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SUMMARY 

1 Background 

With approximately 1 % of the population over the age of 65 suffering from Parkinson’s 

disease (PD) it is, after Alzheimer’s disease, the most common neurodegenerative disorder 

(Nussbaum and Ellis, 2003). The clinical symptoms including resting tremor, bradykinesia 

and rigidity are caused by a dramatic loss of dopaminergic neurons in the Substantia nigra 

pars compacta (SNpc) (Dauer and Przedborski, 2003; Hoehn and Yahr, 1967). This neuronal 

loss results in a depletion of striatal dopamine levels and is commonly accompanied by the 

formation of intracellular aggregates called Lewy bodies, consisting primarily of α-synuclein 

(Spillantini et al., 1997). The characteristic motor symptoms do not become apparent until 

70 - 80 % of the nigrostriatal nerve terminals are already lost (Bernheimer et al., 1973), 

leaving little time for pharmacological intervention. Current treatment options are limited 

to symptomatic treatment which alleviate the symptoms but cannot halt disease 

progression. Intense research efforts have focused on understanding the pathophysiology 

and the etiology of PD in the hope of identifying targets for disease modifying therapies. 

The cause of PD has long been considered to be purely environmental because the 

exposure to pesticides such as rotenone and paraquat as well as the toxin MPTP have been 

linked to the development of parkinsonism (Brown et al., 2006; Langston et al., 1983). 

However, it is now assumed that about 5 – 10 % of all PD cases are caused by genetic 

mutations (Lesage and Brice, 2009). Up to date 16 different loci have been identified which 

are causally associated with PD. Among those loci is the leucine-rich repeat kinase 2 (LRRK2) 

gene which has been identified in 2002 (Funayama et al., 2002) and was first cloned in 2004 

(Paisan-Ruiz et al., 2004). Mutations in LRRK2 are the most common known cause of 

familial PD but also constitute about 3.5 % of all sporadic PD cases. The LRRK2 gene encodes 

for a large 280 kDa multidomain protein. Flanked by several protein-protein interaction 

domains, including the name giving leucine-rich repeat domain, it possesses a catalytic core 

encompassing a ras of complex (ROC) GTPase domain, a C-terminal of ROC (COR) domain 

and a kinase domain. Although more than 40 variants of LRRK2 have been identified only 7 

mutations have been consistently proven to be pathogenic (reviewed in (Lesage and Brice, 
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2009)). These mutations cluster in the catalytic region of the protein, the I2020T and 

G2019S mutation in the kinase domain, the I1371V and 3 R1441 substitutions in the ROC 

domain and the Y1699C mutation in the COR region (Lesage and Brice, 2009). While the 

most common PD-linked LRRK2 mutation, the G2019S substitution, is generally accepted 

to increase kinase activity (Jaleel et al., 2007; West et al., 2005), the effect of the I2020T 

substitution varies depending on the study [eg (Jaleel et al., 2007; West et al., 2007)]. ROC 

domain mutations tend to decrease GTPase activity (Guo et al., 2007; Li et al., 2007) while 

GTP binding is increased (West et al., 2007). Several studies have lineked the decreased 

GTPase activity of PD-linked LRRK2 mutations to increased kinase activity (Guo et al., 2007; 

West et al., 2005) but site directed synthetic mutations which decrease GTP hydrolysis or 

binding have failed to replicate this effect (Biosa et al., 2013). Both the kinase and the 

GTPase activity have been causally linked to the LRRK2-mediated toxicity (Biosa et al., 2013; 

Greggio et al., 2006; West et al., 2007) and could therefore serve as potential targets for 

modulating LRRK2 mediated neurodegeneration.  

The discovery of PD-associated mutations in LRRK2 raised hopes of unravelling the 

pathophysiology of PD and identifying targets for pharmacological intervention. Now, a 

decade later, a plethora of cellular processes which are modulated by LRRK2 has been 

identified but the importance of these processes in the etiology of PD and the feasibility of 

LRRK2 as a target for disease modifying treatment remains unclear.  The interaction of 

these processes in vivo complicate the translation of biochemical findings into cell culture 

and animal models and the lack of animal models that consistently recapitulate cardinal 

symptoms of human PD makes it difficult to evaluate their pathophysiological relevance. 

Although some groups have reported L-dopa responsive motor phenotypes in mice 

expressing mutant LRRK2 (Chen et al., 2012; Li et al., 2009; Ramonet et al., 2011) others 

could not confirm these phenotypes in the same or in similar models. This discrepancy 

might mirror the incomplete penetrance of LRRK2 mutation associated PD in humans. On 

the other hand, rodent models that transiently express LRRK2(G2019S) show dopaminergic 

degeneration and motor deficits when compared to rodents expressing wildtype LRRK2 or 

rodents constituently expressing the LRRK2(G2019S) construct (Dusonchet et al., 2011; 

Zhou et al., 2011). This could point to a developmental compensation masking the effect 

of mutant LRRK2 in the latter. While the temporal expression is a relatively fast and 

convenient model, the toxicity caused by a sudden overload of mutant protein might be 
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quite distinct to the cell death occurring in human PD patients. A further drawback of these 

models is, that they are not suitable for studying the presymptomatic phase of PD. 

Knowledge of the presymptomatic phase, however, is essential if we aim to intervene 

before 80 % of the nigrostiatal neurons are already lost. 

The aim of my PhD thesis was to identify mechanism that are dysregulated in mice 

constituently expressing LRRK2(R1441G) and translate them to PD-patient derived 

material. The identification and characterization of parallels between animal models and 

patient derived material will be beneficial when it comes to monitoring the effectiveness 

of LRRK2-modulating compounds in animal models and translating these findings to 

humans. As mentioned above LRRK2 has already been linked to a variety of cellular 

processes. These include apoptosis (Ho et al., 2009), modulation of mitochondrial function 

and ROS formation (Wang et al., 2012), autophagy and protein degradation (Manzoni, 

2012), gene expression (Kanao et al., 2010) and protein translation (Imai et al., 2008), 

vesicle dynamics (Piccoli et al., 2011) and many more. In my thesis I concentrated on the 

role of LRRK2 in modulation of the cytoskeleton and its effect on central and peripheral 

immune system.  The following subchapters will provide the scientific context to each of 

my publications and summarize their key findings.  

2 LRRK2 in the modulation of the cytoskeleton 

2.1 Microtubule in PD 

The tubulin and actin cytoskeletons are central players in cellular function. Apart from 

offering structural support they also regulate vital processes such as cell division, migration, 

intracellular transport of organelles and protein cargo, vesicle dynamics and many more. 

Taking this into account it is easy to perceive that disturbances in cytoskeletal structure or 

dynamics can have devastating effects on cell viability. Neurons with their long processes 

are particularly dependent on the structural support and on unimpeded transport of 

essential organelles and proteins to the distal end of axons and dendrites. Microtubules 

(MTs) are thought to play a pivotal role in the neurodegenerative process leading to 

Parkinson’s disease. A multitude of factors has been identified by which microtubule 

organization might be disturbed in this disease. Not only has tubulin, the main component 

of MTs, been found in Lewy bodies but it also interacts with alpha-synuclein and promotes 
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its aggregation (Alim et al., 2002). Alpha-synuclein aggregation in turn leads to disturbances 

in MT organization and intracellular trafficking (Lee et al., 2006). Apart from alpha-

synuclein aggregates some individuals also show intracellular depositions of the 

microtubule associated protein tau (Ujiie et al., 2012; Wszolek et al., 2004). Physiologically, 

tau associates with microtubules and stabilizes them. Hyperphosphorylated tau on the 

other hand, binds free tau and forms aggregates. The stabilizing effect on MTs is thereby 

lost (Alonso et al., 1994). Microtubule destabilization also occurs as a consequence of the 

environmental toxin rotenone which has been shown to produce a Parkinsonian 

phenotype. Rotenone-induced destabilization leads to a disrupted vesicle transport along 

the neuronal axon. In dopaminergic neurons this causes an accumulation of vesicles, 

subsequent leakage of dopamine into the cytosol and ultimately increased oxidative stress 

(Ren et al., 2005). A similar mechanism has been proposed for PD-associated Parkin-null 

mutations as Parkin protects MTs from destabilization (Ren et al., 2009).   

2.2 The role of LRRK2 in modulating microtubule dynamics 

Aggregates of hyperphosphorylated tau have also been found in LRRK2-associated PD and 

alterations in tau phosphorylation have been observed in LRRK2-mutant mice (See (Bailey 

et al., 2013) and references therein). The proposed phosphorylation of tau by LRRK2 was 

recently confirmed in vitro (Bailey et al., 2013). But LRRK2 also directly interacts with 

microtubules by binding to beta-tubulin (Gandhi et al., 2008; Gillardon, 2009b; Kett et al., 

2012; Law et al., 2014). This interaction is dependent on the LRRK2-Roc domain (Gandhi et 

al., 2008) and disrupted by the R1441G Roc domain mutation (Law et al., 2014). The G2019S 

mutation in the kinase domain markedly increase LRRK2-mediated beta tubulin 

phosphorylation (Gillardon, 2009b). Our laboratory has previously shown that LRRK2 

kinase-dependently induces tubulin polymerization while it prevents subsequent 

elongation factor alpha mediated microtubule bundling (Gillardon, 2009a). In line with this 

a recent study suggests that LRRK2 preferentially interacts with dynamic, non-acetylated 

microtubules impeding their acetylation (Law et al., 2014). In Caesar et al. (2013) we now 

show that the interaction between LRRK2 and tubulin is reciprocal. While LRRK2 

phosphorylates and stabilizes tubulin, the presence of polymerized tubulin also enhances 

its GTPase activity and depolymerization of tubulin decreases LRRK2 kinase activity. At the 

same time a decreased kinase activity strengthens the interaction with tubulin. Supporting 
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this, Law et al. showed in a later study that constitutively active kinase mutants of LRRK2 

weaken tubulin binding.  

The finding that LRRK2 preferentially interacts with non-acetylated microtubules suggests 

that LRRK2 plays a role in processes that require microtubule dynamics rather that stability.  

As it favors tubulin polymerization but impedes further microtubule bundling and 

acetylation it supports dynamic growth, which is of particular importance for the formation 

of cellular protrusions such as filopodia and neurites and for cell movement. In line with 

this I show that mutations and lack of LRRK2 significantly alter cell migration in primary 

fibroblasts of mutant mice and PD patients (Caesar et al. 2013) and several groups have 

shown, that LRRK2 mutations and LRRK2 knockout lead to defects in neurite outgrowth 

(Dächsel et al., 2010; Gandhi et al., 2008; Gillardon, 2009b; MacLeod et al., 2006; Parisiadou 

et al., 2009; Wang et al., 2008).  

2.3 The role of LRRK2 in modulating the actin cytoskeleton 

Like microtubules actin filaments act as structural support of the cell. Cortical actin 

filaments form a dense meshwork below the plasma membrane and, at the postsynapse, a 

stable scaffold for receptors and other postsynaptic proteins (Allison et al., 1998). 

Furthermore, actin filaments regulate synaptic vesicle dynamics (Sankaranarayanan et al., 

2003), filopodial protrusion, cell adhesion and migration (Anne-áJ., 2011). For all of these 

functions a tightly controlled actin cytoskeleton is essential. The physiological and 

pathophysiological role of PD-linked proteins in the modulation of actin has been widely 

investigated. The alpha-synuclein mutation A30P and the loss of PINK1 or Parkin all favour 

actin polymerization and the formation of disorganized F-actin structures (Kim and Son, 

2010; Lim et al., 2007; Sousa et al., 2009).  

As for LRRK2, the evidence for its modulation of the actin cytoskeleton is continuously 

growing. Whether this modulation favours polymerization or depolymerization is still 

under debate. Biochemical polymerization assays have demonstrated an interaction of 

LRRK2 with filamentous actin, where LRRK2 has an actin severing effect. However, the 

effect of PD-linked mutations was not assessed in this setting.  In addition to a direct 

binding to actin, LRRK2 also interacts with several actin modulators (Meixner et al., 2011). 

Among these modulators are proteins with a central role in actin rearrangement such as 
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Rac1 (Chan et al., 2011), cdc42 and ARHGEF7 (also known as PIX) (Häbig et al., 2010). Chan 

et al. demonstrated that the G2019S and the R1441C mutation alter LRRK2s interaction 

with Rac1 in such a manner, that actin disassembly and neurite retraction is favoured (Chan 

et al., 2011). Likewise, LRRK2 mutations that decrease GTP-hydrolysis display a decreased 

affinity to ARHGEF7 and ultimately a decrease in actin polymerization (Häbig et al., 2010).  

Complicating the matter, another line of evidence supports a polymerizing effect of mutant 

LRRK2, similar to that found for mutant synuclein, loss of Parkin and loss of PINK1. In 

neuronal cell cultures the overexpression of mutant LRRK2 led to the accumulation of F-

actin and phosphorylated ezrin/radixin/moesin (ERM) proteins in the filopodia and this 

accumulation was causally linked to a decrease in neurite outgrowth (Parisiadou et al., 

2009). ERM proteins bind F-actin when phosphorylated and link the cytoskeleton to the 

plasma membrane. The phosphorylation of ERMs by LRRK2 had been demonstrated 

previously (Jaleel et al., 2007). A further study by Parisiadou et al. revealed that a lack of 

LRRK2 decreases F-actin in filopodia and synaptic spines (Parisiadou et al., 2014).    

To shed more light on the role of LRRK2 in the regulation of the actin cytoskeleton I 

investigated the effect of a loss of LRRK2 in a mature neuronal system. My experiments 

showed that unlike the spines of cultured hippocampal neurons synaptoneurosomes from 

LRRK2 knockout animals did not show alterations in F-actin content under basal conditions 

(Caesar  et al. 2015; Fig.2A). This discrepancy with the study by Parisiadou et al. could either 

be due to the increased maturity of the spines or to the more complex extracellular 

environment in which the synapses matured. I further showed, that when stimulated with 

a low dose of the actin depolymerizing agent, Latrunculin A (LatA), synaptosomes isolated 

from 6 months old animals were able to buffer this stimulus without any significant 

decrease in filamentous actin. However, at 18 months of age the synaptic cytoskeleton 

depolymerized in wildtype synaptoneurosomes but not in those lacking LRRK2 (Caesar et 

al. 2015; Fig.1B). This finding suggests that the presence to LRRK2 has an overall 

destabilizing effect on synaptic actin in the aged synapse. Under basal conditions the 

system might still be able to compensate but when subjected to an additional 

depolymerizing factor, this is no longer the case and it reacts more sensitively to this 

stimulus.  
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In the same experimental setup synaptoneurosomes overexpressing R1441G mutant 

LRRK2 showed an increase in the amount of basal F-actin, similar to the increase observed 

in the G2019S mutant hippocampal neurons, both at the age of 6 months and at 18 months 

(Caesar et al. 2015; Fig.3A). In the hippocampal neurons this increase was mutation 

dependent, as overexpression of wildtype LRRK2 did not lead to an actin accumulation. In 

my study, the effect of overexpression cannot be excluded, but both the data from my 

LRRK2 knockout synaptoneurosomes and the data from hippocampal neurons 

overexpressing mutant or wildtype LRRK2 suggest that this is indeed a mutation specific 

effect.  Again, the sensitivity to the depolymerizing stimulus LatA differed between the 

genotypes and ages. In wildtype synaptoneurosomes low doses of LatA did not significantly 

depolymerize the synaptic actin cytoskeleton in either age group. In synaptoneurosomes 

overexpressing R1441G LRRK2 a clear reduction in F-actin could be seen which increased 

with age (Caesar et al. 2015; Fig.3B). My findings strengthen the hypothesis that LRRK2 has 

an overall destabilizing effect which might become more prominent with age. However, an 

overexpression of mutant LRRK2 is far from a physiological model and might not be of 

direct relevance to human disease. As LRRK2 is not only expressed in neurons but in a whole 

range of cells including fibroblasts which are easily accessible I continued assessing the 

stability of the actin cytoskeleton in G21019S mutant patient derived fibroblasts. For this 

purpose fibroblasts were seeded on micropatterned 96-well plates. These plates have a 

hydrophobic surface with hydrophilic, fibronectin coated, L-shaped micropatterns printed 

onto it. Cells adhere to these micropatterns and adopt a relatively uniform triangular shape 

with focal adhesions on the micropattern and actin and tubulin filaments bridging the 

diagonal. The overall F-actin content of the cells did not differ between G2019S mutant and 

wildtype fibroblasts (Caesar et al. 2015; Fig.4 A). However, it appeared that G2109S mutant 

fibroblasts had a distinct actin organization. While in the majority of wildtype cells the F-

actin signal was distributed throughout the cell without any or with very little visible 

structural organization about a third of the G2019S mutant cells showed prominent F-actin 

bundles resembling stress fibres (Caesar et al. 2015; Fig.5 A). Upon stimulation with LatA 

the F-actin signal decreased as expected. Like in the synaptoneurosomes, this decrease was 

significantly more pronounced in LRRK2-mutant cells (Caesar et al. 2015; Fig.4B,C).  At the 

same time, the stress fibres disassembled and the proportion of mutant cells displaying 

these prominent fibres now resembled the wildtype under basal conditions (Caesar et al. 
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2015; Fig.5A). Like in the G2019S mutant hippocampal neurons in the study by Parisiadou 

treatment with LatA also rescued the mutant phenotype in my experiments. As some of 

the fibroblasts showed clear filopodial outgrowth from the diagonal of the triangle, I 

measured and quantified this outgrowth. The average number of filopodial extensions did 

not differ under basal conditions but the length of these extensions was significantly 

reduced in the G2019S mutant fibroblasts. Treatment with LatA rescued this defect 

although it has to be noted that the total number of extensions decreased (Caesar et al. 

2015; Fig.5E,F).  

Together these findings indicate that LRRK2 alters actin structure and actin dynamics. We 

observe an increasing sensitivity to depolymerizing stimuli in the presence of mutant LRRK2 

in both systems studied. This observation would support an overall depolymerizing effect 

of mutant LRRK2 as suggested by Meixner et al (2011). However, we do not oberserve a 

decrease in overall F-actin. On contrary, in the synaptoneurosomes an increase in F-actin 

can be observed in the mutants while the mutant fibroblasts show an increase in F-actin 

bundling which should protect the actin fibres from depolymerization. This bundling of F-

actin does not only stabilize the cytoskeleton but also appears to prevent filopodial 

extensions in unstimulated resting fibroblasts. However, as soon as a depolymerizing 

stimulus is present and monomeric actin becomes available the mutant cells show an 

increased actin motility which displays itself by an increased number of filopodial 

extensions. In this case the depolymerizing stimulus is a low dose of the non-physiological 

actin depolymerizing agent LatA. It is tempting to speculate that similar process might occur 

in response to physiological stimuli triggering synaptic changes or cell migration. 

2.4 LRRK2 dependent structural changes at the synapse 

At the synapse the balance between structural stability of actin and its dynamic motility is 

of particular importance. Actin rearrangements are at the basis of spine formation and 

maturation, the organization of the postsynaptic density and post synaptic receptor 

anchoring. Postsynaptic NMDA receptors (GluN) are associated with the actin cytoskeleton 

via linking molecules such as α-actinin and spectrin. Destabilization of the cytoskeleton 

leads to a rapid diffusion of NMDA receptors away from the PSD (Allison et al., 1998). On 

the other hand NMDA mediated currents also drive a transient, local actin 

depolymerization (Ouyang et al., 2005). This depolymerization is caused by an increase in 
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cofilin activity and enables the translocation of proteins into potentiated spines. Given this 

intricate reciprocal interaction of NMDA receptors with the actin cytoskeleton I next 

examined whether the decrease in actin stability affects NMDA receptor integration into 

the postsynaptic density. Indeed, animals expressing LRRK2 showed a less stable 

integration (Caesar et al. 2015; Fig.6 A-D). In these animals the triton extractable proportion 

of GluN2a was significantly increased compared to LRRK2 knockout animals with a 

concomitant decreased proportion of unextractable, PSD-integrated GluN2a. The age-

dependence observed in actin stability was paralleled by an age-dependent decrease in 

GluN2a integration. Surprisingly, GluN2a integration in synaptoneurosomes 

overexpressing mutant LRRK2(R1441G) did not differ when compared to the wildtype 

controls. This might be explained by the general increase in F-actin in these 

synaptoneurosomes. 

The observed changes in actin dynamics and receptor integration are likely to have 

functional consequences. However, LRRK2 knockout mice do not have an obvious 

behavioral phenotype. Nevertheless a closer look at the synaptoneurosomes of these mice 

revealed further abnormalities. During normal CNS development dysfunctional synapses 

are continuously removed. This processes is called synaptic stripping and involves 

microglial phagocytosis of synapses which expose the recognition molecule 

phosphatidylserine (PS) on their extracellular surface (Cullheim and Thams, 2007). PS 

externalization is also considered to be an early sign of apoptosis. An increase in PS 

externalization in synaptosomes from Amyloid precursor protein and presenilin-1 double 

knockout mice, a model of Alzheimer's disease, has been shown by others (Bader Lange et 

al., 2010). Likewise, in my experiments, the lack of LRRK2 significantly decreased PS 

externalization in synaptoneurosomes (Caesar et al. 2015; Fig.6E) indicating a protective 

effect of LRRK2 knockout. Synaptoneurosomes of transgenic animals did not display any 

significant alterations in PS externalization. However, as will be discussed in section 3.1 

microglial activity is also altered in these mice which might lead to an increase in synaptic 

stripping. 

2.5 Cell migration as a model for investigating cytoskeletal changes 

There is convincing evidence that LRRK2 modulates both microtuble and actin dynamics. 

As a consequence expression of mutant LRRK2 or LRRK2 knockdown causes defects in 
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neurite outgrowth in primary neuronal cultures (Dächsel et al., 2010; Wang et al., 2008) 

(Chan et al., 2011; Gillardon, 2009b; MacLeod et al., 2006; Parisiadou et al., 2009; Ramonet 

et al., 2011). Primary neurons overexpressing G2019S show decreases in neurite 

outgrowth. The same holds true for other PD-linked LRRK2-mutations. An in vivo analysis 

of neurons in the substantia nigra transduced with G2019S mutant LRRK2 produced similar 

results (MacLeod et al., 2006). However, when it comes to the effect of overexpression of 

wildtype LRRK2 the outcomes vary largely depending on the study design. While it has no 

effect or an outgrowth enhancing effect in dissociated cultures, in vivo analysis of 

transduced neurons shows a decrease in neurite outgrowth (Chan et al., 2011; Dächsel et 

al., 2010; MacLeod et al., 2006). Similarly, LRRK2 knockout or knockdown can lead to 

increased or decreased neurite outgrowth depending on the study (Chan et al., 2011; 

Dächsel et al., 2010; Gillardon, 2009b; MacLeod et al., 2006; Parisiadou et al., 2009; 

Sepulveda et al., 2013). While these differences can be attributed to differences in study 

design, the study by Daechsel and colleagues raised more profound questions about the 

relevance of LRRK2 overexpression models. In a set of elaborate experiments they did not 

only compare primary cultures from mice overexpressing various forms of mutant LRRK2 

but also cultures from mice with a G2019S mutation knock-in using the same parameters. 

They showed that the latter, expressing LRRK2(G2019S) at a physiological level, did not 

have any outgrowth defects, while cells overexpressing mutant LRRK2 did (Dächsel et al., 

2010). The question whether or not the phenotype of neurons overexpressing 

LRRK2(G2109S) is an acceleration of the pathophysiological processes by which it exerts its 

toxicity in human disease remains unanswered.  

Despite the varying outcomes and the unanswered questions the analysis of neurite 

outgrowth is the most common method to study functional consequences of LRRK2 

mutations and to test individual compounds which might modulate the underlying 

processes. It is particulary attractive because defects in neuronal morphology have an 

obvious link to neurodegeneration. However, PD is an adult onset, slowly progressing 

disease. While LRRK2-mutation carriers express the mutation their whole lives symptoms 

only appear during late adulthood suggesting accumulative toxicity and compensatory 

mechanisms. Dissociate cultures are generally isolated during embryonic or early postnatal 

stages and in those models where transfection or transduction of mutant LRRK2 is used 

expression of the transgene tends to be limited to a few days or to a maximum of 3 weeks.  
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For the purpose of screening for modulators there is an unmet need for a simple model. 

Ideally, this model should have following characteristics: (1) Use of proliferating cells to 

minimize the number of animals needed, (2) be easy to analyze and allow for parallel 

measurements, (3) account for the multitude of cytoskeletal processes affected by LRRK2, 

(4) use mature cells which are constitutively expressing LRRK2 to account for compensatory 

mechanisms, cumulative toxicity and age-dependent processes, (5) be readily transferable 

to humans to assess efficacy of compounds in a human background and (6) mimic a 

neurodegenerative process. Despite some obvious drawbacks regarding their disease 

relevance, cell migration assays offer a good compromise taking into account most of these 

characteristics. The process of cell migration involves an intricate interplay between 

microtubule and actin dynamics and between stability and motility. Using primary 

fibroblasts, mature cells constitutively expressing mutant LRRK2 can be isolated, expanded 

and used in the assay. This allows for parallel testing of several drugs and offers a relatively 

simple readout. Furthermore, fibroblasts of human PD-patients can be acquired with 

minimally invasive techniques and have been used by others to study disease relevant 

processes (Grunewald et al., 2010; Hoepken et al., 2007; Su and Qi, 2013).    

During cell migration the nucleation of monomeric actin and subsequent polymerization 

drives the extension of lamellipodia and filopodia at the leading edge. These protrusions 

are stabilized by the formation of focal adhesions which subsequently serve as traction 

points for cell movement and are disassembed when the cell has moved over them. 

Disassembly of old filaments at the rear of the cell replenishes the pool of monomeric actin 

to allow further polymerization at the front (reviewed in (Ridley et al., 2003)). Microtubules 

extend into the protrusions and stabilize the leading edge against retraction. They also 

serve as tracks for the delivery of vesicles to the leading edge where they are inserted into 

the membrane. Despite this structural role microtubules need to be dynamic for the cell to 

migrate. Microtubules remain in a state of constant growth and retraction termed dynamic 

instability. At the front of the cell microtubules activate Rac1 during their growth phase and 

thereby initiate actin polymerization (Waterman-Storer et al., 1999) at the rear they 

regulate retraction by targeting and disassembling focal adhesions (Kaverina et al., 1999). 

LRRK2 has been shown to modulate microtubule and actin dynamics both by direct 

interaction and indirectly by acting on modulatory proteins. Actin dynamics in cell 

migration are tightly controlled by RhoGTPases such as Rac1, cdc42 and RhoA (reviewed in 
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(Spiering and Hodgson, 2011)). LRRK2 mutations alter both the activity and the localization 

of these molecules (Chan et al., 2011). Furthermore, mutations in LRRK2 might increase the 

interaction of actin filaments with the plasma membrane through increased 

phosphorylation of ERM proteins. Modulation of actin stability and alterations in the 

interaction with actin modulators caused by LRRK2 mutations might increase the 

availability of monomeric actin for polymerization in the filopodia. Lastly, the increase in 

microtubule association might drive microtubule dependent focal adhesion disassembly 

and Rac1 activation. All of these changes will affect cell motility and should be reflected in 

cell migration assays. Indeed, in my study, primary fibroblasts from adult LRRK2(R1441G) 

transgenic mice show a significantly enhanced migratory behavior in a cell culture wound 

healing assay. The lack of LRRK2 has the opposite effect and treatment with the LRRK2 

inhibitor IN-1 (Deng et al., 2011) slows migration of wildtype and LRRK2 overexpressing 

fibroblasts but not of LRRK2 knockout cells, suggesting that the observed effect is kinase-

dependent (Caesar et al. 2013; Fig.4). A similar, yet not significant trend is seen in patient 

derived fibroblasts with G2019S mutations (Caesar et al. 2013; Fig.3) indicating that this 

effect is not simply due to LRRK2 overexpression. Although, more work is required to 

characterize this model and adapt it to high through-put screening it offers a useful tool for 

investigating the effect of LRRK2 mutations and LRRK2 modulating compounds on the 

cytoskeleton.  

3 LRRK2 and inflammatory processes 

3.1 Inflammation and PD 

Since McGeer et al. discovered the presence of activated microglia in the substantia nigra 

of PD patients in 1988 the role of neuroinflammation in the etiology of the disease has 

become more and more established (McGeer et al., 1988). Later studies revealed that the 

increase in activated microglia in idiopathic PD patients is spread throughout the pons, 

basal ganglia, and the frontal and temporal cortex and does not correlate with disease 

severity or progression suggesting that microglia activation occurs during early disease 

stages and remains stable thereafter (Gerhard et al., 2006). Similarly, animals 

overexpressing human alpha-synuclein show an increase in activated microglia (Theodore 

et al., 2008). Animal models of PD based on the injection of neurotoxic agents or 
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lipopolysaccharide (LPS) into the mouse brain also rely on neuroinflammation induced cell 

death (Castano et al., 1998; Gao et al., 2002; Liberatore et al., 1999). Interestingly, however, 

this neuroinflammation selectively affects dopaminergic midbrain neurons (Herrera et al., 

2000) which display a particularly high sensitivity to proinflammatory cytokines such as 

TNFα (Gao et al., 2002; McGuire et al., 2001). This increased sensitivity is thought to be due 

to the increased burden of oxidative stress produced by tyrosine hydroxylase activity and 

to the particularly high density of microglia in the midbrain (Lawson et al., 1990). 

Additionally, further evidence from immunohistological analysis of post mortem tissue 

suggests an involvement of the peripheral immune system in neurodegeneration. Despite 

the fact that the CNS is considered to be an immune privileged space with a separate 

immune system based on brain resident microglia and protected by the blood brain barrier 

(BBB), an increased number of peripheral T-lymphocytes has been found in the midbrain 

of PD patients (Brochard et al., 2009) and proinflammatory cytokines such as interleukin-1 

have been shown to cross the BBB (Pott Godoy et al., 2008). Thus a peripheral inflammatory 

event could be transported across the BBB and trigger an inflammatory cascade in the CNS. 

Animal models provided further support for this notion as systemic injections of LPS do not 

only aggravate neuroinflammation in mouse models of amyotrophic lateral sclerosis 

(Nguyen et al., 2004) and Alzheimer’s disease (Lee et al., 2008) but also in alpha-synuclein 

overexpressing (Gao et al., 2011) and Parkin deficient mice (Frank-Cannon et al., 2008). As 

PD patient derived PBMCs secrete more proinflammatory cytokines and display a 

hyperreactivity to inflammatory stimuli (Grozdanov et al., 2014; Reale et al., 2009) 

compared to control PBMCs they could propagate a peripheral inflammatory trigger in 

patients. Collectively, these findings have led to the hypothesis that an initial trigger such 

as toxins or peripheral inflammation may cause an excessive activation of microglia, 

overproduction of proinflammatory factors and microglial release of reactive oxygen 

species. Proinflammatory factors and dying neurons will promote further microglial 

activation leading to a self-perpetuating cycle of neuroinflammation.  

3.2 LRRK2 as a modulater of inflammation 

Genome-wide association studies have identified LRRK2 as a risk factor for Crohn’s Disease 

(Barrett et al., 2008), a chronic inflammatory bowel disease, and leprosy (Zhang et al., 

2009), a chronic infectious disease. This, together with the fact that LRRK2 is abundantly 
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expressed in the spleen and in peripheral immune cells (Hakimi et al., 2011; Maekawa et 

al., 2010; Westerlund et al., 2008), spurted an intense research effort on the role of LRRK2 

in the immune system. LRRK2 expression levels were analyzed in specific subsets of 

immune cells and found to be particularly high in postnatal B-cells, mature monocytes and 

dendritic cells with lower levels in T-cells (Thévenet et al., 2011). In PBMCs mRNA and 

protein levels of LRRK2 respond to proinflammatory stimuli, although the nature of this 

response varies depending on cell type, stimulus and study (Gardet et al., 2010; Hakimi et 

al., 2011; Thévenet et al., 2011). The divergence between these studies might well reflect 

the complexity of immune cell regulation. Seeing that PBMCs comprise lymphocytes, 

monocytes and macrophages which secrete immune modulatory factors themselves it is 

likely that slight differences in experimental protocol can have pronounced effects on study 

outcome. Functionally, LRRK2 has been implicated in monocyte maturation (Thévenet et 

al., 2011) and the production of reactive oxygen species during phagocytosis (Gardet et al., 

2010). Several studies have demonstrated LRRK2 dependent alterations in inflammatory 

signaling pathways and cytokine release (Gardet et al., 2010; Gillardon et al., 2012; 

Gloeckner et al., 2009; Kim et al., 2012; Liu et al., 2011; Moehle et al., 2012).  Futhermore, 

conditioned media from LRRK2(R1441G) transgenic microglia, which contains a higher level 

of proinflammatory cytokines than control cells also exerts an increased toxicity on primary 

neuronal cultures (Gillardon et al., 2012). We further show, that secretion of the 

proinflammatory IL1β and the mouse IL8 homologue keratinocyte derived chemokine (KC) 

is also enhanced in these cultures (Caesar et al., 2014; Fig. 3D, F). By examining the 

secretion of these cytokines from peripheral blood leukocyte preparations we show, that 

this effect is not limited to the central nervous system but can also be seen in the peripheral 

counterparts (Caesar et al. 2014; Fig. 3C, E). This parallels the findings by Reale et al. (2009) 

showing an increased proinflammatory cytokine release from PBMCs isolated from PD 

patients. Furthermore, my experiments show that secretion of the antiinflammatory factor 

progranulin (PGRN) is attenuated in central and peripheral immune cells (Caesar et al. 

2014; Fig. 3A, B) but also in primary skin fibroblasts of mice overexpressing LRRK2(R1441G) 

indicating a global dysregulation (Caesar et al. 2014; Fig. 2 B). The same dysregulation was 

observed in primary fibroblasts of human LRRK2(G2019S) mutation carriers (Caesar et al. 

2014; Fig. 2A) indicating that the effect is not solely due to LRRK2 overexpression. While 



DISSERTATION 

15 
 

we show, that LRRK2 interacts with PGRN (Caesar et al. 2014; Fig. 1), neither the interaction 

nor the secretion were dependent on LRRK2 kinase activity.  

3.3 Progranulin and inflammation 

 PGRN is a heavily glycosylated, 68 kDa secreted protein expressed in a wide range of cells 

throughout the body (Daniel et al., 2000). The full length protein, consisting of 7 cysteine-

rich domains separated by linker regions, is considered to have primarily trophic and 

antiinflammatory properties. It is expressed in carcinomas driving proliferation (He and 

Bateman, 1999) and secreted upon injury to assist wound healing (Zhu et al., 2002). It is 

also involved in regulating neutrophil and macrophage activity (He et al., 2003) and 

interferes with proinflammatory tumor necrosis factor (TNF)α signaling by antagonizing the 

TNF receptor (Zhu et al., 2002). PRGN is cleaved by several proteases such as neutrophil 

elastase, proteinase 3 and matrix metalloproteinases (Cenik et al., 2012; Kessenbrock et 

al., 2008; Liu and Bosch, 2012; Suh et al., 2012) into 6-25 kDa fragments called granulins 

(GRNs) (He et al., 2003). In contrast to PGRN, GRNs appear to be proinflammatory. 

Haploinsufficiency of PGRN has been shown to be a major genetic cause of frontotemporal 

lobar degeneration (FTLD). In culture, primary hippocampal neurons from knockout mice 

show a neurite outgrowth defect which can be rescued by applying exogenous PGRN (Gass 

et al., 2012). Apart from neuronal cell loss progranulin knockout mice show increased 

microgliosis, astrogliosis and tissue vacuolation as well as increased ubiquination (Ahmed 

et al., 2010). The lack of PGRN results in an alteration in the ultrastructure of the tight 

junctions of the BBB resulting in a weaker interaction between endothelial cells. 

Consequently, the damage caused by ischemia is more severe in PGRN knockout mice 

(Jackman et al., 2013) while treatment with recombinant PGRN decreased the damage 

presumably by limiting neutrophil infiltration (Egashira et al., 2013). While in FTLD lack of 

PGRN is associated with neuronal cell death and the data collectively support a 

neuroprotective role of PGRN, its expression is severely upregulated in the skin and the 

brain of amyolateral sclerosis (ALS) patients. Like in ALS patients I show that PGRN levels in 

the CSF of symptomatic LRRK2(G2019S) mutation carriers are significantly increased 

compared to healthy controls or idiopathic PD patients (Caesar et al. 2014; Fig. 4B). This 

appeared contradictory to my data on PGRN secretion in isolated cells. However, closer 

characterization of the SOD1(G93A) transgenic mice, a mouse model for ALS, showed a 
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non-significant decrease in CSF PGRN levels in early symptomatic mice with a dramatic 

increase in PGRN during the late symptomatic phase due to an upregulation of PGRN 

expression in microglia as a response to neuronal damage (Philips et al., 2010). Similarly, 

PGRN levels in the CSF of young adult LRRK2(R1441G) transgenic mice were decreased 

compared to age-matched controls and only started to increase between the age of 17 and 

20 months. At the age of 22 months the PGRN levels in our transgenic mice were 

significantly higher than those of wildtype controls, which sustained relatively stable PGRN 

levels throughout life (Caesar et al. 2014; Fig. 4A). As mentioned before the behavioral 

phenotype in LRRK2(R1441G) transgenic mice which has been published to become 

apparent at the age of 6 months and be very pronounced at 12 months (Li et al., 2009) was 

not reproduced by others. However, we did observe mild deficits in motor coordination at 

the age of 17 months and significant deficits at 22 months of age when the locomotor 

activity was tested in the open field or on a beam walk (Caesar et al. 2014; Fig. 8). In PD 70 

– 80 % of the neurons are already lost before obvious symptoms appear. Hence it is likely 

that a great deal of neuronal damage has already occurred when first motor deficits are 

observed in our mice. It is therefore perceivable that, like in SOD1(G93A) transgenic mice, 

a late upregulation of PGRN occurs in response to cell death or dysfunction. In this model 

the initial LRRK2 mutation-dependent decrease in PGRN and the concomitant loss of PGRNs 

neuroprotective properties would cause or aggravate neuronal dysfunction while the 

upregulation of PGRN secretion in the symptomatic phase could be a late attempt to 

counteract neuronal damage. In light of the decreased BBB integrity in PGRN knockout 

mice, an increased leakage of PGRN from the blood into the CSF seems also possible, 

however, we did not observe any increases in CSF hemoglobin or albumin levels.   

3.4 Matrix metalloproteinases as regulator of PGRN levels and neuronal function 

How the change in extracellular PGRN levels is caused remains unclear. Neither 

transcription nor intracellular PGRN levels are significantly altered in the cell types studied 

(Caesar et al. 2014). Inhibition of the lysosomal degradation pathway increases intracellular 

and extracellular PGRN levels, the differences between the genotypes remain unaltered. 

Extracellularly, PGRN is cleaved by several proteases into GRN fragments. Among these 

proteases is the family of matrix metalloproteinases (MMPs) (Cenik et al., 2012; Liu and 

Bosch, 2012; Suh et al., 2012) encompassing 23 calcium dependent, zinc-containing 
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endopeptidases. Cleavage of a non-specific fluorescent MMP substrate indicated an 

increase in overall MMP activity in the cell culture supernatant of transgenic mouse 

fibroblasts (Data not shown) and gene chip data from microglial cultures had revealed an 

increased expression of MMP-2 and MMP-12 suggesting that an increase in MMP activity 

might cause the decrease in extracellular PGRN. However, gelatin zymography of cell 

culture supernatant from microglial cultures showed that different MMPs are differentially 

affected by the expression of mutant LRRK2. While MMP-2 is upregulated MMP-9 is 

significantly down regulated in transgenic cells. Degradation of PGRN has been shown for 

MMP-12 and MMP-14 (Cenik et al., 2012; Suh et al., 2012) but has not been studied 

specifically for the other members of the MMP family. In search for further evidence of 

altered MMP activity I looked at further MMP substrates by immunoblotting.  MMP-

dependent cleavage of the synaptic adhesion molecule ICAM-5 regulates spine plasticity 

(Conant et al., 2010; Huntley, 2012) and cleavage of α-synuclein resulting in an increased 

tendency to aggregate (Levin et al., 2009). Consistent with the overall increase in MMP 

activity indicated by the fluorogenic substrate synaptoneurosomes preparations of 

LRRK2(R1441G) transgenic mice contained an increased amount of cleaved ICAM-5 and 

alpha-synuclein (Caesar et al. 2014; Fig. 7).   

Although I could not pinpoint the cause for the decreased extracellular PGRN levels in 

LRRK2 mutant cell cultures the present data does suggest that the balance between pro- 

and anti-inflammatory factors is globally disrupted in LRRK2(R1441G) transgenic animals. I 

showed that the dysregulation is neither limited to the CNS nor to the immune system but 

is even apparent in dermal fibroblasts. This finding is readily transferable to dermal 

fibroblasts of human G2019S mutation carriers indicating that it is not dependent on LRRK2 

overexpression. I describe a similar decrease in PGRN levels in the CSF of presymptomatic 

LRRK2 mutant mice suggesting an in vivo relevance. However, in the CSF PGRN levels 

increase as motor symptoms appear. Likewise, PGRN levels in the CSF of symptomatic 

G2019S mutation carriers are also increased compared to controls. While more work is 

required to define the cause of this late increase an upregulation in response to neuronal 

damage, like it is seen in ALS patients, seems likely.  
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4 Conclusion 

Primary fibroblasts are easily accessible mature cells which are relatively uncomplicated in 

maintenance and propagation. As shown in the present work and by others many processes 

dysregulated in neurodegenerative diseases can also be observed in these cells.  Mouse 

and human fibroblasts therefore offer valuable systems to study and modulate these 

processes in cells with identical or variable genetic background respectively.    

Starting off with mouse fibroblasts I identified mutation related celluar alterations that 

were readily transferable to relevant cells or compartments of the central nervous system 

in mice and can also be observed in fibroblasts of individuals carrying the LRRK2(G2019S) 

mutation. The changes in actin and tubulin dynamics and structure that were shown by 

biochemical and histochemical methods are likely to be the root cause for the functional 

alterations observed in the migratory behavior of mouse and human fibroblasts carrying 

LRRK2 mutations. At the same time, these changes are paralleled by similar changes in actin 

dynamics in the synaptic compartment of transgenic mice. Hence, unlike other studies 

which focus on PD-linked alterations in the actin cytoskeleton I was able to replicate these 

changes in several distinct postnatal systems and in patient derived material.  

Concerning alterations in the innate immune system I describe a global mutation-

dependent decrease in extracellular PGRN which is seen in a whole range of cell types 

including mouse and human fibroblasts and murine immune cells. The relevance to the CNS 

becomes apparent by the decrease in extracellular PGRN in cultures of mutant microglia 

and the decrease in PGRN in the CSF of presymptomatic mice. It would now be important 

to find out whether these PGRN levels can be normalized by the modulation of LRRK2 

activity and if so, whether this correlates with a delay in disease progression. While PGRN 

levels in the CSF of human patients are also elevated, they are too variable to be a reliable 

biomarker for disease progression. In mice with an identical genetic background on the 

other hand the variation is reasonable low. They could therefore serve as a biomarker for 

testing disease modifying therapies in LRRK2 mutant animals.  

Despite the very late and rather mild phenotype I observed in the LRRK2(R1441G) mutant 

mice, the parallels found between the material derived from these animals and from 
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human LRRK2 mutant PD patients raises hopes that this mouse model still proves to be 

useful in the identification and characterization of novel PD-relevant processes.  
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