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1 Introduction 

1.1 Parkinson’s disease 

Parkinson’s disease (PD) belongs to the big field of neurodegenerative diseases. Among 

those it is the second most common disease and the one that has been described first of 

all, already in 1817 by James Parkinson (Parkinson 2002), a British doctor and surgeon. 

A characteristic feature of PD is the loss of dopaminergic (DAergic) neurons in the 

Substantia nigra pars compacta (SNpc) and its striatal projections (Beck et al. 2018). After 

loss of an estimated amount of 30 % of this particular neuronal cell population, patients 

start to present motor symptoms like a resting tremor or gait disturbances (Tagliaferro 

and Burke 2016). The histopathologic hallmark of PD is the occurrence of intracellular, 

alpha-synuclein immune-positive Lewy bodies in surviving neurons (Bengoa-Vergniory 

et al. 2017). The precursors of these protein aggregates, the alpha-synuclein oligomers 

are considered to contribute to the neuronal cell death by hampering essential cell 

functions (Wilkaniec et al. 2019). Several years of intense research led to the development 

of a broad spectrum of pharmacological agents being used for symptomatic therapy and 

providing normal life expectancy for the patients but there still is no curative treatment 

available yet (Connolly and Lang 2014). Therefore, further studies are required to 

illuminate the pathophysiology and causes of the disease in order to identify new targets 

and develop a potential therapy, which can stop or at least decelerate the progression of 

the disease (Tagliaferro and Burke 2016). 

 

1.1.1 Epidemiology 

PD as a neurodegenerative disease predominately affects the older population aged 60 

years and higher. Beyond the age of 60 the prevalence is about 1 % and it might rise up 

to 4 % in the group of people aged 80 years and older (de Lau and Breteler 2006). PD is 

1.5 times more frequent in men than in women. Based on population-based health claims 

data, the number of PD patients in Germany alone lies around 275,000 (Nerius et al. 

2017). Due to the demographic development and increasing life expectancy in the western 

world but also fueled by declining smoking rates and increasing emission of industrial 
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by-products in the developing countries, patient numbers are expected to continuously 

rise in the near future: They are expected to double until 2050 compared to 2010 

considering only Europe, Canada and the US (Bach et al. 2011; Dorsey et al. 2018).  

 

1.1.2 Symptomatology & diagnosis 

It is assumed that PD usually develops slowly within several years or even decades. 

Different studies suggest that nigro-striatal pathologies, like changed dopamine turnover 

and synthesis in the caudate and putamen, occur at an average of 5 – 10 years before the 

appearance of first clinical symptoms (Salat et al. 2016). These studies are based on brain 

imaging of patients with early PD or subclinical genetic forms of PD, post-mortem 

neurochemical analysis and animal models (Schapira and Tolosa 2010). However, a safe 

diagnosis cannot be made until the typical clinical motor symptoms, which define 

parkinsonism are clearly visible: bradykinesia and at least a resting tremor or/and rigidity 

have to be present. Then the clinical diagnosis of PD is made in a second step according 

to the MDS diagnostic criteria (Postuma et al. 2015b): For diagnosis of clinically 

established PD absolute exclusion criteria and red flags must be absent, while at least two 

supportive criteria are present. For diagnosis of clinically probable PD up to two red flags 

may be present but each red flag has to be balanced by at least one supportive criterion. 

Supportive criteria are defined as good response to dopamine therapy, levodopa-induced 

dyskinesia, rest tremor of an extremity and MIBG (metaiodobenzylguanidine) 

scintigraphy showing either olfactory loss or sympathetic denervation of the heart 

(Postuma et al. 2015b). Non-motor symptoms like hyposmia and autonomic dysfunction 

often occur years ahead of the manifestation of motor disturbances and can be equally 

relevant to patients. Moreover, cognitive deficits/dementia represent an important non-

motor symptom that usually appears in late disease stages (Salat et al. 2016). The most 

meaningful pre-motor symptoms to support a diagnosis of early PD are hyposmia, REM 

(rapid eye movement) sleep behavior disorder (RBD), depressive or anxious mood 

alterations and constipation. In contrast to healthy individuals RBD patients do not lose 

muscle tone during REM sleep. This can lead to a vivid and potential harmful enactment 

of their dreams (Tekriwal et al. 2016). RBD can be idiopathic but patients with RBD may 

also develop PD or atypical parkinsonian disorders like Dementia with Lewy Bodies 

(DLB) or multiple system atrophy (MSA). For example, over 40 % of the patients 

suffering from RBD develop PD within four years and over 60 % within 10 – 30 years 
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(Postuma et al. 2012; Postuma et al. 2015a). Nevertheless, the sequence of symptoms and 

the speed of development is highly variable among the PD patients. A reliable 

identification of threatened individuals is difficult because symptoms like impaired 

smelling or constipation are very common in the elderly population (Salat et al. 2016). 

Despite intense research, there is no single reliable PD marker, neither in imaging, nor in 

cerebrospinal fluid (CSF)/serum or tissue available yet (Cooper and Chahine 2016). 

However, when combining several markers, recent studies show quite promising results 

for the future (Postuma and Berg 2016). Most recently, with the help of machine learning 

algorithms a study identified a discriminating cluster of six elements (Se, Fe, As, Ni, Mg, 

Sr) in CSF that might be used to distinguish between PD and age matched controls (Maass 

et al. 2018). This cluster of six was successfully validated in a new cohort at the local 

study centre, but failed in new cohorts from external centres, most likely due to centre 

effects (Maass et al. 2020). Therefore, further refinement seems to be necessary. In 

another recent pilot study the very first proteomic analysis of tear fluid was conducted. It 

revealed disease specific protein patterns, thereby suggesting potential biomarker 

candidates, but also needs further investigation (Boerger et al. 2019).  

 

1.1.3 (Patho)physiology & pathology  

PD has been identified to be a systemic disorder, as it affects the central nervous system 

(CNS) as well as the peripheral nervous system (PNS). The underlying pathology of 

alpha-synuclein aggregation has been intensively analyzed by Braak and colleagues in 

brain sections from PD patients. The authors developed a six-stage scheme for its 

classification and concluded that the pathology begins in the dorsal motor nucleus of the 

IX/X nerve and the anterior olfactory nucleus. From this origin the pathology likely 

ascends through the brain stem, progressing to the basal ganglia and other midbrain 

nuclei, finally reaching the neocortex (Braak et al. 2003). However, this spreading theory 

has been intensively discussed and doubted due to some uncertainties and contradictions 

(Burke et al. 2008; Salat et al. 2016). In one explanation attempt Engelender and Isaacson 

propose a threshold theory in which they connect pathologic features time-wise with the 

appearance of clinical symptoms. Thereby concluding that there is parallel degeneration 

in the PNS and CNS but a greater functional dopamine reserve in the midbrain, which 

might explain the emergency of early non motor symptoms (Engelender and Isacson 

2017).  
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When trying to understand the emergence of PD motor symptoms, one aspect of high 

interest is the loss of nigral DAergic neuronal cell bodies and their striatal projections 

(Obeso et al. 2008): The SN and its main projection target, the striatum (consisting of the 

putamen and the nucleus caudatus), are part of the basal ganglia which also include the 

globus pallidus (with its pars externus (GPe) and internus (GPi)), the nucleus 

subthalamicus (STN) and the nucleus accumbens. The basal ganglia form a circuitry, 

which is upstream of the motor cortex and essential for the initiation of voluntary 

movements (Obeso et al. 2008). Normally the nigral DAergic neurons affect the striatal, 

inhibitory, GABAergic neurons via the D1-dopamine receptor on the one and via the D2-

dopamine receptor on the other hand. An activation of the first one leads to an inhibition 

of inhibitory, GABAergic neurons in the GPi, which regularly inhibit glutamatergic 

thalamic neurons (direct pathway) (Smith et al. 1998). The resulting disinhibition of this 

highly spontaneously active neuronal population leads to an excitatory input to the motor 

cortex and consecutive motor activity. The activation of the second receptor supports this 

effect of movement initiation by reduction of signaling via the alternative, indirect 

pathway (Smith et al. 1998). In this pathway, striatal neurons inhibit GABAergic neurons 

in the GPe, which regularly inhibit the GABAergic neurons in the GPi and the 

glutamatergic neurons in the STN (Smith et al. 1998). Thus, by activating this pathway 

the GPi neurons are disinhibited and consequently suppress the activity of thalamic 

neurons, causing impairment of movements (Smith et al. 1998). In PD patients, the huge 

compensation capability of remaining dopamine neurons and synapses might conceal 

neuronal degeneration for years (Cheng et al. 2010). At a certain point, though, the 

remaining synapses are not numerous enough anymore, and the decreasing dopamine 

levels result in a disparity between the two pathways of the basal ganglia. The reduced 

stimulation of the direct pathway in the process is believed to be responsible for akinesia, 

bradykinesia, freezing episodes and postural instability, while the disinhibition of the 

indirect pathway with its overactive STN accounts for increased muscle tone, rigor and 

tremor (Smith et al. 1998). However, this is a simplified approximation as more and more 

details about the way dopamine depletion alters cellular excitability and synaptic 

transmission in and outside of the striatum are unraveled (Mallet et al. 2019). 

Post-mortem and imaging studies were able to show that patients at the point of clinical 

disease onset (when motor symptoms are visible for the first time) usually had already 

lost 2/3 of nigrostriatal projections, but only 1/3 of corresponding perikarya in the SNpc, 

indicating that PD’s pathology starts in the axons and consecutively leads to cell death 
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(Cheng et al. 2010; Kurowska et al. 2016; Balke et al. 2020). Therefore, it is assumed that 

axonal degeneration is takes part in the early phase of PD’s pathogenesis (Lingor et al. 

2012; Tagliaferro and Burke 2016). However, we only obtained little knowledge about 

the underlying mechanisms by now. It has been shown that neurotoxin-induced 

neuropathies but also neurodegenerative disorders are characterized by retrograde axonal 

degeneration, which starts at the axon terminals. Contrary to this, distal axonal 

compartments after acute injury show Wallerian (anterograde) degeneration (Tagliaferro 

and Burke 2016). Studies of acute axonal degeneration (AAD) in a model of an optic 

nerve crush lesion in rats revealed a massive increase of intracellular Ca2+ levels shortly 

after the injury (Lingor et al. 2012). Ca2+ levels could be linked to increased numbers of 

LC3 (microtubule-associated protein 1 light chain 3) positive vesicles, indicating Ca2+ 

dependent upregulation of autophagy, promoting the axonal degeneration (Knöferle et al. 

2010). Findings of studies with the autophagy inhibitor 3-methyladenine (3-MA) in the 

same model (Koch et al. 2010), but also in models of spinal cord injury (Kerschensteiner 

et al. 2005; Ribas et al. 2015) and toxin models of PD (Lingor et al. 2012; Burke and 

O’Malley 2013) underline the important function of (macro)autophagy in axonal 

degeneration. 

 

1.1.4 Etiology 

In terms of disease etiology, a distinction between familiar and sporadic/idiopathic cases 

of PD can be made. In total, inherited, monogenetic variants of the disease only account 

for 5 to 10 % of the patients. Here autosomal mutations in LRRK2 (encoding the leucine-

rich repeat kinase 2, most frequent), SNCA (encoding alpha-synuclein) or VPS35 

(encoding vacuolar protein sorting ortholog 35) or autosomal recessive mutations in 

PINK-1 (encoding the serine/threonine protein kinase PINK1), PARK7 (encoding the 

protein/nucleic acid deglycase DJ-1), Parkin (encoding the E3 ubiquitin ligase Parkin) 

and others are found ( Pan and Yue 2014; Lill 2016; Rosenbusch and Kortholt 2016). To 

date, 90 gene loci linked with enhanced risk for PD development have been discovered 

(Bandres-Ciga et al. 2020) and consideration of these genes’ functions has been very 

helpful in understanding the sporadic cases of PD and underlying mechanisms, because 

they are sufficiently overlapping with those in familiar forms of PD (Dauer and 

Przedborski 2003; Dexter and Jenner 2013). While the exact causes for the occurrence of 

sporadic PD are still vague, these idiopathic cases are assumed to be the result of a 
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complex interplay between multiple environmental factors, like e.g. intoxication, drugs, 

head trauma, and genetics (Dexter and Jenner 2013).The currently discussed mechanisms 

leading to neuronal cell death are reactive oxygen species (ROS), mitochondrial 

dysfunction, disrupted proteolysis, neuroinflammation and excitotoxicity (Salat et al. 

2016). Recently, most attention has been paid to altered protein metabolism and 

mitochondrial impairment as these are probably major factors promoting 

neurodegeneration.  

1.1.4.1 Disrupted proteolysis 

Lewy bodies and neurites, discovered by Friedrich Lewy in 1912, represent the 

pathological hallmark of PD (Holdorff 2002). These intracytoplasmic, insoluble 

aggregates are composed of neurofilaments, ubiquitin and several proteins, among them 

the presynaptic protein alpha-synuclein as the major constituent (Spillantini et al. 1997; 

Goedert et al. 2013). While the discussion on whether Lewy bodies are harmful or 

protective (Beyer et al. 2009; Eisbach and Outeiro 2013) is still ongoing, the effects of 

alpha-synuclein aggregation on autophagy (in terms of upregulation or impairment) are 

also still under debate (Pan and Yue 2014). On the one hand Lewy bodies are found in 

most PD patients, the only exception being the ones becoming diseased by intoxication 

or the ones carrying a Parkin mutation (Branco et al. 2010). On the other hand only a 

small portion of Lewy positive patients carries mutations or multiplications of SNCA 

(Ibáñez et al. 2004), which encodes alpha-synuclein and thereby is able to enhance alpha-

synuclein production and aggregation. Therefore, it is assumed that a disrupted 

proteolysis must lead to its accumulation and aggregation (Dexter and Jenner 2013). 

Generally, there are two major players in protein degradation: The ubiquitin-proteasome 

system (UPS), which mainly dismantles smaller and transitory proteins, and the 

autophagosome-lysosome pathway (ALP), which is possibly of even higher importance 

when it comes to degradation of aggregation-prone proteins and damaged organelles 

(Banerjee et al. 2010). Both systems take part in the clearance of alpha-synuclein and 

their impairment causes increased alpha-synuclein levels within the cells (Webb et al. 

2003). It is assumed that under normal conditions the breakdown of alpha-synuclein is 

conducted by the UPS, while the ALP is only recruited when the alpha-synuclein burden 

is rising (Ebrahimi-Fakhari et al. 2011).  

Rott and colleagues postulated that the ubiquitination status of the alpha-synuclein is 

crucial for the way of its degradation: The deubiquitinated protein is mostly broken down 
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by the ALP, while the monoubiquitinated protein is degraded by the UPS (Rott et al. 

2011). There is also genetic evidence for the importance of these pathways: Mutations in 

Parkin and ULCH1 lead to alterations in the function of the UPS and cause familiar forms 

of PD (Branco et al. 2010). Parkin is encoding the ubiquitin E3 ligase, which catalyzes 

the ubiquitin transfer to a recruited substrate, and ULCH1, encoding the ubiquitin C-

terminal hydrolase L1, is an enzyme which is responsible for deubiquitination and thereby 

maintains a progressive proteolysis by mono-ubiquitin recycling (Branco et al. 2010). On 

top of this, Parkin and ULCH1 are frequently found as components of Lewy bodies (Lowe 

et al. 1990; Schlossmacher et al. 2002), and by that are autophagy-related proteins (Tanji 

et al. 2011). The D620N mutation in VPS35, encoding the vacuolar protein sorting 

ortholog 35 which participates in the formation of the so-called retromer complex, has 

also been disclosed as a rare reason for late-onset PD (Singleton 2011; Goedert et al. 

2013). Normally, this retromer complex mediates endosome to trans-Golgi retrieval of 

membrane proteins but in cells which express PD-mutant VPS35 an impairment of the 

autophagic process has been described (Zavodszky et al. 2014). This might be due to an 

abnormal trafficking of ATG9A (autophagy-related protein 9A), but further 

investigations are necessary.  

1.1.4.2 Mitochondrial dysfunction 

Evidence for mitochondrial impairment in PD patients was first found by Schapira and 

colleagues (Schapira et al. 1989) in terms of reduced complex I activity in postmortem 

analysis of the SN of diseased patients’ brains. The incentive to investigate this was 

coming from the observation of PD symptoms in drug abusers who injected themselves 

with a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) contaminated batch of the 

analgesic opioid 1-methyl-4-phenyl-4-propionoxypiperidine (MPPP) (Langston et al. 

1983). MPTP occurs as a byproduct of MPPP-synthesis if the reaction temperature rises 

above a certain threshold during the production process. After MPTP had been identified 

as the possible cause for the Parkinsonian syndrome, its mechanism was thoroughly 

investigated in several animal studies (Kolata 1983; Heikkila et al. 1984). The mechanism 

of the MPTP toxin is well-known (Schober 2004) (see Figure 1): As a highly lipophilic 

agent MPTP easily moves across the blood-brain barrier after intravenous or 

intraperitoneal administration. Then this protoxin is converted to the intermediate 1-

methyl-4-phenyl-2,3-dihydropyridium (MPDP) via monamine oxidase B (MAO-B) in 

astrocytes and MPDP consequently spontaneously oxidizes to the toxic 1-methyl-4-
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phenylpyridinium ion (MPP+) (Nicklas et al. 1987). While the mechanism by which 

MPP+ is unleashed from the astrocytes remains unknown, it is predominately 

incorporated by DAergic neurons due to its high specificity for the dopamine transporter 

(DAT) (Javitch et al. 1985). Additionally, MPP+ can be taken up by cells carrying 

noradrenaline and serotonin transporters. Within the dopaminergic neurons MPP+ can be 

sequestered in vesicles after binding to vesicular monoamine transporter (VMAT), 

remain in the cytosol or accumulate within the mitochondria (Del Zompo et al. 1993). 

Here it exerts its toxic effect via binding itself to and inhibition of complex I of the 

respiratory chain (Mizuno et al. 1987).  

 

Figure 1 Metabolism of selected neurotoxins 

After passage through the blood-brain barrier, the highly lipophilic MPTP is taken up by 

astrocytes. Resident Monoamine oxidase B leads to conversion of MPTP into the toxic metabolite 

MPP+ with high affinity to the DAT, causing a predominant uptake in dopaminergic neurons. In 

the mitochondria of DAergic neurons MPP+ binds itself to complex I, mediating oxidative stress 

and cellular toxicity. Modified from Schober (2004), reprinted by permission from Springer 

Nature. The figure is part of the licensed content title “Classic toxin-induced animal models of 

Parkinson’s disease: 6-OHDA and MPTP”, published by Andreas Schober in Cell and Tissue 

Research. https://link.springer.com/journal/441 © Springer Nature (2004) 

 

Besides MPTP, there are other agents like paraquat, an herbicide with structural similarity 

to MPP+, or rotenone, an insecticide, which are also used to model PD due to their effect 

https://link.springer.com/journal/441
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on mitochondrial respiratory function, and due to the hypothesis that they might 

contribute to the disease’s development as environmental factors (Liou et al. 1997; Elbaz 

and Tranchant 2007). However, recent investigations were not able to reproduce a 

consistent relation in this context (Breckenridge et al. 2016). Therefore, until today, the 

MPTP model is the one which is most widely studied due to its clear link to human 

parkinsonism (Dauer and Przedborski 2003) and its specificity for dopaminergic 

structures (Schober 2004).  

Generally, an impairment of complex I leads to a shortage of adenosine triphosphate 

(ATP) and increased oxidative stress (Andreyev et al. 2005). This subsequently favors 

damage of mitochondrial DNA (mtDNA) and enzymes and causes stronger malfunction 

and further ROS production (Lin and Beal 2006; Banerjee et al. 2009), enhancing a 

process that can finally lead to apoptosis and cell death. 

Dopaminergic neurons are extraordinarily susceptible to this pathology due to their high 

energy demand due to strong axonal arborization and extraordinary long processes. 

Moreover, already the physiological dopamine metabolism leads to increased ROS 

production by autoxidation and H2O2 formation, which is scavenged also with the help of 

DJ-1, due to dopamine recycling (Sidhu et al. 2004). 

Besides environmental agents, a complex I deficiency in PD patients’ dopaminergic 

neurons might occur due to mutations in the mtDNA, which encodes at least 7 of the 45 

subunits of complex I or mutations in the nuclear DNA as far as the affected gene is 

involved in mtDNA maintenance (Simon et al. 1999; Thyagarajan et al. 2000). Aging as 

the major risk factor for PD can also be linked to mitochondrial impairment: A 

continuously increasing burden of mtDNA errors, clonal expansion of mutant variants 

and depletion of functional mtDNA (Bender et al. 2006; Kraytsberg et al. 2006) are 

considered to drive single neurons to energetic failure and cell death. Even alpha-

synuclein is proposed to impair mitochondrial function: It binds itself to the outer 

mitochondrial membrane, thereby impeding mitochondrial fusion and promoting 

excessive fission instead (Kamp et al. 2010; Nakamura et al. 2011). 
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1.1.5 Therapeutic strategies 

1.1.5.1 Established therapies for PD 

Despite intense research in the field of neurodegeneration and PD, there is no curative 

treatment available until now. Although it had entered the market almost 40 years ago, 

levodopa (L-DOPA) remains the most valuable therapeutic compound to correct falling 

dopamine levels and thereby diminish PD motor symptoms (Connolly and Lang 2014). 

Unfortunately, the effects of L-DOPA tend to decrease after a relatively stable period of 

some years, and the patients then have to deal with increasing motor fluctuations (Salat 

et al. 2016). Besides L-DOPA, a row of other pharmacological agents such as D2-receptor 

agonists, MAO-(B) inhibitors, COMT (Catechol-O-methyltransferase) inhibitors and 

anti-cholinergics have entered the market. These are either used in mild, early stages to 

preserve L-DOPA as a later measure, or they are used to complement the therapeutic 

regimen in advanced stages of the disease to reduce L-DOPA induced dyskinesia and 

tackle non-motor symptoms like dementia or depression (Huynh 2011). An additional 

measure in PD therapy is the surgical implantation of electrodes for deep brain stimulation 

into the STN or GPi in order to reduce dyskinesia, stiffness and tremor in patients that 

still show response to the pharmacological therapy but suffer from these side effects 

(Umemura et al. 2016). 

1.1.5.2 Therapeutic perspectives 

There are different requirements for possible therapeutic agents: Because about 2/3 of 

nigrostriatal projections are irretrievably lost when the clinical diagnosis of PD is made 

(Beach et al. 2008; Balke et al. 2020), it is necessary to prevent further neurodegeneration. 

A neuroprotective drug is also what would be needed if an early biomarker for PD came 

up, to prevent the disease’s onset. It would be desirable to stimulate neuro-regeneration 

in order to reverse disease progression, but this might be even more difficult due to the 

limited regeneration capacities of adult neurons. They display only limited neurogenic 

potential, which is additionally impaired by inhibitory signaling of glial cells (Fitch and 

Silver 2008). There is even evidence that in animal PD models as well as in human PD, 

adult neurogenesis is impaired (Le Grand et al. 2015). 

The development of a causal therapy for PD is inevitably linked to a better understanding 

of disease pathogenesis. Our knowledge about the underlying mechanisms has 

continuously increased according to the successive discovery of PD-linked mutations, as 
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described above. Various approaches are currently examined in preclinical and clinical 

studies:  

Micro ribonucleic acids (miRNAs) are currently considered to have great therapeutic 

potential. They are possibly able to activate or inhibit a whole group of genes and thereby 

combine different pathways for disease modification. For example, it is reported that 

miR-7 provided protection to different MPP+ treated cell lines via a downregulation of 

the NF-kB component RelA (Choi et al. 2014). Additionally, miR-7 was found to mediate 

anti-oxidative effects by augmentation of glutathione levels and decrease of 

hydroperoxide levels (Kabaria et al. 2015). A third effect of this miRNA is the reduction 

of alpha-synuclein toxicity by binding to its mRNA (Messenger RNA) and consecutive 

downregulation of protein levels (Junn et al. 2009; Doxakis 2010). Of course, potential 

therapeutic effects are not exclusive to this miRNA, as miRNAs can have several and also 

overlapping targets. For instance, our group could show protective effects of miR-

182/miR-183 treatment in a cell culture as well as in a mouse model of MPP+/MPTP 

treatment (Roser et al. 2018).  

Another approach is the grafting of fetal neuronal cells, or embryonal or induced 

pluripotent stem cells, to PD patients. The transplantation of both mesencephalic implants 

in rhesus monkeys (Bankiewicz et al. 1990) and of neuronal stem cells into the SN of 

MPTP-treated mice have already been successfully performed (Li et al. 2003) decades 

ago, and there have been multiple further studies in animals and also some in humans 

(reviewed by Pardal and López-Barneo 2012). Nevertheless, treatment with induced 

pluripotent stem cells, as the latest and most promising therapeutic strategy due to the fact 

that they can be produced autologously and in sufficient quantities, has to be strongly 

improved in terms of reprogramming efficiency and safety of use before an application 

in human trials is imaginable (Pen and Jensen 2017).  

The observation that the transplantation of neuronal tissue also enhanced an outgrowth of 

the remaining host dopaminergic neurons, shed a light on therapeutic potential of 

neurotrophic factors. Among them the glial cell line-derived neurotrophic factor (GDNF) 

had been identified to be the most powerful one in the context of PD (reviewed by 

Sullivan and Toulouse 2011). GDNF is strongly involved in the promotion of survival 

and differentiation of dopaminergic neurons (Lin et al. 1993), and both cell culture and 

animal studies were able to show significant protective effects by GDNF delivery to 

MPTP-intoxicated monkeys and mice (Kordower et al. 2000; Wu et al. 2002). However, 
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human trials with intrastriatal GDNF infusions led to contradictory results and were 

immediately stopped after antibody production in 1/10 patients (Tatarewicz et al. 2007) 

and unaccountable cerebellar pathology in a rhesus monkey trial occurred (Hovland et al. 

2007). Application of GDNF still seems a promising approach, but due to the sustained 

safety concerns, current research focus has shifted to the pharmacological modulation of 

disease-relevant signaling pathways and the targets they offer such as enzymes, receptors, 

transport proteins, DNA/RNA (reviewed by Imming et al. 2006). One promising example 

is the inhibition of the Rho kinase pathway, which normally mediates the phosphorylation 

of myosin light chain kinase (Mills et al. 1998). In the CNS in particular, it diminishes 

axonal growth and inhibits axonal regeneration (Liu et al. 2015). Accordingly, Rho kinase 

inhibition in combination with ciliary neurotrophic factor treatment has been described 

to be an effective measure to improve the regeneration of retinal ganglion cells after an 

optic nerve crush via Mitogen-activated protein kinase (MAPK) and Akt (also known as 

protein kinase B) pathway activation (Lingor et al. 2007). Subsequent studies could show 

that the isoquinoline derivate fasudil as a Rho kinase inhibitor could exert neuroprotective 

effects in toxin-induced models of PD (Tönges et al. 2011; Tönges et. al. 2012; Tatenhorst 

et al. 2014), leading to significantly increased numbers of DAergic nigral neurons and 

enhanced motor behavior of treated animals in comparison to untreated ones.  

Finally, the most recent approach of our group targets the important role of autophagy in 

axonal degeneration. The Adeno-associated virus (AAV)-mediated overexpression of the 

C-terminal ULK1 (Unc-51 like autophagy activating kinase 1) domain (acting as a 

dominant-negative ULK1) (Chan et al. 2009) was successfully employed in cortical 

neurons in vitro, leading to significantly reduced numbers of degeneration bulbs after 

axotomy. In subsequent in vivo studies, comprising spinal cord injury as well as optic 

nerve crush experiments, these findings were confirmed. The dominant-negative ULK1 

expression led to a reduced number of LC3 puncta and significantly attenuated axonal 

degeneration (Vahsen et al. 2020). Furthermore, mitigation of AAD in the optic nerve 

could also be shown employing the small molecule inhibitor SBI-0206965 (Egan et al. 

2015), by that emphasizing the translational potential of ULK1 inhibition for future 

studies and possible clinical utilization. 
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1.2 Autophagy 

The name “Autophagy” was established by Christian de Duve in 1963 according to the 

greek term autόphagos, meaning self-devouring (de Duve 1963; Harnett et al. 2017). 

Autophagy is an indispensable, continuously proceeding homeostatic breakdown process 

within every cell. It is involved in various physiological processes, like e.g. protein 

turnover, cellular differentiation or cell death. Autophagy is especially crucial in 

situations of nutritional scarcity as it ensures lysosome-bound degradation of marred 

organelles, malfunctioning proteins and redundant cell ingredients in order to provide 

energy and substrate for new proteins (Banerjee et al. 2010). Therefore, those 

intracytoplasmic components are sequestered into autophagosomes. These 

autophagosomes merge with lysosomes to facilitate the breakdown of the engulfed 

material by lysosomal hydrolases (Klionsky 2008). However, a disturbance of the 

delicate, balanced autophagic degradation procedure can cause cellular malfunction and 

diseases (Nah et al. 2015). A resulting profuse aggregation of autophagosomes is 

considered as a possible trigger for cell death or as a last effort to ensure viability of the 

cell (Mizushima et al. 2008; Banerjee et al. 2010). Especially neurodegenerative disorders 

could be linked to autophagy impairment (Wong and Cuervo 2010). The discussion 

whether an increased autophagosome number reflects increased levels of autophagy or if 

autophagosomes accumulate in consequence of decreased autophagic degradation is still 

ongoing. It is also controversial if autophagy induction actively leads to cell death via 

activation of the known preserved pathways, or if it just occurs alongside the other 

processes (Banerjee et al. 2010). 

 

1.2.1 Types of autophagy 

Until today, over 30 autophagy-related genes (ATG) have been discovered (Bednarczyk 

et al. 2018). Moreover, different kinds of selective autophagy have been described, which 

are all participating in organelle and protein turnover (Komatsu and Ichimura 2010). The 

three distinguished types of autophagy are termed: (Macro)autophagy, microautophagy 

and chaperone-mediated autophagy (CMA) (Pasquier 2016).  

CMA considerably differs from macro- and microautophagy because it only degrades 

soluble proteins (Banerjee et al. 2010). The heat shock cognate 70 (HSC70), a cytosolic 

chaperone, and its co-chaperones recognize their designated proteins due to a unique 
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pentapeptide sequence (KFERQ) (Banerjee et al. 2010). After attaching itself to the 

protein, the HSC70 targets the protein to the lysosome. The lysosome-associated 

membrane protein type 2A (LAMP 2A) functions as a CMA receptor, detects the protein 

and initiates its unfolding and translocation across the membrane of the lysosome 

(Banerjee et al. 2010; Kaushik and Cuervo 2012). In contrast to macro- and 

microautophgy, substrates are not engulfed but transferred to the lysosome individually. 

While induction of macroautophagy by nutrient deprivation is short dated, CMA occurs 

for prolonged periods (Pan et al. 2008).  

Microautophagy is quite comparable to macroautophagy, which is described below. The 

difference is that in microautophagy, the lysosome approaches its target by pinocytosis. 

Thus, there is no need for autophagosome formation. Opposed to macroautophagy, 

microautophagic activity does not increase under conditions of nutrient deprivation or 

stress (Pan et al. 2008). 

 

1.2.2 The course of (macro)autophagy 

Macroautophagy is a multi-step process inevitable for all mammalian cells to maintain 

vitality and functionality. Macroautophagy occurs constitutively at a low level but is 

enhanced under stress conditions or nutrient deprivation (Yorimitsu and Klionsky 2005). 

Under these circumstances, intracellular material is degraded for energy production or 

new biosynthesis to ensure cellular survival. Under normal growing conditions, the main 

function of macroautophagy is the degradation of damaged and dispensable cytoplasmic 

organelles and compounds in order to maintain cellular homeostasis (Yang and Klionsky 

2010a). Although autophagy has primarily cytoprotective properties, it can harm the cell 

and even cause cell death if it is exaggerated (Booth et al. 2014). 

1.2.2.1 Sequence of the macroautophagic process  

In yeast, the autophagic process starts with the initiation of phagophore formation at one 

place, the phagophore assembly side (PAS). In mammals there is not just one 

corresponding equivalent to the PAS (Chen and Klionsky 2011). Phagophore formation 

can be initiated at multiple locations throughout the cytoplasm. There is strong evidence 

that endoplasmic reticulum (ER) derived membranes which are referred to as 

omegasomes act as site for initiation of phagophore formation (Molino et al. 2017a; 

Zhang et al. 2018). However, it is assumed that also other organelles like mitochondria, 
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Golgi and endosomes contribute to the phagophore (Molino et al. 2017b). Finally, it is 

still unclear whether the phagophore develops in a “de novo” lipid transfer from the ER 

as a single donor or through fusion of multiple preexisting organelles (Molino et al. 

2017b). As the membrane at the initiation site starts expanding, it is called phagophore. 

This double membrane is the primary sequestering compartment and expands further to 

finally generate a spherical autophagosome (see Figure 2). Depending on the specific 

cargo, the size of the autophagosome ranges from 0.5 to 1.5 µm in mammals (Mizushima 

2007). 

 

Figure 2 Sequence of the macroautophagic process 

After induction through the ULK1/2 complex, the formation of the phagophore as initial 

sequestering vesicle takes place. Its elongation is aided by the class III PI3K (Phosphatidylinositol 

3-kinase) complex, the ATG12-ATG5-ATG16L1 complex and ATG9. After maturation and 

closure of the autophagosome, LC3 is cleaved from the outer membrane, and the autophagosome 

undergoes fusion with the lysosome or with an endosome (forming an amphisome) before going 

into fusion with the lysosome, forming an autolysosome. Autoloysomal content is degraded by 

lysosomal enzymes and luminal acidity. Finally, break-down products are exported back into the 

cytoplasm. Modified from Yang and Klionsky (2010b), reprinted by permission from Springer 

Nature. The figure is part of the licensed content title “Eaten alive: a history of macroautophagy”, 

published by Zhifen Yang et al. in Nature Cell Biology. https://www.nature.com/ncb/ © Springer 

Nature (2010)  

 

https://www.nature.com/ncb/
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To deliver its cargo, the autophagosome undergoes fusion with a lysosome, then being 

called an autolysosome. There is often a junction to the endocytic pathway, where the 

autophagosome merges with an endosome, forming a so called amphisome, which 

afterwards undergoes fusion with a lysosome to become an autolysosome (Parzych and 

Klionsky 2014). Resident hydrolases in the autolysosome and the acidic lumen lead to 

the decomposition of the former inner autophagosomal membrane and subsequently of 

its engulfed content. Afterwards, lysosomal permeases transfer the degradation products 

into the cytoplasm where they are used for biosynthesis or energy production (Yang and 

Klionsky 2010b). 

1.2.2.2 The mammalian ULK1 complex 

Unc-51 like autophagy activating kinase 1 (ULK1) is a serine/threonine protein kinase 

and it represents the mammalian orthologue of the Atg1 found in yeast (Zachari and 

Ganley 2017). Currently five ULK1 homologues are known the most important ones for 

autophagy initiation being ULK1 and ULK2 (Zachari and Ganley 2017). These two 

kinases share 52 % of their protein sequence and have a 78 % identical kinase domain 

which leads to similar interactions and causes a certain agonistic redundancy (Zachari 

and Ganley 2017). While just the loss of ULK1 reduces autophagic activity below a vital 

treshold in most cell lines (e.g. HEK293), in mice ULK1 and ULK2 need to be knocked 

out to reach a severe and deadly impairment of autophagy comparable to a knock-out of 

other core genes like ATG5 (Chan et al. 2007; Lee and Tournier 2011). Yet no explanation 

for the ULK homologues and their redundancy exists (Zachari and Ganley 2017). 

However, the integrity and functionality of the kinase domain is crucial for successful 

initiation of the autophagic process. Kinase-inactivated ULK1 and also kinase inhibitors 

lead to a significant impairment of autophagy (Chan et al. 2009; Egan et al. 2015). 

Autophagy induction is not signaled by ULK1 alone, but ULK1 acts as tetrameric 

initiation complex together with three other proteins: ATG13, FAK family kinase 

interacting protein of 200 kilodaltons (kDa) (FIP200) and ATG101 (Noda and Mizushima 

2016). Under normal, homeostatic conditions, the exact location of ULK1 remains 

unclear by now. Upon amino acid starvation, which is the most precise characterized 

trigger for assembling of the ULK1 complex, ULK1 forms punctate structures close to 

the ER, where it colocalizes with omegasomes when Phosphatidylinositol 3-phosphate 

(PI3P) is present. Less frequently, ULK1 is found close to mitochondria (Karanasios et 

al. 2016). 
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1.2.2.3 Regulation of ULK1 activity 

If amino acids are present, the serine/threonine kinase mammalian target of rapamycin 

(mTOR) usually associates with the ULK1 complex and inhibits autophagy by 

phosphorylation of ULK1 and ATG13 at multiple sites (Ganley et al. 2009). However, 

opposed to the modulation by mTOR activity, the ULK1 complex assembly itself is not 

nutrient dependent, ensuring an enduring, homeostatic autophagy process also under 

nutrient rich conditions. Under conditions of amino acid starvation, mTOR loses its 

inhibitory influence on the ULK1 complex, as its phosphorylation e.g. at Ser637 is no 

longer retained. So, ULK1 is activated and able to initiate autophagy (Rabanal-Ruiz et al. 

2017). While mTOR negatively regulates ULK1 activity, AMP activated protein kinase 

(AMPK), another influential preceding regulator, induces ULK1 activity by 

phosphorylation at different sites (Lee et al. 2010). Furthermore, ULK1 activity is also 

increased by acetylation (Lin et al. 2012). 

1.2.2.4 ULK1 inhibitors  

Due to autophagy’s involvement in various pathophysiological processes, modulation of 

autophagy is considered an attractive therapeutic and drug development target (Pasquier 

2016). Thereby, inhibition of autophagy can take place at different levels: PI3K-

inhibitors, like 3-MA, and ULK1 inhibitors block initial steps of the autophagy cascade, 

while lysosome inhibitors block the late stage (Pasquier 2016). Especially ULK1 

represents an attractive drug target as it is the only serine/threonine kinase in the initial 

steps of the autophagy cascade (Egan et al. 2015; Ouyang et al. 2018). Therefore, its 

activity can be easily modulated by direct phosphorylation (Kim et al. 2011). Over the 

last years several ULK1 inhibitors like SBI-0206965, MRT67307 or ULK1-100 have 

been developed and successfully tested in the cell culture setup (Egan et al. 2015; 

Petherick et al. 2015; Martin et al. 2018). The SBI-0206965 for example is derived from 

a focal adhesion kinase (FAK), which showed great cross-reactivity towards ULK1/ 

ULK2. The inhibitor is highly selective for its kinase as it only inhibited 10 out of 456 

tested kinases when applied in optimized dose. This selectivity is comparable to the one 

of kinase inhibitors like Imatinib, which is used for the treatment of chronic myeloid 

leukemia. (Egan et al. 2015). The more recently developed ULK1 inhibitors ULK-

100/101 seem to be even more potent and selective (Martin et al. 2018). However, there 

are no in vivo studies utilizing these inhibitors published yet. The compound SBI-

0206965 has already been used in an in vivo study (Vahsen et al. 2020): A rat optic nerve 
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crush experiment was performed to induce AAD and intravitreal SBI-0206965 injection 

attenuated the axonal damage (quantified as axon integritiy ratio)via autophagy 

inhibition, which was shown by an decreased number of LC3-positive punctae and 

increased p62-positive punctae distal to the lesion (Vahsen et al. 2020). 

Besides the application of small molecule inhibitors, a dominant-negative variant of 

ULK1 (ULK1.DN) may be administered to suppress autophagic activity. ULK1.DN 

expresses only the C-terminal domain of ULK1 and therefore lacks the kinase domain 

and function as well as the most phosphorylation sites (see Figure 6) (Chan et al. 2009; 

Balke et al. 2020). The dominant-negative effect probably is the consequence of 

decreased kinase activity and a, due to the absence of large parts of the original molecule, 

exhibited C-terminal domain, which then engages in unconstrained interactions with 

other core components of the autophagic cascade, thereby hampering the autophagy flux 

(Chan et al. 2009). A possible way to implement ULK1.DN expression in target cells is 

the utilization of an AAV vector carrying DNA for ULK1.DN expression (see chapter 

1.3 for more details). Another possibility of ULK1 inhibition is the use of small 

interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs), which were successfully 

employed to knockout ULK1 by degradation of its mRNA (Corona Velazquez et al. 

2018). 
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1.2.2.5 Autophagy induction 

With regard to Kaur und Debnath (2015, Figure 3) the process of autophagosome 

formation comprises three stages: initiation, nucleation and expansion. As already 

mentioned, the process starts at the PAS with the assembly of the ULK1 complex 

consisting of ULK1, ATG13, FIP200 and ATG101, which directly binds to ATG13.  

 

Figure 3 Overview of mammalian autophagy pathways and initial steps in macroautophagy 

The initiation complex, which is necessary to recruit a membrane for phagophore formation, is 

formed of ULK1, ATG13, FIP200 and ATG101. The nucleation of the forming phagophore is 

promoted by the class III PI3K complex consisting of Beclin1, ATG14, VPS15 and VPS34. The 

ATG5-ATG12-ATG16L1 complex aids further expansion of the membrane as it binds itself to 

the growing phagophore membrane and mediates the covalent linking of LC3 with PE. See text 

below for more details. Modified from Kaur and Debnath (2015), reprinted by permission from 

Springer Nature. The figure is part of the licensed content title “Autophagy at the crossroads of 

catabolism and anabolism”, published by Jasvinder Kaur and Jayanta Debnath in Nature Reviews 

Molecular Cell Biology. https://www.nature.com/nrm/ © Springer Nature (2015) 

 

In the following nucleation stage, the recruited complex is the class III PI3K complex 

which is necessary to promote the production of PI3P that is specific to the 

autophagosomes (Nascimbeni et al. 2017). This complex comprises Beclin 1, vacuolar 

protein sorting 15 (VPS15), VPS 34 and ATG14. The regulation of this complex is mainly 

exerted by proteins which interact with Beclin 1. ULK1 induces autophagy by 

phosphorylation of Ser30 in association with ATG14 (Park et al. 2018). The antiapoptotic 

protein B cell-lyomphoma 2 (BCL2) exerts inhibitory influence on autophagy when it 

binds to Beclin 1, while Activating Molecule In Beclin-1-Regulated Autophagy 

(AMBRA1) and SH3 Domain Containing GRB2 Like, Endophilin B1 (SH3GLB1) are 

positive regulators of Beclin 1 (Pattingre et al. 2005; Fimia et al. 2007; Takahashi et al. 

2007).  

https://www.nature.com/nrm/


20 

 

In the expansion stage, the ATG12-ATG5-ATG16 complex binds to the membrane of the 

growing autophagosome and promotes its elongation (Tanida 2011). Initially ATG12, a 

ubiquitin-like protein, is activated by ATG7 and ATG10 (ubiquitin-activating enzymes) 

before the covalent conjugate with ATG5 is finally formed (Kim et al. 1999). This last 

step differs from ubiquitination in so far as the binding is irreversible and no E3-ligase is 

required (Geng and Klionsky 2008). The mammalian orthologue of Atg16 in yeast, 

ATG16L1, then associates non-covalently to the ATG12-ATG5-conjugate in order to 

form a functional compound (Kuma et al. 2002). This functional ATG12-ATG5-ATG16 

complex attaches to the membrane of the phagophore, probably acting as an E3-ligase 

which mediates the conjugation of Atg8 with phosphatidylethanolamine (PE) (Kirisako 

et al. 1999). To enable the lipidation, the protease ATG4 detaches designated arginine 

residues of ATG8. ATG7 activates the glycine residue, which is then exposed, and ATG3 

acts as an E2-like enzyme before ATG12-5-16L1 mediates the covalent binding to PE 

(Ichimura et al. 2000). There are three subtypes of ATG8 in mammals: microtubule-

associated protein 1 light chain 3 (LC3), Gamma amino-butyric acid receptor-associated 

protein (GABARAP) and Golgi-associated ATPase enhancer of 16 kDa (GATE-16), 

which may act on different steps of membrane expansion and final closure of the 

phagophore (Weidberg et al. 2011). While GABARAP and GATE-16 are crucial for late 

stage autophagosome maturation, LC3 is important for the elongation of the phagophore 

membrane (Weidberg et al. 2010). Usually, LC3-I describes the form of ATG8 after it 

has been processed by ATG4, while LC3-II defines the PE-conjugated form which is 

membrane-bound but can be released by a second ATG4 cleavage (Kirisako et al. 2000; 

Geng and Klionsky 2008). In a nutritious environment, LC3 is distributed in cytoplasm 

and nucleus in an acetylated form. If starvation is induced, a deacetylation leads to a 

redistribution of nuclear LC3 into the cytoplasm and it is able to interact with ATG7 

(Huang and Liu 2015).  

The process of autophagosome closure is still poorly understood. However, there is 

evidence for involvement of soluble N-ethylmaleimide-sensitive-factor attachment 

receptor (SNARE) proteins and a regulatory influence of ATG2A and ATG2B (Moreau 

et al. 2011). These proteins seem to have a crucial relevance for successful 

autophagosome fusion because a knock out leads to accumulation of unclosed 

autophagosomes (Velikkakath et al. 2012; Pfisterer et al. 2014). 
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1.3 Adeno-associated virus (AAV) and its role as gene delivery vector 

1.3.1 Biology of AAV 

AAVs belong to the family of parvoviruses and have a single stranded deoxyribonucleic 

acid (DNA) of roughly 4.7 kilobase pairs length. The genomic structure consists of two 

open reading frames (ORF) between two inverted terminal repeats (ITR) (Srivastava et 

al. 1983). The first ORF (Rep) is needed for viral replication and encrypts four proteins. 

The other ORF (Cap) encrypts the three viral capsid proteins (VP1-3) which originate 

from only one mRNA and are processed via alternative splicing (Berns and Linden 1995). 

To form the capsid, 60 of these structure proteins self-assemble. In the following, viral 

genome loads into it. Therefore, Cap plays a major role for virus transduction properties. 

When constructing an AAV transfer plasmid, these properties are exploited: Rep and Cap 

are cut out and the transgene is placed between the two ITRs there instead. Rep and Cap 

are supplied in trans to support the package of the transgene (Grieger et al. 2006; Kwon 

and Schaffer 2008). Twelve human serotypes of AAV have been identified by now, 

AAV2 being the one best characterized and most commonly used (Daya and Berns 2008). 

These serotypes differ in their tropism and preferentially infected cell types. For example, 

CNS is transduced optimally by AAV1,2,4,5,8 or 9. Tropism of the AAV can be refined 

further by pseudotyping which means the combination of the genome and capsid of 

different serotypes. AAV1/2 for example contains the genome of AAV1 packed with the 

capsid of AAV2 (Auricchio et al. 2001). Furthermore, it is possible to employ cell-

specific promotors to increase the transduction efficiency of a certain cell population. 

 

1.3.2 Viral integration and gene delivery 

Initially in AAV infection a binding to the cellular membrane of the host is required. It is 

followed by uptake via endocytosis. This step is particularly important for virus tropism 

and transduction efficiency. AAV2 exploits superficial heparan sulfate proteoglycan as 

primary receptor to initiate the uptake into the host cell (Summerford and Samulski 1998). 

Intracellularly, one part of the viral vector remains in the cytoplasm, another part is 

translocated into the nucleus, where the uncoating of the virus takes place. Then the viral 

single-stranded DNA is converted into double-stranded DNA and integrated into the host 

cells genome. Eventually, it comes to the viral gene expression (Bartlett et al. 2000). Due 

to the fact that AAV is inherently a defective virus, it needs support of a helper virus to 
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successfully replicate after arriving at the nucleus (Weindler and Heilbronn 1991). In the 

absence of an adenovirus or herpes simplex virus, the AAV DNA can only integrate in 

the chromosomal genome of its target and cause a latent infection. Consequently, for 

AAV production, which is most commonly conducted in HEK cells, a helper virus or its 

protein is required. However, for research/therapeutic approaches Rep/Cap and the helper 

virus proteins may be combined into a single plasmid to facilitate the process (Kotin et 

al. 1990).  

 

1.3.3  Clinical implications 

AAV is a well characterized and very promising medium for gene therapy (Choi et al. 

2006). Thus, it is not the wild-type but a recombinant variant (rAAV) that is utilized for 

gene therapy (Naso et al. 2017). The rAAV is free of viral DNA. The therapeutic 

transgenes incorporated within the rAAV are able to generate circular DNA strands that 

persist as so-called episomes in the nucleus of transduced cells but are not incorporated 

into the chromosomal genome (Choi et al. 2006). Because of its early discovery and well-

known properties, AAV2 was the model for most of rAAV vectors used nowadays. The 

rAAV vectors employ the AAV2 ITRs and in between they likely carry a target 

compatible promoter, the gene/s of choice and a termination signal (Naso et al. 2017). A 

difficulty in utilization of AAVs is the pre-existing immunity. In various studies animals 

that have been pre-exposed to AAV were significantly less susceptible for AAV-mediated 

gene therapy because of production of neutralizing antibodies. Investigation in human 

collectives also revealed the presence of these AAV neutralizing antibodies in 20-60 % 

of the cases (Kwon and Schaffer 2008). Furthermore, capsid-specific T-cells targeting 

AAV-expressing cells can limit the duration of gene expression (Masat et al. 2013). 

Currently patients with detectable AAV neutralizing antibodies are excluded from clinical 

trials and there is a strong need to make gene therapy available for these seropositive 

patients. In the past plasmapheresis and transient immunosuppression with rituximab 

have been tested to reduce antibody levels. However, their effect was only modest in 

patients with high titer levels (Masat et al. 2013). A more promising alternative may be 

the use of AAV capsids isolated from other vertebetrates, as they have a lower likelyhood 

of pre-excisting immunity (Wang et al. 2019). Especially, some porcine AAVs showed 

promising results: In mice they easily crossed the blood-brain barrier and were not 

neutralized by human immunoglobulin G (Wang et al. 2019).  
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Depending on which pathology or organ one wants to address, there are different possible 

ways of AAV administration. Even considering only CNS diseases, a variety of delivery 

strategies has been developed. Initially, the gene delivery relied on intraparenchymal 

injections directly into the disease-affected area(s) of the brain, which is an approved and 

straightforward concept e.g. for PD. But even for disorders affecting larger areas of the 

brain like lysosomal storage disease (LSD), several animal studies and also clinical trials 

provided proof of efficiency and excellent safety of the method (Hocquemiller et al. 

2016). Another way to address the CNS are lumbar/cisternal intrathecal or intracerebro-

ventricular injections. Possible disadvantages are a requirement of higher quantities of 

the vector as well as leakage into the vascular system with off-target tissue expression, 

particularly in the liver (Gray et al. 2013; Meyer et al. 2015). The latest approach is the 

intravenous administration of AAV9 and AAVrh.10 which cross the blood-brain barrier 

in an unimpeded manner but do not reach the same transduction rate as the previously 

described methods (Zhang et al. 2011). Moreover, while AAV9 provides a suitable 

neuronal transduction efficacy in neonatal mice, it shifts to transduction of glial cells 

when administered to primates (Gray et al. 2011).  

The current AAV-based treatment approaches in PD can be divided into two strategies 

(Choudhury et al. 2017): 1) the overexpression of enzymes involved in neurotransmitter 

synthesis in order to decelerate transmitter loss, and 2) the overexpression of neurotrophic 

factors in order to promote neuronal survival. There was a trial with injections of glutamic 

acid decarboxylase (GAD) encoding AAV2 into the STN to restore levels of the 

inhibitory transmitter gamma amino-butyric acid (GABA), or another trial focusing on 

infusion of aromatic L-amino acid decarboxylase (AADC) encoding AAV into the 

putamen, as well as a third trial using a lentiviral vector encoding TH, AADC and GTP 

cyclohydrolase 1 (GCH1) (Kaplitt et al. 2007; Christine et al. 2009; Palfi et al. 2014). All 

these therapeutic regimes were well tolerated and considered safe in phase I clinical trials 

but had only modest effects which declined over time (Mittermeyer et al. 2012). They 

may be less effective due to their symptomatic approach and the continuing neuronal loss. 

However, they argue for AAV vectors as safe and effective tools to be used in patients. 
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1.4 Aims of this thesis 

This thesis aims to examine the therapeutic effects of AAV-mediated gene transfer 

inhibiting the key autophagic protein ULK1 in an MPTP mouse model of PD.  

The MPTP primate model is the gold standard in animal models of PD (Jenner 2003, 

Masilamoni and Smith 2018). Although mice do not develop real parkinsonism like 

primates, they are widely used to unravel the underlying mechanisms of neuronal 

dopaminergic demise (Zhang et al. 2017). ULK1 was chosen as a target for autophagy 

inhibition because it is a key kinase regulating initial steps of the autophagy cascade 

(Noda and Mizushima 2016). Furthermore, ULK1 knockdown via siRNA expression 

proved to improve axonal regeneration of DAergic neurons after scratch lesion (Loh et 

al. 2008). AAVs are a safe tool for gene transfer because the gene of interest remains 

episomal (Choi et al. 2006). Furthermore, AAV-mediated ULK1.DN expression already 

succeeded in previous cell culture experiments (Vahsen et al. 2020).  

 

The following questions should be answered: 

1) Does inhibition of autophagy by expression of ULK1.DN attenuate degeneration of 

dopaminergic neurons and their axons induced by MPTP application? 

2) Is inhibition of autophagy by expression of ULK1.DN able to enhance neuronal and 

axonal regeneration after MPTP treatment? 

3) Does ULK1.DN gene expression affect the animals’ motor behavior? 

4) Which molecular players are regulated by the expression of ULK1.DN gene product? 
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2 Material & methods 

2.1 Material 

2.1.1 Chemicals 

Table 1 Chemicals 

Chemical Supplier 

0.9 % Saline Braun (Melsungen, Germany) 

APS Sigma Aldrich (Taufkirchen, Germany) 

B27 supplement Gibco (Karlsruhe, Germany) 

Bepanthen eye ointment Braun (Melsungen, Germany) 

Bromphenol blue Sigma Aldrich (Taufkirchen, Germany) 

BSA Applichem (Darmstadt, Germany) 

Citric acid  Roth (Karlsruhe, Germany) 

DAPI  Sigma Aldrich (Taufkirchen, Germany)  

Dermabond Topical skin adhesive  Ethicon (Norderstedt, Germany) 

EDTA Applichem (Darmstadt, Germany) 

Entellan  Merck Millipore (Darmstadt, Germany)  

Ethanol  Applichem (Darmstadt, Germany)  

Glycerol  Roth (Karlsruhe, Germany)  

Glycine Applichem (Darmstadt, Germany)  

HEPES Applichem (Darmstadt, Germany) 

HPLC water Merck (Darmstadt, Germany) 

Ketamine Medistar (Ascheberg, Germany)  

Laminin Sigma Aldrich (Taufkirchen, Germany) 

Methanol  Applichem (Darmstadt, Germany)  

Mineral oil  Sigma Aldrich (Taufkirchen, Germany)  

Mowiol  Sigma Aldrich (Taufkirchen, Germany)  

MPTP (1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridin)  

Sigma Aldrich (Taufkirchen, Germany) 

NaN3 (sodium acid)  Sigma Aldrich (Taufkirchen, Germany)  

NGS  Biochrom; PAA (Berlin; Pasching, 

Germany)  
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Chemical Supplier 

NHS  Biochrom; PAA (Berlin; Pasching, 

Germany)  

Non-fat dried milk Applichem (Darmstadt, Germany) 

Octane sulphonic acid solution Fluka (Seelze, Germany) 

p-cumaric acid Applichem (Darmstadt, Germany) 

PFA  Applichem (Darmstadt, Germany)  

PBS Applichem (Darmstadt, Germany)  

Roti-Histol  Roth (Karlsruhe, Germany)  

SDS Applichem (Darmstadt, Germany) 

Sodium acetate Roth (Karlsruhe, Germany) 

Sterofundin  Braun (Melsungen, Germany)  

Sucrose  Applichem (Darmstadt, Germany)  

Sudan black  Applichem (Darmstadt, Germany)  

TEMED Roth (Karlsruhe, Germany) 

Thionine acetate  Sigma Aldrich (Taufkirchen, Germany)  

Tris  Applichem (Darmstadt, Germany)  

TritonX 100  Applichem (Darmstadt, Germany)  

Xylazine  Ecuphar (Greifswald, Germany)  

Xylene  Sigma Aldrich (Taufkirchen, Germany)  

2.1.2 Buffers & solutions 

Table 2 Composition of buffers and solutions 

Buffer/Solution Composition 

Blocking solution for IHC  10 % NHS, 5 % BSA (IgG free), 0.3 % 

TritonX, 25 mM glycine in PBS  

Citrate buffer (100 ml)  10 mM citric acid (monohydrate 0.21 g) in 

H2O, pH-value of 6.0 adjusted with 1N 

NaOH, 0.05 % Tween 20  

DAPI solution  1 μg/ml DAPI in PBS  

ECL component 1 
10 μl/ml 250 mM luminol, 4.4 μl/ml 90 mM 

p-cumaric acid, 100 μl/ml 1M Tris pH 8.5 in 

distilled H2O 
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Buffer/Solution Composition 

ECL component 2 0.9 μl/ml 30 % H2O2, 100 μl 1M Tris pH 

8.5 in distilled H2O 

Electrophoresis buffer 192 mM glycine, 0.1 % SDS, 25 mM Tris- 

HCl, pH 8.3 

HPLC buffer 
6.973 g/l NaO2C2H3, 7.365 g/l C6H8O7 * 

H2O, 0.105 g/l sodium octosulfonic 

acid, 0.048 g EDTA. pH adjusted to 4.3 

using 1 M C6H8O7, 105 ml/l CH4O in 800 

ml HPLC 

Laemmli buffer  312.5 mM Tris pH 6.8, 10 % SDS, 50 % 

Glycerin, 0.005 % Bromphenolblau, 100 

µM DTT 

Mowiol  6 g glycerol, 2.4 g Mowiol, 6 ml H2O, 12 

ml Tris pH 7.2  

PBS  9.5 mg/ml PBS in distilled water  

PBS-T 0.1 % TritonX 100 in PBS 

PFA (4 %) solution  40 mg/ml PFA, 9.5 mg/ml PBS, 1-3 pellets 

NaOH in distilled water  

RIPA buffer 
10 mM Hepes, 142 mM KCl, 5 mM MgCl2, 

1 mM EGTA and 1 % IGEPAL including 

complete proteasome inhibitor and 

phosphatase inhibitor 

Running phase gel (10 %) 2.83 ml 30 % acrylamide bisacryl, 2.125 ml 

4 x Tris pH 8.8, 3.54 ml distilled water, 

4.25 μl TEMED, 42.5 μl 10 % APS 

Stacking phase gel 
0.65 ml 30 % acrylamid bisacryl, 1.25 ml 4 

x Tris pH 6.8, 3.05 ml 

distilled water, 5 μl TEMED, 25 μl 10 % 

APS 

Sudan black  0.3 g per 100 ml 70 % EtOH  

TBS  10 mM Tris HCl, 150 mM NaCl in distilled 

water  
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Buffer/Solution Composition 

TBS-T 0.1 % Tween20 in TBS, pH 7.6 

Transfer buffer 192 mM glycine, 20 % methanol, 25 mM 

Tris HCl, pH 8.3 

Tris  10 mM Tris-buffered saline pH 8.0  

2.1.3 Antibodies 

Table 3 Primary antibodies 

Origin Antibody Clonality Supplier 

Rabbit Anti-AMPK monoclonal Cell Signaling Technology 

(Danvers, USA) 

Rabbit Anti-phosphorylated-

AMPK 

monoclonal Cell Signaling Technology 

(Danvers, USA) 

Rabbit Anti-Atg1/ULK1 polyclonal                                                        Sigma Aldrich 

(Taufkirchen, Germany) 

Mouse Anti-ß-Actin monoclonal Sigma Aldrich 

(Taufkirchen, Germany) 

Rabbit Anti-ERK1/2 polyclonal Cell Signaling Technology 

(Danvers, USA) 

Mouse Anti-phosporylated-

ERK1/2 

monoclonal Cell Signaling Technology 

(Danvers, USA) 

Mouse Anti-GAPDH polyclonal HyTest (Tuku, Finland) 

Mouse Anti-LC3-I/II monoclonal nanoTools (Teningen, 

Germany) 

Rabbit Anti-mTOR polyclonal Millipore (Burlington, 

USA) 

Rabbit Anti-phosphorylated-

mTOR 

polyclonal Cell Signaling Technology 

(Danvers, USA) 

Rabbit Anti-p62 polyclonal Sigma Aldrich 

(Taufkirchen, Germany) 
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Origin Antibody Clonality Supplier 

Rabbit Anti-phosphorylated-S6 polyclonal Cell Signaling Technology 

(Danvers, USA) 

Mouse Anti-ß-Tubulin monoclonal Millipore (Burlington, 

USA) 

Rabbit Anti-Tyrosin hydroxylase polyclonal Zytomed (Berlin, 

Germany) 

Table 4 Secondary antibodies 

Origin Target Labelling Supplier 

Donkey Anti-mouse  Alexa Fluor 

488 

Dianova (Hamburg, 

Germany) 

Goat Anti-rabbit Alexa Fluor 

488 

Dianova (Hamburg, 

Germany) 

Goat Anti-rabbit biotinylated Dianova (Hamburg, 

Germany) 

Goat Anti-mouse Horseradish 

peroxidase 

Cell Signaling Technology 

(Danvers, USA) 

Goat Anti-rabbit Horseradish 

peroxidase 

Cell Signaling Technology 

(Danvers, USA) 

2.1.4 Kits 

Table 5 Kits 

Kit Supplier 

Peroxidase Substrate Kit DAB SK-4100  Vector Laboratories 

(Burlingame, USA)  

Vectastain ABC Kit PK-6100  Vector Laboratories 

(Burlingame, USA)  
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2.1.5 Plasmids of AAV1/2 vector 

The used AAVs both express mCherry under a Synapsin promoter for visual detection. 

The first AAV (AAV.ULK1.DN) additionally expresses the C-terminal domain of ULK1 

(Chan et a. 2009; Balke et al. 2020). This domain is non-functional, by that being unable 

to induce autophagy. The overexpression of ULK1.DN therefore leads to competitive 

inhibition of the endogenous ULK1 (Chan et al. 2009). The second AAV is used as 

control (AAV.CTRL) and expresses a non-sense protein derived from pig. 

Table 6 Plasmids 

Plasmid Supplier 

p.AAV-hSyn-mCherry-hSyn-ULK1-

CTD-WPRE 

Kindly provided by Prof. Uwe Michel, 

University of Göttingen, Germany 

p.AAV-hSyn-mCherry-hSyn-9(5) Kindly provided by Prof. Uwe Michel, 

University of Göttingen, Germany 

2.1.6 Equipment 

Table 7 Equipment 

Equipment Supplier 

Axioplan microscope  Carl Zeiss Microimaging (Oberkochen, 

Germany) 

Bead mill homogenizer, Precellys 24 Peqlab (Erlangen, Germany) 

Camera Legria HFM36  Canon (Krefeld, Germany)  

Capillary puller  P-97, Sutter Instruments (Novato, CA, 

USA)  

Catwalk XT gait analysis system  Noldus (Wageningen, the Netherlands)  

Ceramin beads, 1.4 mm  Peqlab (Erlangen, Germany) 

Coulochem II electrochemical detector ESA (Bedfort, USA) 

Cover slips 24 x 55 mm Menzel (Braunschweig, Germany)  

Cryomatrix (Shandon)  Thermo Scientific (Bremen, Germany)  
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Equipment Supplier 

Cryostat CM 3050S  Leica Microsystems (Mannheim, 

Germany)  

Drying Oven  Thermo Scientific (Bremen, Germany) 

Electrophoresis chamber BioRad (München, Germany) 

Electrophoresis power supply  BioRad (München, Germany) 

Forceps  Fine Science Tools (Heidelberg, 

Germany) 

Gilson pipettes  Gilson (Villiers de belle, France)  

Glass capillaries  World Precision Instruments (Berlin, 

Germany)  

Heracell 150i CO2 incubator  Thermo Scientific (Bremen, Germany) 

Ice machine  Scotman (Pogliano Milanese, Italy) 

IVC animal cages  Tecniplast (Hohenpeißenberg, Germany)  

Micro-centrifuge 5415R  Eppendorf (Hamburg, Germany)  

Micro Injector Nanoliter 2000 Pump 

Head  

World Precision Instruments (Berlin, 

Germany)  

Microtome blades  Feather Safety Razor Co. (Seki, Japan)  

Mini drill with 0.8 mm drill head  Proxxon NG2/S (Niersbach, Germany)  

Mouse head holder  World Precision Instruments (Berlin, 

Germany)  

MR 3000 Shaker  Heidolph (Schwabach, Germany) 

Nitrocellulose transfer membrane  Applichem (Darmstadt, Germany) 

Parafilm sealing film  Starlab International GmbH (Hamburg, 

Germany)  

Peristaltic perfusion pump  Idex (Wertheim, Germany)  

Petri dish  Sarstedt (Nümbrecht, Germany) 
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Equipment Supplier 

pH Meter  Sartorius (Göttingen, Germany) 

Protein ladder  BioRad (München, Germany) 

PVDF mebrane Applichem (Darmstadt, Germany) 

Rotarod for mice 47600  Ugo Basile (Comerio, Italy)  

Scalpel, size 10 Bard-Parker (Singen, Germany) 

Scissors Fine Science Tools (Heidelberg, 

Germany) 

Spacer plates/short plates  Biorad (München, Germany) 

Stereotactic frame  David Kopf Instruments (Tujunga, CA, 

USA)  

Super Frost Plus Microscope Slides  Menzel (Braunschweig, Germany)  

SYS Micro4 controller  World Precision Instruments (Berlin, 

Germany)  

Whatman gel blotting paper  GE Healthcare (Chalfont St. Gilles, UK) 

2.1.7 Software 

Table 8 Software 

Software Supplier 

AxioVision 4.9  Carl Zeiss Microimaging (Oberkochen, 

Germany) 

Catwalk XT 10.0 gait analysis software  Noldus (Wageningen, The Netherlands) 

Chromeleon Chromatography Data 

System  

Thermo Fisher Scientific (Waltham, 

USA) 

CorelDRAWX3 Corel Corporation (Ottawa, Canada) 

Fusion FX Vilber (Collegien, France) 

ImageJ 1.50b  National Institutes of Health (Rockville, 

USA) 
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Software Supplier 

KyPlot 5.0 KyensLab Incorporated (Tokyo, Japan) 

Prism 4.0  GraphPad Software (La Jolla, USA) 

SPSS Statistics 23.0 IMB (Armonk, USA) 

Stereo Investigator 9.0  Micro Bright Field Inc. (Colchester, 

USA) 

2.1.8 Animals 

All animal experiments have been performed with C57BL\6 wt (wildtype) mice. These 

were purchased from Charles River Laboratories. The mice had an age of ten to twelve 

weeks and were group-housed with a maximum of four animals per cage in individually 

ventilated cages (IVCs) at the central animal facility of the University Medicine 

Göttingen. The mice were adapted to the new surrounding for one to two weeks before 

the experiments. Unlimited access to water and food was ensured and the mice were 

exposed to a standardized 12 h light/dark-cycle. All animal experiments were carried out 

in accordance with the national German animal protection laws and approved by the local 

authorities (LAVES Niedersachsen, approval number 33.9-42502-04-16/2239). 

Mice were randomly allocated in the following treatment groups: CTRL PBS, ULK1.DN 

PBS, CTRL MPTP and ULK1.DN MPTP, see 2.3 for further details.  
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2.2 Methods 

2.2.1 Stereotactic injections 

2.2.1.1 Preparation and mice analgesia 

Preoperative analgesic treatment was started three days before the operation by addition 

of Metamizole (1.5 mg/ml) to the animals’ drinking water and continued for three more 

days after surgery to ensure effective reduction of postoperative wound pain.  

Before surgery, the virus solutions or sterile PBS as vehicle control were prepared: Stored 

at -80°, the p.AAV-hSyn-mCherry-hSyn-ULK1-CTD-WPRE and p.AAV-hSyn-

mCherry-hSyn-9(5) stocks were defrosted on ice, diluted with sterile PBS and centrifuged 

directly before the injection. 

2.2.1.2 Surgical procedure 

At first, mice were anaesthetized with a ketamine/xylazine injection. The mixture was 

dosed according to their actual body weight and delivered intraperitoneally: ketamine 

(150 mg/kg bw), xylazine (10 mg/kg bw) dissolved in Sterofundin infusion solution. 

Sufficient depth of anaesthesia was verified by checking the toe pinching and eye lid 

reflex. The eyes of the animals were covered with Bepanthene ointment to prevent them 

from desiccation. Next, the head of the mouse was fixed in a metal frame particularly 

designed for stereotactic surgery. Ear bars ensured the correct position of the skull in the 

sagittal plane and a jaw holder secured the horizontal alignment in the transversal plane. 

The skin on the skull was opened with a longitudinal incision of approximately one 

centimeter length. Then, the skin was moved aside with surgery hooks and the Bregma 

and Lambda points were determined. The coordinates of the dorso-ventral axis must not 

vary by more than 0.3 mm, otherwise Bregma had to be calibrated by careful adjustment 

of the jaw holder. The specific coordinates for the injection into the Substantia nigra of 

the right hemisphere were calculated separately for every mouse, based on its particular 

Bregma coordinates and the generally accepted adjustments for the SN – relative to 

Bregma – according to the Paxinos Mouse Brain Atlas (Paxinos and Franklin 2007): 

Anteroposterior: -3.0 mm; Mediolateral: -1.2 mm; Dorsoventral: -4.5 mm 

According to the target coordinates, the skull was opened using a mini-driller with a head 

size of 0.8 mm. Afterwards, the injector was introduced slowly into the brain parenchyma 

until it reached the correct depth. Then the injection of 1-5 x 108 TU of AAV.ULK1.DN 
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or AAV.CTRL in 2 µl total injection volume at an injection rate of 500 nl/min was 

performed via a delicate glass capillary (also see Figure 4 for illustration of stereotactic 

injection). 

 

 

Figure 4 Illustration of AAV.ULK1.DN virus injection and cell transduction in the 

substantia nigra pars compacta (SNpc) 

(A) Injection of the CTRL and ULK1.DN virus into the SNpc was performed during stereotactic 

surgery according to the coordinates relative to Bregma described in the Paxinos Mouse Brain 

Atlas (Paxinos and Franklin 2007): anterior posterior: -3.0 mm, mediolateral: -1.2 mm and 

dorsoventral: -4.5 mm. (B) Representative overview of mCherry expression after virus injection 

and DAPI staining to visualize cell nuclei and corresponding brain structures. Scale bar: 1 mm. 

(C) Representative micrograph of the mouse midbrain region visualizing the co-localization of 

mCherry expression and TH expression of dopaminergic neurons in the SNpc after AAV 

injections. Again cell nuclei were counterstained with DAPI. Scale bar: 500 µm. Modified from 

Balke et al. (2020), reprinted by permission from Springer Nature. The figure is part of the 

licensed content title “AAV-Mediated Expression of Dominant-Negative ULK1 Increases 

Neuronal Survival and Enhances Motor Performance in the MPTP Mouse Model of Parkinson’s 

Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian Dambeck et al. in Molecular 

Neurobiology. https://link.springer.com/journal/12035 © Springer Nature (2020) 

 Afterwards, the capillary was left in its position for four minutes to prevent major reflux 

via the entry channel. Then the injection capillary was gradually removed and Dermabond 

tissue glue (15 µl) was applied to seal the skin incision. Finally, the mouse was unhitched 

from the stereotactic frame and received a subcutaneous injection of 1 ml pre-warmed 

(37°) Stereofundin, before it was put into a recovery cage on a warming pad under an 

infrared lamp.  

https://link.springer.com/journal/12035
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2.2.2 Intraperitoneal injection of MPTP to create a subchronic PD model 

We employed a subchronic MPTP mouse model to induce neuronal demise and analyze 

neuroprotective and neuro-restorative properties ofULK1-inhibition in this context (Vila 

et al. 2000; Tönges et al. 2012). The mice were intraperitoneally injected with 30 mg 

MPTP/kg bw per day for five days in succession, starting three weeks after the stereotactic 

surgery with injection of either AAV.ULK1.DN or AAV.CTRL. The MPTP was 

dissolved in 0.9 % saline for the injections and vehicle animals received injections of 

sterile PBS (200 µl/day). The injections and handling of the animals were performed with 

respect to current safety and utility guidelines for MPTP (Jackson-Lewis and Przedborski 

2007). 

 

2.2.3 Behavioral tests (Catwalk gait analysis, Rotarod, Cylinder rearing test) 

At least once a week, and daily during the MPTP-treatment, the mices’ weight was 

controlled. Besides, three behavioral tests were performed to investigate possible effects 

of the AAV and MPTP injection on the motor behavior of the animals. To get a baseline 

value, the mice were tested once before the MPTP or PBS injections took place. The 

further time points of behavioral testing were two, four and six weeks after the MPTP 

treatment for the animals in the “chronic cohort” and two weeks after the MPTP treatment 

for animals in the “acute cohort” (Balke et al. 2020). To grant the animals enough time to 

rest and sufficient stress relief, the tests were performed on separate days. 
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Figure 5 Summary of behavioral tests used in this thesis 

(A) A still image from the Noldus catwalk gait analysis system, where the mouse is filmed from 

below while running on the walkway. The software automatically detects the paws for 

measurement of gait parameters. LF: left front; RF: right front; LH: left hind; RH: right hind; (B) 

Five mice on the rotarod during a test run. A downfall is registered by the rocker below each 

mouse and leads to an automatic indication of the endurance time on the screen. (C) Setup of the 

cylinder rearing test with two mirrors behind the plexiglass cylinder for better detection of paw 

usage during the rears. The mouse is videotaped for five minutes, and afterwards the number of 

freely conducted rears (top right), rears supported with both front paws (top left) or rears 

supported with one paw (left paw: bottom left; right paw: bottom right) is counted.  

 

2.2.3.1 Catwalk gait analysis 

The Noldus catwalk XT gait analysis system (see Figure 5 A) records and analyses more 

than 200 gait parameters of the tested animals (Tatenhorst et al. 2016): To acquire the 

necessary information to calculate these parameters, the mice run along a narrow 

walkway with a width of 4 cm on a glass floor, which allows to monitor the animals from 

below. The gait analysis software detects the paw prints and calculates stride length, toe 

spread, speed and several more parameters. In doing so, it provides detailed insights into 

motor behavior alterations of the animal, and after several tests it is also possible to 

evaluate the development of gait disorders in a very precise way. To form the mean values 

for the different treatment groups, each animal performed three runs on the catwalk and 

the average of these runs was calculated first. All runs were recorded with the very same 

detection settings: camera gain: 20; intensity threshold: 0.10; minimum run duration: 0.5 

sec.; maximum run duration: 7 sec.; minimum number of compliant runs: 3; maximal 

allowed speed variation: 60 %. 
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2.2.3.2 Rotarod 

The Ugo Basile Rotarod for mice 47600 (Tönges et al. 2012; Tatenhorst et al. 2016) is a 

device which has been developed for the purpose of analyzing mouse motor skills 

comprising running abilities, balance and stamina. The central element is a rotating rod 

with a diameter of three centimeters and space for five mice, separated by large plastic 

spacers, to be placed onto it simultaneously (see Figure 5 B). The initial speed of the rod 

was always adjusted to 5 revolutions per minute (rpm) and continuously and 

automatically accelerated to 40 rpm over a time period of five minutes. For statistical 

analysis the parameter “time on the rod” was noted for every animal. “Time on the rod” 

was defined as the timespan between start of the speed acceleration and the mouse’s 

downfall or the end of the five minute period as the maximal value. On the day of data 

collection, every mouse was put onto the rotarod thrice with approximately 30 minutes 

intertrial interval to reduce stress and fatigue. For the evaluation of the data, again the 

average of the three iterations was determined for each animal, and based upon these 

values the average for every treatment group was determined. All mice were pretrained 

on three consecutive days two weeks before the first data collection to obtain reliable 

results. Furthermore, they were always put one the rotarod for one five minute-trial the 

day before each data collection to let them get used to the procedure again. 

2.2.3.3 Cylinder rearing test 

To analyze the mices’ motor coordination in terms of forelimb usage, the well-established 

cylinder rearing test was utilized (Schallert et al. 2000; Tönges et al. 2012, Tatenhorst et 

al. 2014). For this purpose, the mice were put into an acrylic glass cylinder (height: 25 cm, 

diameter: 11.5 cm) and then videotaped for five minutes. In order to ensure reliable 

detection of forelimb usage in situations when a mouse did not face the camera, the glass 

cylinder was placed between the camera and a mirror (see Figure 5 C). The evaluation of 

the recorded behavior was performed manually by a blinded investigator: A “free rear” 

was noted if the mouse straightened itself without any assistance from the forelimbs. If 

the rear was supported with one forelimb, the rear was rated as either “right” or “left”, 

depending on the forelimb that was used. If the mouse used both forelimbs to brace during 

the rear, this was rated as “both”. The absolute numbers of different rears per animal were 

converted into relative numbers (%) to achieve a better comparability between very active 

and relatively calm animals. Afterwards, the means were compared between the different 

treatment groups and time points. 
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2.2.4 Euthanasia & perfusion 

Depending on the cohort the mice belonged to, the scarification time point was two (acute 

model) or six weeks (chronic model) after the MPTP treatment (Balke et al. 2020). They 

were either perfused transcardially with PFA to preserve their brains for 

immunohistochemical stainings or the brains were taken out freshly after cervical 

dislocation for neurochemical analysis. 

2.2.4.1 Transcardial perfusion 

First the animals were sacrificed with CO2, which was introduced to the IVC very slowly 

to assure that the animals fall asleep first and do not choke while being conscious. Then 

they were attached to a polystyrene sheet and their abdomen was opened with a 

longitudinal cut. The diaphragm was intersected and afterwards the thorax was opened 

by bilateral incisions. After removal of the pericardium, the heart was perforated with a 

cannula in the left ventricle. This allowed the entering PBS to rinse and clean the animal’s 

vasculature. The right atrium was also incised to allow the PBS to leave the circulation 

again. When the animal’s liver blanched and only clear fluid came out of the right atrium, 

indicating that the blood had been successfully removed out of the body, the perfusion 

liquid was changed from pure PBS to 4 % paraformaldehyde (PFA) in PBS to finally fix 

the tissue and preserve its structure and protein conformations. After 4 minutes of 

perfusion, the dead body was detached from the polystyrene sheet and decapitated. The 

skull was opened with a longitudinal cut and the brain was carefully retrieved and stored 

in a falcon tube filled with 4 % PFA over night at 4 °C. On the following day, dehydration 

of the brain tissue was conducted in 30 % sucrose in PBS. When the dehydrated brains 

were sunken down in the falcon tubes, then they were dried with a tissue, wrapped with 

aluminum foil and frozen at -80 °C until cryo-sectioning. 

2.2.4.2 Preparation of specific brain regions for neurochemical analysis 

For the neurochemical analysis of dopamine concentration and the corresponding levels 

of its metabolites in the substantia nigra and striatum as well as for the determination of 

autophagy protein concentrations in the SN, the tissue must not be fixed but native. 

Therefore, not transcardial perfusion but sacrification by cervical dislocation was 

employed. After decapitation of the animals, the brains were explanted and the regions of 

interest dissected on ice. The tissue was quick-frozen in liquid nitrogen and stored in the 

-80 °C freezer until further processing.  
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2.2.5 Immunohistochemistry 

2.2.5.1 Cryo-sections 

All stainings were performed with cryo-sectioned brain tissue. Therefore, the still frozen 

brains were embedded in cryo matrix and kept in the -22 °C cold Cryostat CM 3050S 

until they were processed. When the cryo matrix was cured, the brains were sectioned 

coronally and the 30 µm thick slices containing the area of the striatum (Bregma AP +1.18 

to -0.70 mm) and SN (Bregma AP -2.18 to -4.04 mm) were collected in separate 24-well 

cell culture plates filled with PBS (for each animal). Afterwards, 0.1 % sodium azide was 

added to the PBS for a better conservation of the slices, the plates were wrapped in 

Parafilm and temporarily shelved at 4 °C. 

2.2.5.2 DAB & Nissl staining protocol 

For the purpose of a stereological quantification of dopaminergic cells in the SN, the 

corresponding cryo-sections were first stained free-floating for TH-positive neurons and 

then additionally for Nissl-positive neurons on slides, according to the following protocol: 

Every 4th of the collected SN sections was transferred to net tubes and washed 3 x 5 min 

with Tris (2-Amino-2-hydroxymethyl-propane-1,3-diol) buffered saline (TBS). Then the 

endogenous peroxidases were quenched via incubation for 5 min in 10 % methanol and 

3 % H2O2 dissolved in TBS. After washing again in TBS, the sections were incubated in 

TBS containing 10 % Normal goat serum (NGS) for 30 min at Room temperature (RT) 

to block out unspecific antibody binding. Then the sections were incubated with the 

primary rabbit anti-TH antibody for 48 h at 4 °C. The antibody was diluted 1:1000 in 2 % 

NGS in 0.1 M TBS. After removal of the first antibody and three washing steps in TBS 

(a 5 min), the secondary biotinylated anti-rabbit antibody diluted 1:200 in 2 % NGS in 

0.1 M TBS was put onto the sections and incubated at RT for 1 h. Then again three 

washing steps in TBS were performed, followed by the incubation with the Vectastain 

ABC Kit PK-6100 for 1 h at RT, which was used to amplify signal power and detection. 

Eventually, sections were washed again in TBS (3 x 5 min) and the Peroxidase Substrate 

Kit DAB SK-4100 was used to accomplish the staining. The 3,3′-Diaminobenzidine 

(DAB) reaction was stopped after 4 min by addition of distilled H2O, when a brownish 

glowing SN was clearly visible by eye. Subsequently, the sections were transferred to 

Super Frost Plus Microscope Slides and dried at RT in a light shielded surrounding for 

three days.  
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Afterwards, the Nissl-staining was conducted: For rehydration the slides were placed in 

a box with distilled H2O for 5 min. Then they were incubated in 1 % thionine acetate 

solution for 7 min and subsequently washed in a box of distilled H2O for 5 min. Next, 

alcoholic solutions of ascending concentrations were used to dehydrate the tissue: 70 % 

(2 min incubation), 90 % (2 min) and 96 % ethanol for 5 min; followed by 5 min in 100 % 

isopropanol and consecutive incubation in xylene (2 x 5min). At the end the xylene wet 

sections were immediately fixed with Roti-Histol and then left to dry at RT. 

2.2.5.3 Stereological quantification of TH+ neurons in the SNpc 

The amount of TH+ and Nissl+ cells in the SNpc of the DAB-stained sections was 

determined by stereological counting. Therefore, a Zeiss microscope was utilized to 

image the slides and the linked Stereo Investigator 9.0 software was utilized to count the 

cells. The blinded investigator first manually outlined the SNpc at 2.5 x objective 

magnification and then counted the TH+ and Nissl+ cells on both hemispheres on every 

4th section through the SN at 40 x objective magnification according to the optical 

fractionator method (Tönges et al. 2012, Tatenhorst et al. 2014). The settings were 

adjusted as follows:  

Counting frame size: 50 x 50 µm; grid size: 100 x 100 µm; interval: every 4th section; 

focus: manually on top of the 30 µm thick section;  

The calculation of the total amount of TH+ as well as Nissl+ cells for the right and left SN 

of each animal was done by the software, based on the number of manually counted and 

marked immunolabeled cells. The amount of Nissl+ cells was determined to be able to 

rule out a sole reduction of TH-expression as an explanation for possibly decreasing 

numbers of TH+ cells and instead to confirm a real cell loss. 

2.2.5.4 Striatal density staining 

For the staining of TH+ striatal fibers, the cryo-sectioned slices between Bregma +0.62 

mm and -0.10 mm were incubated in a chloroform-ethanol solution with subsequent 

dehydration and a TH/DAB staining according to the protocol above. For the striatal 

density staining, the nickel intensifier was used. Afterwards, the slices were formalin 

fixed, dehydrated and mounted with Roti-Histol. 
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2.2.5.5 Evaluation of striatal fiber density 

To image the stained striatal cryo-sections an Axioplan microscope with an attached gray 

scale camera was employed. Surveys of the whole slices were taken through the 2.5-fold 

objective. Using the Image J software with the freehand selection tool, the cortex and 

striatum of both hemispheres were surrounded and the mean grey value was measured. 

Then the value was subtracted from 255 for the cortex and striatum and the difference of 

cortex – striatum was calculated to determine the final value for the section. For each of 

the eight to twelve animals per group, at least five sections were analyzed in order to get 

a reliable mean grey value per section. Subsequent calculations provided the mean grey 

value per treatment group. Finally, the signal was normalized to the CTRL PBS group. 

2.2.5.6 Fluorescence staining of nigral p62 and mTOR 

In order to investigate downstream autophagy regulation after expression of ULK1.DN, 

an immunostaining to visualize nigral p62 and mTOR expression was employed.  

The staining was performed on every 8th section through the SN. First, the sections were 

rehydrated at 4 °C in PBS overnight. On the following day, the microscope slides were 

transferred into citrate buffer and then incubated at 80 °C in a hot water bath for 30 min. 

After cooling down to RT for ~ 60 min, they were washed two times in PBS for 10 min. 

Subsequently, they were incubated in 25 mM glycine in PBS for 20 min, followed by two 

washing steps in PBS. Afterwards, slides were incubated in 0.1 % Sudanblack solution 

for 15 min and then washed in PBS twice. Subsequently, the sections were outlined with 

lipid blocker. The slides were transferred into a dark box with damped air and they were 

incubated with the IHC blocking solution (150 µl per slide) for 1.5 h at RT to block 

unspecific antibody binding. Afterwards, the blocking solution was removed, and the 

sections were incubated with the primary rabbit anti-p62 or anti-mTOR antibody over 

night at 4 °C. The anti-p62 antibody was diluted 1:500, and anti-mTOR antibody was 

diluted 1:250 in the IHC blocking solution. 

The next day, the slides were washed three times in PBS, before they were incubated with 

the secondary Alexa 488 goat anti-rabbit IgG F(ab)2 antibody, which was diluted 1:250 

in the IHC blocking solution, at RT for 1.5 h. Subsequently, three washing steps in PBS 

were performed, followed by an incubation in DAPI solution for 2 min and another three 

times of washing in PBS. The sections were initially dehumidified at 60 °C, then mounted 

with Mowiol and finally dried at RT overnight. 
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2.2.6 Western blot 

Six weeks post MPTP treatment, animals were sacrificed and SN lysates were produced 

for Western blot analysis. This was employed in order to evaluate the influence of 

ULK1.DN expression on downstream signaling of ULK1 and cell survival pathways 

(Balke et al. 2020). 

2.2.6.1 Protein isolation from frozen tissue 

Midbrain tissue was dissected on ice and snap-frozen as described above. In the 

following, according to the individual sample weight, cold Radioimmunoprecipitation 

assay (RIPA) buffer was appended to the samples. The frozen tissue was homogenized 

manually using plastic pistils, followed by sonication for 2 x 20 sec at 40 % intensity and 

centrifugation for 20 min at 4 °C and 14.000 rpm. Subsequently,  the Pierce bicinchoninic 

acid (BCA) protein assay kit in combination with a Rainbow Spectra Tecan plate reader 

was employed to determine protein concentrations. In preparation of later electrophoresis, 

tissue samples were heated up to 95 °C for 7 min after addition of Laemmli buffer 

containing 10 % Dithiothreitol (DTT). Until electrophoresis samples were kept at -20 °C. 

2.2.6.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was employed to segregate the different proteins and allow a quantification. 

The denaturating detergent SDS has the advantage of a clear separation of proteins by 

size under exclusion of bias due to electric charge or conformation. For conduction of the 

SDS-PAGE always a stacking gel with 5 % polyacrylamide content and a pH of 6.8 was 

used. The resolving gels pH always was 8.8 and polyacrylamide content varied between 

8 and 14 % according to the specific blotting targets. BioRad Mini-PROTEAN Tetran-

Cell systems were used to conduct the electrophoresis. After placement of the gels, 

electrophoresis buffer consisting of 192 mM glycine, 0.1 % SDS and 25 mM Tris- HCl 

with pH adjusted to 8.3 was added into the system. The gel pockets were filled with a 

standard amounts of 25 µg protein. At the beginning of electrophoresis 50 V were applied 

for about 20 min to transfer the probes from the pockets into the stacking gel. 

Subsequently, voltage was increased to 100 V for optimal protein separation. When the 

small proteins approached the distal verge of the gel, the electrophoresis was terminated.  

2.2.6.3 Immunoblotting 

For a successful transfer of the separated proteins to a polyvinylidene fluoride (PVDF) 

membrane a blotting cassette was prepared as follows: After a short immersion in 
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methanol for half a minute to activate the membrane, it was placed in the middle of the 

cassette together with the gel. They were flanked by a piece of  filter paper and a soaking 

wet sponge on each side. Then chilled transfer buffer and an additional ice pack were 

added to the cassette to complete the blotting system and to keep the temperature low. 

Protein transfer was performed overnight at steady voltage of 30 V and 4 °C, followed by 

another 45 min at 100 V. After successful transfer, the membrane was incubated in a 

blocking solution consisting of 5 % non-fat dry milk in Tris buffered saline with Tween 

20 (TBS-T) for one hour at RT. Subsequently, three washing steps (each 10 min) in TBS-

T were performed before the membranes were incubated with the respective primary 

antibody overnight at 4 °C. The primary antibodies were diluted as follows: 

 

Table 9 Primary antibody solutions 

Target Dilution ratio Medium 

mTOR 1:1000 in 5 % BSA 

p-mTOR 1:1000 in 5 % BSA 

p62 1:500 in 5 % BSA 

pS6 1:1000 in 5 % BSA 

LC3 1:100 in 5 % milk 

ERK1/2 1:2000 in 5 % BSA 

pERK1/2 1:2000 in 5 % BSA 

AMPK 1:1000 in TBS-T only 

pAMPK 1:1000 in TBS-T only 

GAPDH 1:1000 in 5 % milk 

ß-Tubulin 1:5000 in 5 % milk 

ß-Actin 1:2000 in TBS-T only 

After incubation, the membranes were rinsed three times in TBS-T for 10 min each. 

Subsequently, the membranes were incubated with the horseradish peroxidase (HRP) 

coupled secondary antibody. The secondary antibodies were derived from goat, always 

diluted 1:1000 in 5 % non-fat dry milk in TBS-T and incubated for 1 hour. Afterwards, 

three washing steps in TBS-T were conducted. Finally, signal was detected using 

chemiluminescence: The ECL (Electrochemiluminescence) 1 and ECL2 component were 
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added to the rinsed membrane in equivalent amounts and left to incubate for about 90 

seconds. Then the enhanced chemiluminescence signal was detected using the Vilber 

Fusion FX system. 

 

2.2.7 HPLC 

The high-performance liquid chromatography (HPLC) was employed to analyze the 

dopamine levels in striatal axonal terminals of mice two and six weeks post MPTP 

treatment. In order to do so, 50 µl 0.1 M perchloric acid (HClO4) per mg striatal tissue 

were added to the previously snap frozen tissue. Using Precellys 1.4 mm ceramic beads, 

homogenization of the samples was conducted utilizing a bead mill. Following this, 

centrifugation of the specimens was performed at 13.4 g at 4 °C for 5 min. Afterwards, 

the supernatant was decanted and filled into fresh tubes, followed by another 10 min cycle 

of centrifugation. The subsequently obtained supernatant was used for HPLC analysis of 

dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid 

(HVA) content of the samples. For this purpose, a volume of 50 µl supernatant was used 

per HPLC tube. This ensured a smooth uptake of the loading amount which was set to 

20 µl per sample by the autosampler. The loading amount was automatically injected into 

the guard column with an applied voltage of 600 mV at 6 °C. The purpose of the guard 

column is protection of the analytical column from possible contaminants in the liquid 

solvent by oxidation. For analysis a C18 reverse-phase HR-80 catecholamine column was 

implemented and electrochemical detection was performed by an ESA Coulochem III 

with a 5010 analytic model detector (E1 = 50 mV, E2 = 400 mV). As mobile phase, a 

filtered and degassed HPLC buffer consisting of 6.9 g/l sodium acetate, 48 mg/l EDTA, 

7.3 g/l citric acid, 105 mg/l octane sulphonic acid solution and 10 % methanol was used 

at a flow rate 0.4 ml/min and pH = 4.3. Samples of the different treatment groups were 

run alternately and DA, HVA and DOPAC standards (in concentrations of 0.15 µM, 

0.3 µM and 1.5 µM) were run at regular intervals between the samples to ensure a precise 

and absolute measurement of the catecholamines. The Chromeleon Chromatography Data 

System was utilized to record and analyze data. Finally, the area under the specific peak 

was analyzed to determine the concentration of DA, DOPAC and HVA in ng per mg wet 

tissue. 
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2.2.8 Statistical analysis 

Statistical analyses were performed employing Kyplot software (Version 5.0), Graphpad 

Prism software (Version 4.0) and IBM SPSS Statistics (Version 23.0). Parametrical 

statistics were utilized because they suit the majority of biological samples, e.g. animals 

behavior data or tissue. To compare values of two groups statistically, unpaired student’s 

t-test was applied. For comparison of multiple groups always an one-way ANOVA with 

Tukey’s posthoc test was performed . Striatal fiber density measurements, TH cell count 

evaluation and neurochemical metabolite analyses were conducted in a hierarchical 

design. The respective parameter was defined as the dependent variable, the treatment 

group (AAV.CTRL vs. AAV.ULK1.DN) as the independent variable. Generally, data are 

represented as mean ± SEM (standard error of the mean) and significances are defined 

with * p < 0.05, ** p < 0.01, *** p <0.001. 
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2.3 Study design 

 

Figure 6 Structure of ULK1, its dominant negative variant ULK1.DN and treatment 

paradigm for animal experiments 

(A) ULK1.DN represents only the C-terminal domain of physiological ULK1. KD: kinase 

domain; PSD: proline- and serine-rich domain; CTD: C-terminal domain. (B) All animals initially 

received stereotactic injection of either AAV.ULK1.DN or AAV.CTRL into the substantia nigra. 

Three weeks later, mice received intraperitoneal injections of MPTP or vehicle on five 

consecutive days. Animals were sacrificed either two (acute model) or six (chronic model) weeks 

after MPTP treatment and brain tissue was analyzed. Behavioral data was collected two, four and 

six weeks after MPTP treatment. Modified from Balke et al. (2020), reprinted by permission from 

Springer Nature. The figure is part of the licensed content title “AAV-Mediated Expression of 

Dominant-Negative ULK1 Increases Neuronal Survival and Enhances Motor Performance in the 

MPTP Mouse Model of Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian 

Dambeck et al. in Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer 

Nature (2020)  

 

In order to examine possible neuroprotective and neurorestorative properties of AAV-

mediated ULK1 inhibition in the MPTP mouse model, a study design with two sacrifice 

time points was chosen (see Figure 6). For allocation and labelling of the treatment groups 

(see Table 10).  

 

 

 

https://link.springer.com/journal/12035
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Table 10 Overview of the experimental groups 

Treatment group 
N Timepoint of sacrifice 

2 weeks post MPTP 6 weeks post MPTP 

CTRL PBS 16 x  

CTRL PBS 24  x 

ULK1.DN PBS 16 x  

ULK1.DN PBS 24  x 

CTRL MPTP 16 x  

CTRL MPTP 24  x 

ULK1.DN MPTP 16 x  

ULK1.DN MPTP 24  x 

All experiments were conducted with C57BL\6 wt mice (as described above). At the 

corresponding timepoint (2 or 6 weeks), the whole treatment group (n = 16 or n = 24) was 

sacrificed. The brains of one half were fixed and sectioned for IHC analysis. The other 

half was used to prepare striata for HPLC analysis and SN for Western blotting. All 

animals underwent behavioral testing at two, respectively at two, four and six weeks post 

MPTP treatment. 
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3 Results 

3.1 Neuronal cell survival and preservation after MPTP treatment 

For the exploration of potential neuroprotective properties or possible supportive neuro-

regenerative effects of ULK1.DN expression-mediated autophagy inhibition, the animals 

were sacrificed two weeks and six weeks post MPTP treatment for immunohistochemical 

analysis of TH and Nissl cell numbers in the SN as well as measurement of TH striatal 

density.  

 

3.1.1 Quantification of DAergic neuronal cell survival in the SNpc two and six 

weeks post MPTP treatment  

To evaluate possible neuroprotective properties of ULK1.DN expression, three weeks 

after stereotactic AAV.ULK1.DN injection the neurotoxin MPTP was administered in a 

subchronic regime. Then mouse brains were analyzed immunohistochemically two and 

six weeks after MPTP injections (Balke et al. 2020).  

Two weeks after MPTP treatment, a loss of TH+ DAergic neurons in the SNpc of the 

CTRL MPTP group was observed (see Figure 7 A). The stereological cell counting 

confirmed a significant decrease of > 50 % in TH+ cell numbers in the CTRL MPTP group 

(5,095 ± 814 TH+ neurons per SNpc) as compared to the CTRL PBS group (11,017 ± 

511), as well as a decrease of > 40 % as compared to the ULK1.DN PBS group (9,033 ± 

513). However, MPTP treatment did not significantly reduce the number of TH+ cells in 

the ULK1.DN MPTP group (8,578 ± 254) as compared with ULK1.DN PBS. Yet after 

MPTP treatment, the TH+ cell numbers in the ULK1.DN MPTP group were 40 % higher 

as compared with the CTRL MPTP group.  

Similar ratios for the treatment groups were also obtained when the number of Nissl-

stained nigral neurons was analyzed. A significant reduction in Nissl+ cells in CTRL 

animals was seen when treated with MPTP (CTRL PBS: 13,081 ± 566, CTRL MPTP: 

6,350 ± 936 Nissl+ neurons per SN), while the number of Nissl+ cells was not significantly 

lower in the ULK1.DN MPTP (10,114 ± 303) in comparison to the ULK1.DN PBS group 

(10,897 ± 635). Consequently, significantly more Nissl cells were preserved in the 

ULK1.DN animals after MPTP treatment compared to the CTRL MPTP animals. 
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The Nissl staining was conducted in addition to the TH staining to account for the total 

number of neuronal cells in the SNpc. It was thereby excluded that decreased TH+ cell 

numbers occurred only due to TH downregulation because of MPTP administration, but 

it was rather due to real cell death. 

Six weeks after MPTP treatment, still a clear and significant MPTP effect between the 

TH+ cell numbers of the MPTP injected and the PBS injected groups was visible. 

However, in contrast to two weeks post MPTP treatment, no significant differences 

between CTRL MPTP and ULK1.DN MPTP groups were observable anymore (CTRL 

MPTP: 6,637 ± 428; ULK1.DN MPTP: 7,672 ± 325; CTRL PBS 10,728 ± 305; 

ULK1.DN PBS 11,892 ± 398, also see Figure 7 B) (Balke et al. 2020). Again, the results 

of the Nissl staining evaluation were perfectly in line with those of the TH staining: The 

number of Nissl+ cells per SN was significantly higher in the PBS control groups than in 

the MPTP treated animals but no significant difference between CTRL MPTP and 

ULK1.DN MPTP could be detected anymore. (CTRL PBS: 12,989 ± 348; ULK1.DN 

PBS: 14,472 ± 464; CTRL MPTP: 8,291 ± 505; ULK1.DN MPTP: 9,640 ± 388; for all 

means± SEM, also see Table 11).  

In summary, these results suggest that DAergic neurons in the SN are protected from 

acute MPTP-induced neurodegeneration by ULK1.DN expression-mediated inhibition of 

autophagy two weeks post MPTP. However, no statistically significant benefit in terms 

of enhanced neuro-regeneration or preservation of dopaminergic cell bodies could be 

detected six weeks post MPTP treatment. 
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Figure 7 ULK1.DN prevents dopaminergic nigral neurons from MPTP-induced 

neurodegeneration 

Immunohistological analysis of TH+ and Nissl+ cells in the substantia nigra pars compacta of 

MPTP treated mice expressing ULK1.DN and respective controls. (A) Analysis two weeks after 

MPTP treatment, data are presented including means ± SEM, n = 6-8, *** p < 0.001; ** p < 0.01; 

n.s. = not significant; ANOVA + Tukey posthoc test. Representative micrographs of substantia 

nigra are presented in the top panel, scale bar: 500 µm. (B) Analysis six weeks after MPTP 

treatment, data are presented including means ± SEM, n = 11-12, *** p < 0.001; ANOVA + 

Tukey posthoc test. Representative micrographs of substantia nigra are presented in the top panel, 

scale bar: 500 µm. Modified from Balke et al. (2020), reprinted by permission from Springer 

Nature. The figure is part of the licensed content title “AAV-Mediated Expression of Dominant-

Negative ULK1 Increases Neuronal Survival and Enhances Motor Performance in the MPTP 

Mouse Model of Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian 

Dambeck et al. in Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer 

Nature (2020) 

 

https://link.springer.com/journal/12035


52 

 

Table 11 Nigral dopaminergic and total neuronal cell count in the SNpc 

Experimental condition TH+ cells per SN Nissl+ cells per SN 

 2 weeks post MPTP   

CTRL PBS 11,017 ± 511 13,081 ± 566 

ULK1.DN PBS 9,033 ± 513 10,897 ± 635 

CTRL MPTP 5,095 ± 814 6,350 ± 936 

ULK1.DN MPTP 8,578 ± 254 10,114 ± 303 

6 weeks post MPTP   

CTRL PBS 10,728 ± 305 12,989 ± 348 

ULK1.DN PBS 11,892 ± 398 14,472 ± 464 

CTRL MPTP 6,637 ± 428 8,291 ± 505 

ULK1.DN MPTP 7,672 ± 325 9,640 ± 388 

Data given as mean ± SEM. Numbers given per complete SN, right hemisphere, injected side of 

the brain. 

 

3.1.2 Quantification of striatal density two and six weeks post MPTP treatment 

In order to investigate potential protective properties of ULK1.DN expression on nerve 

terminals of DAergic nigral neurons, striata were immunostained against TH 14 days after 

MPTP lesion (Figure 8 A). In addition, and with regard to feasible long-term or 

regeneration effects, the same staining was also performed six weeks after MPTP lesion 

(Figure 8 B) (Balke et al. 2020).  

The representative micrographs in Figure 8 A show a similar signal of the TH staining for 

the PBS treated animals. Opposed to this, a significant reduction of TH+ immune-reactive 

fibers in the CTRL MPTP treated animals is visible two weeks post treatment. The 

ULK1.DN MPTP animals also show reduced TH+ signal compared to the PBS groups. 

However, the signal loss is less pronounced than in the CTRL MPTP group. This 

observation was consistent with the IHC analysis: Two weeks post MPTP treatment, the 

CTRL MPTP group showed a significantly diminished relative TH+ fiber density in the 

striatum (44.9 ± 5.8 %) in comparison the CTRL PBS group (100 ± 9.8 %) as well as the 
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ULK1.DN PBS group (129 ± 14.0 %) (Balke et al. 2020). However, we observed a 

significantly, by > 45 % higher TH+ fiber density in the striata of the ULK1.DN MPTP 

group (82.9 ± 7.1 %) in comparison to the CTRL MPTP group. Without the neurotoxin 

treatment, a higher striatal density in absolute numbers, but no statistically significant 

effect was observed for the ULK1.DN expressing experimental group.  

Six weeks post MPTP treatment, the different micrographs of the experimental treatment 

groups look very much alike (Figure 8 B). IHC analysis showed similar levels of striatal 

density in all treatment groups (CTRL PBS: 100 ± 7.8 %; ULK1.DN PBS: 110 ± 11.3 %; 

CTRL MPTP: 104 ± 8.3 %; ULK1.DN MPTP: 125 ± 11.5 %).  

In addition to neuroprotective effects of dominant negative ULK1 expression on the cell 

bodies two weeks post MPTP treatment revealed in the analysis of TH+ and Nissl+ cell 

counts, the results obtained from the striatal TH+ fiber density staining point out an 

additive protection of DAergic terminals from acute MPTP-induced toxicity (Balke et al. 

2020). Yet six weeks post MPTP treatment no significant beneficial effect of ULK1.DN 

was observed. 
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Figure 8 ULK1.DN protects dopaminergic nigrostriatal projections from MPTP-induced 

neurodegeneration 

Immunohistological analysis of TH+ striatal fiber density of MPTP treated mice expressing 

ULK1.DN and respective control. (A) Analysis two weeks after MPTP treatment, data are 

presented including means ± SEM, n = 8, ** p < 0.01; * p < 0.05; ANOVA + Tukey posthoc test. 

Representative micrographs of the striatum are shown in the top panel, scale bar: 1 mm. (B) 

Analysis six weeks after MPTP treatment, data are presented including means ± SEM; n = 10-12; 

n.s. = not significant; ANOVA. Representative micrographs of the striatum are presented in the 

top panel, scale bar: 1 mm. Modified from Balke et al. (2020), reprinted by permission from 

Springer Nature. The figure is part of the licensed content title “AAV-Mediated Expression of 

Dominant-Negative ULK1 Increases Neuronal Survival and Enhances Motor Performance in the 

MPTP Mouse Model of Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian 

Dambeck et al. in Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer 

Nature (2020) 

  

https://link.springer.com/journal/12035
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3.2 Analysis of dopamine and its metabolites in the murine striatum 

For the evaluation of potential protective or restorative ULK1.DN expression-mediated 

effects on nigral DAergic nerve terminals in the striatum and their functional 

preservation, a HPLC analysis of DA and its metabolites DOPAC and HVA two and six 

weeks post MPTP treatment was performed (Balke et al. 2020).  

 

3.2.1 Intrastriatal levels of DA, HVA and DOPAC two and six weeks post MPTP 

treatment 

Two weeks after MPTP treatment, the neurochemical analysis showed a statistically very 

significant and with > 90 % nearly total depletion of DA in the animals striata (CTRL 

PBS: 9.35 ± 0.52; CTRL MPTP: 1.16 ± 0.09; ULK1.DN PBS: 8.90 ± 0.73; ULK1.DN 

MPTP: 1.12 ± 0.13 ng/mg wet tissue; Figure 9 A). The reduction of DOPAC (CTRL PBS: 

3.56 ± 0.44; CTRL MPTP: 1.50 ± 0.16; ULK1.DN PBS: 2.95 ± 0.30; ULK1.DN MPTP: 

1.42 ± 0.12 ng/mg wet tissue) and HVA (CTRL PBS: 1.81 ± 0.10; CTRL MPTP: 1.19 ± 

0.08; ULK1.DN PBS: 1.72 ± 0.11; ULK1.DN MPTP: 1.20 ± 0.05 ng/mg wet tissue; also 

see Table 12 for all means ± SEM) levels upon MPTP treatment was also highly 

significant, although not as severe as the reduction of DA. These massive and nearly 

identical reductions in both ULK1.DN and CTRL treatment groups confirmed the 

functionality of the MPTP model but also revealed no DA preserving property of the 

ULK1.DN expressing construct. 

Six weeks after MPTP treatment, still a significant MPTP effect on striatal DA levels of 

the animals could be detected (CTRL PBS: 9.83 ± 1.16; ULK1.DN PBS: 12.1 ± 1.19; 

CTRL MPTP: 2.65 ± 0.31; ULK1.DN MPTP: 2.93 ± 0.4 ng/mg wet tissue; Figure 9 B) 

(Balke et al. 2020). However, DA was partly restored compared to the lower absolute 

values two weeks post MPTP treatment. For DOPAC (CTRL PBS: 2.8 ± 0.43; ULK1.DN 

PBS: 3.41 ± 0.5; CTRL MPTP: 1.76 ± 0.17; ULK1.DN MPTP 1.41 ± 0.3 ng/mg wet 

tissue) and HVA (CTRL PBS: 1.75 ± 0.15; ULK1.DN PBS: 1.64 ± 0.12; CTRL MPTP: 

0.99 ± 0.08; ULK1.DN MPTP: 0.91 ± 0.09 ng/mg wet tissue) also a prominent MPTP 

effect was still visible. In line with the measurements two weeks post MPTP treatment, 

levels of DA and its metabolites were not significantly altered by ULK1.DN expression 

could be shown (Balke et al. 2020). 
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Figure 9 HPLC analysis of striatal dopamine and metabolites displays significant 

impairment of striatal dopaminergic terminals after MPTP treatment 

Neurochemical detection of dopamine (DA) and its metabolites dihydroxyphenylacetic acid 

(DOPAC) and homovanillic acid (HVA) in the striatum of MPTP-treated mice expressing 

ULK1.DN and respective controls. (A) HPLC analysis two weeks after MPTP treatment, data are 

presented including means ± SEM; n = 7-8; *** p < 0.001; ** p < 0.01; ANOVA + Tukey posthoc 

test. (B) HPLC analysis six weeks after MPTP treatment, data are presented including means ± 

SEM; n = 11-12; *** p < 0.001; ** p < 0.01; n.s. = not significant; ANOVA + Tukey posthoc 

test. Modified from Balke et al. (2020), reprinted by permission from Springer Nature. The figure 

is part of the licensed content title “AAV-Mediated Expression of Dominant-Negative ULK1 

Increases Neuronal Survival and Enhances Motor Performance in the MPTP Mouse Model of 

Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian Dambeck et al. in 

Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer Nature (2020) 

https://link.springer.com/journal/12035


57 

 

Table 12 Descriptive data of HPLC analysis 

Experimental 

condition 

DA DOPAC HVA 

2 weeks post MPTP    

CTRL PBS 9.35 ± 0.52 3.56 ± 0.44 1.81 ± 0.10 

ULK1.DN PBS 8.90 ± 0.73 2.95 ± 0.30 1.72 ± 0.11 

CTRL MPTP 1.16 ± 0.09 1.50 ± 0.16 1.19 ± 0.08 

ULK1.DN MPTP 1.12 ± 0.13 1.42 ± 0.12 1.20 ± 0.05 

6 weeks post MPTP    

CTRL PBS 9.83 ± 1.16 2.80 ± 0.43 1.75 ± 0.15 

ULK1.DN PBS 12.10 ± 1.19 3.41 ± 0.50 1.64 ± 0.12 

CTRL MPTP 2.65 ± 0.31 1.76 ± 0.17 0.99 ± 0.08 

ULK1.DN MPTP 2.93 ± 0.40 1.41 ± 0.30 0.91 ± 0.09 

Levels of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid 

(HVA) in ng/mg wet tissue. Data given as mean ± SEM.  
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3.3 Behavioral tests 

Due to the fact that MPTP has a systemic effect and causes DA degeneration in both 

hemispheres, its effects are not as easily detectable as in unilateral lesion models like the 

6-hydroxydopamine model (Tatenhorst et al. 2014). However, I employed three different 

behavioral tests to detect potential alterations in animal motor behavior. The tests were 

conducted once before MPTP treatment started to get a baseline value, and then at two, 

four, and six weeks post MPTP treatment. If necessary, animals were pretrained before 

the first recorded testing.  

 

3.3.1 Rotarod 

Using the rotarod, mices’ motor coordination, equilibrioception and endurance were 

tested. The test measured the time a mouse was running on the rotarod until it fell down. 

For statistical analysis, the mean of three runs was generated for each mouse.  

After pretraining, but before MPTP treatment, all treatment groups showed a stable and 

comparable performance with no significant differences on the rotarod. Two weeks post 

MPTP treatment, surprisingly still no significant differences regarding the animals time 

on the rotarod were detectable (CTRL MPTP: 170 ± 11 s; ULK1.DN MPTP: 178 ± 25 s; 

CTRL PBS: 157 ± 17 s; ULK1.DN PBS: 159 ± 17 s; Figure 10 A) (Balke et al. 2020). 

Four weeks after MPTP treatment, also no significant difference was perceived when 

comparing the treatment groups (CTRL PBS: 183 ± 17 s; ULK1.DN PBS: 192 ± 15 s; 

CTRL MPTP: 172 ± 10 s; ULK1.DN MPTP 221 ± 21 s). Remarkably, at six weeks after 

MPTP treatment, a trend towards a longer timespan on the rotating rod in the ULK1.DN 

MPTP group (p = 0.061, ANOVA + Tukey posthoc test) compared to the CTRL MPTP 

group (CTRL PBS: 195 ± 16 s; ULK1.DN PBS: 215 ± 25 s; CTRL MPTP: 176 ± 19 s; 

ULK1.DN MPTP: 248 ± 16 s) was observed, thereby indicating a potential modulatory 

long-term effect of ULK1.DN expression on nervous connections involved in motor 

control after MPTP toxin exposure (Balke et al. 2020).  
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Figure 10 Behavioral analysis shows improved motor performance of mice expressing 

ULK1.DN after MPTP treatment 

Analysis of motor behavior of MPTP-treated mice expressing ULK1.DN and respective controls 

was performed two, four and six weeks after MPTP intoxication. (A) Rotarod analysis showed a 

slightly improved motor performance after six weeks. Data are presented including means ± SEM; 

n = 7-8 (two weeks); n = 11-12 (four weeks); n = 11-12 (six weeks); § p = 0.061; n.s. = not 

significant; ANOVA + Tukey posthoc test. (B) Cylinder rearing test showed improved motor 

behavior at four and six weeks after MPTP treatment. Data are given as means ± SEM; n = 15-24 

(two weeks); n = 15-24 (four weeks); n = 13-22 (six weeks); * p < 0.05; n.s. = not significant; 

ANOVA + Tukey posthoc test. Modified from Balke et al. (2020), reprinted by permission from 

Springer Nature. The figure is part of the licensed content title “AAV-Mediated Expression of 

Dominant-Negative ULK1 Increases Neuronal Survival and Enhances Motor Performance in the 

MPTP Mouse Model of Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian 

Dambeck et al. in Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer 

Nature (2020) 

https://link.springer.com/journal/12035
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3.3.2 Cylinder rearing test 

Animals motor coordination and balance were also investigated with the help of the 

cylinder rearing. Since the stereotactic injections were only performed unilaterally into 

the right hemisphere, the test should also disclose possible side differences. For better 

comparison between relatively active and calm animals, the numbers of rears in the four 

categories (both, right, left or free) are given as relative numbers of the total rearing events 

(Balke et al. 2020). 

Touches with only one paw against the cylinder wall were rare, each left and right 

accounting for about 5 % of all rears. Considering the proportion of right and left, a 

possible side effect due to the injection was successfully ruled out (see Figure 11; full 

data of means and respective SEM values are displayed in Table 13). There was no 

significant difference in right or left paw supported rears between the treatment groups, 

and also no preferability of one side in the total amount of one paw supported rears.  

Two weeks post MPTP treatment, “both” assisted rears were most frequent (CTRL PBS: 

70.6 ± 3.5; ULK1.DN PBS: 75.3 ± 2.8; CTRL MPTP: 75.9 ± 3.0; ULK1.DN MPTP: 74.4 

± 3.1; Figure 10 B), as has been described before (Tönges et al. 2012). However, no 

impaired sensorimotor coordination could be observed in the MPTP treated animals. The 

amount of “free” rears was smaller than the amount of “both” assisted rears (CTRL PBS: 

20.6 ± 3.1; ULK1.DN PBS: 17.0 ± 2.2; CTRL MPTP: 16.7 ± 2.8; ULK1.DN MPTP: 16.9 

± 2.3), but also no significant differences in the amount of “free” rears between the 

treatment groups were found (Balke et al. 2020). 

Four weeks after MPTP treatment, the number of “both” assisted rears was distinctly 

reduced in the ULK1.DN MPTP group, even though not yet statistically significant 

(CTRL PBS: 68.4 ± 4.5; ULK1.DN PBS: 68.3 ± 3.5; CTRL MPTP: 78.1 ± 4.4; ULK1.DN 

MPTP: 62.8 ± 4.0). However, the proportion of “free” rears was significantly elevated in 

ULK1.DN MPTP group after MPTP treatment in comparison to the CTRL MPTP group 

(CTRL PBS: 21.1 ± 4.3; ULK1.DN PBS: 21.5 ± 2.8; CTRL MPTP: 13.0 ± 4.0; ULK1.DN 

MPTP: 29.2 ± 3.8). 

Six weeks after MPTP treatment, these differences were considerably larger, thereby a 

statistically significant effect was not only noted for “free” assisted rears (CTRL PBS: 

15.7 ± 3.1; ULK1.DN PBS: 15.7 ± 3.8; CTRL MPTP: 13.1 ± 4.3; ULK1.DN MPTP: 31.0 

± 4.3), but also for “both” (CTRL PBS: 75.0 ± 3.3; ULK1.DN PBS: 73.3 ± 5.0; CTRL 

MPTP: 79.1 ± 5.6; ULK1.DN MPTP: 56.6 ± 5.0). These findings strongly suggest 
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genuine influence of ULK1.DN expression on animals motor performance in the MPTP 

mouse model (Balke et al. 2020). However, this significantly improved motor behavior 

of the ULK1.DN MPTP group six weeks post treatment is not reflected in higher striatal 

dopamine levels (Figure 8 B, Figure 9 B). 

Table 13 Descriptive data of Cylinder rearing test analysis 

Experimental 

condition 

Both [%] Right [%] Left [%] Free [%] 

2 weeks post MPTP     

CTRL PBS 70.6 ± 3.5 5.5 ± 1.2 3.3 ± 1.0 20.6 ± 3.1 

ULK1.DN PBS 75.3 ± 2.8 4.6 ± 1.1 3.2 ± 1.0 17.0 ± 2.2 

CTRL MPTP 75.9 ± 3.0 2.4 ± 0.8 3.6 ± 1.4 16.7 ± 2.8 

ULK1.DN MPTP 74.4 ± 3.1 3.0 ± 1.7 3.8 ± 1.0 16.9 ± 2.3 

4 weeks post MPTP     

CTRL PBS 68.4 ± 4.6 6.3 ± 1.8 4.2 ± 1.3 21.1 ± 4.4 

ULK1.DN PBS 68.3 ± 3.6 5.3 ± 1.8 3.5 ± 1.3 21.5 ± 2.8 

CTRL MPTP 78.1 ± 4.5 2.7 ± 1.3 4.3 ± 1.4 13.0 ± 4.0 

ULK1.DN MPTP 62.8 ± 4.1 5.1 ± 1.3 2.9 ± 1.0 29.2 ± 3.8 

6 weeks post MPTP     

CTRL PBS 75.0 ± 3.4 4.4 ± 1.7 5.0 ± 1.6 15.7 ± 3.1 

ULK1.DN PBS 73.3 ± 5.0 8.9 ± 2.6 2.1 ± 1.1 15.7 ± 3.8 

CTRL MPTP 79.1 ± 5.6 3.8 ± 1.8 4.0 ± 1.6 13.1 ± 4.3 

ULK1.DN MPTP 56.6 ± 5.0 3.2 ± 1.0 2.3 ± 0.9 31.0 ± 4.4 

Number of rears supported by both paws, the left or the right paw as well as freely conducted 

rears in relation to the total number of rears [%]. Data given as mean ± SEM. 
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Figure 11 Cylinder rearing test revealed no unilateral preference in supportive paw use during 

rears 

In addition to “both” and “free” rears also rears supported by either the right (A) or the left (B) paw 

were analyzed at the timepoints two, four and six weeks post MPTP treatment. Analysis of single 

paw-supported rears was conducted to reveal possible effects of the unilateral AAV injection. 

However, analysis did not disclose any side preferences as “left” and “right” rears were equally 

distributed. Data are given as means ± SEM; n = 15-24 (two weeks); n = 15-24 (four weeks);                      

n = 13-22 (six weeks); n.s. = not significant; ANOVA + Tukey posthoc test. 
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3.3.3 Catwalk gait analysis 

The Noldus catwalk XT is an automated system to gather 208 different variables in order 

to assess gait performance in rodents. It was employed to reveal possible motor deficits 

in the MPTP model as it has been useful in past studies of spinal cord injury (Bhimani et 

al. 2017) or synucleinopathy (Tatenhorst et al. 2016). For the analysis, special attention 

was paid to model-specific PD gait parameters like “run average speed”, “stride length” 

and “swing speed”. However, it turned out not to be sensitive enough as no significant 

changes could be detected between the different animal groups at all. A selection of 

exemplary gait parameters are depicted in Figure 12 with related means ± SEM in Table 

14.  

 

Table 14 Descriptive data of Catwalk gait analysis 

Experimental 

condition 

Step sequence 

regularity 

index [%] 

Run average 

speed [cm/s] 

HP swing 

speed 

[cm/s] 

HP stride 

length [cm] 

2 weeks post MPTP     

CTRL PBS 93.6 ± 1.5 16.1 ± 1.3 50.5 ± 3.3 5.9 ± 0.3 

ULK1.DN PBS 95.6 ± 1.5 17.4 ± 1.6 50.8 ± 2.6 6.3 ± 0.3 

CTRL MPTP 94.3 ± 1.5 13.7 ± 1.1 50.8 ± 4.0 5.7 ± 0.3 

ULK1.DN MPTP 93.5 ± 2.3 13.2 ± 1.1 49.1 ± 2.2 5.3 ± 0.3 

 

4 weeks post MPTP 

    

CTRL PBS 93.5 ± 1.5 16.5 ± 1.5 47.6 ± 2.9 6.0 ± 0.3 

ULK1.DN PBS 95.7 ± 1.2 19.2 ± 1.1 53.1 ± 3.0 7.1 ± 0.4 

CTRL MPTP 97.2 ± 0.7 17.7 ± 1.5 51.5 ± 3.5 7.3 ± 0.4 

ULK1.DN MPTP 96.7 ± 1.1 20.2 ± 1.9 54.8 ± 1.8 6.8 ± 0.6 

6 weeks post MPTP     

CTRL PBS 92.9 ± 1.1 21.1 ± 1.8 60.7 ± 2.6 6.2 ± 0.3 

ULK1.DN PBS 96.9 ± 0.8 26.3 ± 3.2 60.2 ± 5.0 7.4 ± 0.5 

CTRL MPTP 96.4 ± 1.7 20.1 ± 1.6 58.4 ± 3.2 6.5 ± 0.4 

ULK1.DN MPTP 96.0 ± 0.6 22.9 ± 3.5 71.4 ± 8.0 6.8 ± 0.5 

Data of four exemplary, potentially altered gait parameters given as mean ± SEM. HP: hind paw. 
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Figure 12 Catwalk gait analysis reveals no alteration in gait pattern post MPTP treatment 

Gait analysis was conducted two, four and six weeks post MPTP treatment utilizing the Noldus 

software. Depicted parameters are exemplary for over 200 gait parameters analyzed and 

particularly prone to undergo changes in PD. However, no significant changes neither in the 

specific, displayed parameters step sequence regularity (A), run average speed (B), HP swing 

speed (C) and HP (hindpaw) stride length (D), nor in the other analyzed parameters (data not 

shown) were detected upon MPTP treatment. Data are given as means ± SEM; n = 7-8 (for all 

time points); ANOVA. 
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3.4 Western blot analysis 

3.4.1 Quantification of autophagy and cell survival associated protein levels in 

mibrain tissue six weeks after MPTP treatment 

Western blot analysis was conducted to investigate regulatory influences of ULK1.DN 

expression on autophagic and cell survival pathways six weeks post MPTP treatment. 

Due to methodical restrictions in preparation, tissue of the whole midbrain was used for 

the analysis. For a meaningful quantification of ULK1.DN expression-mediated effects 

on the downstream autophagy cascade, the LC3-II/-I ratio was determined (Balke et al. 

2020). It is considered as a useful marker in monitoring of autophagy, as cytoplasmatic 

LC3-I hydrolyses a small polypeptide and turns into autophagosome membrane-

associated LC3-II upon autophagy induction (Kang et al. 2019). The LC3-II/-I ratio was 

not found to be significantly altered in the ULK1.DN treatment group in comparison to 

controls (CTRL PBS: 1.0 ± 0.2; ULK1.DN PBS: 1.5 ± 0.2; CTRL MPTP: 1.2 ± 0.2; 

ULK1.DN MPTP: 1.8 ± 0.2; Figure 13 B) (Balke et al. 2020). Another well-established 

monitoring parameter for autophagy is p62. It delivers ubiquitinated proteins for 

autophagic degradation and accumulates if autophagic flux is impaired (Klionsky et al. 

2016). Therefore, inhibitory properties of AAV-mediated ULK1.DN expression on 

autophagic activity were confirmed by significantly elevated p62 levels in the ULK1.DN 

MPTP group in relation to control (CTRL PBS: 1.0 ± 0.1; ULK1.DN PBS: 1.6 ± 0.2; 

CTRL MPTP: 0.9 ± 0.1; ULK1.DN MPTP: 2.0 ± 0.2; Figure 13 C) (Balke et al. 2020). A 

complementary immunohistochemical analysis confirmed the finding of increased p62 

expression in the SNpc (see also Figure 14). Directly linked to ULK1 are its upstream 

regulators mTOR and AMPK (Kim et al. 2011), which were also analyzed. Apparently, 

ULK1.DN expression triggered activation of mTOR signaling, which was indicated by 

significantly increased levels of mTOR (CTRL PBS: 1.0 ± 0.08; ULK1.DN PBS: 1.5 ± 

0.1; CTRL MPTP: 1.21 ± 0.1; ULK1.DN MPTP: 1.6 ± 0.1; Figure 13 D), as wells as p-

mTOR (CTRL PBS: 1.0 ± 0.1; ULK1.DN PBS: 1.6 ± 0.2; CTRL MPTP: 1.2 ± 0.1; 

ULK1.DN MPTP: 1.8 ± 0.1; Figure 13 E) in ULK1.DN MPTP mice in comparison to 

controls (Balke et al. 2020). Again, a complementary immunohistochemical analysis 

confirmed the finding of increased mTOR expression in the SNpc (see Figure 15). 

However, no regulatory influence of ULK1.DN expression on AMPK and pAMPK levels 

was detected (Figure 13 F+G, for means ± SEMs see Table 15). Extracellular signal-

regulated kinase (ERK) 1/2 are important components of the MAPK system, which 
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negatively regulate mTOR and thereby promote ULK1 protein expression (Xu et al. 

2018). However, no significant regulation of ERK1/pERK1 (Figure 13 H+I), as well as 

ERK2/pERK2 (Figure 13 K+L) upon ULK1.DN expression could be observed. Finally, 

Ribosomal protein S6 kinase beta-1 (pS6), which also negatively regulates mTOR, was 

analyzed, but it  was not found to be significantly regulated either (Figure 13 J, all 

corresponding means ± SEMs see Table 15).  

 

Table 15 Descriptive data of Western blot analysis 

 
Experimental condition 

Analyzed protein  CTRL PBS ULK1.DN 

PBS 

CTRL 

MPTP 

ULK1.DN 

MPTP 

p62/GAPDH, normalized 

to CTRL PBS 

1.0 ± 0.15 1.67 ± 0.21 0.97 ± 0.14 2.0 ± 0.25 

AMPK/actin, normalized 

to CTRL PBS 

1.0 ± 0.13 1.59 ± 0.31 1.11 ± 0.16 1.53 ± 0.30 

pAMPK/actin, 

normalized to CTRL PBS 

1.0 ± 0.14 1.29 ± 0.12 0.97 ± 0.13 1.31 ± 0.09 

ERK1/tubulin, 

normalized to CTRL PBS 

1.0 ± 0.24 1.08 ± 0.25 0.94 ± 0.40 1.25 ± 0.35 

pERK1/GAPDH, 

normalized to CTRL PBS 

1.0 ± 0.16 1.55 ± 0.29 1.06 ± 0.24 1.3 ± 0.31 

ERK2/tubulin, 

normalized to CTRL PBS 

1.0 ± 0.19 1.16 ± 0.26 1.41 ± 0.52 1.55 ± 0.40 

pERK2/GAPDH, 

normalized to CTRL PBS 

1.0 ± 0.33 0.82 ± 0.20 0.42 ± 0.13 0.74 ± 0.30 

LC3ratio/tubulin, 

normalized to CTRL PBS  

1.0 ± 0.29 1.53 ± 0.24 1.27 ± 0.26 1.8 ± 0.22 

mTOR/actin, normalized 

to CTRL PBS 

1.0 ± 0.08 1.49 ± 0.14 1.21 ± 0.13 1.6 ± 0.14 

p-mTOR/actin, 

normalized to CTRL PBS 

1.0 ± 0.13 1.65 ± 0.21 1.24 ± 0.15 1.85 ± 0.17 

pS6/tubulin, normalized 

to CTRL PBS 

1.0 ± 0.21 0.66 ± 0.12 0.79 ± 0.19 1.16 ± 0.18 

Data given as mean ± SEM.  
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Figure 13 Western blot analysis reveals ULK1.DN-mediated down-regulation of autophagy 

and activation of mTOR signaling 

Western Blot analysis was per formed from mouse midbrain tissue six weeks after MPTP 

treatment. (A) Representative Western blots of all analyzed proteins are displayed. The expression 

of each protein was adjusted to the respective housekeeping gene and normalized to sham control. 

(B) Analysis of LC3 ratio (n = 7-9) normalized to tubulin. (C) p62 levels (n = 11-12) normalized 

to GAPDH. (D, E) mTOR (n = 11-12) and p-mTOR (n = 11-12) levels normalized to actin.           

(F, G) AMPK (n = 11-12) and pAMPK (n = 10-12) normalized to actin. (H, I) ERK1 (n = 7-8) 

normalized to tubulin and pERK1 (n = 8-10) normalized to GAPDH. (J) pS6 (n = 8-9) normalized 

to tubulin. (K,L) ERK2 (n = 8) normalized to tubulin and pERK2 (n = 10-12) normalized to 

GAPDH. All data given including means and SEM; ** p < 0.01; * p < 0.05; n.s. = not significant; 

ANOVA + Tukey posthoc test. Modified from Balke et al. (2020), reprinted by permission from 

Springer Nature. The figure is part of the licensed content title “AAV-Mediated Expression of 

Dominant-Negative ULK1 Increases Neuronal Survival and Enhances Motor Performance in the 

MPTP Mouse Model of Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian 

Dambeck et al. in Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer 

Nature (2020)  

https://link.springer.com/journal/12035
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Figure 14 Immunohistochemical analysis of p62 in the substantia nigra pars compacta 

(SNpc) 

Representative micrographs of the SNpc of each treatment group. All sections are stained for p62, 

cell nuclei are counterstained with DAPI and virus-transduced cells display the mCherry signal. 

There is a visible increase of p62 protein after ULK1.DN expression. White arrowheads indicate 

p62 signal. Scale bar: 50 µm. Modified from Balke et al. (2020), reprinted by permission from 

Springer Nature. The figure is part of the licensed content title “AAV-Mediated Expression of 

Dominant-Negative ULK1 Increases Neuronal Survival and Enhances Motor Performance in the 

MPTP Mouse Model of Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian 

Dambeck et al. in Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer 

Nature (2020) 

 

https://link.springer.com/journal/12035
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Figure 15 Immunohistochemical analysis of mTOR in the substantia nigra pars compacta 

(SNpc) 

Representative micrographs of the SNpc of each treatment group. All sections are stained for 

mTOR, cell nuclei are counterstained with DAPI and virus-transduced cells display the mCherry 

signal. There is a visible increase of mTOR protein after ULK1.DN expression. Scale bar: 50 µm. 

Modified from Balke et al. (2020), reprinted by permission from Springer Nature. The figure is 

part of the licensed content title “AAV-Mediated Expression of Dominant-Negative ULK1 

Increases Neuronal Survival and Enhances Motor Performance in the MPTP Mouse Model of 

Parkinson’s Disease”, published by Dirk Balke, Lars Tatenhorst, Vivian Dambeck et al. in 

Molecular Neurobiology. https://link.springer.com/journal/12035 © Springer Nature (2020) 

 

 

https://link.springer.com/journal/12035
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4 Discussion 

4.1 The role of autophagy and axonal degeneration in PD  

PD is a common neurodegenerative disease with a prevalence of about 1 % in people 

aged over 60 (Tysnes and Storstein 2017). In the consequence of still missing valid 

biomarkers for an early diagnosis of the disease, in most of the cases the diagnosis cannot 

be ascertained until clinical disease symptoms emerge (Batistela et al. 2017). At this 

timepoint, already a severe neuronal loss and degeneration especially of the nigro-striatal 

system has taken place. This underlines the need of either efficient neurorestorative 

therapies or neuroprotective therapies in combination with reliable biomarkers. However, 

no causal therapy is available by now. This is in spite of or just due to the several 

pathomechanisms that have been elucidated during the last years and that are likely to be 

responsible for the most sporadic cases of PD in a multifactorial etiology (Salat et al. 

2016).  

Autophagy, as a highly conserved intracellular degradation and recycling process, is 

essential for maintaining cellular homeostasis (Mizushima and Komatsu 2011). 

Perturbation of this delicate process has been implicated not only in PD, but in a variety 

of neurodegenerative and also other disorders (Menzies et al. 2015). Among the most 

important pathomechanisms behind PD, are disrupted proteolysis and mitochondrial 

dysfunction, two systems with an existing crosstalk. Impaired autophagy includes 

disrupted mitophagy and leads to an accumulation of defective mitochondria, thereby 

increasing the burden of ROS and ultimately leading to cell death (Corti 2019). Vice 

versa, mitochondrial damage is able to impair the biogenesis of lysosomes, causing failure 

in the ALP (Plotegher and Duchen 2017). Consequently, the protection and retrieval of 

physiological autophagy and ALP function are crucial objectives in potential PD 

therapies.  

An increase in autophagic vesicles in post mortem brain tissue of PD patients has been 

observed already more than 15 years ago, thereby suggesting that autophagy plays a role 

in the pathogenesis of PD (Zhu et al. 2003). However, the debate on how increased levels 

of autophagosome formation have to be interpreted when monitoring autophagy is still 

going on. They might indicate surplus production in terms of increased autophagic flux 

or accumulate in response to a reduced autophagic flux (Banerjee et al. 2010). Results of 

post mortem brain tissue analyses in PD patients showing perturbations of autophagy 
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protein levels may represent a causal aspect in the early stage of PD pathogenesis. Yet 

they could also represent the end state of a dysregulatory neurodegenerative process 

(Dagda et al. 2013).  

Much attention has been paid to inclusion bodies, disrupted proteolysis and possible ways 

to protect cell somata of dopaminergic neurons, also with the help of autophagy 

stimulation (Miki et al. 2016; Cerri and Blandini 2018).  

Until now, it has been largely overlooked that targeting the axonal compartment might be 

of even higher therapeutic value, due to the fact that the degeneration in human PD, as 

well as in the MPTP mouse model, does not start in the dopaminergic cell body but in the 

striatal projections. Therefore, increasing attention was paid to axonal degeneration 

(Kurowska et al. 2016). Autophagy has been shown to be involved in the degradation 

process in different cell culture and animal studies on AAD (Koch et al. 2010; Lingor et 

al. 2012; Ribas et al. 2017; Vahsen et al. 2020). Focusing on the axonal compartment in 

CNS diseases, previous work of our group pointed out that axonal degeneration is 

mediated by rapid and massive Ca2+ influx and exaggerated upregulation of autophagy 

(Knöferle et al. 2010). In this setting, inhibition of autophagy with 3-MA showed 

neuroprotective properties leading to attenuated ultrastructural changes and axonal loss 

(Koch et al. 2010).  

The initiation complex of the autophagy cascade is comprised of ULK1, ATG13, FIP200 

and ATG101, with ULK1 as the central player (Menzies et al. 2015). In an in vitro study 

on alpha-synuclein aggregation upregulation of ULK1 was reported, which might reflect 

attempts of a compensatory upregulation of autophagy to clear the excess protein (Miki 

et al. 2016). Furthermore, increasing levels of especially oligomeric alpha-synuclein have 

been linked to autophagy dysregulation (Bengoa-Vergniory et al. 2017). However, in 

brain tissue from human patients diseased with PD or dementia with Lewy bodies (DLB) 

no such upregulation of ULK1 could be detected (Miki et al. 2016). A subsequent study 

looking at autophagy protein levels in lympho- and monocytes obtained from PD patient’s 

blood did show significantly increased levels of ULK1 compared with age-matched 

controls (Miki et al. 2018). Furthermore, ULK1 protein levels measured in those cells 

positively correlated with the levels of oligomeric alpha-synuclein and paralleled clinical 

severity of the disease. This may represent first in vivo evidence of an interaction between 

oligomeric alpha-synuclein and autophagy (Miki et al. 2018). As no change in the 
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expression of LC3 could be detected, the autophagic pathway is likely blocked at some 

stage before substrate degradation (Miki et al. 2018).  

Besides its key role in autophagy initiation, ULK1 was shown to impact on axonal 

transport via regulation of motor-cargo association (Toda et al. 2008). Furthermore, there 

is evidence that ULK1 is required for orderly endocytosis of nerve growth factor (NGF) 

and suppression of profuse axonal branching during outgrowth (Zhou et al. 2007).  

A dominant-negative form of ULK1 (ULK1.DN) was previously reported as a new 

approach to target the key protein of autophagy initiation. ULK1.DN leads to an isolated 

expression of the protein’s C-terminal domain without the required kinase and 

phosphorylation sites for autophagic activity (Chan et al. 2009). ULK1.DN was 

successfully employed in previous studies of our group. In cell culture experiments with 

neurons derived from rat cortex that were transduced with an ULK1.DN expressing 

AAV1/2 vector, as well as in a model of spinal cord injury (SCI) and optic nerve crush 

experiments in vivo, autophagy was successfully competitively inhibited (Koch et al. 

2010; Ribas et al. 2017; Vahsen et al. 2020). The inhibition resulted in decreased axonal 

degeneration and fostered neurite outgrowth after axotomy. The in vivo studies showed 

attenuated axonal degeneration after SCI and attenuated axonal degeneration after optic 

nerve crush when inhibiting autophagy via ULK1.DN expression, by employment of the 

ULK1 inhibitor SBI-0206965 (Vahsen et al. 2020). Based on this groundwork, this study 

intended to evaluate the neuroprotective potential of ULK1.DN-mediated inhibition of 

autophagy in the MPTP mouse model.  

4.2 Limitations of the MPTP model 

Today, the MPTP toxin model is one of the most commonly used ones to test for 

neuroprotective and neurorestorative treatments (Kin et al. 2019). The MPTP model has 

advantages over other toxin-induced PD models because it selectively targets 

dopaminergic structures and causes a virtually identical motor phenotype in men as 

Parkinson’s disease does (Jackson-Lewis and Przedborski 2007). The toxin is employable 

in several species, but is applied in rodents and non-human primates with special 

emphasis. While the primates develop human-like motor symptoms and impairment, 

these tend to be much weaker and reversed over time in rodents. However, due to 

economical and ethical restraints, only few laboratories work with PD primate models. 

Based on the relative MPTP insensitivity of rats, mice are the most frequently used 
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animals for pre-clinical testing of neuroprotective and neurorestorative treatments 

(Schmidt and Ferger 2001). Unfortunately, in the past, many promising neuroprotective 

agents discovered in the mouse model failed when transferred into clinical trials. To 

bridge the gap between mice and men and as an encouraging alternative to the 

employment of primates, a recently established MPTP model in Göttingen minipigs 

(Nielsen et al. 2016) might help. Although Lewy bodies represent the histopathological 

hallmark of PD, they are neither found in MPTP treated mice nor in the minipigs or in the 

non-human primates.  

We decided to give preference to the MPTP mouse model rather than the 6-

Hydroxydopamine (6-OHDA) rat model for various reasons: As mentioned above, MPTP 

is more selective for DAergic neurons, while 6-OHDA also targets catecholaminergic 

neurons throughout the brain. Moreover, 6-OHDA requires intraparenchymal injection as 

it is incapable of blood-brain barrier transfer, but we already needed to inject the 

AAV.ULK1.DN directly into the SNpc. Finally, recent studies argue for a relevance of 

mitochondrial impairment in PD (Larsen et al. 2018) which is modelled better by 

employment of MPTP than 6-OHDA because MPTP predominately targets complex I of 

the respiratory chain.  

The administration of MPTP was scheduled once a day for five consecutive days with a 

dose of 30mg/kg bw to generate a ‘subchronic PD model’ (Jackson-Lewis and 

Przedborski 2007). Considering the immunohistochemical analysis of TH+ and Nissl cell 

count with a reduction of 50 % in total numbers per SN two weeks post MPTP treatment, 

it can be concluded that the model worked properly. This is strengthened by the depletion 

of > 90 % of dopamine in the murine striatum two weeks post MPTP treatment and in 

line with the literature published employing this particular MPTP regime (Tönges et al. 

2012; Huang et al. 2017).  
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4.3 Autophagy inhibition via ULK1.DN overexpression exhibits 

beneficial properties in the MPTP mouse model of PD  

4.3.1 ULK1.DN overexpression protects dopaminergic nigral cell bodies from 

MPTP-induced degeneration and preserves dopaminergic striatal terminals 

The intracerebral injections of the AAV vectors had no influence on intranigral TH+ cell 

numbers when PBS injected animals with and without stereotactic surgery were 

compared to assess possible harmful effects of the surgical procedure. Besides, the 

obtained numbers of the stereological counting of TH+ and Nissl+ cells were in line with 

previously published results (Tönges et al. 2012; Saal et al. 2015). Accordingly, no impact 

on the nigral DAergic cell count in the injected hemisphere by mechanic injury due to 

injection or the AAV itself was present.  

Two weeks post MPTP treatment, a significant (> 50 %) reduction in TH+ cells occurred 

in the MPTP CTRL mice as compared to the CTRL PBS mice. The fact that the 

quantification of Nissl+ cells showed a similar decrease ruled out a mere downregulation 

of TH expression and proved that the observed reduction was due to toxin induced 

specific dopaminergic cell death. In animals expressing ULK1.DN, the reduction in TH+ 

or Nissl+ cell numbers due to MPTP exposure was not significant. However, the 

ULK1.DN MPTP group displayed a significantly higher amount of preserved DAergic 

cell bodies than the CTRL MPTP group, indicating a successful neuroprotection of the 

DAergic cell bodies from MPTP-induced cell death two weeks post MPTP treatment. The 

amount of preserved DAergic neurons at a rate of 95 % was even higher than in previous 

successful studies with the subchronic MPTP paradigm, reaching a rescue of 81 % after 

employing the rho kinase inhibitor fasudil (Tönges et al. 2012).  

Considering the fact that PD pathology apparently starts in the axons and not in the cell 

body (Burke and O’Malley 2013), also the striatal TH+ fiber density was evaluated two 

weeks post MPTP treatment. As expected, the degeneration of the terminals was more 

pronounced than the one of the cell bodies: In the CTRL MPTP group only 45 % of the 

TH+ signal intensity was preserved compared to the CTRL PBS group two weeks post 

treatment. The reduction in relative striatal density of ULK1.DN MPTP in comparison to 

ULK1.DN PBS was also significant but less pronounced than for the CTRL MPTP/CTRL 

PBS group. Again, the ULK1.DN MPTP group shows a significantly higher preservation 

in comparison to the CTRL MPTP group, indicating a morphologically protective effect 
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of the ULK1.DN overexpression and subsequent autophagy impairment. The lower 

protection efficiency compared to the protective effect on the nigral DAergic cell bodies 

may be due to the fact that the degeneration described as a ‘dying back’ in literature 

(Dauer and Przedborski 2003) starts in the terminals and is just more advanced in the 

striatum than in the SNpc two weeks post treatment. This sequence has not only been 

assumed for PD in humans but has already been confirmed in the MPTP mouse model 

(Li et al. 2009). Another reason may be the fact that the AAV vector was injected into the 

SNpc and had to be transported along the axons into the striatum. Consequently, a higher 

transduction of the nigral perikarya ensured better protection of the cell soma in 

comparison to the distal terminals.  

Six weeks post MPTP treatment, a recovery of striatal density values to the amount of the 

PBS treated CTRL group was observed in the CTRL MPTP group. Thus, there was not 

only no MPTP effect visible anymore, but a complete morphological restoration of TH+ 

fibers had taken place. This phenomenon was already described before (Jakowec et al. 

2004) and may be explained by genuine enzyme replacement or simple reoccurrence of 

TH+ immunoreactivity after temporary suppression. For ULK1.DN MPTP, the same 

observation of complete morphological restauration was made. Thus, with the 

exceptionality that the relative striatal density in fact surpassed the one of the ULK1.DN 

PBS group, thereby indicating the possibility of a positive long-term effect on neuro-

regeneration and stabilization of dopaminergic terminals. This observation emphasizes 

the findings of the improved behavioral performance in the cylinder rearing test six weeks 

post MPTP treatment. The improved rearing behavior may be explained by a higher 

number of functional dopaminergic fibers and/or synapses in the murine striatum leading 

to quantifiable enhanced number of free rears as a valid indicator of improved balance 

and motor coordination. Alternatively, a positive modulatory effect of ULK1.DN 

expression on extrastriatal dopaminergic projections might be a suitable explanation for 

the improved motor function, as alterations of these were recently encountered in PD 

patients (Masilamoni and Smith 2018; Pilotto et al. 2019) 

The absolute number of TH+ and Nissl+ cells remained higher for MPTP exposed 

ULK1.DN animals compared to CTRL MPTP animals (and also higher for the respective 

ULK1.DN PBS group compared to CTRL PBS) six weeks post MPTP treatment. 

However, opposed to the analysis two weeks post MPTP treatment, the cell count of 

ULK1.DN MPTP was not significantly elevated in comparison to CTRL MPTP anymore. 
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This reduction of effect might be due to several factors, one most likely being intrinsic, 

compensatory neuro-regeneration (Mitsumoto et al. 1998). Rodents are capable of this 

self-repair mechanism to a much bigger extent than humans (Obernier and Alvarez-

Buylla 2019). Another contributing factor might be a weakened expression of the 

ULK1.DN gene product during time and/or reactive modulation of downstream 

intracellular signaling pathways, thereby reducing the initial effect size.  

 

4.3.2 ULK1.DN overexpression does not rescue intrastriatal dopamine levels from 

MPTP-induced depletion 

In search of a correlation between preserved striatal fiber density and preserved levels of 

DA and its metabolites as a possible indicator of functional maintenance, a HPLC analysis 

of striatal lysates was conducted. The extent of DA depletion was much higher than the 

reduction of striatal fiber density: Two weeks post MPTP treatment, nearly total DA 

depletion was found in both ULK1.DN MPTP and CTRL MPTP animals. Therefore, 

ULK1.DN overexpression was not able to lessen MPTP effects on intrastriatal 

neurochemical homeostasis. The observation of a stronger reduction of dopamine and 

metabolite levels in the striatum compared to the reduction of relative striatal density 

however, is in line with findings from earlier studies (Tönges et al. 2012; Tatenhorst et 

al. 2014; Saal et al. 2015). At six weeks post MPTP treatment, the DA levels were partly 

restored, but there was no significant difference between the CTRL MPTP and the 

ULK1.DN MPTP group. A prominent MPTP effect was still present, meaning the CTRL 

PBS and ULK1.DN PBS group had significantly higher values of DA than the respective 

MPTP groups. Considering absolute values, ULK1.DN PBS and ULK1.DN MPTP 

showed slightly higher DA levels than the corresponding CTRL PBS and MPTP group. 

However, the difference in DA levels between ULK1.DN MPTP and CTRL MPTP is too 

minimal to be held responsible for the displayed improved motor behavior of ULK1.DN 

MPTP animals in the cylinder test six weeks post MPTP treatment. This strongly suggests 

that it is not the level of the neurotransmitter which is crucial for the enhanced motor 

performance in this case. Otherwise there must have also been a significant impairment 

of motor behavior already two weeks post MPTP treatment in MPTP treated animals 

because the DA levels of the PBS treated experimental groups at that time point exceeded 

the ones of the ULK1.DN MPTP group six weeks post MPTP treatment without raising 

any significant differences in motor behavior at two weeks post MPTP. Another 
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explanation may be a higher number of dopaminergic axons which is supported by the 

elevated striatal density in ULK1.DN MPTP groups at six weeks post MPTP treatment 

and/or synapses and consequently enhanced functionality due to an increased sprouting 

of terminals under the influence of ULK1.DN expression upon MPTP treatment.  

Along with the depletion of DA, there was also a diminished amount of DOPAC and 

HVA found in the MPTP treated experimental groups two weeks post treatment. These 

reductions were not as pronounced as the one of dopamine but still highly significant and 

in line with previous studies (Tönges et al. 2012).  

 

4.3.3 ULK1.DN overexpression improves long-term motor behavior after MPTP 

treatment 

Of the three employed behavioral tests, only the cylinder rearing test yielded significant 

changes in the motor behavior of the animals. The Catwalk XT gait analysis did not show 

any differences between the treatment groups and time points. While the Noldus software 

proved itself in assessment of gait disturbances due to spinal cord injury (Bhimani et al. 

2017), synucleinopathy (Tatenhorst et al. 2016) or multiple sclerosis (Bernardes and 

Oliveira 2017), it failed to reveal discreet MPTP related motor alterations. The difficulty 

in analyzing the effects of this toxic agent, of course, is the systemic effect in comparison 

to 6-OHDA, which is a unilateral lesion model of PD and therefore was successfully 

assessed with the catwalk software before (Saal et al. 2015).  

Interestingly, neither the rotarod nor the cylinder test displayed significant differences in 

terms of endurance, equilibrioception and motor coordination between the PBS and the 

MPTP treated animals two weeks post MPTP treatment. This is contradictory to already 

published results using the same MPTP model (Tönges et al. 2012). However, other 

studies using the same subchronic MPTP model even found improved motor performance 

e.g. on the rotarod in the MPTP treated group compared to CTRL animals (Zhang et al. 

2017). In contrast to the Catwalk XT gait analysis, the rotarod and cylinder rearing tests 

were chosen for behavior assessment especially because they have been used and 

considered appropriate for evaluation of motor performance in the MPTP paradigm in 

our group before (Tönges et al. 2012).  

The cylinder rearing test did not display a MPTP effect two weeks post MPTP treatment 

and also no difference between the treatment groups. However, the proportion of “both” 
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rears in the CTRL MPTP group was elevated and the proportion of free rears was reduced 

four weeks post MPTP treatment in comparison to the ULK1.DN MPTP group. These 

findings were significant for the increase in free rears in the ULK1.DN MPTP group in 

comparison to CTRL MPTP and got even more pronounced at six weeks post MPTP 

treatment, indicating a possible, beneficial long-term effect of ULK1.DN overexpression. 

To characterize possible long-term effects of ULK1.DN overexpression, further studies 

are certainly needed. However, modulation of extrastriatal dopaminergic projections 

might be one contributing mechanism to the ULK1.DN expression-mediated motor 

effects (Rommelfanger and Wichmann 2010; Pilotto et. al. 2019). 

As the ULK1.DN-dependent improved rearing behavior occurred only in the lesioned, 

MPTP treated animals, one might speculate that nigrostriatal damage and the concomitant 

dysregulation of autophagy act as a trigger for reinforced autophagy inhibition and 

downstream signaling. Concurrently, the PBS injected animals showed no divergent 

rearing behavior at two, four, or six weeks post MPTP.  

Although the rotarod analysis did not bring up significant results, a trend similar to results 

of the cylinder test analysis was visible: In the actual experiment, no significant difference 

in the average timespans on the rod was observed, while in literature both reduced time 

on the rotarod (Tönges et al. 2012) and significantly increased time on the rod (Zhang et 

al. 2017) at two weeks post MPTP (with the same sub chronic MPTP model) have been 

reported. However, four weeks post MPTP treatment, absolute values were higher for 

ULK1.DN MPTP compared to CTRL MPTP. Six weeks post MPTP treatment, this 

difference was even bigger showing a statistical trend (p = 0.06) to enhanced endurance 

of ULK1.DN MPTP animals in comparison to the CTRL MPTP animals. This finding is 

in line with the significantly improved rearing behavior in the cylinder test and further 

supports the theory of potential beneficial long-term effects of ULK1.DN overexpression.  

 

4.3.4 ULK1.DN overexpression regulates autophagy and activates mTOR 

signaling 

Western blot analysis of mouse midbrain tissue was conducted six weeks post MPTP 

treatment. The analysis of the ULK1.DN MPTP group revealed increased levels of p62, 

indicating a significant reduction of autophagic activity due to ULK1.DN overexpression. 

Interestingly, the LC3-II/I ratio, a parameter expected to be reduced in the case of reduced 
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autophagosome formation, was not significantly altered. However, similar results were 

obtained in in vitro experiments applying ULK1.siRNA to HEK293 cells (Chan et al. 

2007) or directly expressing ULK1.DN in HEK293 cells in vitro (Chan et al. 2009). 

AMPK and mTOR are two important upstream regulators of ULK1 (Alers et al. 2012). 

However, ULK1 also is able to exert inhibitory influence on the mTOR/pS6 kinase 

pathway (Lee et al. 2007). While mTOR suppresses autophagy by inhibitory 

phosphorylation of ULK1 in a nutrient-rich environment, AMPK positively regulates 

autophagy in a nutrient-deprived status via inhibitory phosphorylation of mTOR and 

activating phosphorylation of ULK1 (Alers et al. 2012). Despite the disability of 

ULK1.DN to directly interact with AMPK and mTOR because of the missing key 

structures (Chan et al. 2009), significantly altered mTOR levels were detected after 

ULK1.DN expression (Balke et al. 2020). While the AMPK protein levels remained 

unchanged upon ULK1.DN expression and MPTP treatment, mTOR levels were 

significantly elevated in the ULK1.DN MPTP group compared to CTRL PBS and to a 

lesser, but still significant extent in the ULK1.DN PBS group compared to CTRL PBS. 

This also supports the possibility of toxin damage as a trigger for reinforced autophagy 

inhibition and downstream signaling. ERK1 and ERK2 protein levels were analyzed 

because ERK was shown to contribute to mitochondrial injury in 6-OHDA and MPP+ 

models of PD, most likely via stimulation of mitophagy (Chu et al. 2007). Therefore, 

inhibition of ERK prevented MPP+-induced autophagic vacuole formation and 

degradation, but not ultrastructural damage to the mitochondria (Chu et al. 2007). There 

is evidence that ERK enhances autophagy/mitophagy when ROS are induced (Dagda et 

al. 2013) and that it contributes to cell death in the MPTP model (Zhang et al. 2015). 

However, ERK levels were not found to be significantly changed by ULK1.DN 

expression (Balke et al. 2020). The inhibition of S6 was reported to induce autophagy 

through Mitogen-activated protein kinase 7 (MAP3K7)-mediated AMPK activation in 

NSC34 hybrid mouse motoneuron cells (Sun J et al. 2018). In this context, also inhibitory 

qualities of ULK1 in regard to S6 phosphorylation were reported, which led to enhanced 

MPP+ toxicity in the cell culture setup (Li et al. 2015). However, analysis of pS6 

expression levels did not reveal disparities between the ULK1.DN MPTP and CTRL 

group.  

Over all, the Western blot analysis was conducted on samples from tissue of the entire 

midbrain, therefore containing not only the DAergic neuronal cell population of interest 

but also other neurons and glial cells, which are not equally affected by the MPTP 
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exposure and AAV.ULK1.DN transduction. In consequence, discreet changes in neuronal 

protein expression might be hardly detectable with this approach (Balke et al. 2020). 

However, despite this drawback, we were able to observe a significant activation of 

mTOR, which is well in line with other recent studies. For example, anodal transcranial 

direct current stimulation in the MPTP mouse model was described to inhibit autophagy 

and its upstream markers while significantly increasing mTOR signaling, thereby 

reducing MPTP-induced neurotoxicity (Lee et al. 2018). Since mTOR is a master 

regulator, not only affecting autophagy but regulating several other molecular pathways 

like cell growth, proliferation and transcriptional regulation, it may be considered an 

interesting molecular alternative to ULK1 in order to target axonal degeneration in PD 

(Zhu et al. 2019).   

4.4 Targeting autophagy in PD therapy 

Autophagy is a highly preserved biological process. It is inevitable for cellular 

homeostasis and survival, continuously taking place to degrade old organelles, misfolded 

proteins and to produce energy under conditions of nutrient starvation (Mizushima 2007). 

After Yoshinuri Ohsumi discovered the essential autophagy genes in yeast in the early 

1990’s and then continued to unravel the underlying mechanisms, we achieved a great 

understanding of the physiological process of autophagy (Tooze and Dikic 2016). With 

temporal delay the involvement of autophagy dysregulation in the genesis of 

neurodegenerative disorders, cancer or chronic illnesses like diabetes mellitus is now also 

studied (Komatsu and Ichimura 2010) and Yoshinuri Ohsumi received the Nobel Prize 

for his achievements (Tooze and Dikic 2016). 

 

Although there are promising preclinical studies on autophagy modulation employing cell 

culture and animal models like the MPTP model for PD (Lee et al. 2018; Ouyang et al. 

2018; Sun S et al. 2018; Liu et al. 2019), results should be interpreted with caution. 

Despite tremendous research effort and impressive neuroprotective effects in animal 

studies, hardly any therapeutic agent or strategy was successfully transferred into clinical 

studies and none succeeded in patient care so far (Tagliaferro and Burke 2016).  

As already mentioned, the role of ULK1 and autophagy in PD is still under fierce debate. 

While Su et al. (2015), Lee et al. (2018) and Zhao et al. (2020) support our findings of 

neuroprotective inhibition of autophagy in the MPTP mouse model, there are also 
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conflicting, methodically equivalent studies (Jang et al. 2018; Ouyang et al. 2018; 

Pupyshev et al. 2019). For example Ouyang et al. (2018) could show that their small 

molecule activator of ULK1, 33i was able to enhance autophagy and thereby protect SH-

SY5Y cells from neurotoxicity caused by MMP+. Furthermore, it also rescued MPTP-

induced motor dysfunction and neuronal demise in the in vivo model (Ouyang et al. 2018).  

Without limiting the analysis of autophagy modulation to the MPTP model, it can be 

noted that autophagy serves different and sometimes opposing roles depending on the 

clinical context and pathology. Many tumors rely on autophagy to promote cell survival, 

especially for their nutrient-deprived core in later stages, and the SBI-0206965 inhibitor 

of ULK1 for instance was found to have detrimental effects on cell survival in small cell 

lung cancer (Egan et al. 2015; Tang et al. 2017). However, a different role of autophagy 

in tumor initiation is presumed, and additional induction of autophagy might be helpful 

in early stages to improve clearance of mutant proteins and to reduce oxidative stress 

(White 2015). Dysregulation of autophagy has also been linked to several chronic 

illnesses e.g. diabetes (Komatsu and Ichimura 2010). Diminished autophagic activity was 

linked to impaired ß-cell function, increased insulin resistance and the development of 

diabetic complications like diabetic nephropathy (Barlow and Thomas 2015). Therefore, 

available data argue for the merits of autophagy induction in diabetic illness (Barlow and 

Thomas 2015). At least some of the antidiabetic effects of the new antidiabetic drugs are 

mediated by induction of autophagy, thereby alleviating oxidative stress and improving 

insulin signaling (Ashrafizadeh et al. 2019). Unfortunately, the picture is not that coherent 

in the field of neurodegenerative disorders and PD. 

On the one hand, impaired autophagy is at least partly contributing to cellular 

malfunction, a formation of inclusion bodies and has just recently been linked to an 

accumulation of alpha-synuclein in patients with idiopathic PD in an in vivo study (Miki 

et al. 2018). Therefore, a reinforcement of autophagy to protect the dopaminergic neurons 

and alter the disease progression appears possible. On the other hand, it has been shown 

that axonal degeneration as key early event in the sequence of PD pathology comes along 

with exaggerated autophagy activation that contributes to degeneration (Koch et al. 

2010). Furthermore, nuclear ULK1 promotes necrotic cell death due to ROS exposure, 

which constitutes a driving force in PD pathophysiology (Joshi et al. 2016). Probably both 

phenomena ultimately contribute to neuronal death in a chronologically detached manner. 

Generally, both exaggerated and insufficient autophagy harm physiological neuronal 
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function and are to be prevented. Therefore, an accurate titration of the delicate autophagy 

process is required to keep autophagic activity within the physiological boundaries 

(Banerjee et al. 2010).  

While targeting autophagy in the MPTP mouse model with the help of a stereotactic AAV 

vector injection into the SN is a smart way of administration to rule out systemic side 

effects, this approach is not the first choice for patient care. There are classic risks of 

surgery as bleeding and infection, but also the possibility of brain injury due to injection. 

Although the approach of intracerebral injections has already been employed in a few 

clinical studies and therefore is not an insuperable obstacle (Choudhury et al. 2017), an 

oral or intravenous application would be much more favorable. In the last five years, 

several pharmacological compounds e.g. the ULK1 inhibitors SBI-0206965 or ULK1-

100 have been developed and successfully used in cell cultures (Egan et al. 2015; Martin 

et al. 2018). Due to its position as the sole kinase involved in the initial steps of the 

autophagy cascade, ULK1 represents an attractive drug target (Egan et al. 2015). 

Therefore, its activity can be easily modulated by direct phosphorylation (Kim et al. 

2011). Meanwhile, there is also first in vivo evidence of its functionality available for the 

SBI-0206965 inhibitor (Vahsen et al. 2020). However, studies on tolerance and the 

absence of critical side effects in other organs when administered in vertebrates are not 

yet available. For the benefit of PD patients, it will be necessary to determine which of 

the numerous inhibitors has the best safety profile.  

Finally, in consideration of the successful modulation of the autophagic process by 

expression of ULK1.DN, resulting in attenuation of MPTP toxicity and subsequent 

reduced neurodegeneration in vivo, ULK1 appears as an auspicious future target for the 

treatment of neurodegeneration in PD. 
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5 Summary 

Parkinson’s disease (PD) is a widespread neurodegenerative condition. Owing to the 

absence of suitable biomarkers, a diagnosis can only be made upon onset of clinical 

symptoms like tremor, rigidity or bradykinesia. They occur mainly due to degeneration 

of the nigrostriatal system, but other brain areas and autonomic nerves are also affected 

by PD. The demise of dopaminergic neurons and the presence of Lewy bodies in affected 

neuronal somas and axons represent the most recognized histopathologic hallmark of PD. 

With exception of the monogenetic forms of PD, its etiology is multifactorial and based 

on gene-environment interaction. Autophagy, as a highly conserved homeostatic and vital 

process, is dysregulated in Parkinson diseased brains and contributes to axonal and 

neuronal death. Therefore, the present study aimed to assess neuroprotective and 

neurorestorative properties of competitive autophagy inhibition via Adeno-associated 

virus-mediated ULK1.DN gene expression in the 1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) mouse model. It could be demonstrated that ULK1.DN 

expression was able to rescue dopaminergic cell bodies from MPTP-induced 

neurotoxicity two weeks post MPTP treatment. Furthermore, also dopaminergic striatal 

fibers were significantly protected as compared to controls. Western blot analysis 

confirmed a downregulation of autophagy by ULK1.DN overexpression and showed a 

significant activation of Mammalian target of rapamycin (mTOR) signaling. While 

striatal dopamine levels could not be rescued by ULK1.DN gene expression, a beneficial 

effect in motor behavior in the cylinder rearing test was observed six weeks post MPTP 

treatment, pointing towards beneficial long-term effects of ULK1.DN expression. Part of 

a possible explanation for these findings may be the modulation of extrastriatal 

dopaminergic projections and an enhanced sprouting and synapse formation. Taking all 

these aspects into consideration, competitive autophagy inhibition via ULK1.DN 

expression shows promising neuroprotective properties as well as beneficial long-term 

effects on motor skills. Consequently, competitive autophagy inhibition may be 

considered a promising target in future therapeutic approaches of PD.  
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