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2 Abstract / Zusammenfassung

Abstract

The aim of the present study was to create a Parkinson’s disease (PD) mouse
model for further exploring the aetiology of PD and to get closer insights into
the physiological roles of the Leucine-rich repeat kinase 2 (Lrrk2)-gene, which
is mutated in certain familial forms of PD. We performed a detailed analysis of
the murine expression pattern of both Lrrk2 and its paralog Lrrkl in Mus
musculus on mRNA and protein level. By this we demonstrated, that Lrrk2 is
predominately expressed in the target areas of dopaminergic projection and
has no bias to the direct or indirect pathway of the basal ganglia circuit. Next
we generated a mouse model harbouring the disease-associated point
mutation R1441C in the GTPase domain of the endogenous murine Lrrk2
gene. No overt motor dysfunction or pathological signs of neurodegeneration
can be observed both in young and fully aged animals. Nevertheless, on the
behavioural level we could identify several alterations reminiscent of pre-
motor symptoms observed in PD patients. Lrrk2 R1441C animals not only
show alterations of depression- and anxiety-related behaviour, but also
reduced olfaction and subtle gait alterations. Interestingly, also the analysis of
a Lrrk2 knockdown mouse line with almost complete depletion of LRRK2
protein did show nearly identical behavioural alterations.

In addition, we used both mouse models as a resource to investigate the
cellular functions of Lrrk2. Both mouse embryonic fibroblasts (MEF) and
primary hippocampal neurons have been utilized in this regard. We could
provide hints for a role of the protein in cytoskeleton organisation as well as
synaptic transmission, albeit the constitutive expression of pathogenic LRRK2
on an endogenous level seems to be compensated to a large extend.
Interestingly on the functional level, altered LRRK2 function in R1441C cells
rather leads to opposing trends compared to the Lrrk2 knockdown situation.
Strikingly on the behavioural level both lines performed in a similar manner
and did show a high overlap in regard to the identified phenotypes. This
indicates that both the dysfunction and loss of LRRK2 alters distinct cellular

processes in a contrary way, but the general impairment of these processes



results in a similar dysfunction on the systemic level. In summary, both lines
nicely recapitulate early, non-motor symptoms observed in PD patients and
can therefore be seen as valid mouse models of presymptomatic Parkinson’s
disease.

Zusammenfassung

Die Zielsetzung der vorliegenden Arbeit war die Herstellung und Analyse
eines Mausmodells der Parkinson’schen-Krankheit -Morbus Parkinson- um
Aufschliisse Uber die Atiologie dieser Krankheit und tber die physiologische
Rolle des mit familiaren Formen von Morbus Parkinson assoziierten Gens
Leucine-rich repeat kinase 2 (Lrrk2) zu gewinnen. Zunéachst untersuchten wir
im Detail die Expressionsmuster, sowohl von Lrrk2, als auch von seinem
Paralog Lrrkl, wéhrend der Entwicklung und im adulten Gehirn der Maus.
Dabei konnten wir zeigen, dass Lrrk2 Uberwiegend in den Zielregionen
dopaminerger Projektionen exprimiert wird und gleichermalf3en im direkten als
auch im indirekten Basalganglien-Signalweg vertreten ist.

Im Weiteren generierten wir ein Mausmodell, welches die in Morbus
Parkinson Patienten entdeckte Punktmutation R1441C in der GTPase-
Domane des endogenen Lirk2-Gens der Maus enthalt. Sowohl in jungen, als
auch in hochbetagten Mausen lassen sich keine offenkundigen
Bewegungsstorungen oder pathologischen Zeichen von Neurodegeneration
nachweisen. Doch in bestimmten Verhaltensaspekten konnten wir einige
Veradnderungen bei dieser Mauslinie beobachten, die man als pramotorische
Symptome auch bei Morbus Parkinson Patienten diagnostiziert. Die Lrrk2
R1441C Mause zeigen nicht nur Anderungen im angst- und
depressionsassoziiertem  Verhalten, sondern auch  einen  stark
eingeschrankten Geruchssinn und Veranderungen im Gangmuster.
Interessanterweise zeigte die Analyse einer Lrrk2 knockdown Mauslinie, die
nahezu kein LRRK2 Protein mehr exprimiert, sehr ahnliche
Verhaltensanderungen.

Zusétzlich wurden aus beiden Mausmodellen embryonale Fibroblasten (MEF)
und hippocampale Primarneurone gewonnen, um die zellularen Funktionen

von Lrrk2 zu erforschen. Dadurch haben wir Hinweise erhalten, das Lrrk2 eine



Rolle bei der Organisation des Zytoskeletts, sowie in der synaptischen
Signalubertragung spielt. Jedoch scheint die konstitutive Expression von
pathogenem Lrrk2 auf endogenem Level rasch kompensiert zu werden. Im
Vergleich beider Linien ist es bemerkenswert, dass auf zellularem Niveau die
Effekte von Lrrk2 R1441C und dem Verlust des LRRK2-Proteins eher in
entgegengesetzte Richtungen tendieren, wahrend sich die Phanotypen im
Verhalten der Tiere stark ahneln. Das konnte bedeuten, dass in diesem Fall
dieselben zellularen Prozesse auf kontrare Art verandert werden, die
allgemeine Beeintrachtigung dieser Prozesse aber in ahnlichen
Funktionsstérungen auf systemischem Niveau resultieren. Insgesamt
rekapitulieren beide Linien frihe, nicht-motorische Symptome, wie man sie
bei Patienten diagnostiziert nach, und koénne deshalb als funktionierende
Mausmodelle fur die prasymptomatische Phase von Morbus Parkinson

angesehen werden.



3 Introduction

3.1 Parkinson’s Disease

3.1.1 The characteristics of Parkinson’s Disease

Already in the ancient Greece, anatomists like Erasistratos have reported
about movement disorders characterized by rigidity and akinesia, but it took
more than 2000 vyears, until James Parkinson in 1817 defined and
scientifically described this disease. In his publication “An Essay on the
Shaking Palsy”, he termed the disorder - paralysis agitans (Parkinson, 2002) -
which was later on referred to as Morbus Parkinson or Parkinson’s disease
(PD). Like Alzheimer’s disease (AD) also PD, as the second most common
neurodegenerative disorder, is highly age related and therefore becomes
more and more a severe and widespread problem in our ageing society. The
Rotterdam study documented an increased of PD prevalence from 0.3% in
the group of 55 to 64 years old participants to 4.3% in the group from 85 to 94
years old participants (de Rijk et al., 1995; de Lau et al., 2005). The mean age
of onset is 55 (Dauer and Przedborski, 2003), marked by the appearance of
the classical clinical features of PD: tremor at rest, rigidity of the skeletal
muscles, bradykinesia (or akinesia) and postural instability (Shulman et al.,
1996; Bloem et al., 2001; Berardelli et al., 2001). Besides these main features
and some other motor symptoms like postural deformities and sudden freezing
during movement, also many non-motor symptoms have been observed in
patients: neurobehavioral abnormalities like depression, apathy, anxiety and
hallucinations; abnormalities of the vegetative system; sleep disturbance and
sensory abnormalities like olfactory dysfunction (Jankovic, 2008). On the
pathological level, the major motor-symptoms are caused by the loss of
nigrostriatal dopaminergic neurons, whereas the pathoaetiology of the non-
motor symptoms is not yet fully understood. The loss of dopaminergic
neurons is often but not always accompanied by cytoplasmic protein aggrega-
tions or inclusions - the so called Lewy Bodies (LBs) - in remaining neurons of
the Substantia Nigra pars compacta (SNc) as well as in various other regions

of the nervous system (Marsden, 1983; Forno, 1996; Spillantini, 1997, Braak



et al. 2003). Interestingly, this very distinct cytopathological characteristic is
not limited to PD but can also be found in disorders like dementia with Lewy
bodies (DLB) or Alzheimer’'s disease (Gibb, et al. 1989). Besides this, some
PD patient’s brains show also features of other related disorders. For example
neurofibrillary tangles (NFT) composed out of hyper-phosphorylated tau
protein (MAPT or microtubule-associated protein Tau), which originally is
rather a hallmark for AD and some other neurodegenerative diseases
(grouped as tauopathies), can be found (Avila, et al. 2004).

Taken together, PD is a very complex and heterogeneous disorder, character-
ized by miscellaneous clinical and pathological features which partially can
also be found in other related neurodegenerative diseases. Since the severe
motor symptoms arise relatively late in the course of the disease when
already gross parts of the dopaminergic system have been destroyed
(Terzioglu and Galter, 2008), an early, presymptomatic diagnosis is still im-
possible. All these factors do not only hinder the precise diagnosis and classi-
fication (Jankovic, 2008), but renders the research about the aetiology of this

progressive movement disorder complex and difficult.

3.1.2 The basal ganglia circuit

As already mentioned, the major hallmark of PD is the degeneration of dopa-
minergic neurons in the substantia nigra pars compacta (SNc) which is
located in the ventral part of the midbrain and represents an essential part of
the so called basal ganglia circuit. The disruption of SNc function classifies
PD into the group of basal ganglia diseases (Albin et al., 1989) like e.g.
Huntington’s disease (HD). Going from rostral to caudal, this circuitry is com-
posed out of the forebrain structures caudate nucleus and putamen - which
are also, together with the nucleus accumbens referred to as the striatum
(Zeiss, 2005) - the globus pallidus (GP), the subthalamic nucleus and the
substantia nigra of the midbrain (Blandini et al., 2000). As an element of the
extrapyramidal motor system, different areas of the basal ganglia circuit get
their input from various motor regions of the cortex. Subsequently, these infor-
mation are getting processed and are sent back to the same cortical regions

via the thalamus resulting in motor output (DeLong and Wichmann, 2007). In



brief, cortical input reaching the SNc via the subthalamic nucleus (STN) will
be sent back all the way to the forebrain by the dopaminergic neurons of the
nigrostriatal pathway to the striatum (Fig.1). 95% of all striatal neurons are the
so called medium-sized spiny neurons (MSN), and are expressing either the
dopamine receptor D1 or D2 or both forms (Mallet et al., 2006). While older
studies suggested that nearly half of the MSN coexpress both forms of the
receptor (Surmeier et al., 1996), the recent analysis of BAC-reporter mice
suggest that only a small proportion of about 5-17% coexpress both D1 and
D2, while 47-52% express only D1 and 26-43% only the D2 dopamine
receptor (Matamales et al., 2009; Valjent et al., 2009). The neurons of the
direct striatonigral pathway express a high amount of the D1 receptor and are
projecting back to the output nuclei substantia nigra pars reticulata (SNr) and
the internal globus pallidus (GPin) (DeLong and Wichmann, 2007) where they
inhibit their activity. The reduced activity of these nuclei leads to the dis-
inhibition of the thalamic projections exciting the motor regions of the cortex
and therefore leading to an increase in motor activity (Kreitzer and Malenka,

2008). On the other hand, the neurons of the indirect striatopallidal pathway

| normal condition | | Parkinson’s disease |
[ Cortex ] [ Cortex ]
A
D1| Striatum D1| Striatum
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I |
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Figure 1: Parkinson’s disease (PD) is determined by the disruption of the basal ganglia
circuit. Schematic representation of the basal ganglia circuit function (left) and its alterations
in PD (right). The thickness of the arrows indicates the relative level of activation (modified
from Blandini et al., 2000). Abbr.: D1/2, dopamine receptor D1/2; GPex, external globus
pallidus; GPin, internal globus pallidus; SNpc, substantia nigra pars compacta; SNpr,
substantia nigra pars reticulate; STN, subthalamic nucleus.



are expressing high amounts of the D2 receptor, which - in contrast to D1 - is
inhibited in the presence of dopamine. These neurons are connected to the
external globus pallidus (GPex) by GABAergic inhibitory synapses. Therefore,
the indirect pathway leads, via the STN and subsequent activation of the
output nuclei (SNr, medial GP) to an enhanced inhibition of the thalamo-
cortical projections (Fig.1). Taken together, the activation of the D1 receptors
in the striatum enhances motor activity, whereas activation of the D2 receptor
inhibits the motor activity (Surmeier et al.,, 2007). This admittedly simplified
functional model of the basal ganglia circuit is used to explain mainly aspects
of the motor deficits observed in PD. The progressive loss of neurons in the
SNc implicates a reduction of dopaminergic nerve terminals in the striatum
and finally to a reduction of physiological active, extracellular dopamine in the
synaptic clefts of the striatum.

The nearly total loss of dopaminergic input in the symptomatic phase of PD
results in the increase of GABAergic signalling from the output nuclei (Fig.1)
and therefore in an increased inhibition of the motor output (Blandini et al.,
2000). In more detail, two effects can be discriminated. In the striatum, the
output of the direct pathway, mediated by the dopamine receptor D1 is de-
creased if not abolished (Obeso et al., 2000). This leads to difficulties in
initiating and performing movements (e.g. bradykinesia), since this pathway
under normal conditions selects appropriate movements. The indirect path-
way normally inhibits inappropriate movements. Because of the antagonistic
mechanism of the D2 receptor which is inhibited in the presence of dopamine
(Surmeier et al.,, 2007) this pathway leads to an increase in unwanted
movement (e.g. tremor at rest or the often observed dyskinesia) when dopa-
mine is depleted (Kreitzer and Malenka, 2008). Even though it is tempting to
apply this model also to the non-motor symptoms of PD, it is not sufficient to
explain all of them (for review: Lewis and Barker 2009).

Problems in treating PD do not only arise by its clinical heterogeneity but also
by the fact, that the major symptoms only occur when about 50-70% of the
dopaminergic neurons have already been lost (Terzioglu and Galter, 2008).
Minor loss of nigrostriatal innervations during the early phase of the disease

can be compensated by multiple mechanisms. Since these neurons are



present in the two states - spontaneously firing and quiescent (Grace, 2008),
the system can handle this reduction by activating more and more quiescent
nerves until a certain threshold is reached. On the molecular level, different
modifications can keep up the required dopaminergic signalling for example
by an increase in the amount of both D1 and D2 receptors, which has been
shown in the brain of untreated PD patients (Guttman, 1992). Another com-
pensatory mechanism is the downregulation of the dopamine transporter
(DAT), which is involved in terminating the dopamine signalling by the
reuptake of the transmitter into the presynaptic neuron (Adams et al., 2005;
Storch et al., 2004). It is worthwhile to mention, that there is still a debate
whether dopamine is neurotoxic or neuroprotective. It seems that extracellular
dopamine rather mediates neuroprotection via the activation of the dopamine
D2 receptor (Bozzi and Borrelli, 2006), whereas excessive amounts of
intracellular dopamine are associated with increased ROS (reactive oxygen
species) production and cytotoxicity (Chen et al., 2008). These compen-
sations, together with an increased activity of other cholinergic transmitter
systems may explain why the first manifestations of the classical motor
features of PD come up, when the dopamine level in the striatum already
dropped to 30% and more than 50% of the dopaminergic neurons (Fearnley
and Lees, 1991; Terzioglu and Galter, 2008) in the SNc are lost (Fig.2). This
relative late onset but steep increase in symptomatic allows so far only a very
late initial diagnosis and therefore prevents a neuroprotective treatment in

early phases of the disease.

Figure 2: In Parkinson’s dis-
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Taken together, the functional model of the basal ganglia circuit can describe

the neurological implications of the neuronal cell loss in the SNc and other



brain regions, but can not shed light on the cellular and molecular back-

grounds of the disease.

3.2 The genetic aspects of Parkinson’s Disease

A major step forward in identifying cellular and molecular mechanisms of PD
was achieved in the last decade by the identification of several loci involved in
inheritable forms of PD. In contrast to the sporadic form, familial PD - which
contributes for about 10% to 15% (Nussbaum and Polymeropoulos, 1997) of
all PD cases - exhibits a mendelian pattern of inheritance. Up to now 16
different PARK loci associated to familial PD (Simén-Sanchez et al., 2009;
Paisan-Ruiz et al., 2010; Tan et al., 2010) have been identified and in most of
the cases also the responsible gene has been mapped (Fig. 3). It is not clear,
to what extend some or all of these genes also contribute to the more
common sporadic form of PD in a mechanistic or causative sense (Hardy et
al., 2006; Thomas and Beal, 2007). Rareness and relative low penetrance of
the identified mutations makes it hard to classify them from common gene
variants and susceptibility factors, to polygenic or monogenic disease genes.
Nevertheless, pathogenic mutations in at least five of these genes - SNCA,
parkin, DJ-1, PINK1 and Lrrk2 - have been clearly identified to cause

monogenic forms of familial PD (Abeliovich and Flint Beal, 2006).

IF:)'??K position gene form of PD mutations probable function

PARK1/4 | 4921 SNCA AD; A30P, E46K, A53T, lipid-membrane
duplication and triplication associated protein

PARK2 6025.2— Parkin AR, J; various mutations, ubiquitin E3 ligase

q27 exonic deletions, duplications

and triplication

PARKS 2pl13 unknown | AD unknown

PARKS 4pl4 UCHL1 AD and idiopathic; 193M and ubiquitin C-terminal
S18Y hydrolase

PARK®6 1p35-p36 | PINK1 AR; G309D, exonic deletions mitochondrial

kinase




:::)T?K position gene form of PD mutations probable function
PARKY 1p36 DJ-1 AR and EO; homozygous chaperone,
exon, deletion, L166P antioxidant
PARKS 12912 LRRK2 AD and idiopathic; cytosolic kinase
R1441C/G/H, Y1699C,
G2019S, 12020T, G2385R
PARK9 1p36 ATP13A2 | Kufor—-Rakeb syndrome and P-type ATPase
EO-PD:; loss-of-function
mutations
PARK10 | 1p32 unknown Idiopathic unknown
PARK11 | 2g36—q37 | unknown [ AD and idiopathic unknown
PARK12 | Xg21-g25 | unknown | familial unknown
PARK13 | 2pl3 Omi/ Idiopathic A141S, G399S mitochondrial
HTRA2 serine protease
PARK14 | 22913 PLA2G6 AR, L545T phospholipase
PARK15 | 22ql2- FBXO7 Parkinsonian-Pyramidal ubiquitin E3 ligase
ql3 syndrome, T22M
PARK16 | 1932 unknown | susceptibility unknown
_ 17921 MAPT/tau | susceptibility microtubule-
associated protein
_ 2022-923 | NR4A2/ familial, downregulation transcription factor
Nurrl
_ 5923.1- SNCAIP/ | susceptibility SNCA-interactor
gq23.3 Synphilin

Figure 3: During the last decade, several genomic loci have been identified to be
involved in inheritable forms of PD referred to as familial Parkinson’s disease. List of
PARK loci linked to various forms of familial PD and related neurodegenerative diseases
(adapted from Thomas and Beal, 2007 and Belin and Westerlund, 2008; extended with data
from Paisan-Ruiz et al., 2010 and Tan et al., 2010). Abbr.: AD, autosomal dominant; AR,
autosomal recessive; J, juvenile; EO, early onset.

The question arises, if it is possible to identify common pathways which can
not only link different genetic forms of PD but also could contribute to the
understanding of sporadic PD. This in turn, would allow the development of
novel protective and therapeutic strategies for the treatment of PD (Gasser,
2007). Up to now, no unifying pathway for the aetiology of PD is known, but
by studying the function of the PARK genes so far, several cellular scenes
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and mechanisms have been shown to be involved. In the following, these
fundamental knowledge and findings are reviewed on the basis of findings

from the four major PD-related genes besides Lrrk2.

3.3 Common pathways in Parkinson’s disease

Since mutations in the Parkin gene have been associated with autosomal-
recessive early-onset PD (Kitada et al., 1998; Liicking et al., 2002), protea-
somal degradation arose as one cellular mechanism affected in PD. The
Parkin gene encodes a protein-ubiquitin E3 ligase with two hotspots for patho-
genic mutations - an ubiquitin-like domain and a RING finger domain (Giasson
and Lee, 2001). In the process of proteasomal protein degradation, target
proteins are marked by polyubiquitination to be transported into the
proteasome for subsequent degradation. The ubiquitination is carried out by a
complex of different proteins; amongst them E3 ligases which are mediating
the specificity to the targeted protein. The effects of pathogenic mutations in
the Parkin gene can be either the loss of substrate specificity or impair the
ability of the protein for self-ubiquitination (Zhang et al., 2000). Besides
others, also the PARK7-associated gene DJ-1 has been shown to be a target
of Parkin-mediated polyubiquitination. Bound to the dynein-dynactin complex
utilizing HDAC-6 as an adaptor protein, DJ-1 will be transported into aggre-
some for degradation via microtubular transport (Olzmann et al., 2007).

Functional interaction of Parkin with the gene responsible for PARK6-linked
early-onset PD named PINK1 or PTEN induced kinase 1 (Valente et al., 2004)
highlights another main cellular scene — the mitochondria. PINK1 has been
shown to accumulate specifically on depolarized mitochondria whereas Parkin
was recruited to those same damaged mitochondria (Jones, 2010). A role of
mitochondrial function in the aetiology of PD, either under basal conditions or
oxidative stress has been proposed since Drosophila knock-out models of
both Parkin and PINK1 exhibit similar mitochondrial-related phenotypes,
which can be rescued by PINK1 in case of Parkin-deficiency; these results are
interpreted that both proteins act in a common pathway for regulating mito-
chondrial physiology and cell survival - at least in Drosophila (Yang et al.,

2008; Shiba et al., 2009). Interestingly, also the mitochondrial protease
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Omi/HtrA2 interacts with PINK1 and it has been suggested, that both
molecules act in the same stress-sensing pathway. Due to the activation of
the mitogen-activated protein kinase (MAPK) P38, Omi/HtrA2 can be released
into the cytosol and subsequently activate caspase-dependent apoptosis. The
specific phosphorylation of Omi/HtrA2 by PINK1 could regulate this
mechanism and thereby mediate neuroprotection (Plun-Favreau et al., 2007).
A further group of Parkin substrates leads to another interesting mechanism
involved in the aetiology of PD — to the regulation of transport and release of
synaptic vesicles. In this regard, the synaptic vesicle-associated protein
CDCrel-1, synphilin-1, the alpha-synuclein-interacting protein and alpha-
synuclein (SNCA) itself, have to be mentioned (Zhang et al., 2000; Chung et
al., 2001; Polymeropoulos et al., 1997). The endogenous function of SNCA is
until now not completely understood. SNCA protein is located in presynaptic
nerve terminals; there it can bind to synaptic vesicles and therefore a role in
synaptic vesicles trafficking and synaptic transmission but also in several other
cellular processes has been proposed (Chandra et al.,, 2004; Gasser et al.,
2007; Shen, 2010 Gasser et al., 2007). This idea is supported by the inter-
action of SNCA with the cysteine-string protein (CSP), which is involved in the
assembly of the SNARE complex (Chandra et al., 2005). Membrane fusion in
cells is carried out by a complex mechanism under the participation of N-
ethylmaleimide-sensitive factor (NSF) and different SNARE proteins like
VAMP or syntaxin (Malhotra et al., 1988).

In sum, the diversity of molecular mechanisms and pathways (proteasome
dysfunction, mitochondrial dysfunction, transport dysfunction, autophagy)
which have been shown to be involved in the aetiology of PD so far, reflect
the complexity and heterogeneity of the clinical and pathological features.
One exclusive disease-relevant pathway, integrating all previous observations

can not (yet) be postulated.

3.4 PARKS: Lrrk2 —the Leucine-rich repeat kinase 2

In 2002, with PARKS8 a new locus linked to familial PD has been identified by a
linkage analysis in a Japanese family suffering from autosomal dominant PD

with classical clinical features (Funayama et al., 2002). Patients suffering from
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PARKS-linked PD exhibit a whole variety of pathological hallmarks, not only of
PD but also of other neurodegenerative diseases like AD. While some patients
only show neuronal loss and gliosis in the SNc, in other patients Lewy bodies
and even Tau inclusions could be detected (Wszolek et al., 2004). Two years
later, the gene which is the focus of this thesis - Leucine-Rich Repeat Kinase 2
(abbr.: LRRK2, pronounced Lark-two) — was identified to be responsible for
PARKS linked PD (Zimprich et al., 2004; Paisan-Ruiz et al., 2004). It encodes
for the huge multidomain protein LRRK2, which is also sometimes referred to

as dardarin, derived from the Basque term “dardare” for “to tremble”.

3.4.1 The structure of the Lrrk2 gene and its protein

LRRK2 in Homo sapiens is located on chromosome 12 (Fig.4, A); in the
vicinity of the gene in region 12912, no other PD related genes can be found.
In Mus musculus, Lrrk2 is located on chromosome 15 (15F1) in a syntenic
order sharing the same neighbouring genes very similar to the situation in
humans. The locus of LRRK2 itself spans a region of 144 kb and consists out
of 51 exons (Fig.4, B) encoding for a large protein with a molecular weight of
286 kDa (2,527 amino acids). Since so many functional protein domains could
be identified in the sequence, LRRK2 is often referred to as a multidomain
protein. Especially the C-terminal half of the protein exhibits protein-protein
binding domains, a GTPase and a kinase domain (Fig.4, C). This special array
classifies LRRK2, together with its highly similar paralog LRRK1 (Taylor JN et
al., 2007), into the group of ROCO proteins (Bosgraaf and Van Haastert,
2003).

The Ras/GTPase domain termed Ras of complex or Roc domain is a member
of a new subfamily of small GTPases belonging to the Ras superfamily of
small GTPases which are involved in a variety of cellular processes
(Wennerberg et al.,, 2005). The adjacent characteristic motive is called the
COR domain, or C-terminal of Roc. Together, Roc and COR provide the
guiding motive for the newly defined subfamily referred to as the ROCO
protein family (Bosgraaf and Van Haastert, 2003). ROCO proteins are highly
conserved throughout evolution and can be found even in primitive

prokaryotes like archeae. Hence it has been speculated whether eukaryotic
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Figure 4: Leucine-Rich Repeat Kinase 2 (LRRK2) has been identified to be the gene
responsible for PARKS linked autosomal dominant PD. Schematic drawing of genomic,
transcript and protein structure of the human LRRK2 gene: A) Genomic vicinity of LRRK2 on
chromosome 12, (region 12912) based on the ensembl genome browser (Hubbart et al.,
2007). B) Intron-exon structure of LRRKK2. C) Protein architecture of LRRK2 with its multi-
domain structure. Abbr.: Ank, ankyrin repeats; LRR, leucine-rich repeats; Roc, Ras of
complex GTPase; COR, C-terminal of Roc; MAPKKK, mitogen-activated protein kinase,
WD40, WD-40 or beta-transducin repeats.

ROCO proteins do have a symbiotic, mitochondrial origin (Marin, 2007). The
central Roc and COR motive provides the general characteristic of all ROCO
proteins, but also various other domains can be added. In case of LRRK2, 3°
and to adjacent to COR, a serine/threonine kinase domain similar to mitogen-
activated protein kinase kinase kinase (MAPKKK) represents the second
catalytic domain of this multi-domain protein (Paisan-Ruiz et al., 2004; Guo et
al., 2007). This MAPKKK domain exhibits high similarity with the group of
mixed-lineage kinases (MLK) which have been shown to mediate cell-death in
neurodegenerative disorders via the phosphorylation and activation of the
transcription factor C-Jun (Manning et al., 2002; West et al., 2005; Silva et al.,
2005). The functionality of the kinase domain has been revealed by autophos-
phorylation and MBP- (myelin basic protein) assays (West et al., 2005;

Gloeckner et al., 2006), also the overall activity is conspicuously low
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(Gloeckner et al., 2009). The fact, that the activity of the MAPKKK domain
seems to be dependent on GTP binding to the Roc (GTPase) domain (Ito et
al., 2007; Guo et al., 2007), suggests a mechanism of intramolecular regu-
lation. In general, dimerization and following autophosphorylation can serve
as a mechanism to regulate the catalytic activities of kinases, as it has been
already shown for other MAPKKKs (Leung and Lassam, 1998). Indeed for
LRRKZ2, the formation of homodimers, presumably by dimerization of two Roc-
GTPase domains (Gloeckner et al., 2006; Deng et al., 2008) could be shown.
In addition not only homo- but also heterodimerization is possible and has
been suggested to occur with Dapkl (death-associated protein kinase 1) or
other members of the ROCO protein family like Lrrkl (Klein et al., 2009;
Déachsel et al., 2010).

Altogether, the following could be proposed as a model for the molecular
regulation of LRRK2 activity (Fig.5): In its inactive state, LRRK2 is dimerized at
its Roc-GTPase domain while bound to GDP. The exchange of GDP with

inactive

« GEFs * GAPs
« GTP binding * GTP hydrolysis

P

| [ MRS ROC i CORVIMAPKKK ws MDA0) e
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active

« autophosphorylation

Figure 5: Homodimerized LRRK2 activates itself by autophosphorylation subsequent
to a conformational shift induced by GTP-binding. Scheme of the probable intramolecular
regulation of LRRK2 kinase activity (based on and modified from Mata et al., 2006; West et
al., 2007; Gloeckner et al., 2006 and Deng et al., 2008). Abbr.: see Fig.4.
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GTP, catalyzed by certain GEFs (guanine nucleotide exchange factor
proteins) like ARHGEF7 (Haebig et al.,, 2010), causes a conformational
change. This brings the kinase domains in close proximity to each other,
induces autophosphorylation and subsequently the activation of the MAPKKK.
Deactivation is achieved by the hydrolysis of GTP to GDP by the Roc-GTPase
domain, probably supported by certain GAPs (GTPase activating proteins)
(Mata et al., 2006; West et al., 2007; Gloeckner et al., 2006; Deng et al.,
2008). But it is also possible, that GEFs and GAPs are substituted by the
dimerization of the Roc domain itself (Gasper et al., 2009). This uncommon
regulatory property of this ROCO protein can be concentrated into the slogan:
one protein - two enzymes.

LRRK2 protein contains more functional domains, which are all mediating
protein-protein interactions (Mata et al., 2006): First of all a stretch of several
leucine-rich repeats (Lrr) is building up the domain which contributes to the
name of LRRK2. Each repeat is typically 20 to 30 amino acids long and
unusually rich in the hydrophobic amino acid leucine with an 11-residue
hallmark sequence LxxLXLxxXNxL (Bella et al., 2008). This widespread motive
can be found in hundreds of proteins with various functions like cell adhesion
and signalling, platelet aggregation, disease resistance, neuronal develop-
ment or RNA processing; in all these cases, the Lrr domain is involved in
protein-protein interactions (Buchanan and Gay, 1996). Also the other two
conserved protein domains are involved in protein-protein binding and inter-
action: Several ankyrin repeats (Ank) can be found N-terminal of the Roc
domain. Proteins bearing such repeats have been shown to be involved in
cell—cell signaling, cytoskeleton integrity, intracellular transport, inflammatory
response and other mechanisms (Mosavi et al., 2004). At the C-terminus, a
domain of WD-40 repeats, also known as WD or beta-transducin repeats
(WD40) can be identified. The propeller-like structure of this protein-protein
binding motive (Chen et al., 2004) can be found in numerous proteins in-
volved in cytoskeletal assembly, vesicle formation and trafficking, transcript-

ional regulation and RNA processing (Yu et al., 2000).
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3.4.2 The genetic basis of Lrrk2-linked PD

Mutations in the LRRK2 gene can be found in up to 10% of autosomal domi-
nant familial PD and in up to 3.6% of sporadic Parkinsonism (Berg et al.,
2005; Xiromerisiou et al., 2007; Lesage and Brice, 2009). The first pathogenic
mutations in the LRRK2 gene have been identified in families with PARKS-
linked PD by two independent groups in 2004. The missense mutation R1441C
could be identified in a family from Nebraska; mutation Y1699C in a German-
Canadian family (Zimprich et al., 2004). The mutations R1441G and again
Y1699C have been identified in five families with Basque ancestry (Paisan-
Ruiz et al., 2004).

M1869V
E1874Stop

R1067Q R1941H

s109sc 11371V 12012T

111227 B1441C  vyg99c 20198 T23561

a11517 RL4416  pq9587, T2020T T2141M G2385R

A211V K544E M712V  Q930R  s122gT F14418 py958H T20315 R2143H 1L2466H
— —r— M —
A\ 4 \ 4 v v "WwWYyYYVYY YTYWY W W wy

5] | eI Ras i COR s MAPKKK ws T [F-UIR

Figure 6: The functional domains of LRRK2 are the hotspots for pathogenic missense
mutations associated with PARKS-linked PD. Schematic representation of mutations
identified in PD patients in the multidomain protein LRRK2. Confirmed pathogenic mutations
are depicted in red (adapted and unified from Paisan-Ruiz et al., 2008; Giasson and Van
Deerlin, 2008; Lesage and Brice, 2009). Abbr.: see Fig.4.

By degrees, more and more missense-mutations have been reported by
numerous groups (Fig.6) and until now, seven of them (11371V, R1441C/G/H,
Y1699C, G2019S and 12020T) have been confirmed as being clearly patho-
genic (Lesage and Brice, 2009). These pathogenic mutations can be classi-
fied into three groups in regard to their localisation: mutations in the MAPKKK
domain, mutations in the Roc GTPase domain and mutations in the different
protein-protein interaction domains; In genome wide association studies, also
common variability proximal to the LRRK2 locus has been linked to PD which
suggest a role of the protein also in the sporadic form of the disease (Simon-
Sanchez et al., 2009).

On the clinical level, patients with LRRK2-linked PD do exhibit similar features
to sporadic patients (Haugarvoll et al., 2008). The pathology in contrast, is dis-
cussed to be more pleiomorphic than in other familial PD cases (Taylor JN et
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al., 2006); it has reported that even patients with identical mutations can
exhibit diverse pathological features (Giasson and Van Deerlin, 2008). Classi-
cal nigrostriatal degeneration has been reported for all, the presence of Lewy
bodies (LB) for many of the patients. Interestingly the very common G2019S
patients do show a rather classical PD pathology, whereas the pathology in
patients with quite rare mutations like R1441C can show higher degree of
variation (Biskup and West, 2008). For example Wszolek and colleagues have
reported in one of the first pathological analysis of LRRK2-linked PD patients,
that only about 50% of R1441C patients do exhibit Lewy bodies (LBs) and
Lewy neurites (LNs) (Wszolek et al., 2004). Due to conflicting data, it has to
be doubted whether LRRK2 protein can be found in alpha-synuclein positive
inclusion bodies like LBs or LNs in PD or other neurodegenerative diseases
(Santpere and Ferrer, 2009). Remarkable is the fact, that also rare cases of
Tau-pathology have been diagnosed in LRRK2-linked PD patients (Rajput et
al., 2006; Devine and Lewis, 2008). The neuronal expressed Tau-protein
stabilizes microtubules and is involved in axonal outgrowth but can also
aggregate to toxic oligomers. In tauopathies like for example Alzheimer’s
disease (AD), these aggregates form inclusion bodies referred to as
neurofibrillary tangles (Ballatore et al., 2007). Recently, also the MAPT
(microtubule-associated protein Tau) locus has been linked to PD as a
susceptibility factor (Fig.3) (Simon-Sanchez et al., 2009). Until now, neither a
direct linkage to AD or any other neurodegenerative diseases, nor higher
susceptibility rates could be observed in carriers of LRRK2 mutations (Lee E
et al., 2007; Lesage and Brice, 2009).

The general penetrance of LRRK2-linked PD is assumed to be in the range of
30% by the age of fifty, and around 80% at an age over eighty (Goldwurm et
al., 2007; Healy et al., 2008). Notably, homozygote carriers of single muta-
tions are indistinguishable from heterozygote carriers in regard to the clinical
phenotype (Ishihara et al., 2006).

But what are the possible molecular consequences of these missense-muta-
tions, in particular with respect to the proposed model of the intra-molecular
regulation of LRRK2 activity? The most prominent, prevalent and best studied
of all, the G2019S missense mutation in the MAPKKK domain, is located in

the activation segment of the kinase domain (Nolen et al., 2004). It has been
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shown by several groups, that this amino acid substitution does enhance the
kinase activity in autophosphorylation assays and in phosphorylation of the
generic kinase substrate MBP (myelin basic protein) in vitro (West et al.,
2005; Jaleel et al., 2007). Of course, this gain-of-function effect of the muta-
tion fits very well to its dominant mode of inheritance. Therefore, it has been
speculated whether all identified pathogenic mutations finally result in
elevated kinase activity. Findings, that cytotoxicity induced by the in vitro
overexpression of human LRRK2 protein is dependent on the kinase activity
(Smith et al., 2006; Greggio et al., 2006), supported this idea. But unexpec-
tedly for no other pathogenic mutation this finding could be confirmed - at
least in autophosphorylation assays. For the adjacent mutation 12020T both
an increase and a decreases of the kinase activity has been reported
(Gloeckner et al.,, 2006; Jaleel et al., 2008), for others like 11371V,
R1441C/G/H and Y1699C, alterations could not be confirmed. In the case of
Roc-GTPase missense mutation R1441C — which is in the focus of this work -
some groups did detect a slightly higher rate of autophosphorylation by over-
expressing R1441C mutated LRRK2 in vitro (Smith et al., 2006; West et al.,
2007; Guo et al., 2007); in more recent publications, other report that there
are no such differences compared to wild-type LRRK2 (Lewis et al., 2007;
Jaleel et al., 2007; Greggio et al., 2008, Gloeckner et al., 2008). To date it is
widely accepted, that only G2019S and 12020T do lead to enhanced auto-
phosphorylation activity (Biskup and West, 2008; Santpere and Ferrer, 2009),
also due to the fact that an increase could also be observed in the phospho-
rylation of moesin - one putative substrate of LRRK2 (Jaleel et al., 2008).

The most prominent mutation in the Roc-GTPase domain R1441C is located
outside the GTP binding pocket and therefore does not alter the binding of
GTP but decreases the GTP hydrolysis activity (Lewis et al., 2007; Li X et al.,
2007). This would imply that R1441C mutated LRRK2 will stay longer in the
GTP-bound state which represents the active form of the protein according to
the putative model of the intramolecular regulation of LRRK2 activity (see 3.4.1
and Fig.5), but further studies are required to fully elucidate that mechanism.
So far, other basic biochemical properties of LRRK2 as for example the
localization and stability of the protein seem not to be changed by any

pathogenic mutation (Biskup and West, 2008).
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3.4.3 What is known about the function of LRRK2?

To get a first idea about the physiological role of LRRK2 protein it is useful to
look in detail onto the available functional data from LRRK2 orthologs and
other ROCO proteins from different species.

For instance Lrk-1 of Caenorhabditis elegans, a homolog of the human LRRK
genes, has been identified to be involved in the transport and sorting of
synaptic vesicles. In the nervous system of this nematode, this kinase is
located in the soma but not in the axons or dendrites of neurons and is
showing an overlap with certain markers for the Golgi apparatus. Lrk-1 seems
to act together with the AP-1 clathrin adaptor complex to exclude synaptic
vesicles proteins from the dendrites and thus direct them into the axon
(Sakaguchi-Nakashima et al., 2007). Loss of Lrk-1 protein induces a higher
sensitivity to the ER (endoplasmic reticulum) stressor tunicamycin. Loss of the
C.elegans homologue of pink-1, which results in mitochondrial alterations, can
rescue the Lrk-1 phenotype and vice versa (Samann et al., 2009). This
indicates a possible common role for both genes in functions like stress res-
ponse and regulation of vesicular transport at least in nematodes.

The fruit fly Drosophila melanogaster has been widely used not only to study
genetics and developmental biology, but also neurodegenerative diseases.
For many PARK genes, this is the only model organism, where central
phenotypical aspects of PD like degeneration of dopaminergic neurons can be
observed (Bilen and Bonini, 2005). While PD-like phenotypes like dopamin-
ergic degeneration and locomotion defects, but also loss of fertility in female
flies can be seen in a model in which the endogenous LRRK2 ortholog
dLRRK is knocked out (Lee SB et al., 2007), other do not detect any pheno-
type in another loss-of-function model where the kinase activity of dLRRK is
abolished by truncation of the protein (Wang D et al., 2008). Initially, no
phenotype could be observed when either wild-type or R1441C mutated
human LRRK2 protein gets overexpressed in Drosophila (Lee SB et al.,
2007). But some months later, Liu and colleagues reported that the over-
expression of either wild-type or the G2019S mutated form of hLRRK2 in

neurons does induce degeneration of dopaminergic neurons, locomotor
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dysfunction and early mortality (Liu et al., 2008). These discrepancies may be
explained by differences in the experimental approaches and the use of
different pathogenic mutations (Lewis, 2009). With 4E-BP (elF4E-binding
protein), the first putative substrate for dLRRK in Drosophila has been
identified. This initiation factor is a key component of the elF4F complex that
is required for cap-dependent protein synthesis and necessary for cellular
stress-response; its deregulated phosphorylation by dLRRK might lead to
enhanced cell sensitivity for different stressors (Imai et al., 2008).
Controversially, recent studies report that the specific phosphorylation activity
of LRRK2 is quite low and 4E-BP phosphorylation might be seen as a general
stress response caused by overexpression (Kumar et al., 2010).

Of course also in vitro analyses in different animal and human cell lines or
primary cells did contribute to the fundamental understanding of Lrrk2 function
to a great extend. Like indicated before, some groups observed cytotoxicity
when they ectopically overexpress human LRRK2 in various established cell
lines like HEK-293, SH-SY5Y, HelLa or COS-7, but also in primary neurons. In
addition, also the in vitro formation of inclusion bodies has been described
(Greggio et al., 2006; MacLeod et al., 2008). For this toxic effect, both the
kinase as well as the GTPase activity is required (Smith et al., 2006; West et
al.,, 2006). But it is questionable whether PD-associated mutations do
remarkably enhance cytotoxicity compared to wild-type LRRK2, or if toxicity is
simply dependent on the grade of LRRK2 overexpression (Santpere and
Ferrer, 2009). In primary cortical rat neurons, exogenous human LRRK2 with
the mutations G2019S and 12020T leads to a dramatic reduction in neurite
length and branching (minor effects in R1441G and Y1699C), whereas
knockdown of endogenous Lirk2 leads to increased neurite elongation
(MacLeod et al., 2008). In differentiated SH-SY5Y cells, the G2019S-LRRK2
induced subtle shortening of primary neurites has been associated with an
increase of autophagy probably via the MAPK/Erk pathway (Plowey et al.,
2008). Using HEK?293 cells, further studies observed a slight increase of
SNCA expression following Erk-activation by mutated LRRK2 overexpression
(Carballo-Carbajal et al., 2010).

More information about the cellular roles of LRRK2 is derived from the identi-

fication of interaction partners and substrates. In general, the majority of
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identified but not yet confirmed interaction partners can be grouped into four
functional classes: cytoskeleton, synaptic transmission, kinases and
chaperones (Dachsel et al., 2007; Meixner et al., 2011; Piccoli et al., 2011).
Except for parkin (Smith et al., 2005), LRRK2 seems not to interact directly
with any other of the PD-linked genes. The mechanism of endocytosis as a
role for LRRK2 was suggested by the identification of Rab5b as an LRRK2-
interacting protein. The small GTPases Rab5b is not only involved in
endocytosis and recycling of cell surface molecules like receptors, but also
has been shown to play a role in neurodegenerative diseases (Baskys et al.,
2007). Accordingly, Shin and colleagues could not only demonstrate the
colocalisation of both proteins in synaptosomal fractions, but also an impair-
ment of synaptic vesicle endocytosis after overexpression or knock-down of
Lrrk2 in primary rat neurons which can be rescued by Rab5b overexpression
(Shin et al., 2008).

The first putative substrates for LRRK2 have been identified by a KESTREL
screen (kinase substrate tracking and elucidation), showing the phosphor-
ylation of moesin and two near relatives (Jaleel et al., 2007). The members of
the ERM (ezrin, radixin, moesin) protein family are involved in linking the actin
cytoskeleton with membrane structures (Bretscher et al., 2000). But also the
microtubular network seems to be involved in LRRK2-function since the direct
interaction of beta-tubulin with the Roc-GTPase domain could be demonstra-
ted by another group (Gandhi et al., 2008). Further substrate molecules are
members of the Jun amino-terminal kinase (JNK) and p38 MAPK which is
activated in response to different nonmitogenic signals proinflammatory cyto-
kines and environmental stress (Nebreda and Porras, 2000). Gloeckner and
colleagues could show that LRRK2 can phosphorylate MKK3/6 and MKK4/7
and that only the LRRK2 mutations G2019S and 12020T lead to an increase
of their phosphorylation (Gloeckner et al., 2009).

3.5 Mouse models for Parkinson’s Disease

During the last 25 years, a whole variety of different in vivo model systems
have been developed to study the aetiology of PD. Prior to the identification of

genetic factors involved in PD, only toxin-induced lesion models were
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available. Following is a recapitulation of existing mouse models for
Parkinson’s disease, of their individual properties and which insights they

have given into the aetiology of PD.

3.5.1 Genetic rodent models of PD

With identification of the PARK genes, the quest for transgenic models reca-
pitulating as many motor and non-motor features of PD as possible has
started. Up to now, several rodent knockout models for the three most
common genes inherited in an autosomal recessive form, namely Parkin, DJ-
1 and PINK1, have been reported. Mice, deficient for functional Parkin protein
do show a slight increase in extracellular dopamine in the striatum but no
degeneration of nigrostriatal, dopaminergic neurons. Only one model has
been published to show a loss of TH positive neurons — not in the SN but in
the locus coeruleus (Goldberg et al., 2003). Except for this model, which is
showing a reduction of startle response, on the behavioural level just subtle
motor and non-motor behavioural changes could be observed (von Coelln et
al., 2004). On a cellular level, the loss of Parkin protein leads to mitochondrial
dysfunction and extraordinary increase of oxidative stress.

Up to now three different mouse models for DJ-1 linked PD have been pub-
lished (Melrose et al., 2006/2). Likewise to parkin, also these mice do not
show significant nigrostriatal neurodegeneration. Nevertheless, the DJ-1
genetrap mouse, created and analysed in our laboratory, exhibits a mild, age-
independent loss of TH-positive cells in the ventral tegmental area of the
midbrain in the range of about 10% (Pham et al., 2010). Further on, changes
in striatal dopamine reuptake accompanied by slight changes in motor and
non-motor behaviour has been reported. DJ-1-deficient mice are hypoactive in
the open filed and depict a higher susceptibility for environmental toxins like
paraquat (Yang et al., 2007, Chandran et al., 2008). On the cellular level,
slight impairments in several complexes of the mitochondrial respiratory chain
can be observed (Pham et al., 2010).

For PINK1, up to now two mouse models have been published so far. Once
again, the depletion of PINK1 protein does not cause severe alterations or

nigrostriatal degeneration. Likewise, also the behaviour of these animals
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exhibit only minor changes. The only systemic changes are alterations in
striatal dopamine reuptake, similar to those observed in DJ-1 (Harvey et al.,
2008).

The situation is quite different for models dealing with autosomal dominant
inherited PD, since the knockout or knockdown of the corresponding gene
may be not sufficient to fully mimic the situation in the patients. In the case of
alpha-synuclein (SNCA) were not only missense but in particular gene
duplications and triplications have been identified, various models overex-
pressing wild-type or mutated forms of SNCA have been reported
(Polymeropoulos et al.,, 1997). The use of different promoters results in
varying levels of transgene expression and tissue specificities. Nevertheless
also different loss-of function models have been generated for SNCA. Not
surprisingly only minor changes like a small reduction of striatal dopamine has
been reported (Abeliovich et al., 2000). The double knockout of both alpha-
and beta-synuclein leads to a reduction in the reserve pool of synaptic
vesicles. This observation in the hippocampus approves the role of these
proteins in the synaptic function (Chandra et al., 2004). While these models
rather aim to elucidate the endogenous function of the protein, overexpression
of wild-type or mutated SNCA is used for modelling the aetiology of PD. The
first published mouse overexpressing wild-type SNCA for example shows
age-dependent reduction in TH-positive cells of the midbrain and intranuclear
inclusions in various regions of the adult rodent brain (Masliah et al., 2000).
Instead mice overexpressing the human SNCA bearing the mutations A30P or
AS53T did show some other pathological features of PD like the accumulation
of insoluble SNCA, a reduction in TH-positive nerve terminals in the striatum
and hyperphosphorylation of tau-protein (Kahle et al., 2001; Manning-Bog and
Langston, 2007). In this regard, SNCA overexpressing mice are up to now

unique in the group of rodent PARK models (Terzioglu et al., 2008).

3.5.2 Mouse models of LRRK2-linked PD
A couple of groups have started to establish various gain-of-function and loss-
of-function mouse models to elucidate the physiological and pathological role

of Lrrk2 (Sen and West, 2009). Early publications, dealing with the molecular
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function of LRRK2, did use LRRK2 mouse models to some respect. Data from
Li and colleagues confirmed both the binding of GTP to FLAG-tagged murine
Lrrk2 overexpressed in BAC-transgenic mice and its hydrolysis (Li et al.,
2007). Knock-out mouse models have been used as negative controls for the
co-immunoprecipitation of CHIP with LRRK2 (Ko et al., 2009) or for the
confirmation of antibodies used in Western blot and immunohistochemistry
(IHC) experiments (Biskup et al., 2006). Overexpression of human G2019S
LRRK2 controlled by tetracycline-responsive promoter in the murine forebrain
does not evoke any phenotype except the retardation of axonal outgrowth in
primary prepared neurons (Wang et al., 2008; C. Xie, unpublished data).
Melrose and colleagues gave a preliminary comment in regard to a phenotype
by reporting that a BAC mouse (Bacterial Artificial Chromosome), expressing
human wild-type LRRK2 approximately 20-fold higher than the endogenous
levels do not exhibit any overt phenotype up to the age of 24 month (Melrose,
2008).

In contrast to these preliminary information, one year later the first published
mouse model overexpressing hLRRK2 has been reported to recapitulate
cardinal features of PD. In this analysis, BAC transgenic mice have been
utilized which overexpress human LRRK2, carrying the pathogenic R1441G
point mutation, on a level at least 5- to 10-fold higher than endogenous
murine LRRK2. These mice exhibit subtle motor symptoms like an age-
dependent reduction of rearing activity which could be partially rescued by
administration of the dopamine precursor levodopa (L-DOPA). On a functional
level, microdialysis experiments suggest a reduced striatal dopamine release.
Also minor pathological alterations like morphological abnormalities of TH-
positive dendrites could be observed (Li Y et al., 2009).

Later on, Tong and colleagues published a far more physiological model,
similar to the knock-in mouse model described later in this study. Also here,
the pathogenic R1441C point mutation is introduced into the endogenous
murine Lrrk2 gene. Up to an age of 2 years, no pathological signs of PD like
degeneration of the dopaminergic system, inclusion bodies or alterations in
the basal dopamine release could be observed in these mice. On the behav-
ioural level, in contrast to the wild-type controls, R1441C mice failed to

respond to amphetamine treatment. Since this psycho-stimulant has been
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shown to modulate the transport and release of dopaminergic vesicles
(Robertson et al., 2009), the authors looked closer into stimulated
catecholamine release in these mice and identified an alteration in the
dopamine autoreceptor D2 function. Quinpirol, a D2 receptor agonist, fails to
inhibit firing of DA-neurons in vitro and causes less reduced locomotor activity
in vivo, which suggests a general role of LRRK2 in dopaminergic neurotrans-
mission and especially in D2 receptor function (Tong et al., 2009). These
findings were supported by the most recent publications from Li and
colleagues, which compared transgenic BAC mice overexpressing either wild-
type hLRRK2 or the G2019S mutated form of hLRRK2. Both lines did show
differential alterations in regard to behaviour and dopaminergic transmission.
Nevertheless, also these mice did not display any pathological signs of neuro-
degeneration (Li et al., 2010). Nevertheless, for the kidneys of 20 month old
Lrrk2-defficient mice, Tong and colleagues recently did report perturbations of
the autophagy-lysosomal pathway (Tong et al., 2010).

Taken together, none genetically modified rodent models do recapitulate
virtually all features of PD. The desired key features would be the slow and
progressive loss of nigrostriatal dopaminergic neurons attended by
progressive motor dysfunctions; furthermore inclusion body pathology (Lewy
bodies, Lewy neurites, tau-pathology, neurofibrillar tangles). Until now, all
models are usefully to shed light on distinct features and mechanisms of the

disease, but up to this point no unifying disease model is available.
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4  Aim of the Study

The general scope of the present study was to create an additional PD
disease model for further exploring the aetiology of Parkinson’s disease and
to get closer insights into the physiological roles of the Leucine-rich repeat
kinase 2.

First of all, the murine expression pattern of both Lrrk2 and its paralog Lrrkl
was comprehensively analysed throughout the development from early em-
bryonic stages until in particular in the adult brain.

To exactly simulate the pathological mutation observed in Parkinson’s disease
patients, the corresponding c>t transition has been inserted into the endog-
enous murine Lrrk2 gene. After correct homologous recombination, the wild-
type exon 31 has been exchanged by the mutated and loxP-flanked form. The
generated mouse line was analyzed at different ages in regard to behavioural,
morphological and pathological changes. This initial analysis was mainly
focused on impairments, correlating to clinical motor and non-motor symp-
toms observed in Parkinson’s disease patients. Referring to this, parameters
like motor functions but also depression and anxiety-like behaviour or
olfaction has been studied comprehensively. Since in PD, mainly the dopa-
minergic system is affected, the histology was focused on that; nevertheless,
also some other routs have been followed in this analysis.

Furthermore, an existing knockdown mouse line, expressing a short hairpin
RNA directed against Lrrk2 has been utilized to analyze the effects of an
almost complete loss of LRRK2 protein in vivo. Also this mouse line, focusing
rather on the physiological functions of the protein, has been initially analyzed
in a similar way as the generated disease model. In addition, both mouse
models have been used as a source to investigate the cellular functions of
LRRK2. Both mouse embryonic fibroblasts (MEF) and primary cortical or
hippocampal neurons allowed studying in vitro distinct aspects like cytoskel-

etal stability, neurite outgrowth or exo- and endocytosis on a cellular level.
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5 Results

5.1 Comparative Expression Analysis of Lrrk1 and Lrrk2

5.1.1 Expression during embryonic development

In the initial stage of this PhD project, virtually nothing was known about Lrrk2
except the structure of the mRNA, the composition of its conserved domains
and of course its association with Parkinson’s disease (PD) (Zimprich et al.,
2004; Paisan-Ruiz et al., 2004). The pattern of expression is suggestive for
the physiological role of a protein. Therefore, a comparative expression ana-
lysis was performed for Lrrk2 and also for its highly conserved paralog Lrrkl
(Marin, 2006) in order to evaluate the possibility of redundancy of these two
proteins. Since we were interested particular in the role of Lrrk2 in PD, we put
the main emphasis on the expression in the brain of adult mice, but also the
embryonic development was taken into account. Because no high specific
antibodies suitable for immunohistochemistry (IHC) were available, we utilized
the technique of in situ hybridisation (ISH) with radioactive labelled RNA
probes (see 7.2.2.2). A set of different cDNA fragments based on the mRNA of
Lrrkl and Lrrk2 was designed and cloned via RT-PCR (Fig.7). To achieve a
maximum of specificity of these probes, overlapping stretches of about 800bp
were placed into the less conserved 5’ region of the Lrrk2 coding sequence,
avoiding cross reactivity with Lrrk1l and other ROCO proteins (see 3.4.1). The
longer 5 and 3’ UTRs of Lrrk1 allowed placing the probes mostly in these
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completely unconserved parts of the transcript. For both genes respectively,
all probes exhibited a similar pattern of expression and regions where only
Lrrk1 and not Lrrk2 (and vice versa) is expressed, indicate that the probes are
highly specific.

In early embryonic stages, the expression of Lrrk2 was additionally checked
via RT-PCR using primer pairs for Lrrk2 ISH probe 1 (see 9.2); postnatal brain
and adult kidney served as positive control. In virtually all stages and organs
beginning from ES cells till adulthood, qualitative expression of Lrrk2 mRNA
could be detected (Fig.8).
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Figure 8: Qualitative expression of Lrrk2 mRNA can be detected from early embryonic
stages onwards but on levels below the detection limit of radioactive in situ hybrid-
isation (ISH). Expression of Lrrk2 mRNA during early murine development. Semiquantitative
RT-PCR for Lrrk2 mRNA on different embryos and adult tissues (left). ISH for Lrrk2 mRNA in
the early gestation embryo at stage E7.5 (right). Both a brightfield picture (left) for anatomical
orientation as well as a darkfield picture (right) representing the ISH signal in white is de-
picted. Strong Lrirk2 mRNA expression can be observed in the parietal yolk sac (white arrow-
head) and in the decidua (white arrow). Scale bar represents 200um. Abbr.: A, amniotic
cavity; All, allantois; Ch, chorion; Dc, decidua; Ee, embryonic ectoderm; Em, embryonic
mesoderm; En, embryonic endoderm; ES, murine embryonic stem cell; Ex, exocoelomic
cavity; NORT, negative control; Pys, parietal yolk sac.

The earliest embryonic stage analyzed by in situ hybridisation was E7.5
(embryonic day 7.5). At this developmental stage only the surrounding mater-
nal tissue shows robust Lrrk2 expression (parietal yolk sac, decidua), whereas
in the embryonic tissue the expression is too weak to be detected even by the
highly sensitive radioactive in situ hybridisation (Fig.8). From E9.0 till E11.5
weak expression can be observed nearly ubiquitously embryo but rather not in
the neuroepithelium of the developing central nervous system (CNS). The
only stronger expression domain during these stages can be found in the
urogenital ridge (Fig.9, C, D).

Lrrk1l expression at E10.5 was shown at E10.5 by in situ hybridisation at

E10.5 and by RT-PCR (data not shown). Also in case of Lrrk1, the early
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Lrrk1 mRNA Lrrk2 mRNA

Figure 9: Both Lrrkl and Lrrk2 exhibit a largely overlapping albeit not similar expres-
sion pattern during embryogenesis in many different organs and structures from mid-
to late-gestation. Lrrk1 and Lrrk2 mRNA expression in the developing embryo of various
mid-gestation stages illustrated by radioactive in situ hybridisation (ISH). For each embryo,
both brightfield pictures (left) for anatomical orientation as well as darkfield pictures (right)
representing the ISH signal in white are depicted: Stronger Lrrkl mRNA levels at E10 can be
observed in the cephalic mesenchyme tissue in the inner layer of the optic cup (A, coronal; B,
horizontal), whereas Lirk2 mRNA can be found predominately in the urogenital ridge (white
arrow in C, coronal) but is, like Lrrk1, nearly absent from the developing CNS (D, sagittal). At
the embryonic stage E12.5, additional domains of high Lrrk1 expression are the epithelia of
nose and mouth and the inner epithelium of the intestine (E, sagittal); for Lrrk2 the choroid
plexus (white arrow) and the pituitary gland have to be mentioned (F, sagittal). Around E15.5
both Lrrkl and Lrrk2 are heavily expressed in the cephalic mesenchyme surrounding the
neuronal tissue of the CNS (G, H, sagittal), as well as in the choroid plexus (white arrows in
G an H). Also the lower jaw shows strong expression domains of both genes. Abbr.: Ao,
aorta; Cm, cephalic mesenchyme; Co, cortex; Cp, choroid plexus; Drg, dorsal root ganglia;
Fb, forebrain; Fl, forelimb; Ge, ganglionic eminence; Gu, gut; Hb, hindbrain; HI, hind limb; Id,
intervertebral disc; In, incisive; Jl, lower jaw; Ki, kidney; Li, liver; Lu, lung; Mb, midbrain; Nc,
nasal cavity; Oc, optic cup; Pe, pericardium; Pi, pituitary gland; PI, palate; Sc, spinal cord;
V4, fourth ventricle; VI, lateral ventricle. Scale bars represent 500um (A-D) and 1mm (E-H).

embryonic expression is widespread but the overall level seems to be higher.
The intensity of the lower-degree, more ubiquitous expression is comparable

to the Lrrk2 in situ hybridisation but you can find more regions with elevated
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levels of Lrrk1 mRNA: the inner layer of the optic cup (the future nervous layer
of retina), the cephalic mesenchyme tissue, the epithelia of nose and mouth
and the epithelium of the intestine (Fig.9, A, B).

By E12.5, besides the weak till moderate ubiquitous expression, Lirk2 starts
to be strongly expressed in the pituitary gland, developing incisive, in chondral
structures of the vertebrae, in the nasal bone, and in distal limbs. Further-
more, robust expression in parts of the developing kidney can be detected
especially in the medulla and around the distal excretory ductules. Inter-
estingly, no expression was observed in the embryonic nervous system;
however, starting from E12 onwards the choroid plexus displays a conspic-
uously strong expression (Fig.9, F).

Similar to Lrrk2, Lrirkl can not be detected in the developing central nervous
system except at a very low level in the choroid plexus. Misleading is the
strong expression of both genes in the tissue directly surrounding the CNS
which will built up the three layers of the meninges (dura mater, arachnoid
mater and pia mater), but these are no neural elements of the CNS. In
contrast to Lrrk2, strong Lrrkl expression levels can be detected in the devel-
oping inner ear, in and around the bronchia of the lung and transiently in the
pituitary gland (Fig.9, E).

Two days later, in developmental stage E14.5 the ubiquitous expression of
Lrrk2 is slightly diminished (Fig.10, A). The strongest expression can be
detected in the choroid plexus, around the nasal capsule, in the primordium of
upper and lower incisive tooth and in the chondral structures of the vertebrae
(Fig.10, B). Also very strong is the expression in the metanephric vesicles of
the kidney (Fig.10, C) and moderate expression in all other parts of the devel-
oping kidney and in the lung. In the kidney, the high expression level of Lrrk2
sustains until adulthood (data not shown). The strong expression in the
mesenchyme surrounding the forming distal limbs can also be seen from this
stage onwards; even better at around E15.5 (Fig.9, H). At that stage heart and
liver begin to exhibit signal which is probably caused by unspecific probe-
trapping in blood cells often observed using radioactive in situ hybridisations.
The general level of the Lrrk1 in situ hybridisation signal exceeds the
corresponding Lrrk2 level in these stages clearly. Expression in the choroid

plexus gets stronger till E15.5; the expression in the cephalic mesenchyme
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tissue, visible at E12.5, is still there but not so well defined as it is for Lrrk2. At
around E14.5 strong expression of Lrrk1 in the meninges surrounding the
developing brain and spinal cord is still present and continues to be
expressed until adulthood. At E15.5 strongest expression can be observed in
the epithelia of nose and mouth, especially in the region of the forming palate
(Fig.9, G). Furthermore at this stage, strong Lrrk1l expression can be detected
in the lung, in distal limbs and in the primordia of the teeth; one day later also
in tongue and kidney similar to Lrrk2. Interestingly, the tissue expression
patterns are similar, but distinct within the tissues. In the developing kidney for
example, Lrirk2 mRNA is more restricted to certain structures like the
metanephric vesicles than Lrrk1l. The same holds true for the expression in
the limbs, where Lrrk2 expression is more or less restricted to the area around

the forming bones (Fig.10).

Lrrk2 mRNA Figure 10: _
A detailed view onto the late-

gestation embryo reveals that Lrrk2
shows strong and distinct expres-
sion in various regions of organo-
genesis. ISH for Lrrk2 mRNA expres-
sion in the E14.5 embryo: A) The
overview sagittal section is depicting
strong expression in the choroid
plexus, in chondral structures of the
nasal capsule and intervertebral discs
as well as in the mesenchyme sur-
rounding the forming digits. B)
Detailed view of the lower jar reveals
strong Lrrk2 expression in the
primordium of upper and lower incisive
tooth. C) Detailed view of the develop-
ing kidney with strong expression in
the metanephric vesicles (white arrow). Abbr.: Co, cortex; Cp, choroid plexus; Df, forelimb
digit; Id, intervertebral disc; In, incisive; Ki, kidney; Li, liver; Lu, lung; Pi, pituitary gland; To,
tongue. Scale bars represent 2mm (A) and 250um (B, C).

S'vT3a

Taken together, the expression of both genes, Lrrkl and Lrrk2 exhibit a
largely overlapping expression pattern during embryogenesis in many differ-
ent organs and structures. Interestingly, both genes are not expressed in high
or even moderate amounts in the developing CNS, indicating that they may
not play major roles in the overall embryonic development of the murine

nervous system.
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5.1.2 Expression in the postnatal and adult brain

The first broad and robust Lrrk2 expression in neuronal tissue can be ob-
served in the murine brain around birth (postnatal day 0 or P0). Not only RT-
PCR can detect notable Lrrk2 mRNA expression (Fig.8), but also distinct in
situ hybridisation signal becomes visible in the CNS for the first time. The
levels of ubiquitous expression is not too prominent, but some domains,
specifically in the developing cortex, in the cerebellum and in the brain stem
show stronger expression (Fig.11, A). At P7, the overall expression level, but
also the levels in some distinct regions of the brain like in the striatum or,
transiently in the olfactory bulb, increases notably. During these first weeks,
on the one side, the expression domain in the cortex gets dorsoventral exten-
ded and stronger, whereas the level of Lrrk2 expression in the olfactory bulb
decreases slightly but is still higher compared to adulthood. Furthermore, in
the developing cerebellum, the widespread Lrrk2 expression narrows down to
the Purkinje cell layer. The expression in the caudate putamen (striatum) is

rather low, compared with the cortical domain (Fig.11, B).

Figure 11:
Lrrk2 mRNA Lrrk2 mRNA expression in neuronal

tissue can be observed for the first
time in the murine CNS around birth.
The ISH signal is increasing during
the postnatal development and
shows a predominately neuronal as-
sociation. Expression of Lrrk2 mRNA
depicted by ISH from earliest postnatal
stages onwards: A) At birth (P0O) weak
Lrrk2 expression is detected
ubiquitously; only the developing cortex
(white arrows), cerebellum and
brainstem show moderate to stronger
expression. B) At stage P7, levels in
forebrain structures like cortex, striatum
and olfactory bulb increases. Strong signal in the non-neuronal tissue of the choroid plexus
persists throughout development. C) A high magnification bright-field picture demonstrates
the association of ISH signal (black grains) predominately with the larger neuronal nissl
bodies (nuclei and ER) (white arrows) instead of the smaller glial nuclei (black arrows).
Abbr.: Bs, brain stem; Cb, cerebellum; Co, cortex; Cp, choroid plexus; Hi, hippocampus; Mb,
midbrain; Ob, olfactory bulb; Sc, spinal cord; St, striatum; Th, thalamus; Scale bars represent
2mm (A, B) and 50pm (C).

wnlelns

After three weeks, at postnatal day 21 the striatal expression has outrun the
cortical expression and is now one of the most outstanding expression

domain in the central nervous system besides the ones of in the piriform and
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visual cortices, olfactory tubercle, cerebellum and brainstem. To this time
point almost all expression domains have reached their adult levels. Only in
the olfactory bulb the amount of Lrrk2 mRNA is still slightly higher than ob-
served in adulthood (Fig.13, C).

In the adult mouse brain (older than 6 weeks), positive in situ hybridisation
signal can be detected ubiquitously in virtually all brain regions. Strongest ex-
pression is found in the forebrain and cerebellum. Conspicuously high expres-
sion is found in the piriform and visual cortex, olfactory tubercle, striatum and
amygdala (Fig.12, E, F and Fig.13, D). Interestingly the cortex exhibits an area-
specific expression of Lrrk2, with highest expression in the piriform and visual

forebrain midbrain

Lrrk2 mRNA

Figure 12: The expression of Lrrk2 in the postnatal forebrain is highly dynamic. In the
striatum, mRNA levels increase markedly in comparison to the cortex during postnatal
development. On the contrary, the substantia nigra in the midbrain depicts constantly
a quite low degree of expression (white arrows). Lrrk2 expression depicted by ISH on
coronal brain sections from postnatal and adult mice. Abbr.: Cc, corpus callosum; Co, cortex;
Cs, superior colliculus; Hi, hippocampus; Mb, midbrain; Ot, olfactory tubercle; Pc, piriform
cortex; Pn, parafascicular nucleus; Rn, red nucleus; Se, septum; SNc, substantia nigra pars
compacta; SNr, substantia nigra pars reticulata; St, striatum; Scale bars represent 1mm.
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cortex; however, strong expression can also be observed in the motor,
somatosensory, auditory and visual cortex (Fig.13, D). Furthermore, the
anterior olfactory nucleus as well as the hippocampus displays strong Lrrk2
expression. Herein, specifically the pyramidal cells of the hippocampus proper
(CAL1,2, and 3) are strongly labelled, whereas the dentate gyrus displays less
expression (Fig.12, F). Lrrk2 expression can also be found in the subventri-

cular zone (data not shown) - the second region of neurogenesis in the adult
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Figure 13: Expression of the Lrrk2-paralog Lrrkl is barely detectable in the postnatal
and adult mouse brain. Besides the non-neuronal meninges, only the olfactory bulb
depicts Lrrk1 mRNA expression. In contrast, on consecutive sections strong Lrrk2
expression can be detected in various regions throughout the postnatal and adult CNS.
Lrrk1l and Lrrk2 ISH in the 21 day old (A-C) and adult (D) murine brain: A) The according
sense-probe is used as a negative control in ISH experiments. B) Various Lrrk1-specific ISH
probes only detect mRNA expression restricted to the mitral cell layer and the meninges
(white arrows). C, D) Overview of Lrirk2 expression in the postnatal and adult murine brain.
Abbr.: An, anterior olfactory nucleus; Bs, brain stem; Cc, corpus callosum; Co, cortex; Com,
motor cortex; Cos, somatosensory cortex; Cov, visual cortex; Hi, hippocampus; Mb,
midbrain; Ot, olfactory tubercle; Pc, piriform cortex; Px, plexiform layer; Pn parafascicular
nucleus; Po, pons; Rn, red nucleus; Se, septum; SNc, substantia nigra pars compacta; St,
striatum; Th, thalamus; VI, lateral ventricle. Scale bars represent 2mm.
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rodent brain besides the hippocampus.

Going caudal from the thalamus to the midbrain, two very distinct domains
with high expression are the parafascicular nucleus and the red nucleus. The
area of the superior colliculus displays moderate expression. The dopamin-
ergic system of the midbrain, built up by the substantia nigra pars compacta
and pars reticulata as well as by the ventral tegmental area show only moder-
ate to lower levels of Lrrk2 expression (Fig.12, D, F and Fig.13, C). In the hind-
brain, we find the strongest in situ hybridisation signals in the Purkinje cell
layer of the cerebellum and in the pontine nuclei. Moderate expression can be
detected in the median raphe nucleus, reticulotegmental nucleus of the pons
and in the facial nucleus (data not shown). Altogether, the ubiquitous level of
Lrrk2 mRNA in the hindbrain is slightly higher than in midbrain. This general
pattern of expression sustains stable during adulthood; also in the brains of
aged wild-type mice up to 24 month, no significant differences neither in re-
gard to the pattern, nor to the level of expression could be observed (data not

shown).

Figure 14:
Lrrk1 mRNA A detailed view onto the adult

olfactory bulb depicts the only
neuronal expression of Lrrkl in the
mitral cell layer (white arrow). Lrrkl
mMRNA expression detected by radio-
active ISH in the adult CNS. Abbr.: G,
glomerular layer; Gr, granual layer; Me,
meninges; Mi, mitral layer; Px, plexiform
layer. Scale bar represents 500um.
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In contrast to Lrrk2, Lrrkl1 mRNA can not be detected in the early postnatal
brain. Only the meninges, surrounding the CNS exhibit a strong in situ hybridi-
sation signal. The rest of the CNS depicts if at all background staining similar
to the sense probe which serves as negative control (Fig.13, A, B). This holds
true until adulthood. Confirmation via RT-PCR from adult brain tissue reveals
almost no products in regions like striatum or ventral midbrain. Only in the
sample derived from cortical RNA, Lrrkl mRNA could be detected (data not
shown); it has to be assumed, that at least partially the strongly Lrrk1l expres-
sing meninges were accidentally dissected together with the rest of the tissue.

Later on, at around postnatal day 21 (P21) a single expression domain is
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showing up - the mitral cell layer of the olfactory bulb (Fig.13, B and Fig.14);
this holds true until adulthood.

Taken together, after birth the expression of Lrrk2 becomes detectable within
neuronal tissue in the CNS and increases during the early postnatal develop-
ment of the rodent brain. Conspicuous is the strong increase in expression in
the striatum and cortex and the remaining low expression in the midbrain -
specifically within the substantia nigra and the ventral tegmental area. In con-
trast to Lrrk2, Lrrkl is barely detectable in the adult mouse brain and limited to
a cell layer in the olfactory bulb where no prominent Lrrk2 expression can be

found.

5.1.3 LRRK2 protein expression in the adult CNS

In the course of this work, a whole variety of different commercial and non-
commercial antibodies directed against LRRK1 and LRRK2 protein were
tested in different immunohistochemistry (IHC). Despite of using several
different modi of tissue preparation, antigen retrieval and detection, nearly all
antibodies depicted either no or ubiquitous protein distribution in the adult
murine brain and thereby failed to proof their specific binding to LRRK2 in
histochemistry (Fig.15). Weak cellular staining in Lirk2 mRNA expressing
regions of the adult CNS could be obtained by using the commercial polyclonal
antibody NB300-267. On knockdown tissue, IHCs resulted in moderate
reduction of the staining suggesting at least partial specificity (data not shown);
nevertheless, these results could not be confirmed with later batches of the
antibody.

However, to determine the expression of LRRK2 in the adult brain also on the
protein level, we used instead Western blot analysis on total protein lysates
prepared from different brain regions. For this, the polyclonal antibody 1E11
(produced by Elisabeth Kremmer) which has been shown to be highly specific
in Western blot analysis (Gloeckner et al., 2009) was used on total cell lysates
prepared from nine regions of the adult brain. Subsequent quantification and
normalization to beta-tubulin levels revealed that the pattern of protein expres-
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Antibody: Tested in: Staining on Tissue: Specificity:
name protein epitope provider wild-type | knockdown
AP7098a Hs-LRRK1 n-terminus Abgent Antibodies IHC-P, IHC-Fr no n.d. no
AP7098b Hs-LRRK1 c-terminus Abgent Antibodies IHC-P, IHC-Fr no n.d. no
1E11 Hs-LRRK2 n/a E. Kremmer (HMGU) IHC-Fr no n.d. no
SC-48736 Mm-Lrrk2 n-terminus Santa Cruz Biotechnology |IHC-P, IHC-Fr, ICC yes yes no
NB300-267 Hs-LRRK2 aa 900-1000 Novus Biologicals IHC-P, IHC-Fr, ICC yes reduced partially
ab60154 Hs-LRRK2 aa 260-300 Abcam® IHC-P, IHC-Fr no n.d. no
4A7 Hs-LRRK2 n/a E. Kremmer (HMGU) IHC-Fr no no no
NoB7 Hs-LRRK2 n/a E. Kremmer (HMGU) IHC-Fr no no no
4D1 Hs-LRRK2 n/a E. Kremmer (HMGU) IHC-Fr yes yes no
11D7 Hs-LRRK2 nla E. Kremmer (HMGU) IHC-Fr no no no
3F1 Hs-LRRK2 nla E. Kremmer (HMGU) IHC-Fr yes yes no
13G5 Hs-LRRK2 nla E. Kremmer (HMGU) IHC-Fr yes yes no
12H2 Hs-LRRK2 n/a E. Kremmer (HMGU) IHC-Fr no no no
LS-C96473 Hs-LRRK2 aa 2200-2500 LifeSpan Biosciences icc no n.d. no
MJFF-1 (C5-8) Hs-LRRK2 aa 970-2527 G. Piccoli (IHG, HMGU) IHC-Fr no no no
MJFF-2 (C41-2) Hs-LRRK2 aa 970-2527 G. Piccoli (IHG, HMGU) IHC-Fr no no no
MJFF-3 (C69-6) Hs-LRRK2 aa 970-2527 G. Piccoli (IHG, HMGU) IHC-Fr no no no
MJFF-4 (C81-8) Hs-LRRK2 aa 970-2527 G. Piccoli (IHG, HMGU) IHC-Fr no no no

Figure 15: A variety of commercial and non-commercial antibodies failed to detect
LRRK1 and LRRK2 protein on their endogenous levels in immunohistochemistry (IHC).
List of antibodies tested for IHC in the course of this work. Only the LRRK2-directed antibody
NB300-267 did show a moderate reduction on knockdown tissue suggesting at least partial
specificity. Any cellular staining on wild-type tissue (adult brain; in some cases also embryonic
tissue) is indicated in green; similar and non-reduced staining on LRRK2 knockdown tissue is
indicated in red. Abbr.: aa, amino acid position in the LRRK2 protein; HMGU, Helmholtz-
Zentrum Munchen; ICC, immunocytochemistry on primary neurons; IHC Immunohistochemistry
on -Fr, free floating cryo sections (-Fr) or on paraffin sections (-P); n/a, not applicable; n.d. not
determined.

sion fits quite well to the pattern observed by radioactive in situ hybridisation
(ISH). The highest levels of Lrrk2 mRNA and protein could be detected in
cortex and striatum by both approaches. But strikingly, while ISH did show a
higher relative level of Lirk2 mRNA in the striatum compared to cortex (e.qg.
Fig.12, F), on the protein level it was the other way around. To obtain
guantitative data in regard to mRNA levels, we performed quantitative real-
time PCR. Therefore, for preparing total RNA, we were utilizing the contra-
lateral site of the very same brain samples which have been used for Western
blot analysis. The levels of Lrrk2 mRNA measured by gPCR did also match
quite well to the ISH data. Nevertheless, by comparing the relative percent-
ages of mRNA and protein, we detected a big discrepancy between these
levels in the striatum where 32.9% (+6.2%) of the total Lrrk2 mRNA but only
17.6% (x4.0%) of LRRK2 protein of the adult CNS is expressed. This indi-
cates an excess of 1.8-fold of mRNA if we assume a close to 1:1 correlation
of the relative protein and mRNA levels throughout the brain. A higher mRNA
excess could only be observed in the brain-stem (2.25-fold) but on a far lower

38



45

0 [ Lrrk2 mRNA

I [ Lrrk2 Protein B
35
1
30 T
|
- | | |
1
20 L LT
|

15 I

relative expression in the adult brain [%)]

5 | | ﬁﬁ '
0.8
0 [__jOO‘140229‘196272‘32.917.6‘6.1 11.6‘39 40‘48 5.2‘115 b o

22 53 63 1S o8 ¢ § £ o E £ E
© 3 T £ T £ = Qa5 ©-= © 53 ©Q
= O q)L q):_ — o = © — QO = i~
5] 5 2o < 2 T2 o O 90
© c O o9 O = < S o o
5 @ Q ® o o =
o e & S

(V)] | |

W 15

8

>< 1

()

< o5

Z

T o

< il =

© .05

=}

e 4

Figure 16: Relative Lrrk2 mRNA and protein levels correspond in most regions of the
adult mouse brain; nevertheless, especially in the adult striatum and brain stem, a
conspicuous excess of mMRNA could be observed. This was taken as a hint for a
possible posttransscriptional regulation of Lrrk2 expression in distinct regions of the
CNS. Results from quantitative real-time PCR and Western blot quantifications in various
brain regions. To allow the comparison of both LRRK2 mRNA and protein, in both cases the
sum of all individual levels were set to 100%. The fold of MRNA excess (mRNA/protein [both
in percentage of total brain levels]) of each brain region is indicated below. For detecting Lrrk2
MmRNA and protein respectively, the anti-LRRK2 antibody 1E11 and the TagMan® gene
expression assay for murine Lrrk2 (Mm00481934_m1) have been used.

level (6.5%+1.0% of mMRNA, compared to 2.9%+0.1% of protein). Since the
population of the medium spiny neurons (MSNSs) in the striatum do exhibit
rather local projections compared for example with the long projecting dopa-
minergic or serotonergic neurons of the midbrain, a possible transport of
LRRK2 protein out of the stiatum seems to be unlikely to explain the observed
discrepancies. Instead we assume a posttranscriptional regulation of Lrrk2 in
the striatum via specific microRNAs and are currently working to prove this

hypothesis.
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5.1.4 Lrrk2-expressing neuronal subtypes in the striatum
Focusing on the most interesting and pronounced Lrrk2 expression domain -
expressed. The radioactive in situ hybridisation allows discriminating between
neuronal, glial and endothelial cells by their different morphology in the Nissl
counterstaining (Love et al., 2008). Based on this, we observed Lrrk2 to be
expressed predominantly in neurons and to a small amount in glial cells
(Fig.11, C). Since the striatum is the major target of the dopaminergic neurons
in the substantia nigra affected in PD, the identification of dopaminoceptive
neurons expressing Lrrk2 in this region is of relevance. To get more informa-
tion about the actual subtypes of neurons, we performed nonradioactive in
situ hybridisation, either with a fluorescent or a nonfluorescent precipitate as
signal, followed by fluorescent immunohistochemistry for different marker
genes of the dopaminoceptive neurons (see 7.2.2.3 and 7.2.2.4). This more
elaborate technical set-up was necessary since we could not perform double
immunohistochemistry (see 5.1.3, Fig.15).

First of all we could confirm the predominant neuronal expression of Lrrk2 by
showing a very high, but not total overlap of strong Lrirk2 mRNA expressing

cells with the broad neuronal marker NeuN (Neuronal Nuclei antigen) in the

A

OHI

NeuN

Lrrk2 mRNA

DARPP-32

Figure 17: Lrrk2 mRNA in the striatum is expressed in the dopaminoceptive medium
spiny neurons. Furthermore, Lrrk2 mRNA expression colocalizes only partially with
dopamine receptor-D1 (DR-D1) or DR-D2-positive neurons respectively, indicating a
role in both the direct as well as the indirect pathway of the basal ganglia circuit. A)
Double in situ - and immunohistochemistry (ISH-IHC) results: A) ISHs using a fluorescent
precipitate to depict Lrrk2 mRNA in red followed by IHCs either against the pan-neuronal
marker NeuN or the medium spiny neuron (MSN) marker DARPP-32. B) ISHs using a non-
fluorescent precipitate to depict Lrrk2 mRNA in black followed by IHCs against the two main
dopamine receptors. Quantification revealed that 69.02% + 0.4% DR-D1 positive and 60.3% +
3.7% DR-D2 positive cells heavily coexpress Lrrk2 mRNA.
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adult cortex (Fig.17). The dopamine and cAMP regulated phosphoprotein 32
(DARPP-32) also named PPP1R1B was used as a marker for the medium
spiny neurons (MSNSs) in the striatum (Hemmings and Greengard, 1986)
which are the main target cells for the dopaminergic neurons of the nigro-
striatal pathway. Virtually all striatal cells which highly express Lrrk2 mRNA
are positive for this integrator of dopamine signalling, indicating that in
dopaminoceptive neurons the level of LRRK2 is conspicuously elevated. This
notion was supported by double in situ - and immunohistochemistry (ISH-IHC)
using antibodies against the two predominant dopamine receptors DR-D1 and
DR-D2.

For quantification we used an approach with a nonfluorescent precipitate as
an in situ hybridisation signal, which is less sensitive but gives also less back-
ground (Fig.17). High, but interestingly not complete overlap of expression is
found for striatal neurons with high Lrrk2 mRNA expression. 69.02% (+0.4%)
of all DR-D1 positive cells and 60.3% (+£3.7%) of all DR-D2 positive cells are
heavily expressing Lrrk2 mRNA. From this, we can conclude that indeed Lrrk2
is expressed in both dopaminoceptive populations of the medium spiny
neurons in the striatum, thereby possibly affecting both the direct and indirect

pathway within the basal ganglia circuitry.

52 Generation of the Lrrk2 R1441C knock-in mouse line

The idea behind this mutant mouse line is to create a model for Parkinson’s
disease by inserting the first in patients identified pathological point mutation
R1441C into the endogenous murine Lrrk2 gene. This missense mutation in
the Roc-GTPase domain is leading to an amino acid substitution from basic

arginine to hydrophilic cystein.

LRRK2 Mus muscullus (NM_025730.3) KLMIVGNTGSGKTTLLQQLMKMKKPELGMQGATVG IDVRDWS1QIRGKRRKDLVLNVWDFAGR 1398
LRRK2 Homo sapiens (NM_198578.3) KLMIVGNTGSGKTTLLQQLMKTKKSDLGMQSATVG IDVKDWP1QIRDKRKRDLVLNVWDFAGR 1398

- kkkk =k KAkk hk - = kkkkk ke k ok Ak

LRRK2 Mus musculus (NM_025730.3) EEFYSTHPHFMTQRALYLAVYDLSKGQAEVDAMKPWLFNIKARASSSPVILVGTHLDVSDEKQ 1461
LRRK2 Homo sapiens (NM_198578.3) EEFYSTHPHFMTQRALYLAVYDLSKGQAEVDAMKPWLFNIKARASSSPVILVGTHLDVSDEKQ 1461

Figure 18: The vicinity of the R1441C mutation site is completely conserved between
Homo sapiens and Mus musculus. Protein alignment (ClustalW?2) of the human LRRK2
Roc-GTPase domain with its murine homologue (amino acids 1335 to 1461 based on the
specified transcripts). The PD-associated arginine-residue 1441 is indicated in orange.
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The LRRK2 protein is highly conserved between mouse and human (Marin,
2006) and especially the vicinity of residue 1441 is 100% identical between
those two species (Fig.18). Therefore, it is possible to simulate the molecular
effects of this point mutation in the endogenous locus, avoiding the

exogenous expression or overexpression of a mutated human transgene.

5.2.1 The Lrrk2 R1441C knock-in targeting strategy

The strategy to insert the transition c>t in the first position of the second
codon of exon 31 leading to the pathogenic missense mutation R1441C was
planed and designed in a collaboration with Dr. Holger Prokisch from the
institute of human genetics of the Helmholtz Zentrum Munchen. The targeting
construct was generated by the DNA engineering company Gene Bridges®
utilizing Red®/ET® recombination out of a BAC clone into the targeting vector.

A

endogenous
2728 29 30 31 32 33 locus

goaoc I H I H 1000

transition . .
oot .
B ’ : : * targeting
27 28 2930 loxP | loxP/FRT  FRT 32 33 vector

DDD:‘%DDD
—> | >

5'HOM arm (3.9 kb)"'-._ mut. exon31 3' HOM arm (6.4 kb)
C Exon30 i Exon 31
-.aat atc aag|gct cgt gcc tct tct...
N 1 K| A R A S S

..aat atc aag|gct tgt gcc tct tct...
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Figure 19: The Lrrk2 R1441C knock-in targeting strategy is based on the homologous
recombination of the point-mutated loxP-flanked exon 31 followed by a selection
marker into the endogenous Lrrk2 locus. A) Part of the endogenous genomic Lrrk2 locus
with its exons 27-33. B) The genomic locus after integration of the targeting construct (red)
consisting of the 5’- and 3’-homology arm (HOM arm), the loxP-flanked exon 31 bearing the
transition ¢ > t, followed by the FRT-flanked neomycin resistance cassette. C) The wild-type
and mutated mRNA and protein sequences indicating the resultant missense mutation
R1441C.
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The resulting vector pKnock-In Park8 (see 9.1, Fig.59) consists of the 5'-
homology arm of about 3.9 kb length spanning the Lrrk2 genomic region from
introns 26 till 30; then follows exon 31 with the single nucleotide substitution
inserted by site-directed mutagenesis and flanked by two loxP (locus x-over
P1)-sites in the adjacent intronic sequences. Subsequently follows a FRT site
flanked neomycin resistance cassette and the approximately 6.4 kb long 3’
homology arm which ends in intron 33 (Fig.19).

After correct homologous recombination, the endogenous wild-type exon 31 is
exchanged with the mutated and loxP-flanked form. In addition, the length of
intron 31 increases by approximately 2 kb due to the insertion of the neo-
mycin resistance cassette (Fig.19, B). By means of FLP-FRT recombination it
would be possible to remove the inserted neomycin resistance cassette after
it is utilized as selection marker in the procedure of ES clone screening (Zhu
& Sadowski, 1995).The loxP sites in contrast allows removing the whole exon
31 site- and time-specific by Cre-lox recombination (Metzger & Chambon,
2001). Since it is composed out of 219 bases, the removal of this exon will not
lead to a frameshift but to the deletion of the C-terminal part of the ROC-
GTPase domain and in consequence to the disruption of the GTPase activity

of the protein.

5.2.2 Generation of Lrrk2 R1441C transgenic ES cells

Prior to the electroporation of the construct, the targeting vector has to be
linerarized to support its recombination. For this, the restriction enzyme Ppi |
was used in most cases (see 9.1, Fig.59). Altogether four electroporations into
cells from the embryonic stem cell line TBV2 derived from 129SV/J mice,
were performed. Therefore, 1-10° cells were mixed with 120 pg of the linear-
ized plasmid pLrrk2-knock-in and electroporated with a single electric pulse
for 0.1 msec with 0.8 kV and 3 pF. After every successful run, the cells were
positively selected by the Neomycin analogue Geneticin (G418). Clones sur-
viving the treatment with 150 — 200 pg/ml of the antibiotica in ES culturing
medium for six to eight days, were picked and expanded, now again without
selection, on multi-well dishes. Several copies of these plates were generated

for both genomic DNA isolation and transient storage of the cells in liquid
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Figure 20: Schematic illustration of the Lrrk2 R1441C 3’-Southern blot principle used to
verify correct recombination in ES cell clones. A) The probe Lrrk2KI 3'-SB (red) does
recognize a 12.1kb big fragment created by Bgl Il digestion. B) After insertion of the Lrrk2
knock-in construct, an additional Bgl 1l restriction site in the neomycine resistance cassette
shortens this fragment to 7.5 kb, which allows to discriminate between the wild-type and
R1441C allele. The corresponding 5’ Southern blot principle is illustrated in 7.2.1.5, Fig.55.

nitrogen. The prepared DNA of the clones were then screened via Southern
blot analysis for homologous integration of the targeting vector using Bgl Il to
digest the genomic DNA, and by using the Southern blot probe Lrrk2KI 3'-SB
located upstream of the 3’ homology arm (Fig.20).

Altogether seven ES cell clones out of about 600 to 700 screened clones
could be identified to be correctly recombinant (Fig. 21). Checking the recom-
bination via 3’-Southern blot, only the correct integration of those parts of the

vector between the 3’ end of the homology arm and the Bgl Il restriction site

‘ 3’- Integration in ES cells |

\ Yy ¥

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22

12 kb - ”

o il 4 o ... -,

7.5kb - ‘

(mut)
Figure 21: In total seven ES cell clones have been identified for positive 3'-integration.
For four of the clones, a complete homologous recombination could be verified and
were used for blastocyst injection. Identification of transgenic ES cells via Southern blot
using the probe Lrrk2KI 3'-SB. Positive heterozygous clones (arrows) do show both wild-type

(12 kb) and mutant bands (7.5 kb) at a comparable level of intensity indicating a true-positive
result. Principle and fragment sizes are depicted in Fig.20.
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can be verified. To ensure, that no crucial parts of the construct are missing
due to incomplete recombination, all positive clones had to be checked also
for correct 5’-integration by another Southern blot assay. For four out of seven
clones, this 5’-Southern blot (see 7.2.1.5, Fig.55), using the probe Lrrk2KI 5°-
SB on Spe | digested DNA (data not shown), confirmed correct integration.
Those four recombinant embryonic stem cell clones have then been thawed,

expanded and prepared for blastocyst injection.

5.2.3 Generation of the Lrrk2 R1441C knock-in mouse line

Embryonic stem cells from all these four clones were injected into C57BL/6
derived blastocysts and transferred into pseudopregnant CD-1 foster mothers.
Three of the clones gave rise to in total four chimeric mice (C1-4). They have
been classified on the basis of their fur colour being between 30% and 100%
chimeric (C1°°"C7: 30%; C2 ©°"C7: 30%%; C3 ©°"¢C¥2: 9os: C4 ©°"eFb: 100%).
Every hair follicle which arouse from a wild-type cell, will create a black (a/a),
every follicle from a transgenic cell an agouti (A"/a) coloured hair. Since more
agouti fur colour indicates, that more transgenic cells contributed to this
particular mouse, the probability that a high-degree chimera will give birth to a
transgenic offspring is higher respectively. This germ line transmission,
standing for the event that an embryo originates from either a transgenic
sperm- or egg-cell, occurred for three of the four chimeras and was confirmed
not only by Southern blot but also by PCR and sequencing (Fig.22).
Genotyping via PCR, in this case was based on three different reactions. With
at least one wild-type allele as template, reaction Exon31-WT will generate a
900bp product stretching from intron 30 to intron 31. In case of integration, the
size would have to increase to more than 3 kb, since it now contains the neo-
mycin cassette. Due to the competition with the much shorter wild-type frag-
ment (Raeymaekers, 2000), this product can efficiently only be amplified in
homozygote state - like here in the positive control using the vector pLrrk2-
knock-in (=pKnock-In Park8) as template. Exon31-Neo uses the very same 5’
primer but now in combination with a 3’ primer located in the neomycin cas-

sette giving rise to a 1 kb product. The amplification of the 800 bp product
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loxP-site

TCCCCGATAACTTCGTATAGCATACATTATACGAAGTTATGCTAGCAGATCTGAAACAGGAAGTGTCTTGTCTCTGTTCCCTTAG!
TCCCCGATAACTTCGTATAGCATACATTATACGAAGTTATGCTAGCAGATCTGAAACAGGAAGTGTCTTGTCTCTGTTCCCTTAGK
TCCCCGATAACTTCGTATAGCATACATTATACGAAGTTATGCTAGCAGATCTGAAACAGGAAGTGTCTTGTCTCTGTTCCCTTAG!
TCCCC G AGGAAGTGTCTTGTCTCTGTTCCCTTAG!

R1441C Exon 31

CTTGTGCC|
CTTGTGCC|
CTTGTGCC|
CTCGTGCC|

FCTTCTTCCCCGGTGATTCTGGTGGGCACACATTTGGATGTTTCTGAT
FCTTCTTCCCCGGTGATTCTGGTGGGCACACATTTGGATGTTTCTGAT
FCTTCTTCCCCGGTGATTCTGGTGGGCACACATTTGGATGTTTCTGAT
FCTTCTTCCCCGGTGATTCTGGTGGGCACACATTTGGATGTTTCTGAT

R

Figure 22: The final verification via PCR and sequencing of the first obtained Lrrk2
R1441C knock-in mice could demonstrate the perfect accuracy of the integration and
confirms the germ-line transmission event. A) Schematic illustration of the Lrrk2 R1441C
locus in wild-type (upper) and mutated form (lower). The different amplicons used for geno-
typing are indicated in red. B) The corresponding PCR results using either wild-type DNA, the
targeting vector pKnock-In Park8, DNA of the identified ES cell clone F6 or DNA form the first
4 animals (B1-4) as template, confirmed the germ-line transmission event. C) Sequencing
results from two mutant mice (B1 and B4) in comparison with the sequences of the targeting
vector pKnock-In Park8 and of the wild-type Lrrk2 locus confirms the correct integration of the
construct (see 9.1, Fig.60).

Neo served as additional control. Figure 22 b demonstrates germline trans-
mission for the mice B1, B3 and B4. The PCR products Exon31-WT and
Exon31-Neo respectively, were used for sequencing. Thereby, the presence
of the point mutation and the total integrity of both loxP sites could be
confirmed (Fig.22, C).

The R1441C Lrrk2 knock-in mice display no obvious initial phenotype. Hetero-
zygote and homozygote carriers of the R1441C point mutation can not be
discriminated from their wild-type littermates in respect to size, viability and
home cage behaviour. Breeding heterozygote males and females, the
genotypes of the animals display a normal Mendelian ratio (n=230) Thus,
viability of mutant mice is not reduced. Fertility of the mutant mice, litter size

and gender distribution is also not altered (data not shown).

5.3 The Lrrk2 knockdown mouse line

In addition to the R1441C knock-in mouse line, Doctor Ralf Kiihn provided us
with a further Lrrk2 mouse model — the Lrrk2 knockdown mouse utilizing

RNAi-mediated gene silencing of the target gene (Kihn et al., 2007; Deli¢ et
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al., 2008). Initially, a pgk-promoter driven hygromycine cassette, flanked by
attP recognition sites for ®C31 integrase (Groth et al., 2000) has been
integrated into the ROSA26 locus by homologous recombination to obtain the
ROSA26 acceptor. The thereby modified cell line could be easily modified to
generate the Lrrk2 knockdown line, by exchanging the hygromycine resist-
ance cassette with the short hairpin directed against Lrrk2 (shLrrk2) (Fig.23,
a), which is also flanked by attP sites, via receptor mediated cassette
exchange (RMCE) (Hitz et al., 2007).

Selection for recombinant clones could be performed through the newly
added Neomycin resistance. The expression of the shLrrk2 construct is driven
by the RNA polymerase Ill promoter U6. The short hairpin consists of a 23
base pair long sense-, followed by a short spacer and the antisense motive,
complementary to the target region of the Lirk2 mRNA. After transcription, the
RNA folds into a stem-loop and forms a short hairpin. Just like the endo-
genous microRNAs (miRNA), also the shRNA is processed by the enzyme
Dicer into double stranded siRNA. In this conformation, it will be incorporated
into the RISC complex (RNA-induced silencing complex) together with the
target mMRNA, leading to its rapid degradation (Lee et al., 2002; Meister and
Tuschl 2004).

ROSA26 Figure 23:
IDG3.2 cells Liranstection As a loss-of function mo<_jel, the
, ».,..,.anp @ Ik;rrk2 kn(()jCk?r?'Wn hmotUﬁe' Ime Rhl\?i
. een used. This short hairpin

_ i (shRNA) expressing line displays a
IDG3.2-Rosal0Hygro clones 5.. 2.transfection@ LRRK2 reduction by more than 95%
a - on the protein level. Strategy and
_-_H Neo serrkzkl— verification of the Lrrk2 knockdown
IDG3.2-Rosa10NEo clones I mouse: a) Integration of a pgk-
promoter driven Hygromycine cassette
b (Hygro), flanked by attP recognition
Brain Kidney Dilution sites into the ROSA26 locus (upper
shirk2 WT |shirk2 WT || 100pg 50pg 30pg  10ug line) by homologous recombination
generates the ROSA26 acceptor (mid-
- W - L™z | |ing). Exchanging this cassette with the
= |l short hairpin directed against Lrrk2
(shLrrk2) by RMCE to generate the
Lrrk2 knockdown line (lower line). b)
Verification of the knockdown efficiency in the adult mouse brain and kidney via Western blot

analysis using the LRRK2-directed antibody 1E11 (courtesy of Dr. Ralf Kuhn).
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The in vivo functionality and efficiency of the Lrrk2 knockdown mice has been
verified by Western blot analysis of brain and kidney lysates derived from both
young and one year old Lrrk2 knockdown animals (Fig.23, b). The knockdown
efficiency in the brain exceeds 90% to 95% on the protein level in hetero-
zygous mice carrying one allele the Lrrk2 targeting shRNA in the ROSA-26
locus (Delic¢ et al., 2008).

This mouse line gave us the opportunity to study complementary to the
putative gain-of function effect of a pathogenic point mutation, also the effects
of an almost complete loss of LRRK2 protein in vivo. Just as well as the
R1441C Lrrk2 knock-in mice, also the Lrrk2 knockdown animals display no
obvious initial phenotype. Neither the size, viability and home cage behaviour
of the mutant mice seems to be altered nor the fertility and litter size (data not

shown).

5.4  Functional analysis of the Leucine-rich repeat kinase 2

Genetically modified mouse models are not only useful to study the effects of
these alterations in vivo in the context of a complex animal, but also to ana-
lyze isolated tissue or single cells ex vitro or in vivo. Since basically nothing
was known about the physiological function of LRRK2 protein, we decided to
start an in vitro analysis, looking for cellular and molecular changes in
different cell lines derived from our Lrrk2 R1441C knock-in mouse model as

well as from Lrrk2 knockdown mice.

5.4.1 Analysis of Lrrk2 R1441C mouse embryonic fibroblasts

Murine embryonic fibroblast cells (MEF) are a suitable system for basic
approaches, since they are easy to handle in regard to preparation, im-
mortalization and long-term cultivation. After having confirmed that Lrrk2
MRNA is expressed in fibroblasts (data not shown) embryonic fibroblasts from
wild-type, heterozygote and homozygote E12.5 littermates were prepared and
immortalized using the 3T3 protocol, which is based on the continuous pas-
saging of the cells until after 20 to 30 generations a spontaneous immortalized

cell line is established (see 7.2.3.1).
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Genotyping of the lines was performed from DNA prepared from the cells
itself by southern blot. In addition, we studied and compared the expression of
wild-type and R1441C point mutated Lrrk2 by RT-PCR based on RNA
prepared from the different fibroblast lines. An amplified cDNA stretch of
730bp, containing exon 31, can be digested by the restriction enzyme BssSI
into two fragments (480 bp and 250 bp) if the recognition site is not mutated
by the R1441C mutation. In the heterozygote state (Fig.24; A, b), both the
mutated 730 bp fragment and the two wild-type fragments are present in
comparable quantity. This result indicates that the inserted point-mutation has

no effect onto the expression level and stability of the Lrrk2 mRNA.

A)  Lrrk2 R1441C knock-in MEFs B H20z induced cell death
a mutation site
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Figure 24: The Lrrk2 R1441C mouse embryonic fibroblast (MEF) lines correctly express
the wild-type and mutated alleles of Lrrk2 on comparable levels and do not show signi-
ficant differences in regard to general cell viability and oxidative stress-resistance. A)
Verification of the Lirk2 R1441C knock-in MEF cell lines: a) The inserted c>t transition in the
first position of the second codon of exon 31 disrupts a BssSI restriction site within a 730bp
long cDNA amplicon. b) Digestion of the cDNA subsequent to RT-PCR results either in
complete digestion of both alleles into a 250bp and a 480bp fragment in the wild-type
situation (WT), no digestion in the homozygote (HOM) or a partial digestion in the hetero-
zygote (Het) situation. B) Viability of wild-type and Lrrk2 knock-in MEF cells under oxidative
stress. Cells were treated with a gradient of hydrogen peroxide for 16 hours: Viability at 0.05
mM H,0,: wild-type 100.0% * 3.5%, R1441C 100.0% * 3.6%; 0.2 mM: wild-type 94.7% +
4.2%, R1441C 100.0% + 3.6%; 0.5 mM: wild-type 94.7% + 1.4%, R1441C 97.4% + 7.0%; 1
mM: wild-type 42.1% * 7.1%, R1441C 46.2% + 7.0%.

Already during the course of establishing these cell lines, no overt differences
in regard to cellular morphology, and general viability could be observed (data
not shown). Therefore we applied an additional challenge in order to detect

possible slight differences with respect to viability. Hydrogen peroxide is often
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used to mimic oxidative stress and to study the resistance of cells to oxidative
stress induced cell death in vitro (Takahashi-Niki et al., 2004, Gorner et al.,
2007). We gquantified the rate of cell death, induced by rising levels of H,0O-
over a time period of 16 hours. Viability was assessed by reduction of
adherent cells compared to untreated control and by morphological changes
like disruption of the cytoskeleton network, rounded shape of the cell or
fragmentation of the nucleus. In these conditions, until a hydrogen peroxide
concentration of 500 uM both wild-type and Lrrk2 knock-in MEF cells showed
only a slight decrease of relative viability in the range of 5% with a slight but
nonsignificantly higher viability in the R1441C knock-in cells especially
pronounced at a concentration of 200 uM (wild-type 94.7% * 4.2%, R1441C
100.0% * 3.6%; Student’s t-test: p=0.19). Subsequently, the viability dropped
dramatically around 1 mM H,O,; a higher degree of variability within the
cultures but no significant differences between the two genotypes could be
observed. (Fig.24, B).

Recently published data indeed suggest a higher vulnerability to oxidative
stress of different cellular systems by the overexpression of Lrrk2 bearing the
pathogenic mutation G2019S. Toxicity and ROS (reactive oxygen species)
production is slightly increased by the mutated kinase domain compared to
wild-type protein (Heo et al., 2010, Saha et al., 2010). Thereby, since our data
could not proof an enhanced vulnerability to oxidative stress, distinct
mechanisms of the G2019S mutation in the kinase domain and of the R1441C
mutation in the GTPase domain or a general effect of the LRRK2 expression
level has to be assumed.

5.4.2 The cytoskeleton in Lrrk2 R1441C cells

Based on this initial result which indicates rather distinct roles of the different
pathogenic forms of LRRK2, we concentrated our functional analysis onto
unique features of the Roc-GTPase domain which is affected by the R1441C
point mutation. One of the first published interactions of LRRK2 protein
showed the putative binding of alpha- and beta-tubulin heterodimers to the
Roc domain of LRRK2 (Gandhi et al., 2008). In addition, it is known that the

cytoskeleton structure is highly affected in several neurodegenerative
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diseases (Benitez-King et al., 2008). Therefore we decided to take a deeper
look onto the cytoskeleton and in particular onto the microtubular network in

Lrrk2 knock-in cells.

5.4.2.1 Basal stability of the cytoskeleton network

Immunocytochemistry for different cytoskeletal marker like beta actin and
alpha tubulin did not reveal any differences in the network architecture
between wild-type and Lrrk2 knock-in MEF cells in untreated conditions
(Fig.25, A). Qualitatively the density of either actin or tubulin polymeric fibres,
the length of individual fibres or their distribution within the cell seemed to be
normal. Also under mild oxidative stress, induced by hydrogen peroxide (500
MM for 16hours), no prominent differences in the reaction of the microtubular

network could be observed (see 5.4.1; data not shown).
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Figure 25: The analysis of the cytoskeletal architecture in Lrrk2 R1441C mouse embry-
onic fibroblasts (MEFs) exhibit no significant alterations in the drug-stability of the
microtubular cytoskeleton. A) The cytoskeleton structure in MEF cells: Actin and Tubulin
network in untreated cells do not show genotype differences. Also the colchicine-induced
collapses of the microtubular network seems to be similar between wild-type and R1441C
cells after treatment with 10 nM colchicine. B) Quantitative measurement of polymeric tubulin
fibre density after colchicine treatment in arbitrary units (AU). Density at 0.01nM colchicine:
wild-type 15.43 + 4.06, R1441C 13.47 + 0.65; 0.1nM: wild-type 12.24 + 1.68, R1441C 10.86 +
1.74; 1.0nM: wild-type 7.59 = 1.56, R1441C 10.38 + 0.92; 10nM: wild-type 2.48 + 0.47,
R1441C 1.60 + 0.51; 100nM: wild-type 1.37 + 0.63, R1441C 0.73 £ 0.51.
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The treatment of wild-type as well as Lrrk2 knock-in cells with 10 nM
colchicine is sufficient to induce the almost complete collapse of the
microtubular net-work in both genotypes (Fig.25, A). The toxic alkaloid
colchicine specifically inhibits the polymerization of tubulins by capping the
plus-end of the growing microtubules (Mareel and De Mets et al, 1984)
leading to the slow but continuous disintegration of the fibres.

A quantitative assay was performed, by treating fibroblast cells of both geno-
types with different concentrations of this destabilizing substance for 16 hours.
Subsequent fixation, an immunocytochemistry (ICC) using anti alpha-tubulin
antibody depicted a clear density reduction of polymeric tubulin fibres up to a
complete elimination of the microtubular network. For quantification, major
microtubule fibres of single cells have been traced manually and quantified by
ImageJ (Abramoff et al., 1984) in regard to length and density. For both cell
lines, a concentration-dependent reduction of microtubular fibres could be
observed. Neither the threshold of colchicine concentration capable to
influence the cytoskeleton stability, nor the gradient of concentration-
dependent reduction (gradient of regression lines of wild-type: -3.79 and
R1441C: -3.47) revealed any clear-cut differences between wild-type and
Lrrk2 R1441C knock-in cells. Along the gradient, wild-type values tend to be
slightly increased (Fig.25, B) except at data point 1 nM, where a non-
significant tendency (Student’s t-test: p=0.09) towards a higher drug-stability
(2.0 nM: wild-type 7.59 + 1.56, R1441C 10.38 = 0.92) in mutant fibroblasts
can be observed.

Taken together, this elementary assay to determine the drug-stability of the
microtubular cytoskeleton seemed to be not to be appropriate or sensitive

enough to reveal putative small differences in microtubular dynamics.

5.4.2.2 Neurite outgrowth in R1441C neurons

Dividing fibroblast may serve as a starting point, but to study disease-relevant
processes, it is crucial to look for LRRK2 function in postmitotic neurons.
Instead of artificial overexpression of wild-type or mutated LRRK2 in neurons,
like it has been done by other groups (Wang et al., 2008; Shin et al., 2008), it
was possible to utilise the existing mouse models to prepare genetically

modified primary neurons.
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To ensure robust levels of endogenous LRRK2 protein, only brain regions
with strong expression like the hippocampus, cortex and striatum were used
for preparation. Since neuronal expression of Lrirtk2 mRNA starts relatively late
in development between E17.5 and PO, only embryos in this range of age
have been used to ensure that also initial observations made in the first days
of cultivation are dependent on Lrrk2 expression. Preparation and cultivation
of the cells was performed using a self-established protocol which is based on
different published protocols (Banker and Goslin, 1998) as described in
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In primary hippocampal
neurons derived from
Lrrk2 R1441C embryos,
no significant alteration
in  neurite branching
and complexity could
be observed. The
reported neurite short-
ening seen in neurons
overexpressing LRRK2
could not be confirmed
by these results.
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Results of the initial neurite outgrowth assay in Lrrk2 R1441C primary hippocampal neurons
evaluated after different time-points in culture (DIV-1, -2 and -5). DIV-1: wild-type 3.68 + 1.03,
R1441C 4.02 £ 0.84; sec. neurites: wild-type 2.61 £ 0.19, R1441C 2.43 + 0.18; mean length:
wild-type 0.26 + 0.03, R1441C 0.24 + 0.03; overall length: wild-type 2.27 + 0.13, R1441C 2.29
+ 0.14. DIV-2: wild-type 6.68 + 2.16, R1441C 5.81 + 1.24 ; sec. neurites: wild-type 0.96 +
0.94, R1441C 1.14 £ 0.36; mean length: wild-type 0.28 + 0.03, R1441C 0.32 + 0.05; overall
length: wild-type 2.34 + 0.23, R1441C 2.12 + 0.16. DIV-5: wild-type 8.65 + 2.69, R1441C 9.92
+ 1.62 ; sec. neurites: wild-type 10.28 + 3.24, R1441C 6.64 + 3.06; mean length: wild-type
2.78 £ 2.43, R1441C 2.74 + 2.55; overall length: wild-type 1.68 + 1.40, R1441C 1.46 £ 1.35
(expressed in arbitrary units).
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materials and methods (see 7.2.3.2). Mutant and wild-type primary hippo-
campal neurons derived from littermates were seeded on poly-D-lysine coated
coverslips and cultivated in Neurobasal® medium without serum to restrain
glial proliferation. Immediately after the round-shaped cells attach to the
ground, they start to develop small, fillipodia like extension which will be
elongated into neurites. These neurites will then be specified into dendrites
and axons during the next days in culture (days in vitro; DIV) leading to the
assembly of a complex network. Although not all mechanisms of initial neurite
outgrowth are fully understood, it is well known that the cytoskeleton plays a
crucial role in this process (da Silva and Dotti, 2002). The actin filaments have
to be destabilized at the site of out-growth; microtubule have to invade the
growing filipodia; branching of dendrites requires coordinated interplay of actin
and tubulin; (Georges et al., 2008); the extension of processes requires an
effective transport of tubulin monomers/oligomers and of membrane
compounds (Tsaneva-Atanasova et al., 2008). Due to this, any disturbance in
the build-up or dynamics not only of the tubulin-, but also in the actin-
cytoskeleton, could influence the course of the initial neurite outgrowth. We
studied different aspects of neurite outgrowth in primary neurons, prepared
from the hippocampus of wild-type, hetero-zygote and homozygote Lrrk2
R1441C knock-in embryos at stage E16.5: initial phase of outgrowth (DIV1,2)
and maturating neurons (DIV5).

For the initial phase of neurite outgrowth within the first two days of cultivation,
the numbers of primary (DIV1 wild-type 3.68 + 1.03, R1441C 4.02 = 0.84;
DIV2 wild-type 6.68 = 2.16, R1441C 5.81 = 1.24) and secondary neurites
(DIV1 wild-type 2.61 + 0.19, R1441C 2.43 + 0.18; DIV2: wild-type 0.96 + 0.94,
R1441C 1.14 + 0.36) were nearly identical between wild-type and R1441C
neurons (the results for heterozygote and homozygote carriers were pooled).
Also the mean and overall length of the neurites are the same between the
two genotypes (Fig. 26) and the same holds true for the length of the longest
process, defined as the axon (data not shown).

More mature neurons at DIV5 show a higher degree of heterogeneity which
results in an increase of the variation. The mean length of processes remains
unaltered (wild-type 2.78 = 2.43, R1441C 2.74 = 2.55) and also the total

length is the same between both genotypes, since the loss of secondary

54



neurites is partially compensated by the fact that R1441C cells show in turn a
slight and nonsignificant increase in primary neurites (wild-type 8.65 + 2.69,
R1441C 9.92 + 1.62). Altogether, the neurite outgrowth assay did not show
any significant deficits. The reported neurite shortening in neurons over-
expressing Lrrk2 R1441C and a potential decrease in neurite branching and
complexity could not be confirmed by this assay (MacLeod et al., 2006).

4.4.3.3 Neurite outgrowth in Lrrk2 knockdown neurons

Previous studies have shown the antagonistic effect of Lrrk2 knockdown
compared to the expression of pathogenic LRRK2 in regard to neurite out-
growth (MacLeod et al., 2006). Therefore, we carried out an initial neurite
outgrowth assay using primary neurons prepared from the hippocampus of
wild-type and Lrrk2 knockdown embryos. The assay was performed similar to
the Lrirk2 R1441C knock-in line except the fact, that only neurons at the stage
DIV2.5, corresponding to the initial phase of outgrowth have been used. The
mean, maximal and overall length of the neurites did not show significant
changes. But intriguingly, all of these general parameters are slightly elevated
in Lrirk2 knockdown neurons (Fig.27); in particular the mean neurite length of
mutant neurons (57,819 + 8149) is increased by nearly 25% compared to the
wild-type control (47,122 + 7117). From that it can be concluded, that the

trend in knockdown cells goes slightly towards elongated processes. Also the
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Figure 27: In primary hippocampal neurons derived from Lrrk2 knockdown embryos, a
tendency towards an increase in branching and network complexity due to the higher
number of secondary neurites could be observed. Initial neurite outgrowth of Lrrk2 knock-
out neurons at DIV2.5. Neurite length is depicted in arbitrary units (left). Altogether three in-
dependent cultures per genotype group have been analyzed (number of secondary neurites:
t-Test: p=0,0618, data is expressed as mean + SEM).
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numbers of the tertiary neurites (0.134 £ 0.10 in wild-type to 0.242 + 0.15 in
mutant) points towards a slightly higher complexity and increased branching.
The numbers of secondary neurites (1.50 + 0.20 in wild-type to 1.98 + 0.36 in
mutant) exhibit a clear tendency (Student’s t-test: p=0.0618) for having more
secondary neurites in Lrrk2 knockdown neurons (Fig.27).

The later development of the neuronal network at around DIV5 unfortunately
was not analysed since also in highly diluted neuronal cultures not enough
neurons without any cell-to-cell contact could be found in later stages.
Analysis of neurons contacting each other, would not allow any comparison
with the results of the R1441C knock-in line.

In summary, this neurite outgrowth assay could show a tendency towards an
increase in branching and network complexity due to the higher number of
secondary neurites. A potential marginal increase in neurite length can not be

excluded.

4.4.3.4 Neuronal morphology in the striatum of aged Lrrk2
knockdown mice

To examine whether Lrrk2 has a physiological role in controlling dendritic
morphology in vivo we analysed brains of Lrrk2 knockdown mice and their
wild-type using the FD Rapid GolgiStain™ staining. By this classical
technique, randomly entire single neurons are getting stained, which allows
studying the complete dendritic arbour (Fig.28, A). After 3-D reconstruction
neurons using the Neurolucida® system, a variety of different parameters
related to dendritic arborisation can be assessed. Due to the high expression
of Lrrk2 mRNA and its central role in the basal ganglia circuit, we have
chosen the dopaminoceptive medium spiny neurons (MSNs) of the striatum,
to perform this in vivo analysis of the neuronal morphology.

Qualitatively, no striking differences in the morphology of the neurons could
be seen between wild-type and LRRK2-depleted animals. But again, slight
increases in Lrrk2 knockdown neurons could be observed in nearly all general
parameters like neurite quantity (24.19 = 1.69 in wild-type to 30.44 + 3.67 in
mutant) and endings per cell (43.75 £ 3.60 in wild-type to 55.94 + 6.10 in
mutant), branching points or nodes (17.56 = 1.71 in wild-type to 23.31 + 2.52
in mutant) and overall neurite length (65.18 + 2.65 in wild-type to 69.83 + 3.03

56



>
09)

B wilde-type
— ®Lmk2 kd

wild-type || knockdown |

i
Nl

-  , absolute quantity

quantity nodes ends mean length
C
g i
L ,

1st- 2nd- 3rd- 4th- 5th- 6th- 7th-order density [1/um] mean length [pm]
neurite

Figure 28: Medium spiny neurons (MSN) in the striatum of aged Lrrk2 knockdown mice
show only slight tendencies towards an increase in branching and network complexity
marked by subtle increasing numbers of higher order neurites. The morphology of
medium spiny neurons in aged Lrrk2 knockdown mice were visualized by Golgi-staining and
guantified subsequent to 3-D reconstruction. A) MSN example pictures. B) Quantity, Number
of nodes and ends are depicted in absolute numbers. C) The mean length and total length of
the 1°- till 7"-order neurites are depicted in um (right). D) The length and density of the
spines are not altered in Lrrk2 knockdown MSNSs. Depicted is an exemplified 3-D recon-
struction (top) and the results of the quantification in um and 1/um respectively (for A-D:
n=25, data is expressed as mean = SEM)

in mutant) (Fig.28, B-C). Also like already observed in vitro, in particular the
dendrites of higher branching order seem to be affected: In particular the
neurites of the 4™- and 5™-order are longer in knockdown neurons (182um *
43um and 167um * 42um) compared to the wild-type neurons (117um +18um
and 82um = 9um). Unfortunately, despite high sample sizes (n=25) none of
the parameters could reach the level of significance. The spine morphology
however seems to be unchanged; neither spine density (0.727 + 0.02 in wild-
type to 0.767 £ 0.03 in mutant [1/um]), nor mean length (2.161 + 0.04 in wild-
type to 2.180 + 0.06 in mutant [um]) show genotype-dependent differences
(Fig.28, D).
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Taken together, in LRRK2-deficient neurons we observed a tendency towards
an increase in branching and network complexity marked by increasing
numbers of higher order neurites. Also specifically in vivo a general increase

in neurite length seems to be present but fails to reach significance.

4.4.35 Lrrk2 R1441C tubulin cells comprise hyperacetylated
tubulin in vitro and in vivo

Since our model systems did not show as clear-cut results in regard to neurite
outgrowth as other groups published (MacLeod et al., 2006; Plowey et al.,
2008; Samann et al., 2009), compensatory mechanisms have to be taken into
account. It might be possible, that under the more physiological situation of
expressing mutated LRRK2 life long at an endogenous level enables the cell
to adapt to this burden more efficiently, as compared to the situation, were
expression vectors are being transfected. One possibility to compensate a
slightly deregulated microtubular network would be, to modify its physiological
properties induced by posttranslational modifications of tubulin. Therefore

we analysed the composition of the microtubular network in more detail and
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using an anti-acetylated
tubulin antibody on wild-
type, Lrrk2 R1441C embryonic fibroblasts nicely demonstrates a higher signal intensity on
heterozygous and homozygous MEF lines compared to wild-type cells. B) Western blot
analysis on MEF-lysates confirms the obser-vation of higher amounts of this posttranslational
modified tubulin fraction. C) Also in vivo, in brain lysates from 4 month old Lrirk2 R1441C
animals, an initial Western blot analysis suggest elevated levels (see also Fig.30).
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looked by ICC for different subsets of posttranslational modified microtubules
(PTM).

Strikingly, in Lirk2 R1441C derived MEF cells we could clearly detect both in
heterozygote and homozygote fibroblasts already qualitatively a higher
amount of acetylated tubulin, whereas staining for tyrosinated tubulin or total
tubulin did not show considerable differences (data not shown). This result
could be confirmed by Western blot analysis on protein lysates (Fig.29, A-B). It
has to be considered, that microtubules in general are highly dynamic and
especially PTMs play a crucial role during mitotic events like the formation of
the spindle apparatus (Gundersen and Bulinski, 1986; Hyman and Karsenti,
1996). Hence, for both ICC and protein preparation, growth status and density
of the cells had to be considered carefully, in regard to minimize possible
normal variations between different cultures irrespective of their genotype.

But this hyperacetylation of alpha-tubulin could not only be detected in vitro
but also in vivo. When checking protein lysates prepared from whole brains of
young wild-type and R1441C knock-in mice via western blot, a similar in-

crease could be detected (Fig.29, C).

Figure 30: Quantitative studies revealed a f 1
significant increase in the amount of
acetylated tubulin of about 50% in the adult s
brain of Lrrk2 R1441C mice compared to
wild-type littermates. Western blot analysis 1
was performed with total brain lysates from
young (4 month) animals Lrrk2 R1441C knock-in
mice. Depicted is the relative amount of
acetylated tubulin in R1441C animals normalized
to actin and compared to wild-type levels (n=6, 0
Student’s t-test: p=0.048, data is expressed as wild-type R1441C
mean + SEM).

0.5

After quantification by ImageJ (Abramoff et al., 1984), a significant (Student’s
t-test: p=0.048) increase by 1.57-fold (£ 0.25) in the relative amount of
acetylated tubulin compared to wild-type levels could be confirmed in vivo
(Fig.30). The pattern of acetylated tubulin in the adult brain of wild-type and
R1441C knock-in mice was checked via IHC and by performing Western blots
of brain lysates derived from different brain regions (data not shown). No
obvious differences in the distribution and intensity could be detected,

suggesting that the hyperacetylation is not limited to a specific region or
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neuronal subpopulation the adult central nervous system and therefore might

represents a more general cellular effect.

5.4.2.3 Tubulin hyperacetylation in R1441C neurons can be further
enhanced by HDAC-6 inhibition

The posttranslational modification of microtubules is a highly dynamic and
reversible process (Hammond et al., 2008), so either the enhancement of
acetylation or the inhibition of deacetylation could come into consideration to
be the cause for this hyperacetylation. Since the enzyme responsible for
tubulin acetylation has not yet been identified (Fukushima et al., 2009), we
have focused on the process of deacetylation. In this case, HDAC-6 (Hubbert
et al., 2002) is known to be in charge of mediating the reaction. Here
Trichostatin A (TSA) as a inhibitor of HDACs (Brehm et al., 1998) was used,
to test the hypothesis that the disruption of the HDAC-6 dependent
deacetylation could be the reason for the observed hyperacetylation. In this
regard, altered or enhanced binding of LRRK2 to the acetylation site could
protect acetylated alpha-tubulin from its deacetylation.

Wild-type and R1441C primary hippocampal neurons were treated with TSA
in a concentration of 50 uM. After 3 hours, the cells were scrapped of and
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Figure 31: The in vitro inhibition of tubulin deacetylation by the deacetylase-inhibitor
Trichostatin A (TSA) induces a comparable degree of hyperacetylation in both wild-
type and Lrrk2 R1441C neurons. Primary hippocampal neurons (DIV21) prepared from wild-
type and Lrrk2 R1441C littermates were treated with TSA [50 uM] or solvent (DMSO). A)
After 3 hours, the cells were analysed by Western blot for acetylated tubulin. B) The relative
amount of acetylated tubulin was quantified using ImageJ and normalized with total tubulin as
well as beta-actin. Level of acetylated tubulin in wild-type neurons treated with DMSO is set to
1 (n=3; genotype differences: p=0.0054 DMSO; p=0.0983 TSA; p=0.2959 increase, data is
expressed as mean + SEM).
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further prepared for Western blot analysis. Immunodetection for acetylated
tubulin was performed and normalized with total tubulin as well as beta-actin
(Fig.31). From the subsequent quantification, we obtained several results: As
a result the relative amount of acetylated tubulin was increased in the TSA-
treated group compared to the DMSO control group in both wild-type (16%
increase, + 6%) and mutant (13% increase, £ 6%) neurons proving the
inhibition of tubulin deacetylation. The R1441C control group showed as
expected a significant higher basal level of acetylated tubulin compared to the
wild-type control group (17% increase, p=0.0054). After HDAC-6 inhibition,
wild-type neurons reach the acetylation level of mutant neurons of about 1.17-
fold. But R1441C neurons can be further hyperacetylated by TSA treatment
until they show about 30% higher levels compared to wild-type neurons.
Thereby, the relative increase caused by the treatment is similar between
both genotype groups (p=0.29).

Taken together, this in vitro data confirms, that tubulin hyperacetylation takes
place in R1441C neurons. The cause for this hyperacetylation is not the
disruption of the HDAC-6 dependent deacetylation since in this case no
further increase of the acetylation level of mutant neurons would have
occurred. Therefore other still unknown molecular mechanisms are respon-

sible for the hyperacetylation. Interestingly, even though the general binding-
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Figure 32: LRRK2 protein can bind to tubulins and shows a strong preference for
acetylated tubulin representing the stable fraction of microtubules. This protein-protein
interaction was demonstrated by a GST pull-down assay in collaboration with Dr.
Piccoli. A) Schematic representation of the different GST-tagged LRRK2 domains used as
bait in the pull-down assay on total brain lysates from adult wild-type mice. B) The
identification of the interaction partners has been carried out by Western blot analysis for
different tubulin modifications. Abbr.: N-term, N-terminal region; LRR, leucine-rich repeat
domain; R-C-K, Roc- COR- and kinase-domain; WD-40, C-terminal region including the
WD40-domain.
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ability of human LRRK2 to microtubules has been demonstrated already by
others (Gandhi et al. (2009), we could show in collaboration with Dr. Giovanni
Piccoli from the institute of human genetics of the Helmholtz Zentrum Munich
via GST pull-down assay that the binding of LRRK2 is highly specific for
acetylated tubulin (Fig.32) since the binding to other PTMs like tyrosine tubulin
was nearly not detectable. Also in case of total tubulin, levels were conspici-
ously low compared to the input levels; most probably these are only
representing the included acetylated tubulin fraction. The binding ability to
tubulin was more pronounced in case of the N-terminal- and leucine-rich
repeats-constructs and most clear-cut, at least for acetylated tubulin, for the
WD40-construct (Fig.32). Since acetylation and also other modifications occur
after tubulin polymerisation (Greer et al., 1985), we can assume also for
LRRK2 a specific binding to polymeric microtubules. Nevertheless, we could
not pinpoint a specific binding site in the LRRK2 protein, maybe due to strong

dimerization of the constructs with tubulin-bound endogenous LRRK2.

5.4.2.4 LRRK2 and the cold-stability of the microtubular network
Evidence for an association of Lrrk2 with microtubular organisation was given
by further results of the collaborative search for LRRK2 binding partners by
GST pull-down assay. Amongst them, the microtubule-associated protein
STOP (Stable tubulin-only polypeptide; also known as Mtap6) has been
identified as a potential LRRK2 binding partner (Piccoli et al., 2011). It has
been shown, that microtubules are drug-resistant, cold-stable and become
detyrosinated if associated with active STOP proteins (Bosc et al., 1996;
Guillaud et al., 1998; Baratier et al., 2005). In addition, STOP proteins
mediate neurite extension and are involved in synaptic transmission of
dopaminergic neurons (Andrieux et al., 2002; Brun et al., 2005).

The expression of STOP protein was checked via IHC in the wild-type and
mutant R1441C knock-in animals and revealed a quite ubiquitous expression
throughout the adult brain which is in line with published data (Couégnas et
al., 2005). Based on that, coexpression of STOP and LRRK2 can be assumed
for many if not all brain regions. Also the total level of protein expression in
the adult brain was not altered in different protein fractions prepared from
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wild-type and Lrrk2 R1441C adult brain (Fig.35). Due to the association of
STOP with the cold-stability of microtubules we now additionally tested for
microtubular cold stability in R1441C primary neurons. A time course
experiment of cold-induced microtubule destabilisation was performed. Fully
mature (DIV14) primary hippocampal neurons of both genotypes were fixed
after certain time (10 min, 40 min, 120 min) of cold exposure (4°C).
Subsequently, double ICC for acetylated tubulin and tyrosine tubulin has been
performed (Fig.33, a). Thereby acetylated tubulin represents the more stable
and tyrosine tubulin the unstable fraction of microtubules (Bulinski and
Gundersen, 1991; for reviews see Perdiz et al., 2011). The ratio of unstable to
relatively stable microtubules served as an indication for cold-induced
destabilisation. The wild-type as well as the R1441C neurons show a nearly
identical decline in the ratio of unstable to stable microtubules (Fig.33, b).
Although we did not observe genotype differences, the slightly with time
increasing differences prompted us to extended the incubation time to 3
hours. In addition, previous to the fixation the cells have been treated with a
mild detergent solution (Digitonin) for permeabilization. This allows washing

monomeric or oligomeric tubulin out of the cells prior to the fixation. Therefore,
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Figure 33: The microtubular cytoskeleton in Lrrk2 R1441C hippocampal neurons show
reduced cold-stability marked by the significant higher loss of tyrosine tubulin -
representing the less stable and more dynamic subpopulation of microtubules — after
cold treatment compared to wild-type neurons. The content of posttranscriptional modified
microtubules has been determined by ICC and subsequent quantification of the relative
fluorescent intensity. a) Exemplified pictures of a double ICC for tyrosine- (tyrTUBA) and
acetylated alpha-tubulin (acTUBA). b) Time course experiments for 10, 40 and 120 minutes
of cold-treatment (4°C) indicated only a nonsignificant trend of reduced cold-labile tyrosine
tubulin normalized to the more cold-stable acetylated tubulin fraction. ¢) Looking for absolute
values (arbitrary units) after 3 hours cold treatment and subsequent wash-out of monomeric
tubulin, the content of tyrosine tubulin was significantly lower in R1441C cells. The sum of
fluorescents of both fractions (tyrTUBA + acTUBA) at 37°C has been used for normalization
(arbitrary units; n=3; genotype differences p=0.011 for tyrTUBA).
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the subsequent quantification after double ICC for acetylated tubulin and
tyrosine tubulin should only detect polymerized tubulin. The sum of acetylated
and tyrosine tubulin at 37°C after washing has been taken to normalize the
relative fluorescent values of both genotypes. The quantification revealed that
the total amount of stable and unstable fraction was lower in R1441C neurons
after the cold treatment (Fig.33, ¢). While the relative content of acetylated
tubulin was quite similar between wild-type (5.21 + 0.66) and mutant (5.12 +
0.44), the relative amount of the unstable fraction represented by tyrosine
tubulin was significantly (p=0.011) lower in R1441C cells (5.82 = 0.68)
compared to wild-type neurons (7.88 £ 1.02). This result indicates, that the
putative minor alterations in the microtubular network of Lrrk2 R1441C

neurons can be demonstrated only under extreme conditions.

5.4.3 LRRK2 function at the synapse

The role of LRRK2 as a multifunctional protein seems not to be limited to the
cytoskeleton since evidence arise, linking LRRK2 with a whole variety of
cellular processes (Hatano et al., 2007; Shin et al., 2007). As an example
from the second group of protein interactors which are involved in synaptic
transmission, the N-ethylmaleimide-sensitive fusion protein (NSF) has been
identified as a LRRK2 binding partner by Giovanni Piccoli by the means of
GST pull-down assays (Piccoli et al., 2011).

5.4.3.1 LRRKZ2 protein colocalizes with NSF in synaptosomes

NSF is an ATPase and belongs to the so called AAA (ATPases-Associated
with a variety of cellular Activities) ATPase family. It is one of the most
prominent component of the SNARE (SNAP-REceptor) complexes, controlling
and executing vesicle fusion with target membranes in general (Zhao et al.,
2007) and neurotransmitter release in particular (Sollner and Rothman, 1994).
The synaptic localisation of NSF could be nicely demonstrated by ICC in
primary hippocampal neurons, showing a spotted distribution of the protein
along the dendrites and the soma (Fig.34). To demonstrate the colocalization
of LRRK2 and NSF in the synapses we had to chose a non-immunocyto-
chemical method since no fully reliable antibody against LRRK2 working
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reliable in ICC or IHC was available (see 5.1.3). Therefore, we established a
procedure to purify synaptomsomes out of brain lysates (see 7.2.1.7), based
on different existing protocols for subcellular fractionation (Villasana et al.,

2006; Dosemeci et al., 2006). All resulting fractions (input, supernatant 1,
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Figure 34: The synaptic protein and LRRK2 binding partner NSF is colocalized with
LRRK2 in the synaptosomal fraction after subcellular fractionation. A) Immunocyto-
chemistry for NSF (N-ethylmaleimide-sensitive fusion protein) in primary hippocampal
neurons demonstrates the synaptic localization in primary neurons by a spotted distribution of
the protein along the dendrites and the soma. B) Fractionation of brain lysates demonstrates
synaptosomal colocalisation of NSF with LRRK2 (white arrow). Western blot analysis of
protein fractions (input; S1, supernatant 1; S2, supernatant 2; mito., mitochondrial fraction;
syn.s., synaptosomal fraction).

supernatant 2, mitochondrial fraction and the synaptosomal fraction) were
analysed by Western blot for enrichment of fraction-specific marker proteins
(e.g. PSD-95 for synaptosomes, see Fig.34) to verify the purification. The
synaptosomal fraction itself consists out of a crude particulate fraction con-
taining presynaptic and postsynaptic vesicularized components together with
presynaptic and postsynaptic plasma membranes joined together by various
structures of the synaptic cleft (Whittaker, 1993). It is therefore not possible to
discriminate between pre- and postsynaptic structures. We could confirm the
localisation of NSF in the synaptosomal fraction which is marked by PSD-95
(Postsynaptic density protein 95) enrichment (Hunt et al., 1996). LRRK2 could
be detected in that very same fraction too, indicating a subcellular colocaliza-
tion of both proteins. It has to be pointed out, that LRRK2 Western blotting did
not always show this clear-cut result of exclusive synaptosomal localization.
Other blots did exhibit a more broad distribution of LRRK2 protein in several

fractions but with main emphasis on the synaptosomal fraction. By this
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technique, we further checked whether the expression of the pathological
R1441C variant of LRRK2 is sufficient to induce alterations in the expression
level and subcellular distribution of identified LRRK2 binding partners. Neither
in case of the synaptosomal protein NSF, nor of the cytoskeletal proteins
STOP significant alterations could be detected (Fig.35).
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Figure 35: Relative levels and subcellular distribution of binding partners of LRRK2 are
not markedly altered between wild-type and Lrrk2 R1441C mice — except the previously
described tubulin hyperacetylation. Fractionation of brain lysates from Lrrk2 R1441C mice
and wild-type littermates analysed by Western blot for different LRRK2 interactors. Equal
loading was approved by ponceau staining (not shown). Abbr.: AcTUBA, acetylated alpha-
tubulin; mito., mitochondrial fraction; syn.s., synaptosomal fraction.

5.4.3.2 Synaptic function: Exocytosis and endocytosis cycles in
R1441C neurons
Presumably, the putative alterations in Lrrk2 R1441C mice could be so gentle,
that differences in regard to the composition of the synapse might not be
visible. But any rather small alteration at this crucial functional site of the
neuron should have an effect onto aspects of the synaptic transmission itself.
Concentrating on NSF’s role in controlling and executing vesicle fusion with
target membranes (Zhao et al., 2007), we looked at exocytosis- and
endocytosis-events of synaptic vesicles in Lrrk2 R1441C neurons. For
neurotransmission, synaptic vesicles which are docked to the active zone,
release their neurotransmitter into the synaptic cleft (exocytosis) and sub-
sequently are getting recycled by an endocytosis process (Sudhof, 1995). We
used and adapted a published protocol from Matteoli et al., 1992, were the
antibody binding in vitro using living neurons was utilised, to quantify these
cycling events (Matteoli et al., 1992; Mundigl et al., 1993; Kraszewski et al.,
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1995). In short, the principle of this functional exo-endocytosis assay is based
on the binding of an antibody given to the living neurons for a certain time.
During the exocytosis of a synaptic vesicle, the lumenal part of synaptotagmin
1, a transmembrane synaptic vesicle protein gets exhibited at the cell surface.
Thereby, a monoclonal antibody present in the medium and directed against
this part of the protein can bind. After 4 minutes of the assay, the cells get
briefly washed, fixed with PFA, permeabilized with Triton X-100 and stained
by double-IHC for the internalized synaptotagmin and another synaptic vesicle
marker (synaptophysin) for the total vesicle pool. The ratio of vesicles stained
by synaptotagmin versus the number of synaptophysin positive vesicles gives
the rate of exo-endocyosis activity for a certain neuron within the time of the
assay (see 7.2.3.2 and Fig.58). The ratio of synaptotagmin-positive to the total
number of vesicles was determined in wild-type neurons to 32.12% (+3.43%),
meaning that approximately one third of all detected synaptic vesicles under-
went an exo-/endocytosis cycle within the 4 minutes of the assay. This basal
value fits to the range of published data using a comparable loading time
(Bacci et al., 2001). The basal exo-/endocytosis rate in R1441C neurons was

with a value of 34.65% (£2.52%) only slightly and non-significantly higher
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Figure 36: Neither the expression of mutated LRRK2 on endogenous levels, nor the
constitutive loss of LRRK2 protein is sufficient to induce synaptic alterations. Only the
acute knockdown of Lrrk2 significantly increases the synaptic vesicle turnover. Results
of the exo-/endocytosis assay: The bars indicate the percentage of total vesicles of a certain
neuron which underwent an exocytosis- and endocytosis-event during 4 minutes of the assay:
Quantifications for hippocampal neurons prepared from Lrrk2 R1441C mice under basal (a)
and evoked condition (b), for neurons prepared from Lrrk2 knockdown mice (c) and for wild-
type neurons with and without an acute viral knockdown of Lrrk2 performed by G.Piccoli (d)
(data is expressed as mean = SEM; n > 25; asterisks: p < 0.01).
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compared to wild-type neurons (Fig.36, a). The evoked activity in a depolar-
izing high-potassium buffer was enhanced in both genotypes to a similar
degree. Again, in this case the mutant neurons exhibit a slightly, non-
significant higher ratio of 42.99% (+4.30%) in comparison to the value of
39.22% (x2.19%) in wild-type neurons (Fig.36, b). Furthermore, also neurons
prepared from Lrrk2 knockdown mice have been tested by this assay. Wild-
type neurons of this line did reach comparable levels as their counterparts of
the knock-in line of 34.17% (+4.15%). The LRRK2-depleted neurons did show
a slight but nonsignificant increase of vesicle turnover rate to 38.23%
(x2.67%) (Fig.36, c). Altogether, this assay was not sufficient to proof putative
small alterations in the dynamics of exo-endocytosis in Lrrk2 R1441C knock-
in and knockdown neurons, the reason of which may be again compensatory
mechanisms in case of neurons in which modified Lrrk2 expression is in place
for a long time. Therefore we set out in collaboration with G. Piccoli and M.
Ueffing to examine the effect onto synaptic transmission in an acute
knockdown using lentiviral mediated infection of primary neurons with a
SiRNA directed against Lrrk2 (Bauer et al., 2009). To minimize the chances
for any kind of possible compensatory mechanisms, the neurons have been
infected with the virus at DIV10 and assayed at DIV18. Strikingly, under basal
conditions LRRK2-depleted neurons did show a significant (p<0.01) increase
of nearly two fold in their basal synaptic vesicle turnover rate from 34.17%
(x4.15%) in non-treated to 55.87% (£6.21%) in viral infected neurons (Fig.36,
d). By his further studies, Giovanni Piccoli could show - partially in collab-
oration with us - that Lrrk2 silencing not only alters vesicle recycling dynamics
but also affects their kinetics and thereby induces a redistribution of vesicles
at the presynaptic site. Furthermore, electrophysiological recordings indicated
alterations in evoked postsynaptic currents (Piccoli et al., 2011). These results
suggest that LRRK2 modulates synaptic vesicle trafficking and distribution in
neurons and in consequence participates in regulating the dynamics between

vesicle pools inside the presynaptic bouton.
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5.5 The morphological analysis of the Lrrk2 R1441C line

The morphological analysis of the Lrrk2 R1441C knock-in mouse line as a
genetic model for PD predominantly has to answer the question about
presence of pathological hallmarks of PD such as Lewy bodies in the brain
and are there age-related changes in regard to the dopaminergic or other
neurotransmitter systems? To address these questions we analysed young (4

month), mid-aged (12-14 month) and fully aged animals (> 24 month).

5.5.1 The development of the CNS in Lrrk2 R1441C mice

Using Nissl-staining we could show that the gross morphology of the CNS
from Lrrk2 R1441C knock-in mice is not altered (n=5). Neither the total size,
nor the size of the different brain compartments or the dimensions of the
ventricles are altered in mutant animals (data not shown). Also the stratifica-
tions of the cortex, the folding of the cerebellar lobes or the fibre bundles
innervating the brain are set up properly.

Concerning the dopaminergic system we did not find any differences between
wild-type and mutant animals in their qualitative amount of dopaminergic
neurons within the substantia nigra of young animals (n: wt=5, mut=5). The
same holds true for dopaminergic neurons in the VTA and olfactory bulb (data
not shown). Also the connectivity of the dopaminergic neurons in the

substantia nigra to the forebrain via the fibrae nigrostriatales seems not to be

Figure 37:
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Pictures from DAB-Immunohisto-
chemistry for the marker tyrosine
hydroxylase (TH) on young Lrrk2
R1441C animals illustrating the
dopaminergic system. Abbr.:
Fn, Fibrae nigrostriatales; Mb,
mid-brain; Ob, olfactory bulb;
SNc, substantia nigra pars
compacta; SNr, substantia nigra
pars reticulata; St, striatum.
Number of animals: 5/5 (wt/mut).
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disturbed in these mice as demonstrated by immunohistochemistry for the
dopaminergic marker tyrosine hydroxylase (TH). The innervation of the
striatum, depicted by the dense network of axonal nerve terminals, shows the
same level of immuno-reactivity in wild-type as well as in mutant mice (Fig.37).
From this we can conclude, that the Lrirk2 R1441C point mutation did not
influence the proper setup of the dopaminergic system.

Based on the first results from the behavioural screen of young Lirk2 R1441C
knock-in mice, showing a depression- and anxiety-related phenotype (see
5.6.1.3), which resembles a major non-motor symptom of PD, we were in
particular interested in the setup of the serotonergic system. Several studies
have demonstrated the widespread influence of serotonergic forebrain
projections on behavioural aspects like sleep, anxiety, locomotion and
cognition of rodents (Briley et al., 1990; Lucki, 1998; Ramboz et al., 1998) and
also in humans, disruption of this transmitter system is implicated in a variety
of mental and mood disorders e.g. major depression (Brown and Linnoila,
1990).

Therefore IHC for the neurotransmitter serotonin (5-HT) itself have been
performed on paraffin sections of young wild-type and Lrrk2 R1441C knock-in
mice. By using DAB as the chromophore, it was possible to generate a very
intense staining, which also depicts minor axonal nerve terminals in distal
projection areas. Looking for the soma of 5-HT positive neurons, they can be
found nearly exclusively in several nuclei located in the hindbrain namely the

raphe nuclei (Hornung, 2003). No obvious qualitative differences, neither in

Figure 38: The development of the
WT R1441C serotonergic  system is  not
markedly disturbed in  Lrrk2
R1441C mice.
DAB-Immunohistochemistry using an
antibody directed against serotonin
(5-hydroxytryptamine,  5-HT) on
young (4 month) Lrrk2 R1441C ani-
mals. lllustrated are the serotonergic
neurons in the dorsal raphe nuclei
and the serotonergic innervation of
the cortex (layers I-111). Number of
animals: 5/5 (wt/mut). Scale bars
represent 20um (raphe nucleus) and
100um (cortex.).
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regard to their amount, nor to the size and morphology of these neurons could
be detected in young knock-in mice (Fig.38). When looking for the axonal
nerve terminals, we focused on the prefrontal cortex. Interestingly it has been
shown that in this brain region during develop-ment the dopaminergic and the
serotonergic system compete for the innerve-tion of functional territories
(Cunningham et al., 2005). The overall staining intensity of the prefrontal
cortex was comparable between wild-type and mutant mice. Also by
comparing the average length and density of single immunopositive fibres, no
obvious alterations of the serotonergic innervation could be detected (Fig.38).

In summary, the general CNS architecture of young Lrrk2 R1441C knock-in
mice is not altered. We could show that there are no significant differences in
the morphology of both the dopaminergic and serotonergic system between
wild-type and mutant mice. Nevertheless, these results could serve as a

necessary reference point for the further studies in aged animals.

5.5.2 Pathology of mid-aged Lrrk2 R1441C mice

Lrrk2 R1441C knock-in animals at an age of at least twelve month were used
to look for early signs of PD pathology since their appearance is age-related
and therefore not expected to be seen in young animals. The most prominent
pathological hallmarks of PD are the manifestation of Lewy bodies and Lewy
neurites in the diseased brain. These eosinophilic, intracytoplasmic, protein-
aceous inclusions are mainly consisting of a-synuclein (Spillantini et al., 1997;
Mezey et al., 1997) and arise predominately in the substantia nigra of the
midbrain but also in other brain regions like the medulla oblongata or cerebral
cortex (Braak et al., 2003).

Immunohistochemistry (IHC) for a-synuclein has been performed since it is
the most common approach to detect Lewy bodies and neurites. For the DAB
immunohistochemistry on free-floating brain sections, we were using a
monoclonal antibody (4D6 #ab1903) which already has been shown to detect
murine a-synuclein in IHC (Ekstrand et al., 2007). The obtained staining
depicted both in wild-type and mutant animals weaker signal in midbrain and
hindbrain; medium to stronger signal could be seen in the forebrain with main

emphasis on cortex and striatum (Fig. 39), reflecting the endogenous expres-
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Results

sion of a-synuclein (Abeliovich et al., 2000). Using higher magnifications in
various parts of the brain, neither round-shaped intracellular staining, nor
heavy stained cellular extensions, corresponding to Lewy bodies and Lewy
neurites respectively, could be detected.

In PD and in particular in a variety of patients with LRRK2-linked PD, neuro-
fibrillary tangles (NFT) composed of hyperphosphorylated tau could be
detected (Zimprich et al., 2004; Gilks et al., 2005; Giordana et al., 2007).
Consequentially, we were interested if also in ageing Lrrk2 R1441C knock-in
mice NFTs develop. Therefore we performed IHC using a phospho-specific
antibody to detect tau protein which is pathologically hyperphosphorylated at
threonine 205 in NFTs. (phosphoT205; #ab4841). It has been shown, that this
residue is one of the sites which is phosphorylated in hyperphosphorylated
tau found in NFTs (Augustinack et al., 2002). The resulting ubiquitous and
weak staining was similar between the genotypes both in regard to general

level and pattern of expression (Fig. 39). Regions of more intense staining in
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Figure 39: Mid-aged Lrrk2 R1441C mice do not show signs of pathological aggre-
gations and inclusion bodies found in PD patients. Pictures from DAB-Immunohisto-
chemistry (DAB-IHC) on >12 month old Lrrk2 R1441C animals for detecting SNCA (4D6,
#ab1903) and phosphorylated Tau (phosphoT205, #ab4841) in the whole brain and in
different areas of special interest: the substantia nigra, brain stem and cortex. Number of
animals: males (wt/mut): 2/2.
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some sections of one mutant mouse could be identified as enhanced back-
ground around lesions in the tissue caused during the process of cutting.
Pictures with higher magnification from various brain regions (e.g. cortex)
depicted only a slight signal, equally distributed in the soma of all cells. No
intra- or extracellular agglomerations could be detected.

In conclusion, mid-aged Lrrk2 R1441C knock-in mice neither show common
forms of PD inclusions like Lewy bodies, nor more LRRK2-specific forms like

neurofibrillary tangles.

5.5.3 Pathology of fully aged Lrrk2 R1441C mice

The next step was the morphological and pathological analysis of fully aged
Lrrk2 R1441C knock-in as well as Lrrk2 knockdown mice. In these animals we
looked for the general morphology and as in the stages before we did not
detect any significant differences in regard to size, size of different brain
compartments or of the ventricles (data not shown). To survey the morpho-

logical condition of the dopaminergic system, we have chosen a different

Striatum Substantia Nigra

WT

R1441C

Figure 40: No dopaminergic degeneration can be observed in fully-aged (23 month)
Lrrk2 R1441C mice. Neither in the olfactory bulb nor in the nigrostriatal dopaminergic
system, obvious differences to wild-type littermates have been found. Pictures from
fluorescent immunohistochemistry for tyrosine hydroxylase (TH) as a marker for dopaminergic
neurons on aged Lrrk2 R1441C animals (23 month) illustrating the dopaminergic system in
the glomerular layer of the olfactory bulb, the axonal sprouting in the striatum and the mid-
brain dopaminergic system in the substantia nigra and the VTA.
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approach than for young animals. Instead of DAB-IHC, a fluorescent IHC
using TH as a marker was performed on paraffin sections (Fig.40) in order to
assess better for the innervation of the target areas (e.g. the striatum), by the
dopaminergic neurons - a morphological parameter known to be affected
before the dopaminergic neurons in the substantia nigra succumb to neuronal
death (Lin et al., 2010). Confocal pictures of IHC for TH in wild-type and Lrrk2
R1441C knock-in striata have been quantified using the ImageJ
software(Abramoff et al., 1984), but no significant differences in regard to total
fluorescence could be detected (data not shown). Only the amount of TH
positive neurites in the R1441C substantia nigra could be slightly reduced in
comparison to wild-type, this observation could not yet be quantified due to a
lack of animals. In addition, no obvious differences in regard to approximate
cell number and neurite density could be observed in the dopaminergic
neurons of the olfactory bulb (Fig.40).

We also checked again for the most prominent pathological feature of PD,
Lewy bodies and Lewy neurites in the dopaminergic neurons. And once
again, neither Lewy bodies nor Lewy neurites could be detected in the brain of
R1441C mice. The staining pattern was similar between wild-type and mutant
animals. However, even though the overall intensity of a-synuclein expression
seemed to be similar, a detailed view onto the striatum depicted a slight
increase of immunoreactivity in the Lrrk2 R1441C knock-in mouse (Fig.41).

In order to confirm a possible differential regulation of a-synuclein in the brain
of aged Lrrk2 R1441C knock-in animals, we checked the expression on the

Striatum Midbrain and SN ]

Figure 41:
In  fully-aged Lrrk2

R1441C (23 month old)
mice, again no patho-
logical a-synuclein
aggregations or Lewy
bodies can be found.
Pictures from DAB-IHC
for a-synuclein o n aged
Lrrk2 R1441C animals
detecting neurodegene-
rative aggregates or
inclusion bodies (23
month).
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MRNA level. Therefore, three different in situ hybridisation (ISH) probes were
cloned from murine cDNA. Probe one and three were located in the 5’ and 3’
untranslated region of the transcript respectively, both overlapping with probe
two, which is spanning the whole coding region of a-synuclein. All three
probes were tested on wild-type brain sections and did show an identical
pattern of expression, which is in line to already published data (Abeliovich et
al., 2000). Additionally, to a-synuclein also the patterns and levels of Lrrk2
MRNA have been checked via ISH in aged Lrrk2 knock-in brains (Fig.42, A).
The analysis demonstrated neither severe alterations in the pattern of Lrrk2
expression during ageing, nor any differences in the Lrrk2 mRNA levels
between wild-type and Lrrk2 R1441C animals in the striatum as on of the
most prominent expression domains (wild-type: 100.0% + 1.9%; R1441C:
99.7% % 4.0%). The same holds true for the general expression of a-synuclein
in the adult cortex (wild-type: 100.0% % 3.3%; R1441C: 103.7% + 3.7%)
(Fig.42, B).
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Figure 42: The expression pattern and levels of the dominant inherited PD-associated
genes Lrrk2 and a-synuclein are not altered in the brain of aged (24 month) Lrrk2
R1441C mice compared to wild-type littermates. A) Autoradiographic images illustrating a-
synuclein (SNCA) mRNA expression in coronal sections of the aged murine forebrain de-
picted by radioactive in situ hybridisation (ISH). B) Quantification results of Lrrk2 mRNA in the
striatum and a-synuclein (SNCA) mRNA in the aged cortex.

Taken together, the morphological analysis of the Lrrk2 R1441C knock-in
mouse line did not reveal any pronounced genotype differences neither in
young, nor in old animals. The general development of the CNS is not
changed by the insertions of the pathogenic point mutation. We could also not
detect overt age-related neurodegeneration of the dopaminergic system,

inclusion bodies or other pathological hallmarks of PD. Nevertheless, since
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our functional analysis suggests a distinct role of LRRK2 protein in cellular
functions like cytoskeletal organisation and synaptic transmission, we still

could expect at least small alterations in the behaviour of these animals.

5.6 Behavioural analysis

Parkinson’s disease is characterized by numerous behavioural symptoms
ranging from obvious disturbances like resting tremor, to less apparent
disorders such as depression or bipolar disorders (Lemke et al., 2004) over to
extremely cryptic alterations like a decrease in general motivation (Cools,
2008). To assess as many Parkinson-related behavioural features as
possible, we created a special test battery for the behaviour analysis of our
mice. Each known symptom of the disease has to be engaged by a set of test,
preferably covering as many aspects as possible (Sedelis et al., 2001). Taking
into account, that PD is an age-dependent, progressive neurodegenerative
disease, we had to test both young and aged animals. For this purpose, large
cohorts of animals classified into four groups (wild-type and mutants of both
genders) were needed. To deal with the high variability generally common to
behavioural tests, every group was aimed to consist out of at least 10 to 15
individuals. In order to ensure a preferably high comparability, only groups of
littermates from either heterozygous x heterozygous breeding in the case of
the Lrrk2 knock-in line, or wt x heterozygous breeding in the case of the Lrrk2-
knockdown line have been used. Since already one allele expressing the
Lrrk2-shRNA results in a high degree of LRRK2 protein depletion (see 5.3,
Fig.23), heterozygous Lrrk2-knockdown mice were used, whereas for the
knock-in line only homozygous carriers of the R1441C mutation were

compared to their wild-type littermates.

5.6.1 Analysis of young Lrrk2 R1441C and Lrrk2 knockdown
mice
The cohort of Lrrk2 R1441C knock-in mice was tested at young age, on the

one hand to look for initial phenotypes, on the other hand as a reference point

to reveal age-dependent phenotype when testing aged animals. The mice
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performed seven behavioural tests, starting at an age of 4 month and ending
the tests at an age of 12 month.

In case of the Lrrk2 knockdown line, the analysis of young mice was even
more vital and much more promising since we did not primarily expected an
age-dependent phenotype. The mice were tested at an age of 4 to 11 month
by the same seven behavioural tests we used for the young Lrrk2 R1441C
knock-in mouse line.

5.6.1.1 Motor behaviour of the Lrrk2 mouse lines

For revealing possible motor deficits, the open field test and rotarod test have
been used. Overall locomotion, as determined by the total distance travelled
during the open field test was not changed between wild-type and R1441C
mice (data not shown). Only female mutant mice showed a slight decrease,
which became a tendency when only the distance travelled on the periphery
(Fig.43) was taken into account (t-test: p=0.06).

Using the accelerating rotarod we could not detect general problems of the
mice in regard to motor coordination, although the mutant mice showed a
slightly reduced performance (Fig.43). The only differences could be observed
between male wild-type and mutant mice during the second trial, where wild-
type mice performed highly significant better (p<0.01 trial 2 vs. trial 1 and 3).
During the third trial, instead of improving, wild-type males performed worse

and comparable to R1441C mice. Male mutants slightly but significantly
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improved their performance in the third trial (p<0.05 trial 3 vs. trial 1 and 2).
Female R1441C mice did not perform different form wild-type and both geno-
types improved significantly until trial 3 (Student’s t-test: p<0.05). It has to be
noticed, that at the time of the rotarod tests, male mutants exhibited a small
but significant increase in body weight compared to the control animals;
female R1441C mice showed the same trend (data not shown). In summary,
although R1441C female mice show a tendency of reduced locomotion and
both mutant genders show slightly less motor coordination, these differences

are not significant.
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course from trial 1 to 3. None of the parameters do show significant changes between wild-
type and mutant mice. Numbers of animals tested: males: wt=10, mutant=22; females: wt=11,
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For the Lrrk2 knockdown line, the total distance travelled during the open field
test was the same between wild-type and mutant mice, indicating that
theoverall locomotion is not changed (Fig.44). In case of the motor
coordination tested by the accelerating rotarod, no significant difference could
be detected, although there is an indication that knockdown males fall slightly
earlier from the rod than their wild-type littermates (Fig.44). Both wild-type and
mutant males fail to improve over the three trials, whereas the females of both
geno-types significantly increase their performance (p<0.01) during the test.
At the time of the rotarod tests, mutant and control animals exhibited
comparable body weights. Taken together, no differences either in locomotion

or in motor coordination could be detected in young Lrrk2 knockdown mice.
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Combined, both Lrrk2 mouse lines at least in young animals do exhibit normal

motor skills.

5.6.1.2 Cognition and memory in the Lrrk2 mouse lines

Besides the common motor dysfunctions, PD is also characterized by several
non-motor symptoms like cognitive impairments or memory defects (Sollinger
et al., 2010). To analyze both the cognitive functions and the short-term and
social memory, we tested the animals in regard to their ability to discriminate

between familiar and unfamiliar objects and social partners.
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During the sample phase of the social discrimination test, wild-type and

R1441C mice spent the same time with olfactory investigating the familiar

mouse. During the test phase all animals, irrespective of genotype and

gender, spent more time exploring the unfamiliar mouse, albeit significance

was not reached for every condition (Fig.45). Even more clear-cut were the

results of the object recognition test. The animals of both genotypes spent

significantly more time with the unfamiliar object at both time points (Fig.45).

Only for wild-type females significance could not be reached due to the high

variability in the time spent with the unfamiliar object. Taken together,
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alterations in the cognitive functions and the short-term and social memory
can be excluded for young Lrrk2 R1441C mice.

Also for the Lrrk2 knockdown animals, no abnormalities could be detected by
the social discrimination test. The olfactory investigation was not significantly
different between the genotypes during the sample phase. Wild-type as well
as Lrrk2 knockdown animals spent significantly more time in exploring the
unfamiliar mouse during the test phase. Only for mutant males, significance
could not be reached, although they exhibit a clear tendency (Fig.46). And
again during the object recognition test, a tendency for spending more time in
investigating the unfamiliar object was obvious in both wild-type and Lrrk2
knockdown mice. In general, the animals could after 3 hours as well as after
24 hours discriminate between familiar and unfamiliar objects. Admittedly not
for all groups and time points significance could be reached, but a clear trend
towards more interest into the unfamiliar object could be observed (Fig.46).
This result indicates that young Lrrk2 knockdown mice have no problems in
regard to their cognitive functions and memory. Taken together, neither the
expression of the pathogenic form, nor the loss of LRRK2 protein causes

cognitive or memory dysfunction in young animals.

5.6.1.3 Depression- and anxiety-like behaviour

Depression represents one of the most prominent non-motor PD symptom
occurring in more than 60% of the patients (Martinez-Martin and Damian,
2010). Since depression is such a complex mood disorder and displays a high
interconnection especially with anxiety (Hettema, 2008; Bessa et al., 2009) we
did not only look for depression-like behaviour, but used also some aspects of
the open field test to determine the anxiety-related behaviour of our animals.
In their environment, mice fear novel and open spaces and therefore
generally avoid the centre of the open field arena. This natural behaviour can
be used in this test to measure anxiety-like behaviour (Bouwknecht et al.,
2008; Hasegawa et al., 2009). In case of the Lrrk2 R1441C animals, no
differences compared to wild-type littermates could be observed except a
slight but non-significant increase in the time the R1441C females spent in the
16% centre of the arena (Fig.47).
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On of the most common assays to study depression-like behaviour in rodents
are the tail suspension test and the forced swim test (Trullas et al., 1989;
Cryan et al., 2005). R1441C females depict a distinct and significant increase
(p=0.020) in the latency to immobility of far more than two-fold compared to
wild-type littermates (Fig.47). The main readout value — the total duration of
immobility — was consequential clearly decreased, but unfortunately did not
reach the level of significance. Nevertheless, this first result of a decrease in
depression-like behaviour at least in R1441C females could be confirmed by
the results of the forced swim test. As expected, the mutant females spent
significant more time with swimming (p<0.05) and less time with floating
(p<0.05). The results of the male mice show a tendency towards the same
direction (Fig.47). Since body mass might influence the test results, the weight

of all mice has been determined again and previous noticed differences
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Figure 47: Lrrk2 R1441C females show a reduced anxiety- and depression-related
behaviour. While mutant females in the open field test show only a slight tendency for
spending more time in the centre, during the tail suspension test mutant females show a
significant increase of far more than two-fold in the latency to immobility compared to wild-
type littermates (p=0.020). Also the forced swimming test revealed that at least mutant
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between the genotypes could not be seen at the time of the test (data not
shown). In summary we observed a subtle tendency in one and significant
changes in two other related tests, suggesting a decrease in anxiety and
depression-like behaviour in young R1441C females.

Similar results could also be observed in the Lrrk2 knockdown line. Although
the open field revealed identical overall locomotion of wild-type and
knockdown mice, the anxiety-related aspects of this test displayed clear-cut
behavioural differences between the genotypes. While female mutant just
show a very slide tendency towards it, male Lrrk2 knockdown mice spent
significantly (p<0.05) more time in the centre of the test arena (Fig.48). After a
short period of orientation where both genotypes behave almost identical,

wild-type animals tend to avoid the centre while knockdown mice do not so
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genotype differences have been revealed in the forced swimming test. Results of the tail
suspension test demonstrate a significant reduction in the total, maximal and mean duration
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and even increase their time spent in the centre. According to the open-field
exposure paradigm (Prut and Belzung, 2003), this behaviour has to be
interpreted as a reduction in anxiety-related behaviour at least in male Lrrk2
mice.

The forced swim test revealed no significant changes; nevertheless the trend
is directed towards less floating of mutant mice compared to their wild-type
littermates (Fig.48). The time spent with swimming was almost identical
between the different genotypes (data not shown). Genotype-dependent
alterations of the body mass were also not observed (data not shown).

In the tail suspension test, as like the knock-in line, Lrrk2 knockdown animals
showed a tendency for the decrease in total duration of immobility (p=0.06).
When looking to the maximum and mean duration of immobility, at least
female mutants show a clear-cut and significant reduction (p<0.05 and
p<0.01) (Fig.48). The results of the male mice show a trend towards the same
direction. In summary, young Lrrk2 knockdown males show a reduced
anxiety-like behaviour in the open field, whereas knockdown females exhibit a
decrease in depression-like behaviour evaluated by the tail suspension test.
Taken together, for both the young Lrrk2 R1441C knock-in as well as the
Lrrk2 knockdown line significant changes in two to three related tests did
show significant changes in anxiety and depression-like behaviour.
Interestingly, the results are suggesting a decrease in these behavioural
aspects for both lines. This could indicate similar molecular alterations
induced by the loss of the protein as well as the expression of its pathological

mutated form.

5.6.2 Odour discrimination in aged Lrrk2 R1441C and Lrrk2

knockdown mice
Since hyposmia (olfactory dysfunction) is on of the most widespread non-
motor symptoms and is occurring very early in the course of the disease, it is
actually also used for prediction and diagnosis of PD (for review see Haehner
et al.,, 2009). Based on this our colleague Lisa Glasl established an odour
discrimination paradigm by which several parameters can be addressed: First
of all the sensitivity of the mouse to detect an assigned odour in increasing
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dilutions, next the ability to discriminate between certain degrees of a binary
mixture of two different odours has been determined. In a final step the
capacity to recognize the assigned odour again was checked after additional
8-10 weeks following the training (olfactory memory). Shortly, the assay was
performed as follows: during the three days of the training phase, each mouse
has been assigned to a personal odour. Therefore either methyl trans-
cinnamate (“strawberry”) or Phenethylacetate (“apple”) has been used. In the
test phase, food deprived mice had to identify their assigned odour in order to
get small pieces of chocolate as a reward (Glasl et al., in preparation).

Old Lrrk2 R1441C animals at an age between 24 and 27 month have been
tested in this regard. In the binary mixture paradigm, both genotypes have no
problem to identify the sole odour, but already in a 70%-mixture, Lrrk2
R1441C exhibit a significant lower performance. Also in the more challenging
mixtures, the mutant animals do produce more failures compared to their
wild—type littermate. The identical performance of both genotypes at the 50%-
mixture indicates the correct operation of the test (Fig.49, a). Furthermore,
also the total odour sensitivity is depleted in old Lrrk2 R1441C animals. While
wild-type animals could recognize their assigned odour until a dilution step
around no.25, mutant animals did fail already at a dilution step about no.22 to
no.23, indicating a decrease of 4- to 8-fold. These results fairly reach the level
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Figure 49: Aged Lrrk2 R1441C mice display significantly reduced olfaction in an odour
discrimination and sensitivity test paradigm. a) Discrimination of binary odorant mixtures
(“apple” and “strawberry”) is reduced in mutant mice significantly at least in two mixtures (70%
and 51%; p<0.05). b) The general olfactory sensitivity, defined by the maximal dilution step
an individual mouse could absolve, is significantly (p=0.04) reduced in aged Lrrk2 R1441C
knock-in mice. Numbers of animals tested: wt/mut: 9/11 (genders pooled, data expressed as
mean + SEM).
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of significance (p<0.05), although it has to be mentioned that for both tests the
results from males and females had to be pooled due to the low number of
wild-type females (Fig.49, b). During the third phase of this test, which
addresses the olfactory memory of the animals, no additional deficits could be
seen in this mouse line (data not shown). Nevertheless, the odour discrimina-
tion paradigm clearly did demonstrate significant olfactory deficits in old Lrrk2
R1441C animals compared to their littermates.

Aged animals between 24 and 27 month of the Lrrk2 knockdown line have
been tested in a similar way. Only the binary mixtures of 53% and 51% of the
female group haven't yet been included into the odour discrimination part of
the test. Possibly due to this fact, only a trend of reduced olfaction could be
observed in the binary discrimination part for this group (Fig.50, a). Apart from
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Figure 50: Both male and female Lrrk2 knockdown mice display significantly reduced
olfaction in age. Results of the olfaction discrimination and sensitivity test: a) and b)
discrimination of binary odorant mixtures in female and male mice respectively C) The
general olfactory sensitivity, defined by the maximal dilution step an individual mouse could
absolve is significantly diminished in Lrrk2 knockdown mice of both genders (p<0.01 for
females; p<0.05 for males). Numbers of animals tested: males (wt/mut): 6/17; females
(wt/mut): 6/6 (data is expressed as mean + SEM).
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that, the male mutant mice did perform the test for the 53%-mixture signify-
cantly worse than their wild-type littermates. Puzzling, for all other mixtures no
differences could be observed (Fig.50, b). Both in the female and male group,
the identical performance of the different genotypes at the 50%-mixture
indicates the correct operation of the test. More clear-cut is the result of the
odour sensitivity test in both Lrrk2 knockdown females and males. First of all
we can observe that wild-type females did perform the test much better than
the corresponding male animals. Nevertheless, in both genders the mutant
littermates produce significantly more failures than control animals do. Mutant
male mice reach fail approximately 3, female mice up to 4 dilution steps
earlier to correctly recognize their assigned odour. This indicates a reduction
of their odour sensitivity by the 8- to 16-fold compared to their wild-type
littermates (Fig.50, c).

Again the third part of this test, addressing the olfactory memory of the
animals, did not reveal any alterations in this mouse line (data not shown).
Clearly the odour sensitivity paradigm did demonstrate significant olfactory
deficits also in old Lrrk2 knockdown animals.

Taken together, the observed reduced olfactory performance of both the Lrrk2
R1441C and the Lrrk2 knockdown line do recapitulate nicely one of the pre-

motor symptoms known from PD patients.

5.6.3 Gait analysis of aged Lrrk2 R1441C and Lrrk2

knockdown mice

Olfactory deficits have been shown to be a promising approach for the
presymptomatic diagnosis of PD. Nevertheless, also hyposmia does have
limitations in its predictive power which makes it necessary to assess also
other possible early PD symptoms like depression or initial and subtle motor
dysfunctions (for review see Postuma and Montplaisir, 2009). Since we could
not demonstrate severe motor disturbances in young animals by the
accelerating rotarod (see 5.6.1.1), we have chosen a more sensitive approach
for the diagnosis of subtle changes in the gait of fully-aged animals. Therefore
the automated CatWalk™ (Noldus, Wageningen, Netherlands) apparatus,

allowing the recording and quantification of multiple gait parameters, has been
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utilized. So far this technique has not only been used for animal models of
nerve injury or pain, but also for movement disorders of the CNS including PD
(Hampton and Amende, 2010; Vandepultte et al., 2010).

For this assay, the mice are placed on a glass walkway, where the paw con-
tacts are visualized, recorded and computerized analysed (for a sample
picture see figure 54, upper left). In case of the Lrrk2 R1441C knock-in line,
28 month old animals have been used (n=6/8). The most striking genotype
differences could be found in regard to their step sequence patterns and inter
paw coordination (Fig.51). The percentage of time, in which the animals move
in a cruciate step sequence pattern (RF-LF-RH-LH) was significantly reduced
from about 20% in wild-type mice to 8.3% in R1441C knock-in mice (p<0.05).
The most common pattern in wild-type mice is the alternate step sequence
pattern (LF-RH-RF-LH) (Hamers et al., 2006), which did not show significant

changes. In addition to that, also the coordination between different paws is
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disturbed. A value of around 50% in the phase of the pair left-front (LF) and
right-front (RF) (termed girdle pair in contrast to lateral and diagonal pair)
would indicate a proper temporal correlation and coordination of these limbs.
In mutant animals we observed a significant (p<0.05) reduction to 47.9%.
Together with the observed trend (T<0.08) towards increased coupling of the
diagonal pair left-hind (LF) paw and right-front (RF) paw, we can conclude
slight alterations (Fig.51) in the coordination of gait in these animals.

Lrrk2 knockdown animals (n=14/26) were tested at a slightly younger age
around 24 month. But again, like for the Lrrk2 R1441C knock-in line, the most
striking genotype differences have been identified in their step sequence
patterns and inter paw coordination (Fig.52). Interestingly, in this mouse line
the wild-type animals do show a higher ratio of the cruciate step sequence
pattern of 32.5%; nonetheless we did observe a significant reduction to 18%
in LRRK2-depleted animals (p<0.05). In this case, even the overall time in
which the mice do show any step sequence pattern and which is defined as
the regulatory index is slightly but highly significant (p<0.01) reduced from
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98% in wild-type, to 96% in mutant mice. Alterations of the inter-paw coordi-
nation in these animals is indicated by the significantly longer time LRRK2-
depleted mice stand on the girdle pairs compared to wild-type animals
(p<0.005). Additionally, the print length is reduced from 7.5 mm in wild-type to
6.25 mm in Lrrk2 knockdown animals (p<0.05), indicating a more tiptoed gait
in these animals (Fig.52).

Taken together, in both the Lrrk2 R1441C knock-in as well as knockdown line,
minor nevertheless significant changes in several parameters of the
automated CatWalk™ gait analysis could be detected. Strikingly, both lines
did show depletions in identical features like the cruciate step sequence
pattern and the inter paw coordination. A higher degree of gait instability can
be observed only in toxin-induced lesion models of PD accompanied with
sever dopaminergic degeneration (Byler et al.,, 2009). Therefore we could
interpret the observed phenotypes as presymptomatic alterations independent
from neurodegeneration.

By summing up the results of this behaviour analysis, it is remarkable that
young Lrrk2 R1441C knock-in as well as the Lrrk2 knockdown animals only
show significant changes in two to three related tests suggesting a reduced
anxiety and depression-like behaviour. Other tests for memory, cognitive and
motor functions did not show significant alterations. On the other side in fully
aged animals of both lines indeed we could detect phenotypes like reduced
olfaction and gait alterations which resemble early, non-motor symptoms of
PD. Strikingly, all phenotypes could be detected in both lines and did point
towards the same direction. Taken the results of our functional analysis of
Lrrk2 R1441C knock-in cells into account, from which a distinct but not vital
role of LRRK2 protein in cellular functions like cytoskeletal organisation and
synaptic transmission can be assumed, it is not surprising that we could not
detect overt age-related neurodegeneration of the dopaminergic system,
inclusion bodies or other pathological hallmarks of PD. It seems that LRRK2
dysfunction does not affect overtly dopaminergic survival, but rather subtly
affects all neurons, of which dopaminergic neurons are most sensitive and
succumb earlier to cell death when challenged (according to multiple hit

theory).
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6 Discussion

6.1  Analysis of Lrrk1 and Lrrk2 expression

6.1.1 Expression during embryogenesis

In the beginning of the project, the only published data about the expression
of Lrrk2 was a Northern blot analysis showing the expression of a 9 kb
transcript in various human tissues like heart, liver and kidney; in addition
many regions of the adult brain did show LRRK2 expression (Paisan-Ruiz et
al., 2004). By the qualitative technique of RT-PCR, Lrrkl and Lrrk2 mRNA
could be detected from early embryonic stages onwards; in the case of Lrrk2
even from embryonic stem cells onwards. In general, the expression level of
both Lrrk mRNA'’s appeared to be rather low. Therefore we have decided to
determine the murine expression in particular by means of radioactive in situ
hybridisation (ISH) as an extremely sensitive technique (see 7.2.2.2; Dagerlind
et al., 1992). Nevertheless also with this method robust signals of both Lrrkl
and Lrrk2 mRNA could not be depicted before midgestation stage E10.5 (Fig.
9). Since also the distribution of both transcripts is rather ubiquitous until this
embryonic stage, a very specific role of the genes during early embryogenesis
seems not to be highly likely. In general, for detecting weak expression
domains like the Lrrk2 expression in the substantia nigra (SN) of the adult
brain or the expression of Lrrkl in the olfactory bulb, comparable longer
exposure times for the ISH had to be chosen. This finding is in line with the
results of quantitative RT-PCR we performed for various regions of the adult
brain and for Lirkl and Lrrk2 qPCR results published by Biskup and col-
leagues, showing considerable lower levels compared to nominally expressed
genes like TATA binding protein which served as control (see 5.1.3, Biskup et
al., 2007). Also in fibroblasts and neurons which have been in vitro different-
tiated from a LRRK2-GFP knock-in ES cell line, the level of murine LRRK2
protein appeared to be quite low (data not shown).

With ongoing organogenesis, the overall mMRNA level of both genes increases
and their expression patterns are getting more distinct. The involvement of

Lrrk1 or Lrrk2 in the development of certain organs and tissues seems to be
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possible due to their well-defined domains of high and in several cases
dynamic expression. Organs like kidney, lung and heart, but also tissues like
the chondral structures of the skull and vertebrae, or the developing teeth
show prominent expression of either Lrrkl or Lrrk2 mRNA. Interestingly no
real overlap of strong expression domains of these two genes could be ob-
served. Even if both are highly expressed in the same organ like the kidney,
the pattern of robust expression is quite distinct from each other. In contrast to
the situation in rat where Lrrkl mRNA could be detected in the developing
brain and neural tube (Westerlund et al., 2008/1), we could show that neither
Lrrk1 nor Lrrk2 is expressed in the neuronal tissue of the murine CNS during
embryonic development. Admittedly, this finding is in conflict with published
data of quantitative RT-PCR on embryonic brain tissue of the mouse, showing
a low expression of both genes from E11.5 onwards (Biskup et al., 2007). But
the strong expression of both genes in the meninges, tightly surrounding the
complete CNS can explain this discrepancy. Non-radioactive ISH published
by Zechel and colleagues even claimed a higher expression of Lrrk2 in the
developing cortex from mid-gestation embryos onwards (Zechel et al., 2010).
Since all other reported expression domains outside the embryonic brain, e.g.
the mesenchyme surrounding the forming digits or the developing kidney
match nicely to our data, it remains elusive were this difference arise from. In
general it has to be mentioned that in this work we tested six overlapping and
not overlapping riboprobes instead of only two, and did obtain identical results
(see 5.1.1 and Fig.7),. Moreover we instead used considerable longer probes
and did avoid the 3’ part of the transcript which contains the GTPases domain
conserved throughout the Ras superfamily (Wennerberg et al., 2005) and the
serine/threonine kinase domain similar to mitogen-activated protein kinases
(Paisan-Ruiz et al., 2004; Guo et al., 2007; Zechel et al., 2010).

Altogether, based on our findings a role of Lrrkl and Lrrk2 in the embryonic
development of the murine CNS is not likely. The proper brain development in

Lrrk2 knockdown mice nicely supports this conclusion.
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6.1.2 Lrrk2 mRNA expression in the adult CNS

Already during embryogenesis, but especially in the adult brain the expression
pattern of Lrrk2 differs quite conspicuously from the expression of other PD
related genes like Parkin, PINK1 and DJ-1. While these genes show a rather
uniform and ubiquitous distribution in the CNS (Kihn et al., 2004; Taymans et
al., 2006; Bader et al., 2005), Lrrk2 mRNA is not only ubiquitously expressed
on a low level throughout the brain, but also depicts various regions of high
and dynamic expression (Fig.13) which allows a deeper insight into the
possible functions of LRRK2 in the CNS. First of all it has to be noticed that
Lrrk2 expression is not limited to neurons but also can be found to a lower
extend in different glial cells of the murine brain. This result has been con-
firmed in human tissue by Miklossy and colleagues using RT-PCR on different
tissue extracts and cell lines (Miklossy et al., 2006). Initially it has been
discussed, whether the substantia nigra pars compacta, which is the most
affected brain region in PD patients, does express Lirk2 mRNA. While we
could show a comparable low level of expression in this area, Melrose and
colleagues could not detect any Lrrk2 mRNA in the murine SN in their expres-
sion analysis (Galter et al., 2006; Melrose et al., 2006). Nevertheless, later on
other studies confirmed our result of a minor but clearly detectable level of
expression of Lrrk2 in that area (Simén-Sanchez et al., 2006; Higashi et al.,
2007/1; Han et al., 2008). The highest levels of Lrirk2 mRNA in the adult brain
can be found in the striatum, piriform cortex, olfactory tubercle, hippocampus
and in various areas of the neocortex. First of all it is striking that all these
structures are located in the murine forebrain. The most out-standing region is
undoubtedly the striatum since this is the only domain of strong Lrrk2 expres-
sion which is an integral part of the basal ganglia circuit. Interestingly it is also
the only expression domain, where a conspicuous postnatal increase of ex-
pression can be observed (Fig.12). But not only the striatum but virtually all
target areas of dopaminergic innervation, like the cortex and the olfactory bulb
exhibit elevated levels of Lrirk2 mRNA. Based on these results, a postsynaptic
role of LRRK2 in the function of the basal ganglia circuit could be assumed.
Further more it has to be pointed out, that Lrrk2 is expressed in all regions of

adult neurogenesis in the rodent brain, which could suggest also a role in this
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fascinating but until now not fully de-ciphered mechanism. The expression in
the subventricular zone (SVZ) has been confirmed by Melrose and colleagues
by showing the coexpression of LRRK2 with PSA-NCAM as a marker for
neuroblasts in the SVZ (Melrose et al., 2007).

Besides the spatial, also the temporal distribution of LRRK2 expression can
give hints for its possible functions. Remarkable in this regard, is the
congruent occurrence of dopaminergic synaptogenesis in the striatum during
the first postnatal weeks (Mensah et al., 1982) and the upregulation of Lrrk2
expression in this region during this time span. This raises the questions
whether LRRK2 protein is directly involved in the process of synaptogenesis,
whether LRRK2 is needed to built up the synaptic machinery or whether the
protein is getting simply more abundant by the increase of neuronal
complexity per se. Not only the dynamic mRNA expression, but also the
observed discrepancy between Lrrk2 mRNA and protein level in the adult
striatum is conspicuous. Both immunohistochemistry (IHC) using the antibody
NB300-267, and Western blot analysis using a non-commercial antibody
(1E11) revealed significantly less LRRK2 protein expression in the striatum
compared to the high mRNA level revealed by ISH (Fig.16). The antibody
NB300-267 later on was published by others to work in IHC at least in human
tissue (Milosevic et al.,, 2009). However, this result has to be interpreted
cautiously since at least immunohistochemically all available antibodies
directed against LRRK2 had difficulties in detecting the endogenous murine
LRRK2 (Biskup et al., 2007). It has been discussed by other groups, whether
a widespread distribution of LRRK2 protein might be a hint for a pronounced
transport of the protein (Melrose et al., 2007), but in particular for the striatum,
this explanation seems not highly likely: The medium spiny projection neurons
in general do not project to far distant brain areas which means that despite
intraneuronal protein transport, LRRK2 would not be transported out of the
region to a great extend. A more straightforward explanation may be the
posttranscriptional regulation of Lrrk2 expression by specific microRNAs in the
adult brain. MicroRNAs have been shown to play a role not only in general
developmental processes like cell fate determination, but also in very specific
mechanisms like synaptic development and function (Corbin et al., 2009). We

have already identified several candidate microRNAs which are predicted to
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target Lrrk2 mRNA, but further studies are necessary to pinpoint Lrrk2-specific
microRNAs with region-specific expression.

In contrast to the widespread and informative expression pattern of Lrrk2, its
paralog Lrrkl is barely expressed in the adult murine CNS. The only domain
where small amounts of Lrrkl1 mRNA can be detected in neuronal tissue is
limited to the mitral cell layer of the olfactory bulb (Fig.14); no very prominent
expression of Lrrk2 can be observed in this layer. Interestingly, the neurons of
this structure — the mitral cells — are receiving the input of the olfactory nerves
projecting from the olfactory epithelium. Therefore, the apical dendrites of the
mitral cells terminate in glomeruli of the glomerula layer of the olfactory bulb
where they form synapses with the incoming olfactory axons (Barlow and
Mollon, 1982). Great care has been taken to verify the results of the ISH.
Different probes located in different parts of the Lrirkl mRNA have been
cloned and did show identical expression patterns and almost identical signal
levels on embryonic sections, suggesting their functionality and specificity. All
of the probes exhibited equal or even lower signal levels compared to their
corresponding sense-probes (see 7.2.2.2) all-around the adult brain. To
exclude the possibility of a subtle, ubiquitous expression of Lrirkl mRNA
below the detection level of the radioactive in situ hybridisation, a RT-PCR
analysis has been performed which widely supports this result of almost no
neuronal Lrrk1l in postnatal and adult mice. Altogether it has to be concluded,
that Lrrk1 is almost absent from the murine CNS. This finding fits quite well to
published data of quantitative RT-PCR showing conspicuously lower levels of
Lrrkl mRNA in the total brain of adult mice compared to Lrrk2 (Korr et al.,
2006; Biskup et al., 2007). It has to be mentioned that Westerlund and col-
leagues showed minor levels of Lrrkl1 mRNA to be widely till ubiquitously
expressed in the adult rat CNS by means of non-radioactive in situ hybrid-
isation (Westerlund et al., 2008/1). Whether this discrepancy can be explained
by species differences or the use of different detection techniques remains
elusive. On the contrary Taylor and colleagues published data of quantitative
RT-PCR from different mouse brain areas, were they could show low levels of
Lrrk1l expression throughout the brain; the only region showing elevated
expression levels is the olfactory bulb (Taylor JN et al., 2007). Assuming that
the ubiquitous lower level results from the expression of Lrrk1 in the meninges
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and choroid plexus, this publication is fully supporting the data presented
here.

Altogether it is surprising, that despite their high degree of homology and their
comparable similar expression patterns during development, the adult brain
almost exclusively expresses Lrrk2. We can conclude from this analysis that
highly redundant functions or compensatory effects between the two paralogs
Lrrkl and Lrrk2 can be neglected, at least for the adult murine brain. This
conclusion is supported by data from patients: linkage analysis or sequencing
of the Lrrkl gene in sporadic could not identify any pathological mutations
segregating with the disease (Taylor JN et al., 2007; Haugarvoll et al., 2007).
The limited expression of Lrrkl in the olfactory bulb is nevertheless remark-
able. This very specific part of the rodent brain does not belong to the basal
ganglia circuit which is affected in PD, but very much like the domains of high
Lrrk2 expression like the striatum and the cortex, also the olfactory bulb is in-
nervated by dopaminergic nerve terminals. One distinct region in the olfactory
bulb, referred to as the periglomerular layer, even harbours dopaminergic

neurons (McLean and Shipley, 1988).

6.1.3 LRRK2 protein expression in the adult CNS

The drawback of no available antibody suitable for immunohistochemistry
(IHC) made it difficult to get further insights into the expression of LRRK2 on
the protein level. We tested a whole variety of commercial and self-made
antibodies in different immunohistochemical approaches (Fig.15). Some of the
antibodies did work in Western blot analysis and did also show reduced or
diminished LRRK2 levels in knockdown lysates (data not shown; Fig.23, b) but
in IHC nearly all failed to show either any staining or a reduction of the
staining on knockdown tissue. NB300-267 was the only antibody which did
show a moderate reduction on knockdown tissue which suggests at least partial
specificity. Unfortunately we could not confirm this result with a later batch of
this antibody. In general, also other groups did recognize that the quality of
available antibodies raised against murine LRRK2 is extremely poor. While
several antibodies do recognize human LRRK2 even in IHC (Higashi et al.,

2007), only a few ones directed against mouse LRRK2 did recognize the
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endogenous protein in Western blot analysis (Melrose et al., 2007; Biskup et
al., 2007). Therefore, the problems we had to establish an
immunohistochemical staining of LRRK2 protein are reasonable albeit not
understood. It seems that murine LRRK2 protein is per se difficult to detect in
its endogenous levels on tissue. One could argue for a role of the protein within
a putative complex of several interaction partners since in this confirmation, the
antigen is not accessible for the antibody. Nevertheless, an antibody working
well in IHC would be an important tool to unravel the physiological role of
LRRK2 (Biskup and West, 2008; Zechel et al., 2010). We are therefore follow-
ing another strategy to circumvent this problem by analyzing the cellular and
sub-cellular distribution of a GFP-tagged form of the endogenous LRRK2
protein in differentiated ES cells and the adult mouse brain (work in progress).
Preliminary results from ES cells, in vitro differentiated into neurons revealed
a punctuated but rather uniform cytosolic distribution of the protein (data not
shown). In addition, for studding the pattern of LRRK2 protein distribution in
the adult mouse brain, we performed Western blot analysis using the poly-
clonal antibody 1E11 on lysates prepared from different brain regions. Inter-
estingly we could detect LRRK2 protein in virtually all brain regions except the
olfactory bulb, which is in line with previously published data based on a
different antibody (Melrose et al., 2007). In parallel, the contralateral side of
each brain region was used to prepare cDNA from total RNA preparations.
This cDNA was later used to quantify the amount of Lrrk2 mRNA by quanti-
tative real time PCR. By setting the sum of the relative levels of protein and
MRNA to 100%, we could not only show that the protein levels do correlate in
most of the regions quite well to the respective mRNA level, but could also
demonstrate that in distinct regions like the striatum and the brain stem we do
detect only about half of the amount of protein that one could expect (Fig.16).
Strikingly, the hypothetical 1:1 correlation of relative mRNA to protein levels
can be observed in various brain regions of moderate or low Lrrk2 expression
like diencephalon, cerebellum or midbrain. In the end the fact remains that on
the mMRNA level, the striatum shows the highest level of Lrrk2 expression,
whereas on the protein level cortical regions did show the highest levels in the
adult CNS (Fig.16).
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These observations can be explained by several facts (for reviews see
Greenbaum et al., 2003). First of all this could be based on potentially
different turnover rates of the LRRK2 protein in different brain regions.
Unfortunately, up to now there are no studies available which could argue for
such differences in the adult rodent brain. The only information we have up to
now is, that the general half-life of LRRK2 protein is relatively long (West et al.,
2005). We did exclude the possibility, that LRRK2 protein synthesized in the
striatum is subsequently transported into other brain compartments, since the
medium spiny neurons are known to have rather local projections in the
murine CNS (Shi et al., 1994). The most reasonable explanation for these
discrepancies would be a post-transcriptional regulation of Lrrk2 expression.
This has been already presumed by other groups at least in distinct cell lines
(Biskup et al., 2007). Since microRNAs are more and more seen to play a role
in brain function and neurodegenerative diseases (for reviews see Saugstad,
2010), we thought about a possible regulation of Lrrk2 expression by this non-
coding RNA species; for example in case of alpha-synuclein (SNCA), a
regulation via microRNA-7 has been demonstrated recently (Junn et al.,
2007). Also for Lrrk2, regional expressed microRNAs could explain the
observed discrepancies between mRNA and protein levels if we assume a
translational repression. It is discussed whether the mammalian microRNAs
predominantly decrease their target mRNA levels (Guo et al., 2010) or rather
act as translational repressors. For distinct microRNAs, the binding of to
Argonaute (Ago) proteins has been shown to inhibit translation (Kiriakidou et
al., 2007). Interestingly, in a Drosophila model, LRRK2 itself is involved in
translational repression via Ago2 (Gehrke et al., 2010).

Based on the results of our detailed expression analysis we are currently
working on the identification of specific microRNAs targeting Lrrk2.
Preliminary results nevertheless could exclude the SNCA targeting

microRNA-7 also to regulate Lrrk2 expression (data not shown).
6.1.4 Lrrk2 expression in the adult striatum

To further characterize the Lrrk2 expressing neurons in more detail, fluores-

cent and non-fluorescent double in situ -/ immunohistochemistry (ISH-IHC)
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had to be used to bypass the limitations set by the available LRRK2 anti-
bodies. Nevertheless also this technique bears disadvantages. Since the
detection level of the non-radioactive ISH did not reach the level of the
radioactive one, we are only able to make statements for cells that robustly
express Lrrk2. Weak expressing cells might not be detected by this technique.
To exclude the possibility that the chromophore used for ISH might interfere
with the subsequent IHC we used different fluorescent and non-fluorescent
substrates. Furthermore we only used markers and antibodies giving a strong
and distinct signal to prevent additional detection problems in the course of
the IHC. Like the radioactive ISH already revealed (Fig.11, C), Lrrk2 is expres-
sed predominantly but not exclusively neuronal indicated by the high overlap
with the pan-neuronal marker NeuN (Fig.17). In summary, Lrrk2 expression in
the murine CNS is on the one side not limited to specific neuronal or glial cell-
types. Also other groups have identified Lrrk2 mRNA in a whole variety of cell
types either by double IHC using self-made antibodies against human or
mouse LRRK2 protein, or by RT-PCR from sorted cell-populations. Thus far,
expression was found predominately in neurons and interneurons of various
types; but also in astrocytes, in microglia and oligodendroglia (Miklossy et al.,
2006; Higashi et al., 2007/1; Melrose et al., 2007; Han et al., 2008).

We have focused our view onto the striatum as one of the most outstanding
Lrrk2 expressing regions and as the target area of nigrostriatal dopaminergic
innervation which is affected in PD. Detailed ISH-IHC studies in this area
revealed a high degree of coexpression with DARPP-32 (dopamine and
CAMP regulated phosphoprotein 32) used as a marker for the medium-size
spiny neurons (MSN). This result is not surprising since these cells make up
95% of all neurons in the striatum (Tepper et al., 2004), were Lrrk2 is highly
expressed in neurons. We observed robust Lrrk2 expression in about 70% of
all dopamine receptor D1 (DR-D1) and in about 60% of all DR-D2 positive
neurons (Fig.17). Firstly, this surprising result indicates that Lrrk2 expression
is not prone for either the D;-like, or the D,-like family of dopamine receptors,
represented by their most abundant members DR-D1 and DR-D2. If this were
the case, we would have to see a nearly total overlap with at least one of the
two markers. Whether Lrrk2 plays a pivotal role rather in the direct or in the

indirect striatonigral pathway can not be fully answered by this experiment
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since up to now, the molecular characterisation of these pathways is still
under debate. To answer this question, markers exclusively expressed in
neurons of the direct or indirect pathway, like enkephalin and substance P
(Cuello et al., 1981) would have to be used for ISH-IHC in addition. In general,
the direct pathway is more associated with the DR-D1, the indirect with the
DR-D2 (Gerfen et al., 1990). On the other side, data is still puzzling whether
both receptors are coexpressed in nearly half of the MSN (Surmeier et al.,
1996) or to a much smaller content suggested by the analysis of BAC-reporter
mice (Matamales et al., 2009; Valjent et al., 2009).

Nevertheless, recent studies utilize DR-D1 and DR-D2 driven Cre-lines to
distinguish between distinct functional pathways in the striatum (Bateup et al.,
2010). Taken together, our results suggest that altered or disrupted activity of
LRRK2 in the striatum is highly likely to affect both the direct as well as the

indirect pathway of the basal ganglia circuit (see 3.1.2).

With this expression analysis we provided further insights in the pattern of
expression of both Lrrk genes. This work exhibits the first complete analysis of
murine Lrrkl and Lrrk2 mRNA expression covering numerous stages from ES
cells, embryonic development till the postnatal and adult brain. In contrast to
the published works of all other groups we used radioactive labelled ribo-
probes (Dagerlind et al., 1992) which are ensuring highest quality and resolu-
tion levels and an extremely high detection level. Next we could demonstrate
the quantitative distribution of LRRK2 protein in the adult brain and detected
conspicuous discrepancies between relative mMRNA and protein levels in
distinct regions of the brain. Furthermore we present first quantitative analysis
of Lrrk2 mRNA in DR-D1- and DR-D2-expressing medium spiny neurons of
the striatum. In case of Lrrkl, the extremely limited expression in adult brain
impedes redundant functions to its paralog Lrrk2 at least in the CNS. This
could explain for the first time, why no PD-associated mutations could be

identified in the Lrrk1 locus up to now (Haugarvoll et al., 2007).
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6.2 Generation of the Lrrk2 R1441C knock-in mouse model

The effects of a recessive PD mutation like Parkin, DJ-1 or PINKL1 is based on
the loss-of-function of the respective protein and a knock-out mouse is the
ideal approach to produce a rodent PD model. In case of a dominant PD
mutation, the situation is much more complex. To implement the proposed
gain-of-function mechanism, several approaches are possible. In the case of
alpha-synuclein, multiple mouse models have been generated which are
based on different tactics like the ubiquitous or cell type specific overexpres-
sion of wild-type protein under the control of exogenous promoters, the
expression of pathogenically mutated forms of the protein or any other
combination (Buchman and Ninkina, 2008). In case of our Lrrk2 PD mouse
model, the paradigm was used to create a model which is as close to the
situation of the patients as possible. Therefore, one of the pathogenic
mutations known from PD patients, should be inserted into the endogenous
murine Lrrk2 gene. This strategy is based on the fact, that LRRK2 is highly
conserved between human and mouse. Due to this one can expect that the
molecular effects of the observed point mutations should have a similar
impact whether in human or in murine LRRK2 protein. The initial identification
of pathogenic mutations in the human LRRK2 gene segregating with PARKS-
linked PD was performed in two independent families from North America and
Spain (Zimprich et al., 2004; Paisan-Ruiz et al., 2004) and revealed the three
point-mutations R1441C, R1441G and Y1699C. Two mutations occurred at the
same position within the catalytic Roc-GTPase domain, while the third is
located in the COR domain for which virtually no functional data was available.
On the basis of this, the pathogenic point mutation R1441C was chosen for our
Lrirk2 disease model. Furthermore in patients the ultimate result of both
mutations, G2019S - the most prominent mutation known so far - and R1441C,
is a very similar, in some cases indistinguishable form of familial PD (Gandhi
et al., 2009). In addition to the insertion of the pathogenic point mutation
R1441C, the respective exon 31 was flanked by Lox-P (locus of X-over P1)
sites, allowing its deletion by Cre (Cyclization Recombination) recombinase.
This would lead to the in-frame deletion of a 73 amino-acid long C-terminal
part of the Roc-GTPase domain which will result in the putative functional
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disruption of this domain. This approach provides an in vivo read-out for the
function of the GTPase domain and allows the dissection of the one protein —
two enzymes idea (see 3.4.1). Altogether, the targeting strategy enables to
simulate both the gain- and loss-of-function with minimal modifications of the
endogenous Lrrk2 locus.

6.3  Functional analysis

We established fibroblast cell lines to obtain an easy tool for studying the
possible effects of mutated LRRK2 on basic cellular processes. Those
immortalized cell lines bear the advantage of being easy to handle and can be
cultivated and treated for a long time. On the other hand, these cells do have
the drawback of slight clonal variations between the different lines (Franco et
al., 2001), making it necessary to compare preferably different lines per
genotype group. Most of the in vitro analyses published during the course of
this work by other groups, did use various cellular systems where human or
murine Lrrk2 - either as wild-type or different mutated forms - are getting
exogenously expressed. But this does not resemble the physiological situation
in human PD patients and additionally several groups did observe cytotoxic
effects induced by the overexpression of any Lrrk2 form (Greggio et al., 2006;
MacLeod et al., 2008; personal communication). Our model, in contrast,
provides the opportunity to study the impact of Lrrk2 mutations without
artificial intrusions like transfections or viral infections avoiding the simultan-
eous expression of both endogenous and exogenous protein. In addition,
MEF cells prepared from our Lrrk2 knockdown mouse model have been
extremely useful for the verification of various Lrrk2 antibodies (see 5.1.3).
The initial analysis of R1441C expressing MEF (mouse embryonic fibroblast)
cells revealed no obvious changes, regarding morphology, cell cycle duration
general viability and sensitivity to oxidative stress. This supports the idea of
Santpere and Ferrer, that the cytotoxic effects of LRRK2 observed by different
groups (Greggio et al., 2006; Smith et al., 2006; laccarino et al., 2007) are
simply caused by the massive and non-physiological overexpression of Lrrk2
regardless to its endogenous role (Santpere and Ferrer, 2009). Next we put
our focus on the cytoskeleton in these cells, since both sequence analysis as
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well as preliminary in vitro results suggested a role for LRRK2 in the
regulation of the cytoskeleton and axonal transport (Bosgraaf et al., 2002;
Dachsel et al., 2007; Higashi et al., 2007/1).

Although we could not detect clear manifestations of markedly altered cyto-
skeletal morphology or pharmacological stability, in Lrrk2 R1441C derived
MEF (mouse embryonic fibroblast). Nevertheless, the first hint for a raised
level of acetylated tubulin resulted from this analysis. Immunocytochemistry
(ICC) for different posttranslational modified microtubules (PTMs) in Lrrk2
MEF cells revealed an increase in the amount of acetylated tubulin which
could also be confirmed via Western blot analysis of crude cell lysates.
Remarkably, no overt differences could be seen between heterozygote and
homozygote R1441C MEF lines, which might be based on the truly dominant
mechanism of pathological Lrrk2 mutations. Besides these in vitro results,
also in vivo a hyperacetylation of tubulin could be shown in protein lysate
prepared from young wild-type and Lrrk2 R1441C mouse brains. For
narrowing down the site of interest, we prepared brain lysates from different
brain regions (data not shown) and analysed them in the same way. None of
the brain regions did show significantly more or less tubulin hyperacetylation
compared to wild-type. Also immunohistochemistry (IHC) using an specific
antibody directed against acetylated tubulin, did not reveal any significant
hotspots in the adult mouse brain but rather a quite homogenous distribution
(data not shown). Together with the original identification in the non-neuronal
MEF cell lines, this would suggest that the observed tubulin hyperacetylation
is not limited to a distinct region or cell type and could occur in every Lrrk2
expressing cell.

Next, we were looking if this hyperacetylation has also an impact on distinct
cellular processes like neurite outgrowth since the fundamental process of
axonal and dendritic generation and elongation is dependent on a variety of
mechanisms; amongst them the cytoskeleton and in particular the actin and
tubulin network do play the central role (Bouquet and Nothias, 2007). Espe-
cially the dynamical stabilisation and destabilisation of microtubules has been
shown to be crucial during this process (Baas et al.,, 1993; Kurachi et al.,

1999). This is achieved primarily by a higher degree of posttranslational
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modifications of the microtubular network during neurite outgrowth (Black et
al., 1980, Bulinski and Gundersen, 1991, Georges et al., 2008).

Based on this, we did look in more detail onto the neurite outgrowth process
in vitro. First of all, the expression of Lrrk2 in primary hippocampal and cortical
neurons had to be confirmed. We could detect Lrrk2 mRNA from the first
checked time point (DIV4) onwards by qualitative RT-PCR (data not shown).
On the protein level, a gradual increase of LRRK2 protein could be observed
from DIV4 till DIV20 by western blot in these cultures (Piccoli et al., 2011).
This is in line with the results of our expression analysis, suggesting the first
prominent Lrrk2 expression in the murine forebrain to show up during late
embryogenesis and early postnatal stages.

No unambiguous significant difference could be detected between wild-type
and both Lrrk2 R1441C and Lrrk2 knockdown neurons respectively, by
analysing different parameters like number and length of primary as well as
secondary and tertiary neurites. In addition, for the R1441C line also different
days (1, 2 and 5) after cell preparation have been analysed for detecting also
putative transient effects during the development of the neurite network. Due
to this we found the mean number of secondary neurites in R1441C neurons
to be markedly reduced at DIV5; unfortunately this result did not reach the
level of significance due to an elevated degree of variation. This degree of
variation could not be eliminated since we had to prepare single cultures from
each embryo separately in contrast to the published data where mostly one
single wild-type culture gets transfected or transduced with different con-
structs. Hence by our experimental set-up, the natural variation between
single primary cultures from embryos of a mixed genetic background, outruns
minor genotype-dependent differences. In case of the Lrrk2 knockdown
neurons, we could nevertheless show a tendency (Student’s t-test: p=0.06)
towards an increase in the number of secondary neurites. This result
encouraged us to go one step further and to analyze the dendritic branches of
neurons in the basal ganglia circuit in adult knockdown animals. Therefore we
performed the classical Golgi-Staining with which randomly entire single
neurons are getting stained. We decided to analyse the medium-size spiny
neurons (MSNSs) of the striatum, based on following reasons. On the one side,

this target area of nigrostriatal dopaminergic innervation shows the highest
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level of Lrrk2 mRNA in the basal ganglia circuit. On the other side, this
population is highly homogenous since about 95% of all neurons in the
striatum are MSNs making the analysis more straightforward. We observed
tendencies towards a general increase in neurite length and towards an
increasing numbers of higher order neurits. Unfortunately, despite high
sample sizes, like in the in vitro study these alterations failed to reach
significance. Nevertheless it is remarkable, that both in vitro in primary
hippocampal neurons, as well as in vivo in MSNs of the striatum, a similar
trend can be observed.

In total our results are in line with published data: it has been proposed for
example by MacLeod and colleagues, that the expression of pathologically
mutated LRRK2 decreases, whereas the knockdown of LRRK2 increases the
complexity of the neurite network; at least a tendency towards this direction
could be observed also in our ex vivo system. Strikingly, the effects of
pathogenic mutations in the kinase domain like G2019S have been shown to
be far more drastically compared to the slight reduction in R1441C overex-
pressing neurons (MacLeod et al., 2006). Subsequent publications therefore
exclusively used the G2019S mutation to demonstrate neurite outgrowth
deficits (Plowey et al., 2008; Sdmann et al., 2009; Dachsel et al., 2010). The
instance, that we did only see subtle changes may be explained not only by
the fact that we did express murine LRRK2 on an endogenous level instead of
transducing and overexpressing human LRRK2, but also by the use of
different species (Rattus norvegicus versus Mus musculus) as a source for
the preparation of primary neurons. Supposing that altered intracellular
transport is at least partially causative for the slight alterations observed, one
could as well speculate that the pathologically mutated LRRK2 slows down
the intracellular transport but is in turn nearly completely compensated by
tubulin hyperacetylation mediated transport acceleration (Reed et al., 2006).
On the other side, if the knockdown of LRRK2 slightly accelerates this
process, this could favour the formation of a more complex neurite network
and explain why we see more pronounced alterations in the knockdown
situation. Since the speed of intracellular transport has to increase with the
length of an axon (Miller and Samuels, 1997), in our ex vivo approach,

genotype differences would be more pronounced in older cultures with
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already long but still elongating neurites. Altogether, LRRK2 seems to be —
directly or indirectly - involved in the mechanism of neurite outgrowth, but its
concrete role remains elusive.

Following that line, since microtubules have already been identified as a direct
LRRK2 binding partner (Gandhi et al., 2008; Gillardon, 2009) we wondered
whether the LRRK2 interaction is specific for acetylated tubulin. In collabor-
ation with Giovanni Piccoli from the institute of human genetics of the
Helmholtz Zentrum Munich we could show by GST pull-down assay that
LRRK2 binds acetylated tubulin with high affinity. Binding levels of other
posttranslational modified tubulins were extremely low which suggests a
specific binding of LRRK2 only to acetylated tubulins or microtubules
respectively. Next we wanted to investigate the process of tubulin acetylation
and deacetylation in Lrrk2 R1441C neurons and utilized again the ex vivo
system of primary hippocampal neurons to do so. First of all we ensured that
also in these cells, hyperacetylation can be observed in R1441C catrriers.
Following that, we focused on a possible molecular pathway by which LRRK2
is involved in tubulin acetylation. Unfortunately this process is poorly under-
stood so far (Fukushima et al., 2009); the enzyme, catalyzing the acetylation
of microtubule is still unknown (for reviews see Perdiz et al., 2011), also it has
been speculated that the N-acetyltransferase complex ARD1-NAT1 might be
a good candidate (Ohkawa et al., 2008). In contrast, both HDAC6 (histone
deacetylase 6) and SIRT2 (human Sir2 ortholog) have been shown to act as
microtubule deacetylase (Hubbert et al., 2003; North et al., 2003). Based on
their expression profiles in the rodent brain, HDAC6 seems to be more abun-
dant in neurons, whereas SIRT2 can be found predominantly in glia cells
(Southwood et al., 2007). Nevertheless, also a cooperation of both proteins in
the process of tubulin deacetylation is discussed (Nahhas et al., 2007). Of
course also the role of SIRT2 is of high interest in regard to the observed
phenotype. Unfortunately, highly specific inhibitors of the second known
tubulin deacetylase SIRT2 like B2 or AKG2 (Outeiro et al.,, 2007) were not
commercially available; in ongoing experiments, nicotinamide (Green et al.,
2008) or a knockdown of SIRT2 by RNA interference are planed to be used.
Hence, we utilized the HDACSG inhibitor Trichostatin A (TSA) to see whether it
is possible to further increase the level of acetylated tubulin (Brehm et al.,
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1998). Interestingly, inhibition of HDAC6 in wild-type neurons elevated the
amount of acetylated tubulin to a similar level as observed in untreated Lrrk2
R1441C neurons. Nevertheless, TSA treatment of mutant neurons further
increased the hyperacetylation of microtubule. From this one can conclude
that the hyperacetylation is not caused by an inhibition of HDACS6 since in this
case no further increase should have been observed. The relative increase
upon treatment was comparable between both genotypes, suggesting that
also partial inhibition of HDACG6 should not be the predominant molecular
mechanism leading to hyperacetylated microtubule in Lrrk2 R1441C neurons.
In general, the mechanism by which dysfunctional or deregulated LRRK2
contributes to the acetylation of microtubule remains elusive. The demon-
strated direct binding of protein to acetylated tubulin could physically inhibit its
deacetylation. On the other side it has been shown that alpha-tubulin is spe-
cifically and exclusively acetylated at residue lysine in position 40, which is
located in the inner lumen of microtubule (Nogales et al., 1999). Together with
the fact that acetylation occurs after tubulin polymerisation (Greer et al.,
1985), this suggests that deacetylation (and acetylation) is limited to the tips
of microtubule where the lumen is accessible. Constant binding of a large
scaffold protein like LRRK2 with its multiple binding sites and dimerisation
capacity, seems not to be likely at that position. More reasonable would be a
direct or indirect role for LRRK2 in the regulation of acetylation or deacety-
lation respectively. Interestingly, no acetylase or deacetylase has jet been
identified to bind LRRK2 protein (personal communication) although both
LRRK2 and HDACG6 have been identified as components of Lewy bodies
(Kawaguchi et al., 2003). It has been reported, that in vitro overexpression of
tau inhibits HDACG6 function leading to an increase in acetylated tubulin and a
decrease of proteasome-induced autophagy (Perez et al., 2009). HDACG6
deficient mice exhibit elevated levels of acetylated microtubule, but interest-
ingly do not show any other overt phenotype and also no changes in basal
microtubule stability. From this the authors concluded, that the effects of
tubulin hyperacetylation can be compensated on mice kept under standard
laboratory conditions (Zhang et al., 2008). Furthermore, acetylation of micro-
tubules increases the recruitment of kinesin-1 and enhances the anterograde

transport of JIP1 (JNK-interacting protein 1) in neurons (Reed et al., 2006).
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Strikingly in Huntington’s disease (HD), the inhibition of HDAC6 by TSA can
compensate for deficits in axonal transport (Dompierre et al., 2007).

For the second tubulin deacetylase SIRT2 no knockout mouse model has
been published, but the inhibition of SIRT2 in both a cell culture and a
Drosophila PD model can rescue the toxic effects of alpha-synuclein overex-
pression (Outeiro et al., 2007). It is discussed that inhibition of SIRT2 can
induce the formation of few large alpha-synuclein inclusion bodies instead of
many small ones (Garske et al., 2007). Also in slow Wallerian degeneration
mice SIRT2-mediated tubulin deacetylation is involved in both microtubule
hyperacetylation and resistance to axonal degeneration (Suzuki and Koike,
2007). Interestingly, most recent Min and colleagues reported that in different
tauopathies the acetylation of the microtubular binding protein tau inhibits its
degradation and thereby can promote the formation of inclusions (Min et al.,
2010). Hence we are starting to analyse the acetylation state of other proteins
than tubulin to see, whether we have a more general impairment of acetyl-
ation in our Lrrk2 mouse models. Commonly, an imbalanced general homeo-
stasis of protein acetylation seems to play a role in a variety of neurodegener-
ative diseases (Saha and Pahan, 2006), but the exact mechanisms are still
unknown (Gan and Mucke, 2008).

In case of the microtubule, both HDAC6 and SIRT2 are regulating the stability
of the network by microtubule acetylation and deacetylation (Matsuyama et
al., 2002; Suzuki and Koike, 2007) although the linkage between microtubular
stability and acetylation is still not completely clarified. Depolarized
microtubules have been shown to be selectively toxic for dopaminergic
neurons (Ren et al.,, 2005). The selectivity of Rotenone toxicity is based on
the negative effect of Rotenone-induced microtubule disassembly onto
transport mechanisms whereas Parkin can protect dopaminergic neurons by
its ability to stabilize microtubules (Ren et al., 2009).

An additional hint for the involvement of microtubular organisation in the
aetiology of Lrrk2-linked PD came from the identification of the microtubule-
associated protein STOP (Stable tubulin-only polypeptide) as a LRRK2
binding partner (Piccoli et al., 2011). Based on this, we continued to look for
subtle changes in the stability of the microtubular network in R1441C mice

despite of the negative results obtained from general drug stability or neurite
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outgrowth assays. Binding of STOP protein to microtubules mediates not only
drug-resistance but also cold-stability in addition to their detyrosination (Bosc
et al., 1996; Guillaud et al., 1998; Baratier et al., 2005). Depolymerisation at
low temperature is a normal feature of most microtubules; only distinct
population exhibit a stronger resistance. This seems to have nothing to do
with the need of the cell for cold-stable microtubule per se; nevertheless this
physical feature can be used as a marker for specific subgroups of micro-
tubule stabilized by certain factors like STOP proteins (Wallin and Strémberg,
1995). Under basal conditions, we could not detect any differences in regard
to expression levels, pattern and subcellular localisation of STOP, neither in
primary neuronal cultures nor in the brain of R1441C animals. In STOP
knockout mice, cold stability of the microtubules is suppressed, leading to the
complete loss of the microtubular network in primary neurons after cold
treatment (0°C) (Andrieux et al., 2002). We never observed similar drastic
effects in R1441C primary neuronal cultures. Therefore it was necessary to
determine the relative loss of unstable microtubules represented by tyrosine
tubulin compared to acetylated tubulin. Thereby we could detect significantly
less unstable microtubules in Lrrk2 R1441C neurons, but only after 3hrs of
cold treatment. This result could indicate that under physiological conditions,
minor changes in cytoskeletal organisation can easily be compensated, but
not longer under the harsh conditions of extended cold treatment. In future, to
further elucidate that question, preparations of polymeric microtubules from
mutant and wild-type cells or mice could be used to determine their physical
properties. Since mouse models with more drastic alterations of the micro-
tubular network like the HDAC6 or STOP knockout mice, did not exhibit any
changes in the basal stability of microtubules, it is highly likely that subtle
alterations like the hyperacetylation of tubulin in the Lrrk2 R1441C knock-in

mouse can be compensated just as well.

However, STOP knockout mice despite not having detectable defects in brain
anatomy they do show clear-cut synaptic defects like impaired plasticity
accompanied with depleted synaptic vesicle pools (Andrieux et al., 2002).
Interestingly also specific alterations in the dopaminergic system, like an

increase in evoked dopamine release, can be observed in STOP deficient
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mice (Brun et al., 2005). Together with the identification of NSF as a binding
partner for LRRK2 (Piccoli et al., 2011), this advised us to look closer also for
a putative role of LRRK2 in the mechanisms of synaptic transmission. The N-
ethylmaleimide-sensitive fusion protein (NSF) as one of the most important
members of the SNARE (SNAp-REceptor) complexes is heavily involved in
various events where vesicles have to fuse with target membranes (Zhao et
al., 2007). Hence in neurons, it is predominantly located in the pre-synapse to
regulate and execute the release of neurotransmitter (Soliner and Rothman,
1994), but also a role in autophagosome fusion during autophagy events are
known (Ishihara et al., 2001). IHC in adult mouse brain (data not shown) or
ICC of primary neurons prepared from Lrrk2 R1441C mice did not reveal any
changes. So we utilized the technique of subcellular fractionation (Villasana et
al., 2006; Dosemeci et al., 2006) to pin-point the colocalisation with LRRK2
with NSF in the synaptomsomal fraction of wild-type brain lysates. This co-
localisation with NSF is reasonable, since the association of LRRK2 with lipids
or lipid-associated proteins has been already reported (Biskup et al., 2006;
Hatano et al., 2007). During the course of these experiments, Shin and
colleagues published related results, by showing the interaction and
colocalisation of LRRK2 with Rab5b in synaptosomal fractions (Shin et al.,
2008). Although the comparison of different fractions from wild-type and
R1441C mice did exhibit differences in the distribution of NSF, we can not
conclude any genotype effect since these results did show a high variation
between different samples. For the future, higher sample sizes are recom-
mendable since the used method of differential centrifugation implies certain
technical-based variations between different samples. Nevertheless, this
technique provided an additional hint for a possible functional interaction of
LRRK2 with NSF.

The fact that for the first time during this work, the function of an LRRK2
interactor was well described, allowed us to look for changes of a distinct
cellular mechanism in the Lrrk2 R1441C mouse line. We have put our main
focus on the well described role of NSF in controlling and executing vesicle
fusion with target membranes (Zhao et al., 2007). Therefore we established
and utilized an assay for quantifying exocytosis and endocytosis events of

synaptic vesicles based on several reasons. On the one side our primary
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hippocampal neurons prepared from Lrrk2 R1441C knock-in gives us the
opportunity to study this mechanism in the living cell, which implies a higher
relevance to the in vivo situation. Next, the process of synaptic vesicle release
marks one of the ultimate events in the information processing of a neuron
which is dependent on a variety of upstream events. Last but not least, it is
known for a couple of PD rodent models like for example in Parkin-deficient
mice (Kitada et al., 2009), that impairments in dopamine release can only be
observed if the system is evoked or challenged. In this regard, this ex vivo
system combines the advantages of easy accessibility of in vitro systems with
a higher physiological relevance to the in vivo situation. We used and adapted
a published protocol from Matteoli and colleagues based on the specific
binding of antibodies to the inner lumen of fused vesicles (Matteoli et al.,
1992; Mundigl et al., 1993). The tests revealed that within the 4 minutes of the
assay 32% of all detected synaptic vesicles underwent an exo-endocytosis
cycle in wild-type cells, which is basically in the expected range known from
literature (Bacci et al., 2001), indicating the correct progress of the assay. The
rate of 34.5% observed for Lrrk2 R1441C knock-in neurons was nearly
identical. Like indicated before, we put our main emphasis for detecting
significant impairments not onto the basal level, but onto the evoked activity of
these cells. We could indeed detect a clear increase of exo-/endocytosis
events in wild-type cells depolarized by high amounts of potassium, neverthe-
less only a slight and nosignificant additional increase could be observed in
R1441C knock-in neurons. In parallel, we performed the very same assay
together with our collaborators in neurons, were LRRK2 gets acutely knocked
down by lentiviral-delivered short hairpin RNA interference (Bauer et al.,
2009). Utilizing the same primary neurons and experimental setup, they could
detect a significant increase in exo-/endocytosis events both in basal as well
as in evoked conditions (Piccoli et al.,, 2011). At the same time Shin and
colleagues published very similar results. Also in their system, the acute
knockdown of LRRK2 revealed increased rates of exocytosis. But in addition,
the overexpression of both wild-type or pathogenic forms of LRRK2 did
influence the rate of endocytosis (Shin et al., 2008). Strikingly, when we used
primary hippocampal neurons from both wild-type and Lrrk2 knockdown
embryos (ex vivo), we could not detect any significant differences in both
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basal as well as in evoked conditions (Fig.36). The technical difference
between the two systems of course is obvious. The acute approach is based
on the differential treatment of a single culture. By contrast, in case of the ex
vivo approach, several cultures derived from single embryos of one litter had
to be prepared and analysed. Thereby we included an additional and maybe
considerable source of variation. Nevertheless, first of all biological factors
have to be taken into account. In case of the observed differences between
our R1441C knock-in neurons and the overexpression experiments published
by Shin and colleagues, one has to keep in mind that both wild-type and
mutated LRRK2 did influence the level of endocytosis. In contrasts to the
published model with its ten- to fifteen-fold overexpression of LRRK2 protein,
in our system we study the effects of pathogenic point mutations on the endo-
genous level. Since a whole bunch of publications did report a cytotoxic effect
in case of LRRK2 overexpression, these results have to be taken with care.
Our finding, that only the acute knockdown of LRRK2 significantly increases
the exo-/endocytosis rate could be taken as a further hint, that compensatory
mechanisms play a pivotal role.

Interestingly, the further analysis of acutely LRRK2 deprived neurons revealed
not only alterations in evoked postsynaptic currents accompanied by a
redistribution of synaptic vesicles, but also enhanced kinetics of these
vesicles due to acute Lrrk2 silencing (Piccoli et al., 2011). The enhanced
motility of the vesicles could be perfectly in line with a general enhanced
intracellular trafficking as we already discussed earlier. Together this data
indicates that LRRK2 is involved in the mechanisms of synaptic vesicle exo-
/lendocytosis but endogenous levels of pathogenic LRRK2 is not sufficient to
imbalance the system under basal conditions. For future experiments it might
be crucial to find a suitable modifier or stressor to tease out putative subtle

impairments.

6.4 Dopaminergic system, histological analysis

To cope with the progressive and age-related characteristic of PD, at least
three groups of different age have been used for histological analysis. The

analysis of young Lrrk2 R1441C knock-in animals was performed to exclude
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developmental alterations and like expected, no overt alterations in the
general setup of the central nervous system could be detected. Not only the
dopaminergic but also the serotonergic system has been studied in detail in
this group and both did not show overt changes. For the dopaminergic
system, which is naturally in the central focus in this mouse model, this
analysis is essential. The ‘multiple hit theory’, which claims that the combina-
tion of multiple factors like low-penetrance mutations, environmental insults or
stress are only in combination responsible for the final outbreak of the disease
(Carvey et al., 2006; Sulzer, 2007). Following that, also marginal develop-
mental depletion of TH-positive neurons could be already the first hit.
Nevertheless, for the Lirk2 R1441C knock-in line, this has to be neglected.
Due to the diagnosed changes in regard to anxiety-related behaviour in young
animals, we also took a deeper look onto the serotonergic system. It has been
shown, that developmental changes in the serotonergic innervation of cortex
and hippocampus are sufficient to cause perturbations in anxiety (Briley et al.,
1990; Lucki, 1998; Ramboz et al., 1998; Hohmann et al., 2007) and that
during development the dopaminergic and the serotonergic system compete
for the innervation of functional territories (Cunningham et al., 2005) in these
regions. Therefore we did not only look for the prominent serotonergic nuclei
like the raphe nuclei, but also for their projections and innervation of the
cortex. Both, the serotonergic neurons itself and their projections into the
cortex did not exhibit alterations between wild-type and R1441C knock-in
mice. Nevertheless, to exclude also subtle differences not only in the innerva-
tion but also in the release of different neurotransmitter, HPLC analysis or
even in vivo micro-dialysis should be used. This could be a promising
approach especially in aged animals. Several genetic PD rodent models, like
for example Parkin knockout mice (Goldberg et al., 2003), do not show
dopaminergic cell loss but alterations in the evoked release of dopamine or
other neurotransmitter.

Animals with an age of 24 month have been analysed for the dopaminergic
marker TH both for the total level of expression and as well as for the pattern
of TH-positive fibres in the adult brain. The data suggests no significant
alterations in the amount of dopaminergic innervation of the striatum. Also the

TH-positive neurons in both midbrain and olfactory bulb are not depleted in
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fully aged Lrrk2 R1441C knock-in mice. In case of the dopaminergic nerve
terminals the data obtained from patients is puzzling: stable amounts, reduce-
tions and even increases of the dopaminergic innervation has been reported
(Porritt et al., 2005; Chou et al., 2008). Potentially, the stage of the disease
plays a critical role. If we look in general onto published results from other
genetic PD rodent models, one could expect only minor changes in the
amount of dopaminergic cells and neurites at the most. Only for one alpha-
synuclein overexpressing mouse line, small albeit robust depletion of midbrain
dopaminergic neurons have been reported (Masliah et al., 2000), whereas
other models based on DJ-1, PINK1 or Parkin do show slightest till no
reduction of TH-positive neurons. Massive cell loss, accompanied by severe
motor defects can only be observed either in toxin-induced lesion models
using 6-OHDA, MPTP and Rotenone, or in genetic models based on genes
involved in the development and maintenance of dopaminergic neurons like
the Pitx3 aphakia mouse (Hwang et al., 2003) or the (En1*"; En2") mice
(Terzioglu and Galter, 2008). But at least Pitx3-based mouse models do have
the drawback, that the observed cell loss is neither age-dependent, nor slowly
progressing.

The histological analysis could also not identify some of the typical inclusion
bodies known from PD patients like Lewy bodies (LBs), Lewy neurites (LNS)
and neurofibrillary tangles (NFT) or Tau-pathology in Lrrk2 R1441C knock-in
mice up to 24. Once again, these results are very much in line with published
results from other rodent PD models. Only for BAC transgenic mouse overfed-
pressing high levels of mutated LRRK2, two groups recently described a
hyperphosphorylation of Tau and identified neurites positive for the antibody
AT8 directed against pathologically folded forms of human Tau protein (Li Y.
et al., 2009; Melrose et al., 2010). In case of Lewy body-pathology, amongst
the other PARK-gene models, only in alpha-synuclein overexpressing mice,
inclusion bodies with LB resemblance can be found. In contrast to dopamine-
ergic cell death, toxin-induced lesion models completely fail to mimic this
cardinal pathological feature of PD.

Another related finding from PD patients is the upregulation of alpha-synuclein
in dopaminergic neurons of the Substantia nigra (Grindemann et al., 2008).

While performing IHC to identify alpha-synuclein positive inclusion bodies, no
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obvious differences between wild-type and R1441C mice also referring to
general level or pattern of expression could be detected. We confirmed this
result on the mRNA level by performing ISH on aged wild-type and R1441C
brain slices. Westerlund and colleagues even proposed a co-regulation of
LRRK2 and alpha-synuclein due to their observation that Lrirk2 mRNA is
upregulated in an alpha-synuclein overexpressing mouse model (Westerlund
et al., 2008/2). Therefore we repeated the alpha-synuclein ISH on aged wild-
type and Lrrk2 knockdown brains, to check for a possible differential regu-
lation of alpha-synuclein in a Lrrk2-depleted brain but did not observe any
differences (data not shown). Together with the fact that also unchanged
levels of Lrrk2 mRNA have been reported in alpha-synuclein knockout mice
(Westerlund et al., 2008/2), a co-regulation of LRRK2 and alpha-synuclein
seems not to be likely in mouse.

Taken together, our mouse model does not recapitulate the major patholog-
ical key-features of PD, but is thereby in line with findings from other Lrrk2
mouse models. To trigger the formation of inclusion bodies, protein aggre-
gates or considerable dopaminergic cell death, the expression of pathogenic
LRRK2 protein on an endogenous level seems to be not sufficient (Tong et
al., 2009; Tong et al., 2010). For this, a massive, unphsiological overexpres-
sion of pathological forms of LRRK2 is necessary (Li Y. et al., 2009; Melrose
et al., 2010; Li. et al., 2010). Also the loss of Lrrk2 does not lead to PD
pathology; further, LRRK2-depleted mice do not show enhanced sensitivity to
a treatment with the PD-inducing toxin MPTP (Andres-Mateos et al., 2009).

6.5 Behavioural analysis

The absence of a pathological manifestation of PD in our Lrrk2 models might
explain why the mice do not show obvious motor deficits or dysfunctions as it
can be observed in patients. Nevertheless this is in agreement with a variety
of published mouse models of PD (for reviews see Dawson et al., 2010) and
does not imply the absence of any other behavioural alteration.

But which symptoms we could expect to find in our Lirk2 PD models is in
dependence of the situation in PD patients. There, neuropsychiatric manifest-
tations of the disease are diagnosed for more than 70% of cases (Ring and

115



Serra-Mestres, 2002). Amongst them, depression or bipolar disorders are the
most frequent indications occurring in about 50% of all PD patients and is
often accompanied with anxiety disorders. The underlying mechanism leading
to depressive symptoms in PD patients is not yet clear. From the physiological
point of view, disturbances not only of the dopaminergic but also of the
serotonergic and noradrenergic system have been taken into account (Taylor
TN et al., 2009). On the other side of course also the diagnosis of a severe
and disabling chronic illness like PD itself, can contribute to this manifestation
of the disease. Similar to depression, also the symptoms of anxiety disorders
observed in PD patients have been mechanistically linked to impairments of
the serotonergic and noradrenergic neurotransmitter system. In addition, also
disturbances in global cognitive performance have been correlated with
depressive symptoms in PD (Fernandez et al.,, 2009). Apart from these
neuropsychiatric manifestations, also the cognitive and motor symptoms like
tremor at rest, rigidity of the skeletal muscles, bradykinesia and postural
instability have to be taken into account (Shulman et al., 1996; Bloem et al.,
2001; Berardelli et al., 2001). Based on this, seven different behavioural tests
have been chosen for our PD test battery. Deficits in the cognitive function
were analysed by the odour preference test and by aspects of the odour
discrimination test, social discrimination and object recognition test. Open
field, tail suspension and the forced swimming test were utilized to address
the depression- and anxiety-related behaviour. The open field test and the
accelerating rotarod have been used to address subtle motor impairments.
Our behavioural test battery accommodates PD being a complex disease and
set-ups of this kind are getting more and more the minimum requirement for a
thorough behavioural characterization of PD mouse models (for reviews see
Taylor TN et al., 2010).

As mentioned before, we did not see overt motor impairments in young
LRRK2 knockdown and R1441C animals. The rotarod test, focusing on the
coordination and synchronisation of both fore and hind limbs did not reveal an
initial motor phenotype in both lines. The only significant difference could be
detected in male Lrrk2 knockdown mice during trial 2 (Fig.44), but was rather
caused by a remarkable increased performance of the wild-type litter-mates if

compared to all other trials or gender groups. Accordingly, values for latency
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to fall from the rotarod did match to knockdown levels in trial 3 again. Since
increased body weight does have a negative impact in this test, we have to be
aware that R1441C animals are slightly heavier than their wild-type
littermates. Significant reduction in rotarod performances has been observed
in at least some PD models like in overexpressors of human Y39C alpha-
synuclein, in VMAT-2 deficient mice and in 6-OHDA lesion models (Field et
al., 2006). The earliest manifestation of this motor impairment could be de-
tected in at least 15 month old transgenic animals (Colebrooke et al., 2006;
Zhou et al., 2008), therefore it was not surprising for us, to detect only minor
till no changes in the young Lrrk2 cohorts.

In the open field test paradigm, the total distance each mouse travels in the
arena regardless to the localisation can be taken as readout for locomotion
activity. The only tendency of reduced locomotor activity was found for female
R1441C mice in the periphery of the open field. Various other genetic rodent
models do exhibit reduced locomotor activity, but only when the animals were
challenged by drugs like amphetamine (Goldberg et al., 2005); dopamine
receptor D2 knockout mice do exhibit hypokinesia also under basal conditions
(Baik et al., 1995). Therefore it should be considered for the future to test the
general locomotion of both Lrrk2 lines in mice after specific pharmacological
stimulation.

In general cognitive functions, in short-term and social memory, neither of the
two Lrrk2 mouse lines did show distinct impairments. With object recognition
and social discrimination, two independent tests have been used, which differ
in regard to the used objects. Nevertheless, both lines do not show any diffi-
culties to memorize and discriminate between objects or social partners
(Fig.45 and Fig.46). Only for two other rodent PD models, memory and
cognitive function deficits have been reported: for the Pitx3 deficient aphakia
mouse (Ardayfio et al., 2008) and for a 6-OHDA lesion model (De Leonibus et
al., 2007).

While young Lrrk2 knockdown mice show a significant decrease in both
depression-like behaviour as well as anxiety, young R1441C mice do exhibit
only a significant reduction in depression-like behaviour. We used the forced
swim test and tail suspension test, which comprise the most commonly used

assays in this regard (Trullas et al., 1989; Cryan et al., 2005). The Lrrk2
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knockdown animals did not show any significant changes in the forced swim
test, whereas Lrrk2 R1441C mice do spent significantly more time with
swimming and less time with floating. This result reached the level of
significance only for female mice. The second test, the tail suspension test
confirmed this finding - at least in females - of a reduced depression-like
behaviour in young R1441C animals. In this test, also Lrrk2 knockdown
animals exhibit a significant decrease of depression-like behaviour. Using the
natural avoidance of the centre in the open field test, we could also show a
decrease of anxiety related behaviour in knockdown males, which supports
the finding that both lines do show analogue behavioural changes. Naturally it
was surprising to see, that these alterations indicate a reduction of depression
and anxiety-like behaviour and not an increase, as it could be observed in
patients. Comparison with other murine PD models is difficult in this regard,
since only for two models, changes in the depressive-like behaviour have
been reported; on the one side mice with a heterozygote deletion of
Engrailed1l, a homeobox transcription factor involved in development and
maintenance of dopaminergic neurons (Wurst et al., 1994; Sonnier et al.,
2007), on the other side a 6-OHDA lesion mouse, modelling premotor stages
of PD (Tadaiesky et al., 2008). Both models do show, according to the situa-
tion in humans, an increase of depressive-like behaviour using the forced
swim test. On the other side, since they are predominately used to test the
effects of antidepressants, one has to keep in mind, that the relevance of
these tests for basal conditions is still discussed (Cryan and Slattery, 2007;
Bessa et al., 2009). One possibility for the future would be to treat our animals
with certain antidepressants and to look for impairments in the reaction upon
these drugs. In addition also the data of aged Lrrk2 knockdown and R1441C
animals might be useful to clarify these discrepancies between the human
and rodent situation. It could be speculated, that putative impairments can be
compensated or even overcompensated in young animals.

Both, Lrrk2 R1441C and knockdown animals did show significant reductions
in olfaction skills at an age between 24 and 27 month and both, the ability to
discriminate between binary mixtures and the maximal sensitivity for a certain
odour is diminished. While Lrrk2 R1441C mice have depicted already a

distinct 4- to 8-fold decrease in olfactory sensitivity compared to wild-type
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littermates, the Lrrk2 knockdown animals did perform even worse. Unfortu-
nately in case of the Lrrk2 R1441C line, both genders had to be pooled due to
the lack of enough wild-type females. Therefore only for the knockdown line
sex-differences became evident suggesting in general a better performance of
aged females of both genotypes; this finding is in line with the situation in
humans were the general performance is higher in women and also their
normal age-dependent depletion does start later compared to men
(Fernandez et al., 2009). The question arises, if this observed phenotype is
age-related in one or both lines. Unfortunately, young cohorts of both lines
have been tested only for general olfaction (data not shown) where they did
perform comparable to wild-type. But of course, this was just a qualitative and
no quantitative test to exclude anosmia and also old Lrrk2 R1441C and
knockdown mice can smell, albeit to a lesser extend (hyposmia). Since the
absolved social discrimination test is highly dependent also from the olfaction
skill of the tested animals and both lines did not show significant impairments,
it could be speculated that this phenotype of Lrrk2 mouse models is indeed
age-dependent. To definitively answer that question, it is essential to repeat
this elaborated olfaction test battery in young and mid-aged animals. Similar
olfactory deficits were reported for a PD mouse model where alpha-synuclein
is getting overexpressed pan-neuronal under the Thy-1 promoter. Also alpha-
synuclein inclusions have been identified in the olfactory bulb of these mice
(Fleming et al., 2008). In addition, dopamine receptor D2, as well as
dopamine transporter knockout mice do exhibit a comparable hyposmia
(Tillerson et al., 2006). But what might be the underlying mechanism, leading
to this olfaction phenotype? Data from PD patients is puzzling; a pure neuro-
degenerative mechanism seems not to be highly likely since also increasing
numbers of dopaminergic neurons in the post-mortem olfactory bulb have
been reported (Huisman et al., 2004). On the other hand, the olfactory bulb
has been reported to be one of the first regions to depict pathological features
of PD (Braak et al., 2006). But even in the above mentioned murine alpha-
synuclein model, olfaction deficits occur before dopaminergic cell loss and
motor impairments can be observed (Fleming et al., 2008). The simple loss of
the dopaminergic system seems not to be a sufficient explanation.

Accordingly, the analysis of TH positive neurons in the olfactory bulb of the
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Lrrk2 R1441C did not reveal overt differences (data not shown). Our own
focus in regard to this phenotype is also directed onto a putative role of
impaired adult neurogenesis which has been linked to olfactory function and
learning. A subset of neurons within the olfactory bulb, regular undergoes
apoptosis and are getting replaced by newly generated cells (Petreanu and
Alvarez-Buylla, 2002). Therefore we started to study the adult neurogenesis in
both Lrrk2 mouse lines. Further on, also the olfactory epithelium, harbouring
the receptor cells, could be affected. It is known that olfactory receptor
neurons do express the dopamine receptor D2 and that dopamine depresses
the synaptic inputs into the olfactory bulb (Hsia et al., 1999). This would imply
that either impairments in the release of dopamine or an increase of the total
number of dopaminergic neurons in the olfactory bulb might be responsible for
the hyposmia. But also completely different mechanisms might be involved.
Interestingly, the receptors of olfactory epithel neurons are clustered in special
organelles referred to as primary cilia (McEwen et al., 2009). These cilia are
characterized by a classical 9+2 composition of microtubules in the axoneme
and show a high degree of acetylated tubulin enrichment (Wang and
Brautigan, 2008). Disturbances in the composition of these cilia have been
linked to various forms of olfactory dysfunction (Jenkins et al., 2009). But if
LRRK2 - directly or indirectly - might interfere with the cilia function in olfactory
epithel neurons has to be clarified. Last but not least, the olfactory vector
hypothesis has to be mentioned: according to this theory, neurodegenerative
diseases are caused by the incorporation of xenobiotics via the olfactory
mucosa (Doty, 2008). But if PARK genes like Lrrk2 can increase the suscepti-
bility for this mechanism seems not to be likely. Altogether, the observed
reduced olfactory performance does recapitulate nicely one of the pre-motor
symptoms known from PD patients. Interestingly a recent study did confirm
olfactory deficits (Schweitzer et al., unpublished data) in the very same family
where the pathogenic Lrrk2 mutation R1441C has been originally identified.

Last but not least, the gait analysis could also detect subtle motor alterations
in aged Lrrk2 R1441C knock-in as well as knockdown mice. As observed in
several other tests, both lines did show comparable changes in similar if not
identical parameters like the cruciate step sequence pattern and the inter paw

coordination; additionally in Lrrk2 knockdown animals, also a print length
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reduction could be observed. The automated CatWalk™ gait analysis
provides a convenient tool for analysing numerous aspects of this complex
behaviour and is sensitive enough to detect also subtle changes. Interestingly,
it has been shown that alternative methods of movement analysis, like for
example the treadmill gait analysis, fail to detect presymptomatic motor impair-
ments in genetic as well as toxin-induced mouse models of neurodegenerative
disorders (Guillot et al., 2008).

In PD patients, severe gait disturbances are one of the major hallmarks. On
the other side, gait changes in the initial phase of the disease are less
pronounced and also less well studied. Nevertheless, inconsistence timing of
gait, reduced swing times and increased left/right swing asymmetry could be
identified in early PD (Baltadjieva et al., 2006). This suggest, that slight gait
pattern alterations appear early in the presymptomatic phase of the disease
(Hausdorff et al., 1998). Naturally it is not easy to compare the bipedal loco-
motion of human patients with quadrupedal rodents, but strikingly also our
mouse models did show distinct gait pattern alterations. In both lines, the
most striking changes is a significant decreased percentage of the cruciate
step sequence pattern (RF-LF-RH-LH). The same holds true for the Lrrk2
knockdown animals; additionally they do show a slight but highly significant
reduction of the percentage in which the animals do show any step sequence
pattern known as the regulatory index (Hamers et al., 2006). Wild-type
rodents prefer the regular step pattern (LF-RH-RF-LH) and use this pattern in
about 80% of cases (Cheng et al., 2006). Therefore we can conclude, that old
Lrrk2 R1441C knock-in mice do not exhibit a severe gait phenotype, but start
to avoid more rare step sequence patterns like the cruciate pattern. The
knockdown animals show a similar, nevertheless slightly more severe gait
phenotype, since also their regulatory index is diminished. Interestingly, the
avoidance of the cruciate step sequence pattern seen in both lines has also
been reported for a 6-OHDA rat lesion model (Vlamings et al., 2007). Of
course the overall gait alterations are not as pronounced compared with toxin-
induced lesion models of PD where they are caused by a massive loss of
dopaminergic neurons (Amende et al., 2005; Byler et al., 2009). Therefore we
could interpret the observed phenotypes as presymptomatic alterations

independent from neurodegeneration but nevertheless associated to the
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dopaminergic system. Strikingly, our conclusions have been corroborated by
recent findings from human LRRK2 G2019S carriers. Intriguingly, also
asymptomatic mutation carriers exhibit alterations in several aspects of their
gait under challenging conditions. This can be interpreted as an endopheno-
type of the LRRK2 mutation or an early presymtomatic manifestation of PD
which could also serve as a biomarker (Mirelman et al., 2011). Genetically
Lrrk2 mouse models of early PD like the present ones could be extremely

useful to clarify these questions.

6.6 Concluding remarks

The scope of the present study was to create a Parkinson’s disease mouse
model for further exploring the aetiology of PD and to get closer insights into
the physiological roles of the Lrrk2 gene in health and disease.

We started with the analysis of the murine expression pattern of both Lrrk2
and its paralog Lrrkl in Mus musculus. By this we could show the first
complete analysis of murine Lrrkl and Lrirk2 mRNA expression covering
numerous stages from ES cells, embryonic development till the postnatal and
adult brain. We concluded that both genes may not play major roles in the
overall development of the brain. Further, we could show for the first time that
Lrrk2 is highly expressed in both dopaminoceptive populations of the striatum
and thereby possibly affecting both the direct and indirect pathway within the
basal ganglia circuitry. The limited expression of Lrrkl in adult brain can
explain for the first time, why no PD-associated mutations can be found and
that redundant functions to its paralog Lrrk2 in the adult brain have to be
excluded. Next, we managed to insert the pathological mutation R1441C,
observed in Parkinson’s disease patients, into the murine Lrrk2 gene, without
influencing the endogenous expression pattern or level. The functional
analysis could show, that LRRK2 is involved in cytoskeletal modification and
stability, possibly also in neurite outgrowth, and definitely in synaptic trans-
mission and vesicle trafficking. The detailed analysis of both the Lrrk2
R1441C knock-in as well as the Lrrk2 knockdown line revealed a variety of
changes, predominately in functions and mechanisms related with non-motor

symptoms observed in Parkinson’s disease patients (Fig.53). Adequate to

122



Lrrk2 Lrrk2
R1441C knockdown

neurite outgrowth

in vitro 1 (M T(T)
in vivo n.d. 1(T)
microtubule
acetylation T n.d.
basal stability — n.d.
cold stability NG n.d.
exo-/ endocytosis
functional basal — =
analysis evoked — N

dopaminergic neurodeg.

SNpc — —
striatal innervation — —
olfactory bulb — n.d.
serotonergic neurodeg. — n.d.
morphological |inclusion bodies - -
analysis
motor performance — —
cognition and memory — —
behaviour |depression and anxiety L™ L
(young)
olfaction 1 1
behaviour
(aged) gait analysis L 1 ()
Key: — not changed/detected
1(T) slightly increased
@) increased
L (M slightly decreased
&) decreased
n.d. not determined

Figure 53: Schematic overview of the findings from the functional, morphological and
behavioural analysis of both the Lrrk2 R1441C as well as the Lrrk2 knockdown mouse
line.

these findings, both lines did exhibit neither any overt neurodegeneration, nor
pathological hallmarks of PD like inclusion bodies in the morphological
analysis. If we compare the results of the two lines, it is remarkable that on
the functional level, altered LRRK2 function in the R1441C line rather leads to
opposing effects compared to the loss of the protein (e.g. contradictory trends

in the neurite outgrowth assay). But strikingly on the behavioural level both
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lines performed in a similar manner and did show a very high overlap in
regard to the identified phenotypes (e.g. depression- and anxiety-related
behaviour or olfaction). This might indicate that LRRK2 dysfunction and loss
of LRRK2 alters distinct cellular processes in a contrary way, but the general
impairment of these processes results in a similar dysfunction on the
behavioural level. Based on the multiple hit theory LRRK2 dysfunction does
not exclusively affect dopaminergic survival, rather impairs distinct
cellularmechanisms in a whole variety of neurons, of which dopaminergic
neurons are most sensitive and therefore degenerate previous to all other,
resulting in Parkinson’s disease. This initial analysis of our two Lrrk2 mouse
lines pro-vided us first hints what these mechanisms could be, but further
studies are necessary to identify the definite role of LRRK2 in the aetiology of
Parkinson’s disease. Furthermore, both lines nicely mimic early, non-motor
symptoms as observed in PD patients and can therefore be seen as valid

mouse models of presymptomatic Parkinson’s disease.
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7 Materials and Methods

7.1 Materials

7.1.1 Chemicals

Chemical Supplier
o-P-dCTP Amersham
B-Mercaptoethanol Sigma, Gibco
[a-thio®*S]-UTP Amersham

1 kb+ DNA Ladder Invitrogen
3,3'-diaminobenzidine (DAB) Sigma

acetic acid Merck

acetic anhydride Sigma

agarose (for gel electrophoresis)

Gibco Life Technologies, Biozym

ammonium acetate

Merck

ampicillin

Sigma

Ampuwa

Fresenius

antifade solution, Aqua Poly/Mount

Polysciences Inc.

ascorbic acid Sigma
B-27 supplement Gibco
bicine Fluka
boric acid Merck
bovine serum albumin (BSA, 20 mg/ml) NEB, Sigma
bromphenol blue Sigma
calcium chloride Sigma
carrier DNA Sigma
chlorobutanol Sigma
Complete® Mini (protease inhibitors) Roche
cresyl violet acetate Sigma
Criterion™ XT Bis-Tris-gels BioRad
dextran sulphate Sigma
dithiotreitol (DTT) Roche
DMEM Gibco
DMSO Sigma
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dNTP (100 mM dATP, dTTP, dCTP, dGTP) MBI
EDTA Sigma
EGTA Sigma
Eosin Y Sigma
ethanol absolute Merck
ethidiumbromide Fluka
ethylene glycol Sigma
FastBlue B Sigma
fetal calf serum (FCS) PAN
Ficoll 400 Sigma
formamide Sigma
gelatine Sigma
glucose Sigma
glycerol Sigma
HBSS Gibco
HEPES Gibco
hydrochloric acid (HCI) Merck
hydrogen peroxide, 30% Sigma
isopropanol Merck
kanamycin Sigma
Lipofectamin™ 2000 Invitrogen
magnesium chloride (MgCl,-4H,0) Merck
Mannitol Sigma
MEM nonessential aminoacids Gibco
MES hydrate Sigma
methanol Merck
mineral oil Sigma
MOPS Sigma
Neurobasal medium Gibco
Neurofect™, transfection agent Invitrogen
Nonidet P40 (NP-40) Fluka
normal goat serum (NGS) Gibco
NuPAGE® Novex Bis-Tris gels, 10% (protein) Invitrogen
Opti-MEM® | Reduced-Serum medium Invitrogen
Orange G Sigma
PBS (for cell culture) Gibco
PIPES Sigma
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polyvinylpyrrolidone 40 (PVP 40) Sigma
ponceau red Sigma
potassium chloride (KCI) Merck
potassium ferricyanide (KsFe(CN)g) Sigma
potassium ferrocyanide (K4;Fe(CN)g-3H,0) Sigma
potassium hydroxide (KOH) Sigma
potassium phosphate (KH,PO,4-H,0O, K;HPO,) Roth
protease inhibitor Roche
Quick Start Bradford Protein Assay Bio-Rad
RapidHyb buffer Amersham
RNaseZAP® Sigma
Roti-HistoKit® Il Roth
Roti-Histol® Roth
saccharose Sigma
salmon sperm DNA Fluka
SeeBlue® Plus2 Prestained protein ladder Invitrogen

skim milk powder

BD Biosciences

SmartLadder DNA marker Eurogentec
sodium acetate (NaOAc) Merck, Sigma
sodium chloride (NaCl) Merck
sodium citrate Sigma
sodium desoxycholate Sigma
sodium dodecylsulfate (SDS) Merck
sodium hydroxide (NaOH) Roth

sodium phosphate (NaH,PO,4-H,0, Na,HPO,) Sigma
spermidin Sigma
sucrose Sigma
triethanolamine Merck
TriReagent Sigma

Tris (Trizma-Base) Sigma

Triton X-100 Biorad

Trizol Invitrogen
tRNA Roche

trypsin Gibco
tryptone BD Biosciences
Tween 20 Sigma
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7.1.2 Enzymes

Enzyme Supplier
DNase | (RNase-free) Roche
Klenow fragment of DNA Polymerase | NEB

PCR-Mastermix 5x

Eppendorf, Rediprime

proteinase K

Roche

restriction enzymes

Roche, MBI, NEB

RNA polymerases (T3, T7, SP6)

Roche

RNase A Serva
RNasin RNAse inhibitor Roche

T4 DNA ligase NEB

7.1.3 Commercial kits

Kit Company
DNA Maxi Prep Kit Qiagen
DNA Mini Prep Kit Qiagen
ECL Detection Kit Amersham

FD Rapid GolgiStain™

FD Neurotechnologies

PCR Purification Kit

Qiagen, Promega

QIAquick Gel Extraction Kit Qiagen
RediPrime DNA Labeling Kit Amersham
RNeasy Mini Kit Qiagen
RNeasy Midi Kit Qiagen
SuperScript First-Strand Invitrogen
Synthesis System for RTPCR

TOPO-TA Cloning Kit Invitrogen

Vectastain Elite ABC Kit

Vector Labs

Wizard PCR Purification Kit

Promega

Wizard Genomic DNA Purification Kit

Promega




7.1.4 Solutions

General solutions:

Composition:

loading buffer (5x) for agarose gels (DNA):

loading buffer (10x) for MOPS agarose gels
(RNA):

paraformaldehyde solution (PFA, 4%):

PBS (1x):

SSC (saline sodium citrate, 20x):

sucrose solution

TAE (10x):

TBE (10x):

TBS (10x):

TBS-T (1x):

TE (Tris-EDTA):

Tris-HCI:

15% Ficoll 400
200 mM EDTA
1-2% orange G

50% Glycerol

1 mM EDTA, pH 8.0
0.25% Bromphenole blue
0.25% Xylene cyanol FF
in RNase free water

4% PFA w/v in PBS

171 mM NaCl
3.4 mM KCI

10 mM Na,HPO,
pH 7.4

3 M NacCl
0.3 M sodium citrate
pH 7.0

10% - 25% sucrose w/v in PBS

0.4 M Tris base
0.1 M acetate
0.01 M EDTA

0.89 M Tris base
0.89 M boric acid
0.02 M EDTA

0.25 M Tris-HCI pH 7.6
1.37 M NacCl

1xTBS
0.05% Tween 20

10 mM Tris-HCI pH 7.4
1 mM EDTA

1 M Tris base
pH 7.5



Solutions for cell culture work:

Composition:

Dissection medium:

Culture medium:

ES cell medium:

feeder medium:

KCI solution

freezing medium (2x):

gelatin solution:

Solutions for Southern blot analysis:

48,4 ml HBSS (Gibco)

500 pl HEPES (1M, Gibco)

600 pl MgSO, (1M)

500 pl Penicillin/Streptomycin (100x)
total volume 50ml

48 ml Neurobasal (Gibco)

1 ml B-27 (Gibco)

500 pl L-Glutamine

500 pl Penicillin/Streptomycin (100x)
total volume 50ml

10% FCS (PAN)

1x MEM nonessential aminoacids
0.1 mM B-mercaptoethanol

1500 u/ml LIF

in DMEM

10% FCS
in DMEM

1 MKCI
in H,0, sterile filtered

50% FCS (PAN)
20% DMSO
in DMEM

1% gelatin
in H,O

Composition:

Lysis buffer:

Church buffer:

Denaturation solution:

Neutralizing solution:

Stripping solution:

130

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

Tris pH 8.5
EDTA

0.5 M Na2HPO4

0.5 M NaH2PO4

1% BSA

7% SDS

1 mM EDTA pH 8.0

0.1 mg/ml salmon sperm DNA

0.5 M NaOH
1.5 M NaCl

0.1 M Tris-HCI pH 7.5
0.5 M NaCl

0.4 M NaOH



Wash solution I, II, 111 2 X SSC, 0.5 x SSC, 0.1 x SSC,
0.1% SDS

Solutions for Western blot analysis: Composition:

Blocking solution milk: 4% skim milk powder
in TBS-T

Tris glycine blotting buffer (10x): 0.25 M Tris
1.92 M glycine

Tris glycine blotting buffer (1x): 10% 10 x blotting buffer
10% methanol

Laemmli buffer (5x): 313 mM Tris-HCI pH 6.8
50% glycerol
10% SDS
0.05% bromphenolblue
25% R-mercaptoethanol

RIPA buffer: 50 mM Tris-HCI pH 7.4
1% NP-40
0.25% sodium desoxycholate
150 mM NacCl
1 mM EDTA
1 tablet protease inhibitor
in 50 ml H,O

NuPAGE transfer buffer (10x, for NUPAGE 250 mM bicine
gels): 250 mM bis-tris
10 mM EDTA
0.05 mM chlorobutanol

NuPAGE transfer buffer (1x, for NUPAGE gels): 1 x transfer buffer
10% methanol

MOPS running buffer (10x, for Criterion gels): 500 mM MOPS
500 mM Tris
1% SDS
10 mM EDTA
adjust to pH 7.7

10X MOPS: 0,2 M 3-Morpholinopropan-sulfonsaure
50 mM Natriumacetat
10 mM EDTA

MES running buffer (10x, for NUPAGE gels): 500 mM MES
500 mM Tris
1% SDS
10 mM EDTA
adjust to pH 7.2
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Solutions for in situ hybridisation:
(radioactive and non-radioactive)

Composition:

chamber fluid

hybridisation mix

NTE buffer (5x)

proteinase K buffer

triethanolamine solution

ammonium acetate stock solution (10x):

PK buffer (2x):

PBT:

5 x NTE:

10 x TN:

TNT:

TNB:

TMN (or MTN):

Maleat buffer:

cresylviolet staining solution (Nissl):

50% formamide
2x SSC

50% formamide

20 mM Tris-HCI, pH 8.0
300 mM NacCl

5mM EDTA, pH 8.0
10% dextrane sulphate
0.02% Ficoll-400
0.02% PVP-40

0.02% BSA

0.5 mg/ml tRNA

0.2 mg/ml carrier DNA
20 mM DTT

0.5M NaCl
10 mM Tris-HCI, pH 8.0
5mM EDTA, pH 8.0

50 mM Tris-HCI, pH 7.6
5mM EDTA pH 8.0

0.1 M triethanolamine
adjust to pH 8.0

3M NH40Ac

100 mM Tris
10 MM EDTA pH 8.0

1 x PBS
0.05% Tween-20

2.5 M NaCl
50 mM Tris 8.0
25 mM EDTA

1 M Tris
1.5 M NacCl
Solve TN 1h at 60°C

1xTN
0.05 % Tween-20

1xTN
0.5 % Blocking reagent (NEN)

0,1 M Tris
0,1 M NacCl
0,05 M MgClI2-6H20

150 mM NacCl
100 mM Maleinséaure
pH 7.5

0.5% cresylviolet



Solutions for Immunohistochemistry:

2.5 mM sodium acetate
0.31% acetic acid

ad 500 ml H20

filter before use

Composition:

Cryo-protection solution:

PBS-T:

TBS-T:

Blocking solution:

DAB stock solution:

30% ethylene glycol
30% glycerol
0.1M PBS

PBS
1% Tween-20

TBS
1% Tween-20

10% fetal bovine serum
in TBS-T

1% DAB
in Tris-HCI, pH 7.4

7.1.5 Instrumentation

Instrument Company

autoclave Aigner, type 667-1°7
balances Sartorius, LC6201S, LC220-S

hybridisation tubes

ThermoHybaid

cassettes for autoradiography

Amersham, Hypercassette

centrifuges

Sorvall, Evolution RC;
Eppendorf, 5415D, 5417R;
Heraeus, Varifuge 3.0R, Multifuge 3L-R

chambers for electrophoresis (DNA)

MWG Biotech; Peglab

confocal microscope

Zeiss LSM 510

cryostat

Mikrom, HM560

developing machine

Agfa, Curix 60

digital camera

Zeiss, AxioCam MRc

DNA sequencer

Applied Biotech, DNA Analyzer 3730

freezer (-20°C)

Liebherr

freezer (-80°C)

Heraeus HFU 686 Basic

fridges (4°C)

Liebherr

gel- and blotting system “Criterion”

BioRad
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gel- and blotting system “Xcell SureLock™

Mini-Cell” Invitrogen
glass pipettes Hirschmann
glassware Schott

homogenizer

lka, Ultra Turrax T25 basic

hybridisation ovens

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

ice machine

Scotsman, AF 30

incubators (for bacteria)

New Brunswick Scientific, innova 4230

incubators (for cells)

Heraeus

laminar flow

Nunc Microflow 2

light source for microscopy

Leica KL 1500

liquid szintillation counter

Hidex, Triathler

luminometer

Berthold, Orion |

magnetic stirrer / heater

Heidolph, MR3001

microscope

Zeiss Axioplan 2

microwave oven

Sharp R-937 IN

Neubauer counting chamber

Brand

paraffin embedding machine

Leica, EG1160

PCR machine Eppendorf, MasterCycler Gradient
pH-meter InoLab, pH Level 1
photometer Eppendorf, Biophotometer 6131
pipetteboy Eppendorf, Easypet;

Hirschmann, Pipettus akku
pipettes Gilson; Eppendorf

power supplies for electrophoresis

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

radiation monitor

Berthold, LB122

rotating rod apparatus

Bioseb, Letica LE 8200

shaker

Heidolph, Promax 2020

slide warmer

Adamas instrument, BV SW 85

sonifier

Branson sonifier, cell disrupter B15

stereo microscope

Zeiss, Stemi SV6

thermomixer

Eppendorf, comfort

ultramicrotom

Microm, HM 355S

UV-DNA/RNA-crosslinker

Scotlab, Crosslinker SL-8042;
Stratagene, UV-Stratalinker 1800
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UV-lamp Benda, N-36
vortex Scientific Industries, Vortex Genie 2
water bath Lauda, ecoline RE 112;

Leica, HI1210;
Memmert, WB7

water conditioning system

Millipore, Milli-Q biocel

7.1.6 Antibodies

Antigen: Species: Company:
5-HT rabbit (polyclonal) ImmunoStar #20080
Acetylated-Tubulin mouse (monoclonal) Sigma T6793

alphaSynuclein

mouse (monoclonal)

abcam - ab1903

beta Il tubulin

rabbit (polyclonal)

abcam - ab18207

Darpp32

rabbit (monoclonal)

abcam - ab40801

Dopamine D1 Receptor

rabbit (polyclonal)

Calbiochem 324390

Dopamine D2 Receptor

rabbit (polyclonal)

Chemicon - AB5084P

LRRK1 (C —terminal)

rabbit (polyclonal)

Abgent - AP7098a

LRRK1 (N-terminal)

rabbit (polyclonal)

Abgent - AP7098b

LRRK2 rabbit (polyclonal) Novus NB300-267
pDarpp32 (Thr34) rabbit (monoclonal) Cell Signalling #2304
STOP mouse (monoclonal) Chemicon - MAB5524
Synaptophysin/P38 mouse (monoclonal) Synaptic Systems (101011)

Synaptotagmin 1 (lumenal)

rabbit (polyclonal)

Synaptic Systems (105102)

Tau (phospho T205)

rabbit (polyclonal)

abcam - ab4841

Tyrosin-Tubulin

mouse (monoclonal)

Sigma T9028

For further LRRK2-directed antibodies see: 5.1.3 and Fig.15. All secondary

antibodies used in this work were obtained from Jackson ImmunoResearch

Laboratories.

135




7.2 Methods

7.2.1 Methods in Molecular biology
7.2.1.1 General methods working with DNA

Sterile precipitation of plasmid DNA

To the digested plasmid DNA, 0.1 volume of a sterile 3M sodium acetate
(NaOAc) solution was added to achieve a final NaOAc-concentration of 0.3M.
After three times the volume of 100% Ethanol (EtOH) were added to the
solution, the mixture was vortexed and incubated at -20°C for at least a
couple of hours to precipitated the DNA quantitatively. The DNA was pelleted
by centrifugation with 14.000 x g for 30 min. The pellet was washed with 70%
EtOH, air dried in a laminar flow and solved in an appropriate amount of
sterile H,O.

Concentration measurement of nucleic acids

The concentration of aqueous nucleic acid solutions was determined photo-
metrical by measuring the optic density (OD) at a wavelength of 260 nm. The
OD of different, appropriate dilutions of a nucleic acid solution was measured
utilizing a photometer. An OD-g value of 1 corresponds to 50 ug/ml of double
stranded or 37 ug/ml of single stranded DNA respectively. In case of RNA, an

ODyp of 1 corresponds to a concentration of 40 ug/ml (Sambrook et al. 1989).

Oligonucleotide primer

All oligonucleotide primer used in this work, were designed using the online
tool primer3 (Rozen and Skaletsky 2000). The oligonucleotides were either
produced by Mr. Utz Linzner using the Applied Biosystems 394 DNA/RNA
synthesizer®, or obtained commercially by Sigma or MWG Biolabs. After
delivery, the lympholized nucleotides were solved in an appropriate volume of

sterile H,O and diluted to a working-concentration of 20mM.
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Isolation of genomic DNA

Cut mouse tail tips were incubated in lysis buffer for 4 hours till overnight at
55°C until they were completely digested. In case of DNA preparation from
mouse embryos or cells, the tissue was put into lysis buffer and incubated for
3 hours at 55°C. Genomic DNA from cells and mouse tissue was isolated
using Promega’s Wizard genomic DNA purification kit following the manu-
facturer’s instructions. The obtained pellet was resuspended in 25-250 pl H,O
or TE-buffer.

Restriction digests of DNA

For the restriction digests of plasmid-DNA and cDNA, reaction conditions,
amount of enzyme and type of buffer were applied following manufacturer's
instructions. Samples were digested for 2 hours till overnight at 37°C (unless
other temperature was recommended for the enzyme). For each ug of DNA
and for each restriction site in the plasmid 1 u of enzyme were used. For the

digestion of genomic DNA a separate protocol was used (see 7.2.1.5).

Gel electrophoresis of DNA fragments

Separation of DNA fragments according to their size was performed via gel
electrophoresis. For this, DNA samples were run on agarose gels at a con-
centration of 0.8 to 2 % in TAE buffer and stained by adding ethidium bromide
to the gel. Samples were loaded onto the gel after mixing them with 5x
loading buffer; the 1kb+ ladder® or the Smart Ladder® were used as length
standard and a voltage of 80- 120 V was applied for 30 min to several hours
depending on the sizes of the DNA fragments to be separated. Pictures of the
gels were taken on a UV desk with short wave UV radiation at 254 nm and

photographed using a gel documentation system.

Isolation of DNA fragments from agarose gels

DNA fragments of a specific size were isolated from agarose gels by visua-
lizing the bands on a long wave UV radiation (366 nm) device to prevent
damage of the DNA. The band of interest was then cut out with a clean
scalpel as precise as possible. The purification of the DNA was performed

using the Qiagen Gel Extraction Kit following manufacturer's instructions.
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7.2.1.2 General methods working with RNA

Working with RNA requires special care to avoid the rapid degradation by
RNases. Glassware was baked at 200°C for 2 hours; instruments were
incubated in concentrated NaOH or RNaseZAP® and subsequently washed
with fresh MilliQ water.

RNA extraction from cells and tissues

Cells were trypsinised and pelleted by centrifugation. Mice were asphyxiated
with CO,, decapitated, and the brain was dissected removing bones and
meninges. The whole brain or dissected parts of it were immediately frozen on
dry ice or liquid nitrogen to prevent degradation of RNA. Tissue was proces-
sed directly or stored at -80°C. Disruption of the tissue has been carried out
using either an electric homogenizer or mortar and pestle. Total RNA was
extracted with RNeasy Mini Kit from Qiagen following manufacturer’s protocol.
RNA concentration was determined using a photometer, where an ODyg Of 1
corresponds to 40 ug RNA per ml. RNA quality was controlled by electro-

phoresis. Isolated RNA was stored at -80°C if not processed immediately.

RNA agarose gels

RNase free 1xMOPS buffer containing 1% agarose was heated in a micro-
wave oven and let cool down to 60°C. 3% Formaldehyde (37.5%) and
ethidium bromide was added and filled into a thoroughly cleaned gel chamber.
After gel run, the quality of the RNA was estimated by evaluating the range of
longer RNA fragments and by comparing the ratio of the 18- and 28-S ribo-

somal bands.

Reverse transcription (RT) of mMRNA into cDNA

To perform RT-PCR, mRNA from different tissues was transcribed by the
reverse transcriptase SuperScript-Il into cDNA. Approximately 1 ug of total
RNA were incubated with random hexamer primers, dNTPs, SuperScript-Il,
and the corresponding buffers at 42°C following manufacturer's instructions.

Identical reactions without SuperScript-1l were used as negative control. The
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RNA template was digested by RNase-H incubation. 1 pl cDNA was used for

semiquantitative RT PCR analysis.

7.2.1.3 General methods working with bacteria

Generation of chemical competent bacteria

E.coli bacteria of the strain DH5a were cultivated on a LB agar plate without
antibiotics overnight at 37°C. One single colony was inoculated to 5 ml LB
medium and again incubated overnight on a shaker. 4 ml of this culture were
added to 400 ml of fresh LB medium and incubated on a shaker for several
hours. When the cell suspension reached an absorption value of 0.375 at 590
nm, but not higher than 0.4, bacteria were transferred to prechilled 50 mi
tubes, chilled on ice for 5-10 min and centrifuged (1,600xg for 7 min at 4°C).
Each pellet was carefully resuspended in 10 ml ice-cold CaCl2 solution. Cells
were centrifuged again (1,100x g, 5 min, 4°C) and each pellet was resus-
pended in 2 ml ice-cold CaCl2 solution. Bacteria were then ready for direct

transformation or were aliquoted and frozen at -80°C.

Transformation of competent bacteria

Single aliquods of 50 yl competent bacteria suspension were carefully thawed
on ice and approximately 25 ng of plasmid DNA were added. The sample was
mixed carefully and incubated on ice for 10 min. After a heat shock (60 sec at
42°C) and short chilling on ice, 500 ul of SOC medium was added. Bacteria
were incubated at 37°C for 60 min gently shaking. Then the transformed
bacteria were plated on LB plates containing an appropriate antibiotic and

incubated overnight at 37°C.

7.2.1.4 The polymerase chain reaction

For amplification of DNA fragments from miscellaneous templates like
genomic DNA, cDNA or vector DNA, polymerase chain reaction (PCR) was
performed. About 20-400 ng of DNA template were used with the appropriate

primers diluted from a 100 pmol/ul stock solution. Either an appropriated 10x
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PCR-buffer together with a Tag-polymerase, or a 5x PCR mastermix has

been used in a total reaction volume of 25pl.

PCR-Reaction (example):

template 1-5 ul
2 mM dNTP’s 2 ul
10 x PCR-buffer 3 ul
forward primer (10 pmol/ul) 1 pl
reverse primer (10 pmol/ul) 1 pl
Tag polymerase (10 U/ul) 0.5 ul
ultrapure H,0 12.5-16.5 pl
total volume 25 pl

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:
Step Temperature Time
1. Denature: 94°C 3 min.
2. Denature: 94°C 30sec.
3. Annealing: 55-65°C 45 sec. 25 to 40 cycles
4. Elongation: 72°C 1 min.
5. Elongation: 72°C 10 min.

After the 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. PCR products were
separated on a 0.8% 1.2% agarose gel in 1x TAE visualized on a UV desk

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

Triplex genotyping PCR for the Lrrk2 R1441C knock-in line

Standard genotyping polymerase chain reactions need two different reactions
for each sample to discriminate not only between wild-type and mutant but
also between the heterozygote or homozygote state. For more efficient
genotyping, we established a triplex PCR for the genotyping of the Lrrk2
R1441C knock-in line. By this method it is possible to amplify two different

products within one single reaction. The 5’ primer is used for both products.

140



Figure 54: The Lrrk2 R1441C
knock-in line is genotyped
by triplex PCR. Scheme (left)

D and example (right) of the
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Lrrk2KI-Neo

At the 3’ end, "Lrrk2KI-right Neo” is located in the neomycin resistance

Lrrk2KI-WT
—_—

marker
wild-type
heterozygote
heterozygote
homozygote

cassette which is present only in the mutant allele. The primer Lrrk2KI-right
WT located in intron 32 is only functional in the wild-type allele, since in the
mutant case, the distance to the 3’ primer is too big for efficient amplification
in the given elongation time. The wild-type allele gives rise to a 626 bp
product; the mutant allele gives rise to a 442 bp product. If the conditions and
relative amounts of the single primers are properly chosen, in the hetero-

zygote state both products are amplified.

10 x PCR-Mastermix 10 ul
ultrapure H»0 12 pl
Lrrk2KI-left (10 pmol/pl) 0.8 ul
Lrrk2KI-right WT (10 pmol/pul) 1ul
Lrrk2KI-right Neo (10 pmol/ul) 0.2 ul
genomic DNA 1 pl
total volume 25 pl

In this case, a commercial PCR-Mastermix has been used. Also the three
primers were used premixed in the following ratio: 40% of primer Lrrk2KI-left,
50% of primer Lrrk2KI-right WT and 10% of primer Lrrk2KI-right Neo (Fig.54,
left). This composition guarantees the equal amplification efficiency of both

products and prevents false negative results.

PCR-Program:

Step Temperature Time
1. Denature: 94°C 5 min.
2. Denature: 94°C 30 sec. <+
3. Annealing: 58.5°C 30 sec. 33 cycles
4. Elongation: 72°C 1 min.
5. Elongation: 72°C 5 min.
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PCR products were separated on a relatively high concentrated agarose gel
(1.2% to 1.5%) to ensure the proper separation of both products (Fig.54). The
relatively small difference in size of both products is chosen intentional again
to avoid any preferences for either product.

Quantitative real-time PCR (qPCR)

For determine quantitatively gene expression level, the TagMan® mouse
gene expression assays for murine Lrirk2 (Mm00481934_m1) purchased from
AB Biosystems (Foster, CA), were used. This assay consists of two unlabeled
primers together with an associated dye-labeled TagMan® probe. The dye
consist out of 6-carboxyfluorescein (6-FAM) linked to the 5 end and a
nonfluorescent quencher (NFQ) at the 3" end. As an internal control gene, B-
actin was used (Actb, 4352933E, Applied Biosystems). To compensate for
variations in PCR amplification efficiency, each cDNA sample was amplified in
3 independent PCR reactions. PCR reaction was set up as followed: 9 pl of
diluted cDNA (about 90 ng); 10 pl of 2x Tagman Master Mix, no UNG; 1 ul of
Tagman gene expression assay; in 20 ml reaction volume. The qPCR was
performed using the ABI PRISM 7900 Sequence Detection System and data
was acquired using SDS 2.0 software (Applied Biosystems). The program
resembled 95°C for 10 min followed by 40 cycles of 95°C for 15 sec and 60°C
for 1 min. The PCR reaction exploits the 5" nuclease activity of the DNA
polymerase system to cleave a TagMan® probe during PCR. During
elongation, the cleavage of the dye-labeled probe separates the reporter dye
at the 5 end and the quencher dye at the 3" end of the probe. This separation
results in increased fluorescence of the reaction. The cycle number at which
each PCR reaction reached a significant threshold (Ct) during the logarithmic
phase of the amplification was used as a relative measurement of transcript
expression. Results for gPCR were normalized to the housekeeping gene [3-
actin and relative mRNA expression was evaluated by the comparative Ct
method (Livak and Schmittgen, 2008).

7.2.1.5 Southern blot analysis
In this work, the technique of Southern blot analysis has been used

exclusively for genotyping ES cells, MEF cells, primary neurons or mice. For

142



genotyping the Lrrk2 knock-in line, either the Lrrk2KI 3-SB (see 5.2.2) or
Lrrk2KI 5-SB probe have been used (Fig.55). For the Lrrk2-knockdown line,
either the ROSA-5’ or the Neo probe have been used. Approximately 20 ug of
genomic DNA were digested with 10 to 20 units of the appropriate restriction
enzyme in a total volume of 30 pl. Spermidine (3.3 mM) was added to the
sample for better restriction accuracy and DNA was digested overnight at
37°C. Digested DNA was separated on a 0.8% agarose gel in TBE buffer for
14 to 20 hours at 30 to 70 V, depending on the size of the gel apparatus and
the required grade of separation. After the run, the gels were documented to
ensure the complete digestion of the genomic DNA. Gels were rinsed in water
to wash off removing TBE buffer, and incubated in 0.25 M HCI for 30 min at
RT under gentle agitation. Partial depurination by HCI leads to a mild
fragmentation of the DNA and subsequently to a better blotting efficiency of
larger fragments. Afterwards, gels were rinsed in water again. To denature
DNA strands, gels were agitated 2 times for 20 min in denaturation solution,
rinsed in water again, and agitated again for 2 times 20 min in neutralization
solution to bring the gel back to neutral pH. Single stranded DNA was then
blotted overnight via capillary transfer onto a positive charged nylon
membrane using 20x SSC. After DNA transfer the membrane was briefly
rinsed with 2x SSC and additionally UV cross-linked. If not used for immediate
hybridisation, the membrane was stored dry at 4°C. After crosslinking the
membrane was prehybridized at 65°C for at least one hour in a hybridisation
tube containing approximately 10 ml Rapid-Hyb™ Buffer or Church Buffer to
reduce unspecific binding of the probe. The DNA probe consists of a 200 to
500 bp long appropriated fragment of genomic DNA which has been cloned
into any vector. After the fragment is excised and gel-purified, 50-200 ng of
the probe has been labelled with a-**P-dCTP using the Rediprime Il kit
following manufacturer’s instructions. For purification, the radioactive labelled
probe was centrifugated through a Microspin S-300 column; by this, left over
nucleotides and radioactively labeled DNA fragments with a size less than
about 100 bp have been removed. To determine the labeling efficiency, the
activity of 1 ul of cleaned up probe was measured in a liquid scintillation

counter. For hybridisation Church buffer were applied. Before hybridisation,
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the membrane was incubated with Church buffer for at least one hour at 65°C
in a hybridisation tube. For hybridisation the radioactive labeled DNA probe
(300,000 to 600,000 cpm/ml hybridisation buffer) was denatured at 95°C,
chilled on ice and added to the hybridisation buffer. Finally, the membrane
was hybridized at 65°C for 5 hours to overnight. The membrane was washed
several times with wash solution I, 1l and Ill. Carefully, with Increasing
stringency of the buffers and increasing temperature from RT to 65°C, the
membrane was cleaned from unspecific bound probe. The 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. Subsequent, the membrane was covered in transparent foil to keep it
humid and exposed to an autoradiography film for maximal three days at -
80°C. To increase the intensity of weak signals, the Biomax MS film was used
together with the Biomax screen. This combination intensified the signal six
times compared to a conventional film without enhancer screen. Finally, the

film can be developed using a developing machine.
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Figure 55: Schematic illustration of the Lrrk2 R1441C 5’-Southern blot principle used to
verify correct recombination in ES cell clones and for routine genotyping. The probe
Lrrk2KI 5-SB (red) does recognize a 13.6kb big fragment created by Spe | digestion (upper
left). After insertion of the Lrrk2 knock-in construct, an additional Spe | restriction site in the
neomycine resistance cassette shortens this fragment to 5.9 kb, which allows discriminating
between the wild-type and R1441C allele (lower left). A example of a Lrirk2 R1441C 5'-
Southern blot is depicted on the right. The corresponding 3’ Southern blot principle is
illustrated in 5.2.2, Fig.20.

7.2.1.6 Western blot analysis
Sample preparation and measurement of protein concentration
The preparation of protein samples for Western blot analysis should be per-

formed at preferable low temperatures to avoid degradation. Therefore, the
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dissection has to been performed as quickly as possible; the tissue samples
were kept on ice for further processing or snap frozen in liquid nitrogen. In the
case of in vitro assays, cells were homogenized by pipetting in an adequate
amount of RIPA buffer. Cell debris in the homogenate was removed by centri-
fugation for 15 min at 4°C (13,000 rpm).In case of mouse tissue, the samples
were homogenized in an adequate amount of RIPA buffer either with a small
motor-driven pestle, or via an electrical homogenizer (lka, Ultra Turrax T25
basic) depending on the total sample volume. For 1 g of tissue approximately
10 pl of buffer were used. DNA in the homogenate was sheared by sonific-
ation and cell debris was pelleted by centrifugation. The supernatant was
removed and stored at -80°C. For determination of protein concentration with
the BCA protein assay kit, 1 pl of the protein solution was mixed with 49 pl of
RIPA buffer as diluent and 1 ml of BCA working reagent was added. Samples
were incubated at 37°C in a water bath for 30 min, cooled down to RT and
absorption was measured at 562 nm in a photometer. A BSA standard curve
has to be included in each measurement. To correlate the absorption to the
protein concentration mathematically, the slope of the linear part of the

standard curve can be used.

Figure 56: Example of a BSA
s standard curve for the

/ Yy 0,009 determination of the protein
. s R Zoeere concentration. To determine the
. protein concentration, the slope of
0 . the linear part of the standard
curve can be used.
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Gel electrophoresis and blotting

Proteins were separated by SDS polyacrylamide gel electrophoresis (SDS-
PAGE) according to their size. Commercial available, precasted gel systems
from Invitrogen (NUPAGE® Novex) and Biorad (Criterion"™XT) have been
used. An appropriated amount of protein solution (1 to 100 pg for each lane)
were mixed with 5x Laemmli buffer (Laemmli, 1970), denatured at 95-100°C
for 5 min, chilled on ice and loaded onto the gel. As molecular weight marker
5 pl of a commercial available standard like SeeBlue® Plus2 were loaded.
After running the gel at 200V for 1-1.5 hours, the gel was blotted on a PVDF
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membrane, which has been activated by soaking in 100% methanol. Blotting
was performed at 30 V for 1 hour with the module from Invitrogen or at 50 V
for 2 hours at RT to overnight at 4°C with the Biorad apparatus. Gel and
Membrane can be transiently stained with various dyes like Ponceau red or

FastBlue B to verity the blotting of the proteins.

Immunochemical detection of proteins

To ensure specific binding of the used antibodies, the membrane has to be
blocked with a solution of 4% skim milk powder (5% BSA for phospho-
proteins) in TBS-T for half an hour (RT) to overnight (4°C) prior to the
incubation the first antibody directed against the protein of interest. The time
of incubation (from half an hour at RT to overnight at 4°C))in either blocking
solution or pure TBS-T and the concentration of the first antibody has to be
determined for each assay. Also the subsequent washing in TBS-T of the
membrane is highly dependent on the used antibody and protein (in general
15 to 60 min by changing the TBS-T three to four times). Incubation with the
second, horseradish-peroxidase-conjugated antibody has been carried out for
45 to 60 min in TBS-T and washed again with TBS-T for three to four times).
The detection reaction was initiated with ECL detection reagent following
manufacturer's instructions and the membrane was exposed to a chemilumi-
nescent film for 5 sec to several minutes depending on the signal intensity.
Several films with different exposure times were then developed with a
developing machine. For quantification, several films of each membrane have
been scanned and band intensity was determined by the image processing
and analysis software ImageJ (Abramoff et al., 1984).

7.2.1.7 Protein fractionation

Instead of using total protein lysates from cells or tissue, subcellular fractions
can be prepared to address certain questions (Whittaker, 1965). This tech-
nique is based on the separation of subcellular components by a series of
centrifugation steps with increasing speed and density of the medium; the
organelles that have sedimented to are recovered in the pellet, solved again
and is than centrifuged again at higher speed to sediment the next-largest

organelles. Therefore, we established a procedure to purify synaptomsomes
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out of mouse brain based on existing protocols (Villasana et al., 2006;
Dosemeci et al., 2006).

Solutions:

0.32 M sucrose: 5,489 sucrose (MW 342.3) ad 50 ml
0.8 M sucrose: 13,709 sucrose ad 50 ml

40 mM Tris 2 mL 1M Tris (pH 8) ad 50 ml

Freshly prepared adult mouse brains were homogenized in 1ml of 0.32 M
sucrose in a 1 mM MgCI, solution, containing a protease inhibitor cocktail
using a glass homogenizer. The homogenate was transferred into a 15mi
Falcon Tube containing another 9 ml of the same 0.32 M sucrose solution and
then was distributed into ten 1,5ml microcentrifuge tube and centrifuged at
470 g for two minutes using a fixed angle rotor. All centrifugation steps were
carried out in a chilled microcentrifuge at 4°C. The resultant supernatant is
defined as input. For fractionating, it was decanted into another microcentri-
fuge tube and centrifuged at 10,000 g for 10 minutes using the same rotor to
obtain a mitochondria- and synaptosome-enriched pellet (=P2) overlayed with
supernatant (=S1). The (P2) pellet was resuspended with a pipet in 500ul of a
0.32 M sucrose solution. 750 pl of a 0.8 M sucrose solution in another micro-
centrifuge tube was carefully overlayed with this suspension. After the
samples were centrifuged for 15 minutes at 9100g using either a fixed angle
rotor or better a swinging bucket rotor, the myelin/light membrane layer at the
interface between the 0.32 M and the 0.8 M sucrose layer was carefully
removed with a 1000ul pipet and discarded. The 0.32 M sucrose layer was
removed completely and defined as supernatant 2 (=S2). The 0.8M sucrose
layer was transferred into another microcentrifuge tube together with some
loose parts of the pellet containing the synaptosomes. Left behind is the
harder mitochondrial pellet (=mito.). Collected synaptosomes in 0.8M sucrose
were diluted with 20 mM HEPES (pH 7) to obtain a final sucrose concen-
tration of 0.4 M. An equal volume (double of HEPES volumen) of a 150 mM
KCI solution containing 2% Triton X-100 was added and samples were
agitated in cold for 15 minutes prior to centrifugation at 20,800g for 45
minutes using a fixed angle rotor. Resulting pellets were washed in a 75 mM
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KCI solution containing 1% Triton X-100 and centrifuged again at 20,8009 for
further 30 minutes using the same rotor. Subsequently, pellets were washed
once again by resuspending in 20 mM HEPES and centrifugated as before.
Finally, the pellets were resuspended in 20 to 100 pl Tris-solution (pH 7.4)
obtaining the synaptosomal fraction (syn.s.). All fractions (input, S1, P1, S2,
P2, mitochondrial fraction, synaptosomal fraction) were analysed by Western
blot for enrichment of fraction-specific marker proteins (e.g. cytochrome C,
PSD-95, see Fig.57).

protein fractions

3 s 2
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Figure 57: Subcellular fractions of brain lysates from adult brain. Western blot analysis
of different fraction-specific marker proteins: Cytochrome-C as a marker for mitochondria,
PSD-95 as a marker for synaptosomes. Abbr.: mito., mitochondrial fraction; P1/2, pellet 1/2;
S1/2, supernatant 1/2; syn.s., synaptosomal fraction.

7.2.1.8 HPLC analysis

Sample preparation for the high performance liquid chromatography (HPLC)
analysis should be performed at preferable low temperatures to avoid the
degradation of the molecules of interest. Therefore, the dissection has been
performed as quick as possible; the tissue was snap frozen in liquid nitrogen;
all subsequent steps have been performed on ice. Tissue samples were
weighed and carefully thawn on ice. To each sample 500 ul extraction buffer
was added before they were homogenized using a motor-driven pestle.
Additional 500 pl of extraction buffer were added, samples were mixed via
pipetting, and centrifuged at 14.000 rpm and 4°C for 15-20 min. Supernatants
were sterile filtered using a 0,2 um filter and stored at -80°C. For measure-
ments of protein content cell pellets were washed with 500 ul water (MiliQ)
and centrifuged at 14.000 rpm and 4°C for 10-15 min. After that, the pellets
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were suspended in 200 pl 0,1M Tris-HCI, pH 8.0 and thoroughly homogenized
using the motor-driven pestle. 50 pl of the protein suspension were mixed with
50 ul 6N NaOH and further diluted with water in the range of 1:5 to 1:20,
depending on the intensity of reaction color in bradford reagent. From each
reaction batch, 10 pl per sample were mixed with 1 ml of the bradford reagent,
incubated for 5 min at RT; finally the optical densities at a wavelength of
595 nm was measured in a photometer. The HPLC run kindly was performed
by Brigitte Nuscher at the Adolf-Butenandt-Institute of the Ludwig-

Maximilians-University Munich.

7.2.2 Histological methods

7.2.2.1 Perfusion and cutting

Mice were asphyxiated with CO, and the thoracic cavity was opened to
dissect the heart. A blunt needle was inserted through the left ventricle into
the ascending aorta and the right atrium was snipped. Using a pump vessels
were rinsed with PBS until the liver became pale and then perfusion was
carried out with 4% paraformaldehyde (PFA)/PBS for approximately 5 min (10
ml/min). After perfusion was complete the mouse was decapitated and the
brain was dissected removing bones and meninges. For postfixation the brain
was kept in 4% paraformaldehyde/PBS for 1 hour at RT to overnight at 4°C,
depending on the subsequent procedure. For Embryo preparation pregnant
mice were asphyxiated with CO, and Embryos were taken out and rinsed in
cold PBS. The Embryos were decapitated and the brain was dissected

removing bones and meninges and incubated in 4% PFA overnight at 4°C.

Cryo sections

After perfusion brains were postfixed for 1 hour at RT and equilibrated in 20%
sucrose solution o/n at 4°C. For immunohistochemistry of phosphorylated
proteins, solutions for perfusion were used ice-cold, brains were postfixed
overnight at 4°C and 25% sucrose solution was used. Brains were frozen on
dry ice or at 20°C and fixed on an object holder with freezing medium. On a
cryostat slices of 30 or 40 ym were cut and collected in PBS. For storage

longer than overnight the slices were kept in cryoprotection solution at -20°C.
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Paraffin sections
After perfusion brains were postfixed for 1-2 hours at RT, dehydrated in an
ascending ethanol scale, and equilibrated and embedded in paraffin. Using an

automated embedding machine, the program is as follows:

Step Solution Temperature Time (min)
Dehydration: 30% EtOH RT 90
50% EtOH RT 90
75% EtOH RT 90
85% EtOH RT 90
95% EtOH RT 90
100% EtOH RT 90
100% EtOH RT 60
Clarification: RotiHistol® RT 60
RotiHistol® RT 60
Paraffination: 50% RotiHistol®/ 50% paraffin 65°C 60
paraffin 65°C 60
paraffin 65°C 480
Embedding: paraffin 65°C to RT

Paraffin embedded brain tissue was first mounted on a tissue cassette with
paraffin and fixed on the microtome. 8 ym thick sections were cut and put into
a water bath (37-42°C) for flattening. Sections were mounted on slides and
dried on a heating plate and/or in an incubator at 37°C. Slides with slices were

stored at 4°C or used immediately.

7.2.2.2 In situ hybridisation on paraffin sections (radioactive)

For the detection of mMRNA expression on brain sections, radioactive ISH on
paraffin section was performed. During the whole procedure RNase free
solutions and materials were used to avoid degradation of the mRNA and the
RNA probe.

Synthesis of **S labelled RNA probes

Radioactively labelled RNA probes for in situ hybridisation were generated by
in vitro transcription with an appropriate RNA polymerase in the presence of
[a-thio®®S]- UTP. As templates, plasmids containing part of the cDNA of the

gene to analyze and promoters for the RNA polymerases T7 and SP6 were
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linearised shortly behind the end of the cDNA sequence with an appropriate

restriction enzyme. A 1x transcription reaction was composed as follows:

3 ul 10x transcription buffer
3 ul dNTP mix (rATP/rCTP/rGTP 10mM each)
1l 0.5MDTT
1 ul RNasin (RNase inhibitor; 40 u/pul)
1.5 ug linearised plasmid DNA template
7 ul [a-thio-*S]-UTP (12.5 mCi/mM)
X Ml H,O (total volume is 30 pl)
1yl RNA polymerase (T7 or SP6; 20 u/ul)
30 pl total volume

The reaction was incubated at 37°C for 3 hours in total. After the first hour
another 0.5 pl of RNA polymerase was added to facilitate the transcriptional
process. After transcription the DNA template was destroyed by adding 2 pl of
RNase-free DNase | and incubation at 37°C for 15 min. Probes were purified
with the RNeasy Mini Kit following manufacturer's instructions and activity was
measured with a liquid scintillation counter. The probe was stored at -20°C up

to five days.

Hybridisation
The hybridisation temperature is about 25°C under the melting temperature of
the probe. Before hybridisation paraffin sections were dewaxed and pre-

treated as follows:

Day 1

2 X 15 min Rotihistol
2 X5 min 100 % Ethanol

5 min 70 % Ethanol

3 min DEPC-H20

3 min PBS/DEPC

20 min 4 % PFA/PBS

2 x5 min PBS/DEPC

7 min 20 pg/ml Proteinase K in Proteinase-K-
buffer

5 min PBS/DEPC

20 min 4 % PFA/PBS

5 min PBS/DEPC

10 min 200 ml of rapidly stirring 0.1 M

triethanolamine-HCI (pH 8) (TEA)
2 x5 min 2x SSC
1 min 60 % Ethanol/DEPC
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1 min
1 min
1 min

70 % Ethanol/DEPC
95 % Ethanol/DEPC
100 % Ethanol

Slides were air dried and used immediately for prehybridisation. For

prehybridisation slides were incubated with Hyb-mix (without labelled

riboprobe) for 1 h at hybridisation temperature. For hybridisation the following

protocol was used:

« Make appropriate amount of hybridisation mix containing 35000 to
70000 cpm/pl. Use 90 to 100 ul hybmix per slide (3,5 to 7 Million

counts per slide).

« heat hybridisation mix containing the probe to 90 °C for 2 min.

e put shortly on ice, then on RT.

« after prehybridisation remove coverslip and as much liquid as possible.

Go on immediately with hybridisation to avoid drying out!
e Take 90 to 100 pl of hybridisation mix containing 35000 to 70000

cpm/ul per slide, drop the solution on the slide and put coverslip

carefully on it.

o Place slides carefully into a hybridisation chamber containing

hybridisation chamber fluid to avoid drying out of the hybridisation mix.

e Incubate in an oven at 55-68°C for overnight (up to 20 hours).

« Hybridisation temperature is about 25C under the melting temperature

of the probe, the higher the less background.

Day 2

4 x5 min
20 min

2 X5 min
10 min

10 min

2 x 30 min
2 X 10 min
1 min

1 min

1 min

1 min
2x1min

RT
37 °C
RT
RT
RT
64 °C
RT
RT
RT
RT
RT
RT

4xSSC

NTE (20pug/ml RNaseA)

2xSSC/1 mM DTT

1xSSC/1 mM DTT

0,5xSSC/1mM DTT

0,1xSSC/1 mM DTT

0,1xSSC

30 % Ethanol in 300 mM NH40Ac
50 % Ethanol in 300 mM NH4O0Ac
70 % Ethanol in 300 mM NH40Ac
95 % Ethanol

100 % Ethanol
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Slides were air dried and exposed to an autoradiography film (BioMax MR) for
2 days. For a detailed analysis slides were dipped with a photo emulsion
(diluted 1:1 with water) and stored at 4°C in the dark for an appropriate time
depending on the signal intensity (estimated by the results from the film; in
general 4 weeks). For developing, slides were equilibrated for 1 h to RT,
developed for 5 min, rinsed in water and fixed for 7 min. After rinsing the
slides for 25 min in floating tap water, remaining emulsion on the backside
was scratch with a razor blade and slides were counterstained with cresyl

violet.

Nissl staining (cresyl violet)
Nissl staining of Paraffin sections was performed according to the following

protocol:

e Staining: 1-5 min cresyl violet staining solution

e Rinse: H,O

e Clearing: 1 min 70% Ethanol until slide is clear
10-60 sec 96% Ethanol + 0.5% acetic acid

e Dehydration: 2 x 1 min 96% Ethanol
2 x 2 min 100% Ethanol

e 2x10min xylol

Slides were lidded immediately with DPX and dried o/n under the hood.

7.2.2.3 In situ hybridisation on paraffin sections (DIG-labelled probes)

Probe labelling

20 pg of the probe containing plasmid were digested for at least 3h with
appropriate restriction enzymes and for antisense probes. Upon heat
inactivation the digestion was checked by electrophoresis on an agarose gel
and the probe is cleaned up with the Wizard SV Gel & PCR Clean up kit
(Promega) according to manufacturer’s protocol. The purified probe can be

stored at — 20°C and is used for reverse transcription:
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Reverse transcription mix:

1ug linearised DNA (purified probe)
2 ul 10 x Transcription buffer (Roche)
2ul 10 x DIG labeling Mix (Roche)
0.5 ul RNase Inhibitor (Roche)

2 ul T7, T3 or Sp6 RNA Polymerase
x ul RNase free water (fill up to 20 ul)
20 pl total volumen

The reverse transcription mix was incubated for 3h at 37°C RNase free
DNasel (Roche) was added to eliminate the DNA-template. The reaction was
stopped by adding EDTA and stored at -80°C or the RNA probe was
immediately purified with the RNeasy Mini kit. The reverse transcription
products are checked on an agarose gel and the DIG-labelled control RNA kit
(Roche) was used to ensure efficient DIG labelling of the probe.

Pre-treatment of Paraffin sections for ISH with DIG labelled probes:

Time Treatment

2 x 20 min Xylol

2 X5 min 100 % Ethanol

5 min 95 % Ethanol

5 min 70 % Ethanol

3 min H20 (RNase free)

3 min PBS

20 min 4 % PFA in PBS

2 x5 min PBS

2 min 60 % Ethanol

2 min 70 % Ethanol

2 min 95 9% Ethanol

2 min 100 % Ethanol
Air-dry

Protocol for ISH with DIG labelled probes on Paraffin sections:

Day 1:

cycles time reagent temp
5 5 min 0.6 % H,O,/MeOH; no detergent 24 °C
7 5 min PBS

2 5 min 0.2 N HCI

4 5 min PBS

1 5 min Proteinase buffer

2 10 min Proteinase K 20 pg/ml

7 5 min PBS
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10 min
5 min
15 min
30 min
6h

PR R NN

cycles time

5 5 min

5 10 min

ol

12 min

8 min
5 min
7 min
5 min
5 min
10 min
5 min
10 min
5 min
5 min
10 min
5 min
5 min
5 min
5 min
10 min
30 min

NEBRWONMNNMNNNMNNNRARWONAERADMDS

5 min
30 min
5 min
30 min

NO PO

5 min
5 min
5 min
15 min

NN PO

5 min
5 min
20 min
5 min

FNQENENYN

4 % PFA

PBS

Hyb. Mix + DTT 1.5 mg/ml 24 °C
Hyb. Mix 64 °C
Dig-Probes (150-) 300 ng/ml 64 °C
reagent temp

5x SSC preheated (90 min 64 °C
in advance) to 64 o

Formamide | (2x SSC in 50 %
Formamide)

Formamide Il (1x SSC in 50 %
Formamide)

0,1 x SSC 25°C
NTE pH 7.6

lodacetamide, 20 mM

NTE

TNTpH7.6

4% Sheep Serum (filter 0.45 um)
TNT

TNB blocking

TNT

Maleat Wash

Maleat blocking

Maleat Wash

TNT

TMN (no Levamisol )

TNT

TNB blocking

Anti DIG-POD (1:600 or 0.2925
u/ul)

TNT

Tyramid-Biotin 1: 50 in TSA
Maleat Wash

Neutravidin-AP (Pierce; 31002)
1:750/2.85 pg/ml in MWB
Maleat Wash

TNT

TMN

NBT-BCIP in TMN + (+ 0.5
mg/ml Levamisol, BCIP
0.15ug/ml, NBT 0.4 ug/ml)
Water | + 0.05 % Tween

NTE

4%PFA

Water I

7.2.2.4 Immunhistochemistry on paraffin sections

Immunohistochemistry on Paraffin sections was performed in glass cuvettes

(about 250 ml per cuvette) except blocking, antibody incubations, the ABC-
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reaction and the DAB-staining. As blocking solution 10% FCS with 0.05%
Triton-X in 1x PBS was used. Primary and secondary antibodies were diluted
in 10% FCS in 1x PBS. The DAB working solution was prepared by adding 1
ml DAB stock solution and 15 pl H,O, (30%) to 19 ml 0.1M Tris-HCI, pH 7.4

immediately before use.

1

. dewaxing
. Rehydration

:

. Rinse
. wash
. Antigen retrieval

©CONOUTAWN R

10.

11. wash

12. destruction of
endogenous
peroxidases

13. wash

14. blocking

15. 1st antibody

Day 2

. wash

. 2nd antibody
wash

. intensifying

. wash

. wash

. DAB-staining

:

No AWM R

8. stop staining
9. dehydration
10.
11.
12.
13. embedding

Min. 45 min
2 X5 min

2 x5 min

2 x5 min
10 min

3 min

5 min

10 min

3 min

20 min
2 X5 min
5 min

2x5min
1hr
Over night

3 x5 min
1hr

3 x5 min
30 min
2 X5 min
5 min

2 x5 min
2 X5 min
2 X5 min
2 x5 min
2 X5 min

Rotihistol or Xylol
Ethanol 100%
Ethanol 96%
Ethanol 70%
Aqua dest
0.01 M Na-citrat, pH 6.0
Microwave at 100% Attention:
Cooling down Times have to be
Microwave at 70% determined for
each microwave
Cool down
0.1M PBS
0.1% H202 /| PBS Add HzOz direCtIy
before use
0.1M PBS
Blocking reagent RT; humid chamber
1st antibody 4°C; humid
chamber
PBS
2nd antibody RT; humid chamber,
PBS
ABC-solution RT; humid chamber
PBS
0.1M Tris-HCI
DAB-working solution  humid chamber; Control
intensity under
microscope
PBS
Ethanol 70%
Ethanol 96%
Ethanol 100%
Rotihistol or Xylol

Rotihistokitt or DPX

7.2.2.5 Immunhistochemistry on frozen sections (free floating)

In cryoprotection solution stored free-floating sections (40 um in thickness)

were first washed in 1x TBS, 6 x 15 min at RT or overnight at 4°C. Further
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steps were performed gently shaking at RT in 6-well or 12-well plates.
Sections were blocked for 1h in 5% normal goat serum (NGS) in 0,2% Triton
X100 in PBS (PBST) and incubated overnight with the primary antibody in 5%
NGS in PBST overnight at 4°C on a shaker. The next day sections were
washed 3 x 15min with PBST and incubated 45 min with a fluorescence-dye
labelled secondary antibody in 5% NGS in PBST. Finally sections were
washed 3 x 15 min in PBST and 3 x 10 min 1x PBS. During the second PBS
washing step DAPI is added to PBS to label the DNA as counterstaining.
Sections were mounted on slides, air-dried, and lidded with Aqua Poly/Mount
(Polysciences, Inc.). During all steps the exposure of fluorescent dyes to

bright light was reduced to a minimum.

7.2.2.6 Documentation of histological results

All histological results on slides were documented using the following micro-
scopes: the light microscope Zeiss, Axioplan 2 (objective 5x — 100x); the
binocular microscope: Zeiss, Stemi SV 6 (planobjective S 1.0x); the fluores-
cent microscope Zeiss, Axiovert 200M (objective 5x — 100x); the confocal
microscope Zeiss, LSM 510 (objective 5x — 64x). Pictures were taken using
the digital cameras AxioCam MRC/HRC controlled by the software Axiovision
3.1 and 4.0 respectively. Subsequently, the pictures were optimized using the
editing program Adobe-Photoshop® (version 7.0) basically exclusive by
changing contrast and brightness. Anatomical structures were identified and
termed following the designations taken from the histological atlases ,The
atlas of mouse development* (Kaufmann, 1992), ,Atlas of the prenatal mouse
brain“ (Schambra et al.,1992) and ,The mouse brain in stereotactic

coordinates” (Franklin and Paxinos, 1997).

7.2.3 Methods in cell culture

7.2.3.1 Mouse embryonic fibroblasts

In general Mouse embryonic fibroblasts (MEFs) were grown on plain cell
culture dishes in a 37°C incubator under a 5% CO, atmosphere. The DMEM
culture medium was supplied with 10% FCS and 1% of a penicillin and

streptomycin antibiotic mixture. Cell density and condition was controlled

157



regularly and cells were splitted every 2-7 days depending on their growth

rate. For best conditions cells were kept at 40-90% confluency.

Generation of MEF cell lines

For the generation of MEF cell lines, appropriate breeding pairs were set up.
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 petridishes filled
with sterile 1x PBS. Embryos were dissected out of the uterus; their heads
were excised from the rest of the body and collected for genomic DNA
extraction and genotyping. Torsos were opened ventrally, and all inner organs
and 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. 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% CO2 atmosphere. On the next day, medium was changed; one day
later, large tissue parts 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%. In case of highly diverse distribution of cell
densities, cells were tryplated by trypsination and seeding onto 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 onto 10 cm
dishes. The exact time point of splitting was chosen independantly for every
single cell line in regard to its cell density. 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.

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
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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.

3T3 cells

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
3-6 days according to their growth rate. 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
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.

SV40 largeT antigen transfection

For this kind of immortalization, MEFs were transfected with SV40 largeT
antigen (Jensen et al.,, 1963; Koprowski et al., 1963) via LipofectaminTM
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), 12,5 ul LipofectaminTM 2000 were added to
another 500 ul 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 LipofectaminTM 2000 could
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
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under 5% CO2 atmosphere. Medium was changed the next day. Established
MEF cell lines of both methods of immortalization were cultured for at least 4
to 6 months until they reached passages between 35 and 55, before they

were used for any kinds of experiments.

7.2.3.2 Primary neuronal cultures from mouse tissue

For functional studies in neurons, no established neuronal cell lines or artificial
differentiated progenitor cell lines have been used, but the most straight
forward method of directly cultivating postmitotic neurons in primary culture.
This approach allows not only studying the nervous system at a single cell
level but also the complex interaction of the neurons with their neighbouring
cells in a complex network. Drawback of this model is the limitation in
cultivation time, since unlike established cell lines, primary cultures can in
general not be cultivated for very long periods but have to be prepared

consistently.

Pretreatment of coverslips

In general, primary neurons were cultivated in 24-well culture dishes on top of
round coverslips (12 mm in diameter, Marienfeld). This method allows to fix
the cells after cultivation and to use them for performing immunocytochemistry
(ICC). Since cell adhesion is one of the most critical steps in the cultivation of
neurons, the coverslips have to be pretreated very carefully. For cleaning the
surface, coverslips have been incubated in concentrated nitric acid overnight
and washed extensively for at least one day in ddH,O which has to be
changed as often as possible. After the coverslips have been distribute into
24-well plates, the last cleaning step was performed for 3 hours till overnight
in 70% EtOH followed by washing with ddH,O again for three times. 1 mg/mi
poly-D-lysine has been dissolved in sterile water (or PBS); this stock solution
can now be stored in 500 ul or 1 ml aliquots at -20°C. For coating, this stock
solution has been diluted with water (or PBS) in a ratio of 1:20 to obtain a
50ug/ml working solution. For each well of a 24-well culture dish, 300ul is
sufficient to overlay and coat one 12mm coverslip (~7,5 ug poly-D-lysine per
cm?). Now the plates had to be incubated for 3 hours till overnight. Then the

liquid must be aspirate and the wells carefully rinsed with 500 ul water for 2 to
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3 times. After that, the coverslips were allowed to dry completely. Now the
plates can be used directly or stored dry at 4°C for some weeks in a sterile

wrapping.

Preparation of primary neurons

For the generation of MEF cell lines, appropriate breeding pairs were set up.
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 of the uterus was performed in
petridishes filled with sterile 1x PBS. Embryos were dissected out of the
uterus and stored in a 50 ml tube in cold dissection medium on ice. The
desired brain regions have been isolated from single embryos and stored in
1.5 ml reaction tube again in dissection medium and stored on ice. For
genotyping, one limb of each single embryo has been collected. All sub-
sequent steps have been carried out under the laminar flow to ensure a sterile
environment. The tissue has been washed 2 to 3 times with prewarmed
Trypsin (0.02%) and then incubated for 10-15 min at 37°C with 1 ml Trypsin to
disrupt the tissue structure. Alternatively to Trypsin, 2mg/ml Papain can be
used. Subsequently, the tissue has to be washed carefully for three times with
culture medium - Trypsin should have enough time to dissociate out of the
tissue. Trituration was performed using a glass Pasteur pipette with the tip fire
polished and narrowed to about half of the original diameter. The tissue is
dispersed by carefully pipetting the tissue within 1ml of culture medium up and
down. After undispersed pieces have settled down for 30 seconds or 1 min,
the supernatant has been carefully transferred into a new tube. The amount of
living cells in each preparation from a single embryo has been determined by
counting in a Neubauer counting chamber after staining non-viable cells with
Trypan Blue. For seeding, 300 pl of culture medium containing 3.5 to 5.0-10*
cells has been pipettet into each coated well of a 24-well culture dish and
incubated at 37°C under a 5% CO, atmosphere. After 4 days, half of the
medium has been changed. Neurons can be cultivated up to 3 to 4 week

under optimal conditions.
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Exocytosis / Endocytosis assay

When synaptic transmission is taking place, a neurotransmitter-filled synaptic
vesicle fuses with the plasma membrane (Fig. 58, A: a,b), by neuroexocytosis
mediated by the SNARE complex, the neurotransmitter gets released (Fig. 58,
A: c). By this, the lumen of the vesicle is now exposed to the outside of the
neuron. Synaptotagmin 1 is a synaptic vesicle protein and acts as a calcium
receptor during exocytosis (Brose et al., 1992) and consists out of a long
cytoplasmatic part, an intramembran domain and a shot N-termal part in the
lumen of the vesicle (58, A: c). Polyclonal antibodies, directed against the
lunenal part of synaptotagmin 1 in the medium of fully mature (>DIV14) and
living primary neurons, can only bind their epitope, when this part of the

protein is exhibited to the cell surface during exocytosis (58, A: c,d).
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Figure 58: Principle and example pictures of the exo-/endocytosis assay. A) Schematic
representation of the principles of the exo/endocytosis assay. a and b, fusion of a synaptic
vesicle with the cell membrane; c, exocytosis releases the neurotransmitter and exposures of
the epitope to the antibody; d, endocytic recycling of the vesicle internalizes the antibody; e,
after washing and fixation,in addition the total pool of vesicles is stained by IHC. B) Repre-
sentative confocal picture of hippocampal neurons after double IHC under basal and evoked
(high potassium) conditions.

162



Therefore, the more synaptic vesicles undergo a cycle of exo- and endo-
cytosis during antibody exposure, the more vesicles have bound synapto-
tagmin 1 antibody. With the next round of endocytosis, the antibody is getting
internalized together with the synaptic vesicle. After a certain time, the
neurons are getting briefly washed, fixed, permeabilized and subsequently
counterstained for synaptophysin (58, A: e). This membrane protein is another
marker for synaptic vesicles with until now unspecified function in synaptic
vesicles biogenesis (Pennuto et al., 2002). A representative result is depicted
in figure 60B; while synaptophysin staining detects all synatic vesicles of a
neuron, positive signals for synaptotagmin can only be found in vesicles,
which underwent a cycle of exo- and endocytosis during the time of antibody
exposure. The ratio of vesicles stained by synaptotagmin versus the number
of synaptophysin positive vesicles gives the rate of exo-endocyosis activity for
a certain neuron. If the neurons are getting partially depolarized by high levels
of potassium in the medium, also the exo-endocyosis activity is getting
stimulated indicating the functionality of this assay. For further verification,
neurotoxins like tetrodotoxine (TTX) for inhibition or bicucullin (Bic) for
enhanced excitation of the neurons was used (data not shown).

For the assay, Lirk2 R1441C knock-in and knockdown primary hippocampal
neurons have been used after at least two weeks of maturation to ensure a
functionally neuronal network within the culture. For each condition, one well
of a 24-well culture plate has been used from each wild-type or mutant cell
line. Initially, the cells have been washed two times with prewarmed DMEM
for some seconds, to habituate the neurons and to ensure equal starting
conditions for each line. The essay starts by giving DMEM medium, for basal
conditions supplemented with anti-synaptotagmin-1 antibody in a con-
centration of 1:200 to the cells. For evoked conditions, the medium is in
addition supplemented with 90mM KCI. Loading of the antibody was
performed for 4 minutes at room temperature under the laminar flow.
Subsequently, the cells were washed with fresh DMEM medium for some
seconds to remove unbound antibody and fixed with 4% paraformaldehyde
solution. After double ICC for synaptotagmin and synaptophysin was

performed, pictures were taken at a confocal microscope. The number of
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positive vesicles was evaluated using the particle analysis function of the

image processing software ImageJ (Abramoff et al., 1984).

Neurite Outgrowth assay

For every assay, several primary hippocampal cultures of each genotype
were prepared in a couple of 24-well plates. Wells were fixed with paraform-
aldehyde at DIV1, -2 and -5 respectively, to study the progress of neurite
outgrowth. To visualize the cell morphology and to discriminate between
neurons and glial cells, immunohistochemistry for the neuron-specific tubulin
subtype beta-llI-tubulin was perfomed. The quantification of neurite outgrowth
was performed by measuring the individual length of each neurite of a beta-IlI-
tubulin positive cell displaying a healthy morphology. The length of primary,
secondary and in case of the Lrrk2 knockdown neurons also tertiary neurites
have been determined using the image processing and analysis software
ImageJ (Abramoff et al., 1984). Also the total numbers and the numbers of

primary, secondary and tertiary neurites have been taken into account.

7.2.4 Methods in ES cell culture

7.2.4.1 Embryonic stem cells

Since totipotency also includes the cells ability to differentiate into extra-
embryonic tissue, embryonic stem (ES) cells are defined as pluripotent (Smith
et al., 1988). They built up the inner mass of blastocysts from which they can
be isolated directly for in vitro cultures (Evans and Kaufman, 1981). TBV2, the
mouse ES cell line used for the generation of the Lirk2 R1441C knock-in
mouse line, was created at the Institute of Developmental Genetics of the
Helmholz Zentrum Minchen by Veronique Blanquet and originates from the
mouse strain 129SvEv/Tac. The mouse ES cell line IDG3.2, used for the
generation of the Lrrk2 knockdown mouse line, originates from the F1 gene-
ration of the mouse strains C57BI/6J and 129SvEv/Tac. These cell lines are
able and tend to differentiate into divergent cell types in vivo as well as in
vitro. Nevertheless it is possible to cultivate ES cells and keep them in an
undifferentiated state when they are cultivated under special conditions.

Therefore, the ES cultivating medium was supplemented with the Leukemia
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inhibiting factor or LIF (Wiliams et al., 1988). In addition, specially tested fetal
calf serum (FCS) was used, and ES cells were grown on a monolayer of
confluent feeder cells at 37°C and 5% CO2. The cells were used not only for
the generation of genetically modified mice, but also for test experiments and
in vitro differentiation into different cell types of interest. Whereas ES cells for
mouse generation were always grown on a monolayer of feeder cells, ES
cells for transient experiments were grown on gelatine coated cell culture
dishes without feeder cells. Therefore the dish was overlayed with 1% gelatin
solution, after a short time the solution was sucked off again and the plates

were shortly dried before ES cells were plated.

7.2.4.2 Preparation of feeder cells

The supporting feeder cells which are necessary for cultivate ES cells in an
undifferentiated state are mouse fibroblast cells which have been mitotically
inactivated by mitomycin c treatment. These fibroblasts are prepared from
embryos of the transgenic mouse strain C57BI/6J-Tg(pPGKneobpA)3Ems/J at
the age of E14.5 to E16.5, since they have to be neomycin resistant in order
to survive the selection procedure which ES cells have to undergo for
screening. Primary fibroblasts were expanded for two passages and grown on
10 cm cell culture dishes until 100 % confluency is achieved. For mitotical
inactivation, the cells were incubated with medium containing 10 pg/mi
mitomycin ¢ for 2 hours at 37°C. After intensive washing with PBS, feeder
cells were trypsinized and plated onto a fresh culture dish or frozen at -80°C
(in 1x freezing medium) for later use. Feeder cells were plated at a density of

2 t0 2.5 x 10” cells per cm? at least several hours prior to plating of ES cells.

7.2.4.3 Splitting of ES cells

During expansion, the ES cells were splitted every two days to avoid confluent
growing which would enhance differentiation of the cells. The medium was
sucked off, cells were washed with PBS (0.05%) and trypsinized for 5 min at
37°C until cells detached from the surface. An equal amount of medium,
containing a trypsine inhibitor stopped the reaction and the suspension was
triturated carefully by pipetting up and down until a single cell suspension has

been achieved. For determination of the total cell number, 10 to 20 pl of cell
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suspension were pipetted in a Neubauer counting chamber and ES cells were
counted using a microscope. The cell number of one quadrant multiplied by
the factor 1-10* corresponded to the number of cells in one millilitre of cell
suspension. The suspension was seeded onto one or several fresh culture
dishes depending on the desired amount of cells per dish and the experi-

mental objective.

7.2.4.4 Freezing and thawing of ES cells

For short term storage (up to 2-3 months), ES cells were stored -80°C. Long
term storage has been carried out in liquid nitrogen. For this, cells were
trypsinized as described in 7.2.4.3, gently centrifuged at 1200 rpm for
4 minutes. After that, the cells were resuspended in ice cold 1x freezing
medium, and 2 ml was pipetted into a prechilled cryovial. Vials were frozen in
a freezing container at -80°C allowing a slow temperature decline. After one
or two days, the vials were transferred into liquid nitrogen for long term
storage. For freezing of cells on multi-well plates, cells were trypsinized and
then resus-pended with a small amount of medium. The same volume of ice
cold 2x freezing medium was added. Plates were wrapped in cellulose and
frozen at -80°C. In this case, the cellulose should prevent the very fast
freezing of the cells.

For thawing, cells were transferred into a 37°C warm water bath as quick as
possible. Directly after the suspension is liquid, fresh medium has been added
to dilute the DMSO-containing freezing medium. Cells were centrifuged at
1200 rpm for 4 minutes and resuspended in an appropriate volume of fresh
medium and plated on dishes with or without feeder cells. For small volumes
of frozen cells or cells frozen on multi-well plates, cells were diluted in a larger
volume of medium and plated out directly. For this procedure, it is necessary
to change the medium as quick as possible after the cells are attached to the

surface.

7.2.4.5 Electroporation of ES cells
The method of choice to import DNA into ES cells is the electroporation. By
this method, the cell membrane is permeabilized transiently by short electrical

pulses, allowing DNA attached on the outer surface to enter the cell. Circular
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plasmid DNA stays transiently in the cell while linear DNA fragments can also
be integrated into the genome either by random or homologous integration.
Cotransfection of a specially designed circular plasmid together with an
expression vector for an integrase results in integration of a defined fragment
of the circular plasmid into the genome of the cell, according to the recombi-
nation event catalyzed by the integrase (e.g. for the recombinase-mediated
cassette exchange).

Cells were harvested from their culture dishes by trypsination, centrifuged at
1,200 rpm for 5 min, washed with PBS, centrifuged again and resuspended.
For each sample to be electroporated, 7-10° cells in 800 pl chilled PBS have
been used. A maximum of 50 pg of linearized and sterile precipitated DNA
(see 5.2.2) has been pipetted to the cell suspension and was transferred into
an electroporation cuvette. The electroporation has been performed with
containing the DNA to be electroporated. A maximum of 50 pg of total DNA
was used for 240 V and 500 pF for 6 ms. In case of the Lirk2 R1441C knock-
in mouse line 1-10% cells were mixed with 120 pg of the linearized plasmid
pLrrk2-knock-in and electroporated with a single electric pulse for 0.1 msec
with 0.8 kV and 3 uF. For transient experiments, where the transfection
efficiency has to be as high as possible, a voltage of 320 V was used for 3
ms. After transfection, cells were allowed to recover for 10 to 20 min on ice.
Subsequently, the mixture was diluted with ES culture medium and plated on
4-5 fresh 10cm culture dishes. Cells were grown for two days at 37°C before

selection for resistant ES cell clones can be started.

7.2.4.6 Selection of recombinant ES cell clones

For the selection of clones where recombination did occur, two days after the
transfection the specific antibiotic or an analogon was added to the medium.
Selection with the neomycin analog Geneticin (G418) is based on the expres-
sion of a neomycin resistance gene located on the targeting vector after its
integration into the genome. Transiently transfected cells loose the vectors
with time and die together with non-transfected cells after a certain time of
selection. The antibiotic G418 has been used at a concentration of 140 pg/ml.
Selection medium was applied for one week until round, light-breaking, and

prominent colonies had formed and most of the single, non-proliferating cells
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have died and detached from the plate. Colonies were picked with a 20 pl
pipette from the culture dish containing some PBS into a 96-well plate. By
adding 50 pl of trypsin to each well, colonies were dissociated and after a
maximum time of 10 min, the reaction was stopped by adding 50 pl of ES
culturing medium. Cells were then triturated by pipetting and plated on a fresh
96-well plate with feeder cells in a total volume of 300 pl medium. Medium
was changed the next day to remove dead cells and cell debris. the cells had
to be expanded into larger wells as soon as they reach about 80% confluency.
Cells on 24-well plates were splitted onto several plates with feeder cells and
plates coated with gelatin. Cells on a feeder layer were frozen at -80°C in 1x
freezing medium or further expanded, and the ES cells on gelatin coated
plates were cultivated until they are total confluent. This material could then

be used for DNA extraction and genotyping of the according dublicate.

7.2.4.7 Screening for correctly recombined ES cell clones

Gelatine coated plates have been used for cultivating the cells for DNA
extraction because of two reasons. On the one hand it is not necessary to
keep the cells in the pluripotent ES cell state since this douse not influence
the genomic DNA; on the other hand, co-purified DNA out of the fibroblast
cells would disturb the results of the genotyping. ES cells were grown to
confluence, washed twice with PBS, and either directly used for DNA
extraction or dried and frozen at -20°C for further analysis. Extraction of the
DNA has been carried out directly in the multi-well dish using Promega’s
Wizard genomic DNA purification kit® following the manufacturer’s
instructions. Screening for homologous recombination events has been

performed by Southern blotting as described in 7.2.1.5.

7.2.5 Animal husbandry

7.2.5.1 Animal facilities

All mice were kept and bred in the Helmholtz Zentrum Munich animal facilities
in accordance with national and institutional guidelines. Mice were group-
housed (if not mentioned else) with five mice per cage at maximum in open

cages and maintained on a 12 hours light/dark cycle with food and water ad
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libitum. The temperature was kept to 22 + 2°C and relative humidity 55 + 5%.
For breeding, single or double matings were set up and pups were weaned at
an age of three weeks. At weaning mice got earmarks for identification. For

subsequent genotyping, the tip of the tail (3 to 5 mm) was removed.

7.2.5.2 Blastocyst injection and embryo transfer

For the production of mouse blastocysts (E3.5), female C57BL/6J mice were
superovulated to increase the number of ovulated oocytes. Superovulation
was performed with PMSG (pregnant mare's serum gonadotropin), an
analogon of the follicle-stimulating hormone (FSH) and hCG (human chorionic
gonadotropin) an analogon of the luteinizing hormone (LH) (Stewart and
Allen, 1995). The hormones were injected intraperitoneally (i. p.) at noon,
starting with 7.5 units of PMSG to induce maturation of the follicles. 48 hours
later 7.5 u of hCG, which initiates the ovulation of the oocytes, were injected.
Directly after the injection of hCG, female mice were mated with one male of
the same strain for 24 hours. The uteri of pregnant females were dissected 3
days post coitum and blastocysts were flushed out with M2 medium. One
isolated blastocyst were fixed with a capillary of the micromanipulator and with
a second capillary 10-20 mutant ES cells were injected into the blastocoel,
where they will contribute to the inner cell mass. Pseudo-pregnant CD1
females were used as foster mothers for these early embryos. The pseudo-
pregnancy was achieved by mating the females to sterile, vasectomized
males. As anaesthesia for the embryo transfer normally 0.25 ml of 1%
ketamine and 0.1% rompun in isotonic saline solution was used in a body
weight dependent dosis. The retroperitoneal cavity of the foster mother was
opened and ovaries and uterus were dissected. To avoid dehydration of the
cornea and therefore prevent blindness of the mice, the eyes were kept wet
with 0.9% NaCl during surgery. 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 via this opening. The surgery field was closed
again with clips and the foster mothers were kept on a warm plate until

awakening.
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7.2.5.3 Establishment of new genetically modified mouse lines

About two weeks (16 days) after the blastocysts have been transferred into
foster mothers, chimeric mice were born, which consist partly of cells derived
from the blastocyst used for injection and partly of cells derived from the
genetically manipulated ES cells. Since the wild-type cells from the blastocyst
code for black fur color and the modified ES cells code for agouti fur color,
chimeric mice showed a mixture of black and agouti fur. The higher degree of
agouti the higher is the contribution of the genetically manipulated ES cells to
the chimera. Chimeras were mated to wild-type C57BI/6J mice to obtain
offspring with germline transmission of the modified allele. Mice, which have
received the modified allele from their chimeric parent, were identified by
genotyping via southern blotting (see 7.2.1.5).

7.2.6 Behavioural analysis

7.2.6.1 Tail suspension test

The tail suspension test was performed by fixing the animal's tail tip fixed with
adhesive tape on the edge of a slit of a hard plastic cube, letting the mouse
hang head down. For 6 min, activity and immobility behaviour was observed
by a trained observer using a hand-held computer. Data were analyzed with
respect to duration and frequency of activity or immobility periods; total
duration, mean and maximum time of each behaviour aspect and latency to

the first immobility period.

7.2.6.2 Accelerating rotarod

The motor coordination and balance was assessed using a rotating rod
apparatus. The rod diameter was approx. 4.5 cm made of hard plastic
material covered by soft black rubber foam with lane widths of 5 cm. The test
phase consisted of three trials, interrupted by 15 min intervals. Three mice per
trial were placed on the rod leaving an empty lane between two mice. The rod
was initially rotating at constant speed (4 rpm) to allow positioning of all mice
in their respective lanes. Once all mice were positioned, the trial was started
and the rod accelerated from 4 rpm to 40 rpm in 300 sec. The latency and the

speed at which each mouse fell off the rod were measured. Passive rotations
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were counted as a fall off and the mouse was removed from the rod carefully.

Subsequent each trial, the apparatus was disinfected and dried carefully.

7.2.6.3 Forced swim test

The procedure of the forced swimming was adapted from Ebner et al. (Ebner
et al. 2002). The swimming apparatus consisted of a cylindrical glass beaker
with 24.5 cm in diameter filled with water (25 + 1°C) to a depth of 20 cm which
was renewed before the next mouse was tested. Inside the cylinder, the mice
are not able to climb or jump out, thus they are forced to swim. A trained
observer recorded the animal's behaviour in moderate lighting conditions for 6
min with a handheld computer according to one of the following behaviours:
struggling, defined as movements during which the forelimbs broke the
water's surface; swimming, defined as movement of the animal induced by
movements of the fore and hind limbs without breaking the water surface; and
floating, defined as the behaviour during which the animal used Ilimb
movement just to keep its equilibrium without any movement of the trunk.

After each trial, the mouse was dried with a tissue and put into a new cage.

7.2.6.4 Open field test

For initial testing the explorative behaviour of the animals, the open field test
was used. The test is composed out of a 1 m? hard plastic arena with 25 cm
high walls were the tested animal was put in one corner. Its movement in the
open field was recorded by a camera for 10 min. For evaluation, the time the
mouse spent in the centre area which is defined as the inner most 16% or
45% of the plane. Also the time in which the animal stayed close to the walls

was considered. The open field was disinfected after each animal was tested.

7.2.6.5 Object recognition test

For testing recognition memory, the object recognition test utilizes the
animal’'s tendency to interact more with an unfamiliar than with a familiar
object (Bevins and Besheer, 2002). The object recognition test is carried out
in a disinfected, empty cage. During three 5 min sample phases with intervals

of 15 min, two equal metal cubes were presented to the mice. 3 hours after
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the end of the third sample phase, the test animal was put again into the test
area for a test phase of 5 min. At this time point, one of the now familiar metal
cubes is exchanged by an unfamiliar 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 familiar metal
cube; the second one was a counter of blue colour. The time the animal spent
exploring each of the two different objects was documented during each of the
two test phases. Mice with an intact recognition memory show significantly
longer investigation duration of the unfamiliar object compared to the familiar

one.

7.2.6.6 Social discrimination test

To test the social memory of the mice, the social discrimination procedure
based on the previously described protocol by Engelmann et al. was used
(Engelmann et al., 1995). As a stimulus adult ovarectomised female mice
were used to exclude additional sexual stimuli. Briefly, test animals were
separated by transferring them to fresh cages 2 hours before starting the
session. The social discrimination procedure consisted of two 4 min ex-
posures of stimulus animals to the test animal in the test animal’s home cage.
During the first exposure one stimulus animal was exposed to the test animal,
and after a retention interval of 2 hours, this stimulus animal was re-exposed
to the test animal together with an additional, previously not presented
stimulus animal. During each exposure the duration of investigatory behaviour
of the test animal towards the stimulus animals was recorded by a trained
observer blind to the genotype with a hand-held computer. Mice with an intact
social memory show significantly longer investigation duration of the

unfamiliar stimulus compared to the familiar one.

7.2.6.7 Odour preference test

This test, in contrast to the odour discrimination test, only determines whether
the animals are in general able to smell and to between two different odours.
The odours are on the one hand neutral litter (no odour) or used litter (odour)
where a smelling mouse should show a preference to the odorous litter, due

to their normal social behaviour. The test environment of the odour preference
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test consists of an empty, disinfected cage with two holes in the bottom. In
one of the holes an eppendorf tube with clean cage litter is placed (no odour),
the second hole contained a tube filled with used litter from a cage of mice,
unfamiliar to the test animal (odour). The test animal was put into the cage for
10 min, and the time it spent with olfactory exploration of the two tubes was

determined and analysed.

7.2.6.8 Odour discrimination test-battery

Training and tests are carried out in a standard mouse cage (29.5cm x
18.5cm, height: 13cm); during each trial, one quarter of the cage is separated
from the rest by a plexiglas screen. Two different odours are being used:
Methyl trans-cinnamate (“strawberry”) and Phenethylacetate (“apple”). The
odours are presented to the mous in two small boxes (@=3cm, height: 1cm)
filled with litter and separated by a small plexiglas screen. Every mouse is
assigned to one personal odour (S+). During the training phase, food deprived
animals do have to learn at three consecutive days to dig for small pieces of
chocolate in small litter-filled boxes: On day one, the chocolate is placed on
top of the litter — visible for the mouse; on the second day, one piece is placed
on top one half buried a third one totally buried in the litter; on day three, only
one piece is buried at the bottom of the box. If mice do not learn to dig for the
chocolate until day three, an extra training day has to be inserted for these
animals. The conditioning of the mice for a special odour is carried out for two
days with 12 trials per day. The mice have to choose between two boxes; one
box contains litter with a specific odour (S+), one box litter just with the
solvent. For the first 6 correctly absolved trials, only S+ contains chocolate, for
the following 6 trials both boxes contain the food.

For the odour discrimination test, the solvent is exchanged by another odour
(S-) for which the mouse is not conditioned. Again for the first 6 correctly
absolved trials only S+, for the following 6 trials also the S- box contains
chocolate. After two days, the boxes contain mixtures of both odours ([S+]:[S-
]: 100:0; 85:15; 70:30; 55:45; 53:47; 51:49, 50:50). Both boxes do contain
chocolate, but the mouse is only allowed to dig for the food in the S+ box (12

trials for each mixture per day; 18 trials in case of 53:47 and 51:49). During
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the odour sensitivity test, the mice have to discriminate between the solvent-
containing box and the box with its specifically trained odour (S+) but in
decreasing concentration. None of the boxes contain chocolate; the mouse
receives the chocolate directly via forceps after digging in the correct box.
containing box and the box with its specifically trained odour (S+) but in
decreasing concentration. None of the boxes contain chocolate; the mouse
receives the chocolate directly via forceps after digging in the correct box.
Each mouse has to absolve three to five dilution steps each day according to

the following scheme:

Dilution Stage | #1 | #2 | 43 | 44 |#5 | 46 | 48 || #25

Concentration [S+] | 5% | 2.5%

1.25 | 0.62 |o.31 | 0.155 | 0.03875 | | 3-107

After three correct trials, the stage is absolved; if two mistakes are made in a
row, the mouse has to return to the previous stage. Every mouse will reach its

individual maximum stage, which is assumed as its sensitivity level.

7.2.6.9 Gait analysis

The CatWalk™ (Noldus; Wageningen, Netherlands) setup allows measuring
several features of the dynamics of locomotion, including stride length, limb
base of support and interlimb coordination (Hamers et al., 2001). The mice
have to cross a walkway made of Plexiglas walls spaced 10.5 cm apart with a
glass floor (122 x 15 x 1cm). They are filmed from a ventral perspective while
they pass the walkway. Light from an encased white fluorescent tube (117 cm
long) is reflected onto the glass floor. Paw contact with the floor interrupts the
light and is recorded by a camera. The CatWalk™ program automatically
acquires, compresses, stores, and analyzes the gait parameters. Data
analysis was performed by interactively categorizing and labeling the signals
(right/left fore/hind paw, nose, abdomen, tail, and artifact). The position, size,
and intensity of these pixels were analyzed and facilitated by using false
colours for the display (for a sample picture see 5.6.3, Fig.51, upper left). From
this, multiple parameters have been calculated: intensity of the paws (signal
depends on the degree of contact between a paw and the glass plate and
increases with increasing pressure), print length (length of the complete print),
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print width (width (vertical direction) of the complete paw print), print area
(surface area of the complete print), stand (duration of contact of a paw with
the glass plate in a step cycle), swing (duration of no contact with the glass
plate in a step cycle), swing speed (speed of the paw during swing), stand
index (measure for the speed at which the paw loses contact with the glass
plate), stride length (the distance between successive placements of the
same paw), angle (estimate of the angle (in degrees) of the paw axis relative

to the horizontal plane).
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Appendix

9 Appendix

9.1 The Lrrk2 R1441C Targeting Vector

Ppil (13603)

Ppil (13368) \\ 5-Homology Arm
Pw I (12615) N4
Ppil (12356) N

loxP Site
TransitionC>T
OKnook-INPARKE %
Exon 31
loxP Ste

- Pwl (4667)
Neomycine Resistance Cassette

3-Homology Arm

Figure 59: Schematic representation of the targeting vector pKnock-In Park8 used for the
generation of the Lrrk2 R1441C mouse line by homologous recombination. The restriction
sites Ppil were used for linearization.

2901 ..... GAAGG GCAAGCGTTC TCATGCTCTA TGGCAAAGGA ACAGGGAGGG GACCTAACAT CCCGGTTCCT GTGAGGACCT TCAAACGTGT TCCTTGGGCT
3001 CTGTCCTTGG GAGTTGAGCC TCTCATATAG CTCTCAAGAC GCTGCTGTGT CACACGGTTG CATTTCAAGA TTCACACACT AGCAGCAAGG AAAGACAGCT
3101 GTTATTATGT GACTCTGAAG TCCTTGAGTC TGTCATTGCT GCAGCACGTA GCATCCTACA TAGCAGATTT CAGCATAAAT GTAACCAGGA AGGTTTTTCC
3201 TCCCCGATAA CTTCGTATAG CATACATTAT ACGAAGTTAT GCTAGCAGAT CTGAAACAGG AAGTGTCTTG TCTCTGTTCC CTTAGEHAMCRICEaIanIal
RXIMITCCCCGGTGA TTCTGGTGGG CACACATTTG GATGTTTCTG ATGAGAAGCA GCGGAAAGCG TGCATAAGCA AAATCACGAA GGAACTCCTA AATAAGCGAG
EZOIGATTCCCCAC CATCCGGGAC TACCACTTTG TGAATGCCAC CGAGGAGTCA GATGCGCTGG CAAAGCTTCG GAAAACCATC ATAAATGAGA GCCTTAATTT]
3501 FVXEGTGGGA GGATGGGCGC CCCCTGCAGG CTACTAGATG GTCAAGGTGG GCGAGTGTGT GCCTCTTGCA GGCTGCTAGT TAAGTAAGCC TTTCTCTTTT
3601 TGTCATATTA TGCCTCTGCT TAGAAATGTC AGAAACCTTG AGGAGAGAGC AATTATCTGG AAATTGTAGG GTTTTTTTTT TCATAGCTCA AAACGATAAA
3701 AGTACTTTCA TTTAAAAATT ATTTATTTAT GCCGCACTTC ATTTATAATT CATAGAAGTG GGAATAAAAA TAACTAGAGG ATCCTGAGAA GAAGGAGAGG
3801 AATTGCCAGG ACACCGAGAA AATCTTCCTC TCCAGGGGTT CCATCCAGAG GCTAAAAGAG AAGGTGGTGT CTGGGCCTCC TGTCCTCTGC GACACTCGGT
3901 CCTATCTAGC ACAGAAGTTC CCACCTTCCT AACACTACAA TCCTTTCTTT AACACAGTTC CTCGTGTTGC ATAACTTCGT ATAGCATACA TTATACGAAG
4001 TTATGAAGTT CCTATTCTCT AGAAAGTATA GGAACTTCAT TCTACCGGGT AGGGGAGGCG CTTTTCCCAA GGCAGTCTGG AGCATGCGCT TTAGCAGCCC
4101 CGCTGGGCAC TTGGCGCTAC ACAAGTGGCC TCTGGCTCGC ACACATTCCA CATCCACCGG TAGGCGCCAA CCGGCTCCGT TCTTTGGTGG CCCCT.....

Legend:
e 2901, base position in the targeting vector pKnock-In Park8;

e GAA, 5-Homology arm (intronic sequences of Lrrk2);
e ATA, loxP site (locus x-over P1);
e  GCT, linker sequence
. F Exon 31 of murine Lrrk2;
, Transition C > T causing the R1441C missense mutation;
e GAA, Neomycin resistance cassette.

Figure 60: Sequence fragment of the targeting vector pKnock-In Park8 of the critical
region around Lrrk2 exon 31. Legend depicted below sequence.
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9.2 Primer Sequences

Lrrkl in situ probes:

Product
Lrrk1-1SH1

Lrrk1-ISH2

Lrrk1-1SH3

Lrrk1-1ISH4

Primer name

Lrrk1-ISH1 left
Lrrk1-ISH1 right
Lrrk1-1ISH2 left
Lrrk1-ISH2 right
Lrrk1-ISH3 left
Lrrk1-ISH3 right
Lrrk1-1SH4 left
Lrrk1-ISH4 right

Lrrk2 in situ probes:

Product
Lrrk2-1SH1

Lrrk2-1ISH2

Lrrk2-1SH3

Lrrk2-1SH4

Lrrk2-1SH5

Lrrk2-1ISH6

Primer name

Lrrk2-1SH1 left
Lrrk2-ISH1 right
Lrrk2-ISH2 left
Lrrk2-ISH2 right
Lrrk2-1SH3 left
Lrrk2-ISH3 right
Lrrk2-ISH4 left
Lrrk2-ISH4 right
Lrrk2-1SH5 left
Lrrk2-ISHS5 right
Lrrk2-ISH6 left
Lrrk2-ISH6 right

SNCA in situ probes:

Product
SNCA-ISH1

SNCA-ISH2

SNCA-ISH3

Primer name

SNCA-ISH1left

SNCA-ISH1right
SNCA-ISH2/3left
SNCA-ISHZ2right
SNCA-ISH2/3left
SNCA-ISH3right

Lrrk2 R1441C genotyping PCR:

Primer name

Lrrk2-gKI-left
Lrrk2-gKI-rightWT
Lrrk2-gKI-rightNEO

Lrrk2 R1441C cDNA:

Primer name

Lrrk2-Exon32lox-left
Lrrk2-Exon32lox-right
Lrrk2-Exon32-left

Primer Sequence (5'-3")

ccaggcctcagatggaatta
cccatacgatgggatttcac
ggtccctggtctccctttac
gttcagtaacccgagccaaa
cagggcagagtacggtagga
tgacggggaactcattcttc
cctgctggatagtcctgagce
ggaggctgtctcagttccag

Primer Sequence (5'-3")

tgctggtgttcacctactcg
gggctttatagcagggttcc
cagcttcagaagggacaagg
cagctggactgacagagacg
tgctctgtccactctcttgg
gcaggctctctctagcatgg
cctgggattcagaaatgtgg
ctgataccggagcactttcc
tgagctgaaaaacaccatgc
gttccaggtggctactgagg
cagagcgatgatctggatagc
gtgcggaagactgaaaatcg

Primer Sequence (5'-3")

ctggcagtgaggcttatgaa
gccacaacaatatccacagc
gattggggaaaacaggaaga
ccttcctctgaaggcatttc
gattggggaaaacaggaaga
tttggtcttctcagccactg

Primer Sequence (5'-3")

gagaggaattgccaggacac
aacacaagtctcgggatgaaa
ggggaacttcctgactaggg

Primer Sequence (5'-3")

ttcctccccgataacttegt
atgcaacacgaggaactgtg
gtgtcacacggttgcatttc



Lrrk2-Exon32-right-neo
Lrrk2-Exon32-right-WT

gccagaggccacttgtgtag
tcggatgattggaagacaca

Lrrk2 R1441C Southern blot probes: genotyping PCR:

Probe 5°-1

Probe 5°-2

Probe 3°-1

Primer name

Lrrk2KI-SB5-1-left
Lrrk2KI-SB5-1-right
Lrrk2KI-SB5-2-left
Lrrk2KI-SB5-2-right
Lrrk2KI-SB5-2a-right
Lrrk2KI-SB3-1-left
Lrrk2KI-SB3-1-right

Lrrk2 knockdown genotyping PCR:

Primer name

Lrrk2-kd-ExNeo
Lrrk2-kd-ExPGK
ROSA26 5'HA

Primer Sequence (5'-3")

ggaagttgagcaagatatgg
tccactctcctacagttget
ctattaacacccgtgtttgac
tcgaaactgtgctagctctt
aacagctcgtgtatgttgct
tgtgagtcatggtgactggtt
gtaacaaaccccacccagaa

Primer Sequence (5'-3")

gttgtgcccagtcatagccgaatag
cacgcttcaaaagcgcacgtctg
aaagtcgctctgagttgttat

ROSA26 3'HA cacaccaggttagcctttaagcc

9.3 General abbreviations

5-HT
6-OHDA
°C

Ac

AD
Amp
ATP
au

bp
cDNA
cf

cko
CMV
cpm
Cre
CTP
DA
DAB
Dat
dATP
dCTP
dGTP
DMEM
dNTP
DOPAC
DSred
DTT
dTTP
E

e.g.

et al.

5-hydroxytryptamine (serotonin)
6-hydroxydopamine

degree Celsius

acetate

Alzheimer’s Disease

ampicillin

adenosine triphosphate

arbitrary unit(s)

base pair(s)

copy DNA

compare (confer)

conditional knockout
cytomegalovirus promotor

counts per minute

cyclization recombination enzyme (Cre recombinase)
cytidine triphosphate

dopamine

3,3'-diaminobenzidine

dopamine transporter

desoxy adenosine triphosphate
desoxy cytidine triphosphate

desoxy guanaosine triphosphate
Dubecco’s modified Eagle’s medium
desoxy nucleoside triphosphate
3,4-dihydroxyphenylacetic acid
tradename of the red fluorescent protein drFP583
dithiothreitol

desoxy thymidine trisphosphate
embryonic day

exempli gratia (Latin), for example (English)
et alii (Latin), and others (English)
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EtBr
EtOH

flp
FCS

G418
GFP
GTP

HPLC
i.p.
IHC
IMM
IMS
IRES
ISH
kb
kDa

Ki
KO

LB
LH
loxP
ms

MEF
min
MPP+
MPTP
MRNA
mMtDNA

neo
NTP
oD
o.n.

PBS
PCR
PD
PFA
pgk
PMSG
PTM
RNA
RNS
ROS
RT-PCR

SDS
SEM
TSA

ethidium bromide

ethanole

flipase recombination enzyme

fetal calf serum

gram

Geneticin, an analogon of neomycin
green fluorescent protein

guanosine triphosphate

hour

high performance liquid chromatography
intraperitoneally
immunohistochemistry

inner mitochondrial membrane
mitochondrial intermembrane space
internal ribosomal entry site

in situ hybridisation

kilobase

kilodalton

kilogram

knock-in

knockout

liter

lysogeny broth

luteinizing hormone

locus of X-over P1

millisecond

molar (mol/l)

micro (10-6)

mouse embryonic fibroblast

minute

1-methyl-4-phenylpyridinium ion
1-methyl-4-phenyl-tetrahydropyridine
messenger ribonucleic acid
mitochondrial DNA

probe number

neomycin

nucleoside triphosphate

optical density

over night

postnatal day

phosphate buffered saline
polymerase Chain Reaction
Parkinson’s Disease
paraformaldehyde

phosphoglycerat kinase promotor
pregnant mare’s serum gonadotropin
posttranslational modified microtubule
ribonucleic acid

reactive nitrogen species

reactive oxygen species

reverse transcriptase polymerase chain reaction
second

sodium dodecyle sulfate

standard error of the mean
Trichostatin A
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