
AR2.4 1360 /1350 02.11.2007 +/+ largeT
AR2.5 1360/ 1350 02.11.2007 I/1
AR2.6 1360/ 1350 02.11.2007 +/+ largeT
AR2.7 1360/ 1350 02.11.2007 |7+
AR2.8 1360 /1350 02.11.2007 I/1 largeT

Table 3: Mouse embryonic fibroblast cell lines generated from E12-15 embryos.

genotype.

Pink scripture stands for a Pink1"* genotype, purple scripture for Pink1

dark blue indicates a Pink1” genotype, and black scripture confers to wildtype Pink1

" light blue for Pink1*”,

+/+
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7.2 Stereological countings of TH-positive nigral neurons

6 months 19 months
wt ko wt ko
mean 8958 7977 11250 | 10910
SEM 200.7 880.3 776.6 | 815.8
p-value 0.3164 0.7677

Table 4: Coutings of TH-positive substantia nigra
neurons in 6 months and 19 months old Pinkl mutant
mice and littermate controls.
Means, SEMs, and p-value’s (unpaired, two-tailed t-test), no
significant reduction of TH-positive neurons could be found
in Pink1 mutant mice.

7.3 Quantification of neurotransmitter contents via HPLC

ramere Cwt|Cko|Swt|Sko|Hwt|Hko Vv“ftB VmB

mean | 0.29 | 0.35]|0.33|0.37]|0.33| 0.3 |0.71|0.76

S5HT SEM | 0.14| 0.1 | 011|016 0.2 |0.14]0.11]0.19
p-value 0.032 0.191 0.461 0.183

mean | 0.31 1 0.34 | 0.54 | 057 ]0.73 1 0.59]1.09 | 1.09

5'-HIAA SEM | 0.2 (0.16 1042 (042]0.51(0.29]1.22 | 0.53
p-value 0.341 0.635 0.082 0.982

mean | 0.24 |1 0.29|0.11]10.13]0.29 | 0.29 | 0.47 | 0.51

NA SEM | 0.06 (0.19]10.11(0.19]0.08|0.16 ] 0.11 | 0.16
p-value 0.108 0.601 0.967 0.28

mean | 0.12 1022|733 | 7.7 - - 0.22 | 0.21

DA SEM | 0.2 | 0.4 |591]|5.53 - - 0.11 ] 0.08
p-value 0.2 0.733 - 0.538

mean - - 04 | 05 - - 0.11 ] 0.11

DOPAC SEM - - 0.2 | 0.58 - - 0.06 | 0.08
p-value - 0.313 - 0.941

Table 5: Determination of 5HT, 5-HIAA, NA, DA, and DOPAC contents from cortex,
hippocampus, striatum, and ventral midbrain of 6 months old Pinkl knockout and
control mice via HPLC measurements.

5HT =5

hydroxy

trymptamin = serotonin;

5-HIAA = 5-hydroxyindole

acetic acid;

NA = noradrenalin; DA = dopamine; DOPAC = 3,4-dihydroxyphenylacetic acid; C = cortex;

H = hippocampus;

S = striatum; VMB = ventral midbrain.

Unpaired, two-tailed t-test

revealed significantly higher levels of serotonin in Pink1 mutant cortices.
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7.4 Behavioral analysis

7.4.1 Overview open field test

_ Pink1*"* Pink1” 2-way ANOVA
Distance
erlizel e Mean | SEM | n | Mean | SEM | n | p (I) P P
(geno) | (gen)
male 633.4850.09|10(590.66 | 26.05 | 12
0.284| 0.835 | 0.35
female 534.2644.09|11|597.5665.44 [ 12
_ _ Pink1** Pink1™" 2-way ANOVA
Time [s] spent in
16% center [ pean | SEM | n | Mean |SEM | n|p@) |, P P
(geno) | (gen)
male 181.12|26.63(10[198.99(30.09( 12
0.764| 0.386 | 0.212
female 135.01(30.41[11[170.68(28.96(12
_ _ Pink1*"* Pink1™ 2-way ANOVA
Time [s] spent in
45% center | pean | SEM | n | Mean [SEM | n|p() |, P P
(geno) | (gen)
male 575.07[54.08[10([552.01]67.52( 12
0.412| 0.644 | 0.138
female 426.2 [69.42|11]508.53(58.97 12

Table 6: Open field test.
Showing means, standard errors of means (SEM), numbers of test animals (n) and results of
statistical evaluation. P (I) = p-value for interaction; p (geno) = p-value for genotype; p (gen) =

p-value for gender.
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7.4.2 Overview accelerating rotarod

Pink1*"* Pink1”" 2-way ANOVA
Latency to fall p p
Mean | SEM | n | Mean | SEM | n | p (I)
(geno) | (gen)
male 119.86(18.32| 7(119.14|17.29
0.367| 0.393 | 0.534
female 97.27(14.97|11]123.33| 8.78|12
Pink1** males | Pink1” males 2-way ANOVA
Duration on (trial
rotarod [s] p p (tria
Mean | SEM | n | Mean | SEM | n | p (I) (geno) | 1-3)
trial 1 110(23.61| 7|110.71[13.53
trial 2 143.57 (16.42| 7|124.43|27.80 0.499| 0.973 | 0.248
trial 3 106.57 (25.32| 7(122.43|18.42
, Pink1™" females | Pink1” females 2-way ANOVA
Duration on i
rotarod [s] p p (tria
Mean | SEM | n | Mean | SEM | n | p (I) (geno) | 1-3)
trial 1 100.18|14.95|11]105.33|15.23|12
trial 2 97.18(20.84|11]132.08(14.57|12|0.514| 0.14 | 0.704
trial 3 94.55(21.34|11| 132.5(17.41|12
Duration on Pink1*"* Pink1” 2-way ANOVA
rotarod [s] o
genders | Mean | SEM | n | Mean | SEM | n | p() |, P [P (tra
combined (geno) | 1-3)
trial 1 104.0/12.58(18|107.32| 10.6|19
trial 2 115.22114.94118]129.2613.33|19]0.492| 0.272 | 0.329
trial 3 99.22(15.93|18]128.79|12.65|19

Table 7: Overview of the accelerating rotarod test.
Shown are the combined latency to fall from the rod, and the duration the mice stayed on the
rod during the three trials in means, standard errors of means (SEM), number of tested mice
(n), and statistical evaluation of the data. P (I) = p-value for interaction; p (geno) = p-value for
genotype; p (gen) = p-value for gender.
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7.4.3 Overview forced swim test

_ Pink1*"* Pink1” 2-way ANOVA
Time [s] spent
swimming Mean | SEM |n| Mean | SEM | n | p(l) P P
(geno) | (gen)
male 248.25(14.44|9(265.04|20.48 12
0.533| 0.834 | 0.56
female 273.24(23.09(9|264.85| 22.7]11
, Pink1*"* Pink1™ 2-way ANOVA
Time [s] spent
struggling | Mean |SEM [n|{Mean [SEM |n [ p() | P P
(geno) | (gen)
male 34.83(12.47|9| 24.23| 6.61(12
0.633| 0.463 | 0.19
female 19.08| 7.68|9] 16.83| 7.9[11
, Pink1*"* Pink1™ 2-way ANOVA
Time [s] spent
floating Mean |SEM [n|{Mean [SEM |n [ p@) |, P P
(geno) | (gen)
male 75.99(22.39|9| 76.01]20.35[11
0.924( 0.923 | 0.756
female 67.0(24.64 (9| 71.25| 20.4[12

Table 8: Forced swim test.
Overview of the results showing means, SEM (standard error of means) and n (number of test
animals) and subsequent statistical analysis of the times the test animals spent swimming,
struggling, and floating. P (I) = p-value for interaction; p (geno) = p-value for genotype; p (gen)

= p-value for gender.

7.4.4 Overview tail suspension test

Pink1** Pink1™ 2-way ANOVA
Total immobility
[s] Mean | SEM | n | Mean | SEM | n I P P
P (geno) | (gen)
male 132.55(17.57| 7|111.42(16.57 |11
0.061| 0.471 | 0.518
female 87.29(16.48|11(133.87/16.97| 12
Pink1*"* Pink1™ 2-way ANOVA
Total activity [s] D D
Mean |SEM |n |Mean |SEM [n | p ()
(geno) | (gen)
male 227.17(17.56| 7|247.99(16.55|11
0.062| 0.467 | 0.516
female 272.31(16.46(11[225.78(16.97 | 12
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Table 9: Tail suspension test.

Overview of the results showing means, SEM (standard error of means) and n (number of test
animals) and subsequent statistical analysis of the total times the test animals spent in
immobility and activity. P (I) = p-value for interaction; p (geno) = p-value for genotype; p (gen)
= p-value for gender.

7.4.5 Overview social discrimination test

Investi-|  Pink1*"* Pink1”- 2-way ANOVA Bg{‘\fglr;‘;”'
ation
t|gme [S] p p . ++ | Pink1
Mean |[SEM| n [Mean |SEM| n | p(l) (geno) | (F:s./u.s) Pink 1 -
fs. [15.33] 3.2[10|36.33| 7.61/10 p< | p>
0.027|0.931 | 0.011
us. [24.39]5.62[11]26.08] 4.94|11 0.01 10.05

Table 10: Social discrimination test, Investigation time of familiar and unfamiliar
subjects.

Overview of Investigation times of familiar and unfamiliar mice (=subjects) showing means,
standard errors of means (SEM), number of test animals. Statistical analysis via 2-way
ANOVA revealed a p-value of 0.027, which is considered significant. Hence a Bonferroni post
test was performed. It displayed a p < 0.01 for wildtype animals, clearly showing that they can
distinguish between familiar and unfamiliar mice, and p > 0.05 for mutant animals, which
seemingly cannot discriminate. P (I) = p-value for interaction; p (geno) = p-value for genotype;
p (f.s./u.s.) = p-value for familiar subject vs. unfamiliar subject.

Difference Proportion
us. —fs. | Pink1** | pink1- | HteSt  US- OF g quie | pipyeqei | Htest
Is] p-value | (u.s. + f.s.) p-value
[%]
Mean | 21.01 | 1.69 Mean | 6826 | 53.07
0.027 0.011
SEM | 639 | 502 SEM | 3.16 | 4.2f

Table 11: Social discrimination test, difference between familiar and unfamiliar mice
and proportion of time examining the unfamiliar of the sum of unfamiliar + familiar.
Overview showing means and standard errors of mean (SEM) and statistical evaluation via a
t-test with equal variances showing p < 0.05, considered significant, for both calculations.
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7.4.6 Overview object recognition test

Investigation time Pink1™* Pink1” 2-way ANOVA

[s], 3 h after p p
sampling phase Mean |[SEM| n |[Mean | SEM| n | p (I) (geno) | (f.0./u.0.)

fam. object 2.16| 0.36|21| 2.12| 0.22|23
0.882| 0.825 | <0.0001

unfam. object 5.32| 0.49|21| 5.16| 0.51|23

Investigation time Pink1*"* Pink1™ 2-way ANOVA

[s], 24 h after p Y
sampling phase |Mean SEM| n |Mean|SEM| n | p(l) (geno) | (f.0./u.0.)

fam. object 123 0.17|18] 1.69]| 0.32]|22
0.651| 0.329 | 0.0033

unfam. object 3.12|1 0.76|18| 4.23| 1.16(22

Table 12: Object recognition test, investigation time of familiar and unfamiliar objects,

3 h and 24 h after the sampling phases.

Overview with means, standard errors of mean (SEM), number of test animals (n), and
statistical analysis via 2-way ANOVA. P (I) = p-value for interaction; p (geno) = p-value for
genotype; p (f.0./u.0.) = p-value for familiar object vs. unfamiliar object. P-values for f.0./u.o.
are p < 0.05, considered significant, showing that all mice can discriminate between familiar
and unfamiliar objects 3 h as well as 24 h after the sampling phases.

Proportion Proportion
u.o.of u.o. of
(u.0. +f.0.) t-test |(u.o. +f.0.) t-test
[%], 3h | Pink1™* | Pink1”™ | p- [%], 24 h | Pink1** | Pink1” | p-
after value after value
sampling sampling
phase phase
Mean 73.53 | 69.49 Mean 69.06 | 66.23
0.398 0.583
SEM 3.07 3.54 SEM 3.7 3.5

Table 13: Object recognition test, proportion investigation time unfamiliar object of the
sum of unfamiliar + familiar objects, 3 h and 24 h after sampling phases.

Overview with means, standard errors of mean (SEM), and statistical analysis via unpaired t-
test with equal variances. P-values are both p > 0.05 considered not significant, also showing
that wildtype and mutant mice are able to discriminate between familiar and unfamiliar
objects.
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7.4.7 Overview odor preference test

Pink1*"* Pink1™ 2-way ANOVA

Total duration of

investigation [s] |Mean |SEM |n|Mean|SEM| n | p (1) (gepno) p(:s.gg.;no

no specific odor | 4.65|1.36|9| 7.41| 1.26|11
0.376| 0.113 0.034

specific odor 3.76| 0.52|9| 5.36| 0.68 |11

Table 14: Odor preference test.

Overview with means, standard errors of mean (SEM), number of test animals (n), and
statistical analysis via 2-way ANOVA. P (I) = p-value for interaction; p (geno) = p-value for
genotype; p (sp.od./no sp.od.) = p-value for specific odor vs. no specific odor. P
(sp.od./no sp.od) < 0.05, considered significant, shows that seemingly both genotypes can
distinguish between an eppendorf cup filled with fresh cage wood shavings and one that is
filled with used cage wood shavings.

7.4.8 Overview odor sensitivity test

Pink1** Pink1™" t-test

Maximum binary dilution step

Mean | SEM|n|Mean|SEM| n p-
reached

value

26.57| 0.95|7( 21.8| 1.5|10| 0.029

Table 15: Odor sensitivity test showing the maximum binary dilution step where mice
can still detect the odor.

Overview with means, standard errors of mean (SEM), number of test animals (n), and
statistical analysis via an unpaired t-test with equal variances. p < 0.05 is considered
significant. The max. binary dilution step,m where the animals could still detect the odor, was
significantly lower in Pink1 mutants than in controls.
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7.4.9 Overview odor discrimination test

100% 70% 55%
Correct Pink1" Pink1" Pink1”
choice | pjnk1** |~ o |Pink1**| P! o |Pink1 PN 5
Mean | 85.19 |88.33 70.37 | 80.0 87.04 | 85.0
0.623 0.078 0.78
SEM 497 | 3.97 3.7 3.56 5.91 4.27
53% 51% 50%
Correct B _ _
choice Pink1+/+ Plf)_k1 p Pink1+/+ Plr/l_k1 D Pink1+/+ Pll'}_k1 D
Mean 79.01| 73.29 72.38| 55.18 4537| 475
0.194 0.024 0.618
SEM 3.56| 243 34| 582 3.14| 2.79

Table 16: Odor discrimination test.
Overview of Means, SEM (standard error of means), and p-values of unpaired t-test with
equal variances. Mice were tested for the following binary mixing percentages of a trained
odor: 100%, 70%, 55%, 53%, 51%, and 50%. At 51% binary mixing percentage p = 0.024,
which is considered significant. Pink1 mutants made significantly less often the correct choice
than wildtype controls when tested with a 51% mixture.
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7.6 Abbreviations

°C

Wm
5-HIAA
6-OHDA
Ac
amp
ATP
a.u.
BN-PAGE
bp
cDNA
cko
1V\V}
cpm
Cre
CsA
CTP
DA
DAB
Dat
dATP
dCTP
DEPC
dGTP
DHBA
DMEM
DMSO
DNA
DNAse
dNTP
DOPAC
DsRed
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degree Celsius

mitochondrial membrane potential
5-hydroxyindole acetic acid
6-hydroxydopamine

acetate

ampicillin

adenosine triphosphate
arbitrary units

Blue Native gel electrophoresis
base pair(s)

copy DNA

conditional knockout
cytomegalovirus promotor

counts per minute

cyclization recombination enzyme, also called Cre recombinase

cyclosporin A

cytidine triphosphate

dopamine

3,3’-diaminobenzidine

dopamine transporter

desoxy adenosine triphosphate
desoxy cytidine triphosphate
diethylpyrocarbonate

desoxy guanosine triphosphate
3,4-Dihydroxybenzylamine
Dubecco’s modified Eagle’s medium
dimethylsulfoxide

desoxyribonucleic acid
desoxyribonuclease

desoxy nucleoside triphosphate
3,4-dihydroxyphenylacetic acid
tradename of the red fluorescent protein drFP583
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Drp1
DTT
dTTP

e.g.
eGFP
et al.
EtBr
ETC
EtOH
flp
FCS
FRT

G418
GFP
GTP

hCG
HPLC
HVA
i.p.
IHC
IMM
IMS
IRES
ISH

kb
kDa
kg
ko

dynamin related protein 1
dithiothreitol

desoxy thymidine trisphosphate
embryonic day

exempli gratia (Latin), for example (English)
enhanced green fluorecent protein
et alteres (Latin), and others (English)
ethidium bromide

electron transport chain

ethanole

flipase recombination enzyme

fetal calf serum

flipase recognition target

gram

Geneticin, an analogon of neomycin
green fluorescent protein

guanosine triphosphate

hour

human

human chorion gonadotropin

High Performance Liquid Chromatography
homovanillic acid

intraperitoneally
immunohistochemistry

inner mitochondrial membrane
mitochondrial intermembrane space
internal ribosomal entry site

in situ hybridization

kilo (10%)

kilobase

kilodalton

kilogram

knockout

liter

loxP / floxed
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LB

LIF
loxP
LTR

m

m

M

M
mDsRed
MEF
min
MPP*
MPTP
MmRNA
mtDNA
n

n

nm
NMJ
neo
NTP
oD
OMM
o.n.
OPA1

PBS
PCR
PD
PFA
pgk
Pink1
PMS
PMSG
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lysogeny broth (Bertani, 2004)
leukemia inhibiting factor

locus of X-over P1

long terminal repeat

meter

milli (1073)

molar (mol/l)

micro (10°)

mitochondrially targeted DsRed
mouse embryonic fibroblasts
minute
1-methyl-4-phenylpyridinium ion
1-methyl-4-phenyl-tetrahydropyridine
messenger ribonucleic acid
mitochondrial DNA

nano (10°)

probe number

nanometer

neuromuscular junction
neomycin

nucleoside triphosphate

optical density

outer mitochondrial membrane
over night

optic atrophy 1

p-value for statistical analysis
postnatal day

phosphate buffered saline
Polymerase Chain Reaction
Parkinson’s Disease

para formaldehyde
phosphoglycerat kinase promotor
P-TEN Induced Kinase 1
post-mitochondrial supernatant
pregnant mare’s serum gonadotropin
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PNS
PTEN
PTP
RM
RNA
RNAi
RNS
ROS
RP
RT-PCR

SDS
SEM
SiRNA
SV40
TH
TMRM
TTX

UCH-L1
UPS
UTP
wWPRE

wt

post-nuclear supernatant

phosphate and tensin homologue
mitchondrial permeability transition pore
repeated-measures

ribonucleic acid

RNA interference

reactive nitrogen species

reactive oxygen species

reserve pool of vesicles

reverse transcriptase polymerase chain reaction
second

sodium dodecyle sulfate

standard error of means

small interfering RNA

simian virus 40

tyrosine hydroxylase
tetramethylrhodamine methyl ester
tetrodotoxin

units (of enzyme)

ubiquitin C-terminal hydroxylase 1 (PARK3)
ubiquitin-proteasome system

uridine triphosphate

woodchuck hepatitis virus posttranscriptional regulatory element

wildtype

7.7 Anatomical abbreviations

Vth
cb
cbn
CX
drg

Vth cranial nerve, trigeminal nucleus
cerebellum

cerebellar nuclei

cortex

dorsal root ganglia
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hb
hip
hth

mb
ob
pcx
pn
sC
sn
snpc
snpr
str
th
VTA
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heart

hindbrain

hippocampus

hypothalamus

liver

midbrain

olfactory bulb

piriform cortex

pontine nuclei

superior colliculus

substantia nigra

substantia nigra pars compacta
substantia nigra pars reticulata
striatum

thalamus

ventral tegmental area
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