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1.  INTRODUCTION 

1.1 Parkinson’s Disease 

In 1817, based on six patients, the London surgeon and Member of Parliament James Parkin-

son first described the characteristic symptoms of Parkinson’s disease (PD) in “an essay of 

the shaking palsy”. His work remained unnoticed until 1877 when the French neurologist 

Jean Martin Charcot recognized the importance of James Parkinson’s work and named the 

disorder “maladie de Parkinson” (Parkinson’s disease) (Lees, 2007).  

Today, Parkinson’s disease is the second most frequent neurodegenerative disorder after 

Alzheimer’s disease, affecting 0.3% of the population in industrialized countries. The proba-

bility of developing PD increases with age, leading to a prevalence of 1-2% in people over the 

age of 60 in western countries, and 3-4% in those over 80 years (Tanner and Goldman, 1996, 

Nussbaum and Ellis, 2003). In addition to age, several studies have reported a gender effect, 

which shows a greater probability of males developing PD (Mayeux et al., 1995, Fall et al., 

1996, de Lau and Breteler, 2006). However this effect remains contentious as other studies 

have failed to find the same effect (Tison et al., 1994, de Rijk et al., 1995, de Rijk et al., 1997).  

 

1.1.1 Symptoms and Diagnosis 

The cardinal motor symptoms of PD, illustrated in figure 1, are clinically characterized by ri-

gidity, postural instability, bradykinesia/akinesia (slowness/absence of motor activity), 

flexed posture, freezing and low-frequency resting tremor (Fahn, 2003). The onset of PD mo-

tor symptoms is typically mild and asymmetrical and responsive to adequate levodopa thera-

py, but nevertheless symptoms worsen as the disease progresses (Fahn, 2003). The develop-

ment of symptoms is variable and patient specific, therefore not all of the six cardinal features 

need to be present for a clinical diagnosis (Morrish et al., 1996). However a definitive con-

formation of the disease requires post mortem analysis showing neuronal cell loss, de-

pigmentation of the substantia nigra and evidence of proteinaceous intracellular inclusions, 

the so-called Lewy bodies. With respect to the motor symptoms, resting tremor is often the 

first symptom recognized, due to its obvious appearance, but bradykinesia is often the first 

symptom to develop. Bradykinesia is characterized by slower and smaller handwriting, de-

creased arm swing and leg stride when walking, decreased facial expression as well as an de-
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creased amplitude of voice (Fahn, 2003). The earliest symptoms of PD, resting tremor, brady-

kinesia and rigidity, are associated with a progressive loss of nigrostriatal dopamine, whereas 

flexed posture, freezing and postural instability are non-dopamine-related symptoms of PD. 

In addition to these widely recognized motor symptoms, many PD patients develop non-

motor symptoms such as depression, cognitive impairment, olfactory dysfunction, anxiety, 

REM sleep disturbance, fatigue or dementia among others (Owen et al., 1992, Martignoni et 

al., 1995, Aarsland et al., 1999, Fahn, 2003, Owen, 2004). The non-motor symptoms of PD are 

predominantely associated with the degeneration of serotonergic neurons of the raphe nu-

cleus, noradrenergic neurons of the locus ceruleus or cholinergic neurons of the nucleus ba-

salis of Meynert, rather than dopaminergic neurons (Corti et al., 2011). 

 

Fig. 1 Illustration of the cardinal motor symptoms in Parkinson’s disease. Gowers, W. R. (1886), A Manual of Dis-
eases of the Nervous System. 

 

To date, there are no conclusive pre-mortem diagnostic tests for PD, instead a clinical diagno-

sis relies on the stereotypical motor and non-motor symptoms of PD. This means there exists  

the  possibility of misdiagnosis as clinicians  may confuse PD with other disorders such as 

postencephalic, drug-induced and arteriosclerotic parkinsonism until a post mortem analysis 

confirms the diagnosis (Hughes et al., 1992). The most helpful tool in diagnosing PD is the 

substantial response to levodopa, a typical feature of PD, illustrating the presynaptic dopa-

mine deficiency in parallel to the preservation of postsynaptic receptors.  
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1.2 Physiology and Neuropathology of Parkinson’s Disease 

The pathological process leading to the described motor symptoms of PD is the degeneration 

of dopaminergic neurons of the substantia nigra pars compacta (SNc) and their striatal pro-

jections. Motor symptoms typically appear after approximately 50% of dopaminergic neu-

rons of the SNc, and 70% of striatal dopamine content are lost (Bernheimer et al., 1973, 

Fearnley and Lees, 1991). Healthy individuals, depending on their age as well as on the count-

ing method used, hold between 250 000 to 550 000 dopaminergic neurons located in the SNc 

(Hirsch et al., 1988, Fearnley and Lees, 1991). In healthy aging, approximately 5% of SNc do-

paminergic neurons are lost per decade, thus 33-48% of dopaminergic cell loss occurs be-

tween the age of 20 and 90 years (McGeer et al., 1977, Fearnley and Lees, 1991). In PD pa-

tients, dopaminergic cell loss is increased up to 10-fold (Fearnley and Lees, 1991, Vingerhoets 

et al., 1994, Morrish et al., 1996), and the magnitude of dopaminergic cell death is strongly 

correlated with severity of PD motor symptoms (Foley and Riederer, 1999). Beyond the SNc, 

the ventral tegmental area (VTA) of the midbrain which projects to the caudate nucleus and 

the nucleus accumbens is also affected by dopaminergic cell loss in PD, albeit to a lesser ex-

tent than the SNc. As mentioned previously, besides the degeneration of dopaminergic neu-

rons, the serotonergic and noradrenergic systems are also affected leading to the non-motor 

symptoms of PD (Scatton et al., 1983, Braak et al., 2003).  

 

1.2.1 Anatomy and Physiology of the Basal Ganglia and Dopamine 

Networks 

The progressive loss of dopaminergic neurons of the SNc and their striatal projections results 

in reduced dopamine content within the striatum. The striatum is the largest and main input 

step of the basal ganglia, receiving glutamatergic excitatory inputs from cortical areas, tha-

lamic nuclei and from the cerebellum (Hoshi et al., 2005) as well as dopaminergic inputs from 

the SNc (Pickel et al., 1992). The basal ganglia are an important brain region for goal-directed 

behavior and habit formation.  The general anatomical structure of the basal ganglia circuitry 

is shown in figure 2 that was adapted from “pathophysiology of parkinsonism”(Galvan and 

Wichmann, 2008). The basal ganglia of humans comprises the striatum that is further divided 

into the sub-regions caudate nucleus and putamen, the external and internal segments of the 

globus pallidus (GPe, GPi), the subthalamic nucleus (STN), the substantia nigra pars compacta 

(SNc) as well as the substantia nigra pars reticulata (SNr). In contrast to humans, rodents do 

not show this further segmentation of the striatum and the GP, which is referred to as en-
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topeduncular nucleus in rodents. The basal ganglia circuitry can be described as a closed 

feed-forward loop connecting all cortical areas sequentially through the striatum and thala-

mus with the frontal cortex, using glutamatergic excitatory afferents (Elias S., 2008). The 

frontal cortex thereafter projects to the brainstem and spinal cord. Besides excitatory glu-

tamatergic input from the cortex, the striatum also receives regulatory dopaminergic input 

from the substantia nigra pars compacta (Pickel et al., 1992).  The dopaminergic and glutama-

tergic afferents project onto striatal GABAergic medium spiny neurons that represent 95% of 

the striatal neurons as well as onto GABAergic and cholinergic interneurons (Dube et al., 

1988, Lapper and Bolam, 1992). The striatal GABAergic medium spiny neurons in turn pro-

ject via the direct pathway to the GPi and via the indirect pathway to the STN. The glutama-

tergic STN neurons then project to the SNr and GPi. The feed-forward loop is closed by these 

GABAergic neurons of the GPi and SNr projecting to the thalamus, which then send glutama-

tergic projections to the cortex (Obeso et al., 2000b). 

 

Fig. 2 Anatomical structure of the basal ganglia circuitry adapted from Galvan and Wichmann, 2008. Gray arrows 
show excitatory glutamatergic connections and black arrows show inhibitory GABAergic connections. Areas illus-
trated: external pallidal segment (Gpe); subthalamic nucleus (STN); internal pallidal segment (GPi); substantia 
nigra pars reticulata (SNr); substantia nigra pars compacta (SNc); pedunculuopontine nucleus (PPN); centromedi-
an nucleus of the thalamus (CM); ventral anterior and ventrolateral nucleus of the thalamus (VA/VL). 
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1.2.1.1 The Direct and Indirect Pathway 

The anatomical description of the basal ganglia circuitry depicted two major projection sys-

tems between input and output structures, the direct and the indirect pathway (illustrated in 

figure 3). Both pathways are concurrently activated and act in a coordinated way in order to 

support or suppress actions (Cui et al., 2013). Cortical glutamatergic activation of the direct 

pathway medium spiny neurons (MSNs) leads to an inhibition of the GPi that has inhibitory 

GABAergic connections to the thalamus. The inhibition of the GPi therefore, leads to an disin-

hibition of glutamatergic thalamic neurons, which in turn sends excitatory (glutamatergic) 

input to the cortex resulting in locomotor activity (reviewed in (Calabresi et al., 2014)). In 

contrast, cortical glutamatergic activation of the indirect pathway MSNs inhibits the GABAer-

gic neurons of the GPe leading to a disinhibition of the STN. In turn the STN sends excitatory 

(glutamatergic) input to GABAergic neurons of the SNr, which project to the thalamus and 

results in a reduction of locomotor activity (for review see (Calabresi et al., 2014)). 

 

Fig. 3 Illustration of the direct and indirect pathway in physiological conditions (a) and in Parkinson’s disease (b). 
Red lines highlight the direct pathway, where dopamine arising from the SNc (here SNpc) activates D1-expressing 
MSNs and in blue the indirect pathway, where dopamine arising from the SNc inhibits D2-expressing MSNs. In PD 
dopaminergic neurons degenerate, therefore the imbalance between direct and indirect pathway leads to abnor-
mal activation of basal ganglia output nuclei and hence overinhibition of thalamic neurons that project to the cor-
tex. Abbreviations: Gpe, external pallidal segment; STN, subthalamic nucleus; GPi, internal pallidal segment; SNpr, 
substantia nigra pars reticulata; SNpc, substantia nigra pars compacta; DA, dopamine. Figure adapted from 
(Calabresi et al., 2014). 

 

In addition to these differences in projection targets, GABAergic neurons that constitute the 

direct and indirect pathway also differ neurochemically. GABAergic MSNs of the direct path-

way express substance P, dynorphin and the dopamine receptor D1 leading to increased in-
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trinsic excitability, therefore promoting long-term potentiation (LTP). Whereas GABAergic 

MSNs of the indirect pathway express primarily encephalin and the dopamine receptor D2 

leading to decreased intrinsic excitability, and therefore promoting long-term depression 

(LTD) (Surmeier et al., 2014). Electrophysiological approaches could additionally show a dif-

ferent excitability as well as differences in resting membrane potentials in striatal MSNs con-

taining D1 receptors compared to those containing primarily D2 receptors, with D2 contain-

ing MSNs firing at a higher frequency (Kreitzer and Malenka, 2007, Cepeda et al., 2008).  

 

1.2.1.2 The Role of Dopamine in the Basal Ganglia 

Striatal GABAergic medium spiny neurons receive cortical and thalamic glutamatergic activa-

tion and are further modulated by dopamine. The dopaminergic input terminates at the neck 

of MSNs, which enables the dopaminergic input to regulate corticostriatal transmission 

(Galvan and Wichmann, 2008). There is experimental evidence that dopamine released from 

terminals of the nigrostriatal projection differentially modulates the direct and indirect 

pathway. Dopaminergic activation of dopamine receptor D1 excites MSNs of the direct path-

way leading to an activation of corticostriatal transmission, whereas dopaminergic activation 

of dopamine receptor D2 inhibits MSNs of the indirect pathway (Albin et al., 1989). The op-

posing effect of striatal dopamine release on the direct and indirect pathway impacts the bal-

ance of activity between indirect and direct pathway. In this model an increased dopamine 

release would activate direct pathway neurons and inactivate indirect pathway neurons, both 

leading to a reduced output from GPi/SNr to the thalamus and therefore resulting in locomo-

tor activity and movement as described in 1.2.1.1. In PD the progressive loss of dopaminergic 

neurons in the substantia nigra leads to reduced dopamine levels in the striatum resulting in 

disinhibition of the indirect pathway and reduced activation of the direct pathway that in 

turn results in increased basal ganglia output  to the thalamus and therefore reduction of lo-

comotor activity (Galvan and Wichmann, 2008). The loss of dopaminergic input into the basal 

ganglia also provokes morphological alterations, for instance reduced density of dendritic 

spines on MSNs in the putamen (Ingham et al., 1989, Zaja-Milatovic et al., 2005) and changes 

in density and sensitivity of dopamine receptors. 
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1.2.2 Lewy Body Pathology 

In 1912 Fritz Heinrich Lewy was the first to describe intraneuronal proteinaceous cytoplas-

matic inclusions in the dorsal vagal nucleus (Lewy, 1912). Seven years later Konstantin Niko-

laevich Tretiakoff found similar aggregates while analyzing the substantia nigra of 54 post 

mortem brains with nine of them having paralysis agitans and three postencephalitic Parkin-

sonism. In recognition to Fritz Heinrich Lewy, Konstantin Nikolaevich Tretiakoff called these 

aggregates “corps de Lewy” (Lees et al., 2008). Parkinson’s disease is neuropathologically de-

fined on one hand by the progressive loss of dopaminergic neurons in the substantia nigra 

and on the other hand by the presence of Lewy bodies and Lewy neurites in this region. There 

have been two types of Lewy bodies described, the brainstem-type which is considered the 

classical type, and the cortical type (Wakabayashi et al., 2007). Both types of Lewy bodies are 

composed of filamentous structures but under light microscopy (Hematoxylin-Eosin-

staining) show two distinct morphologies: the brainstem-type  appear as intracytoplasmic 

eosinophilic structures with a dense core and a peripheral halo, whereas the cortical-type 

(also eosinophilic) does not show a peripheral halo or a central core (Okazaki et al., 1961, 

Kosaka et al., 1976, Wakabayashi et al., 2007). Lewy bodies and Lewy neurites are not exclu-

sive to the substantia nigra, they can be found in the dorsal motor nucleus of the vagus 

(Forno, 1996), nucleus basalis of the Meynert (Forno, 1996), locus coeruleus, hypothalamus, 

hippocampus (Dickson et al., 1991), amygdala (Braak et al., 1994), neocortex (Irizarry et al., 

1998), olfactory bulb (Del Tredici et al., 2002) and spinal cord (Del Tredici and Braak, 2012). 

However, neurons susceptible to Lewy body pathology share some common features: they all 

belong to the class of projection neurons that develop a long and thin axon (Braak et al., 

2006), and they have unmyelinated or poorly myelinated axons (Braak and Del Tredici, 2004, 

Braak et al., 2004). This suggests myelin has a neuroprotective role, which could be the result 

of reduced oxidative stress during impulse transmission (Beal, 1995, Sohal, 2002, Jenner, 

2003, Ahlskog, 2005), as well as a stabilizing role, making myelinated neurons less suscepti-

ble to pathological sprouting (Kapfhammer and Schwab, 1994). Because PD is a progressive 

neurodegenerative disorder, Braak and colleagues proposed that the pathological processes 

associated with PD, such as Lewy body pathology, will exacerbate with disease duration and 

therefore they developed a system of disease progression stages (shown in figure 4). 
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Fig. 4 Illustration of Braak’s staging system adapted from (Doty, 2012). The red color grading represents the pat-
tern of PD pathology. 

 

The main protein found in Lewy bodies is alpha-synuclein; therefore alpha-synuclein immu-

noreactivity was used for staging of 110 clinically diagnosed PD brains as well as 58 age- and 

sex-matched controls. The earliest alpha-synuclein immunoreactivity was found in the dorsal 

motor nucleus of the vagus nerve as well as in the anterior olfactory structure, representing 

Braak stage 1 (Lewy, 1912, Eadie, 1963, Forno, 1969, Daniel and Hawkes, 1992). In stage 2, 

lesions in the dorsal motor nucleus are more severe than in stage 1 and additional Lewy body 

pathology is found in brainstem nuclei as well as in the noradrenergic locus coeruleus (Saper 

et al., 1991, Braak et al., 2000). Stage 3 is characterized by pathology of the central subnucle-

us of the amygdala (Bohus et al., 1996) and the basal forebrain including Meynert’s nucleus 

(Perry et al., 1999, Pahapill and Lozano, 2000). Also of importance is the first appearance of 

Lewy neurites in the substantia nigra, followed by punctuate structures, pale bodies and 

Lewy bodies but without neuronal loss (Braak and Braak, 1986, Gibb and Lees, 1991, Braak et 

al., 2004). In stage 4 Lewy bodies for the first time appear in the mesocortex (Braak, 1980).  

This mesocortex pathology is more severe in stage 5 where also the related insular and cingu-

lated mesocortex are involved. Stage 6 represents the complete pathological dimension, with 

the substantia nigra and cortical structures being severely affected and even the neocortex 

showing Lewy body pathology. Clinical symptoms of PD become visible mostly at stage 4 in 

some cases already at stage 3. Stage 5 and 6 represent the complete clinical picture of symp-

toms associated with PD (Apaydin et al., 2002, Braak et al., 2005, Braak et al., 2006). Even if it 

is widely accepted, that Lewy body pathology worsens with PD progression (Braak et al., 
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2003) and is associated with neuronal loss, it is still a matter of debate if these inclusions ac-

tually cause cell death (Terry, 2000). As mentioned previously, the main protein found in 

Lewy bodies is alpha-synuclein, therefore immunoreactivity of alpha-synuclein was used to 

illustrate that Lewy body formation consists of several stages shown in figure 5 

(Wakabayashi et al., 1998, Kuusisto et al., 2003). However there are many other proteins and 

molecules composing Lewy bodies. Among these molecules are structural elements, alpha-

synuclein-binding proteins, synphilin-1-binding proteins, components of the ubiquitin-

proteasome system, proteins of the cellular response machinery, phosphorylation and signal 

transduction elements, cytoskeletal proteins, cell cycle proteins and many others (for review 

see (Wakabayashi et al., 2007). Most interesting for this work is the presence of conforma-

tional and posttranslational modified alpha-synuclein (Beyer, 2006), such as alpha-synuclein 

phosphorylated at serine 129 (pSer129-SNCA) as well as the presence of  sequestosome 1 

(SQSTM1/p62) and ubiquitin. 

 

Fig. 5 Different maturation stages of substantia nigra Lewy bodies visualized by alpha-synuclein immunoreactivi-
ty. (A) Alpha-synuclein immunoreactivity is absent in the cytoplasm of a healthy neuron. (B) Light alpha-synuclein 
immunoreactivity in the cytoplasm. (C) Stronger staining, irregular shaped. (D) Pale body staining. (E) Alpha-
synuclein aggregate with pale body indicated by asterisk and Lewy body indicated by arrow. (F) Doughnut-shaped 
Lewy body. Bar (A-F) 10 µm, picture adapted from (Wakabayashi et al., 2007).  
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1.2.3 Protein Degradation in Healthy Aging and Parkinson`s Disease 

In PD patients, Lewy bodies are found in remaining dopaminergic cells of the SNc giving evi-

dence that protein degradation might be a crucial factor for the pathogenesis of PD (Pollanen 

et al., 1993, Forno, 1996). Lewy bodies, as described in 1.2.2, consist of a variety of proteins 

including ubiquitin and proteasomal elements (Ii et al., 1997), such as 20/20s, an enzyme re-

sponsible for the degradation of ubiquitinated proteins (Craiu et al., 1997, Ii et al., 1997) 

pointing to an involvement of proteasomal function to PD pathology. Protein misfolding and 

accumulation occurs in every organism. In healthy individuals, misfolded proteins are de-

graded by the ubiquitin-proteasome system (UPS) (Sherman and Goldberg, 2001). In brief, 

this process involves the identification of abnormal proteins and their labeling with ubiquitin 

molecules by several enzymes. Ubiquitin labeled proteins are then recognized by a multi-

subunit proteases (the 26S proteasome) (DeMartino and Slaughter, 1999) and degraded into 

short peptides and amino acids that can be recycled. This proteasomal activity is particularly 

important for neurons since they are postmitotic and would otherwise accumulate damaged 

organelles and misfolded proteins (He and Klionsky, 2009). The composition of Lewy bodies 

indicates that their proteins were originally tagged for degradation, but possibly due to an 

UPS impairment, were compartmentalized into insoluble aggregates potentially to protect 

neurons against protein-mediated neurotoxicity (reviewed in (McNaught et al., 2001b)). In 

line with this hypothesis is the finding that proteasomal function is lower in the SNc of aged 

humans compared to other brain regions, as well as in PD patients compared to healthy age-

matched controls, highlighting dopaminergic neurons to be more vulnerable (McNaught et al., 

2001b, McNaught et al., 2003). There is also evidence that damage of the proteasomal system 

is a common feature in both sporadic and familial forms of PD. Mutations in Parkin impairing 

normal ubiquitination, in PINK1 impairing mitochondrial quality control and degradation as 

well as in UCHL1 controlling de-ubiquitination, are associated with familial forms of PD 

(Halliwell and Jenner, 1998, McNaught et al., 2001a). 

 

1.3 Genetics of Parkinson`s Disease 

For many years PD, was considered a sporadic disorder until 1880 when Leroux for the first 

time suggested a heritable factor for PD susceptibility (Leroux, 1880). In 1937, Allen studied 

familial PD in North Carolina, USA (Allen, 1937) and in 1949 Henry Mjones was the first using 

a systematic genetic-statistical approach to study a Swedish family of parkinsonism (Mjones, 

1949), both suggesting an autosomal dominant inheritance. In spite of these early discoveries 
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of genetic cases of PD, only in the last decade our understanding of a genetic contribution to 

PD has evolved. This understanding mainly evolved from studying large families with clear 

Mendelian inheritance of PD using linkage analysis and more recently through genome-wide 

association studies (Maraganore et al., 2005, Nalls et al., 2014). Several genes causative for 

PD were identified within these studies, highlighting mitochondrial or lysosomal dysfunction, 

protein aggregation, the ubiquitin-proteasome system and therefore protein degradation as 

well as kinase signaling pathways to contribute to PD pathogenesis (Corti et al., 2011). Alt-

hough more than 85% of PD cases are sporadic (Thomas and Beal, 2007), and only 5-10% of 

PD cases can be explained by mutations in any one of the known genes associated with PD, 

there is evidence that there is a common genetic link between the sporadic and idiopathic 

forms of PD. Therefore, understanding the function and interactions of those genes can help 

us broaden our understanding of PD pathology in general, and potentially lead to the devel-

opment of effective therapies. 

 

1.3.1 Genes and Loci Associated with Parkinson’s Disease 

In 1996, a genome-wide linkage analysis conducted on an Italian pedigree identified the first 

gene implicated with idiopathic PD, which was alpha-synuclein (SNCA) (Polymeropoulos et 

al., 1996). The identification of mutations in the gene encoding SNCA (Polymeropoulos et al., 

1997) as well as the identification of SNCA as the major component of Lewy bodies 

(Spillantini et al., 1997), represents the beginning of a genetic understanding of PD. Since 

then at least 18 chromosomal loci have been linked to inherited PD and named according to 

their identification in chronological order from PARK1 to PARK18 (Klein and Westenberger, 

2012). This current nomenclature comprises confirmed and un-confirmed loci, additionally 

not for all loci the causative gene is yet identified.  Table 1, that was adapted from (Klein and 

Westenberger, 2012) summarizes all PARK genes and loci as well as their clinical classifica-

tion, their inheritance pattern, the gene name and the status of identification.  
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Tab. 1 Overview of PD-related loci, referred to as PARK. Adapted from (Klein and Westenberger, 2012). 

 

 

1.3.2 Autosomal Dominant Forms of PD 

The currently known monogenic forms of PD are all either autosomal dominant or autosomal 

recessive. In autosomal dominant inheritance, the mutation of one allele leads to the devel-

opment of PD either by haploinsufficiency (i.e., the remaining wildtype gene is not sufficient 

to provide enough protein for cell function), by a dominant negative effect (i.e., the mutant 

polypeptide interferes with the normal, and therefore decreases its function), or by gain-of-

function (i.e., the mutation modifies the gene function such that new functions are gain or it is 

abnormal).  Presently, two genes, alpha-synuclein (SNCA) and Leucin-rich repeat kinase 2 

(LRRK2), have been strongly linked to the autosomal dominant inheritance of PD, whereas 

the pathogenic role of the dominant genes ubiquitin COOH-terminal hydrolase 1 (UCHL1), 

GRB10-interacting GYF protein 2 (GIGYF2) and  the mitochondrial serine protease HTRA2 are 

controversial (Corti et al., 2011). 
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1.3.2.1 Alpha-Synuclein (Park1/4) 

As mentioned previously, in 1996 a genome-wide linkage analysis of an Italian pedigree re-

ferred to as the Contursi kindred, identified the first gene implicated in familial PD on chro-

mosome 4q21-q23, that contains the gene alpha-synuclein (Polymeropoulos et al., 1996), and 

named this locus PARK1. Also in this huge Italian family the missense mutation A53T leading 

to an amino acid substitution (Ala53Thr) was identified and thereafter confirmed in unrelat-

ed Greek families of familial PD (Polymeropoulos et al., 1997). SNCA mutations are an ex-

tremely rare cause of PD, however since the identification of the missense mutation A53T, six 

further pathogenic mutations have been found. The missense mutations A30P (Ala30Pro) and 

E46K (Glu46Lys) have been identified in one pedigree each, the A30P in a small German fami-

ly (Kruger et al., 1998) and the E46K in a Basque family (Zarranz et al., 2004). Only very re-

cently four additional mutations have been identified, namely the H50Q mutation in 2013 by 

Proukakis (Proukakis et al., 2013) that has been confirmed in additional studies (Appel-

Cresswell et al., 2013, Ghosh et al., 2013, Khalaf et al., 2014), the two mutations A18T and 

A29S that have been identified in a single patient only by Hoffman-Zacharska in 2013 

(Hoffman-Zacharska et al., 2013) as well as the A53E mutation that has been identified in a 

Finnish patient as well as in two other relatives all showing severe PD symptoms (Pasanen et 

al., 2014). Besides these missense mutations, also gene multiplications have been linked to 

familial PD and were referred to as PARK4. A genomic triplication of the complete SNCA gene 

was identified in the Spellman-Muenter kindred (Singleton et al., 2003) as well as in a Swe-

dish-American family (Farrer et al., 2004). Additionally, a gene duplication was linked to au-

tosomal dominant PD in a French family (Chartier-Harlin et al., 2004, Ibanez et al., 2004). The 

analysis of families with SNCA multiplication confirmed a direct relationship between SNCA 

gene dosage and the age of disease onset as well as disease progression and severity (Farrer 

et al., 2004). Patients carrying a SNCA duplication show the typical symptoms of idiopathic 

late age PD (Chartier-Harlin et al., 2004, Ibanez et al., 2004), whereas patients carrying a 

SNCA triplication show a young age of onset as well as fast and aggressive disease progres-

sion, severe weight loss, dementia and early death (Muenter et al., 1998, Singleton et al., 

2003, Farrer et al., 2004, Fuchs et al., 2007). Even if missense mutations and gene multiplica-

tions of SNCA represent only a small number of PD cases, the presence of SNCA in Lewy bod-

ies of sporadic PD cases highlights the importance of this gene and suggests that other modi-

fications such as alternative-splicing, gene expression alterations or interaction with other 

genes may contribute to PD pathology (Gosal et al., 2006). This assumption is further sup-

ported by the identification of Rep1, a polymorphism within the SNCA promoter region that 

increases the SNCA expression and therefore possibly the prevalence of PD (Maraganore et 
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al., 2006, Seidel et al., 2010) as well as by the identification of single nucleotide polymor-

phism (SNP) in the 3’UTR that were recently confirmed by meta-analysis to have an effect on 

PD risk (Pankratz et al., 2012). 

 

1.3.2.1.1 Protein Family and Function of Alpha-Synuclein 

The synuclein protein family consists of three members alpha (α)- beta (β)- and gamma (γ)-

synuclein. Synucleins are small proteins that are natively unfolded, show low hydropathy and 

do not contain cysteins or tryptophans within their sequence (Surguchov, 2013). All three 

synuclein family members share a high sequence homology within the N-terminal end, the C-

terminal end however is specific for each synuclein member (Surguchov, 2013). The SNCA 

gene, illustrated in figure 6, has six exons encoding a 140-amino acid and 14 kDa protein 

(Ueda et al., 1993) that consist of the three described domains, the N-terminus with an am-

phipathic lysine-rich α-helical domain that can associate with lipids such as membranes of 

presynaptic vesicles (reviewed in (Farrer, 2006, Lashuel et al., 2013, Ozansoy and Basak, 

2013), a central region that was first purified from patients with Alzheimer’s disease (AD) 

(Ueda et al., 1993, Masliah et al., 1996) as well as the specific C-terminal end that contains 

regions for fibrillization and aggregation (Ozansoy and Basak, 2013). The central region of 

SNCA is specific to this synuclein family member and contains a highly hydrophobic motif the 

so-called non-amyloid-ß component of AD amyloid plaques (NAC) that is essential for aggre-

gation (El-Agnaf et al., 1998, Giasson et al., 2001b, Luk et al., 2009).  

 

Fig. 6 Illustration of the SNCA gene as well as the protein structure, adapted from (Corti et al., 2011). 

 

The N-terminal domain of SNCA as well as of β- and γ-synuclein contains seven imperfect re-

peats referred to as KTKEGV that form an amphipathic α-helical domain when the protein 
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associates with membranes or lipid rafts (Jensen et al., 1997, Fortin et al., 2004). The human 

SNCA maps to chromosome 4q21.3-q22 (Chen et al., 1995, Shibasaki et al., 1995, Spillantini et 

al., 1995) and the mouse SNCA maps to chromosome six (Touchman et al., 2001), however 

the intron/exon structure is highly conserved among human and murine SNCA (Touchman et 

al., 2001) and the proteins show 95.3% similarity (Lavedan, 1998). Mouse and human SNCA 

differ at exact seven amino acid sequences, interestingly in mouse the A53T substitution that 

is associated with familial PD is found naturally (Polymeropoulos et al., 1997, Rochet et al., 

2000). For a long time SNCA was known to be a natively unfolded monomer (Weinreb et al., 

1996, Eliezer et al., 2001), but recently the discussion about a helical tetrameric state in solu-

tion aroused (Bartels et al., 2011, Varkey et al., 2013, Selkoe et al., 2014) and so far remains 

feasible. However, in compliance with the original opinion the group of 2013 Nobel Prize 

winner Thomas Südhof confirmed an almost entirely monomeric state (Burre et al., 2013). 

According to these findings SNCA has the potential to form stable multimers and adopt addi-

tional structures in stress-induced conditions such as oxidative stress (Hashimoto et al., 

1999), or upon interaction with other proteins, ligands, lipids or membranes (Giasson et al., 

2001b, Lashuel et al., 2013), raising the possibility of an equilibrium between different con-

formational and multimeric stages. The three missense mutations A53T, A30P and E46K am-

plify the formation of multimers and oligomers, therefore destroying the equilibrium be-

tween monomers and oligomers and thus possibly triggering PD (Bertoncini et al., 2005). Al-

ready in 1988 SNCA was identified to be associated with synaptic vesicles, hence SNCA shows 

a presynaptic concentration (Maroteaux et al., 1988). In 1995 George and Iwai showed that 

SNCA localizes specifically to the nerve terminals and only little to the cell soma, dendrites or 

extrasynaptic sites along the axon (George et al., 1995, Iwai et al., 1995). SNCA is expressed 

mainly in the nervous system, however it is also found in red blood cells (Barbour et al., 

2008). In order to understand the function of SNCA it is important to analyze its cellular local-

ization and its interactions. It is still enigmatic how SNCA localizes to the nerve terminal, frac-

tioning analysis revealed a very weak association to synaptic vesicles whereas most of the 

SNCA protein exists in soluble condition (Kahle et al., 2000, Fortin et al., 2004). Besides, it is 

known that SNCA has a preference to bind membranes with high curvature (Middleton and 

Rhoades, 2010, Jensen et al., 2011), speaking in favor of its vesicle binding properties. Studies 

in mice with SNCA knockdown showed impaired synaptic response after high frequency 

stimulation and impairment in re-filling and trafficking of synaptic vesicles (Abeliovich et al., 

2000, Cabin et al., 2002). Transgenic mice that overexpress either human wild-type SNCA or 

A53T-SNCA, again showed reduced neurotransmitter release as well as impaired vesicle exo-

cytosis (Yavich et al., 2004, Kurz et al., 2010, Nemani et al., 2010, Scott et al., 2010, Platt et al., 
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2012, Tozzi et al., 2012). The exact same results were found in studies of rats with SNCA 

overexpression by unilateral injection of an adeno-associated virus type 6 (AAV6)-α-

synuclein vector (Gaugler et al., 2012, Lundblad et al., 2012) as well as in studies of PC12 sta-

ble cell lines (Larsen et al., 2006). In a more detailed and general view, the overexpression of 

SNCA leads to a reduction of releasable vesicles (Gaugler et al., 2012) and due to its impact on 

endocytosis affects the recycling of vesicles leading to a reduced amount of reserve pool vesi-

cles (Nemani et al., 2010, Scott and Roy, 2012). Besides its interaction with synaptic vesicles, 

SNCA was also reported to interact with proteins controlling vesicle endocytosis such as 

phospholipase D2 (Payton et al., 2004) and members of the RAB small GTPases family (Dalfo 

and Ferrer, 2005). In 2010 the group of the already mentioned Nobel Prize winner Thomas 

Südhof published a role of SNCA as non-classical chaperone that promotes SNARE-complex 

assembly and maintenance (Burre et al., 2010). Although the complete cellular function of 

SNCA is still unknown, the localization to presynaptic terminals as well as its interaction with 

synaptic vesicles and the observed neurotransmission deficiency in SNCA knockdown or 

overexpressing mice is in favor for SNCA having a role in the regulation of neurotransmission, 

especially neurotransmitter release, synaptic function and plasticity (illustrated in figure 7 

that was adapted from (Lashuel et al., 2013). 

 

Fig. 7 Illustration of the presynaptic function of SNCA in neurotransmission. The function of SNCA in the regula-
tion of vesicle trafficking and refilling is shown in blue. SNCA in red shows the effects of accumulation with im-
pairment of neurotransmitter release as well as vesicle recycling and trafficking. Abbreviation: SNARE = soluble N-
ethylmaleimide-sensitive fusion factor attachment protein receptors; v-SNARE = vesicle-associated SNARE; t-
SNARE = target membrane-associated SNARE; Figure adapted from (Lashuel et al., 2013). 
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The second member of the synuclein family is β-synuclein (SNCB). SNCB is a natively unfold-

ed 134 amino acid containing protein that has a 78% sequence homology with SNCA 

(Uversky et al., 2002). The human SNCB gene is located on chromosome 5q35 (Spillantini et 

al., 1995) and is encoded by 7 exons, whereas exon 2 is variably inserted leading to two SNCB 

transcript variants, both translated into the same protein (Beyer et al., 2010). The mouse 

SNCB maps to chromosome 13 (Sopher et al., 2001) and encodes a protein of 133 amino ac-

ids, therefore the mouse and human SNCB protein share 97.8% identity (Lavedan, 1998). Mu-

tations within the SNCB gene have been associated to dementia with Lewy bodies (Ohtake et 

al., 2004). The expression level of SNCB is similar to SNCA and both co-localize at presynaptic 

terminals (Maroteaux et al., 1988). In contrast to SNCA, SNCB lacks 11 amino acid residues in 

the central region leading to an interruption of the helical structure possibly leading to the 

non-amyloidogenic characteristics of this synuclein family member (Sung and Eliezer, 2007).  

Respectively, SNCB was found to inhibit the aggregation of SNCA in vitro (Park and Lansbury, 

2003, Tsigelny et al., 2007) and in double transgenic mice (Hashimoto et al., 2001). Addition-

ally, SNCB has been shown to have anti-apoptotic properties (da Costa et al., 2003), cell pro-

tective properties (Hashimoto et al., 2004) as well as the ability to restore proteasomal activi-

ty that was inhibited by SNCA (Snyder et al., 2005). The third member of the synuclein family 

is γ-synuclein (SNCG). SNCG was originally termed breast cancer-specific gene 1 due to its 

very high abundance in breast cancer (Ji et al., 1997). The human SNCG is a 127-amino acid 

containing protein that is encoded by 5 exons and has been mapped to chromosome 10q23 

(Lavedan et al., 1998), whereas the mouse SNCG is located on chromosome 14 (Alimova-Kost 

et al., 1999) encoding a 123-amino acid containing protein. Therefore, human and mouse 

SNCG are 87.7% identical. SNCG is expressed to a much higher extent in human brain, par-

ticularly in the substantia nigra and the cortex (Lavedan et al., 1998) whereas the expression 

in mouse cortex is rather low (Giasson et al., 2001a). Immunohistochemical analysis of SNCG 

revealed a diffuse distribution through cell bodies and axons of specific peripheral neurons, 

in particular dopaminergic neurons, and in glia (Buchman et al., 1998, Galvin et al., 2001, 

Brenz Verca et al., 2003). As mentioned previously, SNCG was originally identified in breast 

cancer and detailed analysis of its function demonstrated a chaperone activity as well as a 

role in the stimulation of estrogen receptor (ER)-α signaling, which is important in mammary 

tumorgenesis (Jiang et al., 2004), therefore SNCB may serve as prognostic tool for the identi-

fication of tumorgenesis (Ahmad et al., 2007).  
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1.3.3 Autosomal recessive forms of PD 

In an autosomal recessive inheritance the mutation needs to be present in both copies of the 

specific gene in order to cause the disease. The identification of recessive loci is done by link-

age mapping in nuclear families or by autozygosity mapping in blood related families (Wang 

et al., 2009). In PD, homozygous or compound heterozygous mutations have been found in 

three genes that encode Parkin (PARK2), DJ-1 (PARK7) and PTEN-induced kinase 1 (PINK1) 

(PARK6) (Kitada et al., 1998, Bonifati et al., 2003, Valente et al., 2004). Like most recessive 

alleles these three mutations result in a loss-of-function leading to an early onset of PD with 

relatively slow progression and good levodopa-responsiveness (Abou-Sleiman et al., 2004, 

Mata et al., 2004). Among these three autosomal recessive forms of PD, mutations in the Par-

kin gene represent the most frequent cause of early-onset (<40-50 years) PD (Lucking et al., 

2000, Periquet et al., 2003). Mutations in Parkin were first identified in Japanese families of 

juvenile PD with an age of onset frequently before age 20 (Kitada et al., 1998). Since then, 

more than 170 mutations have been identified within this large gene of 1.35 Mb (Nuytemans 

et al., 2010). Mutations within DJ-1 constitute the least common form of autosomal recessive 

PD representing about 1% of early onset PD (Hedrich et al., 2004, Lockhart et al., 2004). The 

second most frequent cause among autosomal recessive forms of PD are mutations within 

PTEN-induced kinase 1 (PINK1) (Valente et al., 2001, Valente et al., 2002, Valente et al., 2004).  

 

1.3.3.1 PTEN-induced Kinase 1 (Park6) 

PTEN-induced kinase 1 (PINK1) maps to chromosome 1p35-36 (Valente et al., 2001), contains 

8 exons and encodes a 581 amino-acid containing protein with a predicted mass of 63 kDa 

(Valente et al., 2004). The PINK1 transcript is ubiquitously expressed and encodes a 34 ami-

no-acid mitochondrial target motif (MTS), a putative transmembrane region (TM) as well as a 

serine-threonine kinase domain that shows a high degree of homology to serine/threonine 

kinases of the Ca2+/calmodulin family (Valente et al., 2004) (Illustration is shown in figure 8).  
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Fig. 8 Illustration of PINK1 on transcript level and presentation of the functional protein domains. Red arrows 
above the transcript show frameshift and nonsense mutations and blue arrows below the protein show missense 
mutations. Abbreviations: MTS = mitochondrial target sequence; TM = transmembrane domain. Figure adapted 
from (Corti et al., 2011). 

 

Up to now, several homozygous recessive and compound heterozygous mutations in PINK1 

have been found in 1-2% of early-onset PD (Hatano et al., 2004). The first mutation in Pink1 

was identified by Valente and colleagues in 2004 in one Spanish and two Italian families 

(Valente et al., 2004). Since then mutations in PINK1 have been described to have effects on 

the protein stability, the localization and on its kinase activity (Beilina et al., 2005, Petit et al., 

2005). 

 

1.3.3.1.1 PINK1 Function and Role for Parkinson’s Disease 

The understanding of PINK1 on a functional level rose within the last years. The first func-

tional evidence suggested a protective role for PINK1 in neurons from stress-induced mito-

chondrial dysfunction (Valente et al., 2004). PINK1 harbors a mitochondrial target sequence, 

and is recruited to damaged mitochondria (Narendra et al., 2010) where it is mainly placed in 

the outer mitochondrial membrane with the C-terminus and the kinase domain facing the cy-

tosol (Zhou et al., 2008). In healthy conditions the mitochondrial target sequence of PINK1 is 

cleaved by the mitochondrial precursor protease (MPP) in a mitochondrial membrane poten-

tial-dependent fashion and immediately degraded by the protease PARL (presenilin-

associated rhomboid-like protein) (Whitworth et al., 2008, Deas et al., 2011, Meissner et al., 
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2011, Shi et al., 2011). During mitochondrial stress however, the full-length protein of PINK1 

is stabilized and accumulates in the damaged and depolarized mitochondria where it recruits 

the E3 ubiquitin ligase Parkin. Parkin then facilitates the ubiquitination of mitofusin (Tanaka 

et al., 2010), a mitochondrial fusion-promoting factor, and promotes the degradation of dam-

aged mitochondria through mitophagy, known as the selective degradation of mitochondria 

by autophagy (Whitworth and Pallanck, 2009, Jones, 2010). Besides, Christofol Vives-Bauza 

and Serge Przedborski (Vives-Bauza and Przedborski, 2011) discussed a model where 

p62/SQSTM1 and histone deacetylase 6 (HDAC6) may sequester the ubiquitine targeted mi-

tochondria and link them to autophagosome bound LC3. Thereafter, via retrograde transport 

potentially mediated by PINK1, autophagosomes fuse to lysosomes where damaged mito-

chondria will be degraded using lysosomal hydrolases. The model that resulted from these 

studies is depicted in figure 9 showing the PINK1/Parkin mitochondrial quality control 

pathway (adapted from (Pallanck, 2010)). 

 

Fig. 9 The PINK1/Parkin mitochondria quality control pathway. Red stars indicate mitochondrial damage. PINK1 
harbors a mitochondrial target sequence and is therefore placed in the outer mitochondrial membrane with the C-
terminus and the kinase domain facing the cytosol. In healthy conditions, PINK1 is cleaved in a mitochondrial 
membrane potential-dependent fashion by the mitochondrial precursor protease (MPP) and immediately degrad-
ed through the protease PARL (presenilin-associated rhomboid-like protein). Mitochondrial damage stabilizes 
PINK1, which accumulates and recruits the E3 ubiquitin ligase Parkin. Parkin promotes the degradation of dam-
aged mitochondria through mitophagy by ubiquitination of mitofusin. Figure was taken from (Pallanck, 2010). 

 

As mentioned previously, several homozygous recessive and compound heterozygous muta-

tions in PINK1 have been found in early-onset PD, all leading to a loss of function, therefore 
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deficits in PINK1 are considered to drive PD pathology. According to the current opinion, def-

icits in PINK1 or Parkin alter mitochondrial fission and fusion and impair mitochondrial qual-

ity control, an essential homeostatic mechanism that provides sufficient amounts of function-

al mitochondria to maintain the energy demands of a cell.  In this respect it has been shown, 

that loss of PINK1 impairs mitophagy after stress and leads to accumulation of damaged mi-

tochondria (Geisler et al., 2010, Narendra et al., 2010, Vives-Bauza et al., 2010). Studies in our 

lab documented the involvement of PINK1 in the cellular stress response to starvation (Mei et 

al., 2009, Klinkenberg et al., 2012), showing PINK1 transcription activation in parallel to gen-

eral autophagy. Furthermore, our lab could demonstrate that reduced PINK1 expression level 

in combination with additional stress compromises the autophago-lysosomal pathway and 

results in increased cell death (Parganlija et al., 2014). In addition to its function for mito-

chondrial quality control, PINK1 is also involved in the Ca2+-efflux regulation within neurons 

as well as in the protection against oxidative stress (Hoepken et al., 2007, Gautier et al., 2008, 

Wood-Kaczmar et al., 2008, Gandhi et al., 2009). In this respect, the study of Hoepken ana-

lyzed skin fibroblasts of a Spanish PARK6 family, where PINK1 loss-of-function resulted in 

mitochondrial dysfunction, peroxidation damage and changes in the ROS defending glutathi-

one system (Hoepken et al., 2007). This human PARK6 skin fibroblasts also showed increased 

SNCA mRNA levels (Hoepken et al., 2008), giving the very first evidence of a shared patho-

physiology of autosomal dominant and autosomal recessive inherited PD.  

 

1.4 Therapy of Parkinson’s Disease 

There are three major modalities of PD therapy, medications, surgery (deep brain stimula-

tion) and physical therapy. Up to this day, there is no PD treatment available that interferes 

with the neurodegenerative process, but pharmacological therapies with strong beneficial 

impact on the motor symptomatic of PD are available and there are several exciting drugs 

that are only evolving (see overview in figure 10 adapted from (Schapira et al., 2014)).The 

current gold standard treatment of PD motor symptoms is the dopamine replacement thera-

py using the DA precursor 3,4-dihydroxyphenyl-L-alanine (L-DOPA or levodopa). L-DOPA is 

an immediate precursor of dopamine that, in contrast do dopamine itself can cross the blood-

brain barrier using the large amino-acid transporter (Wade and Katzman, 1975, Oldendorf 

and Szabo, 1976, Hardebo and Owman, 1980, Kageyama et al., 2000). As soon as L-DOPA 

crossed the blood-brain barrier it enters the remaining dopaminergic and serotonergic neu-

rons and is converted into dopamine by an enzyme called L-aromatic amino-acid decarbox-
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ylase (AADC) (Hokfelt et al., 1973, Arai et al., 1994, Arai et al., 1995, Arai et al., 1996, Tanaka 

et al., 1999). Generally, L-DOPA is administered in combination with a peripheral decarbox-

ylase inhibitor such as carbidopa or benserazide that do not significantly cross the blood-

brain barrier, in order to prevent the formation of dopamine in peripheral tissues allowing a 

higher amount of L-DOPA to enter the brain (Bertler et al., 1966, Constantinidis et al., 1968, 

Duvoisin and Mytilineou, 1978). Oral administration of L-DOPA is the most effective treat-

ment of PD motor symptoms, however the majority of PD patients treated with L-DOPA de-

velop severe side effects including both motor complications, such as dyskinesia (abnormal 

involuntary movements) and “wearing off fluctuations”(Obeso et al., 2000a, Ahlskog and 

Muenter, 2001) as well as non-motor complications, such as hallucination and psychosis 

(Moskovitz et al., 1978, Nausieda et al., 1984, Aarsland et al., 1999, Ahlskog and Muenter, 

2001). These side effects occur in about 40% of PD patients after 4-6 years of L-DOPA treat-

ment and in 90% of patients after 10 years of treatment (Ahlskog and Muenter, 2001, Obeso 

et al., 2004, Mazzella et al., 2005, Manson et al., 2012).  

The most powerful drugs in treating PD motor symptoms after L-DOPA are dopamine ago-

nists such as bromocriptine, pergolide, pramipexole and apomorphine which seem to be the 

most effective. Apomorphine is a non-selective dopamine receptor agonist with a slightly 

higher preference for D2 receptors (Millan et al., 2002). Apomorphine is very well tolerated 

with a low frequency of side effects, but since it needs to be injected subcutaneously it pro-

vides some risk for infections. Already in 1951 Schwab and colleagues showed that apomor-

phine is effective in treating tremor and rigidity of PD patients (Schwab et al., 1951). Fur-

thermore, in 1979 Corsini demonstrated the beneficial use of subcutaneous apomorphine in 

combination with domperidone to relieve vomiting (Corsini et al., 1979) and Hardie con-

firmed these findings in 1984 (Hardie et al., 1984). In 1990 Kempster and colleagues com-

pared the effect of a single dose of subcutaneous apomorpine with a single oral dose of L-

DOPA in 14 PD patients and showed an indistinguishable response pattern regarding the 

quality of motor response after drug administration but with a shorter motor response after 

apomorphine (Kempster et al., 1990). Importantly, apomorphine has some advantages com-

pared to L-DOPA. Studies show, that apomorphine monotherapy can reset peak-dose dyski-

nesia in L-DOPA treated patients and there have been reports about beneficial effects on PD 

non-motor symptoms (Manson et al., 2002).  

Glutamate inhibitors and antimuscarine drugs such as amantadine are also used in PD treat-

ment and have shown potential neuroprotective properties in animal models of PD (Turski et 

al., 1991, Greenamyre et al., 1994, Doble, 1999, Schapira et al., 2006).  Very recently the effect 
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of inflammation on the pathogenesis of PD, which includes microglia activation and the ex-

pression of proinflammatory cytokines, was studied (McGeer et al., 1988, Boka et al., 1994, 

Hunot et al., 1999). There is evidence that the suppression of reactive astrocytes or the re-

duced expression of proinflammatory cytokines has neuroprotective properties (Chung et al., 

2010a, Chung et al., 2010b). The role of inflammation in PD pathogenesis is furthermore sup-

ported by the finding of Chen et al., showing a lower risk of developing PD when using anti-

inflammatory drugs (Chen et al., 2003). 

 

Fig. 10 Overview of available drugs for PD motor and non-motor symptoms as well as exciting new drugs that are 
in development. Each pharmacological agent is shown according to its mechanism of action, target indication, and 
phase of development. Figure was taken from (Schapira et al., 2014). 

 

1.4.1 Therapeutic Side Effects - Levodopa Induced Dyskinesia 

PD motor symptoms are only recognized when more than 50% of dopaminergic neurons are 

dead, indicating that there are strong compensatory mechanisms that buffer deficits that 
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come along with the neuronal loss. This example illustrates a very important ability of the 

brain known as neuroplasticity. Already in 1893 Tanzi stated that changes in existing connec-

tions rather than actual neuronal growth underlie the storage of information in the brain 

(Tanzi, 1893) and in the same year Cajal speculated that the mechanism of learning requires 

growth of neuronal processes and not the development of new neurons (Ramón y Cajal, 

1893). These two ideas were combined in the well-known proposal of Hebb, explaining the 

basic principle of synaptic plasticity where he stated that alterations in synaptic strength, as 

well as the formation of new synapses can mediate the formation of memory (Hebb, 1949). 

Under physiological conditions, synaptic plasticity occurs at dendritic spines (Desmond and 

Levy, 1990) and in the  striatum the majority of neuronal cells are medium spiny neurons 

(MSNs) that are characterized by a huge number of spines. It is well established that MSNs 

show both principal forms of  synaptic plasticity events namely long-term-potentiation (LTP) 

(Calabresi et al., 1992c, 1996, Centonze et al., 1999) and long-term-depression (LTD) 

(Calabresi et al., 1992b, Lovinger et al., 1993). Striatal LTP is characterized by a long-term 

increase of glutamatergic synaptic efficiency (Calabresi et al., 1992c, Charpier and Deniau, 

1997), while LTD is characterized by a long-term decrease of synaptic efficiency (Calabresi et 

al., 1992a, Calabresi et al., 1992b, Calabresi et al., 1994, Choi and Lovinger, 1997b, a). The in-

duction of striatal synaptic plasticity (illustrated in figure 11) occurs in interaction with do-

pamine, which plays a critical role in the development of striatal LTP and LTD by acting on D1 

and D2 receptors with other neurotransmitters such as glutamate, acetylcholine, nitric oxide 

and endogenous cannabinoids. The requirement of endogenous dopamine for the induction 

of synaptic plasticity is unique to the striatum and is not found in other brain areas (reviewed 

in (Calabresi et al., 2007)). In brief, there is experimental evidence that dopamine acting on 

D1 receptors induces LTP, whereas the induction of LTD requires both D1 and D2 receptor 

activation (Calabresi et al., 1992a, Calabresi et al., 2000, Picconi et al., 2003). The direction of 

synaptic plasticity, resulting either in LTP or LTD, critically depends on the level of mem-

brane depolarization as well as on the involvement of different subtypes of ionotropic gluta-

mate receptor subunits (Bagetta et al., 2010). The induction of striatal LTP requires high fre-

quency stimulation in Mg2+-free medium that allows the activation of NMDA receptors which 

is mandatory for LTP induction (Calabresi et al., 1992c). NMDA receptor activation itself re-

quires the presynaptic glutamate release and a strong postsynaptic membrane depolarization 

at the same time to enable the relive of the Mg2+ block within the channel (Calabresi et al., 

1992c). LTD in contrast, does not require the activation of NMDA receptors, therefore high 

frequency stimulation in presence of Mg2+ ions is sufficient to induce this form of synaptic 

plasticity. 
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Fig. 11 Illustration of striatal LTP and LTD induction. The membrane potential of MSNs oscillates between depo-
larized ‘up’ and hyperpolarized ‘down’ state, upon glutamatergic cortical input. LTP induction requires a repetitive 
neuronal transmission during the ‘up’ state, in order to overcome the threshold needed to activate NMDA recep-
tors, and strong dopamine release from the SNc. In contrast, LTD induction requires repetitive neuronal transmis-
sion that occurs at the ‘down’ state and lower dopamine release from the SNc. Figure was taken from (Calabresi et 
al., 2007). 

 

In PD, the severe neurodegeneration of dopaminergic neurons leads to a deficit of dopamine 

in the striatum attended by alterations in striatal synaptic transmission and plasticity. Several 

studies indicate that the deficiency of striatal dopamine causes and overactivity of glutama-

tergic transmission that can be measured as increased excitatory spontaneous activity in 

MSNs (Calabresi et al., 1993, Tang et al., 2001, Gubellini et al., 2002), reflecting a reduced pre-

synaptic D2 receptor activation, which in healthy conditions controls glutamate release 

(Cepeda et al., 2001). At the postsynaptic level, dopamine deficiency leads to decreased acti-

vation of D2 receptors and therefore to increased Ca2+ influx by voltage-gated ion channels 

that are usually inhibited by the D2 receptor (Desmond and Levy, 1990). The increased 

amounts of Ca2+ are possibly involved in the degenerative process of synaptic spines that can 

be observed in animal models of PD as well as in PD patients (Ingham et al., 1989, Nitsch and 

Riesenberg, 1995, Arbuthnott et al., 2000, Day et al., 2006). There is experimental evidence 
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that the morphological alterations of spines result in an impairment of either LTP (Centonze 

et al., 1999) or LTD (Calabresi et al., 1993).  

As mentioned earlier, L-DOPA treatment of PD motor symptom results in more than 50% of 

all cases in severe side-effects known as levodopa induced dyskinesia. Studies using 6-

hydroxydopamine lesioned (6-OHDA) rodent models of PD, showed that chronic administra-

tion of L-DOPA improves motor performance and admits the recovery of synaptic plasticity in 

MSNs of dyskinetic and non-dyskinetic animals (Picconi et al., 2003, Picconi et al., 2004). 

However, in dyskinetic animals an impossibility to restore the level of synaptic transmission 

prevenient to LTP may reflect an abnormality of synaptic plasticity (Picconi et al., 2003). In 

contrast, in non-dyskinetic 6-OHDA animals L-DOPA is able to restore the physiological syn-

aptic plasticity. On a biochemical level the analysis of 6-OHDA animals revealed that the loss 

of synaptic plasticity in dyskinetic animals is attributed to changes within D1 receptor signal-

ing pathways leading to abnormalities of the cGMP/phosphodiesterase/cAMP/DARPP-32 

signaling cascade (Picconi et al., 2003, Giorgi et al., 2008), the extracellular signal-regulated 

kinases 1 and 2 (ERK1/2)(Gerfen et al., 2002, Pavon et al., 2006, Westin et al., 2007), as well 

as the retrograde endocannabinoid Cb1 neurotransmission including the mGluR5 pathway 

(Huot et al., 2013, Pinna et al., 2014).  

 

1.4.1.1 Molecular Basis of Levodopa Induced Dyskinesia 

Today’s mainstream pathophysiological concept about the source of levodopa induced dyski-

nesia (LID) says that LID results both from pre- and postsynaptic abnormalities in dopamine 

signaling as well as from changes in synaptic plasticity (reviewed in (Brotchie and Jenner, 

2011, Fisone and Bezard, 2011, Murer and Moratalla, 2011, Ghiglieri et al., 2012, Cenci, 

2014). On a presynaptic level, studies in rodent models of PD as well as in dyskinetic patients 

revealed an association of abnormal involuntary movements that are characteristic for LID 

with a dysregulation of dopamine release and clearance (reviewed in (Cenci and Lundblad, 

2006). On a postsynaptic level, LID is accompanied by maladaptations within the direct 

pathway of D1 receptor positive striatal MSNs (Aubert et al., 2005, Cenci, 2007, Darmopil et 

al., 2009). The signaling cascade that is acting as a master switch for striatal synaptic plastici-

ty is the extracellular signal-regulated kinases 1 and 2 (ERK1/2) cascade (reviewed in (Cenci 

et al., 2009) , that is shown in a simplified cartoon in figure 12.  
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Fig. 12 Simplified cartoon of signaling pathways involved in synaptic plasticity. The extracellular signal-regulated 
kinases 1 and 2 (ERK1/2) signaling cascade: ERK1/2 is activated through phosphorylation by mitogen-activated 
protein kinase kinases (MEK1/2) and dephosphorylated by members of the dual-specific phosphatases family 
(DUSP). The cGMP/phosphodiesterase/cAMP/DARPP-32 signaling cascade: DARPP-32 is phosphorylated by pro-
tein kinase A (PKA) and via indirect stimulatory interaction influences ERK1/2 activity. Abbreviations: GPCR = G-
protein coupled receptor; D1 = dopamine receptor D1; NMDA = ionotropic glutamate receptor. 

 

ERK1/2 is activated through dual phosphorylation at the residues threonine-183 and tyro-

sine-185 by mitogen-activated protein kinase kinases (MEK) downstream of D1 receptors 

(Gerfen et al., 2002, Bezard et al., 2005, Pavon et al., 2006, Santini et al., 2007, Westin et al., 

2007, Fasano et al., 2010) and is dephosphorylated by members of the dual-specific phospha-

tase family (DUSP) (Sun et al., 1993, Caunt and Keyse, 2013). Increased striatal phosphory-

lated ERK1/2 is correlated with abnormal involuntary movements in 6-OHDA-lesioned ani-

mals. Increased activity of the ERK1/2 signaling cascade is a possible response to exogenous 

L-DOPA stimulation of supersensitive D1 receptors in late stages of PD. The crucial role of 

supersensitive D1 receptors for LID has been demonstrated in rodent and monkey models of 

PD (Aubert et al., 2005, Santini et al., 2007, Westin et al., 2007, Darmopil et al., 2009, Lindgren 
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et al., 2009). In 6-OHDA mice and rats treatments that reduced ERK1/2 phosphorylation 

could reduce the severity of abnormal involuntary movements (Santini et al., 2007, Schuster 

et al., 2008, Lindgren et al., 2009). Thereupon, activated ERK1/2 induces the phosphorylation 

of mitogen- and stress-activated protein-kinase 1 (MSK-1) (Deak et al., 1998, Dunn et al., 

2005) which then phosphorylates histone H3 (Soloaga et al., 2003, Santini et al., 2009) and 

mediates the activation of transcription factors and gene expression. Experimental studies in 

6-OHDA animals could show that the expression pattern of several genes is correlated with 

LID, the most important among those is an upregulation of the immediate early genes Fos, 

Homer1a and Nur77 (Sgambato-Faure et al., 2005). Studies analyzing the expression pattern 

of genes associated with LID stated that these gene expression changes point to elevated 

metabolic demands and energy consumption as well as alterations in synaptic plasticity (El 

Atifi-Borel et al., 2009). 

 

1.5 Mouse Models of Parkinson’s Disease 

PD is clinically and genetically heterogeneous and is usually diagnosed when motor symp-

toms occur and about 50% of dopaminergic neurons are lost (Bernheimer et al., 1973, 

Fearnley and Lees, 1991). The main goal of PD research is to identify markers of early pre-

symptomatic PD stages and develop specific therapeutic targets to prevent PD pathology and 

the development of motor impairments.  In order to make this future dreams come true, one 

needs to understand the pathobiological underpinnings of the disease. Since PD is a very het-

erogeneous disorder, there is not one single model that displays the complete phenomenolo-

gy as is occurs in humans, but the use of several different models mimicking a specific part of 

PD pathology provides a valuable tool in PD research. Genome-wide association studies and 

linkage analysis identified several genes and their encoded proteins that are associated with 

PD, and genetically engineered animal models offer a great platform to study the function of 

these genes and therefore explore the pathobiology of PD. 

 

1.5.1 Genetically Engineered Mouse Models of PD 

Genetically engineered mouse models of PD provide the possibility to model early stages and 

progression of PD. They also offer the benefit of studying the effect of mutations within the 

entire organism and most important in case of PD within the intact circuitry of the brain. To 
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date there are many rodent models of PD available, three of them will be introduced in more 

detail since they provide a key aspect of this study.  

 

1.5.1.1 The A53T-SNCA Overexpressing Mouse Model 

The A53T-SNCA overexpressing mouse line (PrPmtA) expresses human alpha-synuclein 

cDNA, including the missense mutation A53T, under control of the murine specific PrP pro-

moter and was originally generated and characterized by Suzana Gispert and colleagues 

(Gispert et al., 2003). The PrPmtA mouse line shows a 1.5 fold nigrostriatal and corticostriatal 

overexpression of A53T-SNCA in absence of midbrain neuronal cell loss or aggregate for-

mation (Gispert et al., 2003), which is in contrast to other SNCA overexpressing mouse mod-

els that show aggregate formation and cell loss (Masliah et al., 2000, Richfield et al., 2002, 

Tofaris et al., 2006). This mouse line is further characterized by an age-progressive pathology 

that becomes apparent between 6 and 18 months of age, showing on a behavioral level re-

duced spontaneous vertical motor activity (Gispert et al., 2003). On a molecular level PrPmtA 

mice show an impaired vesicle release (Platt et al., 2012, Tozzi et al., 2012) resulting in in-

creased dopamine levels as well as in decreased dopamine-regulated expression profiles in 

the striatum (Kurz et al., 2010). Electrophysiological investigations revealed impaired long-

term depression of glutamatergic neurotransmission in corticostriatal slices that can be res-

cued by phosphodiesterase antagonism (Kurz et al., 2010, Tozzi et al., 2012). Taken together, 

the A53T-SNCA overexpressing mouse line PrPmtA provides a useful tool to study presymp-

tomatic stages of PD as well as possible postsynaptic maladaptions. 

 

1.5.1.2 The Pink1KO Mouse Model 

The Pink1KO mouse model was originally generated by Suzana Gispert and colleagues and 

characterized for the first time in Gispert et al., 2009 (Gispert et al., 2009). This mouse line 

shows a 97% knock-down of the Pink1 transcript and a loss-of function mutation in the re-

maining mRNA, resulting in a model with similar quality to other Pink1 knock-out mouse 

lines (Kitada et al., 2007). On a behavioral level, the Pink1KO mouse from Gispert demon-

strates a progressive reduction of bodyweight as well as reduced spontaneous movements in 

open field analysis (Gispert et al., 2009). The reduced bodyweight became significant already 

at the age of 1 year with an average weight reduction of 19%, possibly reflecting impaired 

bioenergetics and mitochondrial dysfunction. Measurement of other behavioral parameters 

such as anxiety, strength and coordination remained unaffected. On a molecular level, 
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Pink1KO mice show a significant reduction of striatal dopamine content at the age of 9 and 

22-24 month (Gispert et al., 2009). Furthermore, analysis of mitochondrial ATP levels and the 

mitochondrial proton gradient demonstrated a progressive mitochondrial dysfunction start-

ing already at the age of 6 months (Gispert et al., 2009). Morphological analysis revealed no 

signs of neurodegeneration or aggregate formation in Pink1KO mice. At perinatal age mito-

chondria of Pink1KO mice showed normal morphology, but after stress they demonstrated 

altered fragmentation and enhanced perinuclear aggregation, illustrating the role of PINK1 in 

stress response (Gispert et al., 2009). The reduced locomotor activity is possibly due to im-

paired dopaminergic neurotransmission that was demonstrated in a different model of 

PINK1-deficiency (Kitada et al., 2007).  

 

1.5.1.3 The A53T-SNCA + Pink1KO Mouse Model 

Mice harboring both, the A53T-SNCA overexpression as well as the Pink1KO were originally 

generated by Suzana Gispert through crossbreeding of both single mutant mouse lines 

(PrPmtA and Pink1KO) and characterized for the first time in Gispert and Brehm et al., 2014 

(Gispert et al., 2014a). The A53T-SNCA + Pink1KO double-mutant mouse line shows a poten-

tiated phenotype becoming apparent in a novel biphasic pattern of mortality rates, reduced 

spontaneous motor activity already at the age of 3 months and a progressive paralysis in aged 

mice (Gispert et al., 2014a). Molecular analysis of this novel double-mutant mouse model of 

polygenic PD revealed an activation of cellular protein degradation efforts as well as dysfunc-

tional pathways of mitochondrial dynamics, synaptic adaption, microtubular trafficking, DNA-

damage repair and cell adhesion (Gispert et al., 2014a). The detailed histological characteri-

zation of this novel mouse model is part of this study and therefore depicted within the result 

part of this thesis.  

 

1.5.2 The 6-OHDA Lesioned Mouse Model  

Unilateral, stereotactic injection of the neurotoxin 6-hydroxydopamine (6-OHDA) induces 

degeneration of monoamine neurons (Sachs and Jonsson, 1975). The chemical structure of 6-

OHDA is similar to dopamine allowing its uptake into catecholaminergic neurons by dopa-

mine transporters, where it is retrogradely transported, promoting neurodegeneration 

through a combination of mechanism including mitochondrial respiratory dysfunction, oxida-

tive stress and cell death (Glinka et al., 1997, Kunikowska and Jenner, 2001, Mazzio et al., 

2004). When injected unilaterally, 6-OHDA treated rodents will develop characteristic contra-



                                                                                                                                             Introduction 

31 | P a g e  

 

lateral turning behavior after L-DOPA or apomorphine treatment, possibly due to activation 

of supersensitive striatal postsynaptic dopamine receptors, ipsilateral to denervation 

(Ungerstedt, 1971, Deumens et al., 2002). Besides the turning behavior 6-OHDA lesioned ro-

dents also develop abnormal involuntary movements that are highly correlated with striatal 

dopamine denervation as well as with the dose of L-DOPA administered (Lindgren et al., 

2007, Paille et al., 2007, Nadjar et al., 2009). Abnormal involuntary movements are scored 

due to a rating scale that comprises three main sections each representing a topographical 

area of the body. The first section focuses on limb dyskinesia that is characterized by repeti-

tive and rhythmic movements of the forelimb that is contralateral to the lesion side; the sec-

ond section focuses on axial dyskinesia that is characterized by lateral flexion and axial rota-

tion of the neck and the upper trunk towards the side of the contralateral side; and the third 

section focuses on orolingual dyskinesia that is characterized by chewing movements, tongue 

protrusions and jaw tremor (Cenci et al., 2002, Winkler et al., 2002). This scoring system for 

LID was originally developed in 6-OHDA rats and was only recently applied to mice 

(Lundblad et al., 2004). Generating 6-OHDA lesioned mice is difficult due to high mortality 

rates, but in 2011 Francardo et al. developed a detailed nursing protocol to ensure a success-

ful recovery and good general health conditions after the lesion procedure (Francardo et al., 

2011). The 6-ODHA mouse model shows easy to evaluate AIMs with low inter-individual var-

iability and biochemical variations (Sedelis et al., 2000), and the possibility to mimic different 

stages of PD by using different doses and different administration sites, providing a useful 

tool to model late stages of PD and LID. 

 

 

 

 

 

 

 



                                                                                                                                             Introduction 

32 | P a g e  

 

1.6 Aim of the Thesis 

The most important medical need in PD research is to contribute to the development of ther-

apeutics that can intervene in the progression of neurodegeneration. The first step in reach-

ing this goal is to identify markers of early presymptomatic PD stages allowing an early diag-

nostic and therefore therapeutic intervention before neuronal cell loss occurs. In order to 

identify these early biomarkers as well as to develop specific pharmacological therapies we 

need to understand the pathobiological molecular events leading to this dramatic disease. 

Intense research within the last years highlighted alpha-synuclein to play a key role in the 

pathology of PD. Besides, there is experimental evidence that alterations in synaptic plasticity 

contribute not only to PD pathology but also to the development of LID. In this respect, the 

aim of this work was: 

 to study the molecular underpinnings of synaptic plasticity with focus on alpha-

synuclein gain-of-function effects as well as effects of PINK1 deficiency, using three 

different mouse models of PD. This is of particular interest since LTD deficiency was 

previously observed in the transgenic mouse model PrPmtA, therefore providing an 

excellent tool to study the molecular underpinnings of alpha-synuclein gain-of-

function induced synaptic plasticity changes, a possible key event in early PD pathol-

ogy. Findings within this approach can contribute to the early detection of PD patho-

genesis and can help to assess progression versus therapeutic benefits. 

 to study if presymptomatic stages of PD involve altered postsynaptic sensitivity, 

therefore the impact of alpha-synuclein gain-of-function on the behavioral and mo-

lecular response to apomorphine treatment was tested. This analysis is of particular 

interest since it included the investigation, whether the transgenic mouse model 

PrPmtA is useful to model postsynaptic signaling abnormalities at the basis of levo-

dopa induced dyskinesia. This study represents the first approach in the field of LID 

research, using a genetically modified mouse model to investigate the behavioral and 

molecular response to apomorphine. 

 to characterize a novel polygenic model of PD in order to study the role of PINK1 onto 

alpha-synuclein gain-of-function induced neurotoxicity. This is of particular interest 

since interactions of dominant and recessive causes of PD and their coincidence with-

in shared pathways could be fundamental and currently conflicting evidence exists. 
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2.  MATERIAL AND METHODS 

2.1 MATERIAL 

2.1.1 General Laboratory Equipment 

Instrument/Material  Manufacturer/      
Supplier  

REF/Cat. No. 

1000 μl XL, Graduated Filter Tip, sterile 
200 μl, Graduated Filter Tip, sterile           
20 μl, Bevelled, Filter Tip, sterile                
10 μl, Graduated Filter Tip, sterile 

STARLAB GmbH S1122-1830                             
S1120-8810                      
S1120-1810                            
S1120-3810 

1000 μl, Blue, Graduated Tip                     
200 μl, Yellow Tip                                            
10 μl, Graduated Tip 

STARLAB GmbH S1111-2721                           
S1111-0706                            
S1111-3700 

Centrifuge 5415D Eppendorf AG  

Centrifuge 5415R Eppendorf AG  

Confocal laser-scanning microscope,      
Nikon eclipse90i 

Nikon®  

Freezer -20 Liebherr Premium  

Freezer -80, Forma 900 Series Thermo Scientific  

Fume hood wesemann® Laborein-
richtungen 

 

Ice maschine (AF 80) Scotsman®Ice Systems AF80 AS-E 230/50/1 

Microtube 1.5 ml SARSTEDT AG & Co. 72.690.550 

Microtube 2 ml SARSTEDT AG & Co. 72.655 

MS2 Minishaker IKA® Labortechnik  

Nikon 80i  digital microscope Nikon®  

Parafilm® “M” Pechiney plastic pur-
chasing 

01853-AB 

Peha-Soft®nitrile gloves Hartmann 942 190 

Pipetboy acu Integra Bioscience 
Brand GmbH & Co KG 
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Pipettes “PIPETMAN® (0.2 µl - 1000 µl)         
P2                                                                       
P10                                                                     
P20                                                                        
P200                                                                   
P1000                    

Gilson                                            
F144801                        
F144802                       
F123600                       
F123601                        
F123602 

Polaroid Direct Screen Instant Camera EP 
H-7” 

Polaroid  

Serological pipet sterile                                   
5 ml                                                                       
10 ml                                                                   
25 ml 

Costar® CLS4487                           
CLS4488                    
CLS4489 

Thermomixer 5436 Eppendorf AG  

Thermometer comfort 1.5 ml Eppendorf AG  

Thermomixer compact Eppendorf AG  

Q-Gard1 Milli-Q® Millipore-System Millipore GmbH QGARDOOR1 

Vasco®Nitril white gloves B. Braun 9208410 

Zeiss Axiocam MRc Carl Zeiss AG  

Zeiss Axioplan Mikroskop Carl Zeiss AG  

 

 

 

 

2.1.2 Behavioral Analysis and Perfusion 

2.1.2.1 Instruments  
Instrument Manufacturer 

Analytical balance Typ A120S Satorius Analytic 

Forceps 7 INOX. A. Dumont & Fils 

Forceps with surgical hook Carl Roth GmbH 

Laboratory glassware DURAN Group GmbH 



                                                                                                                                         Material and Methods 

35 | P a g e  

 

Magnetic stirrer (“IKAMAG® RCT basic”) IKA® Labortechnik 

Magnetic stirring bars neoLab® Migge GmbH 

Microspoon spatula 140 mm, 5 mm Carl Roth GmbH 

Milli-Q Synthesis Ultrapure Water System Millipore GmbH 

Precision Balance 474-32 Kern & Sohn GmbH 

Peristaltic pump, Minipuls 3 Abimed Gilson 

pH 210 Microporcessor pH Meter Hanna Insturments 

Surgical scissor small Carl Roth GmbH 

Surgical scissor medium; h.m.P.-LINS 
HB7458 

Carl Roth GmbH 

Surgical scissor tall; ESC1604 Carl Roth GmbH 

Transparent Cages (Type II Cages) Techniplast 

Video Camera Panasonic HC-V707M 

 

2.1.2.2 Expendable Materials 

Material Manufacturer/Supplier REF/Cat. No. 

Feather disposable scalpel No. 
11  

Pfm medical AG 02.001.300.11 

Needle No. 20 27G 3/4 BD Microlance TM 302200 

Safety-Multifly-Set SARSTEDT AG & Co. 85.1638.235 

Snap Cap Vial 10 ml VWR International 548-0625 

Syringe 1 ml BD Plastipak TM 300013 

Weighing paper neoLab® Migge GmbH 1-7217 

Quantitative filter paper VWR International 516-0820 

 

 



                                                                                                                                         Material and Methods 

36 | P a g e  

 

2.1.2.3 Chemicals 

Chemical Manufacturer/Supplier REF/Cat. No. 

Natriumdihydrogenphosphat 
Monohydrat (NaH2PO4 x H2O) 

AppliChem GmbH 131965 

Paraformaldehyde Sigma Aldrich 158127 

Sodium azide (NaN3) Sigma Aldrich 71289 

Sodium fluoride Sigma Aldrich S7920 

Sodium Hydroxide Pellets 
(NaOH) 

Sigma Aldrich 306576 

Sodium phosphate dibasic di-
hydrate (Na2HPO4 x 2H2O) 

Sigma Aldrich 71662 

Sucrose Sigma Aldrich 84100 

 

2.1.2.4 Buffers and Solutions  

Buffer/Solution Composition 

Phosphate Buffer 2.88% Na2HPO4 x 2H2O, 5.2% NaH2PO4 x 
H2O, bidistilled water 

4% Paraformaldehyde (PFA) 4% Paraformaldehyde, 2 pellets NaOH, 
Phosphate buffer 

Storing Solution 10% Sucrose, 0.05% NaN3, Phosphate 
buffer 

 

2.1.2.5 Pharmaceuticals  

Pharmaceutical Manufacturer/Supplier Cat. No. 

Apomorphine Sigma Aldrich A4393 

Heparin-Natrium-25000-
ratiopharm® 

Ratiopharm  

Nacoren Merial  
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2.1.3 RNA Purification and qPCR 

2.1.3.1 Laboratory Instruments 

Instruments Manufacturer 

BioPhotometer Eppendorf AG 

Liquid Nitrogen Tank Isotherm 

Megafuge 1.0 R Thermo Schientific 

Pellet pestle motor Kontes 

StepOnePlus Real-Time PCR System Applied Bioscience 

2.1.3.2 Expendable Materials 

Material Manufacturer/Supplier Cat. No. 

96W Multiply® Fast PCR-
Plate 

SARSTEDT AG & Co. 72.1981.202 

Adhesive qPCR Seal SARSTEDT AG & Co. 95.1999 

RNase Zap Wipes Ambion Am9786; Am9788 

UV-cuvette micro,              
PLASTIBRAND® 

Brand GmbH & Co KG 759200 

 

2.1.3.3 Chemicals 

Chemical Manufacturer/Supplier REF/Cat. No. 

2-Propanol ((CH3)2CHOH) Sigma Aldrich 33539 

Chloroform (CHCl₃) Merck Millipore 1024451000 

Distilled water 
DNase/RNase Free (H2O) 

Gibco® 10977-035 

dNTP Set, molecular biology 
grade 

Thermo Scientific R0181 

Ethanol (EtOH) Sigma Aldrich 32205 

FastStart Universal Probe 
Master (ROX) 

Roche 04914058001 
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Oligo(dT)20 Primer InvitrogenTM 18418-020 

Random Primers InvitrogenTM 48190-011 

TRI®Reagent Sigma Aldrich T9424 

 

2.1.3.4 Kits 

Kit Manufacturer/Supplier REF/Cat. No. 

DNase I Amplification Grade InvitrogenTM 18068-015 

RNeasy®Lipid Tissue Mini 
Kit 

Quiagen 74804 

SuperScript III reverse 
transcriptase 

InvitrogenTM 18080-044 

 

 

2.1.3.5 TaqMan Gene Expression Assays (Applied Biosystems) 

Gene Symbol Name Assay ID 

Arc Activity regulated cytoskele-
tal-associated protein 

Mm00479619_g1 

Bad BCL2-associated agonist of 
cell death 

Mm00432042_m1 

cFos FBJ osteosarcoma oncogene Mm00487425_m1 

Dusp1 Dual specificity phosphatase 1 Mm00457274_g1 

Dusp4 Dual specificity phosphatase 4 Mm01301009_m1 

Dusp6 Dual specificity phosphatase 6 Mm00650255_g1 

Dusp14 Dual specificity phosphatase 
14 

Mm01302405_m1 

Egr1 Early growth response 1 Mm00656724_m1 

Egr2 Early growth response 2 Mm00456650_m1 

Fos B FBJ murine osteosarcoma vi-
ral oncogene homolog 

Mm00500401_m1 
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Foxo3 Forkhead box O3 Mm01185722_m1 

Gria1 Glutamate receptor, iono-
tropic, AMPA1 (alpha 1) 

Mm00433753_m1 

Gria2 Glutamate receptor, iono-
tropic, AMPA2 (alpha 2) 

Mm00442822_m1 

Gria3 Glutamate receptor, iono-
tropic, AMPA3 (alpha 3) 

Mm00497506_m1 

Gria4 Glutamate receptor, iono-
tropic, AMPA4 (alpha 4) 

Mm00444754_m1 

Grin1 Glutamate receptor, iono-
tropic, NMDA1 (zeta 1) 

Mm00433800_m1 

Grin2a Glutamate receptor, iono-
tropic, NMDA2A (epsilon 1) 

Mm00433802_m1 

Grin2b Glutamate receptor, iono-
tropic, NMDA2B (epsilon 2) 

Mm00433820_m1 

Grin2c Glutamate receptor, iono-
tropic, NMDA2C (epsilon 3) 

Mm00439180_m1 

Grin2d Glutamate receptor, iono-
tropic, NMDA2D (epsilon 4) 

Mm00433822_m1 

Grin3a Glutamate receptor iono-
tropic, NMDA3A 

Mm01341722_m1 

Grin3b Glutamate receptor, iono-
tropic, NMDA3B 

Mm00504568_m1 

Grm1 Glutamate receptor, metabo-
tropic 1 

Mm00810219_m1 

Grm2 Glutamate receptor, metabo-
tropic 2 

Mm01235831_m1 

Grm3 Glutamate receptor, metabo-
tropic 3 

Mm00725298_m1 

Grm4 Glutamate receptor, metabo-
tropic 4 

Mm01306128_m1 

Grm5 Glutamate receptor, metabo-
tropic 5 

Mm00690332_m1 
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Grm6 Glutamate receptor, metabo-
tropic 6 

Mm00841148_m1 

Grm7 Glutamate receptor, metabo-
tropic 7 

Mm01189424_m1 

Grm8 Glutamate receptor, metabo-
tropic 8 

Mm00433840_m1 

Homer1 Homer homolog 1 (Drosophi-
la) 

Mm00516275_m1 

IP3R (SCA15) Inositol 1,4,5-trisphosphate 
receptor 1 

Mm00439907_m1 

JunB Jun B proto-oncogene Mm01251660_s1 

NOR1 (Nr4A3) Nuclear receptor subfamily 4, 
group A, member 3 

Mm00450074_m1 

Nur77 (Nr4A1) Nuclear receptor subfamily 4, 
group A, member 1 

Mm00439358_m1 

Nurr1 (Nr4A2) Nuclear receptor subfamily 4, 
group A, member 2 

 

Mm00443060_m1 

Pcbd1 Pterin 4 alpha carbinolamine 
dehydratase/dimerization 
cofactor of hepatocyte nuclear 
factor 

Mm00481144_m1 

Psd95 (Dlg4) Discs, large homolog 4 (Dro-
sophila) 

Mm00492193_m1 

RGS2 Regulator of G-protein signal-
ing 2 

Mm00501385_m1 

SNCA Alpha-synuclein Hs00240906_m1 

Sqstm1 Sequestosome 1 Mm01070495_m1 

Tac1 Tachykinin 1 Mm00436880_m1 

Tbp TATA box binding protein Mm00446973_m1 
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2.1.4 Western Blot 

2.1.4.1 Instruments 

Instrument Manufacturer 

Blotting chamber Bio-Rad 

Gel-electrophoresis chamber Biometra Whatman 

Hamilton Syringe Hamilton 

Multifunction Microplate Reader Tecan Group, GENios 

Odyssey LI-COR Infrared Imaging System LI-COR Biosciences 

Pellet pestle motor Kontes 

Power supply Consort 

Roll mixer BTR10-12V Ingenieurbüro CAT, M. Zipperer GmbH 

Rotating Mixer Typ RM5 Karl Hecht KG 

Shaker Heidolph Instruments 

Ultrasonic homogenizers Typ UW 2070 Bandelin electronic 

 

2.1.4.2 Material 

Material Manufacturer/Supplier Cat. No. 

15 ml Cellstar®Tubes, sterile greiner bio-one 188 271 

50 ml Cellstar®Tubes, sterile greiner bio-one 227 261 

50 ml Cellstar®Tubes, brown, sterile greiner bio-one 227 280 

Combitips advanced® 5ml Eppendorf AG 0030 089.456 

Lid for Microtest Plate 96-well SARSTEDT AG & Co. 82.1584.500 

Microtest Plate 96-well SARSTEDT AG & Co. 82.1581.500 

Multipette®plus Eppendorf AG 4981 000.019 

WhatmanTM Chromatography paper      
3 mm Chr 

WhatmanTM GmbH 3030917 
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WhatmanTM Protran BA 83 Nitrocel-
lulose Transfermembrane  

WhatmanTM GmbH 10402452 

 

2.1.4.3 Reagents 

Reagent Manufacturer/Supplier Cat. No. 

Acrylamid/Bis 29:1 Premixed Pow-
der Electrophoresis purity reagent 

Bio-Rad 161-0124 

Ammonium peroxodisulfate (APS) MERCK 1.012.010.100 

β-Mercaptoethanol AppliChem GmbH A1108.100 

BSA Albumin from bovine serum Sigma Aldrich A7906 

Bromophenol Blue Sigma Aldrich B6131 

Ethanol absolute (C2H6O) Sigma Aldrich 32205 

Glycerol Sigma Aldrich G5516 

Glycine p.A. AppliChem GmbH A1377.5000 

Hydrochloric acid 37% (HCl) AppliChem GmbH A2427.0500 

Kaliumchloride (KCl) Applichem GmbH A2939 

Methanol (CH4O) Sigma Aldrich 32213 

milk powder (Sucofin) Tsi GmbH & Co KG  

Precision Plus Protein standard All 
Blue 

Bio-Rad 161-0373 

 Phosphatase Inhibitor Cocktail I Sigma Aldrich P2850 

Phosphatase Inhibitor Cocktail II Sigma Aldrich P5726 

Protease inhibitor cocktail tablets   
complete Mini, EDTA-free 

Roche Diagnostics GmbH 11 836 170 001 

Protein determination BCA kit  VWR International UP75860A 

SDS Pellets Carl Roth GmbH & Co KG CN30.2 

Sodium chloride (NaCl) Sigma Aldrich 31434 

Sodium hydroxide (NaOH) Sigma Aldrich 306576 
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TEMED p.a. for electrophoresis Carl Roth GmbH & Co KG 2367.3 

Tris ultrapure AppliChem GmbH A1086.1000 

Triton®X-100 AppliChem GmbH A1388.0500 

TRI®Reagent Sigma Aldrich T9424 

Tween 20 Bio Chemica AppliChem GmbH A1389.0500 

 

2.1.4.4 Buffers and Solutions 

Buffer/Solution Composition 

2x Loading-/sample-buffer 250 mM Tris/HCL pH 6.9, 20% Glycerol, 4% SDS,         
10% β-Mercaptoethanol, 0.005% Bromophenol 
blue,  5% dist. Water 

10x Phosphate buffered saline 
(PBS) 

137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 x 2H2O,    
1.4 mM KH2PO4, pH 7.4 

 PBS-Tween (PBS-T) PBS, 0.1% Tween 

10x Running-Buffer 25 mM Tris pH 8, 192 mM Glycin, 0.1% SDS,                   
add 1000 ml H2O 

 

SDS Protein Lysis Buffer 1M Tris/HCl pH 6.8, 20% Glycerol, 4% SDS, dest. 
H2O 

Before use:                                                                                   
10 µl/ml Protease Inhibitor,                                                      
1 µl/ml Phosphatase Inhibitor Cocktail 1,                            
1 µl/ml Phosphatase Inhibitor Cocktail 2 

10x Tris-buffered saline (TBS) 50 mM Tris, 150 mM NaCl, pH 7.5, adjusted with 
HCl; add bidistilled H2O to end volume 

TBS-Tween (TBS-T) TBS, 0.1% Tween 

1x Transfer-Buffer 25 mM Tris, 192 mM glycine, 10% methanol 
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2.1.4.5 Primary Antibodies 

Antibody  Dilution IgG Size 
[kDa] 

Cat. No. Company / Dis-
tributor 

P44/42 MAPK (ERK1/2) 1:1000 rb 42, 44 9102 Cell Signaling                       
Technology® 

anti-beta-actin 1:10000 ms 42 A5441 Sigma-Aldrich 

Anti-DUSP6 antibody 1:500 rb 42 ab76310 abcam® 

Phospho-p44/42 MAPK 
(ERK1/2)(Thr201/Tyr20) 

1:1000 rb 42, 44 9101 Cell Signaling                  
Technology® 

 

2.1.4.6 Secondary Antibodies 

Antibody  Dilution Cat. No. Company / Distrib-
utor 

IRDye 680 conjugated goat anti-
rabbit IgG 

1:15000 926-32221 LI-COR Biosciences 

IRDye 800 conjugated goat anti-
mouse IgG 

1:15000 926-32210 LI-COR Biosciences 

 

 

2.1.5 Immunohistochemistry 

2.1.5.1 Instruments 

Instrument Manufacturer 

Brushes Faber-Castell 

Confocal laser-scanning microscope,      Ni-
kon eclipse90i 

Nikon® 

Electrothermal watherbath Associated Electrical Industries LTD 

Freezing microtome (Lund) HM 430 MICROM 

Heating plate Typ HP100 (220 V; 300 W) Guwina Berlin 

Heidelberger Pinzette Ingineurbüro s-w.-s.- druckdrey 
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Microtome JUNG AG 

Microwave R-234 Sharp 

Nikon 80i  digital microscope Nikon® 

Vibrating blade microtome (VT1000 S) Leica 

Zeiss Axiocam MRc Carl Zeiss AG 

Zeiss Axioplan Mikroskop Carl Zeiss AG 

 

2.1.5.2 Material 

Material Manufacturer/Supplier Cat. No. 

Dako Cytomation Fluorescent 
Mounting medium 

Dako Deutschland GmbH 52023 

Dako Pen Dako Deutschland GmbH S2002 

Feather® Microtome blades S-35  Pfm medical AG 02.075.00.000 

Paraplast X-TRA tissue embedding 
medium 

VWR International 15159-486 

Pasteur pipette 145 mm cap. ap-
prox. 2 ml 

BRAND GMBH + CO KG 747715 

Microscope Slides                     SU-
PERFROST® PLUS 

Thermo Scientific J1800AMNZ 

Microscope Cover glasses,                  
Ø24 mm 

Gerhard Menzel GmbH CB00240RA1 

Snap Cap Vial 10 ml VWR International 548-0625 

Stainless Steel Blades Campden Instruments Lim-
ited 

752/1/SS 

VectaMountTM permanent mount-
ing medium 

Vector Laboratories H-5000 
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2.1.5.3 Chemicals 

Reagent Manufacturer/Supplier Cat. No. 

BSA Albumin from bovine serum Sigma Aldrich A7906 

Citric acid Applichem GmbH A2344 

DPX Mountant for histology Sigma Aldrich 06522 

Ethanol absolute (C2H6O) Sigma Aldrich 32205 

Hydrogen peroxide (H2O2) ROTI-
PURAN® 

Carl Roth 8070.1 

Kaliumchlorid (KCl) Applichem GmbH A2939 

Methanol (CH4O) Sigma Aldrich 32213 

Normal Goat Serum Vector Laboratories S-1000 

Sodium  Citrate Sigma Aldrich 234265 

Peroxidase Substrate Kit DAB Vector Laboratories SK-4100 

Triton®X-100 AppliChem GmbH A1388.0500 

Vectastain® ABC-kit Vector Laboratories PK-4001 

Vectastain® Horse Normal Serum Vector Laboratories PK-4001 

Vector NovaRED® Substrate Kit Vector Laboratories SK-4800 

 

2.1.5.4 Buffers and Solutions 

Buffer/Solution Composition 

Citrate Buffer Solution A 29.4 g sodium citrate, 1l distilled water 

Citrate Buffer Solution B 21 g citric acid, 1l distilled water 

Citrate Buffer  pH 6 1,8 ml Solution A, 82 ml Solution B 

Phosphate buffered saline (PBS) 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 x 2H2O,              
1.4 mM KH2PO4, pH 7.4 

Storing Solution 10% 10% Sucrose, 0.05% NaN3, Phosphate buffer 

Storing Solution 25% 25% Sucrose, Phosphate buffer 
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Tris buffered saline (TBS) 10x 50 mM Tris, 150 mM NaCl, pH 7.5, adjusted with 
HCl; add bidistilled H2O to end volume 

Tris buffer 12.1 g Tris, 18 g NaCl, 88 ml 1 M HCl, add 2000 ml 
H2O, pH 7.5 

TRIS pH 9 6.1 g Tris, 8.8 g NaCl, add 1000 ml H2O, pH 9, ad-
justed with HCl 

 

2.1.5.5 Primary Antibodies 

Antibody  Dilu-
tion 

IgG Reactivity Cat. No. Company / Dis-
tributor 

4B12 1:500 ms Hs MA1-
90346 

Pierce Antibodies 

42/α-Synuclein (syn-
1) 

1:500 ms Hs, ms 610787 BD Transduction 
LaboratoriesTM 

FosB (102) 1:1500
0 

rb Hs, ms, rat sc-48X Santa Cruz Bio-
technology, Inc. 

P62/SQSTM1 Antibody 1:200 rb Hs, ms NBP1-
49956 

Novus Biologi-
cals® 

Phospho Histone H3 
(ser10) 

1:500 rb Hs, ms 06-570 Merck Millipore 

Phspho-p44/42 MAPK 
(ERK1/2)(Thr202/Tyr
204) 

1:300 rb Hs, ms, rat 9101 Cell Signaling                  
Technology® 

Phospho-Ser129-alpha 
synuclein 

1:500 rb Hs, ms Ab51252 Abcam 

Tyrosine hydroxylase 1:1000 rb Ms, rat P40101-
150 

Pel-freez Biologi-
cals 

Tyrosine hydroxylase 1:1000 ms Hs, ms, rat MAB-318                                                                                                                              Merck Millipore 

Ubiquitin  1:1000 rb  Z045801-2 Dako Deutschland 
GmbH 
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2.1.5.6 Secondary Antibodies 

Antibody  Dilu-
tion 

Cat. No. Company / Distrib-
utor 

Biotinylated Goat Anti-Rabbit IgG Anti-
body 

1:1000; 
1:400 

BA-1000   Vector Laboratories 

Biotinylated Horse Anti-Mouse IgG Anti-
body 

1:500 BA-2000   Vector Laboratories 

Cy™2 AffiniPure Donkey Anti-Mouse IgG 
(H+L) 

1:1000 715-225-
150 

Jackson Immu-
noResearch 

Cy™2 AffiniPure Donkey Anti-Rabbit IgG 
(H+L) 

1:1000 711-225-
152 

Jackson Immu-
noResearch 

Cy™3 AffiniPure Donkey Anti-Mouse IgG 
(H+L) 

1:1000 715-165-
150 

Jackson Immu-
noResearch 

Cy™3 AffiniPure Donkey Anti-Rabbit IgG 
(H+L) 

1:1000 711-165-
152 

Jackson Immu-
noResearch 

 

 

2.1.6 Online Databases 

Program  Reference Application 

Allen Brain 
Atlas 

http://www.brain-map.org/ Anatomy 
mouse brain 

Ensembl Ge-
nome Browser 

http://www.ensembl.org/ Genome data-
base 

GeneCards V3 http://www.genecards.org/ Gene infor-
mation 

Leo http://www.leo.org/ Dictionary 

Pubmed, NCBI http://www.ncbi.nlm.nih.gov/sites/entrez?db=pubmed Literature 
Search 

NCBI / BLAST http://blast.ncbi.nlm.nih.gov/Blast.cgi Multiple 
alignment tool 
database 
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NCBI / Entrez 
Gene 

http://www.ncbi.nlm.nih.gov/gene/ Gene database 

 

2.1.7 Software 

Software Supplier Application 

Adobe Acrobat X pro Adobe PDF handling 

Adobe Photoshop CS2 Adobe Illustration 

Excel 2010 Microsoft Calculations 

EndNote X4 Thomson Reuters Citation management 

GraphPad Prism 5 GraphPad Software Inc Statistics 

ImageJ 1.40g National Institute of Health Histological analysis 

NIS-Elements Imaging Soft-
ware 4.20.00 

Nikon Microscopy 

Odyssey Software 2.1.2 LI-COR Biosciences Western Blot analysis 

Power Point  2010 Microsoft Presentation 

StepOnePlus Software v2.1 Applied Biosystems qPCR analysis 

Word 2010 Microsoft Text processing 

XFluor4 Tecan Protein amount calcula-
tion 

Zeiss Axiovision, Special 
Edition 64, Release 4.9.1 

Zeiss Microscopy 
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2.2 METHODS 

2.2.1 Animals 

2.2.1.1 Animal Housing and Welfare 

Data presented in this study are based on male and female animals of the species Mus muscu-

lus. Experiments were performed in three different mouse strains and their corresponding 

wild-type controls. All three mouse lines were described previously, among those are mice 

overexpressing human alpha-synuclein under the murine neuron specific PrP promoter in-

cluding the missense mutation A53T (PrPmtA) with FVB/N background (Gispert et al., 2003), 

mice with Pink1-/- (Pink1KO) in 129/SvEv background (Gispert et al., 2009) and mice harbor-

ing both mutations (A53T-SNCA + Pink1KO) in a 50:50 (FVB/N:129/SvEv) background on 

average (Gispert et al., 2014b). All animals were housed in individually ventilated cages un-

der 12 h light/dark cycles with food and water ad libitum, at the FELASA-certified Central An-

imal Facility (ZFE) of the Frankfurt Goethe University Medical School. All three mouse strains 

were housed in the same room in Type II L cages (365 x 207 x 140 mm, floor area 530 cm²; 

IVC-based) and experiments were performed in accordance with the European Communities 

Council Directive of 24 November 1986 (86/609/EEC) and the National Institute of Health 

Guide for the Care and Use of Laboratory Animals. 

2.2.1.2 Generation and Breeding of A53T-SNCA Overexpressing Mice 

Mice overexpressing human A53T alpha-synuclein cDNA under the control of the murine 

specific PrP promoter were originally generated by Suzana Gispert and colleagues as de-

scribed in Gispert et al., 2003 (Gispert et al., 2003). The cDNA representing the entire human 

alpha-synuclein gene including the missense mutation A53T was cloned into a pSL301 vector 

(Invitrogen). The construct was driven by a ∼3.5 kb fragment of the murine neuron specific 

prion protein promoter (PrP; Genbank #U52821) located at position 1 to 3479, followed by a  

polyadenylation signal sequences that originates from the 3′ untranslated region of the bo-

vine growth hormone (BGH) gene. Finally, pronuclei of fertilized FVB/N mouse ovary were 

microinjected with the transgene construct and transferred into oviducts of pseudopregnant 

foster mothers. Offspring resulting from microinjected ovary have a 10-20% chance to carry 

the transgene. In order to identify transgenic founder animals and estimate the transgenes’ 

copy number, Southern Blot was performed. The founder line PrPmtA was chosen for further 

analysis due to its strong overexpression within nigrostriatal projection neurons. The PrPmtA 

mouse line was compared to its background strain FVB/N as wild-type control (WT). In order 
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to obtain homozygous transgenic and WT cohorts, heterozygous littermates were mated. 

Homozygosity was maintained by breeding of homozygous mice. 

2.2.1.3 Generation and Breeding of Pink1KO Mice 

In order to generate Pink1KO mice in 129/SvEv background, a mouse genomic bacterial arti-

ficial chromosome library was screened using a Pink1 cDNA probe. A targeting vector with 

4.2 kb NheI/NheI fragment containing exon II, III, IV and V, with exon IV harboring the muta-

tion g/a in position 8343 at position NT_039267, plus a 3.2 kb fragment of NheI/BstZ17I was 

constructed. The mutation in exon IV was previously inserted with the QuickChange site di-

rected mutagenesis kit (Stratagene). The resulting vector containing DNA homologous to the 

target gene as well as inserted DNA for positive selection is used to transfect embryonic stem 

cells with a pure 129/SvEv background. Homologous recombination allows the targeting vec-

tor to recombine with the target gene. Correctly targeted cell clones were identified by 

Southern Blot and used for blastocyst injection. Heterozygous F1 mice with 129/SvEv back-

ground were mated and homozygous mutant and wild-type animals were maintained 

through breeding of homozygotes. 

2.2.1.4 Generation and Breeding of A53T-SNCA + Pink1KO Mice 

In 2.2.1.1 and 2.2.1.2 the generation and breeding of A53T-SNCA as well as of Pink1KO single 

mutants was described. Double mutant mice harboring both the A53T-SNCA overexpression 

and the Pink1KO were generated by crossing the two single mutant lines. Homozygosity for 

both genotypes was established by inbreeding. Since the PrPmtA line is in FVB/N background 

and Pink1KO in 129/SvEv background, the double mutant would contain 129/SvEv and 

FVB/N in 50:50 distribution on average. Therefore, as wild-type control F1 hybrids from 

crossbreeding of 129/SvEv and FVB/N wild-type were used.  

 

2.2.2 Genotyping 

2.2.2.1 DNA Extraction from Tail 

In order to genotype A53T-SNCA transgenic, Pink1KO or double mutant (A53T-SNCA + 

Pink1KO) mice, DNA from tail tips that were taken with sterile scissors, approximately 2 mm 

of the distal tail, was isolated. Tail tips were incubated in 500 µl Proteinase K buffer [1M Tris 

pH8, 5M NaCl, 0.5M EDTA pH8, 10% SDS, H2O] containing 250 µg/ml Proteinase-K, at 55°C 

and 800 rpm overnight to digest protein contamination. Thereafter, 250 µl 6M NaCl were 
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added and samples were mixed vigorously. Then samples were incubated on ice for 10 min 

followed by a 10 min centrifugation at 2300 g. The DNA-containing aqueous supernatant (ap-

proximately 500 µl) was taken, 1 ml 100% ethanol was added and samples were mixed to 

precipitate DNA. Afterwards, samples were centrifuged at 14000 g for 10 min and emerged 

supernatant was discarded. In order to remove residual salt from the DNA containing pellet, 

500 µl of 70% ethanol were added and samples were vortexed. Then, samples were centri-

fuged for 5 min at 6000 g and the resulting supernatant was carefully discarded. The pellet 

was air dried and dissolved in 100 µl TE-buffer. DNA samples were stored at 4 °C until further 

use. 

2.2.2.2 Polymerase Chain Reaction (PCR) 

Polymerase chain reaction (PCR) is a biochemical technique that was developed in 1983 by 

Kary B. Mullis and is used to amplify a specific DNA sequence. The defined DNA region is am-

plified by DNA-polymerase using two oligonucleotides that bind to the DNA region flanking 

the sequence of interest and therefore defining their start- and stop-point. In this study PCR 

was used for genotyping. Therefore, a standard PCR protocol with 3 min of initialization at 

94 °C followed by 35 cycles of the actual PCR reaction containing 30 seconds denaturation at 

94 °C, 30 seconds of annealing at 63 °C and 50 seconds of elongation at 72 °C was applied. 

The PCR conditions are defined as following: the perfect annealing temperature can be calcu-

lated by multiplying the number of adenine and thymine present within the primer sequence 

with two and add this with the number of cytosine and guanine multiplied with four. The 

arising number accounts for the perfect annealing temperature. In case the two primer will 

give rise to two different annealing temperatures, the lower temperature is chosen.  The per-

fect time of elongation is chosen as one second per kb. The chain reaction is ended with a final 

elongation step for 7 min at 72 °C. Thereafter, samples are stored at 4 °C until further use.  

2.2.2.3 Genotyping of A53T-SNCA overexpressing mice 

In order to differentiate between heterozygous and homozygous A53T-SNCA overexpressing 

mice, quantitative qPCR was performed using the following specially designed primers: Taq-

Man SynF (5’ ACAGTGGAGGGAGCAGGGA 3’), TaqMan SynR (5’ TCCTTCTTCATTCTT-

GCCCAACT 3’) and the probe (FAM-ATTGCAGCAGCCACTGGCTTTGTCA). qPCR was performed 

as described in 2.2.6 with the exception of using 4 ng DNA/well. GAPDH serves as reference 

using the following pimers: GapdhF (5’ TGTGTCCGTCGTGGATCTGA 3’), GapdhR (5’ 

CCTGCTTCACCACCTTCTTGA 3’) and the probe (FAM-CCGCCTGGAGAAACCTGCCAAGTATG 3’). 
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The DNA target is quantified by this approach allowing to separate heterozygous from homo-

zygous A53T-SNCA overexpressing mice. 

2.2.2.4 Genotyping of Pink1KO mice 

PCR amplifications are used for Pink1KO genotyping. The following PRC conditions were 

used: 3’ 94 °C, 35x (30” 94 °C, 30” 63 °C, 50” 72 °C) 7’ 72 °C). The PCR is demonstrating the 

point mutation by using the primers exon 4 mouse F (5’ GGAGAAGTCACCCCTGTTGG 3’) and 

exon 4 mouse R (5’ CTCTCATTTCTGCGTGCTTTGTTC 3’). The PCR generated an amplicon of 

464 bp that is digested during 3 hours at 37 °C into 288 bp/176 bp in wild-type, 176 bp/154 

bp/134 bp in homozygous and 288 bp/176 bp/154 bp/134 bp in heterozygous Pink1KO 

mice, using the restriction enzyme AvaII (New England Biolabs). Alleles are separated in 2% 

agarose gels and visualized by ethidium bromide staining. 

2.2.2.5 Genotyping of A53T-SNCA + Pink1KO mice 

Genotyping of double mutant mice harboring both the A53T-SNCA transgene and the Pink1 

deletion can be performed using multiple approaches. As described in 2.2.2.3 qPCR is per-

formed to verify the presence of A53T-SNCA and to separate heterozygous from homozygous. 

In order to analyze the Pink1KO, PCR amplification was described in 2.2.2.4. To genotype 

double mutant mice, both the A53T-SNCA transgene as well as the Pink1KO need to be con-

firmed by applying multiple PCR reactions as well as the qPCR analysis to prove homozygosi-

ty for A53T-SNCA. 

2.2.2.6 Agarose Gel Electrophoresis 

The agarose gel electrophoresis is a biomolecular method used to separate nucleic acid 

strands (RNA or DNA) according to their size and charge. The resulting bands were subse-

quently identified by comparison to well-known fragments. For genotyping, the PCR-derived 

DNA fragments were loaded on a 1% agarose gel containing 0.001% ethidium bromide for 

visualization. Electrophoresis was performed for about 15 min at 100 V. Thereafter, the sepa-

rated DNA fragments were visualized using an UV-light and an analog camera. 

 

2.2.3 Apomorphine Treatment 

In order to study post-synaptic sensitivity to dopamine receptor stimulation in the A53T-

SNCA overexpressing mouse, the dopamine agonist apomorphine was administered. There-

fore, 0.5 mg/ml apomorphine and 0.2 mg/ml ascorbic acid were dissolved in 0.9% sterile sa-
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line. A single dose of 0.5 mg/kg or 5 mg/kg apomorphine or of the respective volume of vehi-

cle (0.2 mg/ml ascorbic acid in saline) was administered subcutaneously.  

 

2.2.4 Stereotyped Movement Scoring 

After apomorphine administration, indicators of post-synaptic sensitivity to dopamine recep-

tor stimulation were analyzed by applying a newly generated scoring system focusing on in-

voluntary movements with stereotypic and dystonic features. The experimental design in 

which behavioral observations were obtained is shown in Fig.13. 

 

Fig. 13 Experimental Design. A53T-SNCA overexpressing mice aged 18 months, were individually placed into 
transparent cages and allowed to habituate for 30 min.  Each mouse was videotaped prior to any treatment (0 
min) as well as at 20 min, 40 min, 60 min, 80 min, and 100 min after s.c. injection of 5 mg/kg apomorphine or sa-
line only (vehicle) in the respective volume. For RNA and protein analyses, mice were sacrificed by cervical dislo-
cation either 30 min or 100 min after apomorphine treatment, and striatal tissue was dissected. For IHC, mice 
were perfused transcardially, 100 min after apomorphine treatment with 4% paraformaldeyde. 

 

18 month old A53T-SNCA overexpressing mice were placed individually into transparent 

cages and habituated for 30 min. Each mouse was recorded using a video camera (Panasonic 

HC-V707M) for one minute, starting immediately before the injection of apomorphine (time 

0) and after 20, 40, 60, 80 and 100 min. Involuntary movements with stereotypic or dystonic 

features namely, (i) stereotypic licking; (ii) head bobbing; (iii) forelimb tapping, (iv) persis-

tent hyperextension of the body and the neck, were rated using criteria analogous to those 

applied in rodent dyskinesia rating scales (Cenci et al., 1998, Lee et al., 2000, Lundblad et al., 

2002). In detail, at each monitoring period, a behavioral feature was scored from 0 to 4 based 

on the proportion of time in which the behavior was observed. 0 represents behavior not 

present; 1 behavior present during less than 50% of the observation interval; 2 behavior pre-

sent during 50% of the observation interval; 3 behavior present during more than 50% of the 
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observation interval and 4 behavior present during 100% of the observation interval. Behav-

ioral features like number of turns or rearings were counted manually.  

2.2.4.1 Statistic of Behavioral Analysis 

Behavioral data were compared between time points and genotypes using repeated measures 

analysis of variance (ANOVA), and post hoc Bonferroni test. Statistical analyses were per-

formed using Prism 5 software (GraphPad, La Jolla, CA, USA). Data were presented as group 

means ± SEM. Significant differences were highlighted in the Figures using asterisks (T ≤ 0.1, 

* P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001). 

 

2.2.5 Dissection of Mouse Brain  

Mice were euthanized by cervical dislocation, decapitated and brain structures were dissect-

ed according to the mouse brain atlas (Paxinos and Franklin, 2001). The dissected brain 

structures were striatum, midbrain, brainstem, cerebellum, frontal cortex, cortex and hippo-

campus. Tissue was immediately frozen in liquid nitrogen, and stored at -80 °C for further 

molecular analysis. 

 

2.2.6 Quantitative Reverse Transcriptase Real-Time PCR (qPCR) 

2.2.6.1 RNA Isolation 

Tissue of specific mouse brain areas was dissected from the previously described mouse lines 

(PrPmtA, Pink1KO, A53T-SNCA + Pink1KO) at three different ages (3 months, 6 months, 18 

months). Apart from striatal tissue, total RNA isolation was performed using TRI®Reagent 

according to manufacturer instructions. In brief, tissue was homogenized in 1 ml 

TRI®Reagent using a pellet pestle motor and incubated for 5 min at room temperature (RT). 

Afterwards, 0.2 ml chloroform was added, samples were inverted for 15 seconds followed by 

2-3 min incubation at RT. Thereafter, samples were centrifuged for 15 min at 12000 rcf and 

4 °C and the aqueous supernatant was collected. A volume of 0.5 ml 2-propanol was added to 

the aqueous, RNA containing supernatant, samples were mixed and incubated for 10 min at 

RT. Subsequently, samples were centrifuged for 10 min at 12000 rcf with 4 °C and the super-

natant was discarded. The RNA containing pellet was washed and resuspended by adding 

75% ethanol and vortexing, to remove salts, then centrifugation for 5 min at 7500 rct and 4 °C 
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was applied. The complete supernatant was removed and the pellet was air-dried for 4-5 min 

at RT. Thereafter, RNA was eluted in 100 µl RNase-free water using a heat block at 55 °C for 

10 min.  

In order to isolate total RNA from striatal tissue, the RNeasy®Lipid Tissue Mini Kit was used 

according to manufacturer’s instructions. In brief, samples were homogenized in 1 ml Qiazol 

lysis reagent using a pellet pestle motor and incubated for 5 min at RT. Thereafter, 0.2 ml 

chloroform was added, samples were inverted and centrifuged for 15 min at 12000 rcf and 

4 °C, leading to a separation into three layers. RNA was precipitated from the aqueous layer 

by adding the same volume of 70% ethanol and the use of RNeasy mini spin columns. Several 

washing steps with provided washing-buffers resulted in a high purity of isolated RNA bound 

to the RNeasy mini spin column. In order to elute the RNA, 50 µl RNase-free water was added 

followed by centrifugation for 1 min at 8000 rcf and RT. Isolated RNA was stored at -80 °C 

until further molecular analysis.  

2.2.6.2 Determination of RNA Concentration 

The gene expression analysis using qPCR requires the application of a defined amount of 

RNA. To determine the concentration of previously isolated RNA, spectrophotometric quanti-

fication was applied using a spectrophotometer. The spectrophotometer was adjusted to a 

standard sample containing 80 µl RNase-free water. RNA samples were diluted by adding 78 

µl RNase-free water to 2 µl RNA sample. The diluted samples were transferred to plastic cu-

vettes and RNA-specific absorbance was measured at a wavelength of λ = 260 nm using the 

spectrophotometer. Samples were measured in duplicates and mean value was calculated for 

evaluation of the final RNA concentration. 

2.2.6.3 DNase I Treatment and cDNA-Synthesis 

Standard RNA isolation protocols do not guarantee RNA samples to be free of contaminating 

DNA. Since DNA contamination can lead to false-positive results, the removal of all DNA is a 

very important procedure. Therefore, all RNA samples were treated with desoxyribonuclease 

I (DNase I) prior to cDNA synthesis. DNase I treatment was performed due to manufacturer’s 

instructions. In brief, samples were incubated with DNase I Amplification Grade for 15 min at 

RT. Digestion reaction was stopped by adding EDTA and incubating for 10 min at 65 °C. 

Thereafter, cDNA synthesis of one microgram DNase I treated RNA was performed due to 

manufacturer’s instructions using the SuperScript III reverse transcriptase utilizing oli-

go(dt)20 and random primers.  
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2.2.6.4 Quantitative Real-Time PCR using TaqMan® Assays 

Transcriptional changes were analyzed using the optimized and commercially available Taq-

Man® assay system. To quantify expression changes between PrPmtA, Pink1KO, A53T-SNCA + 

Pink1KO and their respective wild-type controls, cDNA samples were analyzed in a total reac-

tion volume of 20 µl utilizing 1 µl of TaqMan gene expression assay (20x), 10 µl of 2x 

FastStart Universal Probe Master Mix and 5 µl of the respective cDNA. qPCR was carried out 

in a 96 well plate and total cDNA levels were quantified relative to the constitutively ex-

pressed housekeeping gene TATA box binding protein (Tbp) in a StepOnePlus Real-time PCR 

system. The following PCR conditions were applied: 50 °C-2’, 95 °C-10’ followed by 40 cycles 

of 95 °C-15’’ and 60 °C-60’’. Relative expression changes were calculated using the 2-∆∆CT- 

method by Livak and Schmittgen (Livak and Schmittgen, 2001) as well as Microsoft Excel 

2010 software. 

2.2.6.5 Statistics 

Statistical analysis of data obtained with qPCR was performed with respect to the experi-

mental design. qPCR data that compare the gene expression of a mutant and their wildtype 

control mice were analyzed using  an unpaired t-test and Prism 5 software. qPCR data that 

compare drug induced expression changes among PrPmtA and WT mice were analyzed using 

one-way ANOVA followed by Tukey´s multiple comparison test, again using the Prism 5 soft-

ware. Data were presented as group means ± SEM. Significant differences were highlighted in 

the Figures using asterisks (T ≤ 0.1, * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001). 

 

2.2.7 Western Blot 

2.2.7.1 Protein Isolation 

Striatal tissue from one hemisphere of apomorphine and vehicle treated PrPmtA as well as 

WT mice was dissected as described in 2.2.5 and immediately frozen in liquid nitrogen. Stria-

tal tissue for protein analysis was taken from -80 °C and homogenized with the use of a pellet 

pestle motor in 100 µl SDS-Buffer containing protease and phosphatase inhibitors. Thereaf-

ter, samples were sonificated and incubated for 15 min at RT on a shaker followed by centrif-

ugation at full speed for 15 min. The supernatant was collected.  
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2.2.7.2 Determination of Protein Concentration 

Protein level changes between apomorphine and vehicle treated PrPmtA and WT mice were 

analyzed using Western Blotting. In order to quantify protein levels of interest, the total 

amount of isolated protein needed to be determined. Protein determination was performed 

using the protein determination BCA kit according to manufacturer’s instructions. In brief, 

protein determination was performed in a 96 well plate. To calculate the total amount of pro-

tein, each samples was analyzed relative to a BSA standard curve starting from 0 µg up to 14 

µg BSA per well. Samples were measured in duplicates in parallel to the described BSA stand-

ard curve. 2 µl of protein sample were diluted with 150 µl 0.9% NaCl, followed by the admin-

istration 150 µl of BCA reagents (mixture of solution A+B+C 25:24:1), thereafter samples 

were  incubated for 30 min at 37 °C.  Absorbance was measured at 560 nm in a spectrafluo-

rometer using xFluor4 software and protein concentration was calculated in µg/µl by con-

verting the linear equation of the BSA standard curve and subtracting of lysis buffer absorb-

ance using Microsoft Excel 2010.  

2.2.7.3 SDS-Polyacrylamide-Gelelectrophoresis (SDS-PAGE) 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a widely used 

method to separate proteins according to their size using their electrophoretic properties 

(Laemmli, 1970). The concentration of polyacrylamide gels is hereby crucial for the size of 

analyzed proteins. Here, proteins of 20 – 45 kDa were analyzed; therefore a gel concentration 

of 12% was sufficient. In order to prepare a 12% polyacrylamide gel, 6 ml of acrylamide/ bis-

acrylamide (29:1) (AA/BA), 3.75 ml Tris/HCl pH 8.9, 5.05 ml H2O, 150 µl SDS (10%), 50 µl 

APS and 10 µl TEMED were mixed and transferred to sealed glass plates. The running gel was 

left for 1 h at room temperature, covered with 2-propanol for polymerization. Thereafter, 2-

propanol was discarded and the stacking gel containing 650 µl AA/BA, 1.25 ml Tris pH 6.9, 

3.05 ml H2O, 50 µl SDS (10%) 25 µl APS and 5 µl TEMED was mixed and transferred onto the 

running gel. A comb was added to form sample slots.  Then the stacking gel polymerized for 

15 min at RT. Here, 20 ng of striatal protein were separated on the 12% polyacrylamide gels, 

therefore samples were adjusted to the same concentration and mixed with 2x loading-

buffer. Thereafter, samples were transferred to the gel with the use of a Hamilton syringe and 

the gel was placed into an electrophoresis chamber containing 1x running buffer. Gel electro-

phoresis was carried out for ~2 h at 120 V. To determine the size of analyzed proteins, a pro-

tein standard containing different protein bands of defined size was applied to each experi-

ment.  
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2.2.7.4 Western Blotting 

After protein separation via SDS-polyacrylamide gel-electrophoresis, proteins were trans-

ferred onto a nitrocellulose membrane. Therefore, the polyacrylamide gel containing the sep-

arated proteins was placed onto a nitrocellulose membrane and covered with foams and fil-

ters as depicted in figure 14. Protein transfer was carried out in a transfer chamber filled with 

1x transfer-buffer at 50 V for 90 min.  

                        

                              Fig. 14 Scheme of Western Blot organization. 

                           

2.2.7.5 Immunodetection 

After transferring proteins to a nitrocellulose membrane, unspecific bindings need to be pre-

vented. Therefore, the nitrocellulose membrane was blocked for 1 h at RT with blocking-

buffer containing 5% BSA in TBS-T. The membrane was then incubated with the respective 

first antibody provided in TBS-T with 5% BSA at 4 °C over night. The next day, membranes 

were washed three times for 10 min each with TBS-T before incubating with the secondary 

antibody (in TBS-T).  

2.2.7.6 Densitometric Analysis of Target Proteins 

For visualization and densiometric analysis the Odyssey Infrared Imaging System (LI-COR) 

was employed, and quantification was performed with the appropriate Odyssey software as 

well as Excel 2010 calculation software.  
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2.2.7.7 Statistics 

Data from immunoblots were compared using an unpaired t-test and Prism 5 software. Data 

were presented as group means ± SEM. Significant differences were highlighted in the Figures 

using asterisks (T ≤ 0.1, * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001). 

 

2.2.8 Immunohistochemistry 

2.2.8.1 Perfusion and Dissection of Mouse Brain and Spinal Cord 

Mice used in immunohistochemistry studies were transcardially perfused using 4% para-

formaldehyde pH 7.4 (PFA). Therefore, animals were deeply anaesthetized by injecting an 

over-dose of sodium pentobarbital intraperitoneal. The fixative solution (4% PFA) was deliv-

ered by a peristaltic pump at the speed of 20 ml/min during 5-7 min. A transcardial heparin 

injection was delivered right before PFA perfusion to ensure good perfusion quality. After-

wards, brains and spinal cords were rapidly extracted and post fixed in 4% PFA for 12 h at 

4 °C. Thereafter, brains were cryoprotected in ice-cold phosphate-buffered sucrose (25% su-

crose in 0.1 M phosphate buffer for the apomorphine experiments and 10% sucrose in 0.1 M 

phosphate buffer with 0.05% NaN3 for the double-mutant project) for 48 h at 4 °C. 

2.2.8.2 Immunohistochemistry – Free-Floating 

Apomorphine project 

After fixation and cryoprotection, brains were cut on a freezing microtome into coronal sec-

tions of 30 µm thickness and stored at −20 °C in a non-freezing solution (30% ethylene glycol 

and 30% glycerol in 0.1 M phosphate buffer). In case of immunohistochemistry for tyrosine 

hydroxylase (TH), alpha-synuclein and phospho-Ser129 SNCA, free-floating sections were 

rinsed three times in phosphate-buffered saline (PBS) for 10 min each. In case of immuno-

histochemistry for pERK1/2 as well as pHistoneH3, free-floating sections were rinsed three 

times in Tris-buffered saline containing 0.1 M NaF (TBS-NaF) and sections used for FosB im-

munohistochemistry were washed three times for 10 min in PBS-T. Thereafter, sections were 

pretreated with 3% H2O2 and 10% methanol in the respective washing solution for 15-20 min 

at 4 °C to reduce endogenous peroxidase activity. Then free-floating sections were washed 

again three times 10 min in the previously described washing buffer. For permeabilization, 

sections were incubated for 15 min in the respective washing buffer containing 0.1% Triton, 

followed by a new washing step three times 10 min. Thereafter, sections were blocked with 
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the proper serum from the host of the secondary antibody for 1 h either at RT (TH, SNCA, 

FosB) or at 4 °C (pERK1/2, pHistoneH3, pSer129-SNCA) to prevent nonspecific binding. Then 

sections were incubated with the following primary antibodies: rabbit anti-TH (1:1000, Pel-

Freez), anti-mouse SNCA plus anti-human SNCA monoclonal antibody clone 42 (1:500, BD 

Transduction Laboratories), rabbit anti-pSer129-SNCA (1:500, Abcam), rabbit anti-phospho-

p44/42 MAPK (Erk1/2)(Thr202/Tyr204) antibody (1:300, Cell Signaling), rabbit anti-

phospho Histone H3 (ser10) antibody (1:500, Millipore) and rabbit anti-FosB (1:15000, Santa 

Cruz). Primary antibodies were incubated in 1% proper serum from the host of the secondary 

antibody and 0.5% Triton in PBS over night at 4 °C. Thereafter, sections were washed with 

the respective washing buffer (PBS, PBST, TBS+NaF) and incubated with the appropriate bio-

tinylated secondary antibody for 2 hours at 4 °C in case of pSer129-SNCA, phospho Histone 

H3 and  phospho-p44/42 MAPK (Erk1/2) and at RT for SNCA, TH and FosB. Tissue-bound 

antibodies were visualized using an avidin–biotin–peroxidase complex (Vectastain ABC-kit, 1 

hour incubation) with 3′3′-diaminobenzidine (DAB, Sigma Aldrich) as the chromogen for an-

ti-TH-IHC and a Peroxidase Vector NovaRED Substrate Kit for the other antibodies. Sections 

were dehydrated in ascending ethanol concentrations followed by xylene, and coverslipped 

using DPX mounting glue (Sigma Aldrich). 

A53T-SNCA +  Pink1KO project 

After fixation and cryoprotection brains were cut into 30 µm and spinal cord into 40 µm cor-

onal sections on a vibrating blade microtome (Leica VT1000 S). Free floating sections were 

rinsed three times for 10 min in phosphate-buffered saline (PBS) in case of pSer129-SNCA 

immunohistochemistry at 4 °C, for p62 at RT. Then sections were incubated for 1 h with 

blocking solution [10% normal goat serum, 0.5% TritonX-100, PBS] to prevent unspecific 

staining. Thereafter, sections were incubated with the respective first antibody, either rabbit 

anti-pSer129-SNCA (1:500, Abcam) or rabbit anti p62/SQSTM1 (1:200, Novus Biologicals) in 

carrier solution [1% normal goat serum, 0.5% TritonX-100, PBS] for 48 hours at 4 °C 

(pSer129-SNCA) or RT (p62). Then, sections were washed in PBS and incubated with the ap-

propriate biotinylated secondary antibody for 2 h at room temperature (1:500, Vectastain 

anti-rabbit). Tissue-bound antibodies were visualized by incubating for 90 min with avidin–

biotin–peroxidase complex (Vectastain ABC-kit) and Peroxidase substrate Vector NovaRED 

Substrate Kit. Sections were dehydrated in ascending ethanol concentrations followed by xy-

lene; they were coverslipped using VectaMount permanent mounting medium. 
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2.2.8.3 Immunohistochemistry – Paraffin Embedded  

Immunohistochemistry for ubiquitin within the A53T-SNCA + Pink1KO project was per-

formed in paraffin embedded sections. Therefore, perfusion-fixed brains and spinal cords of 

A53T-SNCA + Pink1KO, PrPmtA and Pink1KO mice as well as of the respective control mice 

were dehydrated in ascending ethanol concentrations followed by xylene and molted paraf-

fin. Brains were incubated for 24 h in each solution; spinal cord was incubated for 2 h in each 

solution. Thereafter, tissue was embedded in paraffin and stored at RT until sectioning. Coro-

nal sections with 5 µm thickness were cut using a microtome and floated in a 50 °C water 

bath containing distilled water. Sections were then mounted onto glass slides and deparaffi-

nated in xylene and rehydrated in descending series of ethanol concentrations. Antigen re-

trieval was performed by boiling the sections in 0.01 M citrate buffer at pH 6 for five times, 3 

min each in a microwave. Endogenous peroxidase activity was reduced by incubating sec-

tions in PBS containing 3% H2O2 and 20% ethanol for 5 min at RT. Subsequently, sections 

were blocked with TRIS containing 5% BSA, 20% normal goat serum and 0.5% TritonX-100 

for 1 h at RT to prevent unspecific staining. Thereafter, sections were incubated with the spe-

cific primary rabbit anti Ubiquitin antibody (1:1000, DAKO) delivered in 1% normal goat se-

rum, 0.5% TritonX-100 and PBS at 4 °C over night. The next day, sections were washed three 

times for 10 min each in TRIS followed by 90 min of incubation with the biotinylated second-

ary antibody (1:500, Vectastain anti-rabbit) at RT. Tissue-bound antibodies were visualized 

as described for free floating sections by incubating for 90 min with avidin–biotin–peroxidase 

complex (Vectastain ABC-kit) and a Peroxidase substrate Vector NovaRED Substrate Kit. Sec-

tions were dehydrated in ascending ethanol concentrations followed by xylene, and cover-

slipped using VectaMount permanent mounting medium. 

2.2.8.4 Immunohistochemistry – Double Immunofluorescence Paraffin Embed-

ded 

Double immunofluorescence was performed to characterize pSer129-SNCA, p62 and ubiqui-

tin positive cells in midbrain sections of A53T-SNCA + Pink1KO mice. The first analyzed fo-

cused on the question if these cells are dopaminergic cells of the substantia nigra and there-

fore TH positive. In order to answer this question, a double immunofluorescence immuno-

histochemistry with TH plus SNCA, TH plus pSer129-SNCA, TH plus p62 and TH plus ubiqui-

tin was performed.  Therefore, 5 µm thick paraffin sections were deparaffinated in xylene and 

rehydrated in descending series of ethanol as described in 2.2.8.3. Double immunofluores-

cence immunohistochemistry of alpha-synuclein an antibody recognizing the human isoform 

of SNCA specifically was applied. Antigen retrieval was performed by incubating the slices in 
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TRIS pH 9 for 15 min at 90 °C. In case of pSer129-SNCA plus TH staining, no antigen retrieval 

was necessary, but endogenous peroxidase staining was reduced by 30 min incubation in 

TRIS containing 20% methanol and 3% H2O2 at RT. Antigen retrieval for the double immuno-

fluorescence of p62 and TH was done by incubating the slices in TRIS pH 9 for 15 min at 90 °C 

and for double immunofluorescence of ubiquitin and TH, slices were boiled five times in 0.01 

M citrate buffer pH 6 for 3 min each in a microwave. Endogenous peroxidase was reduced for 

all stainings expect the pSer129-SNCA with TH, by incubating sections in PBS containing 3% 

H2O2 and 20% ethanol for 5 min at RT.  In order to block non-specific epitopes, slices were 

incubated with TRIS containing 5% BSA, 20% normal goat serum and 0.5% TritonX-100 for 1 

h at RT. Subsequently, slices were incubated with the primary antibodies delivered in 1% 

normal goat serum, 0.5% TritonX-100 and PBS. The following primary antibody combina-

tions were used: rabbit anti-pSer129-SNCA (1:500, Abcam) with mouse anti TH (1:1000, Pel-

freez); rabbit anti-p62/SQSTM1 (1:200, Novus Biologicals) with mouse anti TH (1:1000, Pel-

freez); rabbit anti-ubiquitin (1:1000, DAKO) with mouse anti TH (1:1000, Pel-freez) and 

mouse anti-alpha-synuclein (4B12) ( 1:500, Pierce Antibodies) with rabbit anti TH (1:1000, 

Millipore). All primary antibodies were incubated for 24 h at 4 °C. The next day, slices were 

rinsed in TRIS-buffer and incubated for 6 h with the appropriate secondary antibodies at 

room temperature. Secondary antibodies were anti-rabbit or anti-mouse Cy2- or Cy3-

conjugated IgG (1:1000; Jackson ImmunoResearch). Slices were coverslipped using fluores-

cence mounting medium.  

2.2.8.5 Immunohistochemistry – Double Immunofluorescence Free-Floating 

In order to specify the cell type of pSer129-SNCA, p62 and ubiquitin positive but TH negative 

cells, double immunofluorescence immunohistochemistry for pSer129-SNCA and GFAP as a 

marker for glial cells, pSer129-SNCA and NeuN a neuron marker, pSer129-SNCA and GAD65 

as marker for GABAergic neurons, pSer129-SNCA and VGLUT2 as marker for glutamatergic 

neurons and pSer129-SNCA and parvalbumin as marker for interneurons were applied. 30 

µm thick, free floating midbrain sections of paralyzed A53T-SNCA + Pink1KO mice were 

rinsed in PBS. Thereafter, sections were blocked for 1 h in blocking solution [10% normal 

goat serum, 0.5% TritonX-100, PBS] to prevent unspecific staining. Subsequently, slices were 

incubated with the respective primary antibodies delivered in 1% normal goat serum, 0.5% 

TritonX-100 and PBS for 48 h at 4 °C. The following primary antibody combinations were 

used: rabbit anti pSer129-SNCA (1:500, Abcam) and mouse anti GFAP (1:500, Cell Signaling); 

rabbit anti pSer129-SNCA (1:500, Abcam) and mouse anti NeuN (1:1000, Chemicon); rabbit 

anti pSer129-SNCA (1:500, Abcam) and mouse anti GAD65 (1:500, Sigma); rabbit anti 



                                                                                                                                         Material and Methods 

64 | P a g e  

 

pSer129-SNCA (1:500, Abcam) and  mouse anti VGLUT2 (1:500, Millipore); rabbit anti 

pSer129-SNCA (1:500, Abcam) and mouse anti parvalbumin  (1:500, Chemicon). Thereafter, 

sections were washed three times for 10 min in PBS before they were incubated for 6 h at 

room temperature with the appropriate secondary antibodies. Secondary antibodies were 

anti-rabbit Cy2-conjungated IgG (1:1000, Jackson ImmunoResearch) and anti-mouse Cy3-

conjungated IgG (1:1000, Jackson ImmunoResearch). Slices were coverslipped using fluores-

cence mounting medium (DAKO).  

2.2.8.6 Microscopy 

Images for immunohistochemistry within the apomorphine project were acquired using a 

Nikon 80i microscope with an x-y motorized stage controlled by IrfanView software. Micros-

copy was performed in the laboratory of Prof Angela Cenci in Lund / Sweden and the help of 

Francesco Bez. Low magnification pictures were taken with a 4x or 10x objective and high 

magnification pictures using an oil immersion 100x objective. Images were taken with a built-

in digital Olympus DP72 camera. 

Immunohistochemistry pictures of the A53T-SNCA + Pink1KO project were acquired using a 

Zeiss Axioplan Microscope. Images were taken with the use of Zeiss Axiovision, Special Edi-

tion 64, Release 4.9.1 software and a Zeiss Axiocam MRc camera. Microscopy within this pro-

ject was done in the laboratory of PD Dr. Udo Rüb with the help of Dr. Kay Seidel at the Dr. 

Senckenbergisches Chronomedizinisches Institut, J. W. Goethe University, Frankfurt/Main, 

Germany. 

Images for double immunofluorescence were acquired using a confocal laser-scanning micro-

scope (Nikon eclipse90i) and a 60x objective and NIS-Elements Imaging Software 4.20.00. 

Microscopy for double immunofluorescence was done in the laboratory of Prof Jochen 

Roeper with the help of Beatrice Kern at the Institute of Neurophysiology, Neuroscience Cen-

ter, Goethe University Frankfurt.  

2.2.8.7 Quantitative Densiometric Analysis of Target Proteins 

Quantitative analysis of pERK1/2, pHistoneH3 and FosB 

In order to perform quantitative densiometric analysis of pERK1/2, pHistoneH3 and FosB, in 

apomorphine and vehicle treated PrPmtA and WT mice, different brain regions were ana-

lyzed using the freeware ImageJ 1.46r software. Analyzed brain regions were cortex, nucleus 

accumbens, substantia nigra and two levels of striatum. Thresholds were adjusted for each 
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brain structure as well as for each staining. After threshold adjustment, analysis of particles 

was performed counting positive cells within the image.  

Tyrosine hydroxylase optical density 

The optical density of tyrosine hydroxylase immunostaining was analyzed in PrPmtA and WT 

mice in the striatum and substantia nigra using the freeware ImageJ 1.46r software. Optical 

density was analyzed in four different rostrocaudal levels of the striatum taken from bregma 

+0.74 mm to +0.14 mm as well as four levels of the substantia nigra taken from bregma -1.94 

mm to -3.8 mm. For each analysis, optical density of white matter areas was subtracted from 

values obtained in the region of interest.  

2.2.8.8 Statistics 

Quantitative data from densiometric analysis of pERK1/2, pHistoneH3 and FosB as well as TH 

optical density analysis were compared using unpaired t-test and Prism 5 software. Data 

were presented as group means ± SEM. Significant differences were highlighted in the Figures 

using asterisks (T ≤ 0.1, * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001). 



                                                                                                                                                                   Results 

66 | P a g e  

 

3. RESULTS 

3.1 PROJECT I:  ALPHA-SYNUCLEIN GAIN-OF-FUNCTION EFFECTS 
ON CANDIDATE GENES POSSIBLY INVOLVED IN SYNAPTIC PLAS-
TICITY  

The work of the former PhD student Dr A. Kurz focused on the analysis of alpha-synuclein 

dependent effects that possibly underlie PD. In this work markers of alpha-synuclein function 

and pathology were studied in a hypothesis free manner using microarray transcriptome 

analyses of different brain regions obtained from A53T-SNCA overexpressing mice at differ-

ent ages. Besides the hypothesis free microarray analysis that revealed molecular alterations 

within the PrPmtA mouse line, A. Kurz also showed subtle changes in dopamine neurotrans-

mission as well as in synaptic plasticity using an electrophysiological approach (Kurz et al., 

2010, Platt et al., 2012). 

In order to further analyze the molecular mechanism leading to the previously characterized 

long-term depression (LTD) deficiencies as well as to clarify the role of alpha-synuclein gain-

of-function in this process, candidate genes involved in the generation of LTD were validated 

in the striatum and midbrain of A53T-SNCA overexpressing mice using qPCR. Since most PD 

patients do not suffer from monogenic forms of PD but rather from polygenic interactions, a 

mouse model combining the PD-specific stressor of A53T-SNCA overexpression with the ab-

sence of the PD-specific stress response factor PINK1 was generated. Therefore, the well 

characterized PrPmtA mouse line with inbred FVB/N background was crossed to double ho-

mozygosity with the well characterized Pink1KO mouse line in 129/SvEv background. Wild-

type control mice were derived from F1-hybrids of FVB/N and 129/SvEv, aged in parallel to 

the double-mutant mice. In respect to this valuable new mouse model, the candidate gene 

analysis was extended to a hypothesis driven candidate gene analysis in midbrain and stria-

tum of PrPmtA, Pink1KO as well as A53T-SNCA + Pink1KO mice.  

 

3.1.1 Pre- and Post-Synaptic Expression Changes of Glutamate Re-

ceptor Subunits in 6-Month-Old Mice 

The first set of candidate genes possibly involved in the observed LTD deficiencies are subu-

nits of metabotropic and ionotropic glutamate receptors.  Glutamate receptors show a pre- 

and postsynaptic localization and are essential for glutamatergic neurotransmission that is 
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known to play a role in memory, learning and motor control. There are two groups of gluta-

mate receptors, the inotropic and the metabotropic glutamate receptors. Ionotropic gluta-

mate receptors are ligand-gated ion channels mediating glutamatergic neurotransmission. 

Ionotropic glutamate receptors appear in different classes that share a similar structure but 

differ in their agonist sensitivity. Both classes of ionotropic glutamate receptors, AMPA and 

NMDA receptors were found to play a role in synaptic plasticity and are hence highly interest-

ing in respect of the A53T-SNCA overexpressing mouse model that already showed changes 

in neurotransmission and synaptic plasticity using independent techniques. Therefore, this 

hypothesis driven analysis focused on the pre- and postsynaptic expression of AMPA receptor 

(Gria1-Gria4) and NMDA receptor (Grin1, Grin2a-d, Grin3a-b) subunits in 6 month-old PrPm-

tA mice as well as in Pink1KO and A53T-SNCA + Pink1KO mice using qPCR. Metabotropic glu-

tamate receptors are G-protein-coupled receptors that based on sequence similarity and sig-

nal transduction mechanisms, which can be classified into three subgroups. The group I com-

prises Grm1 and Grm5 and is preferentially coupled to the IP3/Ca2+/PKC pathway promoting 

the hydrolysis of phosphoinositides. Group II, comprising Grm 2 and Grm3, as well as group 

III, comprising Grm4, Grm6, Grm7 and Grm8, are negatively coupled to adenylate cyclase 

leading to an inhibition of cAMP formation. Metabotrophic receptors play a modulatory role 

in glutamatergic neurotransmission, they are widely expressed in the basal ganglia and there 

is evidence for metabotropic receptors to be effective therapeutic targets in PD. In this re-

spect the pre- and postsynaptic expression of metabotropic glutamate receptor subunits was 

analyzed in 6-month-old PrPmtA, Pink1KO and A53T-SNCA + Pink1KO mice. In table 2 an 

overview of the glutamate receptor subunit analysis in all three mouse lines at 6-month of 

age is shown. The left rows illustrate results obtained in PrPmtA striatum and midbrain, 

thereafter results obtained in double-mutant mice striatum and midbrain are depicted and 

the last two rows show results obtained in Pink1KO striatum and midbrain tissue. Every sin-

gle subunit was analyzed in the striatum and midbrain tissue of all three mouse lines.  
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Tab. 2  Overview of results obtained in glutamate receptor subunit analysis of the striatum and midbrain of 6-
month-old PrPmtA, A53T-SNCA + Pink1KO and Pink1KO mice using qPCR. Red illustrates significant upregulation, 
yellow a trend towards upregulation, light green a trend towards downregulation and dark green significant 
downregulation. White boxes show unregulated transcripts. Asterisks indicate the degree of significance. 

PrPmtA str PrPmtA mb
Pink1KO + 

A53T-SNCA str
Pink1KO + 

A53T-SNCA mb Pink1KO str Pink1KO mb
Gria1 *
Gria2 ** *
Gria3 *
Gria4 *
Grin1 *

Grin2a *
Grin2b
Grin2c *
Grin2d ** *
Grin3a **
Grin3b * *
Grm1 * *
Grm2 *
Grm3 * **
Grm4
Grm5 **
Grm6
Grm7
Grm8  

Legend
downregulated (Trend)
downregulated (significant)
upregulated (Trend)
upregulated (significant)  

3.1.1.1 PrPmtA Mice Show an Increased Glutamate Receptor Subunit Expres-

sion  

The analysis of ionotropic glutamate receptor subunits revealed an increased upregulation of 

the AMPA receptor subunit Gria2 (Fig. 15A) as well as increased upregulations of the NMDA 

receptor subunits Grin3a and Grin3b (Fig. 15B), in striatal tissue of 6-month-old A53T-SNCA 

overexpressing mice. The analysis of metabotropic glutamate receptor subunits again illus-

trated significant higher transcript levels in the striatum of transgenic compared to wild-type 

mice (Fig. 15C) for Grm1 a group I and Grm3 a group II metabotropic glutamate receptor.  
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Fig. 15 Striatal glutamate receptor subunit analysis in PrPmtA mice. Quantitative analysis of qPCR data from 
striatum of 6-month-old wild-type and PrPmtA mice showed significant higher transcript level for the inotropic 
glutamate receptor subunits Gria2 (A), Grin3a and Grin3b (B) as well as for the metabotropic glutamate receptor 
subunits Grm1 and Grm3 (C). The amount of candidate gene transcripts was normalized relative to the housekeep-
ing gene Tbp. Data are presented as mean + SEM; n=6 WT and 6 PrPmtA. 

 

The analysis of ionotropic glutamate receptor subunits in midbrain depicted significant high-

er transcript levels for the AMPA receptor subunits Gria2, Gria3 and Gria4 (Fig. 16A) as well 

as significant higher transcript levels for the NMDA receptor subunits Grin1, Grin2a and 

Grin2d (Fig. 16B) in 6-month-old PrPmtA compared to wild-type mice. The analysis of 

metabotropic glutamate receptor subunits revealed significant higher group I (Grm1 and 

Grm5), group II (Grm3) and group III (Grm4) transcript levels in midbrain of PrPmtA com-

pared to WT (Fig. 16C). In this analysis the alpha-synuclein gain-of-function was found to in-

crease the transcript levels of ionotropic and metabotropic glutamate receptor subunits both 

in striatal and midbrain tissue.  
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Fig. 16 Midbrain glutamate receptor analysis in PrPmtA mice. Quantitative analysis of qPCR data from mid-
brain of 6-month-old wild-type and PrPmtA mice showed significant higher transcript level for the inotropic glu-
tamate receptor subunits Gria2, Gria3 and Gria4 (A), Grin1, Gin2a and Grin2b (B) as well as for the metabotropic 
glutamate receptor subunits Grm1, Grm3, Grm4 and Grm5 (C). The amount of candidate gene transcripts was nor-
malized relative to the housekeeping gene Tbp. Data are presented as mean + SEM; n=6 WT and 6 PrPmtA. 

 

3.1.1.2 Additional Pink1 Ablation (A53T-SNCA + Pink1KO Mice) Leads to Re-

duced Expression Levels 

The analysis of ionotropic glutamate receptor subunits in A53T-SNCA overexpressing mice 

with additional Pink1 ablation showed significantly reduced striatal transcript levels of Gria1, 

Gria2 and Grin3b in 6 month-old double-mutants compared to the respective wild-type con-

trols (Fig. 17A-B). The striatal transcript level analysis of metabotropic glutamate receptor 

subunits depicted Grm1, a group I member to be significantly and Grm8, a group III member 

to show a trend towards reduction (Fig. 17C). 
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Fig. 17 Striatal glutamate receptor analysis in A53T-SNCA + Pink1KO mice. Quantitative analysis of qPCR data 
from striatum of 6-month-old A53T-SNCA + Pink1KO and wild-type mice showed significant lower transcript level 
for the ionotropic glutamate receptor subunits Gria1, Gria2 (A) and Grin3b (B) as well as for the metabotropic 
glutamate receptor subunit Grm1. A trend towards reduction was found for the group III metabotropic glutamate 
receptor subunit Grm8 (C). The amount of candidate gene transcripts was normalized relative to the housekeeping 
gene Tbp. Data are presented as mean + SEM; n=6 WT and 6 A53T-SNCA + Pink1KO. 

 

The analysis of ionotropic and metabotropic glutamate receptor subunits in midbrain of dou-

ble-mutant mice revealed a significant lower transcript level for Grin2c in 6-month-old dou-

ble-mutant compared to wild-type mice and a trend towards reduction for Grin3a transcript 

level (Fig. 18). In this analysis the impaired stress response through Pink1 ablation in combi-

nation with the PD specific stressor A53T-SNCA overexpression resulted in reduced tran-

script level of ionotropic and metabotropic glutamate receptor subunits both on a pre- and 

postsynaptic level (Fig. 17 - Fig. 18). 
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Fig. 18 Midbrain glutamate receptor analysis in A53T-SNCA + Pink1KO mice. Quantitative analysis of qPCR 
data from midbrain of 6-month-old A53T-SNCA + Pink1KO and wild-type mice showed a significant lower tran-
script level for the ionotropic glutamate receptor subunit Grin2c and a trend towards reduction for Grin3a. The 
amount of candidate gene transcripts was normalized relative to the housekeeping gene Tbp. Data are presented 
as mean + SEM; n=6 WT and 6 A53T-SNCA + Pink1KO. 

 

3.1.1.3 Exclusive Pink1 Ablation has Only Minor Effects on Glutamate Receptor 

Subunit Expression 

In order to study the effect of Pink1 ablation itself onto transcript level of glutamate receptor 

subunits, the analysis was conducted in Pink1KO mice and their respective wild-type control 

mice at the age of 6 months. The analysis revealed a significant reduction in striatal tissue of 

the ionotropic glutamate receptor subunit transcript level Grin2d (Fig. 19B), whereas for 

Gria1 a trend towards induction was observed (Fig. 19A). The transcript level analysis of 

metabotropic glutamate receptor subunits in the striatum of Pink1KO mice depicted a trend 

towards reduction for Grm8 (Fig. 19C).  
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Fig. 19 Striatal glutamate receptor analysis in Pink1KO mice. Quantitative analysis of qPCR data from striatum 
of 6-month-old Pink1KO and wild-type mice showed a significant lower transcript level for the ionotropic gluta-
mate receptor subunit Grin2d (B) and a trend towards induction for Gria1 (A). A trend towards reduction was also 
found for the group III metabotropic glutamate receptor subunit Grm8 (C). The amount of candidate gene tran-
scripts was normalized relative to the housekeeping gene Tbp. Data are presented as mean + SEM; n=5 WT and 5 
Pink1KO. 

 

The presynaptic transcript level analysis of ionotropic and metabotropic glutamate receptor 

subunits obtained a significantly reduced Grm2 transcript level in midbrain of 6-month-old 

Pink1KO compared to wild-type mice (Fig. 20). The comparative analysis of all three mouse 

lines illustrated that Pink1 ablation exclusively has only a minor impact on the pre- and 

postsynaptic expression of glutamate receptor subunits, whereas alpha-synuclein gain-of-

function showed substantial stronger transcriptional effects (Tab. 2). 
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Fig. 20 Midbrain glutamate receptor analysis in Pink1KO mice. Quantitative analysis of qPCR data from mid-
brain of 6-month-old Pink1KO and wild-type mice showed a significant lower transcript level for the metabotropic 
glutamate receptor subunit Grm2. The amount of candidate gene transcripts was normalized relative to the 
housekeeping gene Tbp. Data are presented as mean + SEM; n=5 WT and 5 Pink1KO. 

 

3.1.2 Pre- and Post-Synaptic Expression Changes of Scaffolding Pro-

teins in 6-Month-Old Mice 

The next candidate genes possibly involved in the documented LTD deficiency were the scaf-

folding proteins Homer1 and PSD95. LTD is known to involve the generation of cAMP/cGMP, 

the phosphorylation of relevant proteins, calcium influx as well as the initiation of immediate 

early genes in an immediate response, as well as changes of glutamate receptor trafficking in 

a chronic response. Homer1 assembles group I metabotropic glutamate receptors and cou-

ples them to inositol trisphosphate receptors or ion-channels and therefore modulates synap-

togenesis. It is also well understood that excessive synaptic activity induces the expression of 

the dominant negative isoform Homer1a that is acting as endogenous negative modulator of 

mGluR/IP3 receptor signaling and therefore prevents excessive glutamate-induced neuronal 

activity. Psd95 assembles ionotropic NMDA receptors and shaker type potassium channels. 

Psd95 is essential for NMDA receptor signaling associated forms of synaptic plasticity. Both 

scaffolding proteins are potentially involved in processes of impaired neurotransmission and 

LTD deficiency that was observed in A53T-SNCA overexpressing mice and were therefore 

studied in the PrPmtA mouse line. The analysis of Homer1 and Psd95 in double-mutant and 

Pink1KO mice can provide further information about common downstream pathways. An 

overview of results obtained in the pre- and postsynaptic analysis of 6-month-old mice is 

shown in table 3, where green represents downregulated and red upregulated transcript lev-

els. 
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Tab. 3 Overview of results obtained in the analysis of the scaffolding proteins Homer1 and Psd95 in the striatum 
and midbrain of 6-month-old PrPmtA, A53T-SNCA + Pink1KO and Pink1KO mice using qPCR. Red illustrates signif-
icant upregulation and green significant downregulation. White boxes show unregulated transcripts. Asterisks 
indicate the degree of significance. 

PrPmtA str. PrPmtA mb
Pink1KO + 

A53T-SNCA str
Pink1KO +  

A53T- SNCA mb Pink1KO str. Pink1KO mb
Homer1 *** ** *** *** *

Psd95 **  

Legend
downregulated (significant)
upregulated (significant)  

3.1.2.1 PrPmtA Mice Show an Reduced Homer1 and Increased Psd95 Expression   

The analysis of Homer1 and Psd95 transcript level in striatal and midbrain tissue of 6-month-

old A53T-SNCA overexpressing mice revealed significantly reduced pre- and postsynaptic 

level of Homer1 as well as increased postsynaptic Psd95 transcript level in PrPmtA compared 

to wild-type mice (Fig. 21).  

 

Fig. 21 Striatal scaffolding protein analysis in PrPmtA mice. Quantitative analysis of qPCR data from striatum 
and midbrain of 6-month-old PrPmtA and wild-type mice showed a significant lower Homer1 transcript level in 
striatum and midbrain as well as significantly higher Psd95 transcript level in midbrain. The amount of candidate 
gene transcripts was normalized relative to the housekeeping gene Tbp. Data are presented as mean + SEM; n=6 
WT and 6 PrPmtA. 
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3.1.2.2 Additional Pink1 Ablation (A53T-SNCA + Pink1KO Mice) Maintains Re-

duced Homer1 Expression but not Psd95 

The transcript level analysis of the scaffolding proteins Homer1 and Psd95 in A53T-SNCA 

overexpressing mice with additional Pink1 ablation demonstrated significantly reduced pre- 

and postsynaptic Homer1 transcript levels (Fig. 22), whereas Psd95 level were unchanged. 

The additional Pink1 ablation maintained or even supported the alpha-synuclein gain-of-

function dependent effects on Homer1 expression but altered the one responsible for Psd95. 

 

Fig. 22 Striatal and midbrain analysis of scaffolding proteins in A53T-SNCA + Pink1KO mice. Quantitative 
analysis of qPCR data from striatum and midbrain of 6-month-old A53T-SNCA + Pink1KO and wild-type mice 
showed a significant lower Homer1 transcript level in striatum and midbrain. The amount of candidate gene tran-
scripts was normalized relative to the housekeeping gene Tbp. Data are presented as mean + SEM; n=6 WT and 6 
A53T-SNCA + Pink1KO. 

 

3.1.2.3 Exclusive Pink1 Ablation Affects Homer1 Expression only in the Striatum 

In order to depict effects that are exclusive to Pink1 ablation, Homer1 and Psd95 transcript 

level were analyzed in striatal and midbrain tissue of 6-month-old Pink1KO mice. The analy-

sis exhibited reduced postsynaptic Homer1 transcript level but no presynaptic alterations 

(Fig. 23). Regarding Psd95, neither pre- nor postsynaptic alterations were detectable, sug-

gesting alpha-synuclein gain-of-function having the dominant effect on Homer1 and Psd95 

expression. Accordingly, Pink1 ablation without a cellular stressor has only minor effects on 

transcript regulation and hence synaptic plasticity. 
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Fig. 23 Striatal analysis of scaffolding proteins in Pink1KO mice. Quantitative analysis of qPCR data from stria-
tum of 6-month-old Pink1KO and wild-type mice showed a significant lower Homer1 transcript level. The amount 
of candidate gene transcripts was normalized relative to the housekeeping gene Tbp. Data are presented as mean 
+ SEM; n=5 WT and 5 Pink1KO. 

 

3.1.3 Pre- and Post-Synaptic Expression Changes of Immediate-

Early-Genes and Transcription Factors in 6-Month-Old Mice 

As previously mentioned, one of the earliest effects of LTD involves the initiation of immedi-

ate-early-gene (IEG) transcripts. Therefore, the next transcript analysis focused on immedi-

ate-early-genes that are known to mediate neuronal excitability. The analysis focused on Arc 

since Arc is a stabilizer of synaptic plasticity that regulates the endocytosis of AMPA recep-

tors. cFos was studied due to its important role in signal transduction as well as the high in-

ducibility in striatal medium spiny neurons by D1 receptor stimulation (Graybiel et al., 1990, 

Young et al., 1991). Just as cFos, JunB and FosB are transcription factors that are activated in 

response to stimuli such as growth factors. The transcription factor Creb1 is the cAMP-

responsive element binding protein 1, a sequence that is present in many cellular promoters. 

Creb1 is involved in the neuroprotective response to pathophysiological effectors (for review 

see(Sakamoto et al., 2011)) and was found to be necessary in the formation of late phase LTD 

in Purkinje cells derived from mice (Ahn et al., 1999). Egr1 and Egr2 are transcriptional regu-

lator that specifically activate the transcription of their target genes. They are induced by a 

variety of extracellular stimuli such as synaptic activity and long-term potentiation. Foxo3 is a 

transcriptional activator initiating apoptosis in absence of survival factors or in consequence 

to oxidative stress. Nr4a1, Nr4a2 and Nr4a3 are members of the nuclear hormone receptor 

superfamily also known as Nur77, Nurr1 and NOR1 playing an important role in the adaption 

and homeostatic regulation of the dopaminergic system (Maxwell and Muscat, 2006). In or-

der to further understand the molecular effect of alpha-synuclein gain-of-function on LTD, 

IEGs were investigated in all three mouse lines (PrPmtA, Pink1KO and A53T-SNCA + 
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Pink1KO) at the age of 6 month. An overview of results obtained in this analysis is shown in 

table 4, where green represents significantly downregulated transcript level, light green a 

trend towards downregulation, yellow a trend towards upregulation and red significantly 

upregulated transcript level. Asterisks indicate the degree of significance. 

 

Tab. 4 Overview of results obtained in the analysis of immediate early genes and transcription factors in the stria-
tum and midbrain of 6-month-old PrPmtA, A53T-SNCA + Pink1KO and Pink1KO mice using qPCR. Red illustrates 
significant upregulation, yellow a trend towards upregulation, light green a trend towards downregulation and 
dark green significant downregulation. White boxes show unregulated transcripts. Asterisks indicate the degree of 
significance. 

PrPmtA str PrPmtA mb
Pink1KO + 

A53T-SNCA str
Pink1KO +     

A53T-SNCA mb Pink1KO str Pink1KO mb
Arc **
cFos * ** *

Creb1 **
FosB * * ***
Egr1 *** *
Egr2 ** * **

Foxo3
JunB *** ***

Nur77 ** * ***
Nurr1 *
NOR1 *** ** * ***  

Legend
downregulated (Trend)
downregulated (significant)
upregulated (Trend)
upregulated (significant)  

3.1.3.1 PrPmtA Mice Show a Reduced Expression of Immediate-Early-Genes and 

Transcription Factors 

The postsynaptic analysis of immediate-early-genes and transcription factors in 6-month-old 

A53T-SNCA overexpressing mice revealed a significant reduction for most of the analyzed 

transcript levels. Significantly reduced transcript level were observed for Arc (Fig. 24A), cFos 

(Fig. 24B), FosB (Fig. 24C), Egr1 (Fig. 24D), Egr2 (Fig. 24E), NOR1 (Fig. 24G) and Nur77 (Fig. 

24H). The transcript level of Foxo3 was found to show a trend towards upregulation (Fig. 

24F). The analysis of Creb1, JunB and Nurr1 observed no alterations in striatal tissue of 6-

month-old PrPmtA mice compared to wild-type.  
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Fig. 24 Striatal analysis of immediate early genes and transcription factors in PrPmtA mice. Quantitative 
analysis of qPCR data from striatum of 6-month-old wild-type and PrPmtA mice showed significant lower tran-
script level for the IEGs and transcription factors Arc (A), cFos (B), FosB (C), Egr1 (D), Egr2 (E), NOR1 (G) and 
Nur77 (H). Transcript level of the transcriptional activator Foxo3 was found to show a trend towards increased 
level (F). The amount of candidate gene transcripts was normalized relative to the housekeeping gene Tbp. Data 
are presented as mean + SEM; n=6 WT and 6 PrPmtA. 

 

The presynaptic analysis of immediate-early-genes and transcription factors in 6-month-old 

PrPmtA and wild-type mice revealed again significant lower transcript level for cFos (Fig. 

25A), Egr1 (Fig. 25B), NOR1 (Fig. 25C) and Nur77 (Fig. 25D). The transcript level analysis of  

immediate-early-genes and transcription factors in A53T-SNCA overexpressing mice showed 

a consistent downregulation in striatal and midbrain tissue at the age of 6 months, represent-

ing a molecular readout of the electrophysiologically characterized LTD deficiency. 

 

Fig. 25 Midbrain analysis of immediate early genes and transcription factors in PrPmtA mice. Quantitative 
analysis of qPCR data from midbrain of 6-month-old wild-type and PrPmtA mice showed significant lower tran-
script level for the IEG and transcription factors cFos (A), Egr1 (B), NOR1 (C) and Nur77 (D). The amount of candi-
date gene transcripts was normalized relative to the housekeeping gene Tbp. Data are presented as mean + SEM; 
n=6 WT and 6 PrPmtA. 
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3.1.3.2 Additional Pink1 Ablation (A53T-SNCA + Pink1KO Mice) Maintains a Re-

duced Expression of Immediate-Early-Genes and Transcription Factors 

The analysis of immediate-early-genes and transcription factors was thereafter performed in 

striatal and midbrain tissue of 6-month-old double-mutant mice, where the PD specific 

stressor A53T-SNCA overexpression is combined with the loss of PINK1-dependent stress 

response. The postsynaptic analysis revealed significantly reduced transcript level for FosB 

(Fig. 26A), JunB (Fig. 26B), NOR1 (Fig. 26C) and Nur77 (Fig. 26D).  

 

Fig. 26 Striatal analysis of immediate early genes and transcription factors in A53T-SNCA + Pink1KO mice. 
Quantitative analysis of qPCR data from striatum of 6-month-old A53T-SNCA + Pink1KO and wild-type mice 
showed significant lower transcript levels for the IEGs and transcription factors cFos (A), JunB (B), NOR1 (C) and 
Nur77 (D). The amount of candidate gene transcripts was normalized relative to the housekeeping gene Tbp. Data 
are presented as mean + SEM; n=6 WT and 6 A53T-SNCA + Pink1KO. 

 

The presynaptic analysis of immediate-early-genes and transcription factors depicted again a 

significant reduction for most of the analyzed transcript levels (Fig. 27). cFos (Fig. 27A), Creb1 

(Fig. 27B), FosB (Fig. 27C), Egr2 (Fig. 27D), JunB (Fig. 27E), NOR1 (Fig. 27F), Nurr1 (Fig. 27G) 

and Nur77 (Fig. 27H) were found significantly downregulated in midbrain tissue of 6-month-

old double-mutant mice compared to wild-type. The consistent downregulation of immedi-

ate-early-genes and transcription factors in striatal and midbrain tissue of PrPmtA and dou-

ble-mutant mice illustrates the strong influence of alpha-synuclein gain-of-function onto syn-

aptic plasticity that is, at the observed age, shifted from a mainly postsynaptic to a predomi-

nantly presynaptic effect through additional Pink1 ablation.  
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Fig. 27 Midbrain analysis of immediate early genes and transcription factors in A53T-SNCA + Pink1KO 
mice. Quantitative analysis of qPCR data from midbrain of 6-month-old A53T-SNCA + Pink1KO and wild-type mice 
showed significant lower transcript levels for the IEGs and transcription factors cFos (A), Creb1 (B), FosB (C), Egr2 
(D), JunB (E), NOR1 (F), Nurr1 (G) and Nur77 (H). The amount of candidate gene transcripts was normalized rela-
tive to the housekeeping gene Tbp. Data are presented as mean + SEM; n=6 WT and 6 A53T-SNCA + Pink1KO. 

 

3.1.3.3 Exclusive Pink1 Ablation has only Minor Effects on the Expression of 

Immediate-Early-Genes and Transcription Factors 

In order to depict the effect of Pink1 ablation onto the transcript level of immediate-early-

genes and transcription factors, the same analysis was performed in striatal and midbrain 

tissue of 6-month-old Pink1KO mice compared to the respective wild-type controls. This 

analysis showed no significant alterations in striatal transcript levels, but depicted a trend 

towards upregulation for cFos (Fig. 28A) and a trend towards downregulation for Nurr1 (Fig. 

28B).  
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Fig. 28 Striatal analysis of immediate early genes and transcription factors in Pink1KO mice. Quantitative 
analysis of qPCR data from striatum of 6-month-old Pink1KO and wild-type mice showed a trend towards in-
creased transcript level for the IEGs and transcription factors cFos (A) as well as a trend towards reduced tran-
script level for Nurr1 (B). The amount of candidate gene transcripts was normalized relative to the housekeeping 
gene Tbp. Data are presented as mean + SEM; n=5 WT and 5 Pink1KO. 

 

The presynaptic analysis of 6-month-old Pink1KO mice compared to wild-type controls, ob-

served significantly reduced transcript levels for the transcriptional regulator Egr2 (Fig. 29A) 

and a trend towards reduction for the nuclear hormone receptor NOR1 (Fig. 29B). In contrast 

with the expression changes obtained in the analysis of PrPmtA or double-mutant mice, Pink1 

ablation has only minor effects on the expression of immediate-early-genes and transcription 

factors. Therefore, the huge expression alterations observed in PrPmtA and double-mutant 

mice are clearly effects of alpha-synuclein gain-of-function. 

 

 

Fig. 29 Midbrain analysis of immediate early genes and transcription factors in Pink1KO mice. Quantitative 
analysis of qPCR data from midbrain of 6-month-old Pink1KO and wild-type mice showed significant reduced 
transcript level for the IEGs and transcription factors Egr2 (A) as well as a trend towards reduced transcript level 
for NOR1 (B). The amount of candidate gene transcripts was normalized relative to the housekeeping gene Tbp. 
Data are presented as mean + SEM; n=5 WT and 5 Pink1KO. 
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3.1.4 Pre- and Post-Synaptic Expression Changes of Additional Can-

didate Genes in 6-Month Old Mice 

In a last approach of analyzing transcript levels that possibly reflect the observed LTD defi-

ciency as well as the impaired neurotransmission, additional hypothesis driven candidates 

were chosen and analyzed mainly in the A53T-SNCA overexpressing mouse line but also in 

the double-mutant and Pink1KO line. The first candidate of interest is Bad, Bcl2-assosiated 

agonist of cell death. Bad indirectly promotes apoptosis by sequestering the anti-apoptotic 

BCL-2 proteins (Yang et al., 1995). Apoptosis was already described in 1991 to play a role in 

PD (Dipasquale et al., 1991) and furthermore A53T-SNCA overexpressing mice have been 

shown to express markers of apoptosis in neocortex, brainstem and spinal cord (Martin et al., 

2006). The next candidate IP3R, inositol 1,4,5-trisphosphate receptor, was chosen due to its 

ability to associate with Homer1 (Tu et al., 1998). In this context IP3R could interact with 

other association partners of Homer1 such as metabotropic glutamate receptors and affect 

neural functions. IP3 receptor function has also been widely studied in the cerebellum, where 

a loss of IP3R leads to abnormal dendritic morphology (Hisatsune et al., 2006). In this context 

a mediator of G-protein coupled signaling, RGS2, was studied. RGS2 is a member of the RGS 

family that regulated G-protein signaling and therefore the intercellular communication. 

RGS2 is a substrate specific inhibitor of Gqα that is involved in inositol lipid signaling 

(Heximer et al., 1997) and was therefore studied in this approach. Pcbd1 is a dehydratase that 

is involved in the biosynthesis of tetrahydrobiopterin (BH4) (Thony et al., 2000). In the nerv-

ous system BH4 has been found to enhance dopamine release (Koshimura et al., 1990) and 

decreased levels are associated with PD (Curtius et al., 1984). In this respect, Pcbd1 was stud-

ied in all three mouse lines. Sqstm1 also known as p62 is involved in the degradation of pro-

teins through the proteasome or lysosome (Vadlamudi et al., 1996) and Braak showed p62 

positive nerve cells in the hypothalamus and brainstem of PD patients (Braak et al., 2011), 

highlighting its importance in PD research. The last candidate of interest is tachykinin 1 

(Tac1), a gene encoding the neuropeptides substance P and neurokinin A that are implicated 

in the modulation of glutamate-driven neurotransmission and excitotoxicity (Vargas et al., 

2005). Table 5 shows an overview of results obtained in the transcript level analysis of the 

previously mentioned candidate genes in 6-month-old mice. The analysis focused on striatal 

and midbrain tissue of PrPmtA, A53T-SNCA + Pink1KO and Pink1KO mice. The left rows show 

results obtained in PrPmtA striatum and midbrain, thereafter results obtained in double-

mutant mice striatum and midbrain are depicted and the last two rows illustrate results ob-

tained in Pink1KO striatum and midbrain tissue.  
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Tab. 5 Overview of results obtained in the pre- and postsynaptic analysis of additional candidate genes in 6-
month-old PrPmtA, A53T-SNCA + Pink1KO and Pink1KO mice using qPCR. Red illustrates significant upregulation, 
yellow a trend towards upregulation, light green a trend towards downregulation and dark green significant 
downregulation. White boxes show unregulated transcripts and grey boxes indicate untested genes. Asterisks 
indicate the degree of significance. 

PrPmtA str PrPmtA mb
Pink1KO + 

A53T-SNCA str
Pink1KO + 

A53T-SNCA mb Pink1KO str Pink1KO mb
Bad **
IP3R ** **

Pcbd1 **
RGS2 ***

Sqstm1 * *
Tac1 **  

Legend
downregulated (Trend)
downregulated (significant)
upregulated (Trend)
upregulated (significant)
not tested  

 

3.1.4.1 PrPmtA Mice Show an Increased Expression of Pcbd1, Bad, Tac1, Sqstm1, 

IP3R and RGS2 

The analysis of hypothesis driven additional candidate genes in A53T-SNCA overexpressing 

mice revealed significantly increased transcript levels for Bad (Fig. 30A), IP3R (Fig.30B) and 

Pcbd1 (Fig. 30C) in striatal tissue of 6-month-old PrPmtA compared to wild-type mice, 

whereas the striatal transcript level analysis of Tac1 obtained a trend towards induction (Fig. 

30E). In contrast, transcript levels of RGS2 were found significantly reduced in PrPmtA com-

pared to wild-type mice (Fig. 30D). 
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Fig. 30 Striatal analysis of additional candidates in PrPmtA mice. Quantitative analysis of qPCR data from 
striatum of 6-month-old wild-type and PrPmtA mice showed significantly higher transcript level for Bad (A), IP3R 
(B) and Pcbd1 (C). Transcript levels of Tac1 (E) showed a trend towards induction and of RGS2 (D) were found 
significantly reduced. The amount of candidate gene transcripts was normalized relative to the housekeeping gene 
Tbp. Data are presented as mean + SEM; n=6 WT and 6 PrPmtA. 

 

The presynaptic transcript level analysis of additional candidate genes observed again signif-

icantly reduced expression levels for IP3R (Fig. 31A) and Tac1 (Fig. 31C) whereas reduced 

Sqstm1 transcript level was exclusively found in midbrain of A53T-SNCA overexpressing mice 

(Fig. 31B). In summary the hypothesis driven transcript level analysis of additional candidate 

genes possibly involved in molecular mechanism of synaptic plasticity and neurotransmis-

sion substantiates the hypothesis of impaired neurotransmission and LTD deficiencies to oc-

cur as an early effect of alpha-synuclein gain-of-function that is effectively compensated in 

early ages and becomes prominent in old age. 
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Fig. 31 Midbrain analysis of additional candidates in PrPmtA mice. Quantitative analysis of qPCR data from 
midbrain of 6-month-old wild-type and PrPmtA mice showed significantly higher transcript level for IP3R (A), 
Sqstm1 (B) and Tac1 (C). The amount of candidate gene transcripts was normalized relative to the housekeeping 
gene Tbp. Data are presented as mean + SEM; n=6 WT and 6 PrPmtA. 

 

3.1.4.2 Additional Pink1 Ablation (A53T-SNCA + Pink1KO Mice) Leads to Re-

duced Expression Level for Sqstm1 

The pre- and postsynaptic transcript level analysis of additional candidate genes in double-

mutant mice revealed a trend towards downregulation for Tac1 in striatal tissue (Fig. 32A) as 

well as significantly reduced Sqstm1 transcript level in midbrain (Fig. 32B). In comparison to 

PrPmtA mice, double-mutant mice showed only minor transcript level alteration. 

 

Fig. 32 Striatal and midbrain analysis of additional candidates in A53T-SNCA + Pink1KO mice. Quantitative 
analysis of qPCR data from striatum and midbrain of 6-month-old A53T-SNCA + Pink1KO and wild-type mice 
showed a significant lower Sqstm1 transcript level in midbrain (B) and a trend towards reduced Tac1 transcript 
level in striatal tissue (A). The amount of candidate gene transcripts was normalized relative to the housekeeping 
gene Tbp. Data are presented as mean + SEM; n=6 WT and 6 A53T-SNCA + Pink1KO. 
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3.1.4.3 Exclusive Pink1 Ablation has no Effect on the Expression of Pcbd1, Bad, 

Tac1 and Sqstm1 

The pre- and postsynaptic transcript level analysis of Bad, Pcbd1, Sqstm1 and Tac1 revealed 

no expression alteration in Pink1KO mice compared to wild-type controls (Tab. 5). Therefore, 

exclusive Pink1 ablation has no effects on the gene expression of analyzed candidates. Hence 

the observed expression alterations in PrPmtA and double-mutant mice result from alpha-

synuclein gain-of-function rather than Pink1 ablation or the background of the mouse strain. 

 

3.1.5 Analysis of 3-Month-Old PrPmtA Mice to Depict the Earliest Ef-

fects of Alpha-Synuclein Gain-of-Function  

Most transcript level alterations were observed in PrPmtA mice, the mouse line that was pre-

viously proven to show impaired neurotransmitter release and LTD deficiency. For this rea-

son the upcoming analysis, to depict the earliest effects of alpha-synuclein gain-of-function, 

was done exclusively in PrPmtA mice and their respective controls. In order to depict the ear-

liest effects of alpha-synuclein gain-of-function all candidates that were found significantly 

regulated in striatal or midbrain tissue of 6-month-old mice were analyzed in striatal and 

midbrain tissue of 3-month-old PrPmtA and wild-type mice using qPCR.  

 

3.1.5.1 The Regulation of Glutamate Receptor Subunits Appears with Age Pro-

gression and is not Present in Young Mice 

Among the first results of the hypothesis driven transcript level analysis in A53T-SNCA over-

expressing mice to depict molecular alterations possibly reflecting alpha-synuclein gain-of-

function dependent effects on neurotransmission and LTD, were expression changes in subu-

nits of glutamate receptors (Tab. 2). In order to analyze if glutamate receptor alterations are 

among the earliest detectable effects of alpha-synuclein overexpression, transcript level of 

glutamate receptor subunits that were shown to be significantly regulated in 6-month-old 

PrPmtA compared to wild-type mice, were studied in 3-month-old striatal and midbrain tis-

sue. In this early age no significant expression changes were observed (Tab. 6), demonstrat-

ing that the regulation of glutamate receptor subunits appears with age progression and is 

therefore not present in young mice.   
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Tab. 6 Overview of pre- and postsynaptic results obtained in the glutamate receptor subunit analysis of 3-month-
old PrPmtA mice using qPCR. 

PrPmtA str PrPmtA mb
Gria2 ns ns
Gria3 ns ns
Gria4 ns ns

Grin1 ns ns
Grin2a ns ns
Grin2d ns ns
Grin3a ns ns
Grin3b ns ns

Grm1 ns ns
Grm3 ns ns
Grm4 ns ns
Grm5 ns ns

 

 

3.1.5.2 Among the Earliest Effects of Alpha-Synuclein Gain-of-Function are Ex-

pression Alterations for Homer1, cFos, NOR1, Nurr1 and Nur77 

Continuing the approach to detect the earliest effects of alpha-synuclein gain-of-function the 

scaffolding proteins Homer1 and Psd95 (Tab. 3), immediate-early-genes and transcription 

factors that were significantly regulated in 6-month-old mice (Tab. 4) as well as the hypothe-

sis driven additional candidate genes (Tab. 5) were  studied in striatal and midbrain tissue of 

3-month-old PrPmtA compared to wild-type mice. Among the earliest postsynaptic effects of 

alpha-synuclein gain-of-function was a significantly reduced Homer1 (Fig. 33B) transcript 

level as well as an increased expression of the nuclear hormone receptor superfamily mem-

bers NOR1 (Fig. 33C) and Nur77 (Fig. 33D). cFos (Fig. 33A) and RGS2 (Fig. 33E) transcript lev-

el were found to show a trend towards induction in 3-month-old PrPmtA compared to wild-

type mice. Comparing the transcript level of 6-month-old with those obtained in 3-month-old 

PrPmtA (compared to wild-type mice), only Homer1 is consistently downregulated whereas 

cFos, NOR1, Nur77 and RGS2 change from early upregulated to later downregulated with age 

progression. 
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Fig. 33 Striatal analysis of the earliest effects in PrPmtA mice. Quantitative analysis of qPCR data from stria-
tum of 3-month-old wild-type and PrPmtA mice showed a significantly lower transcript levels for Homer1 (B). 
NOR1 (C) and Nur77 (D) levels were found significantly increased, whereas cFos (A) and RGS2 (E) showed a trend 
towards induction. The amount of candidate gene transcripts was normalized relative to the housekeeping gene 
Tbp. Data are presented as mean + SEM; n=5 WT and 5 PrPmtA. 

 

The presynaptic analysis revealed again Homer1 to be one of the earliest effects of alpha-

synuclein gain-of-function being significantly reduced in midbrain of 3-month-old PrPmtA 

compared to wild-type mice (Fig. 34B). The transcript level analysis of midbrain tissue de-

picted cFos as well as all three members of the nuclear hormone receptor superfamily NOR1 

(Fig. 34C), Nurr1 (Fig. 34D) and Nur77 (Fig. 34E) to be significantly increased again display-

ing the expression change occurring with age progression from early upregulated to later 

downregulated. 
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Fig. 34 Striatal analysis of the earliest effects in PrPmtA mice. Quantitative analysis of qPCR data from mid-
brain of 3-month-old wild-type and PrPmtA mice showed a significantly lower transcript levels for Homer1 (B). 
cFos (A), NOR1 (C), Nurr1 (D) and Nur77 (E) levels were found significantly increased. The amount of candidate 
gene transcripts was normalized relative to the housekeeping gene Tbp. Data are presented as mean + SEM; n=5 
WT and 5 PrPmtA. 
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3.2 PROJECT II: THE IMPACT OF ALPHA-SYNUCLEIN GAIN-OF-
FUNCTION ON THE BEHAVIORAL AND MOLECULAR RESPONSE TO 
APOMORPHINE TREATMENT 

After several years, most PD patients treated with L-DOPA develop severe side effects known 

as L-DOPA induced dyskinesia (LID). The underlying pathophysiological concept says, that 

LID results both from pre- and postsynaptic abnormalities in dopamine signaling as well as 

changes in synaptic plasticity (reviewed in (Brotchie and Jenner, 2011, Fisone and Bezard, 

2011, Murer and Moratalla, 2011, Ghiglieri et al., 2012, Cenci, 2014)). In order to understand 

the correlation between abnormal involuntary movements and striatal postsynaptic super-

sensitivity, neurotoxin-induced lesion models were studied. These studies revealed the in-

duction of immediate early genes like cFos and ERK1/2 phosphorylation to be the earliest 

molecular readouts of postsynaptic supersensitivity.  Neurotoxin-induced lesion models 

mimic a static model of late stage PD and hence are constricted in studying the alpha-

synuclein driven PD progression. 

Previous studies of the A53T-SNCA overexpressing mouse model mimicking presymptomatic 

stages of PD, showed altered neurotransmission to be an early effect of alpha-synuclein gain-

of-function. In order to study if presymptomatic stages of PD already involve an altered 

postsynaptic sensitivity, a dopaminergic challenge was applied to PrPmtA mice by injecting 

apomorphine. For the first time, the behavioral and molecular response in respect of altered 

striatal postsynaptic sensitivity to the dopaminergic challenge in a genetic model of alpha-

synucleinopathy was analyzed. 

 

3.2.1 PrPmtA Mice Show Increased Involuntary Movements with 

Stereotypic and Dystonic Features after Apomorphine Treatment 

The behavioral analysis of A53T-SNCA overexpressing mice aged to 18 months and their cor-

responding control animals (FVB/N) revealed, that a single subcutaneous injection of 5 

mg/kg apomorphine or the respective volume of vehicle, significantly induced the frequency 

and severity of involuntary movements with stereotypic and dystonic features in PrPmtA 

compared to WT mice. In figure 35, representative pictures of quantified behavioral observa-

tions after apomorphine treatment are illustrated both for PrPmtA and WT mice.  
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Fig. 35 Representative pictures of PrPmtA and WT mice after treatment with 5 mg/kg apomorphine. Panel 
A shows pictures representing horizontal activity of PrPmtA and WT mice, B pictures representing forelimb tap-
ping, C hyperextension of the body and neck and D pictures representing head bobbing in PrPmtA and WT mice. 
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The quantitative analysis focused on involuntary movements with stereotypic or dystonic 

features namely, stereotypic licking; head bobbing; forelimb tapping and persistent hyperex-

tension of the body and the neck as well as on the analysis of locomotor impairments by scor-

ing horizontal movements (Fig. 36).  

 

 

Fig. 36 Quantitative analysis of stereotypic behavior within 100 min sessions following apomorphine 
treatment. Time point 0 shows untreated mice. A shows the quantitative analysis of horizontal activity, B the 
forelimb tapping scores, C score of head hyperextension and D the quantification of head bobbing. Repeated 
measures ANOVA: a time F(5, 165)=31.05, P<0.0001; interaction F(5, 165)=1.57, P=0.1700; group F(1, 33)=20.04, 
P<0.0001; b time F(5, 165)=11.12, P<0.0001; interaction F(5, 165)=1.068, P=0.3801; group F(1, 33)=4.259, 
P=0.0470; c time F(5, 165)=8.543, P<0.0001; interaction F(5, 165)=2.074, P=0.0711; group F(1, 33)=13.48, 
P=0.0008; d time F(5, 160)=22.19, P<0.0001; interaction F(5, 160)=3.616, P=0.004; group F(1, 32)=23.34, 
P<0.0001 (n=17 WT vs. 18 PrPmtA; T≤0.1, *P≤0.05; **P≤0.01; ***P≤0.001) 

 
Since stereotypic involuntary movements (SIM) affect the animals´ locomotor abilities, hori-

zontal activity was measured (Fig. 36A). PrPmtA mice showed reduced spontaneous horizon-

tal activity prior to apomorphine treatment (time point 0) illustrating the well-established 

phenotype of alpha-synuclein overexpression (Gispert et al., 2003). After apomorphine 

treatment both mouse lines showed strongly impaired horizontal locomotor abilities but WT 

mice showed a gradual recovery that differed significantly from PrPmtA mice. Therefore, 100 

min after apomorphine treatment WT mice showed significantly higher scores of horizontal 
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activity compared to PrPmtA mice (Fig. 36A). Prior to apomorphine treatment no SIMs were 

observed (time point 0 in Fig. 36B-D) in PrPmtA or WT mice, indicating that SIMs are clearly 

apomorphine induced. Forelimb tapping, licking and head bobbing were analyzed and quanti-

fied as SIM with stereotypic features (Fig. 36B, D). Forelimb tapping scores were persistently 

higher in PrPmtA than in WT mice but failed to reach statistical significance during the ob-

servation period (Fig. 36B). Axial hyperextension, a dystonic feature of SIMs, was very infre-

quent in WT but prominent in PrPmtA mice (Fig. 36C), with PrPmtA mice showing signifi-

cantly higher scores 20 min after apomorphine treatment. Head bobbing as stereotypic fea-

ture of SIMs, was scored higher in PrPmtA mice at every observed time point with 40, 60, 80 

and 100 min after treatment being significantly different to WT mice (Fig. 36D). The quantita-

tive analysis of stereotypic licking, rearing and rotation events revealed no differences for 

PrPmtA and WT mice, and is therefore not shown.  

 

3.2.2 Immunohistochemical Analysis of PrPmtA mice Reveals Alpha-

Synuclein Overexpression without Dopaminergic Cell Loss  

Previous studies of the A53T-SNCA overexpressing mouse model used IHC, immunogold elec-

tron microscopy as well as immunofluorescence to study the transgenic expression pattern in 

this mouse model (Gispert et al., 2003). These previous studies were performed in mice of 1 

to 16 months of age. In the present approach 18-month-old female mice were used and there-

fore an additional characterization of SNCA protein distribution at this advanced age was per-

formed. The antibody used for immunohistochemistry detects both, the human and murine 

alpha-synuclein binding to its central domain resulting in a pale background staining in sec-

tions of wild-type mice (Fig. 37A, C, E). Figure 37 shows representative pictures of cortex, 

striatum and substantia nigra in wild-type and transgenic mice, with higher magnification 

pictures present for each brain region (i-ii). Transgenic mice, as expected, displayed an en-

hanced SNCA immunoreactivity in synapses, showing a fine granular pattern in cortical and 

striatal sections (Fig. 37B, D). In the substantia nigra of transgenic mice the immunohistologi-

cal analysis showed a coarser-grained emergence of SNCA along neurites (Fig. 37F). In order 

to study morphological circumstances, immunohistochemistry using an antibody against ty-

rosine hydroxylase (TH) was used (Fig. 37G-J).  
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Fig. 37 Bright-field immunohistochemistry pictures of 18-month-old female PrPmtA and wild-type mice. 
A-F shows SNCA immunoreactivty in the cortex (A, B), stritatum (C, D) and substantia nigra (G, H). G-J shows TH 
immunoreactivty in the striatum (G, H) and substantia nigra (I, J). For each brain region representative high-
resolution pictures (i-ii) were taken. Photo credit goes to Francesco Bez.  
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PrPmtA and wild-type mice displayed the same pattern of TH immunoreactivity, indicating 

normal morphology within the striatum and substantia nigra. To further prove this state-

ment, optical density analysis of striatal and nigral sections was performed. The optical densi-

ty analysis in PrPmtA and wild-type mice depicted no differences; hence there is no anatomi-

cal evidence of a dopaminergic cell loss in 18-month-old female transgenic PrPmtA mice (Fig. 

38). 

 

Fig. 38 Analysis of tyrosine hydroxylase optical density in the striatum and substantia nigra of 18-month-
old female PrPmtA compared to wild-type mice. Quantitative analysis was performed in four levels of the stria-
tum and four levels of the substantia nigra. Striatal levels were taken from rostral to caudal, bregma +0.74 mm to 
+0.14 mm. Substantia nigra levels were taken from bregma -1.94 mm to -3.8 mm.  

 

3.2.3 Alpha-Synuclein Dependent Alterations of Striatal Erk1/2 

Phosphorylation in Response to Apomorphine – Analysis via Quanti-

tative Immunoblots 

In order to explore the underlying molecular mechanism of the observed behavioral abnor-

malities, the phosphorylation of ERK1/2 was analyzed in striatal tissue dissected either 30 

min or 100 min after apomorphine respectively vehicle treatment.  
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3.2.3.1 Analysis of Striatal Tissue 30 min after Apomorphine Treatment Reveals 

no Genotype Dependent Differences 

The analysis of early changes in phosphorylation levels of ERK1/2 was done using striatal 

tissue of 18-month-old female PrPmtA and wild-type mice, dissected 30 min after subcutane-

ous injection of 5 mg/kg apomorphine or the respective volume of vehicle. Phospho-ERK2 

was significantly induced in wild-type (Fig. 39A) and PrPmtA mice (Fig. 39B), whereas a 

trend towards induction was observed for phospho-ERK1 levels both in wild-type and PrPm-

tA mice (Fig. 39).  

 

 

Fig. 39 Apomorphine dependent phosphorylation of ERK1/2 30 min after treatment. Quantitative immunob-
lots and bar graphs of phospho-ERK1/2 levels in the striatum of 18-month-old female wild-type (A) and PrPmtA 
(B) mice showed increased phospho-ERK1/2 levels in the striatum. Striatal tissue was dissected 30 min after ap-
omorphine or vehicle treatment.  

 

In order to statistically prove the depicted similar induction pattern for wild-type and PrPm-

tA mice an additional quantitative immunoblot for either vehicle treated (Fig. 40A) or apo-

morphine treated (Fig. 40B) WT and PrPmtA mice was done. The quantitative analysis of 

genotype dependent alterations showed no differences and therefore does not reflect the be-

havioral differences observed between wild-type and transgenic mice at that time point. The 

analysis of phospho-ERK1/2 levels independent of apomorphine treatment (Fig. 40A) did not 

differ between PrPmtA and WT animals; however the analysis of phospho-ERK1/2 levels af-

ter apomorphine treatment could detect a trend towards reduction for phospho-ERK1 level 

in PrPmtA mice compared to WT (Fig. 40B). 
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Fig. 40 Genotype dependent differences in apomorphine induced ERK1/2 phosphorylation 30 min after 
treatment. Quantitative immunoblots and bar graphs of phospho-ERK1/2 levels analyzed in striatal tissue of 18-
month-old female wild-type and PrPmtA mice, dissected 30 min after apomorphine or vehicle treatment revealed 
no significant genotype dependent differences. The analysis of phospho-ERK1 showed a trend towards reduction 
for WT animals compared to PrPmtA after apomorphine treatment (B). Phospho-ERK1/2 levels of wild-type vehi-
cle treated did not differ from transgenic vehicle treated mice (A).  

 

3.2.3.2 Analysis of Striatal Tissue 100 min after Apomorphine Treatment Re-

vealed Reduced pERK1/2 Level in PrPmtA Mice 

In order to discover molecular alterations that could explain the observed behavioral differ-

ences between transgenic and wild-type mice after apomorphine treatment, a later time point 

of analysis was chosen. Therefore, 18-month-old female mice were sacrificed 100 min after 

apomorphine or vehicle treatment and striatal tissue was processed for phospho-ERK1/2 

analysis. At this late time point the analysis of phospho-ERK1/2 levels in wild-type animals 

showed only a trend towards apomorphine dependent induction for phospho-ERK2 and no 

alterations for phospho-ERK1 (Fig. 41A). The same analysis in transgenic animals depicted a 

complete different response pattern (Fig. 41B). Apomorphine treatment in PrPmtA mice 

caused significantly reduced phospho-ERK1/2 levels, revealing increased striatal sensitivity 

of dopamine agonist-dependent dephosphorylation pathways.  
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Fig. 41 Apomorphine dependent phosphorylation of ERK1/2 100 min after treatment. Quantitative im-
munoblots and bar graphs of phospho-ERK1/2 levels in the striatum of 18-month-old female wild-type (A) and 
PrPmtA (B) mice showed unchanged phospho-ERK1/2 levels in wild-type mice (A) where only a trend was de-
tectable for phospho-ERK2, but significantly decreased phospho-ERK1/2 levels in transgenic animals (B). Striatal 
tissue was dissected 100 min after apomorphine or vehicle treatment. 

 

In order to prove the illustrated phosphorylation pattern and analyze the genotype depend-

ent differences in more detail, additional quantitative immunoblots for phospho-ERK1/2 in 

either vehicle treated (Fig. 42A) or apomorphine treated (Fig. 42B) wild-type compared to 

transgenic mice was done. The quantitative analysis depicted genotype dependent differ-

ences in vehicle treated animals that were dissected 100 min after treatment, showing signif-

icantly increased phospho-ERK1/2 levels in PrPmtA compared to WT (Fig. 42A). The same 

analysis was performed in apomorphine treated wild-type and transgenic animals and 

showed significantly increased phospho-ERK1 levels in transgenic animals (Fig. 42B). 

 

 

Fig. 42 Genotype dependent differences in apomorphine induced ERK1/2 phosphorylation 100 min after 
treatment. Quantitative immunoblots and bar graphs of phospho-ERK1/2 levels, analyzed in striatal tissue of 18-
month-old female wild-type and PrPmtA mice, dissected 100 min after apomorphine or vehicle treatment re-
vealed genotype dependent differences. The analysis independent of apomorphine treatment showed increased 
phospho-ERK1/2 levels in PrPmtA compared to WT mice (A). The analysis of a genotype dependent effect of apo-
morphine revealed a significant increased phospho-ERK1 level in transgenic compared to wild-type mice (B). 
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3.2.4 Alpha-Synuclein Dependent Alterations of Striatal Histone H3 

Phosphorylation in Response to Apomorphine - Analysis via IHC 

The analysis of striatal ERK1/2 phosphorylation revealed promising insights, pointing to mo-

lecular alterations within striatal postsynaptic sensitivity mechanism to be changed in trans-

genic mice, leading to the observed apomorphine-triggered behavioral response. In 6-

hydroxydopamine-lesioned mice, not only the phosphorylation of ERK1/2 was found in-

creased in striatal medium spiny neurons after L-DOPA treatment but also the phosphoryla-

tion of histone H3 (Santini et al., 2009). Given that increased phosphorylation of histone H3 

leads to chromatin decondensation as well as regulation of nucleosomal responses (Cheung 

et al., 2000, Soloaga et al., 2003), the enhanced phosphorylation found in L-DOPA treated 6-

hydroxydopamine-lesioned animals could underlie gene expression alterations that were ob-

served in this model (Andersson et al., 1999). In this approach, the phosphorylation of his-

tone H3 was therefore analyzed using an immunohistochemical approach. Figure 43 depicts 

representative bright-field microscopy pictures of female, 18-month-old wild-type and PrPm-

tA mice either vehicle or apomorphine treated. The pictures clearly show an increased, apo-

morphine dependent histone H3 phosphorylation pattern for both wild-type and transgenic 

mice. In order to quantitatively analyze if the phosphorylation pattern of histone H3 differs 

between genotypes and therefore represents alpha-synuclein dependent alterations in stria-

tal postsynaptic sensitivity, quantitative densiometric analysis of the striatum was per-

formed.  
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Fig. 43 Representative bright-field microscopy pictures of phospho-histone H3 immunohistochemistry in 
the striatum of female 18-month-old PrPmtA and WT mice after vehicle or apomorphine treatment.  

 

The densitomentric analysis revealed a significant induction of phospho-histone H3 after ap-

omorphine treatment in both wild-type and transgenic mice (Fig. 44A, B). The quantitative 

analysis of histone H3 phosphorylation in PrPmtA compared to WT mice after apomorphine 

treatment showed a significant higher phosphorylation of histone H3 in transgenic compared 

to wild-type mice (Fig. 44C). This analysis focused on the very caudal part of the striatum 

since most immunoreactivity was found in this region.  
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Fig. 44 Quantitative densitometric analysis of phospho-Histone H3 in striatal sections of 18-month-old 
female PrPmtA and wild-type mice after apomorphine treatment. A shows the analysis of wild-type vehicle 
treated compared to wild-type apomorphine treated mice, B the analysis of PrPmtA vehicle versus apomorphine 
treated and C the analysis of wild-type apomorphine treated compared to PrPmtA apomorphine treated mice. 

 

3.2.5 Alpha-Synuclein Gain-of-Function Affects the Expression of 

ERK Pathway Elements in Response to Apomorphine Treatment 

The early activation of ERK1/2 by phosphorylation was the first evidence of a molecular al-

teration in the transgenic mouse model underlying the described behavioral response to ap-

omorphine treatment (Fig. 39 - Fig. 42). Additionally, the phosphorylation of Histone H3 was 

also significantly increased in the striatum of PrPmtA compared to WT mice (Fig. 44). In or-

der to further characterize the molecular mechanisms involved in this behavioral response to 

apomorphine, striatal tissue was analyzed by qPCR focusing on candidate genes that can illus-

trate striatal postsynaptic supersensitivity. Dual-specific (Thr/Tyr) phosphatases (Dusp) and 

ERK1/2 activation are induced by similar stimuli (Owens and Keyse, 2007), additionally a 

recent transcriptome profile in 6-hydroxydopamine-lesioned mice showed striatal induction 

of dual-specific (Thr/Tyr) phosphatases after repeated L-DOPA treatment (Heiman et al., 

2014) putting dual-specific (Thr/Tyr) phosphatases into the focus of interest. The immediate 

early gene cFos was studied in this approach since it is inducible in striatal medium spiny 

neurons by D1 receptor stimulation (Graybiel et al., 1990, Young et al., 1991) and is described 

to be apomorphine-dependently induced (Cenci et al., 1992). The transcription factor Nur77, 

also called Nr4A1, is also an immediate early gene responding to a variety of growth stimuli 

(Williams and Lau, 1993). Within this approach Nur77 attracted attention since it is progres-

sively increased in 6-hydroxydopamine-lesioned rats after repeated L-DOPA administration 

(No et al., 2010). Using qPCR of striatal tissue dissected either 30 min or 100 min after apo-

morphine treatment, Dusp1, Dusp6, cFos and Nur77 were analyzed in an apomorphine and 

genotype dependent manner. 
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3.2.5.1 Analysis of Striatal Tissue 30 min after Apomorphine Treatment Reveals 

Genotype Dependent Differences for cFos  

In order to depict the early molecular effects of apomorphine treatment, striatal tissue from 

mice dissected 30 min after treatment with either 5 mg/kg apomorphine or the respective 

volume of vehicle were analyzed. The expression analysis showed Dusp1, Dusp6 and cFos 

mRNA to be significantly induced in both genotypes (WT and PrPmtA) in response to apo-

morphine administration (Fig. 45A-C). The analysis of Nur77 expression revealed a very 

moderate apomorphine dependent induction for both wild-type and PrPmtA mice that failed 

to reach statistical significance (Fig. 45D). In order to depict genotype dependent differences 

that could illustrate striatal postsynaptic sensitivity, apomorphine treated WT and PrPmtA 

were compared. At this early time point cFos already exhibited a significantly stronger induc-

tion in PrPmtA compared to WT mice after apomorphine treatment (Fig. 45C), providing the 

next molecular correlate of enhanced postsynaptic sensitivity, a possible underlying mecha-

nism of the behavioral readout. The comparative analysis of vehicle treated WT and PrPmtA 

mice revealed no differences (Fig. 45A-D), indicating that the baseline expression levels of all 

four candidates were similar in WT and PrPmtA mice.  
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Fig. 45 Statistical analysis of qPCR data from striatum of wild-type and PrPmtA mice, 30 min after vehicle 
or apomorphine treatment. This analysis showed a significant apomorphine dependent induction of dual-
specific phosphatases 1 (A) and 6 (B), as well as for cFos (C) in both WT and PrPmtA mice. The analysis of Nur77 
showed no significant apomorphine dependent induction (D). PrPmtA mice exhibited a significantly stronger ap-
omorphine dependent cFos induction compared to WT mice (C). The amount of candidate gene transcripts was 
normalized relative to the housekeeping gene Tbp. Data are presented as mean + SEM; n=4 WT vehicle, 5 WT ap-
omorphine, 4 PrPmtA vehicle and 5 PrPmtA apomorphine. 

 

3.2.5.2 Analysis of Striatal Tissue 100 min after Apomorphine Treatment Re-

veals Increased cFos, Dusp1, Dusp6 and Nur77 Levels 

In order to depict subsequent molecular effects that occurred in the striatum of 18-month-old 

PrPmtA mice through dopaminergic challenge, striatal tissue dissected 100 min after treat-

ment was analyzed. The analysis revealed a stronger apomorphine dependent induction of 

Dusp1, Dusp6, cFos and Nur77 in PrPmtA, whereas in WT mice only Dusp1 and cFos were 

found to be apomorphine dependently induced (Fig. 46A-D). Striatal postsynaptic sensitivity 

can quantitatively be depicted by comparing apomorphine treated transgenic to wild-type 

mice. This analysis revealed significantly stronger inductions of all four candidate genes 

(Dusp1 1.4-fold, Dusp6 1.3-fold, cFos 1.4 fold and Nur77 1.7 fold) in striatum of PrPmtA when 
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compared to wild-type mice (Fig. 46), providing further evidence for increased striatal 

postsynaptic sensitivity in A53T-SNCA overexpressing mice. The comparison of vehicle treat-

ed wild-type and PrPmtA mice showed no differences again indicating that the baseline ex-

pression levels of all four candidates are similar in WT and PrPmtA mice. 

 

Fig. 46 Statistical analysis of qPCR data from striatum of wild-type and PrPmtA mice 100 min after vehicle 
or apomorphine treatment. The analysis showed a significant stronger apomorphine dependent induction of 
Dusp1 (A), Dusp6 (B), cFos (C) and Nur77 (D) mRNA levels in PrPmtA compared to WT. In WT mice only Dusp1 (A) 
and cFos (C) were found to be induced apomorphine dependent, whereas all four candidates show an apomor-
phine dependent induction for PrPmtA mice (A-D). The amount of candidate gene transcripts was normalized 
relative to the housekeeping gene Tbp. Data are presented as mean + SEM; n=6 WT vehicle, 5 WT apomorphine, 6 
PrPmtA vehicle and 5 PrPmtA apomorphine. 

 

3.2.5.3 Analysis of Additional Dusp Family Members Reveals Increased Apo-

morphine Dependent mRNA levels but no Genotype Dependent Differences 

The analysis of Dusp1, Dusp6, cFos and Nur77 in 30 and 100 min after apomorphine treat-

ment illustrated expression changes that are apomorphine induced but also clearly trace back 

to the A53T-SNCA overexpression. Dusp1 and Dups6 are members of the dual-specific phos-
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phatase gene family, so consequently other dual-specific phosphatase family members were 

analyzed in striatal tissue of PrPmtA and wild-type mice that were dissected 100 min after 

either vehicle or apomorphine treatment. The time-point 100 min after treatment was cho-

sen, because genotype dependent differences were only detectable at that late time-point 

(Fig. 46). The analysis of Dusp4 (Fig. 47A) and Dusp14 (Fig. 47B) levels revealed an apomor-

phine dependent induction for both transcripts in transgenic mice, but only for Dusp4 in wild-

type animals. However, genotype dependent differences, so an effect of alpha-synuclein gain-

of-function on the expression profile of Dusp4 and Dusp14 as observed for Dusp1 and Dusp6 

was not detectable.  

 

Fig. 47 Statistical analysis of qPCR data from striatum of wild-type and PrPmtA mice 100 min after vehicle 
or apomorphine treatment. The analysis revealed a significant apomorphine dependent induction of Dusp4 (A) 
and Dusp14 (B) levels in PrPmtA mice, whereas in wild-type mice only Dusp4 showed a significant apomorphine 
dependent induction. The amount of candidate gene transcripts was normalized relative to the housekeeping gene 
Tbp. Data are presented as mean + SEM; n=6 WT vehicle, 5 WT apomorphine, 6 PrPmtA vehicle and 5 PrPmtA ap-
omorphine. 

 

3.2.5.4 Apomorphine and Genotype Dependent Increases of cFos, Dusp1, Dusp6 

and Nur77 Level are Predominantly but not Exclusively Found in Striatal Tissue  

The analysis of striatal tissue dissected 100 min after apomorphine or the respective vehicle 

treatment, revealed significant changes for Dusp1, Dusp6, cFos and Nur77. The analysis of 

other dual-specific phosphatase family members emphasized the specificity of Dusp1 and 

Dusp6 as targets of an apomorphine–triggered reaction that underlies striatal postsynaptic 

sensitivity. In order to study if the apomorphine dependent increase of candidate genes cor-

related with postsynaptic sensitivity is exclusive to the striatum, midbrain tissue dissected 

100 min after treatment was analyzed. The analysis in midbrain tissue focused on Dusp1, 

Dusp6, cFos and Nur77 since these candidates showed apomorphine and genotype dependent 

differences in striatal tissue (Fig. 46). The analysis exhibited an apomorphine dependent in-
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crease for Dusp1, Dusp6, cFos and Nur77 in transgenic animals as well as an significant in-

crease for Dusp1, cFos and Nur77 in wild-type mice (Fig. 47). The only genotype dependent 

difference was detected for cFos (Fig. 47C), highlighting the molecular underpinnings of in-

creased Dusp1, Dusp6 and Nur77 expression in PrPmtA after apomorphine treatment to be 

striatum specific and therefore postsynaptic.   

 

 

Fig. 48 Statistical analysis of qPCR data from midbrain of wild-type and PrPmtA mice 100 min after vehicle 
or apomorphine treatment. This analysis showed a significant stronger apomorphine dependent induction of 
cFos (C) in PrPmtA compared to WT. In PrPmtA Dusp1 (A), Dusp6 (B), cFos (C) and Nur77 (D) levels were found to 
be apomorphine dependent induced. In WT mice only Dusp1 (A), cFos (C) and Nur77 (D) were found to be apo-
morphine dependently induced. The amount of candidate gene transcripts was normalized relative to the house-
keeping gene Tbp. Data are presented as mean + SEM; n=6 WT vehicle, 5 WT apomorphine, 6 PrPmtA vehicle and 
5 PrPmtA apomorphine 
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3.2.6 Alpha-Synuclein Gain-of-Function Effects on DUSP6 Abundance 

in Response to Apomorphine Treatment – Analysis on Protein Level 

The analysis of mRNA expression changes in transgenic compared to wild-type mice after ap-

omorphine treatment revealed the family of dual-specific phosphatases to have an important 

role. Precisely, Dusp1 and Dusp6 were found to be apomorphine dependent increased in 

PrPmtA compared to WT mice. Dusp6 is activated by an ERK-dependent phosphorylation and 

therefore plays a major role as negative feedback regulator controlling mitogenic-signaling  

(Caunt and Keyse, 2013). It is also known, that DUSP6 induction occurs in parallel with the 

induction of ERK1/2 kinases in neuronal cells. Taken the current literature knowledge as well 

as the Dusp6 mRNA findings and phospho-ERK1/2 results, DUSP6 was considered to be ana-

lyzed on protein level as well. DUSP6 protein levels were analyzed in the same striatal tissue 

dissected 100 min after treatment that was used to analyze ERK1/2 phosphorylation. The 

analysis revealed a significant apomorphine dependent induction of DUSP6 levels in wild-

type mice (Fig. 49A) but not in transgenic animals (Fig. 49B). In order to depict genotype de-

pendent differences vehicle treated and apomorphine treated wild-type and PrPmtA mice 

were compared (Fig. 49C-D). The analysis of vehicle treated mice obtained a significant high-

er DUSP6 level in PrPmtA compared to wild-type mice (Fig. 49C), indicating higher baseline 

DUSP6 level possibly due to the transgene. The analysis of apomorphine treated wild-type 

and PrPmtA mice showed significantly lower DUSP6 levels in PrPmtA compared to wild-type 

mice (Fig. 49D), most likely arising from the strong apomorphine dependent induction that 

was observed in WT (Fig. 49A) but not in PrPmtA (Fig. 49B). 
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Fig. 49 Quantitative immunoblots and bar graphs of DUSP6. DUSP6 level were analyzed in striatal tissue of 18-
month-old female wild-type and PrPmtA mice, dissected 100 min after apomorphine or vehicle treatment. The 
analysis revealed genotype dependent differences. In WT mice DUSP6 was apomorphine dependently induced (A) 
whereas no apomorphine dependent alteration was found in PrPmtA (B). The analysis independent of apomor-
phine treatment showed increased DUSP6 levels in PrPmtA compared to WT mice (C), and the analysis of a geno-
type dependent effect to apomorphine revealed a significant lower DUSP6 level in transgenic compared to wild-
type mice (D). 
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3.3 PROJECT III: POTENTIATION OF ALPHA-SYNUCLEIN GAIN-OF-
FUNCTION EFFECTS IN DOUBLE-MUTANT MICE WITH PINK1 AB-
LATION 

In 3.2 alpha-synuclein gain-of-function effects were studied in a monogenic model of PD, but 

most PD patients actually suffer from polygenic interactions with environmental stressors. In 

order to study polygenic PD as well as to clarify the role of PINK1 onto alpha-synuclein de-

pendent neurotoxicity, a mouse model harboring both, the A53T-SNCA overexpression as 

well as Pink1KO was generated. Therefore, the well characterized PrPmtA mouse line with 

inbred FVB/N background was crossed to double homozygosity with the well characterized 

Pink1KO mouse line in 129/SvEv background. Wild-type control mice were derived from F1-

hybrids of FVB/N and 129/SvEv, aged in parallel to the double-mutant mice. 

The A53T-SNCA + Pink1KO mouse line was aged and behavioral analysis as well as a lifespan 

documentation were carried out (Gispert et al., 2014a). Besides a potentiated phenotype with 

significantly reduced spontaneous locomotor activity at the age of 3 months, double mutant 

mice showed a progressive hind limb paralysis (Fig. 50) in a relatively big cohort of mice aged 

beyond 1 year. Initially the paralysis was observed unilateral with progression to full bilat-

eral paralysis within days. This phenotypic abnormality has never been observed in both sin-

gle mutant mouse lines. Hence, to investigate the molecular and anatomical changes leading 

to the observed paralysis in double-mutant mice, intense immunohistological analysis of spi-

nal cord and midbrain was performed.  

 

Fig. 50 Representative pictures of hind limb paralysis in A53T-SNCA + Pink1KO mice. The picture to the left 
shows a unilateral paralysis, the one in the middle the beginning of a bilateral paralysis and the one to the right a 
complete bilateral hind limb paralysis. 
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3.3.1 The Spinal Cord of A53T-SNCA + Pink1KO Mice Shows pSer129-

SNCA, p62/SQSTM1 and Ubiquitin Positive Cells 

Autopsy-based studies of PD patients showed alpha-synuclein positive inclusions in the spi-

nal cord, predominantly in axons but also in Lewy neurites and Lewy bodies (Del Tredici and 

Braak, 2012). Hence, a self-evident step in characterizing a mouse model that shows progres-

sive paralysis, was to immunohistologically analyze the spinal cord of these animals. There-

fore, the lumbar spinal cord of paralyzed double-mutant mice as well of age matched wild-

type controls and single mutant mice (PrPmtA, Pink1KO) was stained with pSer129-SNCA an 

PD pathology associated marker, with p62/SQSTM1 a general aggregation marker and ubiq-

uitin, an universal marker for degradation. The immunoreactivity for pSer129-SNCA was very 

prominent within the gray matter of the anterior horn of the lumbar spinal cord in double-

mutant mice (Fig. 51 J, M). The observed histological pattern comprises morphological signs 

of neurodegeneration, such as corkscrew morphology of neurites and a pSer129-SNCA distri-

bution in granules or fibers within the cytoplasm of positive cells. In wild-type and Pink1KO 

mice no pSer129-SNCA staining was observed in anatomically identical regions of spinal cord 

(Fig. 51A, D). In PrPmtA mice, a light nuclear immunoreactivity for pSer129-SNCA was ob-

served within the lumbar spinal cord, but no aggregates or signs of neurodegeneration were 

found (Fig. 51G). In A53T-SNCA + Pink1KO mice a similar histological staining pattern was 

observed for p62/SQSTM1, with the anterior horn of the lumbar spinal cord showing 

p62/SQSTM1 positive aggregates with granular distribution, but with less sensitivity com-

pared to the pSer129-SNCA staining (Fig. 51K, N). The analysis of p62/SQSTM1 in wild-type 

mice and in both single mutant mouse lines revealed no immunoreactivity within the same 

anatomical region (Fig. 51B, E, H). Ubiquitin immunoreactivity was found in a similar staining 

pattern such as p62/SQSTM1 in double-mutant mice (Fig. 51L, O) again showing a granular 

cytoplasmatic localization. In wild-type mice as well as in both single mutants ubiquitin im-

munoreactivity was found, but no aggregation or sings of neurodegeneration were observed 

in these mouse lines (Fig. 51C, F, I).  
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Fig. 51 Bright-field microscopy pictures from immunohistochemistry in spinal cord of WT, Pink1KO, 
PrPmtA and double-mutant mice aged until 15-17 months. The representative pictures shown focused on the 
ventral horn of the lumbar spinal cord. Immunohistochemistry was performed in each mouse line for pSer129-
SNCA (A, D, G, J, M), p62/SQSTM1 (B, E, H, K, N) and ubiquitin (C, F, I, L, O). Protein aggregation, positive for 
pSer129-SNCA, p62/SQSTM1 and ubiquitin was detected in spinal cord of double mutant mice but not for WT 
controls or single mutant (PrPmtA, Pink1KO) mice (J-O). M-O show higher magnification pictures, highlighting the 
pathology of these mice by showing the corkscrew-appearance of some neurites. Pictures were taken with the 
help of Dr. Kay Seidel. 
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3.3.2 The Midbrain of A53T-SNCA + Pink1KO Mice Shows pSer129-

SNCA, p62/SQSTM1 and Ubiquitin Positive Cells 

The classical motor symptoms of Parkinson`s disease are thought to be caused by a progres-

sive loss of dopaminergic neurons in the substantia nigra, a brain region located in the mes-

encephalon (midbrain) (Damier et al., 1999, Thomas and Beal, 2007). Lewy body pathology in 

autopsy-based studies showed alpha-synuclein inclusions within the substantia nigra of PD 

patients. The analysis of spinal cord in double-mutant mice revealed huge accumulation of 

protein aggregates that were positive for pSer129-SNCA, p62/SQSTM1 and ubiquitin. Conse-

quentially, midbrain sections of paralyzed double-mutant mice were analyzed in respect to 

pSer129-SNCA, p62/SQSTM1 and ubiquitin immunoreactivity. The immunohistological anal-

ysis depicted again protein aggregates with a cytoplasmatic granular or fibrillar pattern with-

in midbrain sections of paralyzed double-mutant mice (Fig. 52).  

 

 

Fig. 52 Representative bright-field microscopy picture of pSer129-SNCA immunoreactivity in midbrain of 
a paralyzed A53T-SNCA + Pink1KO double-mutant mouse. The arrow highlights pSer129-SNCA positive pro-
tein aggregates. The picture was taken with the help of Dr. Kay Seidel. 

 

As illustrated in figure 52 pSer129-SNCA positive protein aggregates were found bilaterally 

but with a stronger pattern in one hemisphere. Anatomically, the distribution of aggregates 



                                                                                                                                                                 Results 

114 | P a g e  

 

found in this analysis reaches from the ventral tegmental area (VTA) to the subthalamic nu-

cleus and substantia nigra as well as to the zona incerta (Fig. 52).  

In order to investigate whether these protein aggregates are specific to paralyzed double-

mutant mice, immunohistochemistry of pSer129-SNCA, p62/SQSTM1 and ubiquitin was per-

formed in parallel in paralyzed and non-paralyzed double-mutant, wild-type and single-

mutant mice (Fig. 53, Fig. 54). The analysis of paralyzed double-mutant mice revealed protein 

aggregates positive for pSer129-SNCA (Fig. 53J, M), p62/SQSTM1 (Fig. 53K, N) and ubiquitin 

(Fig. 53L, O), with the strongest immunoreactivity for pSer129-SNCA. As already described 

for spinal cord, PrPmtA mice showed light nuclear pSer129-SNCA immunoreactivity but 

again no protein aggregation or signs of neurodegeneration (Fig. 53G). In wild-type and 

Pink1KO mice no specific immunoreactivty of pSer129-SNCA, p62/SQSTM1 or ubiquitin was 

detected (Fig. 53A-F). In high-magnification pictures (Fig. 53M-O) the granular and thread-

like composition of cells positive for pSer129-SNCA (Fig. 53M), p62/SQSTM1 (Fig. 53N) and 

ubiquitin (Fig. 53O) becomes visible. These pictures illustrate immunopositive neurites with 

corkscrew-structures, a sign of neurodegeneration (Fig. 53M). 

In order to specify if the observed pathology is exclusive for the spinal cord and midbrain of 

paralyzed double-mutant mice, other brain areas of paralyzed mice as well as non-paralyzed 

age matched A53T-SNCA + Pink1KO mice were analyzed with respect to pSer129-SNCA im-

munoreactivity (Fig. 54). The lumbar level of spinal cord showed strong pathology in para-

lyzed double-mutants (Fig. 51), whereas thoracic and cervical levels showed only mild 

pSer129-SNCA immunoreactivity (Fig. 54A). The strong lumbar spinal cord pathology, how-

ever, seems exclusive to paralyzed double-mutant mice, since the analysis in non-paralyzed 

age matched double-mutants revealed only little pSer129-SNCA immunoreactivity mainly 

within the cytoplasm and only little in neurites (Fig. 54D). The same result was obtained in 

the analysis of the midbrain region of non-paralyzed double-mutant mice. Here the VTA 

showed only marginal immunoreactivtiy for pSer129-SNCA (Fig. 54E), whereas paralytic 

mice showed a strong pathology (Fig. 53J). Beside spinal cord and midbrain, paralyzed A53T-

SNCA + Pink1KO mice displayed very modest pSer129-SNCA immunoreactivity in other brain 

regions. In the motor cortex very little immunoreactivity was found (Fig. 54B) but the stria-

tum appeared aggregation free showing no immunoreactivity for pSer129-SNCA (Fig. 54C). 
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Fig. 53 Bright-field microscopy pictures from immunohistochemistry in midbrain of WT, Pink1KO, PrPmtA 
and double-mutant mice. Representative pictures show immunohistochemistry in midbrain of double mutant 
A53T-SNCA + Pink1KO (J-O), single mutant (PrPmtA (G-I) and Pink1KO (D-F)) as well as wild-type control mice 
(A-C) at the age of 15-17 months. Representative pictures were taken in the same midbrain region between VTA 
and SNc. Immunohistochemistry was performed in each mouse line for pSer129-SNCA (A, D, G, J, M), 
p62/SQSTM1 (B, E, H, K, N) and ubiquitin (C, F, I, L, O). Protein aggregation, positive for pSer129-SNCA, 
p62/SQSTM1 and ubiquitin was detected in midbrain neurons of double-mutant mice but not for WT controls or 
single-mutant mice (J-O). M-O show higher magnification pictures of J-L. Pictures were taken with the help of Dr. 
Kay Seidel. 
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Fig. 54 Representative bright-field microscopy pictures of pSer129-SNCA immunoreactivity in the thoracic 
and cervical spinal cord (A), the motor cortex (B) and the striatum of paralyzed double-mutant mice. The 
thoracic and cervical level of spinal cord showed milder pathology than lumbar levels, whereas in motor cortex 
very little pathology was observed and the striatum appeared free of aggregates and pathology.  The lumbar spinal 
cord (D) and the VTA (E) of non-paralyzed double-mutant mice revealed only scant pathology in comparison to 
paralyzed mice. Pictures were taken with the help of Dr. Kay Seidel. 

 

3.3.3 pSer129-SNCA, p62/SQSTM1 and Ubiquitin Positive Cells of 

A53T-SNCA + Pink1KO Midbrain Slices are not TH Positive 

The immunohistological analysis of paralyzed A53T-SNCA + Pink1KO mice revealed pSer129-

SNCA, p62/SQSTM1 and ubiquitin positive aggregates in spinal cord and midbrain. In order 

to specify the observed midbrain pathology, double-immunofluorescence histochemistry was 

performed in midbrain sections of paralyzed double-mutant mice. Since Parkinson`s disease 

is characterized by a loss of dopaminergic neurons of the substantia nigra, and the previously 

observed midbrain pathology was located closely to the substantia nigra (Fig. 52), a double-

immunofluorescence with tyrosine hydroxylase (TH), a marker of dopaminergic neurons was 

performed. First, double-immunofluorescence with alpha-synuclein (4B12) and TH was per-

formed to confirm the overexpression of human alpha-synuclein in the double-mutant model. 

Thereafter, each of the previously reported antibodies that were found to show immunoposi-

tive midbrain pathology was analyzed in parallel with TH using double-immunofluorescence 

(Fig. 55). 
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Fig. 55 Representative pictures showing double-immunofluorescence histology in paralyzed A53T-SNCA + 
Pink1KO mice. The first panel shows alpha-synuclein (4B12) (A) and TH (B) staining as well as the colocalization 
(C). Alpha-synuclein distribution appeared mainly nuclear, whereas TH was found cytoplasmatic. The second pan-
el shows pSer129-SNCA (D) and TH (E) immunoreactivity, where no colocalization was found (F). The third row 
shows p62/SQSTM1 (G) and TH (H) immunoreactivity, where again no colocalization was detected (I). In the last 
panel ubiquitin (J) was analyzed in parallel to TH (K), showing no colocalization in midbrain cells of paralyzed 
double-mutant mice (L). Pictures were taken with the help of Beatrice Kern. 
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The double-immunofluorescence of alpha-synuclein and TH confirmed the overexpression of 

human alpha-synuclein showing a mainly nuclear pattern among dopaminergic neurons of 

the substantia nigra (Fig. 55A), whereas TH immunoreactivity (Fig. 55B) was found cyto-

plasmatic. The analysis of pSer129-SNCA in parallel to TH (Fig. 55D-F) depicted pSer129-

SNCA positive cells (Fig. 55D) located dorsal to the substantia nigra that occurred TH positive 

(Fig. 55E). The same localization pattern was observed for p62/SQSTM1 (Fig. 55G-I) and 

ubiquitin (Fig. 55J-L), where again, positive cells were observed in a band dorsal to the sub-

stantia nigra that showed TH immunoreactivity (Fig. 55H, K). Therefore, no colocalization for 

pSer129-SNCA, p62/SQSTM1 and ubiquitin with TH was detected (Fig. 55 F, I, L).  

 

3.3.4 pSer129-SNCA, p62/SQSTM1 and Ubiquitin Positive Cells of 

A53T-SNCA + Pink1KO Midbrain Slices are Positive for Interneuron 

Specific Markers 

The double-immunofluorescence for pSer129-SNCA, p62/SQSTM1 and ubiquitin with TH re-

vealed that midbrain aggregate formation did not occur in dopaminergic neurons of the sub-

stantia nigra but in a band of non-dopaminergic cells located dorsal to the substantia nigra. In 

order to further characterize these cells, double-immunofluorescence using pSer129-SNCA as 

marker of the affected cells and GFAP as marker of astroglial cells (Fig. 56A-C) or NeuN as 

neuronal marker (Fig. 56D-F) was performed. The analysis revealed, that the affected cells 

are not GFAP positive (Fig. 56C) and therefore not astroglial cells. The double-

immunofluorescence of pSer129-SNCA and NeuN depicted a colocalization for several cells 

(Fig. 56F), highlighting the aggregate containing cells to be of neuronal origin. In order to fur-

ther specify the affected neuronal celltype, double-immunofluorescence for pSer129-SNCA 

and parvalbumin as interneuon specific marker (Fig. 56G-I), GAD65 as marker for GABAergic 

neurons (Fig. 56J-L) and VGLUT2 as marker for glutamatergic neurons (Fig. 56M-O) was exe-

cuted. The analysis revealed a very light colocalization for pSer129-SNCA and parvalbumin 

(Fig. 56I) indicating the affected cells to be interneurons. The double-immunofluorescence of 

pSer129-SNCA and GAD65 as well as of pSer129-SNCA and VGLUT2 revealed no colocaliza-

tion (Fig. 56L, O) therefore affected neurons are probably not GABA- or glutamatergic. 
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Fig. 56 Representative pictures showing double-immunofluorescence histology in paralyzed A53T-SNCA + 
Pink1KO mice. The first panel shows pSer129-SNCA (A) and GFAP (B), a marker of astroglia. The analysis depict-
ed no colocalization (C). The second panel shows immunoreactivity for pSer129-SNCA (D) and the neuronal 
marker NeuN (E), where colocalization was found for several cells (F). Row 3-5 depict the further characterization 
using parvalbumin as an interneuon marker (H), GAD65 as a marker of GABAergic neurons (K) and VGLUT2 as a 
marker of glutamatergic neurons (N). The double-immunofluorescence revealed a light colocalization for parval-
bumin (I) and no colocalization for GAD65 (L) and VGLUT2 (O). Pictures were taken with the help of Beatrice 
Kern. 
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4. DISCUSSION 

4.1 PROJECT I: ALPHA-SYNUCLEIN GAIN-OF-FUNCTION EFFECTS ON 
CANDIDATE GENES POSSIBLY INVOLVED IN SYNAPTIC PLASTICI-
TY  

By the time Parkinson’s disease (PD) is manifested through severe motor symptoms, about 

80% of dopaminergic neurons are irreversibly degenerated (Bernheimer et al., 1973). In or-

der to intervene in this progressive neurodegeneration, it is essential to understand the mo-

lecular mechanism that occurs in early stages PD, prior to the onset of neurodegeneration 

and cell death. In this respect, the previous work of Dr A. Kurz focused on the analysis of al-

pha-synuclein dependent physiological as well as pathophysiological mechanisms that under-

lie PD. The main intention in this work was to identify biomarker of alpha-synuclein function 

and pathology in a hypothesis free manner. A. Kurz organized a microarray analysis of differ-

ent brain regions obtained from A53T-SNCA overexpressing mice at different ages, to analyze 

on one hand alpha-synuclein dependent expression alterations and on the other hand age 

dependent alterations to unravel biomarker of progression. After the hypothesis free ap-

proach A. Kurz also focused on a subset of expression alterations obtained from the microar-

ray and analyzed them in a hypothesis driven manner using independent techniques. Besides 

these molecular alterations, A. Kurz also showed subtle changes in dopamine neurotransmis-

sion as well as synaptic plasticity (Kurz et al., 2010, Platt et al., 2012). 

In order to decode the molecular underpinnings of early stages PD, as well as to clarify the 

role of alpha-synuclein for synaptic plasticity, this work focused on the molecular analysis of 

the previously described LTD deficiency in A53T-SNCA overexpressing mice (PrPmtA). In re-

spect to PD being a polygenic disease rather than a monogenic, the analysis was extended to 

two additional mouse models of PD, namely the previously described Pink1KO mouse model 

as well as the novel double-mutant model harboring both the A53T-SNCA overexpression and 

the Pink1KO. This work is particularly interesting, since alterations in synaptic plasticity 

seem to be a key event in the pathobiology of PD. Post mortem studies of PD patients demon-

strated a reduced length and number of dendritic spines in MSNs of the putamen (McNeill et 

al., 1988). Additionally, post-mortem studies of PD patients and studies using animal models 

of PD could demonstrate that the loss of dendritic spines in MSNs results from striatal dopa-

mine depletion (Ingham et al., 1989, Stephens et al., 2005, Zaja-Milatovic et al., 2005, Day et 

al., 2006). Furthermore, the study of Day et al. in 2006 showed a 50% reduction of dendritic 

spines in D2 receptor containing MSNs, whereas D1 receptor containing MSNs remained un-
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changed (Day et al., 2006), suggesting that a reduction of dendritic spines and therefore al-

terations in synaptic plasticity within the indirect-pathway presents one of the key features 

in the pathophysiology of PD. 

 

4.1.1 Alpha-Synuclein Gain-of-Function Increases the Expression of 

Candidate Genes Involved in Synaptic Signaling Efforts and Decreas-

es the Expression of Candidate Genes Downstream of Synaptic Sig-

naling Cascades in A53T-SNCA Mice  

With regards to the current opinion in the field of PD research, highlighting synaptic plasticity 

alterations within the indirect pathway to present a main pathological hallmark, the previ-

ously identified LTD deficiency (Kurz et al., 2010) and the impaired vesicle release (Platt et 

al., 2012) in our A53T-SNCA overexpressing mouse model provides an excellent tool to study 

the molecular mechanisms leading to this key event as well as the contribution of alpha-

synuclein. Considering the hypothesis free microarray data as well as intense study of the lit-

erature, the first set of candidate genes analyzed were subunits of glutamate receptors. Glu-

tamate receptors are essential for glutamatergic neurotransmission playing a role for 

memory, learning and motor control. The human brain comprises two classes of glutamate 

receptors, ionotropic glutamate receptors and metabotropic glutamate receptors (Kandel E. 

R., 1995). The group of ionotropic glutamate receptors is further divided due to their agonist 

sensitivity into N-methyl-D-aspartate-receptors (NMDA) and α-amino-3-hydroxy-5-methyl-4-

isoazolpropionacid receptors (AMPA). Most AMPA receptors show permeability for K+ and 

Na+  and no permeability for Ca2+, however depending on the subunit composition and the 

RNA editing they also permit Ca2+ influx, whereas NMDA receptors are permeable for K+, Na+ 

and for Ca2+. The Ca2+ influx activates second messenger cascades leading to long-term synap-

tic changes in excitability (Kandel E. R., 1995). AMPA receptors are the main source of the ex-

citatory postsynaptic potential (EPSP) in MSNs and are composed of four subunits that are 

highly homologous forming a tetrameric, cation-permeable glutamate receptor that is ex-

pressed throughout the brain (Beneyto and Meador-Woodruff, 2004, Collingridge et al., 

2004). The four AMPA receptor subunits, Gria1-Gria4 are encoded by four genes and alterna-

tive splicing and RNA editing contributes to additional variants (Lambolez et al., 1996). In the 

adult brain 99% of AMPA receptors are not Ca2+ permeable (Greger et al., 2003) but the 1% 

receptors lacking Gria2 subunits do show Ca2+ permeability (Swanson et al., 1997). AMPA re-

ceptors are mainly localized in the postsynaptic membrane but they show a high dynamic 
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with lateral mobility along the cell surface between synaptic and extrasynaptic site and they 

also undergo trafficking (Nishimune et al., 1998, Matsuzaki et al., 2001). Therefore, changes 

in AMPA receptor number and localization at the synapse are key aspects to modulate the 

efficacy of synaptic transmission. The insertion of AMPA receptors into the postsynaptic 

plasma membrane occurs via SNARE protein mediated exocytosis (Luscher et al., 1999), 

whereas the removal is controlled by dynamin-dependend endocytosis (Carroll et al., 1999). 

Alpha-synuclein was shown to promote SNARE complex assembly (Burre et al., 2010), there-

fore possibly influencing the AMPA receptor insertion into the postsynaptic plasma mem-

brane. In this respect the expression of AMPA receptor subunits was studied in the previously 

described A53T-SNCA overexpressing mouse line at the age of 6 months in striatal and mid-

brain tissue. The analysis revealed increased mRNA level for Gria2 in striatal tissue of A53T-

SNCA overexpressing mice and increased mRNA level for Gria3 and Gria4 in midbrain tissue 

of A53T-SNCA overexpressing mice. The increased Gria2 level possibly represents an effort to 

reduce the postsynaptic Ca2+ influx, since Gria2 lacking AMPA receptors are Ca2+ permeable 

(Swanson et al., 1997). The increased Gria3 and Gria4 level in midbrain possibly represents 

an compensatory effort to increase glutamatergic neurotransmission signals that are im-

paired in A53T-SNCA overexpressing mice (Platt et al., 2012), however simply increasing the 

number of AMPA receptor subunit does not guarantee a higher number of functional AMPA 

receptors nor a sufficient insertion into the plasma membrane that could be impaired by al-

pha-synuclein dependent effects on SNARE mediated exocytosis, nor is a higher expression 

completely sufficient to potentiate synapses as seen in studies of Schnell et al. (Schnell et al., 

2002). This awareness implies that additional steps are necessary to potentiate synapses 

through AMPA receptor regulation. These additional steps include the stabilization of AMPA 

receptors at the synapse, which is conducted by the scaffolding protein PSD-95 (postsynaptic 

densitiy protein 95). The study of Bats et al. showed that overexpression of PSD-95 promotes 

the accumulation of AMPA receptors (Bats et al., 2007) and the analysis of Psd-95 mRNA ex-

pression in the A53T-SNCA overexpressing mouse revealed an increased expression in mid-

brain tissue (see Results 3.1.2.1), supporting the hypothesis of a compensatory upregulation 

of candidate genes involved in promoting synaptic plasticity. However, on a postsynaptic lev-

el in striatal tissue no expression alterations were detected, indicating that PSD-95 is not a 

key regulator of the observed LTD deficiency in PrPmtA mice. PSD-95 not only accumulates 

AMPA receptors it also links NMDA receptors, controlling their interaction with each other as 

well as their interaction with intracellular proteins and signaling enzymes. An increased in-

teraction of PSD-95 with the NMDA receptor subunit Grin2b for example was shown to in-

crease NMDA receptor stability at extrasynaptic sites in a mouse model of Huntington’s dis-
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ease (Fan et al., 2009, Fan et al., 2012).  In PD dopamine deficiency causes the decreased acti-

vation of D2 receptors resulting in increased Ca2+ influx by voltage-gated ion channels 

(Desmond and Levy, 1990). Several studies proposed that increased Ca2+ influx impacts the 

degenerative process of synaptic spines observed in animal models of PD and in PD patients 

(Ingham et al., 1989, Nitsch and Riesenberg, 1995, Arbuthnott et al., 2000) and Tymianski et 

al. showed that this Ca2+ mediated excitotoxicity occurs primarily through NMDA receptors 

than through other voltage-gated ion channels (Tymianski et al., 1993). In line with this are 

the results of Weihmuller et al., showing an 20-40% elevation of NMDA receptors in PD pa-

tients compared to controls (Weihmuller et al., 1992). Even if glutamate acts via several re-

ceptors, NMDA receptors play the biggest role in mediating neuronal toxicity which is due to 

their high Ca2+ permeability as well as their slow deactivation (Choi et al., 1987, DiFiglia et al., 

1997). This NMDA dependent excitotoxicity is in contrast to studies demonstrating that cell 

survival of several neurons is dependent on synaptic NMDA activity (Ikonomidou and Turski, 

2002, Hardingham, 2006, Hetman and Kharebava, 2006). Taken together NMDA on one hand 

can promote cell survival but on the other hand can trigger neuronal death, therefore both 

too much and too little response to NMDA activity is harmful for neurons (Lipton and Kater, 

1989, Lipton and Nakanishi, 1999, Hardingham and Bading, 2003). It is well understood that 

NMDA receptors mediate synaptic plasticity and synaptic transmission (Bliss and 

Collingridge, 1993, Aamodt and Constantine-Paton, 1999), however besides this synaptic 

NMDA receptors that are well characterized there are also extrasynaptic NMDA receptors 

(Petralia et al., 2010) that can represent up to three-quarters of all NMDA receptors (Tovar 

and Westbrook, 1999). The physiological function of these extrasynaptic NMDA receptors is 

not fully understood, however there is evidence that they contribute to LTD (Rusakov and 

Kullmann, 1998, Massey et al., 2004, Zhao and Constantine-Paton, 2007). NMDA receptors are 

composed of four subunits that are organized around a central ion channel. The four subunits 

are encoded by seven genes, with one gene encoding eight GluN1 subunit splice variants, four 

genes encoding GluN2 subunits (Grin2a-Grin2d) and two genes encoding GluN3 subunits 

(Grin3a-Grin3b) (for review see (Glasgow et al., 2015)). A functional NMDA receptor com-

prises a combination of two GluN1 subunits and two GluN2 or GluN3 subunits, leading to a 

great diversity which is accompanied by NMDA subtype-dependent properties (reviewed in 

(Glasgow et al., 2015)) such as different deactivation kinetics (Monyer et al., 1992, Monyer et 

al., 1994, Vicini et al., 1998), different agonist potency (Kutsuwada et al., 1992, Priestley et al., 

1995, Varney et al., 1996, Erreger et al., 2007, Traynelis et al., 2010), different Ca2+ permeabil-

ity (Burnashev et al., 1995, Schneggenburger, 1996), different voltage dependence of channel 

gating (Clarke and Johnson, 2006, 2008, Clarke et al., 2013), different sensitivity to block by 
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external Mg2+ (Monyer et al., 1994, Kuner and Schoepfer, 1996) and a different sensitivity to 

edogenous inhibitors (Traynelis et al., 1995, Williams, 1996, Chen et al., 1997, Paoletti et al., 

1997, Traynelis et al., 1998). In this respect the expression of NMDA receptor subunits was 

studied in the previously described A53T-SNCA overexpression mouse line at the age of 6 

months in striatal and midbrain tissue. With respect to the finding, that NMDA receptor can 

promote cell survival or cell death, either increased or decreased mRNA expression of NMDA 

receptor subunits was expected, but due to the finding of increased NMDA receptors in PD 

patients (Weihmuller et al., 1992) increased levels seemed more plausible. Indeed in the 

A53T-SNCA overexpressing mouse line an increased expression of the NMDA receptor subu-

nits Grin3a and Grin3b was observed in striatal tissue and increased levels of Grin1, Grin2a 

and Grin2b mRNA level in midbrain tissue (see Results 3.1.1.1). The previously demonstrated 

LTD deficiency in this mouse line is therefore accompanied by an increased pre- and postsyn-

aptic NMDA receptor subunit expression. The increased expression of NMDA receptor subu-

nits is possibly a compensatory effort to boost the reduced neurotransmission signaling due 

to the impaired vesicle release that was demonstrated in electrophysiological studies (Platt et 

al., 2012). The clear separation into pre- and postsynaptic expression alterations is difficult, 

since dissection methods used do not allow a clear separation. Therefore, this analysis cannot 

provide detailed information about the localization of the analyzed NMDA receptor subunits 

nor of the exact localization of the analyzed AMPA or metabotropic glutamate receptors. 

Besides ionotropic glutamate receptors, metabotropic glutamate receptors are involved in 

the generation of LTP and LTD. Metabotropic glutamate receptors belong to the family of G-

protein-coupled receptors that modulate relatively slow synaptic transmission via second 

messengers (Nakanishi et al., 1998). There are at least eight subtypes of metabotropic gluta-

mate receptors and based on their sequence similarity and signal transduction mechanism, 

they are classified into three groups. Group one comprises Grm1 and Grm5, group two Grm2 

and Grm3 and group three Grm4, Grm6, Grm7 and Grm8 (for review see (Gubellini et al., 

2004)). The different groups of metabotropic glutamate receptors are coupled to different 

second messengers, group one receptors are coupled to the IP3/Ca2+/PKC pathway leading to 

increased intracellular Ca2+ release when activated, whereas group two and three receptors 

are negatively coupled to adenylate cyclase leading to a presynaptic inhibition of neuro-

transmitter release when activated (for review see (Gubellini et al., 2004)). As already de-

scribed for ionotropic glutamate receptors, metabotropic glutamate receptors are localized at 

the pre- and postsynapse but are also found perisynaptically (Ottersen and Landsend, 1997). 

However, within the striatum group one metabotropic glutamate receptors are found at the 

postsynaptic level and group two and three are found presynaptically on excitatory corti-
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costriatal terminals (Calabresi et al., 1993, Testa et al., 1994, Testa et al., 1995, Kerner et al., 

1997, Tallaksen-Greene et al., 1998, Testa et al., 1998, Marino and Conn, 2002, Pisani et al., 

2002). Hence, one of the key functions of metabotropic glutamate receptors is the direct 

modulation of neurotransmitter release. With respect to PD, there have been studies showing 

an interaction of metabotropic glutamate receptors with dopamine in the striatum, suggest-

ing an increased dopamine release due to activation of group two metabotropic glutamate 

receptors (Cartmell et al., 2000). In order to boost the impaired neurotransmission that was 

previously observed in the PrPmtA model using an electrophysiological approach as well as 

in line with the findings regarding AMPA and NMDA receptor subunits, the expression analy-

sis of metabotropic glutamate receptor subunits in striatal and midbrain tissue of 6-month-

old A53T-SNCA overexpressing mice was expected to show increased mRNA level for several 

subunits. In line with this hypothesis the qPCR analysis depicted Grm1 and Grm3 to be in-

creased in striatal tissue and Grm3 and Grm5 in midbrain tissue (see Results 3.1.1.1). The 

study of Gubellini et al. in 2001 showed, that the induction of LTD requires the selective acti-

vation of group one metabotropic glutamate receptors especially of Grm1 (Gubellini et al., 

2001, Sung et al., 2001) and in line with this finding, Conquet et al. showed that Grm1 lacking 

mice have a reduced amplitude of LTD (Conquet et al., 1994), therefore the increased striatal 

Grm1 as well as the Grm5 midbrain levels in PrPmtA mice possibly represent an compensato-

ry effort to counteract the LTD deficiency. Grm3 that was found increased in striatal and mid-

brain tissue, is a group two metabotropic glutamate receptor subunit that does not seem to 

be involved in the induction of corticostriatal LTD (Sung et al., 2001), but studies in mice lack-

ing group two and three metabotropic glutamate receptors can induce a different form of LTD 

that is due to presynaptic inhibition of glutamate release but is independent of long-term 

postsynaptic modifications (Kahn et al., 2001). So taken together, there is a pre- and postsyn-

aptic effort to increase metabotropic glutamate receptors that are involved in the generation 

of LTD in PrPmtA mice at 6 months of age. As mentioned previously increasing the expression 

of receptor subunits is not sufficient to modulate synaptic plasticity, therefore additional 

steps such as modulating the expression of scaffolding proteins are necessary. As previously 

described the scaffolding protein PSD-95 assembles AMPA and NMDA receptors at the 

postsynaptic density. In respect to metabotropic glutamate receptors the scaffolding protein 

Homer1 is the most relevant (Brakeman et al., 1997). The Homer protein family includes 

three isoforms in mammals, Homer1, Homer2 and Homer3, and all of them have different 

isoforms due to alternative splicing. Homer proteins are localized at the postsynaptic density 

and interact with several other postsynaptic density proteins (de Bartolomeis and Fiore, 

2004, Shiraishi-Yamaguchi and Furuichi, 2007). The Homer proteins are classified into con-
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stitutively expressed isoforms (Homer1b/c, Homer2 and Homer3) as well as into activity-

dependent expressed isoforms (Homer1a). The constitutively expressed isoforms can bind 

other proteins of the postsynaptic density using their N-terminal domain, but they also show 

self-assembly using their C-terminal coiled-coil domain. The activity-dependent splice variant 

Homer1a however, lacks the C-terminal domain so it interacts with other proteins of the 

postsynaptic density but cannot self-assemble. Homer1a is therefore a short form that is in-

duced like an immediate early gene after neuronal stimulation and acts in an endogenous 

dominant-negative fashion by disrupting the protein assembly of long Homer isoforms 

(Shiraishi-Yamaguchi and Furuichi, 2007), therefore disrupting the signaling complex of 

metabotropic glutamate receptors and IP3 receptors which prevents glutamate-induced neu-

ronal activity (Tappe and Kuner, 2006). The analysis of Homer1 transcript level in the A53T-

SNCA overexpressing mouse line revealed significantly reduced Homer1 mRNA level both in 

striatal and midbrain tissue of 6-month-old mice (see Results 3.1.2.1). The TaqMan assay ap-

plied for Homer1 qPCR cannot distinguish between Homer1a and Homer1b/c isoforms, but 

due to the rapid induction of Homer1a as an immediate early gene, Homer1a possibly repre-

sents most of the quantified Homer1 transcripts. In line with this assumption is that Homer1a 

is induced by glutamate (Sato et al., 2001) as well as by dopamine signaling (Henning et al., 

2007, Yamada et al., 2007), both of which are altered in PrPmtA mice. The reduced Homer1 

level found in striatal and midbrain tissue of PrPmtA mice possibly reflect a reduction of 

Homer1a transcripts, which are responsible in regulating glutamate dependent Ca2+ influx 

through activation of IP3 receptors. Therefore, the reduced Homer1 levels represent a cellular 

effort to increase glutamate dependent neuronal activity. In line with this hypothesis is that 

overexpression of Homer1a was found to reduce postsynaptic AMPA and NMDA currents in 

hippocampal neurons (Sala et al., 2003) and a disrupted interaction of Homer1 with metabo-

tropic glutamate receptors, possibly through Homer1a, was shown to impair LTD in rat hip-

pocampal slices (Ronesi and Huber, 2008). Since Homer1 assembles group one metabotropic 

glutamate receptors with intracellular IP3 receptors in order to control intracellular Ca2+ dy-

namics, the next candidate studied was the IP3 receptor (Tu et al., 1998). The IP3 receptor is 

ubiquitously expressed in the mammalian brain and predominantly localized at the endo-

plasmic reticulum membrane (Putney and Bird, 1993). IP3 receptors are ion-channels that 

release intracellular Ca2+ from the endoplasmic reticulum when activated through extracellu-

lar signals that act via group one metabotropic glutamate receptors and the scaffolding pro-

tein Homer1 as described previously in this discussion (Berridge, 1993). In accordance to the 

already identified effort in A53T-SNCA overexpressing mice, to increase synaptic signaling via 

increased transcripts of AMPA, NMDA and metabotropic glutamate receptor subunits as well 
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as decreased Homer1, the IP3 receptor transcript level analysis depicted increased IP3 recep-

tor levels in striatal and midbrain tissue of 6-month-old PrPmtA mice (see Results 3.1.4.1).  

Therefore, in PrPmtA mice the electrophysiologically identified LTD deficiency is accompa-

nied by increased ionotropic and metabotropic glutamate receptor transcript levels, especial-

ly by group one metabotropic glutamate receptor subunits that are required for LTD induc-

tion (Gubellini et al., 2001) as well as IP3 receptor transcript level that are coupled to group 

one metabotropic glutamate receptors via Homer1. Three additional candidate gene analysis 

support this hypothesis of an increased signaling effort, one is the analysis of RGS2 transcript 

level, second is the analysis of Pdbd1 and third the analysis of Tac1 (see Results 3.1.4.1). RGS 

proteins act as GTPase activating proteins, therefore blocking G-protein function which limits 

the lifetime of the active GTP-Gα complex (Berman et al., 1996, Hunt et al., 1996, Watson et 

al., 1996). RGS2 is a mediator of G-protein coupled signaling that specifically inhibits Gqα 

which is involved in inositol lipid signaling (Heximer et al., 1997). RGS2 transcript was found 

reduced in striatal tissue of PrPmtA mice at 6 months of age, again reflecting an increased 

effort to enhance the mGluR/IP3R signaling. The Pdbd1 gene encodes a member of the pter-

in-4-alpha-carbinolamine dehydratase family that is involved in the biosynthesis of  tetrahy-

drobiopterin (BH4) (Thony et al., 2000). In respect to BH4 function which increases dopa-

mine release within the nervous system (Koshimura et al., 1990) as well as the fact that de-

creased BH4 level were associated with PD (Curtius et al., 1984), Pcbd1 represents and inter-

esting candidate possibly involved in the enhanced signaling effort. The analysis of Pcbd1 

transcript level in striatal and midbrain tissue of 6-month-old PrPmtA mice revealed signifi-

cantly upregulated Pcbd1 level in striatal tissue but no changes in midbrain (see Results 

3.1.4.1), again reflecting an increased effort of synaptic signaling in this mouse line of LTD 

deficiency. The third and last candidate gene that supports this hypothesis of increased sig-

naling efforts within the nigrostriatal and corticostriatal pathway is tachykinin 1 (Tac1). The 

Tac1 gene encodes  the two neuropeptides substance P and neurokinin A, both involved in 

the regulation of glutamate-driven neurotransmission and exitotoxicity (Vargas et al., 2005). 

The transcript level analysis of Tac1 in PrPmtA mice depicted increased Tac1 levels in mid-

brain tissue and a trend towards induction for striatal tissue, again supporting the hypothesis 

of altered corticostriatal glutamate neurotransmission and cellular compensatory efforts.  

The downstream consequences of glutamatergic and dopaminergic signaling are increased 

expression level of specific immediate early genes such as cFos, FosB, JunB and many others.  

In the A53T-SNCA overexpression mouse model of early PD pathology, a whole set of imme-

diate early genes was analyzed in striatal and midbrain tissue of 6-month-old mice using 

qPCR. This analysis illustrated reduced striatal transcript levels for Arc, cFos, FosB, Egr1, 
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Egr2, Nur77 and Nor1 as well as reduced midbrain transcript level for cFos, Egr1 and Nor1. 

Striatal reduction of the activity-regulated cytoskeleton-associated protein Arc is of particular 

interest, since Arc mRNA is known to rapidly localize to dendritic regions that received syn-

aptic stimulation (Steward et al., 1998, Steward and Worley, 2002). Arc is also known to play 

a role for LTP and memory in the hippocampus (Guzowski et al., 2000, Ying et al., 2002) and 

its induction was proven to depend on NMDA receptors (Steward and Worley, 2001). So the 

reduced striatal mRNA level are the first evidence that the increased signaling effort that is 

visible through increased expression of receptors involved in generating synaptic plasticity is 

not sufficient to induce downstream effects such as the induction of immediate early genes. 

This first hint is in line with the finding of reduced striatal cFos, FosB, Egr1, Egr2, Nur77 and 

Nor1 levels. cFos is an immediate early gene that is known to be induced in striatal MSN due 

to dopamine receptor 1 stimulation (Graybiel et al., 1990, Young et al., 1991) and there is also 

evidence of cFos being modulated by glutamate transmission (Paul et al., 1992, Paul et al., 

1995), highlighting its downstream position of dopaminergic and glutamatergic signaling. 

FosB is known to heterodimerize with JUN family proteins forming the transcription factor 

complex AP-1 that regulates the gene expression of several signaling pathways and was 

found to play a role in neurological and psychiatric disorders (Ohnishi et al., 2011, Yutsudo et 

al., 2013). Egr1 and Egr2 are as well regulator of transcription that are induced by extracellu-

lar stimuli such as synaptic activity and LTP and are involved in synaptic plasticity and 

memory formation (Bozon et al., 2002, Veyrac et al., 2014). Studies focusing on Egr1 showed, 

that NMDA receptor antagonists can dramatically reduce the Egr1 mRNA/protein expression 

(Worley et al., 1991), implying again, that the increased NMDA receptor subunit expression is 

not sufficient to actually increase glutamatergic signaling to the striatum. The last set of im-

mediate early genes that was analyzed in striatal and midbrain tissue of A53T-SNCA overex-

pressing mice were members of the NR4A family of nuclear receptors, namely Nurr1, Nur77 

and NOR1 (Maxwell and Muscat, 2006). The Nr4A members are induced by stimuli such as 

growth factors, glutamatergic neurotransmission, calcium influx as well as membrane depo-

larization and stress (Maxwell and Muscat, 2006). The molecular pathways that modulate the 

expression of Nurr1, Nur77 and Nor1 include the protein kinase A and cAMP responsive ele-

ment-binding protein (CREB), calcium/calmodulin kinase (CaMK), NFκB and MAPK (Hawk 

and Abel, 2011). In respect to PD research, Nurr1 is the nuclear receptor that is studied in 

greatest detail showing that overexpression of Nurr1 can rescue alpha-synuclein induced 

neurotoxicity (Decressac et al., 2012) and that alpha-synuclein expression itself suppresses 

the expression of Nurr1 (Lin et al., 2012). In PD patients mutations in Nurr1 are associated 

with an increased risk and in post-mortem analysis of human tissue of PD cases Nurr1 ex-
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pression was found reduced, specifically in neurons with alpha-synuclein inclusions (Chu et 

al., 2006, Moran et al., 2007). NUR77 is known to have a direct action in apoptosis, where cer-

tain death stimuli such as glutamate excitotoxicity induce the translocation of NUR77 from 

the nucleus to the cytosol and mitochondria where it binds BCL2 and converts it from cell 

protector to cell killer (Li et al., 2000, Lin et al., 2004). BAD, the BCL2-associated agonist of 

cell death that indirectly promotes cell death was also studied in PrPmtA mice and showed 

significantly increased level in striatal tissue, so the same tissue where Nur77 was found re-

duced. Since mRNA level do not reflect protein level, NUR77 protein could still be increased 

and promote the expression of Bad. In order to clearly state about interactions, protein analy-

sis is needed.  NOR1 is the member of the nuclear receptor family that is studied to the least 

extend. A recent study showed its localization in the nucleus and could demonstrate only a 

very rare translocation to the cytoplasm or mitochondria in neuronal cell death, implicating 

only a minor function for NOR1 compared to NUR77 (Boldingh Debernard et al., 2012). The 

analysis of Nurr1, Nur77 and Nor1 in striatal and midbrain tissue of 6-month-old A53T-SNCA 

overexpressing mice revealed reduced striatal Nur77 and Nor1 levels as well as reduced Nor1 

midbrain levels, whereas Nur77 only showed a trend towards reduction. These findings are 

particularly interesting in the light of the study of Decressac et al., showing that reduced ex-

pression levels of NR4A family members increase the vulnerability of neurons to neuro-

degeneration (Decressac et al., 2012). In this respect the reduced expression of NR4A family 

members possibly reflect an alpha-synuclein dependent vulnerability of striatal MSN and do-

paminergic midbrain neurons to cell death.  

Summarizing this transcriptome analysis in general, 6-month-old A53T-SNCA overexpressing 

mice show increased expression of candidate genes involved in modulating neurotransmis-

sion and synaptic plasticity, but due to the finding of decreased immediate early genes pre-

dominantly in striatal tissue, this signaling efforts does not reach striatal MSNs, resulting in 

reduced synaptic plasticity seen on a molecular level as well as on an electrophysiological 

level by LTD deficiency. In order to depict the very earliest effects of alpha-synuclein overex-

pression, the candidate genes that were found significantly regulated in striatal or midbrain 

tissue of 6-month-old mice were analyzed in striatal and midbrain tissue of 3-month-old 

mice. This analysis illustrated, that alterations of glutamate receptor subunits occur with age 

progression but are not present in young mice (see Results 3.1.5.1). The analysis of immedi-

ate early genes, scaffolding proteins and additional candidates showed, that among the earli-

est effects of alpha-synuclein gain-of-function are expression alterations for Homer1, cFos, 

Nor1, Nurr1 and Nur77 (see Results 3.1.5.2). Homer1 transcript level were found significantly 

reduced in striatal and midbrain tissue of 3-moths-old mice such as in 6-month-old mice, 
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highlighting reduced Homer1 level to illustrate one of the earliest marker of alpha-synuclein 

induced nigrostriatal and corticostriatal synaptic plasticity alterations. cFos, Nur77 and Nor1 

were found reduced in 6-month-old mice but show increased expression level in striatal and 

midbrain tissue of 3-month-old mice. Additionally, the most important member of the NR4A 

family in respect of PD research, Nurr1, was also found increased in midbrain tissue of young 

mice. The increased expression of these genes possibly illustrate a high alpha-synuclein de-

pendent cellular stress level, since cFos expression is very sensitive to stress and NR4A family 

members were found increased after intense Ca2+ influx (Boldingh Debernard et al., 2012). 

The increased Nur77 expression at young age potentially accounts for the increased Bad ex-

pression at 6 months of age that promotes neurodegeneration after intense cellular stress, in 

our model possibly due to alpha-synuclein overexpression. At this early age neurotransmis-

sion alterations or LTD deficiency were not found, which is in line with the molecular finding 

that glutamate receptor expression is normal at this age. So taken together, among the earli-

est effects of alpha-synuclein gain-of-function are reduced Homer1 transcript level as well as 

increased transcript levels of cFos and NR4A family members. This finding can contribute to 

the early detection of PD pathogenesis and can help to assess progression versus therapeutic 

benefits. 

 

4.1.2 Alpha-Synuclein Gain-of-Function and Additional Pink1 Abla-

tion Decreases the Expression of Candidate Genes Involved in Syn-

aptic Signaling Efforts and Decreases the Expression of Candidate 

Genes Downstream of Synaptic Signaling Cascades 

For most cases Parkinson’s disease is a polygenic rather than a monogenic disease, therefore 

the analysis of candidate genes possibly involved in synaptic plasticity was extended to an 

additional mouse model of PD harboring the A53T-SNCA overexpression and the Pink1KO, 

both of which are associated with familial cases of PD. This mouse model is expected to show 

increased pathology but electrophysiological studies regarding LTD were not conducted so 

far. However, on a behavioral level these double-mutant mice show a potentiated phenotype 

compared to each of the single mutants with reduced spontaneous activity becoming signifi-

cant already at the age of 3 months and a progressive paralysis in aged mice (Gispert et al., 

2014a). Due to the potentiated phenotype as well as the same murine specific PrP promoter 

driven alpha-synuclein overexpression but an additional Pink1KO, the candidate gene analy-

sis of double-mutant mice was expected to show similar but possibly stronger expression al-
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terations in striatal and midbrain tissue of 6-month-old mice. As described for the candidate 

gene analysis in PrPmtA mice, the first set of genes potentially involved in synaptic plasticity 

were glutamate receptor subunits. In double-mutant mice, the exact same subunits as de-

scribed in great detail for PrPmtA in 4.1.1 were studied. The qPCR analysis of AMPA receptor 

subunits revealed reduced expression level for Gria1 and Gria2 in striatal tissue and no alter-

ation in midbrain. As mentioned previously, Gria2 subunit lacking AMPA receptors show Ca2+ 

permeability (Swanson et al., 1997), the reduced expression of Gria2 mRNA in double-mutant 

mice possibly reflects an effort to increase Ca2+ permeability due to less Gria2 containing AM-

PA receptors. However, this is not a strong hypothesis and alterations regarding AMPA recep-

tor subunit expression are very low compared to alterations found in PrPmtA mice. In line 

with these limited expression changes in AMPA receptor expression is the finding of unal-

tered expression of the AMPA receptor and NMDA receptor scaffolding protein Psd-95, impli-

cating AMPA receptor modulations to only play a minor role in double-mutant mice. The 

same is true for the analysis of NMDA receptor subunits where reduced striatal Grin3b and 

reduced midbrain Grin2c levels were found (see Results 3.1.1.2). As mentioned previously, 

too much as well as too little response to NMDA activity is harmful for neurons (Lipton and 

Kater, 1989, Lipton and Nakanishi, 1999, Hardingham and Bading, 2003), therefore reduced 

NMDA receptor subunit expression found in double-mutant mice possibly demonstrates 

pathological alterations of synaptic plasticity. The analysis of metabotropic glutamate recep-

tor subunits revealed striatal Grm1 level to be significantly reduced in 6-month-old double-

mutant mice but no significant alterations were observed in midbrain tissue. Grm1 is a group 

one metabotropic glutamate receptor that was found increased in PrPmtA striatal tissue of 

the same age, so reduced Grm1 level illustrate alterations within the same pathway but with 

opposite directions. Taken together, the analysis of glutamate receptor subunits in double-

mutant mice depicted only minor expression changes and those expression changes found 

were opposite to those of A53T-SNCA overexpressing single-mutant mice. This conflict may 

be explained by the different background of the two strains, with PrPmtA mice having a pure 

FVB/N background whereas double-mutant mice are homozygous for both genotypes and 

therefore show a mixed background of FVB/N and 129/SvEv with 50:50 distributions on av-

erage. The diversity in genetic background can influence the alpha-synuclein gain-of-function 

effects leading to different adaptions to compensate for this stressor. Besides the SNCA over-

expression this mouse model lacks the protective function of PINK1 possibly leading to earli-

er problems of protein aggregation and therefore increased efforts of protein degradation 

rather than efforts to enhance a signaling deficiency. Additionally, no electrophysiological 

study of LTD was conducted in this mouse line so far, so there is the possibility that this line 
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does not show impaired LTD or neurotransmission deficiencies at this age, since dopamine 

level in HPLC analysis appeared normal (personal communication Suzana Gispert). Consider-

ing PD to be a polygenic disease with several mutations leading to the same pathological and 

phenotypical abnormalities, there is huge evidence that not one single pathway but different 

signaling pathways contribute to PD pathology and progression therefore different expres-

sion alterations in different mouse models of PD represent the rule rather than the exception.  

The next set of candidate genes analyzed in 6-month-old striatal and midbrain tissue of dou-

ble-mutant mice, were the scaffolding protein Homer1 as well as the set of immediate early 

genes and additional candidates already described for PrPtmA mice in 4.1.1. This mRNA anal-

ysis depicted reduced Homer1 level in striatum and midbrain of double-mutant mice as well 

as reduced midbrain levels for the immediate early genes cFos, Creb1, FosB, Egr2, JunB, Nurr1, 

Nur77 and Nor1 as well as reduced striatal level of FosB, JunB, Nur77 and Nor1. The general 

pre- and postsynaptic reduction of immediate early genes implies an altered synaptic plastici-

ty for this mouse line compared to wild-type controls. Interestingly, immediate early genes 

were found reduced in both the single-mutant and the double-mutant mice with alpha-

synuclein overexpression, highlighting alpha-synuclein gain-of-function to represent a key 

event in the process of neurotransmission and synaptic plasticity. However, the alpha-

synuclein gain-of-function seems to affect the signaling cascades in a different way. In PrPm-

tA mice through alteration of glutamate receptors leading to reduced expression level of im-

mediate early genes predominantly in striatal tissue and in double-mutant mice via pathways 

that are not known yet, leading to reduced expression of immediate early genes predomi-

nantly in the midbrain.  So taken together, among the strongest effects of alpha-synuclein 

gain-of-function are reduced Homer1 transcript level as well as reduced transcript levels of 

immediate early genes especially of NR4A family members. In order to specify if those chang-

es are clearly alpha-synuclein dependent, the same analysis was conducted in Pink1KO mice.  

 

4.1.3 Exclusive Pink1 Ablation has Only Minor Effects on the Expres-

sion of Candidate Genes Involved in Synaptic Plasticity 

In order to specify the role of Pink1KO for synaptic plasticity as well as to clearly state which 

of the observed expression alterations in double-mutant mice relates to alpha-synuclein gain-

of function, the same set of candidate genes was analyzed in striatal and midbrain tissue of 6-

month-old Pink1KO mice. The first set of genes analyzed were again subunits of ionotropic 

and metabotropic glutamate receptors. This analysis showed a significantly reduced striatal 
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expression for Grin2d as well as a reduced expression for Grm2 in midbrain. Compared to the 

effects observed in PrPmtA single-mutants as well as in double-mutants these are only minor 

effects and therefore Pink1KO obviously is not a key regulator of synaptic plasticity. The anal-

ysis of scaffolding proteins, immediate early genes and additional candidates revealed re-

duced striatal expression of Homer1 as well as reduced Egr2 level in midbrain. Besides these, 

no significant expression alterations could be detected (see Results 3.1.1.3, 3.1.2.3, 3.1.3.3, 

3.1.4.3). Taken together, Pink1 ablation does not significantly influence synaptic plasticity. In 

line with this finding is, that these mice display a very mild phenotype, show no signs of neu-

rodegeneration or protein aggregation, however they do show reduced spontaneous move-

ments in open field, that is possibly due to impaired dopaminergic neurotransmission (Kitada 

et al., 2007, Gispert et al., 2009). In 2004 Valente et al. gave the first functional evidence of 

PINK1 having a protective role in neurons from stress-induced mitochondrial dysfunction 

(Valente et al., 2004), a potential explanation of the very mild pathology in the Pink1KO 

mouse line. The Pink1KO mice are housed in individually ventilated cages under controlled 

light/dark cycles, controlled temperature and controlled humidity with food and water avail-

able ad libitum. Under these controlled and actually unnatural conditions Pink1KO mice are 

not exposed to stressors, therefore the absence of a protein involved in stress response is ra-

ther inconspicuous. This absence of stressors leading to only minor molecular alterations 

within this mouse model of PD is in contrast to the double-mutant model where the need of 

PINK1 protective function becomes visible since SNCA overexpression presents sufficient cel-

lular stress. However, taking together Pink1KO has only minor effect on the expression of 

candidate genes involved in the modulation of neurotransmission and synaptic plasticity and 

the huge effects on the expression of glutamate receptor subunit, scaffolding proteins, imme-

diate early genes and additional candidate genes seen in PrPmtA and double-mutant mice, 

are clearly driven by alpha-synuclein gain-of function. 
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4.2 PROJECT II: THE IMPACT OF ALPHA-SYNUCLEIN GAIN-OF-
FUNCTION ON THE BEHAVIORAL AND MOLECULAR RESPONSE TO 
APOMORPHINE TREATMENT 

Among the major interference with progression of PD are severe side effects to L-DOPA 

treatment known as levodopa induced dyskinesia (LID). The current opinion is, that LID re-

sults both from pre- and postsynaptic abnormalities in dopamine signaling and changes in 

synaptic plasticity (Brotchie and Jenner, 2011, Fisone and Bezard, 2011, Murer and Moratalla, 

2011, Ghiglieri et al., 2012, Cenci, 2014). As described in detail within the introduction of this 

thesis, studies in PD patients as well as in rodent models of PD could associate the behavioral 

aspect of LID with a dysregulation of dopamine release and clearance (Cenci and Lundblad, 

2006) whereas on a molecular level LID is conducted by alterations within the direct pathway 

of D1 receptor positive striatal MSNs (Aubert et al., 2005, Cenci, 2007, Darmopil et al., 2009). 

Studies using 6-OHDA rodent models of PD identified markers of postsynaptic supersensitivi-

ty to be associated with LID, particularly the phosphorylation of ERK1/2 could be positively 

correlated to abnormal involuntary movements in L-DOPA treated animals (Pavon et al., 

2006, Santini et al., 2007, Westin et al., 2007). However, these studies were performed in a 

model of PD that is induced by stereotactic unilateral injection of the neurotoxin 6-OHDA 

leading to an acute loss of dopaminergic terminals and neurons. This model represents a stat-

ic model of late stage PD after completion of the neurodegenerative process, but this model 

lacks the ability to study presymptomatic stages and PD progression. In this respect the 6-

OHDA model, in line with other neurotoxin induced models of PD, is not suitable to identify 

therapeutic targets that are specific to early stages PD. Furthermore, these neurotoxin-

induced models of PD do not model crucial PD progression events that are alpha-synuclein 

driven (Angot and Brundin, 2009, Nakamura et al., 2011, Taschenberger et al., 2012). Consid-

ering the status quo of LID research it would be of great value to model LID in a model of ear-

ly stages PD and study the molecular events leading to the severe abnormalities. In order to 

investigate whether a transgenic mouse model of synucleinopathy could be useful to model 

LID, we studied the response of our A53T-SNCA overexpressing mice to a dopamine agonist, 

documented their behavior and investigated established molecular markers of striatal 

postsynaptic supersensitivity as well as novel candidates of the same signaling cascade. The 

choice of using the A53T-SNCA overexpressing mouse model of PD within this novel ap-

proach was supported by previous data obtained in this mouse model of early stages PD. This 

model was proven to show impaired neurotransmission (Platt et al., 2012) as well as LTD de-

ficiency in corticostriatal slices, which could be rescued by phosphodiesterase antagonists 

(Kurz et al., 2010). Furthermore, the molecular analysis of midbrain and striatal tissue dis-
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cussed in 2.1.1 revealed an increased expression of glutamate receptor subunits as compen-

satory effort to enhance the signaling deficit as well as a reduced expression of immediate 

early genes implicating that this effort does not reach striatal MSNs and synaptic plasticity is 

impaired. A novel electrophysiological approach showed an increase in firing frequency in 

dopaminergic midbrain neurons and stated this selective enhancement as “stressful pace-

making” (Subramaniam et al., 2014). Additionally, the PrPmtA model is a model of synucle-

inopathy that does not show neurodegeneration so it mimics early stages of PD as well as PD 

progression providing the chance to identify beneficial therapeutic targets. Summarizing 

these previous findings, the PrPmtA model provides a valuable model to study whether pre-

symptomatic stages of PD may already involve altered postsynaptic sensitivity to dopamine 

receptor stimulation. To our knowledge there was only one additional approach focusing on 

the pre- and postsynaptic compartments in the pathophysiology of LID in a morphologically 

intact nigrostriatal projection. This approach used viral vector-mediated silencing of TH in 

order to induce striatal dopamine depletion (Ulusoy et al., 2010). This model highlights the 

presynaptic neurotransmission machinery as a key factor for the induction and maintenance 

of LID. This model showed, that unlike the 6-OHDA model, where LID is highly correlated 

with the lesion intensity, the postsynaptic dopamine receptor stimulation using apomorphine 

induces dyskinesia even in absence of neuronal degeneration (Ulusoy et al., 2010). So taken 

together, the evidence of an powerful mouse model of early stages PD as well as the infor-

mation provided by Ulusoy showing that LID can be modeled in absence of neurodegenera-

tion, highlights this novel approach of studying LID in a genetic model of synucleinopathy as a 

relevant next step to identify new molecular markers of postsynaptic sensitivity that could 

serve as beneficial therapeutic targets in the treatment of early stages PD.  

 

4.2.1 Alpha-Synuclein Gain-of-Function Increases Involuntary 

Movements with Stereotypic and Dystonic Features after Apomor-

phine Treatment 

Behavioral validation of abnormal involuntary movements (AIMs) was established for the 

first time in the 6-OHDA rat model of LID by the group of Angela M. Cenci (Cenci et al., 1998, 

Andersson et al., 1999). The group established a scoring system using three main sections, 

each representing one topographical area of the body as already described in detail within 

the introduction (see 1.5.2). In 2004 the first 6-OHDA mouse model of LID has been reported 

again by the group of Angela M. Cenci and authors reported similar AIMs as those observed in 
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the rat model (Lundblad et al., 2004). The group used the same rating scale described for 6-

OHDA lesioned rats but also included the frequency, the duration and the intensity of topo-

graphical limb, axial and orolingual dyskinesia (Francardo et al., 2011, Heuer et al., 2012). 

However, up to now there is no general agreement in the field of LID research upon the use of 

one general rating scale, in contrast different groups use different rating scales and those are 

still highly dependent upon subjectivity that is based on the visual observation of one single 

person (Breger et al., 2013). In this respect characterizing the behavioral response to apo-

morphine in a novel model in the field of LID was quite challenging. In order to reach the 

most valuable and trustworthy result the rating scale used to score A53T-SNCA overexpress-

ing mice after apomorphine treatment was developed in collaboration with the group of An-

gela M. Cenci (detailed description of the rating scale shown in Material and Methods 2.2.4). 

The approach focused on the analysis of horizontal activity as well as on involuntary move-

ments with stereotypic or dystonic features. Among the stereotypic features that differed 

quantitatively between PrPmtA and WT mice after apomorphine treatment were forelimb 

tapping and head bobbing and (as dystonic feature) hyperextension was scored. The behav-

ioral analysis of 18-months-old A53T-SNCA overexpressing mice after a single subcutaneous 

injection of 5 mg/kg apomorphine using the novel stereotypic rating scale that was adapted 

from the AIMs score performed in 6-OHDA mice, revealed an significant induction of involun-

tary movements with stereotypic and dystonic features when compared to WT mice (see Re-

sults 3.2.1). Also in comparison to WT mice, the transgenic mice displayed a delayed recovery 

of spontaneous locomotion after apomorphine treatment, which is possibly due to the inten-

sity of involuntary movements still observed at this time point (see Results Fig.33). The sig-

nificant difference at time point 0 in horizontal activity reflects the well-established pheno-

type of PrPmtA mice at old age with reduced spontaneous locomotor activity (Gispert et al., 

2003). The analysis of forelimb tapping showed persistently higher scores in PrPmtA than in 

WT mice but the statistical analysis failed to reach significance, which can be explained by the 

high standard deviation. The high standard deviation in forelimb tapping is due to the fact, 

that not all of the scored mice showed forelimb tapping within the time videotaped, leading to 

highly different scores within each group. However, looking at the individual data one can 

state, that forelimb tapping tends to be increased in PrPmtA compared to WT mice after ap-

omorphine treatment. Head bobbing, the second stereotypic movement that was quantified 

in this analysis, showed significant differences from time point 40 on with PrPmtA displaying 

a higher score compared to WT mice. Considering that this is the very first behavioral analy-

sis of a transgenic mouse displaying AIMs closely to what was shown for 6-OHDA, head bob-

bing presented the most sensitive behavioral trait to accurately describe stereotypic move-
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ments. Dystonic behavior was quantified by the analysis of axial hyperextension, showing a 

significant higher score only at time point 20. However, as described for forelimb tapping, the 

analysis of hyperextension failed to reach statistical significance at the other time points due 

to the high standard deviation. The high standard deviation, again, resulted from differences 

within each group (PrPmtA and WT), since not all animals showed axial hyperextension dur-

ing the observation period. However, a close look at the data revealed that hyperextension 

tended to be increased over the complete observation period.  

In order to prove that the corticostriatal and nigrostriatal overexpression of alpha-synuclein 

(Gispert et al., 2003) occurred in absence of neuronal cell loss, immunohistochemistry of al-

pha-synuclein and TH was performed in mice used for behavioral validation. The immuno-

histochemical analysis depicted a clear alpha-synuclein overexpression in PrPmtA compared 

to WT mice showing enhanced immunoreactivity in synapses with granular pattern in striatal 

and cortical sections as well as a coarser grained appearance of SNCA immunoreactivity along 

neurites of the substantia nigra (see Results 3.2.2). Morphological circumstances were stud-

ied using TH immunohistochemistry, followed by optical density analysis in the striatum and 

midbrain of PrPmtA mice compared to WT. The detailed analysis of different striatal and 

midbrain level by optical density revealed no anatomical evidence of a dopaminergic cell loss 

in 18-month-old PrPmtA mice, giving evidence that the observed behavioral response is in-

dependent of neuronal loss. Considering the previously reported impaired vesicle release 

(Platt et al., 2012), the impaired LTD (Kurz et al., 2010) as well as the expression alterations 

of candidates involved in synaptic plasticity, the increased behavioral sensitivity to apomor-

phine can be ascribed to the deficiency in dopaminergic signaling. Taken together, the trans-

genic expression of A53T-SNCA in the nigrostriatal and corticostriatal projections has an im-

pact on the behavioral response to apomorphine, leading to increased involuntary move-

ments with stereotypic and dystonic features even in the absence of neurodegeneration.  

 

4.2.2 Alpha-Synuclein Gain-of-Function Changes the Temporal Dy-

namics of Striatal Signaling Responses to Apomorphine Treatment 

Previous studies in 6-OHDA mouse models of LID identified a correlation between abnormal 

involuntary movements and indexes of striatal postsynaptic supersensitivity. One of the key 

molecules associated with LID are the extracellular signal-regulated kinases 1 and 2 

(ERK1/2). ERK1/2 have been described as mediators of activity-dependent plasticity seen in 

studies of hippocampal LTP, where ERK2 activity through NMDA receptor activation presents 
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a potential component of the LTP induction pathway (English and Sweatt, 1996). Thereafter, 

an involvement in classical conditioning (Crow et al., 1998) and memory formation was 

shown (Brambilla et al., 1997, Atkins et al., 1998). As described previously, the ERK1/2 sig-

naling cascade is also acting as a master switch for striatal synaptic plasticity and altered 

phosphorylation of ERK1/2 is correlated with abnormal involuntary movements in 6-OHDA 

rodent models of LID (Pavon et al., 2006, Santini et al., 2007, Westin et al., 2007). In 6-OHDA 

rodent models of LID, increased phosphorylation of ERK1/2 was shown after L-DOPA treat-

ment as an early marker of aberrant neuroplasticity and post-synaptic D1 receptor supersen-

sitivity (Westin et al., 2007). However, it is necessary to mention, that 6-OHDA mice with stri-

atal lesion showed a significant increase of phospho-ERK1/2 only in severely denervated  

striatal regions and not in regions with more than 60% residual dopaminergic neurons 

(Francardo et al., 2011).  

In order to study the molecular underpinnings of the behavioral response to apomorphine in 

this novel transgenic model of LID, candidates previously identified in the 6-OHDA mouse 

model such as the phosphorylation of ERK1/2 as well as novel candidates that are involved in 

regulating the ERK1/2 signaling cascade, were studied. The analysis of early changes in 

phosphorylation levels of ERK1/2 were performed in striatal tissue dissected 30 min after 

apomorphine challenge. This time point was chosen in accordance to studies in the 6-OHDA 

rodent model in which 20 minutes after acute L-DOPA administration ERK1/2 phosphoryla-

tion was detectable (Westin et al., 2007), as well as in accordance to a study showing that 

acute apomorphine administration increases ERK phosphorylation 30 minutes after injection 

in rats (Sanguedo et al., 2014). Our analysis revealed significantly induced phospho-ERK2 

level in both groups after apomorphine treatment, whereas a trend towards induction was 

observed for phospho-ERK1, so apomorphine treatment clearly induces the striatal phos-

phorylation of ERK1/2 both in PrPmtA and WT mice. The finding of ERK2 being significantly 

altered and ERK1 only depicting a trend is particularly interesting in the light of the previous-

ly mentioned study showing ERK2 phosphorylation to be an important modulator of synaptic 

plasticity, whereas ERK1 did not seemed to play a major role (English and Sweatt, 1996). 

However, in order to explain the observed behavioral differences after apomorphine treat-

ment, the most important analysis is the direct comparison of PrPmtA and WT mice both af-

ter apomorphine and vehicle treatment. This comparison in phospho-ERK1/2 level revealed 

no significant phenotype dependent differences regarding the response to apomorphine or to 

vehicle, so at baseline levels, at the early time point of 30 minutes. In order to identify striatal 

effects of apomorphine treatment, an additional later time point was chosen that reflects the 

recovery phase, which was seen altered in PrPmtA compared to WT mice. The analysis of 
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phospho-ERK1/2 level 100 minutes after treatment revealed no significant apomorphine de-

pendent alterations in WT mice, implicating that the activity of compensatory mechanism has 

already balanced the cellular stress, leading to a reduction of phospho-ERK1/2  in apomor-

phine treated WT mice back to normal level (vehicle level). In contrast, the analysis of PrPm-

tA mice sacrificed 100 min after treatment illustrated a reduced ERK1/2 phosphorylation in 

striatal tissue, implicating an increased sensitivity of dopamine agonist-dependent 

dephosphorylation pathways. However, in order to explain the behavioral differences be-

tween WT and PrPmtA mice after apomorphine treatment, the direct comparison of WT and 

PrPmtA mice is essential. This analysis revealed significant genotype dependent differences 

in vehicle treated mice, with PrPmtA mice showing increased phospho-ERK1/2 level com-

pared to WT mice. This finding is in contrast to the observation at 30 minutes after apomor-

phine/vehicle treatment where no genotype dependent alterations for vehicle treated mice 

were found. The same analysis only 70 minutes later should not change these results, there-

fore we can only speculate about the underlying mechanism leading to this unexpected result. 

One potential explanation for the different baseline phospho-ERK1/2 levels is the fact, that 

PrPmtA and WT mice handle stress differently due to the increased alpha-synuclein expres-

sion. During the behavioral observation period it became clear, that WT mice relax much 

faster after being placed individually and tend to fall asleep earlier compared to PrPmtA mice. 

Sleeping animals were excluded from behavioral analysis but they were included in the mo-

lecular analysis. 30 minutes after apomorphine treatment neither WT nor PrPmtA mice were 

sleeping when sacrificed, so the general stress level was comparable. At 100 minutes after 

apomorphine treatment many of the studied mice were sleeping before sacrificing them for 

molecular analysis. We do not have statistical evidence for WT mice being more asleep than 

PrPmtA mice, but the personal feeling during the observation of all animals used for these 

tests is that WT mice tend to sleep at time point 100 but PrPmtA mice were still active. This 

behavioral difference could serve for the different phospho-ERK1/2 level after vehicle treat-

ment. Importantly to mention, this difference in stress handling could also influence the re-

sult obtained for the genotype independent analysis of apomorphine treatment. The analysis 

of vehicle treated PrPmtA mice compared to apomorphine treated PrPmtA mice displayed a 

significant reduction in phospho-ERK1/2 level with a relatively high fold-change (PrPmtA 

vehicle treated compared to PrPmtA apomorphine treated = 1 -1.77 reduction of phospho-

ERK1 and -1.66 reduction of phospho-ERK2 levels). The strong alteration in baseline phos-

phorylation level seen in the analysis of vehicle treated PrPmtA and WT mice, could serve as 

an explanation of the strong effect seen in PrPmtA mice, therefore the phospho-ERK1/2 anal-

ysis in PrPmtA vehicle compared to PrPmtA apomorphine potentially represents a false posi-
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tive. However, the difference in stress accomplishment does not influence the molecular 

analysis of apomorphine treated mice, since they show a completely different behavior with 

both genotypes being active for the whole observation period. In this respect the analysis of a 

genotype dependent difference after apomorphine treatment represents a faithful analysis 

and revealed an increased phospho-ERK1 level in PrPmtA compared to WT mice but no alter-

ations in phospho-ERK2 level, highlighting the ERK1/2 signaling cascade to be altered due to 

the A53T-SNCA overexpression.   

Previous research showed, that the L-DOPA dependent activation of ERK1/2 mediates the 

sequential phosphorylation of the mitogen and stress-activated kinase-1 (MSK1) and histone 

H3, which is phosphorylated in response to MSK1 activity and that this activation occurs in 

dyskinetic but not in non-dyskinetic mice (Soloaga et al., 2003, Brami-Cherrier et al., 2005, 

Chwang et al., 2007, Santini et al., 2007). The group of Fisione could additionally demonstrate 

that the concomitant phosphorylation of ERK, MSK1 and histone H3 occurs at MSNs of the 

striatonigral pathway but not in in striatopallidal MSNs (Santini et al., 2009). In this respect 

the phosphorylation of histone H3 was studied in PrPmtA and WT mice after apomorphine 

treatment. The analysis depicted an apomorphine dependent significant induction of phos-

phorylated histone H3 in the caudal part of the striatum in PrPmtA compared to WT mice, 

supporting the finding of increased ERK1 phosphorylation in striatal tissue of these mice. The 

phosphorylation of histone H3 is involved in the decondensation of chromatin and the regula-

tion of nucleosomal response, therefore increased level in phosphorylated histone H3 modu-

late the expression of several genes most important of the immediate early gene FosB and 

prodynorpin (Andersson et al., 1999, Cheung et al., 2000, Soloaga et al., 2003). With regard to 

these findings of ERK1/2 and histone H3 phosphorylation pattern, that were validated using 

two independent methods namely Western Blot and immunohistochemistry, the analysis of 

underlying molecular alterations that are possibly associated with the observed behavioral 

response to apomorphine was extended to a third method and a third set of candidates pre-

viously described to be associated with LID, the analysis of immediate early genes in striatal 

tissue using qPCR. The analysis of candidate genes in striatal tissue revealed alterations for 

the immediate early genes cFos and Nur77 that have been associated with LID in 6-OHDA ro-

dent models as well as of two novel genes, namely Dusp1 and Dusp6 that are involved in the 

regulation of ERK1/2 but so far have not been associated with LID. The qPCR analysis focused 

on one hand on the apomorphine but genotype independent expression by comparing vehicle 

treated mice with apomorphine treated mice, and on the other hand on genotype dependent 

differences by comparing vehicle treated WT and PrPmtA as well as apomorphine treated WT 

and PrPmtA mice. The analysis was performed in a set of animals that was sacrificed 30 
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minutes after treatment as well as in an additional set sacrificed 100 minutes after treatment, 

representing the same experimental approach as described for the analysis of ERK1/2. The 

comparability of these two approaches is actually guaranteed by using one hemisphere of the 

mouse for phospho-ERK1/2 analysis and the other hemisphere for the qPCR analysis.  

The first candidate found to show an apomorphine dependent induction was cFos. As de-

scribed previously, cFos is an immediate early gene that was shown to be induced in striatal 

MSNs upon dopamine receptor 1 stimulation (Graybiel et al., 1990, Young et al., 1991, 

Herrera and Robertson, 1996). Additionally, studies in rats could confirm the predominant 

location of apomorphine-dependent cFos induction within striatal output neurons (Cenci et 

al., 1992). In light of the findings in project I showing an increased expression of glutamate 

receptor subunits in striatal tissue of 6 month PrPmtA mice, the findings of Paul et al. show-

ing that glutamate transmission has a role in modulating the expression of cFos induced 

through dopamine agonists, are especially valuable (Paul et al., 1992, Paul et al., 1995). The 

analysis of striatal tissue dissected 30 minutes and the analysis of striatal tissue dissected 

100 minutes after treatment revealed an apomorphine dependent cFos induction in both 

genotypes as well as increased genotype dependent cFos level in PrPmtA compared to WT 

mice (see Results 3.2.5.1 and 3.2.5.2), providing the first evidence of an postsynaptic super-

sensitivity to dopamine receptor stimulation in this novel model of LID.  

The next candidate found to show apomorphine dependent alteration was Nur77. Within re-

cent years there is emerging evidence of transcription factors of the Nr4A family to have an 

important role in dopamine-mediated effects. There is experimental evidence that the striatal 

expression of Nur77 is strongly modified by dopamine transmission, so in response to drug 

treatment such as L-DOPA or apomorphine. In this respect the group of Levesque and Rouil-

lard showed that 6-OHDA lesioned rats, after L-DOPA treatment, depict increased Nur77 

mRNA level in the intact side of the striatum but reduced Nur77 mRNA level in the denervat-

ed side of the striatum (St-Hilaire et al., 2003), an imbalance that potentially contributes to 

behavioral sensitization.  In accordance to this finding, the analysis of Nur77 in striatal tissue 

of our mice which do not show neurodegeneration, revealed increased apomorphine depend-

ent Nur77 expression level. The expression analysis in our study showed a significant apo-

morphine dependent Nur77 induction only in the group of mice that were sacrificed 100 

minutes after apomorphine treatment (see Results 3.2.5.2) but not in animals sacrificed 30 

minutes after treatment (see Results 3.2.5.1). Additionally, the analysis revealed an apomor-

phine dependent induction only in PrPmtA and not in WT mice, as well as an increased geno-

type dependent expression in PrPmtA compared to WT mice. Comparing this result to other 
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candidates such as cFos, the alterations of Nur77 represent the only expression change that is 

exclusive to PrPmtA mice. Studies using Nur77-/- mice observed impaired behavioral and mo-

lecular adaptations to denervation and L-DOPA treatment (St-Hilaire et al., 2006), suggesting 

a role for Nur77 in the development of abnormal involuntary movements that are character-

istic for LID. 

In an effort to identify novel candidate genes that are altered in response to apomorphine 

treatment possibly reflecting the molecular basis of the observed behavioral response, the 

expression of genes that are involved in the regulation of ERK1/2 phosphorylation were 

studied. This analysis depicted two novel genes, namely Dusp1 and Dusp6 to be significantly 

induced in response to apomorphine at both time points, but genotype dependent differences 

were detected only in mice sacrificed 100 minutes after apomorphine treatment with PrPmtA 

showing significantly higher Dusp1 and Dusp6 level compared to WT mice (see Results 3.2.5.1 

and 3.2.5.2). Additionally, the apomorphine dependent Dusp6 induction in WT mice was only 

significant in mice sacrificed 30 minutes after treatment, the group sacrificed 100 minutes 

after treatment showed slightly enhanced Dusp6 level, but no significant differences. This 

finding is in line with the results obtained for ERK1/2, showing phosphorylation to be back to 

normal levels in WT mice 100 minutes after treatment but not in PrPmtA mice. In an effort to 

specify if this apomorphine dependent induction is specific to Dusp1 and Dusp6 additional 

members of the Dusp gene family were studied. This analysis depicted two additional mem-

bers, namely Dusp4 and Dusp14 to show an apomorphine dependent expression pattern for 

both genes in PrPmtA mice, but only for Dusp4 in WT mice. However, genotype dependent 

differences could not be detected (see Results 3.2.5.3), emphasizing the specificity of the nov-

el results obtained for Dusp1 and Dusp6.  Dusp1 and Dusp6 are members of the dual-specific 

phosphatase gene family that is known to be activated through induction of mRNA levels by 

several transcription factors such as CREB, NF-κB and ETS-1 (Huang and Tan, 2012). Dusp1 is 

an immediate response gene and its mRNA expression was previously found decreased in 

dopaminergic neurons of 6-OHDA lesioned rats, whereas Dusp1 overexpression showed a 

protective effect against 6-OHDA (Collins et al., 2013). Thereafter, the study from Sun et al. 

showed that Dusp1 basal expression level are relatively low but highly inducible in response 

to growth factors and stress (Sun et al., 1993). The DUSP1 protein also known as MKP-1, 

shows an exclusive nuclear localization and was shown to not only dephosphorylate ERK but 

also p38 and JNK (Wu et al., 2005). In contrast DUSP6, also known as MKP-3, shows a cyto-

plasmatic localization and its phosphatase activity is highly specific to ERK1/2. Studies could 

demonstrate, that DUSP6 through its activation by ERK-dependent phosphorylation, has a 

role as a negative feedback regulator, controlling mitogenic signaling (Caunt and Keyse, 
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2013). The novel finding of elevated Dusp6 level in striatal tissue of PrPmtA mice after apo-

morphine treatment is especially interesting in the light of previous data obtained in our la-

boratory, that showed elevated Dusp6 mRNA in primary skin fibroblasts of PD patients, 

providing evidence of a direct correlation of Dusp6 and increased alpha-synuclein level 

(Hoepken et al., 2008). Consistent with our findings are two recent transcriptome profiling 

studies in 6-OHDA lesioned mice that showed a strong upregulation of Dusp transcripts with-

in striatal projection neurons of the direct pathway after L-DOPA treatment, however this 

study neglected the validation of these findings using an independent method (Heiman et al., 

2014, Visanji, 2014, Charbonnier-Beaupel et al., 2015). In this respect our study provides 

novel results that identified Dusp1 and Dusp6 as molecular markers of an altered striatal 

postsynaptic supersensitivity to dopaminergic challenge that potentially provided the under-

lying mechanism of the observed behavioral differences in response to apomorphine. Taken 

these novel Dusp1 and Dusp6 mRNA findings as well as the previously described phospho-

ERK1/2 findings, DUSP6 was considered to be analyzed by Western Blot. This analysis per-

formed in striatal tissue dissected 100 minutes after treatment revealed an significant apo-

morphine dependent induction in WT but not in PrPmtA mice and the analysis of genotype 

dependent differences illustrated and increased baseline level of DUSP6 in PrPmtA compared 

to WT mice as well as decreased DUSP6 level in PrPmtA mice compared to WT after apomor-

phine treatment (see Results 3.2.6). Hence, on protein level DUSP6 showed a stronger apo-

morphine dependent induction in WT than in PrPmtA mice, however the phosphorylation 

level of DUSP represents its activity and this analysis failed since no antibodies that specifi-

cally detect phosphorylated DUSP6 or antibodies specific for DUSP1 and phosphorylated 

DUSP1 were available.  

In respect to the finding of Dusp1 and Dusp6 being novel and specific targets of an apomor-

phine-triggered reaction that underlies postsynaptic sensitivity, we aimed to determine if 

these results are exclusive to the striatum. Therefore, we analyzed the same candidates in 

midbrain tissue that was dissected 100 minutes after treatment. This analysis exhibited an 

apomorphine dependent increase for all four candidates in PrPmtA mice but only for Dusp1, 

cFos and Nur77 in WT mice (see Results 3.2.5.4). However, genotype dependent differences 

were only detected for cFos showing increased expression level in PrPmtA compared to WT, 

highlighting the effects in Dusp1, Dusp6 and Nur77 expression observed in striatal tissue to be 

an alpha-synuclein dependent alteration that is striatum specific and therefore a possible 

readout of postsynaptic supersensitivity.  
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Taken together this analysis uncovered the impact of alpha-synuclein dependent effects on 

the behavioral and molecular response to apomorphine. The severe involuntary movements 

observed in A53T-SNCA overexpressing mice after apomorphine treatment are accompanied 

by increased striatal phospho-ERK1 and phospho-histon H3 level as well as by genotype de-

pendent increased level of cFos, Nur77, Dusp1 and Dusp6 (shown in a simplified cartoon in 

Fig. 57). Those molecular alterations provide strong evidence of postsynaptic supersensitivi-

ty to dopamine receptor stimulation in this novel model of LID. Therefore, our data together 

with previous studies highlight a fundamental role of alpha-synuclein as a modifier of neuro-

transmission and synaptic plasticity. Thereafter, our data support the hypothesis that the 

PrPmtA mouse model is an authentic novel model of PD progression to study the presynaptic 

dysfunction of early stages PD as well as the postsynaptic pathobiology of alpha-synuclein 

overexpression at the basis of LID.  

 

Fig. 57 Simplified cartoon of the main results obtained in project II. Highlighted are genotype dependent re-
sults obtained after apomorphine treatment. Abbreviations: DA: dopamine; Glut: glutamate MSN: medium spiny 
neuron; SNc: substantia nigra pars compacta 
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4.3 PROJECT III: POTENTIATION OF ALPHA-SYNUCLEIN GAIN-OF-
FUNCTION EFFECTS IN DOUBLE MUTANT MICE WITH PINK1 AB-
LATION 

Intense research in the field of PD identified several genes that are associated with PD pa-

thology (Corti et al., 2011), but only 5-10% of PD cases arise from mutations in one of the 

identified genes, whereas at least 85% occur in a sporadic manner (Thomas and Beal, 2007). 

However, there is evidence that in sporadic PD cases the same molecular alterations contrib-

ute to PD pathology. In this respect and in light of the fact that most PD cases actually suffer 

from polygenic interactions rather than from a monogenic disorder, studying the interaction 

of two PD relevant genes can provide valuable insights and provide a better understanding of 

both idiopathic and sporadic cases of PD, and therefore help to develop beneficial therapeu-

tics. In order to study potential interactions of two PD associated mutations to possibly iden-

tify converging downstream pathways, a double-mutant mouse harboring both the A53T-

SNCA overexpression as well as the Pink1KO was generated. Besides the transcript analysis 

that was shown in 3.1 this mouse is characterized by severe phenotypical abnormalities such 

as reduced spontaneous locomotor activity at the age of 3 month as well as a progressive 

hind limb paralysis. Comparing these phenotypical traits to both single-mutant mice that 

have been described earlier in this thesis, double-mutant mice display a significantly potenti-

ated phenotype. In addition, the hind limb paralysis that starts unilateral and progresses to a 

full bilateral paralysis has never been observed in single-mutant mice. So in order to charac-

terize this novel mouse model of PD, to identify the molecular and morphological changes 

leading to the observed phenotypical abnormalities as well as to study the role of PINK1 onto 

alpha-synuclein gain-of-function induced neurotoxicity, an intense immunohistological study 

in spinal cord and midbrain tissue was performed.  

 

4.3.1 PINK1 Deficiency is a Relevant Modulator of Alpha-Synuclein 

Aggregation  

The first self-evident step in characterizing a mouse model that shows a progressive hind 

limb paralysis was to immunohistologically analyze spinal cord sections of paralyzed mice. 

Therefore, spinal cord sections of paralyzed double-mutant mice as well as of age- and sex-

matched controls were stained with well-established markers for PD pathology, namely 

pSer129-SNCA, p62/SQSTM1 and ubiquitin. The immunohistochemical analysis of pSer129-

SNCA is quite established in the field of PD research and patients studies showed, that about 
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90% of insoluble alpha-synuclein found in PD brains is phosphorylated at serine 129 whereas 

in healthy subjects only 4% of total alpha-synuclein is phosphorylated (Fujiwara et al., 2002, 

Anderson et al., 2006), indicating extensive phosphorylation to be pathological. These patient 

studies are in line with studies in animal models of PD, where increased phosphorylation of 

alpha-synuclein at the residue Ser129 is associated with pathology. In a Drosophila melano-

gaster fly model of PD, Chen and Feany could show, that Ser129-phosphorylated alpha-

synuclein enhances alpha-synuclein dependent toxicity, whereas blocking this phosphoryla-

tion enhances aggregate formation. Hence, in this fly model of PD, the Ser129-

phosphorylation of alpha-synuclein is a crucial event in mediating neurotoxicity and aggre-

gate formation (Chen and Feany, 2005). In line with these findings are results obtained in ro-

dent models of PD where Ser129-phosphorylated alpha-synuclein was shown to accelerate 

A53T-SNCA-induced neurodegeneration (Sato et al., 2011). In post mortem brains of synucle-

inopathy, Hasegawa et al. showed that phosphorylated alpha-synuclein is ubiquitinated 

(Hasegawa et al., 2002) and they suggested that this may impact PD pathology. Prior to this 

coherence of ubiquitin and alpha-synuclein, ubiquitin has already been described to be pre-

sent in Lewy bodies of PD patients, suggesting that abnormal aggregated or misfolded pro-

teins are targeted for degradation (Kuzuhara et al., 1988, Arnold et al., 1998). Thereafter, the 

presence of ubiquitinated protein aggregates has also been described in rodent models of PD 

that focus on the autophagy aspect of PD (Ahmed et al., 2012). These autophagy based mouse 

models of PD showed protein aggregates that are not only ubiquitin positive but do also con-

tain p62/SQSTM1 which functionally links the ubiquitination to the autophagy pathway 

(Bjorkoy et al., 2005, Pankiv et al., 2007). In addition p62/SQSTM1 was also found accumu-

lated in various neurodegenerative diseases and among those with PD (Kuusisto et al., 2001). 

In light of these former studies, the immunohistological analysis of our novel double-mutant 

mouse line focused on pSer129-SNCA, p62/SQSTM1 and ubiquitin. The histological analysis 

of spinal cord depicted a very prominent immunoreactivity for pSer129-SNCA within the gray 

matter of the anterior horn in paralyzed double-mutant mice, with distinct morphological 

sings of neurodegeneration, whereas no immunoreactivity was found in wild-type controls 

(see Results 3.3.1). In order to clearly assign if alterations in immunoreactivity are specific to 

double-mutant mice, immunohistological staining was also applied to age-matched single 

mutant mice as well as to non-paralytic double-mutant mice. This analysis revealed no im-

munoreactivity in the spinal cord of Pink1KO mice and a light nuclear immunoreactivity for 

pSer129-SNCA in PrPmtA single mutant mice, which can be attributed to the A53T-SNCA 

overexpression, but there were no visible signs of neurodegeneration or aggregation. The 

analysis of non-paralytic double-mutant mice disclosed that the strong spinal cord pathology 
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is exclusive to paralyzed double-mutant mice since non-paralytic mice displayed much milder 

pSer129-SNCA immunoreactivity mainly in the cytoplasm and only little in neurites where 

strong staining was found in paralyzed mice (see Results 3.3.2). A similar pattern of immuno-

reactivity was observed for ubiquitin and p62/SQSTM1, with the anterior horn of the lumbar 

spinal cord showing p62/SQSTM1 and ubiquitin positive aggregates but with lower intensity 

compared to pSer129-SNCA immunoreactivity (see Results 3.3.1). Again, the pathological 

immunoreactivity was exclusive to paralyzed double-mutant mice, and no immunoreactivity 

was found in WT or single-mutant mice. Ubiquitin immunoreactivity was found in WT and 

single-mutant mice but in a very mild form and in absence of neurodegeneration or aggrega-

tion signs.  

In PD patients Lewy body pathology, as described within the introduction of this thesis, has 

been found in spinal cord, however the pathological hallmark of PD is the presence of Lewy 

bodies in the substantia nigra pars compacta. In this respect the immunohistological analysis 

was extended to midbrain sections. This analysis depicted again protein aggregates with cy-

toplasmatic granular or fibrillar pattern, positive for pSer129-SNCA, p62/SQSTM1 and ubiq-

uitin in midbrain sections of paralyzed double-mutant mice (see Results 3.3.2), showing a 

similar intensity pattern as found in spinal cord. So pSer129-SNCA showed the strongest im-

munoreactivity and p62/SQSTM1 and ubiquitin depicted a milder immunoreactivity but with 

a similar pattern as well as clear sings of pathology. The presence of protein aggregates was 

found bilaterally but with a stronger pattern in one hemisphere. This finding is especially in-

teresting in light of the paralysis that starts as a unilateral paresis of the hind limb and pro-

gresses within a few days to a full bilateral paralysis, so the stronger immunoreactivity pat-

tern for one hemisphere may reflect this phenomenon.  The anatomical distribution of these 

aggregates reaches from the ventral tegmental area (VTA) via the subthalamic nucleus and 

the substantia nigra to the zona incerta. Analysis in single mutant-mice, wild-type mice as 

well as in non-paralytic double-mutant mice revealed no pathological immunoreactivity, 

clearly correlating the phenotypical abnormalities with the severe accumulation of protein 

aggregates. Additionally, the analysis of other brain regions such as the striatum and the mo-

tor cortex of paralyzed mice revealed only very little pathology, so the dominant pathology is 

anatomically located to the midbrain. However, in order to clearly state that the observed 

midbrain pathology occurs in the substantia nigra, a double-immunofluorescence histochem-

istry was performed, using the three well established markers of pathology in parallel to TH 

as a marker for dopaminergic neurons. The double-immunofluorescence depicted no colocal-

ization for any of the three aggregation markers with TH (see Results 3.3.3) but showed the 

localization of aggregates dorsal to the substantia nigra. Therefore, in contrast to our expecta-
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tion, the aggregation pathology did not occur in dopaminergic neurons of the substantia nigra 

but in other cells of the midbrain. In order to further specify if these cells are of neuronal or 

glia origin, double-immunofluorescence with GFAP as a marker of astroglial cells (Gomes et 

al., 1999) and NeuN as a neuronal marker (Wolf et al., 1996) was performed in midbrain slic-

es of paralyzed double-mutant mice. This analysis showed a clear overlap of pSer129-SNCA 

with NeuN and no overlap with GFAP, assigning the aggregate-affected cells to be neuronal. In 

an effort to further characterize this neuronal cell population that showed aggregation pa-

thology, double-immunofluorescence analysis with pSer129-SNCA and parvalbumin as a 

marker of interneurons (Celio and Heizmann, 1981), with GAD65 as a marker of GABAergic 

neurons (Hurd and Eldred, 1989) and with VGLUT2 as a marker for glutamatergic neurons 

(Morales and Root, 2014) was performed. This analysis revealed a very light colocalization 

for parvalbumin suggesting the affected neuronal cell population to be interneuron specific. 

However, due to the very light colocalization no guarantee can be offered about the patholog-

ical neuronal population to be interneuron specific. 

Taken together, these findings show PINK1 as an essential modulator of alpha-synuclein ag-

gregation. PINK1 was previously shown to be a relevant modulator of mitochondrial quality 

control and degradation (Corti et al., 2011, Youle and Narendra, 2011, Koyano et al., 2014) so 

the absence of PINK1 in cells that are stressed through alpha-synuclein gain-of-function obvi-

ously promotes the formation of alpha-synuclein fibrils. Studies in our laboratory as well as in 

other laboratories could show a role for PINK1 in the initiation and composition of the au-

tophagy machinery (Michiorri et al., 2010, Klinkenberg et al., 2012, Parganlija et al., 2014) 

and only recently evidence emerged that PINK1 modulates the vesicular trafficking pathway 

responsible for the ability of mitochondria to selectively degrade oxidized and damaged pro-

teins through the lysosomal pathway (McLelland et al., 2014). In respect to previous studies 

in single mutant Pink1KO mice that showed only mild signs of pathology, we conclude that 

alpha-synuclein gain-of-function mutations act as sufficient stressor to put in evidence the 

PINK1-dependent stress response and neuroprotective actions. The absence of this PINK1-

dependent stress response potentially impairs an autophagic degradation of protein aggre-

gates leading to the observed morphological characteristics not only within our novel model 

of PD leading to the resultant phenotypical abnormalities, but also within a recently pub-

lished short-term model of alpha-synuclein induced neurodegeneration in Pink1KO mice, 

where alpha-synuclein overexpression is driven by stereotactic injections of adeno-

associated viruses into the substantia nigra of Pink1KO mice (Oliveras-Salva et al., 2014). Ad-

ditionally, Todd and colleagues showed an protective effect of PINK1 overexpression in do-

paminergic neurons of a fly model of PD that additionally overexpresses alpha-synuclein  
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(Todd and Staveley, 2012), highlighting the value of PINK1-dependent neuroprotective re-

sponses.  In summary, our findings highlight this novel mouse model of PD as valuable tool to 

further investigate molecular alterations and to identify the underlying mechanism as well as 

shared pathways contributing to PD pathology. We also highlighted a role of PINK1 as modu-

lator for alpha-synuclein dependent neurotoxicity and emphasized the PINK1-dependent 

neuroprotective response as a potential target for novel beneficial therapeutics.  
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5. PERSPECTIVES 
In Project I, the analysis of alpha-synuclein gain-of-function effects in different mouse models 

depicted alterations in synaptic plasticity that seem alpha-synuclein dependent and underlie 

the previously shown impaired neurotransmission and LTD deficiency in PrPmtA mice. In 

order to further characterize the alpha-synuclein dependent pre- and postsynaptic dysfunc-

tion glutamate receptors should be analyzed in more detail. The analysis using Western Blot 

appeared difficult due to the unavailability of appropriate antibodies; therefore autoradiog-

raphy could preserve the method of choice not only providing quantitative data but also data 

about the anatomical distribution. The analysis of candidate genes in double-mutant mice 

revealed strong alterations within immediate early genes and transcription factors, support-

ing the hypothesis that those effects are alpha-synuclein driven. In order to specify the effect 

of Pink1 deletion onto synaptic plasticity, LTD should be analyzed in corticostriatal slices of 

double-mutant mice as previously described for PrPmtA single-mutant mice.  

The experimental approach described within project II uncovered the impact of alpha-

synuclein dependent effects on the behavioral and molecular response to acute apomorphine 

treatment. Considering the strong behavioral and molecular alterations in this acute treat-

ment approach, an additional approach studying the long-term treatment effects in this 

transgenic model of LID should be considered. Thereafter, the anatomical distribution of 

ERK1/2, DUSP1 and DUSP6 could provide further insights onto the postsynaptic pathobiolo-

gy, so immunohistochemical analysis or autoradiography should be taken into account. Fur-

thermore, in respect to the novel polygenic model of PD described within this thesis, an ex-

perimental approach using acute apomorphine challenge in double-mutant mice could pro-

vide additional information about the role of PINK1 as modulator of alpha-synuclein depend-

ent neurotoxicity.  

In Project III the immunohistochemical characterization of the novel double-mutant mouse 

model depicted an essential role for PINK1 as modulator of alpha-synuclein aggregation lead-

ing to immense morphological alterations in spinal cord and midbrain as well as phenotypical 

abnormalities. The analysis depicted a neuronal cell population that was shown to harbor 

pSer129-SNCA, p62/SQSTM1 and ubiquitin positive aggregates with cytoplasmatic granular 

or fibrillar pattern in midbrain sections of paralyzed double-mutant mice. In order to further 

characterize these novel and undescribed neuronal cells, an electrophysiological study could 

be performed as well as further immunohistochemical analysis to clearly describe this inter-

esting cell population. 
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6. SUMMARY 
Introduction 

Parkinson’s disease (PD) is the second most frequent neurodegenerative disorder affecting 

0.3% of the population in industrialized countries. PD is characterized by severe motor im-

pairments such as rigidity, postural instability, bradykinesia/akinesia, flexed posture, freez-

ing and low-frequency resting tremor as well as by non-motor symptoms such as depression, 

cognitive impairments, olfactory dysfunction, anxiety, REM-sleep disturbance and many oth-

ers. The pathological process responsible for the severe motor deficits of this progressive 

neurodegenerative disease is the loss of dopaminergic neurons in the substantia nigra lead-

ing to reduced dopamine content within the striatum. Typical PD motor symptoms occur 

when about 70% of striatal dopamine content was lost. The striatum constitutes the largest 

and main input step of the basal ganglia, an important brain region for goal-directed behavior 

and habit formation. The majority of neuronal cells within the striatum are medium spiny 

neurons (MSNs), a neuronal population that is characterized by a huge number of spines. The 

basal ganglia circuitry comprises two major projection systems, the D1 receptor expressing 

MSNs of the direct and the D2 receptor expressing MSNs of the indirect pathway. These two 

pathways are activated concurrently and act in a coordinated way to support or suppress ac-

tions and there is evidence of an opposing effect of striatal dopamine release on these two 

pathways. In PD patients the reduced striatal dopamine content results on one hand in a re-

duction of locomotor activity and on the other hand in morphological alterations of MSNs.  

For many years PD was considered a sporadic disorder and only with the development of ge-

nome-wide association studies the understanding of a genetic contribution evolved. Using 

these techniques several genes could be identified highlighting mitochondria or lysosomal 

dysfunction, protein aggregation and protein degradation as well as kinase signaling path-

ways to contribute to PD pathology. However, only 10% of PD cases are idiopathic while 90% 

occur sporadic. One key molecule associated with both idiopathic and sporadic PD cases is 

alpha-synuclein. Alpha-synuclein gain-of-function mutations have been shown to cause auto-

somal dominant variants of PD, whereas genetic variants at both ends of the gene act as risk 

factors in sporadic PD. Thereafter, alpha-synuclein is the main protein found in Lewy bodies, 

another pathological hallmark of PD pathology. Lewy bodies are found in the remaining do-

paminergic cells of the substantia nigra giving evidence that protein aggregation might be a 

crucial factor for PD pathology. The complete physiological function of alpha-synuclein is still 

enigmatic; however there is evidence of SNCA being involved in SNARE-complex assembly, 

the trafficking of neurotransmitter vesicles and striatal dopamine release.  
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The currently known monogenic cases of PD are either autosomal dominant or autosomal 

recessive. Among the genes with a clear autosomal dominant inheritance was the previously 

described alpha-synuclein. Among mutations in genes showing an autosomal recessive inher-

itance the second most frequent is PTEN-induced kinase 1 (PINK1), where a loss-of function 

is associated with early onset PD. PINK1 was previously shown to play a protective role in 

stress induced mitochondrial dysfunction and the loss of PINK1 was proven to drive PD pa-

thology due to impaired mitochondrial quality control leading to the accumulation of dam-

aged mitochondria. 

Today’s standard treatment of PD motor symptoms is the dopamine replacement therapy us-

ing the dopamine precursor L-DOPA. Besides the immense beneficial effects of L-DOPA 

treatment on PD motor performance, more than 50% of PD patients treated with L-DOPA de-

velop severe side effects known as levodopa induced dyskinesia (LID). The current patho-

physiological concept about the source of LID is that it results from both pre- and postsynap-

tic abnormalities in dopamine signaling as well as from changes in synaptic plasticity. On a 

presynaptic level studies using rodent models of PD as well as patient studies could associate 

abnormal involuntary movements, a characteristic of LID, with dysregulated dopamine re-

lease and clearance. On a postsynaptic level, these studies showed that LID is accompanied by 

maladaptations within the direct pathway of D1 receptor positive striatal MSNs. The key sig-

naling cascade involved in striatal synaptic plasticity, therefore acting as the master switch in 

LID is the extracellular signal-regulated kinase 1 and 2 cascade (ERK1/2). 

Aim 

The aim of this study was  

1. To study alpha-synuclein gain-of-function as well as PINK1 deficiency effects on mo-

lecular pathways of synaptic plasticity, a possible key event in early PD pathology  

2. To study the impact of alpha-synuclein gain-of-function on the behavioral and molec-

ular response to apomorphine treatment and specify if the transgenic PrPmtA mouse 

model is valuable to model postsynaptic signaling abnormalities at the basis of LID 

3. To characterize a novel double-mutant mouse model of PD and study the role of 

PINK1 deficiency onto alpha-synuclein induced neurotoxicity 
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Results and Discussion 

Alpha-synuclein gain-of-function effects on candidate genes possibly involved in synaptic plastic-

ity 

The work of a previous PhD student focused on alpha-synuclein function and pathology in a 

hypothesis free manner using microarray-transcriptome profiling. This work was conducted 

in the A53T-SNCA overexpressing mouse line (PrPmtA) and revealed molecular alterations, 

subtle changes in dopamine neurotransmission as well as in synaptic plasticity with LTD be-

ing impaired. In order to clarify the role of alpha-synuclein gain-of function in the process of 

LTD as well as to further characterize alpha-synuclein dependent effects in striatal and mid-

brain tissue, candidate genes involved in synaptic plasticity were studied in 6-month-old 

PrPmtA mice. In accordance to most PD patients suffering from a polygenic rather than a 

monogenic form of PD, the analysis was extended to two additional mouse models of PD, 

namely the Pink1KO and the A53T-SNCA + Pink1KO double-mutant mouse line. The analysis 

of PrPmtA single-mutant mice depicted increased mRNA level of glutamate receptor subunits 

and candidates genes involved in synaptic signaling as well as decreased expression level of 

immediate early genes and transcription factors in striatal and midbrain tissue at the age of 6 

month compared to WT mice. In an effort to depict the earliest effects of alpha-synuclein 

gain-of-function, the qPCR analysis was extended to 3-month-old mice. This analysis showed, 

that among the earliest effects of alpha-synuclein gain-of-function are expression alterations 

for Homer1, cFos, Nor1, Nurr1 and Nur77. These early findings can contribute to the early de-

tection of PD pathogenesis and can help to assess progression versus therapeutic benefits. In 

double-mutant mice harboring both the A53T-SNCA overexpression as well as the Pink1KO, 

the analysis of the same candidate genes depicted only little effects on the expression of glu-

tamate receptor subunits but those found regulated were significantly reduced in striatal or 

midbrain tissue of 6-month-old mice. The analysis of IEGs and transcription factors depicted 

reduced expression level in double-mutant mice compared to the respective wild-type con-

trol both in striatal and midbrain tissue. The qPCR analysis of striatal and midbrain tissue of 

6-month-old Pink1KO mice showed only minor effects on glutamate receptor subunits, IEGs 

and transcription factors, highlighting the previously described expression alterations in 

PrPmtA and double-mutant mice to clearly depend on the alpha-synuclein gain-of-function. 
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The impact of alpha-synuclein gain-of-function on the behavioral and molecular response to 

apomorphine treatment 

Previous studies within the PrPmtA mouse model that mimics presymptomatic stages of PD 

showed altered neurotransmission and LTD deficiency to be an early effect of alpha-synuclein 

gain-of-function. In order to study if presymptomatic stages of PD already involve altered 

postsynaptic sensitivity, that provides the basis of LID, a dopamine challenge was applied to 

18-month-old PrPmtA mice. This experimental approach revealed increased involuntary 

movements with stereotypic and dystonic features in PrPmtA compared to WT mice after 

acute apomorphine administration. Thereafter, immunohistological analysis confirmed the 

behavioral alterations to be independent of neuronal dopaminergic cell loss. Further molecu-

lar characterization revealed an increased apomorphine dependent phosphorylation of 

ERK1/2 but no genotype dependent differences in mice sacrificed 30 min after apomorphine 

treatment. However, the same analysis in striatal tissue of mice sacrificed 100 min after apo-

morphine treatment revealed increased phospho-ERK1 level in PrPmtA compared to WT 

mice. In an effort to study downstream effects of this first hint of striatal postsynaptic sensi-

tivity in a transgenic model of LID, phospho-histone H3 was analyzed using IHC. This analysis 

depicted increased phospho-histone H3 level in a very caudal region of the striatum in PrPm-

tA compared to WT mice after apomorphine treatment. Thereafter, alpha-synuclein gain-of-

function effects on candidate genes that regulate the ERK1/2 pathway, in response to apo-

morphine treatment were studied at both previously mentioned time points. This analysis 

revealed increased apomorphine dependent expression level for Dusp1, Dusp6 and cFos in 

both PrPmtA and WT mice but the only genotype dependent effect was observed for cFos 

showing increased expression level in PrPmtA compared to WT mice 30 min after apomor-

phine treatment. The analysis of striatal tissue dissected 100 min after treatment revealed 

again apomorphine dependent expression level, but most interestingly a genotype dependent 

increased expression of Dusp1, Dusp6, cFos and Nur77 in PrPmtA compared to WT mice, giv-

ing a strong evidence of postsynaptic supersensitivity to dopamine receptor stimulation. Ad-

ditional experiments highlighted the genotype dependent increased expression of Dusp1, 

Dusp6 and Nur77 to be striatum specific as well as specific to the dual-specific phosphatase 

family members 1 and 6.  

This experimental approach uncovered the impact of alpha-synuclein dependent effects on 

the behavioral and molecular response to apomorphine. Thereafter, our data highlight the 

fundamental role of alpha-synuclein as modifier of neurotransmission and synaptic plasticity, 

supporting the PrPmtA mouse model to be an authentic novel model to study the presynaptic 
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dysfunction of early stages PD as well as the postsynaptic pathobiology of alpha-synuclein 

overexpression at the basis of LID. 

 

Potentiation of alpha-synuclein gain-of-function effects in double-mutant mice with Pink1 abla-

tion 

Since most PD patients suffer from polygenic interactions rather than from a monogenic form 

of PD, as well as to clarify the role of PINK1 on alpha-synuclein dependent neurotoxicity, a 

mouse harboring both the A53T-SNCA overexpression as well as the Pink1KO was generated. 

This novel mouse line showed a potentiated phenotype with reduced spontaneous locomotor 

activity at the age of 3 month as well as a progressive hind limb paralysis in a relatively big 

cohort of double-mutant mice aged beyond 1 year. In respect to this strong phenotype, im-

munohistological characterisation of spinal cord and midbrain was performed. The histologi-

cal analysis revealed aggregates in the gray matter of the anterior horn of the lumbar spinal 

cord as well as in a neuronal cell population dorsal of the substantia nigra that were positive 

for pSer129-SNCA, p62/SQSTM1 and ubiquitin in paralyzed double-mutant mice. The ob-

served histological pattern that comprises morphological signs of neurodegeneration was 

shown to be specific to paralyzed double-mutant mice, whereas non-paralytic mice or single-

mutant mice did not show aggregation or signs of neurodegeneration. In an effort to further 

characterize the cell population positive for pSer129-SNCA, p62/SQSTM1 and ubiquitin that 

was found dorsal to the substantia nigra, double-immunofluorescence was performed. This 

analysis proved the cell population to be of neuronal origin and most likely to be parvalbumin 

positive and therefore represents interneurons.  

The histological data in line with the severe phenotypical abnormalities highlight this novel 

double-mutant model as a valuable tool to investigate molecular alterations and to identify 

underlying mechanisms and shared pathways that contribute to PD pathology. Additionally, 

this approach highlighted the role of PINK1 dependent neuroprotective response as potential 

target for novel beneficial therapeutics. 
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7. ZUSAMMENFASSUNG 
Einleitung 

Die Parkinson Erkrankung ist die zweithäufigste neurodegenerative Erkrankung nach der 

Alzheimer Erkrankung und betrifft etwa 0,3% der Bevölkerung in industrialisierten Ländern. 

Die Parkinson Erkrankung ist durch schwere Beeinträchtigungen des Bewegungsablaufes 

charakterisiert zu welchen Rigor, Bradykinese, Akinese, Tremor und posturale Instabilität 

zählen. Neben diesen charakteristischen Symptomen einer Parkinson Erkrankung geht diese 

auch mit Symptomen einher, welche unabhängig von Bewegungsstörungen auftreten, wie 

zum Beispiel Depression, kognitive Beeinträchtigungen, olfaktorische Dysfunktion, Angstzu-

stände, REM-Schlafstörungen und viele andere. Der pathologische Prozess welcher für diese 

progressiven neurodegenerativen Erkrankung charakteristisch ist und zu den beschriebenen 

Bewegungsstörungen führt, ist der Verlust dopaminerger Neurone innerhalb der Substantia 

nigra, welches eine Reduktion des Dopamine Gehaltes im Striatum zur Folge hat. Die für die 

Parkinson Erkrankung typischen Bewegungsstörungen treten auf, wenn  etwa 70% des ur-

sprünglichen Dopamingehaltes im Striatum verloren sind. Das Striatum stellt die Hauptein-

gangsstation der Basalganglien dar, einer wichtigen Hirnregion für gewohnheitsformendes 

und zielgerichtetes Verhalten. Bei dem Großteil der im Striatum befindlichen Neuronen han-

delt es sich um mittelgroß bedornte Projektionsneurone, die sogenannten MSNs. Der Ba-

salganglien Schaltkreis besteht aus zwei Hauptschaltkreisen, dem direkten Signalweg wel-

cher durch die Expression von D1 Rezeptoren gekennzeichnet ist sowie dem indirekten Sig-

nalwege, welcher durch D2 Rezeptoren exprimierende MSNs gekennzeichnet ist. Beide Sig-

nalwege sind simultan aktiv und agieren in einer aufeinander abgestimmten Weise um Akti-

vität entweder zu unterstützen oder zu unterdrücken. In an Parkinson erkrankten Patienten 

führt der reduzierte striatale Dopamin Spiegel auf der einen Seite zu einer Reduktion der Be-

weglichkeit und zum anderen zu morphologischen Veränderungen der MSNs. 

Die Parkinson Erkrankung wurde über viele Jahre als eine rein sporadische Erkrankung an-

gesehen. Erst mit der Entwicklung von neuen Techniken wie der genomweiten-

Assoziationsstudie entwickelte sich ein Verständnis für genetische Komponenten einer Er-

krankung. Mittels dieser Techniken konnten bereits mehrere Parkinson relevante Gene iden-

tifiziert werden, welche eine Beteiligung von mitochondrialer und lysosomaler Dysfunktion, 

Protein Aggregation und Degradation sowie von Kinase-Signalkaskaden an der Pathologie 

von Parkinson aufzeigen. Dennoch können nur 10% aller Parkinson Erkrankungen auf eines 

der beschriebenen Gene zurückgeführt werden und 90% der Erkrankungen treten spora-

disch auf. Ein Schlüsselmolekül, welches zum einen mit idiopathischen aber auch mit spora-
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dischen Erkrankungen assoziiert ist, ist alpha-Synuklein (SNCA). Mutationen welche einen 

Funktionsgewinn von alpha-Synuklein zur Folge haben konnten mit autosomal dominanten 

Varianten der Parkinson Erkrankung assoziiert werden und genetische Veränderungen an 

beiden Enden des SNCA-Gens agieren als Risikofaktor für sporadische Formen der Erkran-

kung. Des Weiteren wird alpha-Synuklein als Hauptbestandteil der Lewy Körperchen gefun-

den, einem weiteren pathologischen Kennzeichen der parkinsonschen Erkrankung. Lewy 

Körperchen lassen sich in den verbleibenden dopaminergen Neurone der Substantia nigra 

nachweisen und weisen daher darauf hin, dass Protein Aggregation möglicherweise eine kri-

tische Rolle für die Pathologie von Parkinson spielt. Die komplette physiologische Funktion 

von alpha-Synuklein ist immer noch unverstanden, dennoch gibt es Anhaltspunkte für eine 

Funktion bei der Anordnung des SNARE-Komplexes, dem Transport von mit neurotransmit-

ter angereicherten Vesikeln sowie der striatalen Dopamin Ausschüttung. 

Die derzeit bekannten monogenen Fälle einer Parkinson Erkrankung werden entweder auto-

somal dominant oder autosomal rezessiv vererbt. Unter den Genen mit klarer autosomal do-

minater Vererbung ist das zuvor beschriebene alpha-Synuklein zu finden. Unter den Genen 

mit rezessiver Vererbung findet sich die PTEN-induzierte Kinase 1 (PINK1), dessen Funkti-

onsverlust mit einem frühen Erkrankungsausbruch von Parkinson in Verbindung gebracht 

wird. Studien konnten zeigen, dass PINK1 eine schützende Funktion bei stressinduzierter mi-

tochondrialer Dysfunktion hat, und dass ein Funktionsverlust zu einer verminderten mito-

chondrialen Qualitätskontrolle sowie der Akkumulation von beschädigten Mitochondrien 

führt.  

Die derzeitige Standardbehandlung der mit einer Parkinson Erkrankung einhergehenden 

Bewegungsstörungen stellt die Dopamin Ersatztherapie mittels L-DOPA, einer metabolischen 

Vorstufe von Dopamin, dar. Neben dem enorm positiven Effekt auf die Bewegungsstörungen 

der Parkinson Patienten, geht die Behandlung mit L-DOPA jedoch auch mit ernsten Neben-

wirkungen einher, welche als Levodopa induzierte Dyskinesien (LID) beschrieben werden. 

Das aktuelle pathobiologische Konzept über die Hintergründe von LID besagt, dass diese auf 

prä- und postsynaptische Veränderungen der Dopamin Ausschüttung und Signalweiterlei-

tung sowie auf Veränderungen der synaptischen Plastizität zurückzuführen ist. Auf der prä-

synaptischen Ebene konnten Studien in Nagetiermodellen und Patienten zeigen, dass abnor-

male unwillkürliche Bewegungen, welche ein charakteristisches Merkmal von LID darstellen, 

mit einer Fehlregulierung der Dopaminausschüttung sowie der Klärung einhergehen. Auf der 

postsynaptischen Ebene konnten diese Studien zeigen, dass LID mit Fehlanpassungen inner-

halb des D1 Rezeptor positiven direkten Signalweges in striatalen MSNs einhergeht. Die für 
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striatale synaptische Plastizität entscheidende und damit auch für LID grundlegende Signal-

kaskade ist die extrazelluläre signalregulierte Kinase 1 und 2 Signalkaskade (ERK1/2). 

Ziel der Arbeit 

Das Ziel dieser Arbeit war 

1. Die Analyse von Effekten des alpha-Synuklein Funktionsgewinns sowie des PINK1 

Funktionsverlustes auf molekulare Signalwege der synaptischen Plastizität 

2. Die Analyse der Auswirkung eines alpha-Synuklein Funktionsgewinns auf das Verhal-

ten und auf molekulare Parameter nach Apomorphin Behandlung, sowie die Untersu-

chung ob das transgene Mausmodell PrPmtA ein nützliches Modell darstellt um post-

synaptische Veränderungen der Signalweiterleitung, welchen LID zugrunde liegt, zu 

studieren.  

3. Charakterisierung eines neuen Doppelmutanten-Mausmodells für die Parkinson Er-

krankung und Analyse des Effekts von PINK1 auf die alpha-Synuklein induzierte Neu-

rotoxizität. 

Ergebnisse und Diskussion 

Effekte des alpha-Synuklein Funktionsgewinns auf die Expression von Kandidatengenen, welche 

eine Rolle für synaptische Plastizität spielen 

Die Arbeit eines ehemaligen Doktoranden hatte die Funktion und Pathologie von alpha-

Synuklein in einer hypothesenfreien Analyse mittels Microarray-Transkriptomprofilen zur 

Aufgabe. Diese Arbeit wurde in A53T-SNCA überexprimierenden Mäusen durchgeführt und 

zeigte molekulare Veränderungen, Veränderungen der Dopaminfreisetzung und verminderte 

synaptische Plastizität. Die hier beschriebene Studie wurde durchgeführt um die Rolle des 

alpha-Synuklein Funktionsgewinns für den LTD Prozess zu beschreiben und um weitere al-

pha-Synuklein abhängige Effekte im Striatum und Mittelhirn genauer zu charakterisieren. Zu 

diesem Zweck wurden Kandidatengene, welche eine Rolle für synaptische Plastizität spielen, 

in 6 Monate alten PrPmtA Mäusen untersucht. Da der Großteil der Parkinson Erkrankungen 

nicht auf ein Gen zurückzuführen ist sondern vielmehr polygene Interaktionen eine Rolle 

spielen, wurde die Analyse auf zwei weitere Mausmodelle für Parkinson erweitert. Bei diesen 

beiden Modellen handelt es sich zum einen um das bereits beschriebene Pink1KO Modell und 

zum anderen um das neue A53T-SNCA + Pink1KO Doppelmutanten-Mausmodell. Die Analyse 

der PrPmtA Einzelmutante ergab erhöhte mRNA Spiegel von Untereinheiten der Glutamatre-

zeptoren sowie von Kandidatengenen welche eine Rolle bei der synaptischen Signalweiterlei-
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tung spielen. Die mRNA Spiegel von unmittelbaren, früh aktivierten Genen den sogenannten 

„immediate early genes“ sowie von Transkriptionsfaktoren, wurden in Striatum- und Mittel-

hirn-Gewebe von 6 Monate alten PrPmtA Mäusen reduziert vorgefunden. In dem Bestreben 

die frühesten Effekte eines alpha-Synuklein Funktionsgewinns zu studieren, wurde die qPCR 

Analyse auf 3 Monate alte PrPmtA Mäuse ausgeweitet. Diese Analyse ergab, dass Expressi-

onsveränderungen für Homer1, cFos, Nor1, Nurr1 und Nur77 zu den frühesten Effekten eines 

alpha-Synuklein Funktionsgewinns zählen, eine wichtige Erkenntnis die zur Früherkennung 

einer Parkinson Erkrankung beitragen kann und damit einen therapeutischen Vorteil liefert. 

In Doppelmutanten-Mäusen welche zum einen den alpha-Synuklein Funktionsgewinn und 

zum anderen einen PINK1 Funktionsverlust aufzeigen, zeigte die Expressionsanalyse nur we-

nige Veränderungen für Untereinheiten der Glutamatrezeptoren, die gefundenen Verände-

rungen zeigten jedoch reduzierte mRNA Spiegel in Striatumm- und Mittelhirn-Gewebe 6 Mo-

nate alter Tiere auf. Die Analyse der unmittelbaren, früh aktivierten Gene sowie der Tran-

skriptionsfaktoren ergab reduzierte Expressionsspiegel in Doppelmutanten-Mäusen im Ver-

gleich zu Wildtyp-Kontrollen in beiden untersuchten Geweben. Die qPCR Analyse der 

Pink1KO Einzelmutante ergab nur minimale Veränderungen in 6 Monate altem Striatum und 

Mittelhirn-Gewebe, was den Schluss zulässt, dass die zuvor beschriebenen Expressionsver-

änderungen in PrPmtA und Doppelmutanten-Mäusen eindeutig auf den alpha-Synuklein 

Funktionsgewinn zurückzuführen sind. 

 

Der Einfluss eines alpha-Synuklein Funktionsgewinns auf das Verhalten und auf molekulare Pa-

rameter nach Apomorphin Behandlung 

Frühere Studien welche die PrPmtA Einzelmutante zur Grundlage hatten und damit ein prä-

symptomatisches Parkinsonmodell, zeigten eine veränderte Neurotransmission sowie Defizi-

te in der Generierung von LTD als eine der frühen Effekte des alpha-Synuklein Funktionsge-

winns. Um zu untersuchen ob ein präsymptomatisches Stadium der Parkinson Erkrankung 

bereits mit Veränderungen der postsynaptischen Sensibilität, der Grundlage für LID einher-

geht, wurden 18 Monate alte Tiere einem Dopamin-Stress ausgesetzt. Dieser Versuchsansatz 

zeigte ein erhöhtes Niveau an unwillkürlichen Bewegungsmustern mit stereotypen und dys-

tonischen Eigenschaften in PrPmtA Mäusen im Vergleich zu Wildtypen. In einem weiteren 

Versuch wurde mittels immunhistologischer Analysen bestätigt, dass diese Veränderungen 

im Verhaltensmuster unabhängig von einem neuronalen Zellverlust auftreten. Des Weiteren 

wurde eine molekulare Charakterisierung durchgeführt, welche eine erhöhten Apomorphin 

abhängige Phosphorylierung von ERK1/2 in PrPmtA und Wildtyp Mäusen aufzeigte, Genotyp 

abhängige Veränderungen konnten jedoch 30 Minuten nach Apomorphine Behandlung nicht 



                                                                                                                                               Zusammenfassung 

160 | P a g e  

 

nachgewiesen werden. Die gleiche Analyse in Mäusen welche 100 Minuten nach Apomorphin 

Behandlung präpariert wurden, zeigte eine erhöhte Phosphorylierung von ERK1 in PrPmtA 

Mäusen. In einem Bestreben die nachgeschalteten Effekte dieses ersten Anzeichens für post-

synaptische Sensibilität zu analysieren, wurde die Phosphorylierung von Histon H3 mittels 

IHC untersucht. Diese Analyse zeigte erhöhte Phospho-Histon H3 Spiegel in PrPmtA Mäusen 

im Vergleich zu Kontrolltieren in einem relativ caudalen Bereich des Striatums auf. Anschlie-

ßend wurden Effekte des alpha-Synuklein Funktionsgewinns auf Kandidatengene welche an 

der Regulation der ERK1/2 Signalkaskade beteiligt sind, in Bezug auf ihre apomorphinabhän-

gige Expression untersucht. Die Analyse von striatalem Hirngewebe, welches 30 Minuten 

nach Apomorphin Injektion entnommen wurde, ergab eine apomorphinabhängige erhöhte 

Expression von Dusp1, Dusp6 und cFos in PrPmtA und Kontrolltieren, ein genotypabhängiger 

Expressionunterschied konnte nur für cFos aufgezeigt werden. Die Analyse von striatalem 

Gewebe, welches 100 Minuten nach Apomorphingabe präpariert wurde, ergab wieder eine 

apomorphinabhängige Expressionsinduktion für PrPmtA und Kontrolltiere, wirklich interes-

sant war jedoch, dass diese genotypabhängig zu beobachten war. Die mRNA Spiegel von 

Dusp1, Dusp6, cFos und Nur77 wurden erhöht in PrPmtA Tieren im Vergleich zu Wildtyp Kon-

trolltieren nachgewiesen, was ein starkes Indiz für postsynaptische Sensibilität nach Dopa-

minrezeptor Stimulation darstellt. Zusätzliche Experimente ergaben, dass der genotypabhän-

gige erhöhte Expressionsspiegel von Dusp1, Dusp6 und Nur77 zum einen spezifisch für das 

Striatum und zum anderen spezifisch für die Mitglieder Dusp1 und Dusp6 der Genfamilie sind. 

Der hier beschriebene experimentelle Ansatz hat dazu beigetragen den Einfluss eines alpha-

Synuklein Funktionsgewinns auf das Verhalten sowie auf molekulare Parameter nach 

Apomorphingabe aufzudecken. Des Weiteren unterstreichen unsere Daten die fundamentale 

Rolle von alpha-Synuklein auf die Neurotransmission sowie die synaptische Plastizität. Unse-

re Daten zeigen damit, dass unsere transgene PrPmtA Maus ein zuverlässiges Modell für die 

Analyse von präsynaptischer Dysfunktion in Frühstadien der Parkinson Erkrankung sowie 

der alpha-Synuklein abhängigen postsynaptischen Pathologie als Ursache von LID, darstellt.  

 

Die Potenzierung der alpha-Synuklein Funktionsgewinn abhängigen Effekte in Doppelmutan-

ten-Mäusen mit Pink1 Ablation 

Da die meisten an Parkinson erkrankten Patienten nicht an einer monogenen Form der Er-

krankung leiden sondern vielmehr unter polygenen Interaktionen verschiedener Einflüsse, 

wurde ein Mausmodell welches sowohl A53T-SNCA überexprimiert als auch einen PINK1 

Funktionsverlust aufweist, generiert. Dieses Modell dient damit auch der genaueren Analyse 

von PINK1 abhängigen Effekten auf die alpha-Synuklein abhängige Neurotoxizität. Dieses 
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neue Mausmodell zeichnet sich durch einen verstärkten Phänotyp aus, welcher sich durch 

eine stark reduzierte Spontanmotorik im Alter von 3 Monaten sowie einer progressiven 

Lähmung der Hinterläufe zeigt. Auf Grund der starken phänotypischen Beobachtungen in die-

sem neuen Mausmodell wurde eine immunhistologische Charakterisierung mittels Schnitten 

des Gehirns  und Rückenmarks durchgeführt. Die histologische Analyse zeigte pSer129-SNCA, 

p62/SQSTM1 und Ubiquitin positive Aggregate innerhalb der grauen Substanz des anterioren 

Horns im lumbalen Bereich des Rückenmarks sowie innerhalb einer neuronalen Zellpopula-

tion, welche dorsal der Substantia nigra angeordnet ist. Das histologische Erscheinungsbild, 

welches morphologische Veränderungen und Anzeichen für Neurodegeneration aufwies, 

wurde spezifisch in gelähmten Doppelmutanten-Mäusen gefunden und nicht in Einzelmutan-

ten oder Doppelmutanten-Tieren ohne Lähmung. Um die zuvor beschriebene Aggregate auf-

weisende Zellpopulation, welche dorsal der Substantia nigra beschrieben wurde, weiter zu 

charakterisieren wurden Doppelimmunfluoreszenz-Färbungen durchgeführt. Die Dop-

pelimmunfluoreszenzanalyse konnte aufzeigen, dass es sich bei der gezeigten Zellgruppe si-

cher um Neurone handelt und am ehesten um Parvalbumin positive Interneurone. 

Die histologischen Befunde und die phänotypischen Besonderheiten dieser Doppelmutanten-

Mauslinie heben dieses neue Modell als wertvolles Instrument für die Identifizierung von pa-

thologischen Mechanismen und Signalkaskaden welche beiden Parkinson relevanten Genen 

gemeinsam sind, hervor. Des Weitern hebt dieser experimentelle Ansatz die PINK1-

abhängigen, neuroprotektiven Mechanismen als möglichen Angriffspunktfür neue effektive 

Medikamente hervor. 
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Grin2a Glutamate receptor, ionotropic, NMDA2A (epsilon 1) 
Grin2b Glutamate receptor, ionotropic, NMDA2B (epsilon 2) 
Grin2c Glutamate receptor, ionotropic, NMDA2C (epsilon 3) 
Grin2d Glutamate receptor, ionotropic, NMDA2D (epsilon 4) 
Grin3a Glutamate receptor ionotropic, NMDA3A 
Grin3b Glutamate receptor, ionotropic, NMDA3B 
Grm1 Glutamate receptor, metabotropic 1 
Grm2 Glutamate receptor, metabotropic 2 
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Grm3 Glutamate receptor, metabotropic 3 
Grm4 Glutamate receptor, metabotropic 4 
Grm5 Glutamate receptor, metabotropic 5 
Grm6 Glutamate receptor, metabotropic 6 
Grm7 Glutamate receptor, metabotropic 7 
Grm8 Glutamate receptor, metabotropic 8 
Homer1 Homer homolog 1 (Drosophila) 
HPLC High-performance liquid chromatography 
IEG Immediate early gene 
IHC  Immunohistochemistry  
IP3R (SCA15) Inositol 1,4,5-trisphosphate receptor 1 
JunB Jun B proto-oncogene 
L-DOPA Levodopa 
LID Levodopa induced dyskinesia 
LRRK2 Leucin-rich repeat kinase 2 
LTD Long-term depression 
LTP Long-term potentiation 
MPP Mitochondrial precursor protease 
MSN Medium spiny neuron 
MTS Mitochondrial target sequence 
NAC Non-amyloid-ß component of AD amyloid plaques 
NMDA N-methyl-D-aspartate 
NOR1 (Nr4A3) Nuclear receptor subfamily 4, group A, member 3 
Nur77 (Nr4A1) Nuclear receptor subfamily 4, group A, member 1 
Nurr1 (Nr4A2) Nuclear receptor subfamily 4, group A, member 2 
p62/SqSTM1 Sequestosome1 
PBS Phosphate buffered saline 

Pcbd1 
Pterin 4 alpha carbinolamine dehydratase/dimerization cofactor of hepato-
cyte nuclear factor 

PCR Polymerase chain reaction  
PD Parkinson's disease 
PARL Presenilin-associated rhomboid-like protein 
PFA Paraformaldehyde 
PINK1 PTEN-induced kinase 1 
PPN Pedunculuoptine nucleus 
PrP Prion protein promoter 
Psd95 (Dlg4) Discs, large homolog 4 (Drosophila) 
qPCR Quantitative Real-Time PCR 
REM Rapid eye movement 
RGS2 Regulator of G-protein signaling 2 
RNA Ribonucleic acid 
RT Room temperature 
SIM Stereotypic involuntary movements  
SNARE Soluble N-ethylmaleimidensitive fusion factor attachment protein receptor 
SNc Substantia nigra pars compacta 
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SNCA Alpha-synuclein 
SNCB Beta-synuclein 
SNCG Gamma-synuclein 
SNr Substantia nigra reticulata 
STN Subthalamic nucleus 
Tac1 Tachykinin 1 
Tbp TATA box binding protein 
TBS Tris buffered saline 
TH Tyrosine hydroxylase 
TM Transmembrane region 
UHCL1 ubiquitin COOH-terminal hydrolase 1 
UPS ubiquitin-proteasome system 
VA Ventral anterior nucleus ot the thalamus 
VL Ventrolateral nucleus of the thalamus 
VTA Ventral tegmental area 
WT Wild-type 
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